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Preface 
 

Viral infections remain common causes of serious public health problems throughout 
the world. Viruses have highly varied mechanisms of propagation and the diseases 
that they cause are consequently very different. Approaches to countering virus 
infection therefore need to be tailored according to specific viral characteristics. 
Understanding the fundamentals of virus-related disease pathogenesis is critically 
important to improving treatment. The articles that appear in Antiviral Drugs – Aspects 
of Clinical Use and Recent Advances cover a broad collection of topics that reflect the 
fascinating range of viral characteristics and the measures that are being employed to 
counter the diseases that viruses cause.  

Clinical management and new developments in the treatment of virus-related diseases 
are the two main topics covered in the book. The first section reviews the treatment of 
hepatitis C virus (HCV) infection in cirrhotic patients, the management of virus-
related acute retinal necrosis, the use of leflunomide therapy for BK virus-related 
nephropathy in renal transplant patients ,and the mathematical modeling of HIV-1 
responses to antiviral therapies. Useful general concepts are provided in each chapter 
and will be helpful to physicians with general and specialized expertise. Chapters 
dealing with commonly occurring infections, such as those caused by HCV and HIV, 
are of wide interest. HCV infection occurs in approximately 170 million people in the 
world and ensuring that available licensed drugs are used in optimal treatment 
regimens is critical to minimizing risks associated with the virus infection. A complex, 
often misunderstood, topic is whether decompensation resulting from complicating 
cirrhosis is a contraindication to HCV treatment. In the chapter entitled Antiviral 
Therapy in HCV-infected Decompensated Cirrhotics, comprehensive and valuable 
treatment guidelines are provided. Another topic of global significance is the 
understanding of variable responses that HIV-infected individuals have to treatment. 
Adherence to the treatment regimens and also virus drug susceptibility are some of 
the important factors that influence patients’ treatment responses. Measurement of 
patient adherence to therapy may be difficult. Evaluation is typically based on patient 
questionnaires and data derived from electronic medication monitoring caps or 
Medication Event Monitoring Systems (MEMS). The chapter entitled Modeling Virologic 
Response in HIV-1 Infected Patients to Assess Medication Adherence proposes a mechanism-
based dynamic model to assess how adherence data based on questionnaires and the 
MEMS can be used to predict virologic responses. The modeling offers a means of 
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assessing the effect of adherence on antiviral responses. Analysis was carried out in 
different situations and provides clinicians with a tool that will assist with making 
patient treatment decisions. 

Basic applied research topics are dealt with in the second half of the book. Many 
interesting and promising new developments are covered and these include advances 
in the treatment of the influenza virus, animal models for the study of HIV-1 drug 
development, the use of single chain camelid antibodies to counter negative strand 
RNA viruses, new strategies for inhibition of norovirus infection, as well as the use of 
plant extracts to treat herpes simplex virus infection. The importance of structural 
insights for drug development is reinforced in the chapters dealing with advancing 
new norovirus and influenza virus treatments. Widening the range of drugs available 
for the treatment of HIV infection is a highly active and critically important field of 
research. The preclinical steps of drug development require careful planning to yield 
results that mitigate risks of testing in clinical trial settings. The chapter entitled Use of 
Animal Models for Anti-HIV Drug Development addresses many of these considerations 
and provides useful information on the appropriate selection of animal models for 
testing new HIV drugs. In another chapter, the antiviral utility of engineered protein 
derivatives of single domain binding camelid antibodies (HCAbs) is explored. 
Interestingly the epitope-binding domain of HCAbs, called single variable domain or 
VHH, retain their specificity when produced alone. These so-called nanobodies (Nbs) 
may be conveniently engineered and expressed in large numbers using standard 
recombinant procedures. The potential for neutralizing negative strand viruses, 
particularly influenza, respiratory syncytial and rabies viruses, is explored in the 
chapter entitled Single domain camelid antibodies that neutralize negative strand viruses. 

The wide-ranging topics covered in Antiviral Drugs – Aspects of Clinical Use and Recent 
Advances provide a useful cross section within the field of antiviral drug development. 
Topics of general and specialized interest have been covered. The content of the book 
is not intended to be comprehensive, but aims to provide the reader with insights into 
selected aspects of established and new viral therapies. Students, clinicians, teachers, 
and basic scientists who have interests in advances in antiviral therapies will no doubt 
find the book helpful. 

 
Patrick Arbuthnot 

Antiviral Gene Therapy Research Unit, School of Pathology, 
Faculty of Health Sciences, 

University of the Witwatersrand, 
South Africa 
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Antiviral Therapy in HCV-Infected 
Decompensated Cirrhotics  

Fazal-I-Akbar Danish 
Quaid-e-Azam University, Islamabad, 

Pakistan 

1. Introduction 
What we are dealing with: Hepatitis C virus (HCV) infection is the commonest blood-borne 
infection, one of the commonest cause of chronic liver disease (CLD) & hepatocellular 
carcinoma (HCC) and one of the commonest reason for liver transplantation (LT) the world 
over.  

What is the meaning of decompensation: Fibrosis is the histopathological hallmark of 
chronic hepatitis causing progressive derangement of normal liver architecture with 
consequent reduction in hepatic synthetic function. CLD is said to be decompensated when 
one or the other complication of CLD has developed - ascites, variceal bleeding (secondary 
to portal hypertension), impaired hepatic synthetic function (hypoalbuminemia), jaundice, 
and/or hepatic encephalopathy. Five years survival rate in decompensated cirrhotics is 
estimated to be 50%.1 

Decompensated cirrhosis is NOT a contraindication to antiviral therapy: 
Decompensated cirrhosis has traditionally been considered a contraindication to 
interferon and ribavirin therapy. Whereas, the same may be true for advanced cirrhosis 
(which is only successfully amenable to LT), there are reports in the literature in which 
antiviral therapy was given successfully in selected cases of early hepatic decompensation 
with an aim to attain sustained viral clearance (SVR), halt disease progression and expect 
potential (though often partial) recovery of hepatic metabolic function. Antiviral therapy 
may also be instituted to prevent hepatitis C recurrence post-transplantation. If HCV is 
not eradicated pre-transplantation, reinfection with HCV occurs in all transplant 
recipients as a rule, with secondary cirrhosis developing in approximately 30% of cases 
within 5 years.2 Pre-transplantation HCV eradication is however associated with less 
likelihood of reinfection and this forms the rationale for treating decompensated cirrhotics 
awaiting LT with antiviral therapy.3 Initiating pre-emptive post-transplantation antiviral 
therapy, and treating established post-transplant HCV hepatitis are other options in LT 
patients. The aim of instituting pre-transplantation antiviral therapy is either to attain a 
sustained virological response (SVR) at transplantation, or an on-treatment HCV RNA 
clearance at transplantation. Mere reduction of viral load should not be the aim because, 
unlike HBV cirrhotics, this has not been shown to decrease the rate &/or severity of post-
transplant HCV recurrence.  
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Thus decompensation per se is not an absolute contraindication for antiviral therapy. 
Although the final SVR rates attained in such patients are lower,21,23 successful antiviral 
therapy is potentially lifesaving which supports the rationale for implementing HCV 
treatment in these patients.  

In this chapter, the pros and cons of antiviral therapy in decompensated liver cirrhosis are 
reviewed with special emphasis on how to avoid antiviral dose reductions/ withdrawals 
secondary to the development of haematologic side effects by using haematopoietic growth 
factors (HGF’s).  

2. Discussion 
2.1 Therapeutic options in decompensated cirrhosis 

In selected cases, HCV-infected decompensated cirrhosis may be treated surgically (i.e. with 
LT) &/or medically (i.e. with antiviral therapy). 

2.2 Surgical option 

LT: How feasible is this option? LT is not a feasible option in the great majority of 
cirrhotics. This is not only because of the limited number of organ donors available at a 
given time, but also because of the age-related cardiovascular, renal, and pulmonary 
derangements that practically make going for this option rather irrational at times. 
Additionally, old age (≥65 years) is generally considered an exclusion criterion for LT.  

2.3 Medical option 

Historical reasons for reluctance to institute medical therapy in decompensated cirrhotics: 
Historically, despite the known theoretical benefits of antiviral therapy (improvement in 
liver histology, partial reversal of established cirrhosis, and prevention of life-threatening 
complications), most decompensated cirrhotics have not been offered antiviral therapy. 
Primarily, this has been due to the concerns regarding the therapeutic efficacy and safety of 
antiviral therapy in such cases. Peginterferon-ribavirin combination therapy is known to 
have limited efficacy in decompensated cirrhotics.4,5 Also, compared to non-cirrhotics, such 
patients are more prone to develop hematologic side effects (neutropenia, thrombocytopenia & 
anemia) with antiviral therapy.6 In fact, patients who already have severe neutropenia or 
thrombocytopenia (neutrophil count <1500/mm3 or platelets count <75,000/mm3) are 
highly prone to develop life-threatening infections after starting antiviral therapy, 
particularly if they have Child–Pugh class C disease.7,8 Also, it is generally thought that age-
related derangements in cardiovascular and pulmonary functions make the cirrhotic 
patients less tolerant to ribavirin-induced hemolytic anemia. Finally, there are concerns that 
decompensation may worsen with antiviral therapy as is the case with decompensated 
chronic hepatitis B cases.9  

Do the reasons for reluctance evidence-based: Current literature reviews shows that 
because of the unstandardized dosage schedules being administered over variable periods 
of time in the past studies, we may have actually under/ overestimated the potential 
benefits and risks of antiviral therapy respectively in decompensated cirrhotics. There are 
now several reports in the literature in which antiviral therapy was relatively well tolerated 
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by decompensated cirrhotics with reasonable rates of attainment of end-of-treatment 
response (ETR) & sustained virological response (SVR):4,7,10,11  

1. In one study,7 39% of the patients receiving low, accelerating regimen of non-pegylated 
interferon plus ribavirin experienced clearance of HCV-RNA, & 21% attained an SVR. 
Results with pegylated interferon are even better. In the first study12 proving the benefits 
of antiviral therapy in cirrhotics with signs of portal hypertension, 51 cirrhotics received 
1mg/kg/wk of pegylated-interferon alpha-2b plus oral ribavirin at a fixed dose of 
800mg/d for 52 wks. By intention-to-treat analysis, SVR was achieved in 21.6% patients. 
As otherwise, patients with genotypes 2 & 3 showed better results (83.3%) than 
genotype 1 cases (13.3%). Although antiviral therapy was stopped in 5 of the patients 
because of neutrophil counts falling below 0.75×103/dL, none of them developed 
superadded infections. The disease deteriorated in only 6% of those who attained SVR 
compared to 38% of the non-responders.  

2. In another study,10 Peg-IFN alpha-2b (1.0 mg/kg/wk) plus standard dose of ribavirin 
were administered to all patients for 24 wks regardless of the genotype. The overall SVR 
rate attained even with this suboptimal dose regimen was 19.7%. Except patients with 
very advanced liver disease (CTP score >10), none experienced life-threatening 
complications. Peg-IFN and ribavirin in the standard dosage (Peg-IFN alpha-2b 
1.5mg/kg & ribavirin 800-1000mg for genotypes 2 and 3, and 1000-1200mg for 
genotypes 1 and 4) for the standard duration of time (48 & 24 wks for genotype 1 & 
non-1, respectively) has also been tried.  

3. In another study,13 35% of end-stage cirrhotics cleared the HCV infection (16% genotype 
1 & 4, and 59% genotype 2 & 3 cases). 60% of all patients tolerated the antiviral therapy 
without any major untoward effects; treatment was discontinued in 19.1% of the 
patients with 4 among those ending up having severe superadded infections.  

4. In yet another study14 a 48 week course was planned for patients who demonstrated 
EVR with a standard regimen of PEG-IFN alfa-2a (135µg, once a week) plus ribavirin 
(1000-1200 mg/day). Results showed 60% patients completing the course with ETR & 
SVR achieved in 45% & 35% cases, respectively.  

5. In a recent study15 aimed to evaluate both the prevention of post-transplantation HCV 
recurrence & the risk of bacterial infections during therapy, 47% patients achieved HCV 
RNA negativity during treatment, 29% were HCV RNA negative at the time of 
transplantation (drop outs n=3, deaths n=4, viral relapse n=2) and 20% achieved an SVR 
post-transplantation. Importantly, none of the patients who achieved SVR pre-
transplantation developed a recurrence post-transplantation.  

3. Evidence-based pharmacotherapy of HCV infection in decompensated 
cirrhotics 
Child–Pugh (sometimes called Child-Turcotte-Pugh [CTP]) scoring – see table 1 - helps 
determine the need and utility of instituting antiviral therapy:   

1. The ideal candidate for antiviral therapy remains a patient with Child–Pugh class A 
disease in whom the risk of drug-induced side effects is almost identical to that of the 
controls. Nonetheless, all cirrhotic patients with a CTP score ≤9 and a decompensated 
event that abated with routine management may be considered for antiviral therapy. 
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2. Whether or not to institute antiviral therapy in Child–Pugh class B patients should be 
individualized on case-to-case basis giving due consideration to factors like genotype (2 
& 3 better than 1) & pre-treatment viral loads (< 800,000 IU/mL better than higher 
loads). In all such cases, antiviral therapy probably should be discontinued after 4 or 12 
weeks if there is no virological response. 

3. Patients with Child–Pugh class C (CTP score ≥10 or MELD score 18 [table 2]) disease are 
not considered appropriate candidates to institute antiviral therapy. 

 
Measure 1 point 2 points 3 points 
Total bilirubin, μmol/l (mg/dl) <34 (<2) 34-50 (2-3) >50 (>3) 
Serum albumin, g/l >35 28-35 <28 
INR <1.7 1.71-2.20 > 2.20 
Ascites None Mild Severe 
Hepatic encephalopathy None Grade I-II  Grade III-IV  

Table 1. Child–Pugh Score 

Points Class One year survival Two year survival 
5-6 A 100% 85% 
7-9 B 81% 57% 
10-15 C 45% 35% 

Table 1.a Interpretation of Child–Pugh Score 

MELD = 3.78[Ln serum bilirubin (mg/dL)] + 11.2[Ln INR] + 9.57[Ln serum creatinine 
(mg/dL)] + 6.43 
 
NB: 
1. If the patient has had dialysis at least twice in the past week, then the value for serum 

creatinine used should be 4.0 
2. Any value less than one is given a value of 1 (i.e. if bilirubin is 0.8, a value of 1.0 is 

used). This helps prevent the occurrence of scores below 0 (the natural logarithm of 1 
is 0, and any value below 1 would yield a negative result). 

Ln = natural logarithm 

Table 2. MELD Score (Model For End-Stage Liver Disease) (12 and older): 

MELD Score: 3 month mortality: 
≥40 71.3% 
30–39 52.6% 
20–29 19.6% 
10–19 6.0% 
≤9 1.9% 

Table 2.a Interpretation MELD Score 
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Peginterferon-ribavirin combination therapy (table 3) is now considered the standard drug 
regimen in cases of HCV infection. In peginterferon, an inert polyethylene glycol moiety is 
inserted into the interferon molecule. This causes a decrease in renal clearance and thus an 
increase in the plasma half life (80 hrs) of the peginterferon molecule. Because of the 
prolonged half life, whereas the non-pegylated interferons need to be administered thrice 
weekly, pegylated interferons are administered once weekly. The two formulations of 
peginterferon currently available are peginterferon alpha-2a and 2b. They differ in the size 
and configuration of the polyethylene glycol moiety attached to the interferon molecule. 
Although the two peginterferon formulations have not yet been compared head-to-head in 
the published controlled trails, they are generally believed to be equivalent therapies and 
thus can be used interchangeably.  
 

Drug: Recommended Dosage: 

Peginterferon alfa-2a 
(40 kD)† 
(Inj Pegasys 180 μg)  
 
Peginterferon alfa-2b 
(12 kD) 
(Inj Peg-Intron 
50/80/100/120/180 μg) 
 
Ribavirin∂ 

180 μg SQ once weekly regardless of the weight 
 
 
 
1.5 μg/kg SQ once weekly 
 
 
 
 
Genotype 1: Higher weight-adjusted dosage has shown better 
response rates (1000mg if 75kg∆ orally in two divided doses; 
1200mg if >75kg)∞.  
Genotype 2&3: Higher dosage has not been shown in published 
studies to be consistently associated with better response rates. 
Therefore, 800mg/day orally in two divided doses is the 
current dosage of choice regardless of the weight.⌂  

Abbreviations: kD, kilodaltons; μg, micrograms; SQ, subcutaneously; kg, kilograms; mg, milligrams. 
† Peginterferons are therapeutically superior to non-pegylated interferons. 
∂ Peginterferon-ribavirin combination therapy is therapeutically superior to peginterferon monotherapy 
as well as non-pegylated interferon-ribavirin combination therapy.   
∆ More studies are needed to ascertain whether or not the treatment outcomes with 1000mg and 800mg 
ribavirin in patient’s 75kg weight are comparable.  
∞ It is not yet clear whether or not patients heavier than 88 kg will have better outcomes on 1400mg of 
ribavirin than 1200mg.  
⌂ More studies are needed to ascertain that whether or not heavier patients yield better results with 
>800mg of ribavirin dose in genotypes 2 & 3 cases. 

Table 3. Peginterferon-Ribavirin Combination Dosage Regimen: The Current Standard 

After starting antiviral therapy, HCV RNA assay needs to be repeated at specific intervals to 
determine the treatment responses. Depending upon the results of the repeat HCV RNA 
assays, different treatment responses have been defined (table 4).  
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Rapid virologic 
response (RVR) 

Qualitative HCV RNA assay done at 4 weeks comes back to be 
negative (<50IU/mL) 

Early virologic 
response (EVR) 

Quantitative HCV RNA assay done at 12 weeks: 
 Comes back to be negative – called early virologic clearance 

(EVC) or aviremic response   
 Shows a decline in the HCV RNA titre (compared with the pre-

treatment assay) of ≥ 2 log – called partial virologic response 
(PVR) or viremic response 

Nonresponders Quantitative HCV RNA assay done at 12 weeks showing either no 
decline in the HCV RNA titre (compared with the pre-treatment 
assay) or a decline of < 2 log 

End of treatment 
response (ETR) 

Qualitative HCV RNA assay done on completion of the recommended 
duration of the treatment course comes back to be negative 

Sustained virologic 
response (SVR)* 

Qualitative HCV RNA assay done 24 weeks after completion of the 
recommended duration of the treatment course comes back to be 
negative 

Relapsers Qualitative HCV RNA assay done on completion of the recommended 
duration of the treatment course was negative (ETR achieved), but 24 
weeks later it becomes positive again (SVR not achieved). . 

*Achievement of SVR is generally considered as the marker of eradication of HCV infection. Almost all 
such patients show EVC or PVR on 12 weeks assay. 

Table 4. Definitions of Treatment Responses 

Positive and negative predictors of therapeutic response:  

1. Positive predictors: As otherwise, attainment of a rapid/ early virological response and 
genotypes 2 & 3 are the most robust predictors of viral clearance with antiviral 
therapy.10,12 Child–Pugh class A and lower pre-transplantation viral loads (< 800,000 
IU/mL) are other positive predictors. 

2. Negative predictors: A reduction in the viral load of ≤2 l log10 between baseline & week 4, 
Child–Pugh class C or MELD >18 have a strong negative predictive value. In the 
absence of a ≥2 log10 reduction in HCV RNA at week 4, probably the best approach to 
reduce the risk of complications is to stop antiviral therapy at this point.  

The exact treatment protocol instituted in a given patient depends upon the genotype. 
Genotypes 2&3 are more responsive to interferon therapy than genotype 1 and therefore 
the recommended duration of antiviral therapy in former is 06 months as compared to 
one year in the latter. Although more data and experience is needed to establish definite 
protocols in genotypes 4, 5 & 6 cases, current evidence suggests treating them as genotype 
1 cases.23 Tables 5 & 6 summarize the current standards of treatment depending upon the 
genotype.  
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HCV RNA Assay: Recommendations according to the PCR results:  

Week 4 qualitative HCV RNA assay:† 

Negative assay (<50IU/mL)  
i.e. a case of RVR 

Shorten the standard treatment course of 24 weeks to 12-
16 weeks. Ribavirin is given at higher weight-adjusted 
dosage in the short courses (1000mg if 75 kg orally in 
two divided doses; 1200mg if >75 kg)‡,∂ 

Positive assay Give treatment for the standard duration of 24 weeks∆ 
(may be 36-48 weeks) 

Week 24 qualitative HCV RNA assay: 

Negative assay i.e. a case of 
ETR 

Successful therapy. Needs a repeat qualitative HCV RNA 
assay at week 48 (24 weeks after ETR) to establish SVR 

Positive assay Treatment failed 

Week 48 qualitative HCV RNA assay: 

Negative assay i.e. a case of 
SVR 

HCV infection eradicated 

Positive assay i.e. a case of 
relapse 

Previously treated with non-pegylated interferon:  
Treat with peginterferon and ribavirin. If EVR is not 
achieved at week 12, stop the treatment 
Previously treated with pegylated interferon: 
Retreatment is not indicated even if a different type of 
peginterferon is administered. Consensus interferon has 
shown to improve responses in such cases, but it is too 
premature to recommend it.  

 
† The newly recommended week 4 qualitative HCV RNA assay helps modify the duration of the 
therapy based on viral kinetics. On one hand, this approach helps maximize the SVR rates and on the 
other hand, limits the toxicities and cost associated with the extended treatment courses. Achievement 
of RVR means that we can consider shortening the treatment course. 
‡ With the shortened treatment courses in subjects who show RVR, SVR rates of 80-100% have been 
reported in genotype 2 cases and 77-85% in genotype 3 cases.  
∂ In case of relapse, retreatment with the standard 24 weeks course is recommended. 
∆ SVR rates achieved in this subgroup are poor, particularly in genotype 3 cases – 41-58%. In genotype 2 
cases, the results are relatively better - 50-89%. Because of the poor SVR rates, prolonged therapy (>24 
weeks) may be considered in this subgroup, although more evidence is needed at this time for a definite 
recommendation.  

 
Table 5. Summary of Current Standards in the Management of Genotypes 2&3 Cases: 
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HCV RNA Assay: Recommendations as per the PCR results:  
Week 4 qualitative HCV RNA assay: 
Negative assay (<50IU/mL) 
i.e. a case of RVR 

Predictors of poor response absent:† 
Shorten the treatment duration to a total of 24 weeks‡,∂ 
Predictors of poor response present: 
Give treatment for the standard duration of 48 weeks 

Positive assay Continue treatment and repeat HCV RNA at 12 weeks 
Week 12 qualitative HCV RNA assay: 
Negative assay i.e. a case of 
EVC 

Continue treatment for a total of 48 weeks 

HCV RNA fall by ≥ 2 logs i.e. 
a case of PVR 

Continue treatment & repeat qualitative HCV RNA at 24 
weeks. 

HCV RNA fall by < 2 logs i.e. 
a case of non-responder 

Stop treatment 

Week 24 qualitative HCV RNA assay 
(only done in cases which show PVR at week 12 assay):  
Negative assay (this 
subgroup is called ‘slow 
responders’) 

Continue treatment for a total of 48-72 weeks. 72 weeks 
therapy has generally shown superior results as 
compared to 48 weeks therapy in slow responders.  

Positive assay Stop treatment as probability of attaining SVR is 
negligible 

Week 48 qualitative HCV RNA assay: 
Negative assay i.e. a case of 
ETR 

Successful therapy. Needs a repeat qualitative HCV 
RNA assay at week 72 (24 weeks after ETR) to establish 
SVR 

Positive assay Treatment failed  
Week 72 qualitative HCV RNA assay: 
Negative assay i.e. a case of 
SVR 

HCV infection got eradicated 

Positive assay i.e. a case of 
relapse 

Previously treated with non-pegylated interferon:  
Treat with peginterferon and ribavirin. If EVR is not 
achieved at week 12, stop the treatment 
Previously treated with pegylated interferon: 
Retreatment is not indicated even if a different type of 
peginterferon is administered. Consensus interferon has 
shown to improve responses in such cases, but it is too 
premature to recommend it.  

† Old age (>50yrs); male gender; African American race; obesity; alcoholism; HIV confection or 
immunosuppression; more-than-portal fibrosis on liver biopsy (Metavir ≥2 or Ishak ≥ 3); a pretreatment 
viral load of >800,000IU/mL. 
‡ SVR rates of 80-89% can be achieved in this subgroup.  
∂ In case of relapse, retreatment with the standard 48 weeks course is recommended. 

Table 6. Summary of Current Standards in the Management of Genotype 1 Cases 
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Monitoring the antiviral therapy not only involves asking repeat HCV RNA assays at 
specific intervals to determine therapeutic response, but also a battery of other blood tests to 
rule out the development of any adverse effects (see table 7).  
 

Fortnightly: 
 

CBC at weeks 1, 2, 4, 6, 8 and then monthly 

Week 4: Qualitative HCV RNA assay at week 4 in both genotype 1 and 2&3 cases to 
assess for RVR 

Every 
month: 

Pregnancy assay in a sexually-active female of child bearing age 

Week 12: Quantitative HCV RNA test at week 12 in genotype 1 cases only to assess for 
EVR 

Every 3 
months: 

LFTs, INR, albumin, creatinine, urinalysis, glucose and TSH 

Week 24:  Qualitative HCV RNA assay at week 24 in only those genotype 1 cases 
who attained EVR at week 12 

 Qualitative HCV RNA assay at week 24 in genotype 2&3 cases to 
determine ETR 

Week 48  Qualitative HCV RNA assay at week 48 in genotype 2&3 cases to determine 
SVR 

 Qualitative HCV RNA assay at week 48 in genotype 1 cases to determine 
ETR 

Week 72  Qualitative HCV RNA assay at week 72 in genotype 1 cases to determine 
SVR 

Table 7. Monitoring of Anti-viral Therapy 

4. Pharmacotherapy of side effects 
As a general rule, decompensated cirrhotics are more prone to develop drug-induced side-
effects compared to patients with compensated disease. Important side effects in 
decompensated cirrhotics include:16 

1. Drug-induced hematological side effects: neutropenia (50–60%), thrombocytopenia (30–
50%), hemolytic anemia (30–50%). 

2. Superadded infections: spontaneous bacterial peritonitis (SBP), spontaneous 
bacteraemia/ septicaemia/ septic shock (due to Gram-negative bacilli) etc (4–13%). 

3. Worsening of hepatic decompensation with therapy (11–20%). 

4.1 Drug-induced hematological side effects 

4.1.1 Ribavirin-induced hemolytic anemia 

The minimum effective dose of ribavirin appears to be 10.6 mg/kg/day. In case hemolytic 
anemia develops, it is recommended to first reduce the dose of ribavirin to the minimum 
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The minimum effective dose of ribavirin appears to be 10.6 mg/kg/day. In case hemolytic 
anemia develops, it is recommended to first reduce the dose of ribavirin to the minimum 
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effective level. If no or little improvement in hemoglobin (Hb) level occurs, initiating 
concomitant erythropoietin (EPO) therapy may be considered.17,18  

 
Possible indications: 1. Fall in Hb level by >4 g/dL.  

2. Hb levels of <8g/dL.  
3. Development of symptoms and signs attributable to anemia 

(palpitations, dyspnea, easy fatigability, pallor).21,22 

Dosage regimens: 1. 20,000-40,000IU/week given in three divided doses 
subcutaneously (max. 60,000IU/week) with an aim to achieve 
& maintain Hb level of ≥10g/dL (return to the pretreatment 
level is NOT the aim).23  

2. Another study suggested starting EPO therapy at a lower dose 
of 4,000IU subcutaneously thrice weekly (12,000IU/week) and 
then increasing the dose depending upon the response.24 

Table 8. Erythropoietin (EPO) therapy 

Monitoring EPO therapy: The first evidence of response to the thrice weekly EPO 
administration is an increase in the reticulocyte count within 10 days.25 Since erythroid 
progenitors take several days to mature, a clinically significant increase in hematocrit is 
usually not observed in less than 2 weeks and may require up to 6 weeks in some 
patients.26 If the rate of rise of hemoglobin is greater than 1 g/dL over 2 weeks, it 
generally warrants decreasing EPO dose. This is because a greater than 1 g/dL rise in any 
2 weeks during the course of the therapy has been associated with an increased risk of 
thromboembolic phenomenon, predisposing to myocardial infarction, stoke and even 
death.27 Also, according to manufacturer’s recommendations, a Hb level of greater than 
12g/dL should not be aimed, the reason being potentially increased risk of 
thromboembolic phenomenon.28 Once adequate Hb level (≥10g/dL) is achieved, ribavirin 
dose can be increased to the optimum level.20 Once started, adjunct EPO therapy may be 
required until the end of the treatment. In one study,24 the median duration of EPO 
treatment was 24 weeks (range 6–39).  

4.1.2 Interferon-induced neutropenia/ thrombocytopenia 

The minimum effective dose of pegylated interferon appears to be 1 μg/kg/wk. It is 
recommended to reduce IFN dose to the minimum effective level if neutrophil count falls to 
<0.5x109/L, and discontinue it if it falls to <0.3x109/L.17 Regarding platelet count, IFN dose 
should be reduced to the minimum effective level if platelet count falls to <30x109/L, and 
discontinued if it falls to <20x109/L.17 If no or little improvement in neutrophil/ platelet 
counts occur, initiating concomitant granulocyte-colony-stimulating-factor (G-CSF) or 
granulocyte-monocyte-colony-stimulating-factor (GM-CSF) therapy may be considered19,20  

with an aim to avoid using the suboptimal drug doses.  
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Possible indications: 1. Neutrophil count <0.5x109/L. 
2. Platelet count <30x109/L 

Dosage regimens: 3. 30MU subcutaneously once weekly and then adjusting the 
dose as per the response/ requirement. 

 

Table 9. Granulocyte-colony-stimulating-factor (G-CSF) therapy 

Monitoring G-CSF therapy: Complete blood counts should be requested twice or thrice 
weekly and response to therapy judged. Once adequate neutrophil count is achieved, IFN 
dose can be increased to the optimum level.21 Once started, adjunct G-CSF therapy may be 
required till the end of the treatment. In one study,24 the median duration of G-CSF therapy 
was 20 weeks (range 9–45). 

4.2 Pharmacotherapy of superadded infections 

Norfloxacin prophylaxis has been shown to reduce the incidence of superadded 
infections.15,16 In cases of established nosocomial SBP (often caused by bacteria resistant to 
3rd-generation cephalosporins and/or amoxicillin-clavulanic acid), broad-spectrum 
antibiotics like carbapenems or glycopeptides should be prescribed.  

Although it is not yet clear how much survival benefit antiviral therapy confers, a 
standardized mortality rate analysis in one study reported a lower liver-related mortality 
among cirrhotics with SVR (0.6: CI: 0.0-3.1) compared to untreated patients.29 In post-liver 
transplant cases, avoidance of allograft failure due to recurrence of HCV infection has also 
been reported in the literature although it needs further studies and validation.30 

5. Conclusion 
One thing that has become increasingly clear from the existing trials data is that cirrhotic 
patients who are treated with antiviral therapy and who achieve SVR are less likely to 
develop liver-related complications as compared to the non-responders. Despite the many 
encouraging studies on this subject, data on the long-term disease progression, avoidance of 
transplantation, and most importantly, improvement of life expectancy is however still 
sparse. Although liver functions have clearly been shown to improve with antiviral therapy 
(as indicated by significant reductions in CTP and MELD scores), the same are more likely 
to deteriorate within a few years in patients with advanced cirrhosis thus explaining the 
need to accumulate data on the possible survival benefit conferred by antiviral therapy in 
cirrhotic patients.  

6. References 
[1] Fattovich G, Giustina G, Degos F, Diodati G, Tremolada F, Nevens F, et al. Effectiveness 

of interferon alfa on incidence of hepatocellular carcinoma and decompensation in 
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1. Introduction  

Acute retinal necrosis (ARN) is a fulminant necrotizing form of retinitis of viral origin. With-
out treatment, ARN leads to the irreversible blindness by destruction of the retina and the 
optic nerve. The clinical observation was first described under the term Kirisawa uveitis 
(Urayama et al., 1971) while the term acute retinal necrosis was introduced by Young & Bird 
(1978). The international diagnostic standard criteria were defined by Holland et al. (1994). 
ARN is a rare disease occurring world-wide in approximately one per 1.5-2.0 million per-
sons per year (Muthiah et al., 2007; Vandercam et al., 2008). The rareness of this disease pre-
cludes randomized prospective clinical studies. Most observations are derived from small 
case series and homogenous international guidelines for therapy are still lacking. A few stu-
dies, however, allow statements on the causative agents and therapeutic principles. 

Initially, herpesvirus particles were detected by electron microscopy in the retina of enuclea-
ted eyes with ARN. The causative role of herpesviruses was further established by showing 
local virus-specific antibody production, by demonstrating viral nucleic acids with the poly-
merase chain reaction (PCR), and by therapeutic success with antiviral drugs (Culbertson & 
Atherton, 1993). The disease is mainly caused by the -herpesviruses varicella-zoster virus 
(VZV) or herpes-simplex virus (HSV) in 70% and 30% of the cases, respectively (e.g., 
Culbertson et al., 1986; Rummelt et al., 1992). While the -herpesvirus cytomegalovirus 
(CMV) plays a marginal role in the pathogenesis of ARN, the role of the -herpesvirus 
Epstein-Barr virus (EBV) remains controversial. Meta-analysis shows that men are affected 
slightly more frequently than women (Rautenberg et al., 2009). 

The early ARN diagnosis is primarily based on the virus-specific polymerase-chain reaction 
in punctuate fluid from the anterior chamber or the vitreous and can be supported by the 
detection of specific antibody titers from punctate fluid and serum using the Goldmann-
Witmer coefficient. Detection of virus DNA provides the basis for the early antiviral therapy 
which limits disease progression and risk for complications. Retinal infections by VZV or 
HSV are treated with aciclovir, valaciclovir, or famciclovir. Ganciclovir and valganciclovir 
are primarily used for the therapy of retinal CMV infections. In the case of resistance 
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dies, however, allow statements on the causative agents and therapeutic principles. 

Initially, herpesvirus particles were detected by electron microscopy in the retina of enuclea-
ted eyes with ARN. The causative role of herpesviruses was further established by showing 
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merase chain reaction (PCR), and by therapeutic success with antiviral drugs (Culbertson & 
Atherton, 1993). The disease is mainly caused by the -herpesviruses varicella-zoster virus 
(VZV) or herpes-simplex virus (HSV) in 70% and 30% of the cases, respectively (e.g., 
Culbertson et al., 1986; Rummelt et al., 1992). While the -herpesvirus cytomegalovirus 
(CMV) plays a marginal role in the pathogenesis of ARN, the role of the -herpesvirus 
Epstein-Barr virus (EBV) remains controversial. Meta-analysis shows that men are affected 
slightly more frequently than women (Rautenberg et al., 2009). 

The early ARN diagnosis is primarily based on the virus-specific polymerase-chain reaction 
in punctuate fluid from the anterior chamber or the vitreous and can be supported by the 
detection of specific antibody titers from punctate fluid and serum using the Goldmann-
Witmer coefficient. Detection of virus DNA provides the basis for the early antiviral therapy 
which limits disease progression and risk for complications. Retinal infections by VZV or 
HSV are treated with aciclovir, valaciclovir, or famciclovir. Ganciclovir and valganciclovir 
are primarily used for the therapy of retinal CMV infections. In the case of resistance 
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development against antiviral drugs, foscarnet or cidofovir are available as second-line 
antiviral drugs. The early specific antiviral therapy is the crucial prerequisite for the optimal 
clinical outcome. The pros and cons of the different application routes (oral, intraveneous, 
intravitreal) are discussed in order to provide sufficient drug levels in the eye. The antiviral 
therapy of ARN must be combined with ophthalmological and surgical procedures. Early 
vitrectomy has been shown to lead to a significant reduction of secondary retinal 
detachment. The early and combined strategy is essential for the clinical outcome of the rare 
ARN (Hillenkamp et al., 2009a, b, 2010; Pleyer et al., 2009). 

2. Pathogenesis, epidemiology, and clinical course of ARN 
2.1 Viral pathogenesis 

The establishment of latency after primary infection is a common feature of herpesviruses. 
During latency, the entire, mostly inactive virus genome is maintained in the nuclei of host 
cells. The -herpesviruses VZV, HSV-1, and HSV-2 are characterized by their tropism for 
sensory neurones and epithelia. Via mucosal or cutaneous entry sites, the neurotropic her-
pesviruses gain access to the peripheral endings of sensory neurones. After virus uptake and 
axonal transport of the nucleocapsids, the virus establishes latency within approximately 14 
days in the nucleus of autonomous or sensory ganglia. The viral genome persists there in 
circular, extrachromosomal form (Steiner et al., 2007). 

In case of HSV, production of latency-associated viral transcripts seems to block virus repli-
cation and neuronal cell death. HSV-1 was shown to induce a local, CD8+ T cell-mediated, 
non-lytical inflammation in human trigeminal ganglia (Mott et al., 2009; Theil et al., 2003). 
These CD8+ T cells seem to block HSV reactivation via release of granzyme B which selecti-
vely degrades one of the regulatory proteins of HSV-1 and inhibits  reactivation already in 
the very early phase (Khanna et al., 2004; Knickelbein et al., 2008). Thus, a well balanced 
equilibrium between host defense and viral immune evasion mechanisms is formed during 
herpesviral latency. Since virus particles are not produced during latency, virus elimination 
by antiviral drugs is not feasible. 

The factors are not well defined which induce the reactivation of herpesvirus replication and 
the axonal transport of the viral nucleocapsids from the ganglion to the periphery. For HSV, 
ultraviolet light, neurosurgical procedures, periocular trauma and high-dosed steroid medi-
cation are known to cause reactiviation. During peripheral virus replication, clinical sym-
ptoms are observed in the region innervated by the respective sensory nerve, mostly in the 
form of oroacial herpes or as herpes zoster (shingles) and by far more rarely as ocular herpes 
(Liesegang, 2001; Lorette et al., 2006; Malvy et al., 2007). 

The extremely low incidence of the ocular herpes manifestations can be explained through 
epidemiology as well as neuroanatomy. HSV-1 and HSV-2 have strongly different capabili-
ties of establishing latency in trigeminal or sacral sensory ganglia and of inducing reactiva-
tion. Whereas 41% of the cases with latent trigeminal HSV-1 reactivate the virus, this occurs 
only in 4% of the trigeminal HSV-2 infections. In latent sacral HSV-2 infections, 89% of the 
patients develop recurrent genital herpes, in contrast to 25% of the cases with sacral HSV-1 
latency (Lafferty et al., 1987). The rate for the symptomatic recurrence of orofacial HSV-1 is 
0.12 per month in contrast to 0.001 for orofacial HSV-2 (Lafferty et al., 1987). The different 
rates of reactivation from different anatomical regions correspond to the mRNA prevalence 

 
Virus Diagnostics and Antiviral Therapy in Acute Retinal Necrosis (ARN) 

 

19 

as detected by by PCR in trigeminal ganglia, 79% for VZV, 53% for HSV-1, and 7% for HSV-
2, respectively (Pevenstein et al., 1999). Moreover, the HSV-specific latency-associated trans-
cripts and HSV-reactive CD8+ T cells were clearly less frequent in the neurones projecting to 
the ophthalmic nerve as in the other branches of the trigeminal nerve (Hüfner et al., 2009). 
These findings indicate that HSV reactivations occur more rarely in the eye than in the other 
orofacial regions. 

As the latency site of CMV, hematopoetic myelomonocytic progenitor cells are considered, 
from which systemic dissemination occurs via monocytes (Crough et al., 2009; Sinclair, 2008; 
Sinclair & Sissons, 2006). EBV replicates primarily in the pharyngeal and tonsillar epitheli-
um and in B cells. EBV latency is localized to quiescent B lymphocytes (Miyashita et al., 
1995). Both viruses can be reactivated spontaneously or, drastically more frequently, during 
immunosuppression. Correspondingly, the simultaneous demonstration of DNA of differ-
rent herpesviruses is possible in retinitis or ARN (Hasselbach et al., 2008; Hillenkamp et al., 
2009a; Lau et al., 2007; Sugita et al., 2008). 

The mechanisms are not yet sufficiently clarified which lead to the viral infection of the 
retina and finally to ARN. In a murine model, retinitis of the contralateral eye was observed 
within three days after intravitreal inoculation with a highly neurovirulent HSV-1 strain 
(Labetoulle et al., 2000). The time course of virus spread and immunohistological findings 
support the theory of non-synaptic virus transfer between neurones and glia cells in the 
chiasma opticum leading to the infection of the contralateral eye (Labetoulle et al., 2000). 
This is clinically relevant, since specific antiviral therapy reduces the risk for bilateral ARN 
(Palay et al., 1991).  

For rare diseases such as herpesviral encephalitis or ARN, causative immunological defects 
have been discussed. In one study, plasmacytoid dendritic cells from nine ARN patients 
were significantly fewer than in healthy controls, as well as interferon- production and 
CD8+ cell responses were clearly diminished. This could contribute to the impaired control 
of latent herpesvirus infections and subsequent development of ARN (Kittan et al., 2007). 

2.2 Epidemiology 

ARN is an extremely rare disease. Patients with endogenous uveitis had ARN in 1.3% (41 of 
3060; 95% confidence interval [CI]: 0.97-1.83%; Goto et al., 2007). During a prospective study in 
Great Britain over a period of 12 months, an ARN incidence of 0.5-0.6 per million was 
determined (Muthiah et al., 2007). Retrospective results were obtained for the Netherlands 
with a similar incidence of 1.1-1.6 per million (Vandercam et al., 2008). Approximately 55% of 
ARN patients are men (Fig. 1; Rautenberg et al., 2009: ratio men/women: 1.18; 95% CI: 1.06-
1.29). In contrast, only 37.7% of the patients with orofacial herpes are men (95% CI: 33-43%; 
Lorette et al., 2006), while HSV seroprevalence is identical in both genders (Malkin et al., 2002).  

More than 97% (95% CI: 96-99%) of all ARN cases are caused by the -herpesviruses VZV, 
HSV-1, and HSV-2. VZV is the most common causative agent of ARN in approximately 70% 
(Fig. 2; Rautenberg et al., 2009; 95% CI: 66-76%) of ARN cases, followed by HSV-2 and HSV-
1. The age of ARN manifestation depends on the causative agent. Patients with VZV-
induced ARN were 48.8±19.6 years old (mean ±1 standard deviation; Fig. 3). The mean age 
of HSV-1- or HSV-2-induced ARN patients was 31.1±17.5 or was 47.8+-19.2 or 31.1+-17.5 
years, respectively 
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cripts and HSV-reactive CD8+ T cells were clearly less frequent in the neurones projecting to 
the ophthalmic nerve as in the other branches of the trigeminal nerve (Hüfner et al., 2009). 
These findings indicate that HSV reactivations occur more rarely in the eye than in the other 
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from which systemic dissemination occurs via monocytes (Crough et al., 2009; Sinclair, 2008; 
Sinclair & Sissons, 2006). EBV replicates primarily in the pharyngeal and tonsillar epitheli-
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1995). Both viruses can be reactivated spontaneously or, drastically more frequently, during 
immunosuppression. Correspondingly, the simultaneous demonstration of DNA of differ-
rent herpesviruses is possible in retinitis or ARN (Hasselbach et al., 2008; Hillenkamp et al., 
2009a; Lau et al., 2007; Sugita et al., 2008). 

The mechanisms are not yet sufficiently clarified which lead to the viral infection of the 
retina and finally to ARN. In a murine model, retinitis of the contralateral eye was observed 
within three days after intravitreal inoculation with a highly neurovirulent HSV-1 strain 
(Labetoulle et al., 2000). The time course of virus spread and immunohistological findings 
support the theory of non-synaptic virus transfer between neurones and glia cells in the 
chiasma opticum leading to the infection of the contralateral eye (Labetoulle et al., 2000). 
This is clinically relevant, since specific antiviral therapy reduces the risk for bilateral ARN 
(Palay et al., 1991).  

For rare diseases such as herpesviral encephalitis or ARN, causative immunological defects 
have been discussed. In one study, plasmacytoid dendritic cells from nine ARN patients 
were significantly fewer than in healthy controls, as well as interferon- production and 
CD8+ cell responses were clearly diminished. This could contribute to the impaired control 
of latent herpesvirus infections and subsequent development of ARN (Kittan et al., 2007). 
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determined (Muthiah et al., 2007). Retrospective results were obtained for the Netherlands 
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1. The age of ARN manifestation depends on the causative agent. Patients with VZV-
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Fig. 1. Gender distribution in ARN patients. The total value (diamond) indicates slightly 
more men than women (54% men vs. 46% women). 

 
Fig. 2. Fraction of patients with VZV-induced ARN. The total value (diamond) indicates a 
favourite role of VZV (about 70%) in this rare disease.  
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(Ganatra et al., 2000; Itoh et al., 2000; Kychenthal et al., 2001; Rahhal et al., 1996; 
Schlingemann et al., 1996; Tran et al., 2003b; van Gelder et al., 2001). According to these 
results, a cut-off value of 36 years allows to discriminate HSV-2 from the other herpesvius-
induced ARN (Fig. 3; sensitivity: 64%; specificity: 83%; positive predictive value at 30% 
prevalence: 56%; negative predictive value at 30% prevalence: 84%). The diagnostic 
discrimination between ARN caused by HSV-1, HSV-2, or VZV is not highly relevant, since 
the therapy is identical in these cases, primarily by aciclovir.   

In contrast, the virological and clinical discrimination of CMV retinitis from ARN caused by 
the three -herpesviruses is very important, since the drug of choice is ganciclovir in CMV 
infections. CMV as the causative agent of a viral retinitis in absence of immunsuppressive 
therapy in immunocompetent patients is extremely rare. To our knowledge, only four such 
cases were documented in the literature (Silverstein et al., 1997; Tajunisah et al., 2009; Ura-
yama et al., 1971; Voros et al., 2006). 

0

20

40

60

80

ag
e

(y
)

HSV-1 HSV-2 VZV CMV  
Fig. 3. Age-distribution of patients who contracted ARN by different herpesviruses. Analy-
sis showed a significant younger age in patients who were infected by HSV-2 as compared 
to the other herpesviruses. The triangle within the box indicates the mean. 

The controversial role of EBV for ARN was investigated in a case control study (Ongkosu-
wito et al., 1998). By qualitative PCR, EBV was detected in one out of 24 ocular ARN sam-
ples. However, three of 46 vitreous samples from a control group also contained EBV DNA 
(odds ratio: 0.62; 95% CI: 0.06-6.34). Therefore, an association between the demonstration of 
EBV DNA and ARN could not be determined. Only a few studies analysed EBV DNA 
prevalence in ARN (Abe et al., 1996; Hillenkamp et al., 2009a; Itoh et al., 2000; Lau et al., 
2007; Ongkosuwito et al., 1998; Sugita et al., 2008; Tran et al., 2003a; Yamamoto et al., 2008). 
In nine of 134 ARN patients, EBV DNA was detected from ocular samples. In seven of these 
nine ARN patients (78%; 95% CI: 40-96%) VZV DNA was detected in addition to EBV by 
PCR (Hillenkamp et al., 2009a; Lau et al., 2007; Sugita et al., 2008). In theory, quantitative 
PCR methods could contribute to a clarification. However, there are no standard values for 
clinically relevant DNA concentrations in ocular materials and neither the diagnostic 
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discrimination between ARN caused by HSV-1, HSV-2, or VZV is not highly relevant, since 
the therapy is identical in these cases, primarily by aciclovir.   
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the three -herpesviruses is very important, since the drug of choice is ganciclovir in CMV 
infections. CMV as the causative agent of a viral retinitis in absence of immunsuppressive 
therapy in immunocompetent patients is extremely rare. To our knowledge, only four such 
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The controversial role of EBV for ARN was investigated in a case control study (Ongkosu-
wito et al., 1998). By qualitative PCR, EBV was detected in one out of 24 ocular ARN sam-
ples. However, three of 46 vitreous samples from a control group also contained EBV DNA 
(odds ratio: 0.62; 95% CI: 0.06-6.34). Therefore, an association between the demonstration of 
EBV DNA and ARN could not be determined. Only a few studies analysed EBV DNA 
prevalence in ARN (Abe et al., 1996; Hillenkamp et al., 2009a; Itoh et al., 2000; Lau et al., 
2007; Ongkosuwito et al., 1998; Sugita et al., 2008; Tran et al., 2003a; Yamamoto et al., 2008). 
In nine of 134 ARN patients, EBV DNA was detected from ocular samples. In seven of these 
nine ARN patients (78%; 95% CI: 40-96%) VZV DNA was detected in addition to EBV by 
PCR (Hillenkamp et al., 2009a; Lau et al., 2007; Sugita et al., 2008). In theory, quantitative 
PCR methods could contribute to a clarification. However, there are no standard values for 
clinically relevant DNA concentrations in ocular materials and neither the diagnostic 
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samples nor the PCR methods are sufficiently standardized. In summary, EBV seems to play 
no or -if at all- only a minor role in ARN development. 

2.3 Clinical course 

Almost 90% of all ARN cases remain unilateral (Hillenkamp et al., 2009a; Muthiah et al., 
2007; Usui et al., 2008; Vandercam et al., 2008). In approximately 10% of the patients, also the 
contralateral eye is affected within one to six weeks, in an extreme case after up to 34 years 
(Falcone & Brockhurst, 1993; Saari et al., 1982; Schlingemann et al., 1996). A case-control 
study revealed that aciclovir therapy considerably reduces the risk for the contralateral eye 
(Palay et al., 1991). As soon as the ARN diagnosis is made, antiviral therapy should be 
started in order to avoid disease progression. Longer termed aciclovir prophylaxis should be 
considered (Cordero-Coma et al., 2007). 

An increased ARN risk was discovered for the HLA alleles DQw7, DR4, and Bw62 (odds 
ratio: 5.2 and 7.3 respectively; Holland et al., 1989). Moreover, there is a 20-fold increased 
risk (p=0.05) for a fulminant ARN course in the presense of the HLA DR9 allele (Matsuo & 
Matsuo, 1991). Several case reports describe ARN following HSV encephalitis (Bristow et al., 
2006; de la Blanchardiere et al., 2000; Gain et al., 2002; Ganatra et al., 2000; Gaynor et al., 
2001; Hadden & Berry, 2002; Kim & Yoon, 2002; Maertzdorf et al., 2001; Pavésio et al., 1997; 
Yamamoto et al., 2007). In a retrospective study, thirteen of 52 patients showed infectious or 
non-infectious neurological diseases in the medical history (Vandercam et al., 2008). Four of 
eleven patients had HSV encephalitis 20.6 months (mean) prior to ARN. Two of 28 patients 
had VZV encephalitis 28 months (mean) before. The HSV patients showed a unilateral ARN, 
whereas both immunosuppressed VZV patients developed bilateral ARN. Besides various 
case reports, these results clearly demonstrate herpes encephalitis as a risk factor for ARN 
which needs attention in neurology and ophthalmology. 

3. Virus diagnostics 
3.1 Preanalytical conditions 

Diagnostic samples can be generated in early stages by puncture of the anterior chamber, by 
paracentesis, by fine needle aspiration of vitreous fluid, or in advanced conditions by thera-
peutic pars plana vitrectomy (Winterhalter et al., 2007). The rapid PCR demonstration of 
virus DNA is highly important for the therapy, because specific antiviral drugs are used. 
Since herpesviruses and their DNA genomes are rather stable, the transport of fluid from 
the anterior chamber or from the vitreous does not need special precautions. Only in the 
case of prolonged transport times, the samples should be shipped in cooled conditions. The 
major diagnostic test is the PCR for herpesviral DNA for the direct demonstration of the 
causative agent. Virus-specific serologic tests can serve as indirect methods in order to show 
local antibody production at delayed time points. The major advantage of PCR testing is the 
low sample volume required and the independence of time-delayed immune reaction. Due 
to the rareness of ARN and to the critical contribution of antiviral therapy, the authors re-
commend the genotypic sensitivity test after demonstration of herpesvirus DNA. In case of 
failure of the antiviral therapy, this allows the rapid decision for either switching to cidofo-
vir or foscarnet or for increasing aciclovir dosage in case of preserved drug sensitivity. 
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3.2 Nucleic acid diagnostics 

The clinical ARN diagnosis needs the critical validation by virus-specific PCR. During the 
initial stage, only PCR allows rapid and valid results. Time-delayed PCR diagnostics lead to 
diminished test sensitivity (de Boer et al., 1996; Knox et al., 1998). Due to the high test sensi-
tivity of the PCR, 20-50 μl sample volume is sufficient in most cases. The PCR discrimination 
beween HSV-1 and HSV-2 is an established method. Real-time PCR methods allow the 
quantitation of viral loads in copy number per ml. Although there are no standards avai-
lable for a clinically relevant virus load value, the quantitation is relevant to discriminate 
between the major causative agent and an additional, perhaps weak reactivation of another 
herpesvirus, e. g., under immunosuppression (Hasselbach et al., 2008). 

3.3 Antibody assays 

The quantitative determination of antibody titers from the anterior chamber or the vitreous 
in comparison to the serum levels is an indirect and supporting procedure for virus-specific 
diagnostics at delayed time points. For the determination of the Goldmann-Witmer coeffi-
cient (antibody index, AI; Goldmann & Witmer, 1954), the intraocular and serum antibody 
titers and total IgG values are included in the following formula: 

AI = (antibody titer punctate/antibody titer serum) / (total IgG punctate/total IgG serum) 

Most authors consider an AI > 2-3 an obvious indicator of intraocular antibody production 
(de Boer et al., 1994; Dussaix et al., 1987; Fekkar et al., 2008; Pepose et al., 1992). Serological 
procedures have the disadvantages that significant antibody levels can be expected only 
after one to two weeks and that a false-negative AI can result from massive disturbance of 
the blood-eye barrier. In the case of latently peristing herpesviruses, an ocular reactivation 
does not necessarily lead to a significant AI increase. Moreover, there are serological cross-
reactivites between HSV and VZV (Pepose et al., 1992). Finally, the intraocular antibody 
generation can be variable in immunosuppressed or HIV-infected patients (de Boer et al., 
1996; Doornenbal et al., 1996; Kijlstra et al., 1989, 1990). 

4. Therapy 
4.1 Drugs directed against -herpesviruses 

Aciclovir by the parenteral route is the drug of choice in severe, acute HSV or VZV infec-
tions. The acyclic guanosine derivate aciclovir is specifically activated by the viral enzyme 
thymidine kinase of HSV or VZV to its monophosphate. Ubiquitous cellular kinases are res-
ponsible for the conversion to aciclovir triphosphate which is a specific inhibitor for the viral 
DNA polymerase (de Clercq, 2004). The dosage is based on tissue culture-derived determi-
nations of the 50%-inhibitory concentration (IC50) of aciclovir against HSV-1, HSV-2, or 
VZV. Due to a lack of standardisation of the assay conditions and the test viruses, these 
values are variable, up to several orders of magnitude. The IC50 values were 0.02 to 13.5 
μg/ml for HSV-1, 0.01 to 9.9 μg/ml for HSV-2 and 0.12 to 10.8 μg/ml for VZV (O'Brien & 
Campoli-Richards, 1989). Due to the three hours half life of aciclovir, it should be administe-
red intraveneously at 10 mg/kg for ten to 14 days three times daily. Consecutively, the oral 
application of five times daily 800 mg for further six weeks is recommended (Blumenkranz 
et al., 1986; Duker & Blumenkranz, 1991; Morse & Mizoguchi, 1995; Palay et al., 1991). This 
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samples nor the PCR methods are sufficiently standardized. In summary, EBV seems to play 
no or -if at all- only a minor role in ARN development. 

2.3 Clinical course 

Almost 90% of all ARN cases remain unilateral (Hillenkamp et al., 2009a; Muthiah et al., 
2007; Usui et al., 2008; Vandercam et al., 2008). In approximately 10% of the patients, also the 
contralateral eye is affected within one to six weeks, in an extreme case after up to 34 years 
(Falcone & Brockhurst, 1993; Saari et al., 1982; Schlingemann et al., 1996). A case-control 
study revealed that aciclovir therapy considerably reduces the risk for the contralateral eye 
(Palay et al., 1991). As soon as the ARN diagnosis is made, antiviral therapy should be 
started in order to avoid disease progression. Longer termed aciclovir prophylaxis should be 
considered (Cordero-Coma et al., 2007). 

An increased ARN risk was discovered for the HLA alleles DQw7, DR4, and Bw62 (odds 
ratio: 5.2 and 7.3 respectively; Holland et al., 1989). Moreover, there is a 20-fold increased 
risk (p=0.05) for a fulminant ARN course in the presense of the HLA DR9 allele (Matsuo & 
Matsuo, 1991). Several case reports describe ARN following HSV encephalitis (Bristow et al., 
2006; de la Blanchardiere et al., 2000; Gain et al., 2002; Ganatra et al., 2000; Gaynor et al., 
2001; Hadden & Berry, 2002; Kim & Yoon, 2002; Maertzdorf et al., 2001; Pavésio et al., 1997; 
Yamamoto et al., 2007). In a retrospective study, thirteen of 52 patients showed infectious or 
non-infectious neurological diseases in the medical history (Vandercam et al., 2008). Four of 
eleven patients had HSV encephalitis 20.6 months (mean) prior to ARN. Two of 28 patients 
had VZV encephalitis 28 months (mean) before. The HSV patients showed a unilateral ARN, 
whereas both immunosuppressed VZV patients developed bilateral ARN. Besides various 
case reports, these results clearly demonstrate herpes encephalitis as a risk factor for ARN 
which needs attention in neurology and ophthalmology. 

3. Virus diagnostics 
3.1 Preanalytical conditions 

Diagnostic samples can be generated in early stages by puncture of the anterior chamber, by 
paracentesis, by fine needle aspiration of vitreous fluid, or in advanced conditions by thera-
peutic pars plana vitrectomy (Winterhalter et al., 2007). The rapid PCR demonstration of 
virus DNA is highly important for the therapy, because specific antiviral drugs are used. 
Since herpesviruses and their DNA genomes are rather stable, the transport of fluid from 
the anterior chamber or from the vitreous does not need special precautions. Only in the 
case of prolonged transport times, the samples should be shipped in cooled conditions. The 
major diagnostic test is the PCR for herpesviral DNA for the direct demonstration of the 
causative agent. Virus-specific serologic tests can serve as indirect methods in order to show 
local antibody production at delayed time points. The major advantage of PCR testing is the 
low sample volume required and the independence of time-delayed immune reaction. Due 
to the rareness of ARN and to the critical contribution of antiviral therapy, the authors re-
commend the genotypic sensitivity test after demonstration of herpesvirus DNA. In case of 
failure of the antiviral therapy, this allows the rapid decision for either switching to cidofo-
vir or foscarnet or for increasing aciclovir dosage in case of preserved drug sensitivity. 
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3.2 Nucleic acid diagnostics 

The clinical ARN diagnosis needs the critical validation by virus-specific PCR. During the 
initial stage, only PCR allows rapid and valid results. Time-delayed PCR diagnostics lead to 
diminished test sensitivity (de Boer et al., 1996; Knox et al., 1998). Due to the high test sensi-
tivity of the PCR, 20-50 μl sample volume is sufficient in most cases. The PCR discrimination 
beween HSV-1 and HSV-2 is an established method. Real-time PCR methods allow the 
quantitation of viral loads in copy number per ml. Although there are no standards avai-
lable for a clinically relevant virus load value, the quantitation is relevant to discriminate 
between the major causative agent and an additional, perhaps weak reactivation of another 
herpesvirus, e. g., under immunosuppression (Hasselbach et al., 2008). 

3.3 Antibody assays 

The quantitative determination of antibody titers from the anterior chamber or the vitreous 
in comparison to the serum levels is an indirect and supporting procedure for virus-specific 
diagnostics at delayed time points. For the determination of the Goldmann-Witmer coeffi-
cient (antibody index, AI; Goldmann & Witmer, 1954), the intraocular and serum antibody 
titers and total IgG values are included in the following formula: 

AI = (antibody titer punctate/antibody titer serum) / (total IgG punctate/total IgG serum) 

Most authors consider an AI > 2-3 an obvious indicator of intraocular antibody production 
(de Boer et al., 1994; Dussaix et al., 1987; Fekkar et al., 2008; Pepose et al., 1992). Serological 
procedures have the disadvantages that significant antibody levels can be expected only 
after one to two weeks and that a false-negative AI can result from massive disturbance of 
the blood-eye barrier. In the case of latently peristing herpesviruses, an ocular reactivation 
does not necessarily lead to a significant AI increase. Moreover, there are serological cross-
reactivites between HSV and VZV (Pepose et al., 1992). Finally, the intraocular antibody 
generation can be variable in immunosuppressed or HIV-infected patients (de Boer et al., 
1996; Doornenbal et al., 1996; Kijlstra et al., 1989, 1990). 

4. Therapy 
4.1 Drugs directed against -herpesviruses 

Aciclovir by the parenteral route is the drug of choice in severe, acute HSV or VZV infec-
tions. The acyclic guanosine derivate aciclovir is specifically activated by the viral enzyme 
thymidine kinase of HSV or VZV to its monophosphate. Ubiquitous cellular kinases are res-
ponsible for the conversion to aciclovir triphosphate which is a specific inhibitor for the viral 
DNA polymerase (de Clercq, 2004). The dosage is based on tissue culture-derived determi-
nations of the 50%-inhibitory concentration (IC50) of aciclovir against HSV-1, HSV-2, or 
VZV. Due to a lack of standardisation of the assay conditions and the test viruses, these 
values are variable, up to several orders of magnitude. The IC50 values were 0.02 to 13.5 
μg/ml for HSV-1, 0.01 to 9.9 μg/ml for HSV-2 and 0.12 to 10.8 μg/ml for VZV (O'Brien & 
Campoli-Richards, 1989). Due to the three hours half life of aciclovir, it should be administe-
red intraveneously at 10 mg/kg for ten to 14 days three times daily. Consecutively, the oral 
application of five times daily 800 mg for further six weeks is recommended (Blumenkranz 
et al., 1986; Duker & Blumenkranz, 1991; Morse & Mizoguchi, 1995; Palay et al., 1991). This 
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recommendation is based on a case-control study in which most of the bilateral ARN cases 
ocurred within a period of six weeks and in which 90% of the bilateral ARN cases could 
have been avoided by aciclovir therapy (Palay et al., 1991). After the start of the antiviral 
therapy, new lesions should not occur from the second day on. From the fourth or fifth day 
on, the retinal infiltrates should show a tendence for regression. After one month, a comple-
te remission should be achieved (Blumenkranz et al., 1986). If this is not accomplished, 
either there was an insufficient drug dosage, or antiviral resistance has developed which is 
more frequently seen in immunosuppressed patients. The side effects of aciclovir are rather 
weak and rare and may include mild serum creatinine increase, nausea, and vomiting. 
Presently, the authors recommend aciclovir as first-line therapy of choice in the early phase 
of the disease. This is based on the long-termed experience with this drug. Moreover, this 
excludes influences from the intra- and interindividual variability of the oral bioavailability 
of valaciclovir (Hillenkamp et al., 2009a, b, 2010; Phan et al., 2003). The management of ARN 
by antiviral drugs has been summarized in a recent review article (Tam eta al., 2010). 

Valaciclovir is the valyl ester of aciclovir, which is quickly taken up into enterocytes after 
oral administration via enteric aminoacid transport systems and which is then hydrolyzed 
to the active prodrug aciclovir (Granero & Amidon, 2006; Katragadda et al., 2005). The oral 
bioavailability of valaciclovir of 54% is three times higher than that of aciclovir (Soul-Law-
ton et al., 1995). When 1000 mg valaciclovir were administered three times daily, aciclovir 
serum levels of 4.41 μg/ml and aciclovir levels in the vitreous of 1.03 μg/ml were reached. 
These concentrations are in the IC50 range for most HSV or VZV isolates. The lower peak 
concentrations during oral in comparison to parenteral aciclovir therapy minimize the risk 
for renal side effects (Huynh et al., 2008).  

Famciclovir is an orally available di-acetyl derivate of penciclovir. By deacetylation, famcic-
lovir is metabolized in the liver to the active prodrug penciclovir which is secreted without 
modification by the kidneys (Chakrabarty et al., 2004). The oral bioavailability of famciclovir 
is 77% and, thus, approximately 1.5-fold higher than that of valaciclovir (Soul-Lawton et al., 
1995) or 3.4-fold higher than that of aciclovir (15–30%; Fletcher & Bean, 1985). By oral 
administration of 500 mg every eight hours, intravitreal penciclovir concentrations of 1.2 
μg/ml can be reached (Chong et al., 2009), which is appropriate for the therapy of non-
resistant HSV-1, HSV-2, or VZV strains. In some single case reports, famciclovir was active 
against aciclovir-resistant VZV strains (Figueroa et al., 1997). However, the main reasons for 
aciclovir resistance are mutations of the viral thymidine kinase gene, which would typically 
also result in penciclovir resistance. 

Based on case reports with orally available prodrugs of aciclovir (Emerson et al., 2006; 
Savant et al., 2004), a pilot study was performed with ten eyes of eight patients (Aizman et 
al., 2007). Under the oral therapy with 1 g valganciclovir or 500 mg famaciclovir three times 
daily, the ARN regression occurred within six days and the maximal improvement within 
17 days without any case of contralateral ARN during further 36 weeks of observation. As 
long as randomized prospective studies on the efficiency of the oral aciclovir alternatives are 
not yet available, the initial standard therapy should be performed with intraveneous 
aciclovir, only. 

Resistance mutations. Especially in immunosuppressed patients, resistance development 
against aciclovir is observed frequently. However, underdosage must be excluded first. 
Under optimal conditions, the genotypic viral resistance can be determined by DNA PCR 
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and sequencing of the viral gene for thymidine kinase and by the sequence comparison with 
known resistant viruses within a few days. The cultural resistance testing depends on the 
successful virus isolation. This procedure is slower, hardly standardized and only possible 
in a few reference laboratories. More than 90% of the resistance cases result from mutations 
of the thymidine kinase gene. In case of resistance, cidofovir and foscarnet are usually the 
only available alternatives, since their activity mechanism is independent of the viral thymi-
dine kinase. Both drugs can also be used for ganciclovir-resistant CMV strains. 

Cidofovir is an acyclic nucleosid phosphonate with a broad activity spectrum against DNA 
viruses (de Clercq & Holý, 2005). Host cell kinases convert cidofovir to the active diphos-
phonyl ester which acts as a competitive inhibitor of the viral DNA polymerases and indu-
ces viral DNA chain termination. Aciclovir-resistant virus strain may be susceptible to cido-
fovir. The drug is administered intraveneously since its oral bioavailability is only 5%. The 
peculiarity of cidofovir is its very high intracellular half-life time of more than 24 hours (de 
Clercq & Holý, 2005). Cidofovir should be used only as a drug of second choice. It is infused 
in a dose of 5 mg/kg over one hour once weekly in two weeks. For maintenance, the infu-
sion is then repeated every second week in the same dosage. The major disadvantage of 
cidofovir is its nephrotoxicity which is due to the accumulation of this drug by an anion 
transporter system of the proximal tubuli of the renal cortex (Ho et al., 2000). Since cidofovir 
is renally secreted, it must be combined with probenecid for kidney protection. 

Foscarnet. In the case of a proven resistance against aciclovir, ganciclovir, or their prodrugs, 
foscarnet is the drug of choice. Foscarnet is a pyrophosphate analogon which occupies the 
pyrophosphate binding site on the herpesviral DNA polymerase and inhibits the release of 
pyrophosphate from the terminal nucleotide triphosphate of the growing viral DNA chain 
(Biron, 2006). Due to the very low oral bioavailability of 20%, the drug is administered by 
large-volume intraveneous infusions. Foscarnet is used in a dosage of 60 mg/kg every eight 
hours. Foscarnet is renally eliminated without any metabolic modification. In patients with 
diminished renal function, the dosis must be adjusted to the creatinine clearance value. The 
major side effect of foscarnet is its nephrotoxicity.  

Intravitreal application. Vitreous concentrations of aciclovir following intravenous 
administration has not yet been tested on a broad basis. Therefore, in patients, who do not 
respond to intravenous therapy, the intravitreal application of the respective antiviral drug 
should be considered in order to rapidly achieve high concentrations of the drug and, thus, 
an improved prognosis (Hillenkamp et al., 2009a, 2010; Scott et al., 2002; Velez et al., 2001; 
Zambarakji et al., 2002). This strategy allows high intraocular drug levels under reduced 
systemic exposure. Studies on repeated injections are not yet available. 

4.2 Drugs directed against cytomegalovirus 

In contrast to the -herpesviruses, CMV lacks a viral thymidine kinase. Presently, four 
drugs are licensed for CMV therapy: ganciclovir, valganciclovir, cidofovir, and foscarnet. All 
of them target the viral DNA polymerase and inhibit the viral DNA synthesis. 

Ganciclovir and its orally available valyl ester-derivate valganciclovir are the drugs of first 
choice for the therapy of CMV-induced diseases (de Clercq, 2004). The substances are 
monophosphorylated in CMV-infected cells by the CMV-specific protein kinase UL97, and 
subsequently triphosphorylated by cellular kinases. The incorporation of the acyclic 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

24

recommendation is based on a case-control study in which most of the bilateral ARN cases 
ocurred within a period of six weeks and in which 90% of the bilateral ARN cases could 
have been avoided by aciclovir therapy (Palay et al., 1991). After the start of the antiviral 
therapy, new lesions should not occur from the second day on. From the fourth or fifth day 
on, the retinal infiltrates should show a tendence for regression. After one month, a comple-
te remission should be achieved (Blumenkranz et al., 1986). If this is not accomplished, 
either there was an insufficient drug dosage, or antiviral resistance has developed which is 
more frequently seen in immunosuppressed patients. The side effects of aciclovir are rather 
weak and rare and may include mild serum creatinine increase, nausea, and vomiting. 
Presently, the authors recommend aciclovir as first-line therapy of choice in the early phase 
of the disease. This is based on the long-termed experience with this drug. Moreover, this 
excludes influences from the intra- and interindividual variability of the oral bioavailability 
of valaciclovir (Hillenkamp et al., 2009a, b, 2010; Phan et al., 2003). The management of ARN 
by antiviral drugs has been summarized in a recent review article (Tam eta al., 2010). 

Valaciclovir is the valyl ester of aciclovir, which is quickly taken up into enterocytes after 
oral administration via enteric aminoacid transport systems and which is then hydrolyzed 
to the active prodrug aciclovir (Granero & Amidon, 2006; Katragadda et al., 2005). The oral 
bioavailability of valaciclovir of 54% is three times higher than that of aciclovir (Soul-Law-
ton et al., 1995). When 1000 mg valaciclovir were administered three times daily, aciclovir 
serum levels of 4.41 μg/ml and aciclovir levels in the vitreous of 1.03 μg/ml were reached. 
These concentrations are in the IC50 range for most HSV or VZV isolates. The lower peak 
concentrations during oral in comparison to parenteral aciclovir therapy minimize the risk 
for renal side effects (Huynh et al., 2008).  

Famciclovir is an orally available di-acetyl derivate of penciclovir. By deacetylation, famcic-
lovir is metabolized in the liver to the active prodrug penciclovir which is secreted without 
modification by the kidneys (Chakrabarty et al., 2004). The oral bioavailability of famciclovir 
is 77% and, thus, approximately 1.5-fold higher than that of valaciclovir (Soul-Lawton et al., 
1995) or 3.4-fold higher than that of aciclovir (15–30%; Fletcher & Bean, 1985). By oral 
administration of 500 mg every eight hours, intravitreal penciclovir concentrations of 1.2 
μg/ml can be reached (Chong et al., 2009), which is appropriate for the therapy of non-
resistant HSV-1, HSV-2, or VZV strains. In some single case reports, famciclovir was active 
against aciclovir-resistant VZV strains (Figueroa et al., 1997). However, the main reasons for 
aciclovir resistance are mutations of the viral thymidine kinase gene, which would typically 
also result in penciclovir resistance. 

Based on case reports with orally available prodrugs of aciclovir (Emerson et al., 2006; 
Savant et al., 2004), a pilot study was performed with ten eyes of eight patients (Aizman et 
al., 2007). Under the oral therapy with 1 g valganciclovir or 500 mg famaciclovir three times 
daily, the ARN regression occurred within six days and the maximal improvement within 
17 days without any case of contralateral ARN during further 36 weeks of observation. As 
long as randomized prospective studies on the efficiency of the oral aciclovir alternatives are 
not yet available, the initial standard therapy should be performed with intraveneous 
aciclovir, only. 

Resistance mutations. Especially in immunosuppressed patients, resistance development 
against aciclovir is observed frequently. However, underdosage must be excluded first. 
Under optimal conditions, the genotypic viral resistance can be determined by DNA PCR 
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and sequencing of the viral gene for thymidine kinase and by the sequence comparison with 
known resistant viruses within a few days. The cultural resistance testing depends on the 
successful virus isolation. This procedure is slower, hardly standardized and only possible 
in a few reference laboratories. More than 90% of the resistance cases result from mutations 
of the thymidine kinase gene. In case of resistance, cidofovir and foscarnet are usually the 
only available alternatives, since their activity mechanism is independent of the viral thymi-
dine kinase. Both drugs can also be used for ganciclovir-resistant CMV strains. 

Cidofovir is an acyclic nucleosid phosphonate with a broad activity spectrum against DNA 
viruses (de Clercq & Holý, 2005). Host cell kinases convert cidofovir to the active diphos-
phonyl ester which acts as a competitive inhibitor of the viral DNA polymerases and indu-
ces viral DNA chain termination. Aciclovir-resistant virus strain may be susceptible to cido-
fovir. The drug is administered intraveneously since its oral bioavailability is only 5%. The 
peculiarity of cidofovir is its very high intracellular half-life time of more than 24 hours (de 
Clercq & Holý, 2005). Cidofovir should be used only as a drug of second choice. It is infused 
in a dose of 5 mg/kg over one hour once weekly in two weeks. For maintenance, the infu-
sion is then repeated every second week in the same dosage. The major disadvantage of 
cidofovir is its nephrotoxicity which is due to the accumulation of this drug by an anion 
transporter system of the proximal tubuli of the renal cortex (Ho et al., 2000). Since cidofovir 
is renally secreted, it must be combined with probenecid for kidney protection. 

Foscarnet. In the case of a proven resistance against aciclovir, ganciclovir, or their prodrugs, 
foscarnet is the drug of choice. Foscarnet is a pyrophosphate analogon which occupies the 
pyrophosphate binding site on the herpesviral DNA polymerase and inhibits the release of 
pyrophosphate from the terminal nucleotide triphosphate of the growing viral DNA chain 
(Biron, 2006). Due to the very low oral bioavailability of 20%, the drug is administered by 
large-volume intraveneous infusions. Foscarnet is used in a dosage of 60 mg/kg every eight 
hours. Foscarnet is renally eliminated without any metabolic modification. In patients with 
diminished renal function, the dosis must be adjusted to the creatinine clearance value. The 
major side effect of foscarnet is its nephrotoxicity.  

Intravitreal application. Vitreous concentrations of aciclovir following intravenous 
administration has not yet been tested on a broad basis. Therefore, in patients, who do not 
respond to intravenous therapy, the intravitreal application of the respective antiviral drug 
should be considered in order to rapidly achieve high concentrations of the drug and, thus, 
an improved prognosis (Hillenkamp et al., 2009a, 2010; Scott et al., 2002; Velez et al., 2001; 
Zambarakji et al., 2002). This strategy allows high intraocular drug levels under reduced 
systemic exposure. Studies on repeated injections are not yet available. 

4.2 Drugs directed against cytomegalovirus 

In contrast to the -herpesviruses, CMV lacks a viral thymidine kinase. Presently, four 
drugs are licensed for CMV therapy: ganciclovir, valganciclovir, cidofovir, and foscarnet. All 
of them target the viral DNA polymerase and inhibit the viral DNA synthesis. 

Ganciclovir and its orally available valyl ester-derivate valganciclovir are the drugs of first 
choice for the therapy of CMV-induced diseases (de Clercq, 2004). The substances are 
monophosphorylated in CMV-infected cells by the CMV-specific protein kinase UL97, and 
subsequently triphosphorylated by cellular kinases. The incorporation of the acyclic 
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ganciclovir triphosphate into the growing viral DNA chain results in the blockade of 
polymerase translocation (Reid et al., 1988). Since the oral bioavailability of ganiclovir is 
only approximately 5%, the drug should be administered intravenously during the 
ganciclovir disease. In most cases, 10 mg/kg i.v. daily should be sufficient for the CMV 
therapy in ARN cases. The oral bioavailability of valganciclovir is approximately 60%. A 
daily dose of 900 mg will yield serum concentrations comparable to 5 mg/kg intraveneous 
ganciclovir or a 1,7-fold serum concentration in comparison to 1000 mg oral ganciclovir 
(Cvetković & Wellington, 2005). The major side effect of systemic ganciclovir therapy is 
neutropenia in approximately 8% of the patients. Therefore, ganciclovir therapy needs the 
regular control of blood counts, as well as the surveillance of renal function (Paya et al., 
2004). 

UL97 resistance mutations. Mutations of the UL97 protein kinase of CMV are the major 
cause of resistance against ganciclovir and its derivates. The resistence is determined geno-
typically by sequencing if the viral genes for the UL97 kinase and for the DNA polymerase. 
The most frequent ganciclovir resistence mutations in UL97 (codons 460, 520, 590-607) inhi-
bit ganciclovir phosphorylation which is the prerequsite for antiviral activity (Chou et al., 
2008). The activity of cidofovir and foscarnet is independent of the protein kinase UL97 and 
appropriate for the therapy of many DNA viruses.  

4.3 Differential diagnosis 

During the early disease stages, additional infectious agents, rheumatological disorders, 
autoimmune uveitis, or intraocular lymphomas have to be considered (Table 1). Whereas  
 

Disease Diagnosis First-line therapy 
ARN by varicella zoster virus PCR aciclovir 
ARN by herpes simplex virus PCR aciclovir 
ARN by cytomegalovirus PCR ganciclovir 
ARN by Epstein-Barr virus PCR not available 
Progressive outer retina necrosis PCR, serology dependent on the agent 
Cytomegalovirus retinitis PCR ganciclovir 
Lyme borreliosis serology, PCR cephalosporin 
Syphilis serology penicillin 
Toxoplasmosis retinitis serology, PCR pyrimethamine/sulfonamide 
Tuberculosis culture, PCR antimycobacterial therapy 
Endogeneous endophthalmitis culture, PCR dependent on the agent 
Bacterial eye infection culture, PCR dependent on the agent 
Fungal eye infection culture, PCR, Antigen Candida: Fluconazol 

Aspergillus: Voriconazol 
Behçet’s disease clinic, pathergia test immunosuppression 
Sarcoidosis histology immunosuppression 
Idiopathic chorioretinitis exclusion diagnosis immunosuppression 
Idiopathic retinovasculitis exclusion diagnosis immunosuppression 
Intraocular lymphoma cytology, tumor genetics radiochemotherapy 

Table 1. Differential diagnosis of acute retinal necrosis. 
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the start of ARN therapy is critical for the outcome the initiation of the therapy for most 
alternative causes is by far less urgent. Due to the similar clinical appearance, toxoplasmosis 
chorioretinitis is an important differential diagnosis (Balansard et al., 2005; Hasselbach et al., 
2008; Moshfeghi et al., 2004). An ocular manifestation of syphilis can show many different 
symptoms and can mimick various diseases. In contrast to ARN, CMV retinitis shows weak 
inflammation signs in the anterior chamber and the vitreous. Patients with CMV retinitis are 
usually infected with human immunodeficiency virus (HIV) with less than 50 CD4+ T 
cells/μl. CMV retinitis is resistant to aciclovir therapy. Therefore, the early PCR test for 
virus DNA is necessary. 

Finally, progressive outer retina necrosis (PORN) forms another differential diagnosis, 
which was mainly described in HIV patients (Forster et al., 1990). Typically, the outer retinal 
layers are primarily affected multifocally, while the inner retinal layers are less concerned. 
In contrast to ARN, there is no vasculitis component. The course of PORN disease is extre-
mely rapid, spreading to the the deep retinal layers and leading to retinal detachment. Pa-
tients with PORN usually show coinfection with HIV and VZV. 

5. Conclusion 
ARN occurs in up to one per million persons per year. The virus-caused disease remains 
unilateral in approximately 90% of the cases. Without treatment, ARN shows poor progno-
sis. The immediate calculated antiviral therapy by aciclovir or its prodrugs is justified, since 
approximately 70% of the cases are caused by VZV and 30% by HSV. The causative role of 
EBV remains controversial; often, EBV reactivation occurs concomitantly with VZV reactiva-
tion. While EBV reactivation cannot be treated efficiently, aciclovir is appropriate for VZV 
and HSV reactivations. The very rare case of CMV in ARN is an indication for ganciclovir or 
its prodrug. The virus-specific DNA PCR test from fluid of the anterior chamber or the vitre-
ous provides the critical indication for the specific therapy. Disease progression and compli-
cations rates can be limited by additional immediate conservative and surgical therapy. 
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4.3 Differential diagnosis 

During the early disease stages, additional infectious agents, rheumatological disorders, 
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ARN by cytomegalovirus PCR ganciclovir 
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Cytomegalovirus retinitis PCR ganciclovir 
Lyme borreliosis serology, PCR cephalosporin 
Syphilis serology penicillin 
Toxoplasmosis retinitis serology, PCR pyrimethamine/sulfonamide 
Tuberculosis culture, PCR antimycobacterial therapy 
Endogeneous endophthalmitis culture, PCR dependent on the agent 
Bacterial eye infection culture, PCR dependent on the agent 
Fungal eye infection culture, PCR, Antigen Candida: Fluconazol 

Aspergillus: Voriconazol 
Behçet’s disease clinic, pathergia test immunosuppression 
Sarcoidosis histology immunosuppression 
Idiopathic chorioretinitis exclusion diagnosis immunosuppression 
Idiopathic retinovasculitis exclusion diagnosis immunosuppression 
Intraocular lymphoma cytology, tumor genetics radiochemotherapy 

Table 1. Differential diagnosis of acute retinal necrosis. 
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the start of ARN therapy is critical for the outcome the initiation of the therapy for most 
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inflammation signs in the anterior chamber and the vitreous. Patients with CMV retinitis are 
usually infected with human immunodeficiency virus (HIV) with less than 50 CD4+ T 
cells/μl. CMV retinitis is resistant to aciclovir therapy. Therefore, the early PCR test for 
virus DNA is necessary. 

Finally, progressive outer retina necrosis (PORN) forms another differential diagnosis, 
which was mainly described in HIV patients (Forster et al., 1990). Typically, the outer retinal 
layers are primarily affected multifocally, while the inner retinal layers are less concerned. 
In contrast to ARN, there is no vasculitis component. The course of PORN disease is extre-
mely rapid, spreading to the the deep retinal layers and leading to retinal detachment. Pa-
tients with PORN usually show coinfection with HIV and VZV. 

5. Conclusion 
ARN occurs in up to one per million persons per year. The virus-caused disease remains 
unilateral in approximately 90% of the cases. Without treatment, ARN shows poor progno-
sis. The immediate calculated antiviral therapy by aciclovir or its prodrugs is justified, since 
approximately 70% of the cases are caused by VZV and 30% by HSV. The causative role of 
EBV remains controversial; often, EBV reactivation occurs concomitantly with VZV reactiva-
tion. While EBV reactivation cannot be treated efficiently, aciclovir is appropriate for VZV 
and HSV reactivations. The very rare case of CMV in ARN is an indication for ganciclovir or 
its prodrug. The virus-specific DNA PCR test from fluid of the anterior chamber or the vitre-
ous provides the critical indication for the specific therapy. Disease progression and compli-
cations rates can be limited by additional immediate conservative and surgical therapy. 
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1. Introduction 
1.1 BK Virus 

BK virus is a polyomavirus belonging to the papovaviridae branch. In addition to BK, the 
human polyomavirus family includes John Cunningham virus (JCV), Washington 
University virus (WUV), Karolinska Institute virus (KIV) and Merkel cell viruses (Boothpur 
et al. 2010). BK virus is a virus without a shell and it has a double-stranded circular non-
enveloped DNA. It was first discovered and isolated in 1971 just like JC virus, responsible 
for Progressive Multifocal Leukoencephalopathy (PML). Contamination usually occurs 
during early childhood through the airway without clinical symptoms. BK virus 
seroprevalence in general population is around 60%. The main latency areas are the kidney 
and the urothelium. Asymptomatic BK virus infection is often acquired in childhood and the 
virus persists in a dormant state in urothelium and kidneys of healthy and 
immunocompetent individuals, where it can be reactivated under immunosuppression 
(Nickeleit et al. 2000a; Brocker et al. 2011). 

1.2 Prevalence and incidence 

Urinary viral prevalence for BK virus is between 0.3% and 6% in general population, and 
increases in functions of immunosuppression degree; between 10% and 45% in patients after 
renal transplant, 30% in patients after bone marrow graft and 25% in patients with Human 
immunodeficiency virus. In patients with renal graft, the annual incidence of the 
nephropathy is between 3% and 5% (Randhawa et al. 2000; Pavlakis et al. 2006). 

1.3 Risk factors 

BK virus-associated nephropathy seems to be promoted by the concurrent presence of 
several risk factors. The immunosuppressive regimen strength, with high level blood 
concentrations, is the first factor involved. Most patients affected by BK virus-associated 
nephropathy previously had an intensification of immunosuppressive regimen due to a 
rejection event or a treatment including tacrolimus and/or mycophenolate mofetil 
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combined with monoclonal or polyclonal antibodies (De Luca et al. 2000; Nickeleit et al. 
2000b; Randhawa et al. 2000; Hirsch et al. 2001). Conversely, no cases have been reported in 
patients treated with cyclosporine and corticosteroids (Binet et al. 1999; Mengel et al. 2003). 

The other risk factors identified comprise donor characteristics, such as female gender, 
deceased donation, ischemia-reperfusion injury, high BK virus specific antibody titres, HLA 
mismatch and African-American ethnicity. The recipient characteristics in cause are older 
age, male gender, white race, diabetes, obesity, retransplantation, lack of HLA C-7, low or 
absent BK virus specific T-cell activity. Lastly, in addition to high immunosuppressive drug 
levels and tacrolimus based combinations, other post-transplant factors can be mentioned as 
acute rejection and antirejection treatment, cumulative steroid exposure and lymphocyte 
depleting antibodies (Gupta & Gupta, 2011). 

Although immunosuppression increases the probability of latent BK virus reactivation, 
clinical manifestation of disease is rare. When symptoms occur, on the clinical point of view, 
a progressive decline of the renal functions can be observed up to 45 % of patients, usually 9 
to 12 months after the renal transplant (Nickeleit et al. 2000a; Randhawa et al. 2000). The 
most serious form of the infection turns out to be the interstitial nephritis; although the BK 
virus was discovered in the 70’s, this serious complication has first been seen in 1995. This 
fact can probably be explained by the commercialization of two drugs in 1995 and 1996, 
tacrolimus and mycophenolate mofetil. 

Interestingly, BK virus-associated nephropathy happens hardly only in patients with renal 
graft. Some explanations could be found, such as the role of vesico-urethral reflux, quite 
usual in renal transplantation, with the systemic pathway of collecting tubes in peritubular 
capillary and the tubular localization of the infection. Some authors evoked easiness in the 
viral antigens presentation in a context of allograft, cold ischemia, tubular necrosis and graft 
rejection. For that matter BK virus-associated nephropathy is generally related to rejection, 
both events being linked in time; most cases of nephropathy are falsely tagged and treated 
just like a rejection. This confusion suggests that rejection is a risk factor on its own. Viral 
antigens could probably lead to rejection and conversely a rejection event could reactivate 
viral replication. In mice, Atencio et al proved an inductive effect of tubular damage upon 
BK virus linked interstitial nephritis (Atencio et al. 1993). 

1.4 Clinical aspects 

BK virus infection may lead to encephalitis, retinitis, pneumonitis, damage of the kidneys, 
bleeding of the bladder, and blockage of urine passageways. Minor infections are most of 
the time asymptomatic and can lead to urethral stenosis. This infection occurs 1 to 45 
months (average 12.5 months) after the graft. It is linked to the conjunction of multiple 
factors, including an intense immunosuppressive regimen, viral reactivation, existence of an 
immune-allogenic conditions, and a suffering tubular due to ischemia or rejection (Nickeleit 
et al. 2003).  

1.5 Genotypes 

BK virus comes in the form of 4 different genotypes, type I being the most common seen. 
The coding regions for non structural proteins T and t antigens (pathogenic viral power), 
viral capsid proteins (cellular tropism) and a regulatory non coding zone have a vital 
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importance. Some authors have brought to light emerging mutations which could explain 
the renal physiopathologic effects of these viruses (Chen et al. 2001). Virus selection in 
patients with renal graft results in rearrangements in the T antigen region, mutations in the 
non coding regulatory zone, and above all variations in VP1 protein (Smith et al. 1998; 
Baksh et al. 2001; Randhawa et al. 2002). Heterogeneity and genetic instability in a same 
patient seem to favor renal damage and the risk of escaping immunologic surveillance 
(Chen et al. 2001; Randhawa et al. 2002). 

1.6 Histology 

BK virus is usually associated with changes in the kidney and sometimes haemorrhagic 
cystitis and urethral stenosis. The virus affects tubular epithelial cells that show 
characteristic intranuclear inclusion bodies. Diagnosis relies upon urinary cytology, 
detection of viral DNA in fluids and renal biopsy. The nephropathy diagnosis can only be 
made histologically in a graft biopsy. Intranuclear viral inclusions are exclusively seen in 
epithelial cells and tubular cells reveal focal necrosis. Four different variants of intranuclear 
inclusion bodies can be seen throughout the entire nephron. Type 1 is the most frequently 
observed; it is an amorphous basophilic ground-glass variant. Type 2 is an eosinophilic 
granular type, halo surrounded. Type 3 is a finely granular form lacking a halo. And finally 
type 4 is a vesicular variant presenting markedly enlarged nuclei and irregular chromatin. 
Infected cells which are rounded-up and extruded from the epithelial cell layer into tubular 
lumens are frequently observed. Viral replication often causes tubular epithelial cell necrosis 
with denudation of basement membranes. Although cytopathic signs can be seen along the 
entire nephron, they are mostly abundant in distal tubular parts and collecting ducts 
(Nickeleit et al. 2000a). 

1.7 Interstitial inflammation 

Interstitial inflammation in BK virus-associated nephropathy still remains controversial and 
needs to be fully explained. The major outcome is to distinguish between virally induced 
interstitial nephritis and cellular rejection. As lowering immunosuppression is the first 
option which can be chosen in the treatment, this choice requires two conditions, first the 
absence of rejection and second the BK virus should not trigger rejection. BK virus is 
frequently accompanied by an heterogeneous inflammatory reaction (Drachenberg et al. 
1999). This inflammation can be minimal or absent in up to 17% of biopsies (Nickeleit et al. 
2000a). When inflammation is encountered, the inflammatory cell infiltrate is composed of 
lymphocytes, macrophages and occasional plasma cells. Polymorphonuclear leukocytes can 
be seen in response to markedly damaged tubules with urinary leakage (Drachenberg et al. 
1999). About 50% of biopsies performed during persistent BK virus-associated nephropathy 
show evidence of cellular rejection as conventionally defined with abundant tubulitis and 
transplant endarteritis in about 25%. Typically, mononuclear cell infiltrates and tubulitis are 
pronounced in areas without viral inclusions making virally induced interstitial nephritis 
highly unlikely (Nickeleit et al. 2000a).  

The upregulation of MCH-class II (HLA-DR) and ICAM-1 on tubular epithelial cells is a 
typical finding in graft biopsies with cellular rejection and can serve as an adjunct diagnostic 
tool (Seron et al. 1989; Nickeleit et al. 1998). HLA-DR expression can stimulate an allogenic 
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lymphocytic reaction and also enhance T cell mediated lysis (Rosenberg et al. 1992). 
Consequently, BK virus could probably trigger rejection episodes by inducing HLA-DR 
upregulation as previously proposed for CMV (von Willebrand et al. 1986). However, no 
association could be found between BK virus infection and tubular HLA-DR expression 
based on immunofluorescence double labeling staining techniques. It is only in biopsies 
showing characteristic morphological evidence of rejection with marked tubulitis that 
typical upregulation of HLA-DR and ICAM-1 could be observed (Nickeleit et al. 2000a). 
Therefore, BK virus does not stimulate HLA-DR expression. Consequently no significant 
difference can be found between the prevalence of rejection in tissue samples taken during 
persistent BK virus-associated nephropathy and time matched controls without BK virus 
nephropathy. Thus, BK virus does not seem to provoke a constant and pronounced 
interstitial inflammatory reaction and should probably not be considered as associated with 
an increased prevalence of rejection episodes (Nickeleit et al. 2000a). 

1.8 PCR 

BK-virus DNA in the plasma and the urine, which can be detected by PCR (Polymerase 
Chain Reaction), is closely associated with nephropathy. Quantitative PCR can be used to 
follow the disease evolution and the treatment efficiency (Randhawa et al. 2004).  

As for BK virus infection, this technique has proven a 100% sensivity, a 88% specificity and 
above all a negative predictive test of 100%. Hirsch et al. have even shown a correlation 
between viral load and nephropathy and proposed a cut-off above which the risk of 
nephropathy is significant: all patients with more than 7700 copies/mL in plasma had 
typical BK virus-associated nephropathy lesions on the biopsy (Hirsch et al. 2002). 

The nephropathy evolution is very poor with a cytopathogenic effect persistent in up to 70% 
of patients, a graft loss in 45% of cases; and major sequel fibrosis in 75% of cases, even if 
viremia can be controlled (Nickeleit et al. 2000a; Randhawa et al. 2000; Mylonakis et al. 2001; 
Mengel et al. 2003). 

2. Classical treatments for BKV nephropathy 
Therapeutic alternatives are quite few in number. Despite the absence of randomized 
clinical trials, the current approach generally includes reduction of immunosuppression 
(Brennan et al. 2005; Hardinger et al. 2010). The rational is to allow host immune function to 
combat the virus, with the risk to increase acute and subclinical rejection. Lowering 
immunosuppression with smaller dosage and/or less drugs is partially efficient and seems 
to be the first thing to do. Except from lowering immunosuppression, to date no treatment 
seem to be efficient enough to be recommended to all patients, and new research have to be 
performed because of the poor evidence in small series of patients (Johnston et al. 2010). 

2.1 Lowering immunosuppression 

Reduction of immunosuppression is to date the only consensus regarding the treatment of 
BK virus-associated nephropathy. Lowering tacrolimus dosage of 41% and mycophenolate 
mofetil dosage of 44% allowed to eradicate 24 patients’ viremia in 6 months (Saad et al. 
2008). 
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In a previous study, mycophenolate mofetil was stopped the day leflunomide treatment was 
initiated; tacrolimus and everolimus were respectively reduced of 50% and 12.5%. Therapeutic 
drug monitoring target for tacrolimus was lowered to 4 - 6 ng/mL on immunoenzymatic 
techniques on whole blood. Corticosteroids were kept with average dosage of 5 to 10 mg per 
day (Bazin et al. 2009). Other authors recommend even lower targets with 3 ng/mL for 
tacrolimus and 100 ng/mL for cyclosporine (Gupta & Gupta, 2011). 

Besides, lowering immunosuppressive regimens together with a specific treatment for BK 
virus-associated nephropathy recently turns out to be effective to prolong graft survival, 
and moreover a safe treatment with acute rejection rates not increased significantly after 
lowering immunosuppression (Dheir et al. 2011). 

Two different therapeutic strategies have been evaluated: the immunosuppression withdrawal 
(3-drug to 2-drug immunosuppression) within the first month versus reduction of 
immunosuppression. The regimen modifications and results are presented in table 1 and 
figure 1. The Withdrawal cohort had significantly better graft survival at 1 year compared with 
the Reduction cohort (1-year graft survival 87.8% versus 56.2%, P = 0.03) (Weiss et al. 2008). 
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Table 1. Immunosuppression modifications comparing immunosuppression withdrawal 
versus immunosuppression reduction after diagnosis of BK virus-associated nephropathy. 
CNI, calcineurin inhibitor; MMF, mycophenolate; AP, antiproliferative; Tac, tacrolimus; 
CsA, cyclosporine A (Weiss et al. 2008). 

2.2 Cidofovir 

Cidofovir (Vistide®) is an injectable antiviral drug. It belongs to nucleoside analogues. It is 
used in infections due to human Cytomegalovirus (CMV) in adults suffering of AIDS 
(Acquired immune deficiency syndrome) without renal insufficiency, and it should only be 
used when other treatments are considered as inappropriate. Cidofovir counters CMV 
replication thanks to a selective inhibition of viral DNA polymerase in herpesviridae viruses 
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replication thanks to a selective inhibition of viral DNA polymerase in herpesviridae viruses 
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Fig. 1. Immunosuppression withdrawal preserves graft function compared with reduction 
(Weiss et al. 2008). 

 (Gilead 2010). Cidofovir has also demonstrated in vitro activity against murine and simian 
polyomavirus strains and appears to have activity against JC virus in vivo (De Luca et al. 
2000). Pharmacokinetic studies have demonstrated that cidofovir is highly concentrated in 
urine and renal tissue which are the primary sites of BK virus infection (Kadambi et al. 
2003). This fact highlights the possibility that low doses might be sufficient for treating an 
infectious process, such as BK virus-associated nephropathy, that appears to be largely 
localized to the kidney and genitourinary tract. 

The treatment consists in a low-dose treatment, 0.25 mg/kg/day intravenous during 2 
weeks, associated to a prior hydration of 1 litre of saline solution. Cidofovir seems to be 
efficient in BK virus as well, but it tends to concentrate itself inside the kidney and can be 
responsible of a nephrotoxicity mostly for tubular cells leading to renal insufficiency. 

Few cases have been described in literature and no conclusion can be given on the real 
efficacy of cidofovir. Indeed, despite viremia control, viruria remains detectable and the 
treatment is not able to avoid the evolution towards fibrosis and renal insufficiency 
(Kadambi et al. 2003; Kuypers et al. 2005). 

In some cases, cidofovir may also become deleterious (Pallet et al. 2010; Talmon et al. 2010). 

3. Leflunomide 
3.1 Drug generalities 

Leflunomide (Arava®) is a disease-modifying antirheumatic drug (DMARD) used in adult 
patients with methotrexate intolerance, failure or loss of efficiency; it is also used in a second 
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line to treat severe and active forms of psoriatic arthritis (Maddison et al. 2005; Sanofi-
Aventis 2009). 

3.2 Pharmacodynamy 

Its immunosuppressive action lies in the dihydroorotate dehydrogenase (DHOH) inhibition, 
an enzyme necessary for de novo synthesis of pyrimidic bases in lymphocytes. It also has an 
anti-proliferative action (Williamson et al. 1995; Fox et al. 1999). 

Besides, leflunomide has proven abilities to reduce the viral proliferation for Human 
Cytomegalovirus (CMV), Herpes Simplex Viruses (HSV) in vitro (Knight et al. 2001) and 
respiratory syncytial virus (RSV) in vitro and in vivo (Dunn et al. 2011).  

3.3 Pharmacokinetics 

After per os administration, leflunomide is promptly and almost fully metabolized into its 
active form, terflunomide or A77 1726. This metabolism happens during first pass and 
consists in a carbon cycle opening in the intestinal wall and the liver. 95% of leflunomide is 
turned into A77 1726 this way, the remains into minor metabolites. Terflunomide is the drug 
responsible for the activity and side effects of leflunomide. 

Leflunomide bioavailability is about 82% in healthy volunteers (Sanofi-Aventis 2009). 
Elimination plasma half-life of A77 1726 is quite considerable, with some 15 days in average. 
Patients are so compelled to take a 100 mg charging dose for 3 days before a 10 to 20 mg 
maintenance dose per day. 

After a unique charging dose, A77 1726 Tmax is comprised between 6 and 12 hours, with a 
high inter-individual variability in patients with rheumatoid arthritis (Rozman 2002).  

The volume of distribution (Vd) is quite low, with about 12.7 L (6 to 30.8 L), which is logical 
with its high affinity and linkage to albumin (99.4% in healthy volunteers) (Rozman 2002). 
Elimination of A77 1726 is slow, it is characterized by an apparent clearance of 0.051 L/h 
(Rozman 2002). This elimination is mostly renal (43%) and biliary (48%), as a consequence 
renal insufficiency alone does not significantly impair A77 1726 plasma concentrations 
(Beaman et al. 2002). Furthermore haemodialysis does not modify concentrations or 
clearance of A77 1726, which allows the patients to be on a dialysis without any dose 
adjustment. In vitro studies showed that cytochroms P450, in particular cytochroms 1A2, 
2C19, 3A4 and 3A5 were involved in leflunomide metabolism (Kalgutkar et al. 2003). A 
pharmacogenetic study also showed the link between a polymorphism of cytochrom 1A2 
and a risk of toxicity for patients with rheumatoid arthritis (Bohanec Grabar et al. 2008). 

3.4 Predictive efficiency 

In rheumatoid arthritis, plasma concentrations above 13 µg/mL seem to be efficient. These 
concentrations are usually reached with 20 mg per day dosage (van Roon et al. 2005). Some 
authors tried to establish a relation between plasma concentrations and efficiency in patients 
with BK virus nephropathy, showing a tendency but with no absolute proof. Finally to date, 
no link between plasma concentrations and side effects has been shown (Bazin et al. 2009). 
Yet in vitro studies seem to show a predictive correlation between concentrations and the 
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viral inhibitory effect: 10 µg/mL reduced the extracellular BKV load by 90% (IC90) but with 
significant host cytostatic effects (see figure 2) (Bernhoff et al. 2010). 

 
Fig. 2. Effect of Terflunomide on BK Virus load in vitro (Bernhoff et al. 2010) 

3.5 Mechanism of action 

Researches about the mechanism of leflunomide have recently been brightened. 
Leflunomide has two mechanisms of action: inhibition of dihydroorotate dehydrogenase, a 
key enzyme in the pyrimidine synthesis pathway, and tyrosine kinase inhibition. 
Dihydroorotate dehydrogenase inhibition is the primary mechanism involved in 
rheumatoid arthritis treatment. Interactions between the BK virus and the cellular protein 
kinase AKt / mammalian target of rapamycin (mTOR) pathway have been discovered 
(Liacini et al. 2010). These interactions are described in figure 3. 

Akt (protein kinase B) is a serine/threonine kinase activated by growth factors, cytokines 
and mitogens (Fayard et al. 2010). The mTOR pathway which controls protein synthesis is 
located downstream of Akt. Akt indirectly activates mTOR. Two mTOR complexes have yet 
been described, mTOR complex 1 (mTORC1) which controls translation initiation, and 
mTOR complex 2 (mTORC2) which controls cytoskeletal changes and is also a 3’-
phosphoinositide-dependent kinase-2 (PDK2), phosphorylating Akt, which may alter its 
substrate specificity (Bhaskar et al. 2007). Liacini et al showed that BK virus infecting renal 
tubular epithelial cells was able to activate the Akt/mTOR pathway; that leflunomide active 
metabolite, A77 1726 could inhibit PDK1 and Akt phosphorylation in a dose-dependent 
manner and in this way to reduce BK large T antigen expression and DNA replication. The 
combination of serine/threonine kinase inhibition of mTOR and tyrosine kinase inhibition 
significantly reduce the ability of the virus to survive and to produce new virions. More 
interesting though seems to be the combination of leflunomide and sirolimus targeting the 
Akt/mTOR pathway on different sites. Because both leflunomide and sirolimus possess 
immunosuppressive activity, this combination may allow treatment of BK virus-associated 
nephropathy without reduction of immunosuppression (Liacini et al. 2010). 
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Fig. 3. Interactions between BK virus and inhibitors, sirolimus and leflunomide (Liacini et al. 
2010) 
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Results in terms of biological evolution in patients speak for itself. In a mean monitoring 
time of 16 months (12-24 months), viral load with leflunomide can be reduced about up to 
50%, and even be brought to undetectable, in blood like in urine. But more important is the 
lowering of renal failure and graft rejection thanks to this treatment. Creatinine clearance 
(Cockroft-Gault) can be stabilized and even improved (Bazin et al. 2009). 

3.6 Therapeutic drug monitoring 

Initial dosage for leflunomide is 20 mg once a day, and can be raised to 30 or 40 mg for 
patients with viral loads remaining important. Plasma concentrations in therapeutic drug 
monitoring fluctuate between 15 and 135 µg/mL. These concentrations set out low intra-
individual but high inter-individual variability, and moreover without apparent correlation 
with prescribed dosage. It is interesting to notice that these concentrations were outside 
usual targets used in most studies - 50 to 100 µg/mL - which are supposed to offer the best 
efficiency and to limit the hepatotoxicity risk which can be lethal. Besides, the patient with 
the highest concentration - 135 µg/mL - had its viremia turned undetectable after only a two 
months treatment and showed no side effect of any kind. This result suggests that higher 
concentrations lead to higher efficacy and vice versa (Bazin et al. 2009). 

3.7 Tolerance 

Concerning tolerance, very few patients suffer from serious side effects. Loss of taste or 
lethargy can be observed but without any correlation with plasma concentrations. These 
side effects can prompt the treatment to be stopped, but in most cases viremia tends to 
increase strongly (Bazin et al. 2009). 

4. Discussion 
The main risk factor for BK virus-associated nephropathy is undeniably the 
immunosuppressive regimen intensity, in particular an intensification due to an acute 
rejection event (Binet et al. 1999; Nickeleit et al. 2000a; Barri et al. 2001; Nickeleit et al. 2003). 
Drugs in cause for these events seem to be the combination of tacrolimus, mycophenolate 
mofetil and monoclonal or polyclonal antibodies (Binet et al. 1999; Nickeleit et al. 1999; 
Nickeleit et al. 2000a; Nickeleit et al. 2003; Benavides et al. 2007). The organ and the graft 
type also play a role. For instance, Benavides et al. showed that the incidence of BK virus-
associated nephropathy is higher in patients with kidney and pancreas rather than kidney 
alone; and that an alive donor would had a protective effect, probably explained by a lighter 
immunosuppressive regimen (Benavides et al. 2007). 

Other risk factors have been evoked, like age and sex: nephropathy incidence seem to be 
greater for aged men (Ramos et al. 2002). 

Furthermore many patients improve their symptoms at a distance of the surgery with the 
lowering of immunosuppression. We already have at our disposal a few experimental 
studies testing leflunomide on chronic or acute graft rejection (Williams et al. 1994; Xiao et 
al. 1995; Shen et al. 1998). More recently the inhibitory effects of leflunomide upon HSV, 
CMV and BK virus have been proved in vitro like in vivo (Waldman et al. 1999; Waldman et 
al. 1999; Knight et al. 2001; Farasati et al. 2005). Indeed a study suggests leflunomide is at 
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least as efficient as ganciclovir in CMV infections and does not seem to be affected by 
resistant viruses (John et al. 2004). Leflunomide has even be successfully used in a patient 
with bone marrow graft and infected by a resistant virus to ganciclovir, foscarnet and 
cidofovir (Avery et al. 2004).  

The studies where leflunomide is used as an immunosuppressive drug in renal and hepatic 
graft are more and more, because leflunomide allows to reduce anti-calcineurin drugs which 
have the major inconvenient of nephrotoxicity, and potentially protects aside from CMV, 
HSV and BK virus infections (Hardinger et al. 2002; Williams et al. 2002). Moreover 
leflunomide seems to be an interesting alternative in BK virus-associated nephropathy in 
renal transplant by eradicating detectable viremia in some patients. Leflunomide also allows 
avoiding rejection in most cases in spite of classical immunosuppressive drugs dosage 
reduction. Besides one of leflunomide’s main asset is its absence of renal toxicity, contrary to 
cidofovir (Williams et al. 2005; Josephson et al. 2006; Teschner et al. 2006; Faguer et al. 2007). 

Thanks to the encountered success in renal transplant, leflunomide is now used to treat 
hemorrhagic cystitis linked to BK virus in bone marrow transplant (Dropulic et al. 2008). 
However, due to the absence of randomized clinical trials with a sufficient number of patients, 
some authors consider its use in a first-line drug not recommended (Chon et al. 2011). 

Leflunomide pharmacokinetics is characterized by a great inter-individual variability with 
terflunomide concentrations from 15 to 130 µg/mL obtained with the same dosage (Bazin et 
al. 2009). In BK virus infection, terflunomide concentrations between 15-30 µg/mL and 35-
100 µg/mL are sufficient to suppress respectively 50% and 90% of the replication for CMV 
and BK virus in vitro. That is why a therapeutic margin between 50 and 100 µg/mL has been 
proposed in this indication (Josephson et al. 2006). However, current strategic therapy so as 
to limit BK virus incidence tends to manage an early reduction of immunosuppressive 
regimen to avoid the apparition of a nephropathy. A prospective study with a significant 
number of patients would be probably necessary to definitely conclude about this relation 
between plasma concentrations and efficacy or in terms of rapidity of viral load eradication. 

5. Conclusion 
Leflunomide appears to be an alternative treatment in nephropathy due to BK virus in 
addition to lower immunosuppression regimen. In case of leflunomide use, a major 
standard seems to be high plasma terflunomide concentrations so as to obtain rapid virus 
eradication. Concentrations comprised between 15 and 60 µg/mL appear to be pertinent; 
these concentrations are usually reached with 20-40 mg per day. In patients with insufficient 
concentrations, further studies should be carried out to determine whether exists a benefit to 
use higher dosage up to 60 or 80 mg a day. Even if tolerance is quite satisfying, it will 
probably be the most important parameter in such high-dose treatments. 

Despite the small number of studies and the weak number of patients in each of them, a 
correlation seems to exist between plasma terflunomide concentrations and the treatment 
efficacy. This relation has not yet been proved with tolerance. 

Due to its great inter-individual variability and alongside classical virological and clinical 
follow-up therapeutic drug monitoring appears to be an important step to take into care 
patients with BK virus related nephropathy.  
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Results in terms of biological evolution in patients speak for itself. In a mean monitoring 
time of 16 months (12-24 months), viral load with leflunomide can be reduced about up to 
50%, and even be brought to undetectable, in blood like in urine. But more important is the 
lowering of renal failure and graft rejection thanks to this treatment. Creatinine clearance 
(Cockroft-Gault) can be stabilized and even improved (Bazin et al. 2009). 
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concentrations lead to higher efficacy and vice versa (Bazin et al. 2009). 
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immunosuppressive regimen intensity, in particular an intensification due to an acute 
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type also play a role. For instance, Benavides et al. showed that the incidence of BK virus-
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Other risk factors have been evoked, like age and sex: nephropathy incidence seem to be 
greater for aged men (Ramos et al. 2002). 

Furthermore many patients improve their symptoms at a distance of the surgery with the 
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studies testing leflunomide on chronic or acute graft rejection (Williams et al. 1994; Xiao et 
al. 1995; Shen et al. 1998). More recently the inhibitory effects of leflunomide upon HSV, 
CMV and BK virus have been proved in vitro like in vivo (Waldman et al. 1999; Waldman et 
al. 1999; Knight et al. 2001; Farasati et al. 2005). Indeed a study suggests leflunomide is at 
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1. Introduction 
Although the advent of highly active antiretroviral therapy (HAART), including potent 
protease inhibitors (PIs), has profoundly reduced human immunodeficiency virus (HIV) 
mortality and morbidity (Palella et al., 1998; CDC, 2009), these combination regimens are not 
a cure for HIV infection and therapy may be life long. While many patients benefit from 
HAART treatment, others do not benefit or only experience a temporary benefit. There are 
several reasons why treatment fails, with poor patient adherence to HAART a leading 
contributing factor (Ickovics & Meisler, 1997; Paterson, 2000). Thus, assessment of 
medication adherence within AIDS clinical trials is a critical component of the successful 
evaluation of therapy outcomes. Maintaining adherence may be particularly difficult when 
the drug regimen is complex or side-effects are common, as is often the case for current HIV 
therapy especially in highly treatment experienced patients (Ickovics & Meisler, 1997). 

The measurement of adherence remains problematic; a standard definition of optimal 
adherence and completely reliable measures of adherence are lacking. Nevertheless, there 
has been substantial progress in both of these areas in the past few years. First, it appears 
that higher levels of adherence are needed for HIV disease than other diseases to achieve the 
desired therapeutic benefit. Using questionnaires (patient self-reporting and/or face-to-face 
interview) and electronic compliance monitoring caps (Medication Event Monitoring 
System [MEMS]), viral suppression is common with at least 54%–100% mean adherence 
level to antiviral regimens (Bangsberg, 2006). Second, a better appreciation of the value and 
limitations of different adherence measurements has been addressed (Berg & Arnsten, 2006; 
Bova et al., 2005). In AIDS clinical trials, adherence to a medication regimen is currently 
measured by two major methods: by use of questionnaires and by use of MEMS. The MEMS 
is considered an objective adherence measure. It consists of a microprocessor in the cap of a 
medication bottle which records the date and time of bottle opening. The results are 
downloaded to a computer for analysis. Results demonstrate that medication-taking 
patterns are highly variable among patients (Kastrissios et al., 1998) and that they often give 
a more precise measure of adherence than self-report (Arnsten et al., 2001a). However, 
MEMS data are also subject to error and are not widely available in the clinical setting. 
Adherence assessment by self-report is usually evaluated by a patient’s ability to recall their 
medication dosing during a specific time interval. Often self-reported measures tend to 
overestimate HIV medication adherence compared to other methods (Arnsten et al., 2001b, 
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1. Introduction 
Although the advent of highly active antiretroviral therapy (HAART), including potent 
protease inhibitors (PIs), has profoundly reduced human immunodeficiency virus (HIV) 
mortality and morbidity (Palella et al., 1998; CDC, 2009), these combination regimens are not 
a cure for HIV infection and therapy may be life long. While many patients benefit from 
HAART treatment, others do not benefit or only experience a temporary benefit. There are 
several reasons why treatment fails, with poor patient adherence to HAART a leading 
contributing factor (Ickovics & Meisler, 1997; Paterson, 2000). Thus, assessment of 
medication adherence within AIDS clinical trials is a critical component of the successful 
evaluation of therapy outcomes. Maintaining adherence may be particularly difficult when 
the drug regimen is complex or side-effects are common, as is often the case for current HIV 
therapy especially in highly treatment experienced patients (Ickovics & Meisler, 1997). 

The measurement of adherence remains problematic; a standard definition of optimal 
adherence and completely reliable measures of adherence are lacking. Nevertheless, there 
has been substantial progress in both of these areas in the past few years. First, it appears 
that higher levels of adherence are needed for HIV disease than other diseases to achieve the 
desired therapeutic benefit. Using questionnaires (patient self-reporting and/or face-to-face 
interview) and electronic compliance monitoring caps (Medication Event Monitoring 
System [MEMS]), viral suppression is common with at least 54%–100% mean adherence 
level to antiviral regimens (Bangsberg, 2006). Second, a better appreciation of the value and 
limitations of different adherence measurements has been addressed (Berg & Arnsten, 2006; 
Bova et al., 2005). In AIDS clinical trials, adherence to a medication regimen is currently 
measured by two major methods: by use of questionnaires and by use of MEMS. The MEMS 
is considered an objective adherence measure. It consists of a microprocessor in the cap of a 
medication bottle which records the date and time of bottle opening. The results are 
downloaded to a computer for analysis. Results demonstrate that medication-taking 
patterns are highly variable among patients (Kastrissios et al., 1998) and that they often give 
a more precise measure of adherence than self-report (Arnsten et al., 2001a). However, 
MEMS data are also subject to error and are not widely available in the clinical setting. 
Adherence assessment by self-report is usually evaluated by a patient’s ability to recall their 
medication dosing during a specific time interval. Often self-reported measures tend to 
overestimate HIV medication adherence compared to other methods (Arnsten et al., 2001b, 
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Bangsberg et al. 2000; Levine et al., 2006; Liu et al., 2001). Finally, it is important to note that 
the measurement of viral load levels is of special utility as an indirect measure of adherence 
in HIV therapeutics. It has been argued that this is not a good adherence measure because 
other factors may influence viral load (pharmacokinetics, drug resistance etc.). However, 
there is a tight correlation between viral load and adherence (Haubrich et al., 1999; Paterson 
et al., 2000), but results vary by adherence method and summary adherence statistic (Vrijens 
& Goetghebeur, 1997; Vrijens et al., 2005) . Several recent papers explore the methodological 
and operational issues when evaluating electronic drug monitoring adherence on viral load 
(Arnsten et al., 2001b; Fennie et al., 2006; Fletcher et al., 2005; Llabre et al., 2006; Liu et al. , 
2006; Liu et al. , 2007; Pearson et al. , 2007; Vrijens et al., 2005). Most importantly, a favorable 
change in viral load is the desired therapeutic outcome of adherence to HAART.  

In this paper, we propose using a viral dynamic model with consideration of long-term 
medication adherence and drug susceptibility to explore the relationship between adherence 
to two protease inhibitors, as part of an HAART regimen, and long-term virologic response. 
In particular, we will use different adherence measures from an AIDS clinical trial study--
ACTG398 (Hammer et al., 2002) and compare their performance for predicting virologic 
response. The dynamic modeling approach (Huang et al., 2006; 2010) allows us to 
appropriately capture the sophisticated nonlinear relationships and interactions among 
important factors and virologic response. The complete HIV-1 RNA (viral load) trajectories 
serve as the virologic response index, which is more informative and sensitive to clinical and 
drug factors. Thus, this method is more powerful to detect the effect of a clinical or drug 
factor on the response. Using a Bayesian method (Huang et al., 2006), we fit a long-term 
viral dynamic model to data from the AIDS clinical trial study to explore the association 
between adherence and viral load in HIV-infected patients with adjustment of the potential 
confounding factor, drug susceptibility. In this study, we employed the proposed 
mechanism-based dynamic model to assess how to efficiently use the adherence data based 
on questionnaires and the MEMS to predict virologic response. In particular, we intend to 
address the questions (i) how to summarize the MEMS adherence data for efficient 
prediction of the virologic response, and (ii) which adherence assessment method, 
questionnaire or MEMS, is more efficient in predicting the virologic response after 
accounting for the potential confounding factor, drug resistance. We expect that viral 
dynamic modeling not only provides a powerful tool to evaluate the effect of adherence on 
long-term virologic responses, but also can be used to predict antiviral responses for various 
scenarios that may help with understanding the role of different adherence measure 
statistics in antiviral activities and assist clinicians in treatment decisions.  

2. Materials 
In this section, we describe the subject population to be studied and observed data to be 
used in this research. These measurements include RNA viral load, phenotypic drug 
sensitivity and medication adherence. We also discuss how to evaluate assessment interval 
lengths and time frames (delay effect of timing) for the MEMS adherence data. 

2.1 Subject population 

The subject sample in our analysis was drawn from the AIDS Clinical Trials Group (ACTG) 
398 study (Hammer et al., 2002), a randomized, double-blind, placebo-controlled phase II 
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study of amprenavir (APV) as part of several dual protease inhibitor (PI) regimens in 
subjects with HIV infection in whom initial PI therapy had failed. One of objectives of the 
ACTG 398 study was to evaluate the genotypic and phenotypic resistance profiles that 
emerge on treatment and their relationship to the plasma HIV-1 RNA and CD4 cell count 
responses, and to determine the relationship between drug exposure measured from 
combined PK and adherence data to the degree and duration of viral response. Subjects in 
all arms received APV (1200 mg twice a day [q12h]), efavirenz (EFV, 600 mg once a day 
[qd]), abacavir (300 mg q12h) and adefovir dipivoxil (60 mg qd). A total of 481 subjects were 
randomized to four treatment arms and received a second PI or placebo: Arm A (n=116) 
saquinavir (1600 mg q12h); Arm B (n=69) indinavir (1200 mg q12h); Arm C (n=139) 
nelfinavir (NFV, 1250 mg q12h); and Arm D (n=157) received a placebo matched for one of 
these three PIs. Assignment of subjects to treatment arms depended on past PI exposure in 
the arm. Subjects were scheduled for follow-up visits at study (day 0); at weeks 2, 4, 8, 16 
and every 8 weeks thereafter until week 72; and at the time of confirmed virologic failure. 
More detailed descriptions of this study and study results are given by Hammer et al. (2002) 
and Pfister et al. (2003). Because phenotype sensitivity testing was performed only on a 
subset of randomly selected subjects, the number of subjects available for our analysis was 
greatly reduced. We chose to consider only the subjects within Arm C for our analysis 
because this arm afforded the greatest number of subjects (n=31) with phenotypic drug 
susceptibility data on the two PIs (APV and NFV) and had available adherence data, as 
required for our model. Among these 31 subjects, 13 had phenotypic drug susceptibility 
data at the time of protocol-defined virologic failure. 

2.2 Observed measurements  

RNA viral load: RNA viral load was measured in copies/mL at study weeks 0, 2, 4, 8 and 
every 8 weeks thereafter until week 72 by the ultrasensitive reverse transcriptase-
polymerase chain reaction HIV-1 RNA assay. Only measurements taken while on protocol-
defined treatment were used in the analysis. All viral load values were log (base 10) 
transformed. Although, the lower limit of assay quantification was 200 copies/mL, when 
lower values (<200 copies/mL) were detected, these values were used in the analysis. The 
exact day of viral load measurement (not predefined study week) was used to compute 
study day in our analysis. 

Medication adherence: Medication adherence was measured by two methods-- by the use 
of questionnaires and by the use of electronic monitoring caps. Subjects completed an 
adherence questionnaire (AACTG study 398 questionnaire QL0702) at study weeks 4, 8, 12, 
16, and every 8 weeks thereafter. The questionnaire was completed by the study participant 
and/or by a face-to-face interview with study personnel. The subject was asked to specify 
the number of prescribed doses of each drug that he or she had failed to take on each of the 
preceding 4 days. Questionnaire adherence rates for APV and NFV were determined at each 
visit as the number of prescribed doses taken divided by the number prescribed doses 
during the preceding 4 day interval. For electronically monitored adherence, an MEMS cap 
(Medication Event Monitoring Systems, Aprex Corp., Menlo CA) was used to monitor APV 
and EFV compliance only. Subjects were asked to bring their medication bottles and caps to 
the clinic at each study visit (weeks 2, 4, 8, 12, 16, and every 8 weeks thereafter), where cap 
data were downloaded to computer files and stored for later analysis. Since APV was 
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In particular, we will use different adherence measures from an AIDS clinical trial study--
ACTG398 (Hammer et al., 2002) and compare their performance for predicting virologic 
response. The dynamic modeling approach (Huang et al., 2006; 2010) allows us to 
appropriately capture the sophisticated nonlinear relationships and interactions among 
important factors and virologic response. The complete HIV-1 RNA (viral load) trajectories 
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address the questions (i) how to summarize the MEMS adherence data for efficient 
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accounting for the potential confounding factor, drug resistance. We expect that viral 
dynamic modeling not only provides a powerful tool to evaluate the effect of adherence on 
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scenarios that may help with understanding the role of different adherence measure 
statistics in antiviral activities and assist clinicians in treatment decisions.  

2. Materials 
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sensitivity and medication adherence. We also discuss how to evaluate assessment interval 
lengths and time frames (delay effect of timing) for the MEMS adherence data. 

2.1 Subject population 
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study of amprenavir (APV) as part of several dual protease inhibitor (PI) regimens in 
subjects with HIV infection in whom initial PI therapy had failed. One of objectives of the 
ACTG 398 study was to evaluate the genotypic and phenotypic resistance profiles that 
emerge on treatment and their relationship to the plasma HIV-1 RNA and CD4 cell count 
responses, and to determine the relationship between drug exposure measured from 
combined PK and adherence data to the degree and duration of viral response. Subjects in 
all arms received APV (1200 mg twice a day [q12h]), efavirenz (EFV, 600 mg once a day 
[qd]), abacavir (300 mg q12h) and adefovir dipivoxil (60 mg qd). A total of 481 subjects were 
randomized to four treatment arms and received a second PI or placebo: Arm A (n=116) 
saquinavir (1600 mg q12h); Arm B (n=69) indinavir (1200 mg q12h); Arm C (n=139) 
nelfinavir (NFV, 1250 mg q12h); and Arm D (n=157) received a placebo matched for one of 
these three PIs. Assignment of subjects to treatment arms depended on past PI exposure in 
the arm. Subjects were scheduled for follow-up visits at study (day 0); at weeks 2, 4, 8, 16 
and every 8 weeks thereafter until week 72; and at the time of confirmed virologic failure. 
More detailed descriptions of this study and study results are given by Hammer et al. (2002) 
and Pfister et al. (2003). Because phenotype sensitivity testing was performed only on a 
subset of randomly selected subjects, the number of subjects available for our analysis was 
greatly reduced. We chose to consider only the subjects within Arm C for our analysis 
because this arm afforded the greatest number of subjects (n=31) with phenotypic drug 
susceptibility data on the two PIs (APV and NFV) and had available adherence data, as 
required for our model. Among these 31 subjects, 13 had phenotypic drug susceptibility 
data at the time of protocol-defined virologic failure. 

2.2 Observed measurements  

RNA viral load: RNA viral load was measured in copies/mL at study weeks 0, 2, 4, 8 and 
every 8 weeks thereafter until week 72 by the ultrasensitive reverse transcriptase-
polymerase chain reaction HIV-1 RNA assay. Only measurements taken while on protocol-
defined treatment were used in the analysis. All viral load values were log (base 10) 
transformed. Although, the lower limit of assay quantification was 200 copies/mL, when 
lower values (<200 copies/mL) were detected, these values were used in the analysis. The 
exact day of viral load measurement (not predefined study week) was used to compute 
study day in our analysis. 

Medication adherence: Medication adherence was measured by two methods-- by the use 
of questionnaires and by the use of electronic monitoring caps. Subjects completed an 
adherence questionnaire (AACTG study 398 questionnaire QL0702) at study weeks 4, 8, 12, 
16, and every 8 weeks thereafter. The questionnaire was completed by the study participant 
and/or by a face-to-face interview with study personnel. The subject was asked to specify 
the number of prescribed doses of each drug that he or she had failed to take on each of the 
preceding 4 days. Questionnaire adherence rates for APV and NFV were determined at each 
visit as the number of prescribed doses taken divided by the number prescribed doses 
during the preceding 4 day interval. For electronically monitored adherence, an MEMS cap 
(Medication Event Monitoring Systems, Aprex Corp., Menlo CA) was used to monitor APV 
and EFV compliance only. Subjects were asked to bring their medication bottles and caps to 
the clinic at each study visit (weeks 2, 4, 8, 12, 16, and every 8 weeks thereafter), where cap 
data were downloaded to computer files and stored for later analysis. Since APV was 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

54

prescribed twice daily, a prescribed AM and PM dosing period was defined for each subject. 
If a subject opened the bottle at least once during a dosing period, then the subject was 
recorded as having a positive event (x=1), otherwise (x=0). The MEMS adherence rate for 
APV was determined as the sum of positive dosing events divided by the sum of prescribed 
dosing events during the specified time interval. A positive dosing event assumes a 
presumptive dose. If the MEMS cap was recorded as not in use, the MEMS dosing event was 
set to missing. In our analysis, we assumed that NFV had the same MEMS adherence rate as 
APV. 
 

  Adherence assessment definition  

Case MEMS adherence 
interval notation 

Interval 
length 

Time frame length 
(weeks to RNA 
measurement) 

Example for day 56, 
adherence computed 

over 
1 M visit time 0 Days 28 – 55 
2 M0.1 1 week 0 Days 49 - 55 
3 M0.2 2 weeks 0 Days 42 – 55 
4 M0.3 3 weeks 0 Days 35 – 55 
5 M1.1 1 week 1 week Days 43 – 49 
6 M1.2 2 weeks 1 week Days 36 – 49 
7 M1.3 3 weeks 1 week Days 29 – 49 
8 M2.1 1 week 2 weeks Days 36 – 42 
9 M2.2 2 weeks 2 weeks Days 29 – 42 

10 M2.3 3 weeks 2 weeks Days 22 – 42 
11 M3.1 1 week 3 weeks Days 29 – 35 
12 M3.2 2 weeks 3 weeks Days 22 – 35 
13 M3.3 3 weeks 3 weeks Days 15 - 35 

Table 1. Summary of the MEMS assessment interval notation and definitions 

To determine the best summary metric of the MEMS adherence rate, we evaluated different 
assessment interval lengths (averaging adherence dosing events over 1, 2, or 3 week 
intervals) and different assessment time frames (fixing the assessment interval times to end 
either immediately or 1, 2 or 3 weeks prior to the next measured viral load). Table 1 
summarizes the MEMS assessment interval notation and definitions for the 13 models. As 
an example, M2.2 in Table 1 denotes an MEMS adherence interval length of 2 weeks fixed to 
end 2 weeks prior to the next viral load measurement; for instance, the MEMS adherence 
rate for a subject at study week 8 (day 56) was calculated as the number of nominal dosing 
events divided by the number of prescribed dosing events over study days 29 - 42. The case 
M serves as a reference and averages all the available MEMS data between viral load 
measurements. 

Phenotypic drug susceptibility: Retrospectively, 200 subjects were randomly selected from 
the entire ACTG 398 study population for phenotypic sensitivity testing. Of these 139 
subjects were tested at baseline based on receiving study treatment for at least 8 weeks and 
having an available sample. Among these subjects, 59 subjects experienced protocol-defined 
virologic failure and phenotypic sensitivity testing was performed at the time of failure 
(Hammer et al., 2002). Phenotypic drug susceptibility was determined by a recombinant 
virus assay (PhenoSense, ViroLogic, Inc) and values were expressed as the 50% inhibitory 
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concentration (IC50) (Molla et al., 1996). All 31 subjects used in our analysis had baseline 
APV and NFV IC50 values, of which 13 subjects had follow-up APV and NFV IC50 values at 
the time of virologic failure. 

3. Mathematical models and statistical methods  
We fit the dynamic model to the viral load data from 31 subjects with the following 
considerations. (i) In the model we incorporate the two clinical factors, drug adherence 
(questionnaire or MEMS) and drug susceptibility (phenotype IC50 values), into a function of 
treatment efficacy. (ii) We only consider the PI drug effects in the drug efficacy model 
because the effect of RTI drugs is considered less important compared to the PI drugs and 
would require a different efficacy model. (iii) We assume that NFV has the same compliance 
rate as determined for APV by the MEMS method. Details of the mathematical models and 
statistical methods are described in Huang et al. (2006) and Wu et al. (2005). For 
completeness, a brief summary of the models and methods is given as follows.  

3.1 Drug resistance model 

As Molla et al. (1996) suggested, the phenotype marker, median inhibitory concentration 
(IC50), can be used to quantify agent-specific drug susceptibility. We use the following 
model to approximate the within-host changes over time in IC50 (Huang et al., 2003; Huang 
et al., 2006; Wu et al., 2005). 
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Where 0I  and rI  are respective values of 50( )IC t  at baseline and time point rt  at which 
resistant mutations dominate. In our study, rt  is the time of virologic failure. For subjects 
without a failure time IC50, baseline IC50 was held constant over time. 

3.2 Medication adherence model  

Poor adherence to a treatment regimen is one of the major causes of treatment failure. 
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where 0 1kR  , with kR  indicating the adherence rate computed for each assessment 
interval ( 1k kT T  ] based on the questionnaire or MEMS data; kT  denotes the adherence 
assessment time at the kth clinical visit. 

3.3 Drug efficacy model 

In most viral dynamic studies, investigators assumed that either drug efficacy was constant 
over treatment time (Perelson and Nelson, 1999; Wu and Ding, 1999; Ding and Wu, 2001) or 
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prescribed twice daily, a prescribed AM and PM dosing period was defined for each subject. 
If a subject opened the bottle at least once during a dosing period, then the subject was 
recorded as having a positive event (x=1), otherwise (x=0). The MEMS adherence rate for 
APV was determined as the sum of positive dosing events divided by the sum of prescribed 
dosing events during the specified time interval. A positive dosing event assumes a 
presumptive dose. If the MEMS cap was recorded as not in use, the MEMS dosing event was 
set to missing. In our analysis, we assumed that NFV had the same MEMS adherence rate as 
APV. 
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intervals) and different assessment time frames (fixing the assessment interval times to end 
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the entire ACTG 398 study population for phenotypic sensitivity testing. Of these 139 
subjects were tested at baseline based on receiving study treatment for at least 8 weeks and 
having an available sample. Among these subjects, 59 subjects experienced protocol-defined 
virologic failure and phenotypic sensitivity testing was performed at the time of failure 
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concentration (IC50) (Molla et al., 1996). All 31 subjects used in our analysis had baseline 
APV and NFV IC50 values, of which 13 subjects had follow-up APV and NFV IC50 values at 
the time of virologic failure. 

3. Mathematical models and statistical methods  
We fit the dynamic model to the viral load data from 31 subjects with the following 
considerations. (i) In the model we incorporate the two clinical factors, drug adherence 
(questionnaire or MEMS) and drug susceptibility (phenotype IC50 values), into a function of 
treatment efficacy. (ii) We only consider the PI drug effects in the drug efficacy model 
because the effect of RTI drugs is considered less important compared to the PI drugs and 
would require a different efficacy model. (iii) We assume that NFV has the same compliance 
rate as determined for APV by the MEMS method. Details of the mathematical models and 
statistical methods are described in Huang et al. (2006) and Wu et al. (2005). For 
completeness, a brief summary of the models and methods is given as follows.  

3.1 Drug resistance model 

As Molla et al. (1996) suggested, the phenotype marker, median inhibitory concentration 
(IC50), can be used to quantify agent-specific drug susceptibility. We use the following 
model to approximate the within-host changes over time in IC50 (Huang et al., 2003; Huang 
et al., 2006; Wu et al., 2005). 
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interval ( 1k kT T  ] based on the questionnaire or MEMS data; kT  denotes the adherence 
assessment time at the kth clinical visit. 

3.3 Drug efficacy model 

In most viral dynamic studies, investigators assumed that either drug efficacy was constant 
over treatment time (Perelson and Nelson, 1999; Wu and Ding, 1999; Ding and Wu, 2001) or 
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antiviral regimens had perfect effect in blocking viral replication (Ho et al., 1995; Perelson et 
al., 1996, 1997). However, the drug efficacy may change as concentrations of antiretroviral 
drugs and other factors (e.g. drug resistance) vary during treatment (Dixit et al., 2004). We 
employ the following modified maxE  model (Sheiner, 1985) to represent the time-varying 
drug efficacy ( see Wu et al. (2005) for more discussion about the drug effect maxE  model) for 
two antiretroviral agents within a class (for example, the two PI drugs APV and NFV),  
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where 50( )kIC t  ( 1 2)k    are median inhibitory concentration change over time for the two 
agents; ( )kA t  ( 1 2)k    are adherence profiles of the two drugs measured by questionnaire or 
the MEMS method. Parameter   can be regarded as a conversion factor between in vitro and 
in vivo IC50 s and will be estimated from the data. Note that ( )t  ranges from 0 to 1. 

3.4 Antiviral response model 

We consider a simplified HIV dynamic model with antiviral treatment as follows. (Huang et 
al., 2006; Wu et al., 2005). 
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where the three differential equations represent three compartments: target uninfected cells 
( T ), infected cells ( T ) and free virions (V ). Parameter   represents the rate at which new 
T cells are generated from sources within the body, such as the thymus, Td  is the death rate 
of T cells, k  is the infection rate without treatment,   is the death rate of infected cells, N  
is the number of new virions produced from each of infected cell during its life-time, and c  
is the clearance rate of free virions. The time-varying parameter ( )t  is the antiviral drug 
efficacy at treatment time t . 

3.5 Bayesian modeling approach 

Although a number of studies investigated various statistical methods, including Bayesian 
approaches, of fitting viral dynamic models to predicting virologic responses using short-
term viral load data (Wu and Ding, 1999; Ho et al., 1995; Perelson et al., 1996, 1997; Wu et al., 
1999; Notermans et al., 1998; Markowitz et al., 2003; Han et al., 2002), little work has been 
undertaken to investigate long-term virologic responses. In this paper, we used a 
hierarchical Bayesian modeling approach (Huang et al., 2006) to estimate the dynamic 
parameters.  

We denote the number of subjects by n and the number of measurements on the ith 
subject by im . For notational convenience, let (ln ln ln ln ln ln ln )T
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{ 1 1 }ij iy i n j m        Y   . Let 10( ) log ( ( ))i iij j i jf t V t    , where ( )ii jV t   denotes the 
numerical solution of the differential equations (4) for the ith subject at time jt . Let ( )ijy t  
and ( )i je t  denote the repeated measurements of common logarithmic viral load and a 
measurement error with mean zero, respectively. The Bayesian nonlinear mixed-effects 
model can be written as the following three stages (Davidian and Giltinan, 1995; Huang et 
al., 2006).  

Stage 1. Within-subject variation:  
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Stage 2. Between-subject variation:  

 (0 )i i i N      b b                               (6) 

Stage 3. Hyperprior distributions:  

 2 1( ) ( ) ( )Ga a b N Wi                               (7) 
 

where the mutually independent Gamma ( Ga ), Normal ( N ) and Wishart ( Wi ) prior 
distributions are chosen to facilitate computations (Davidian and Giltinan, 1995). The hyper-
parameters a b     and   were determined from previous studies and the literature 
(Perelson and Nelson, 1999; Ho et al., 1995; Perelson et al., 1996, 1997; Nowak and May, 
2000). See Huang et al. (2006) for a detailed discussion of the Bayesian modeling approach, 
including the choice of the hyper-parameters, and the implementation of the Markov chain 
Monte Carlo (MCMC) procedures (Gamerman, 1997; Wakefield, 1996). 

4. Results  
4.1 Subject characteristics 

Of the 31 subjects used in our analysis, the mean age was 40 years (SD=7); 94% were men; 
and 65% were white, 23% black, 10% Hispanic and 3% Asian. At baseline, 58% had prior 
nonnucleoside reverse transcriptase inhibitor (NNRTI) experience. Median baseline CD4 cell 
count was 196 cells/uL (interquartile range=120-308 cells/uL) and median baseline viral 
load was 38,019 copies/mL (interquartile range=19,498-181,970 copies/mL). Median time to 
the last viral load measurement while on protocol-defined treatment was 227 days 
(interquartile range=168-321 days). Median baseline IC50 values were 21.2 ng/mL and 38.9 
ng/mL for APV and NFV, respectively. Among the 13 subjects with IC50 values at failure 
time, the median time to virologic failure was 157 days. Overall mean questionnaire 
adherence rate was 0.95 and 0.96 respectively for APV and NFV and the MEMS adherence 
rate for APV was 0.80. Fig. 1 shows the viral load (log10 transformed) and adherence rates 
over time based on questionnaire data for APV and NFV drugs and APV MEMS data (13 
summary metrics) for one representative subject. 
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antiviral regimens had perfect effect in blocking viral replication (Ho et al., 1995; Perelson et 
al., 1996, 1997). However, the drug efficacy may change as concentrations of antiretroviral 
drugs and other factors (e.g. drug resistance) vary during treatment (Dixit et al., 2004). We 
employ the following modified maxE  model (Sheiner, 1985) to represent the time-varying 
drug efficacy ( see Wu et al. (2005) for more discussion about the drug effect maxE  model) for 
two antiretroviral agents within a class (for example, the two PI drugs APV and NFV),  

 
1 2

1 50 2 50
1 2

1 50 2 50

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )

A t IC t A t IC tt
A t IC t A t IC t




  
 

   
                        (3) 

where 50( )kIC t  ( 1 2)k    are median inhibitory concentration change over time for the two 
agents; ( )kA t  ( 1 2)k    are adherence profiles of the two drugs measured by questionnaire or 
the MEMS method. Parameter   can be regarded as a conversion factor between in vitro and 
in vivo IC50 s and will be estimated from the data. Note that ( )t  ranges from 0 to 1. 

3.4 Antiviral response model 

We consider a simplified HIV dynamic model with antiviral treatment as follows. (Huang et 
al., 2006; Wu et al., 2005). 

 

[1 ( )]

[1 ( )]

T
d T d T t kTV
dt
d T t kTV T
dt
d V N T cV
dt

 

 



 



    

   

  

                             (4) 

where the three differential equations represent three compartments: target uninfected cells 
( T ), infected cells ( T ) and free virions (V ). Parameter   represents the rate at which new 
T cells are generated from sources within the body, such as the thymus, Td  is the death rate 
of T cells, k  is the infection rate without treatment,   is the death rate of infected cells, N  
is the number of new virions produced from each of infected cell during its life-time, and c  
is the clearance rate of free virions. The time-varying parameter ( )t  is the antiviral drug 
efficacy at treatment time t . 

3.5 Bayesian modeling approach 

Although a number of studies investigated various statistical methods, including Bayesian 
approaches, of fitting viral dynamic models to predicting virologic responses using short-
term viral load data (Wu and Ding, 1999; Ho et al., 1995; Perelson et al., 1996, 1997; Wu et al., 
1999; Notermans et al., 1998; Markowitz et al., 2003; Han et al., 2002), little work has been 
undertaken to investigate long-term virologic responses. In this paper, we used a 
hierarchical Bayesian modeling approach (Huang et al., 2006) to estimate the dynamic 
parameters.  

We denote the number of subjects by n and the number of measurements on the ith 
subject by im . For notational convenience, let (ln ln ln ln ln ln ln )T

Tc d N k          , 

 
Modeling Virologic Response in HIV-1 Infected Patients to Assess Medication Adherence 

 

57 

{ 1 }i i n      , (ln ln ln ln ln ln ln )T
i i i i i Ti i ic d N k          , { } { }li l i     and 

{ 1 1 }ij iy i n j m        Y   . Let 10( ) log ( ( ))i iij j i jf t V t    , where ( )ii jV t   denotes the 
numerical solution of the differential equations (4) for the ith subject at time jt . Let ( )ijy t  
and ( )i je t  denote the repeated measurements of common logarithmic viral load and a 
measurement error with mean zero, respectively. The Bayesian nonlinear mixed-effects 
model can be written as the following three stages (Davidian and Giltinan, 1995; Huang et 
al., 2006).  

Stage 1. Within-subject variation:  

 2 2( ) (0 )
ii ii i i i mN       y f e e I          (5) 

where 1 1( ( ) ( ))
i i

T
i i im my t y t  y  , 1 1( ) ( ( ) ( ))

i i

T
i i ii i im mf t f t      f  , 1( ( ) ( ))

i

T
i i i me t e t  e  .  

Stage 2. Between-subject variation:  

 (0 )i i i N      b b                               (6) 

Stage 3. Hyperprior distributions:  

 2 1( ) ( ) ( )Ga a b N Wi                               (7) 
 

where the mutually independent Gamma ( Ga ), Normal ( N ) and Wishart ( Wi ) prior 
distributions are chosen to facilitate computations (Davidian and Giltinan, 1995). The hyper-
parameters a b     and   were determined from previous studies and the literature 
(Perelson and Nelson, 1999; Ho et al., 1995; Perelson et al., 1996, 1997; Nowak and May, 
2000). See Huang et al. (2006) for a detailed discussion of the Bayesian modeling approach, 
including the choice of the hyper-parameters, and the implementation of the Markov chain 
Monte Carlo (MCMC) procedures (Gamerman, 1997; Wakefield, 1996). 

4. Results  
4.1 Subject characteristics 

Of the 31 subjects used in our analysis, the mean age was 40 years (SD=7); 94% were men; 
and 65% were white, 23% black, 10% Hispanic and 3% Asian. At baseline, 58% had prior 
nonnucleoside reverse transcriptase inhibitor (NNRTI) experience. Median baseline CD4 cell 
count was 196 cells/uL (interquartile range=120-308 cells/uL) and median baseline viral 
load was 38,019 copies/mL (interquartile range=19,498-181,970 copies/mL). Median time to 
the last viral load measurement while on protocol-defined treatment was 227 days 
(interquartile range=168-321 days). Median baseline IC50 values were 21.2 ng/mL and 38.9 
ng/mL for APV and NFV, respectively. Among the 13 subjects with IC50 values at failure 
time, the median time to virologic failure was 157 days. Overall mean questionnaire 
adherence rate was 0.95 and 0.96 respectively for APV and NFV and the MEMS adherence 
rate for APV was 0.80. Fig. 1 shows the viral load (log10 transformed) and adherence rates 
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Fig. 1. The trajectories of viral load on log10 scale (solid curves) and adherence rates 
(stairsteps) over time based on questionnaire data for APV and NFV drugs (upper-left 
panel) and MEMS data summarized by the 13 models for APV drug (other panels) for one 
subject 

We fit the viral dynamic model to the data from 31 subjects described previously using the 
proposed Bayesian approach. We incorporated the two clinical factors, drug adherence 
(questionnaire or MEMS) and drug susceptibility (phenotype IC50 values), into a function of 
treatment efficacy (3). For model fitting and the purpose of comparisons, we set up a control 
model as the one without using any adherence and drug susceptibility data which 
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corresponds to setting A(t) and IC50(t) to be 1 in Eq. (3), i.e., ( ) 2 ( 2)t    . Other 14 models 
are specified based on the combination of drug susceptibility (IC50) data and 14 different 
adherence summary metrics (1 questionnaire and 13 MEMS summary metrics listed in Table 
1). Note that the abbreviation IM2.2, for example, denotes the model incorporating the data of 
drug resistance (I) and MEMS adherence rate (M2.2) summarized as an interval length of 2 
weeks fixed to end 2 weeks prior to the next viral load measurement. For example, the MEMS 
adherence rate for a subject at study week 8 (day 56) was calculated over a 14 day interval 
from study days 29-42 and this value was used to represent adherence from the previous 
study visit to the study visit at day 56 for modeling fitting. 

4.2 Model fitting 

In order to assess how adherence rates, determined from 14 different scenarios, interact with 
drug susceptibility to contribute to virologic response, we fitted the models to all 14 
scenarios as well as the control model and compared the fitting results. We found that, 
overall, the model with adherence rate determined from MEMS dosing events averaged 
over a 2 week assessment interval either 1 week prior to a viral load measurement (IM1.2) or 
2 weeks prior to a viral load measurement (IM2.2) provided the best fits to the observed 
data, compared to the other 13 models for most subjects; the control model, lacking factors 
for subject-specific drug adherence and susceptibility, failed to fit viral load rebounds and  

 
Fig. 2. The estimated viral trajectory for three representative subjects from the model fitting: 
(i) Control model (solid curves), (ii) IM1.2 (dotted curves) and (iii) IM2.2 (dashed curves). 
The observed values are indicated by circles. 

fluctuations and provided the worst fitting results for the majority of subjects. For the 
purpose of illustration, the model fitting curves for three representative subjects from the 
control model (solid curves), the IM1.2 model (dotted curves), and the IM2.2 model (dashed 
curves) are displayed in Fig. 2. 

4.3 Individual dynamics parameter estimates 

Table 2 presents the results of estimated dynamic parameters for individual subjects and the 
sample summary statistics (minimum, median, mean, maximum, standard deviation (SD) 
and coefficient of variation (CV) for the model IM2.2 that provided the best fit to the 
observed data. We can see from Table 2 a relatively large between-subject variation in the  
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Subject i  ci δi λi dTi Ni ki x 104 

1 0.002 3.144 0.105 68.830 0.041 126.353 2.083 
2 0.002 3.366 0.203 193.493 0.021 763.481 0.800 
3 0.002 3.065 0.228 103.261 0.051 516.932 1.363 
4 0.001 3.963 0.294 67.549 0.110 709.988 0.738 
5 0.002 2.499 1.238 171.962 0.142 9384.339 0.868 
6 0.002 3.219 0.224 108.737 0.056 495.182 1.526 
7 0.002 3.631 0.078 111.508 0.017 109.594 1.549 
8 0.001 4.103 0.157 73.195 0.050 354.894 1.124 
9 0.002 2.286 0.809 177.204 0.097 4070.423 1.112 
10 0.002 2.620 1.058 208.394 0.091 6031.472 1.033 
11 0.002 3.213 0.219 83.127 0.058 479.131 1.316 
12 0.002 2.804 0.315 96.976 0.071 806.579 1.622 
13 0.001 3.705 0.164 88.307 0.056 581.903 0.727 
14 0.002 2.877 0.132 130.303 0.026 341.015 1.347 
15 0.003 2.316 0.434 207.091 0.043 2197.731 1.064 
16 0.003 1.753 0.924 160.891 0.120 4224.349 1.867 
17 0.001 4.041 0.211 127.465 0.023 765.045 0.692 
18 0.002 3.367 0.216 85.716 0.051 508.451 1.148 
19 0.002 3.955 0.114 74.292 0.033 164.046 1.498 
20 0.001 3.938 0.116 117.911 0.023 356.109 0.801 
21 0.001 2.887 0.314 306.351 0.019 1636.315 0.486 
22 0.003 2.003 0.569 100.966 0.067 1186.222 0.654 
23 0.001 4.273 0.260 43.015 0.136 474.269 1.258 
24 0.001 3.506 0.131 157.873 0.028 643.514 0.847 
25 0.002 2.277 0.839 174.871 0.105 4912.339 1.189 
26 0.001 3.847 0.340 54.983 0.135 714.569 1.116 
27 0.003 2.730 0.218 103.326 0.042 411.427 1.690 
28 0.002 3.510 0.073 133.204 0.015 106.627 1.366 
29 0.002 3.751 0.186 108.477 0.026 435.276 1.111 
30 0.002 3.760 0.162 96.575 0.031 354.927 1.192 
31 0.002 3.415 0.144 112.288 0.034 392.298 1.140 
Min 0.001 1.753 0.073 43.015 0.015 106.627 0.486 
Med 0.002 3.367 0.218 108.737 0.050 516.932 1.140 
Max 0.003 4.273 1.238 306.351 0.142 9384.339 2.083 
Mean 0.0017 3.285 0.328 124.134 0.059 1427.574 1.172 
SD 0.0006 0.647 0.305 55.726 0.039 2118.271 0.373 
CV (%) 33.037 19.686 93.066 44.892 66.245 148.383 31.801 

Table 2. The estimated dynamic parameters from the IM2.2 model for individual subjects, 
where Min, Med, Max, SD and CV=SD/Mean denote the minimum, median, maximum, 
standard deviation and coefficient of variation, respectively. 
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seven viral dynamic parameters was observed (CV ranges from 20% to 148%) among the 31 
subjects. Generally speaking, the virologically successful subjects (maintaining plasma HIV-
1 RNA levels of less than 200 copies/mL) have higher clearance rates of free virions (c), but 
smaller efficacy parameter estimates (), and lower death rates of infected cells (); these 
results show the similar patterns to those displayed in Figure 4 studied by Wu et al. (2005) 
The individual parameter estimates from both the IM2.2 and IM1.2 models are significantly 
correlated for all seven parameters, while the individual parameter estimates for the control 
model appear significantly different from those for the model IM2.2 for most of the seven 
parameters (data not shown here). 

4.4 Effects of adherence rate determined by questionnaire vs. MEMS data 

In order to assess how different adherence rates measured by questionnaires and MEMS 
contribute to the virologic response, we compared the fitting results of models with all 14 
adherence scenarios and the control model. The mean of the sum of the squared deviations 

(SSD) was used to assess model fit and the SSD was calculated by 2
1

ˆ( )im
ij ijj yy


  for each 

subject, where ijy  and ˆ ijy  are the observed and predicted values, respectively. The mean 

SSDs are plotted for all the models in Fig. 3, with the best fitting models having a smaller 
mean SSD, and sign test p-values from pairwise comparisons are reported in Table 3. 

 
Fig. 3. Comparison of mean of SSDs for models from the 14 different determinants of 
adherence with drug resistance and the control model. The three horizontal lines represent 
mean of the SSDs for control, IA and IM models, respectively. 

4.5 What MEMS assessment interval length is best? 

The pattern in Fig. 3 shows that when the time frame for MEMS assessment is fixed, models 
with a 2 week MEMS assessment interval length generally outperform models with an 
assessment interval length of 1 or 3 weeks.  
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1 RNA levels of less than 200 copies/mL) have higher clearance rates of free virions (c), but 
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4.5 What MEMS assessment interval length is best? 

The pattern in Fig. 3 shows that when the time frame for MEMS assessment is fixed, models 
with a 2 week MEMS assessment interval length generally outperform models with an 
assessment interval length of 1 or 3 weeks.  
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Model Control IA IM IM0.1 IM0.2 IM0.3 IM1.1 IM1.2 IM1.3 IM2.1 IM2.2 IM2.3 IM3.1 IM3.2 
IA <0.001              
IM  <0.001 0.106             
IM0.1 0.106 0.007 0.002            
IM0.2 0.019 0.209 0.007 0.020           
IM0.3 0.048 0.048 0.020 0.106 0.369          
IM1.1 0.001 0.590 0.020 0.106 0.209 0.858         
IM1.2  <0.001 0.048 0.029 0.002 0.007 0.007 0.007        
IM1.3 0.001 0.858 0.858 0.048 0.048 0.048 0.209 0.048       
IM2.1 <0.001 0.106 0.209 0.020 0.007 0.048 0.048 0.048 0.209      
IM2.2 <0.001 0.007 0.020 <0.001 0.001 <0.001 0.048 0.590 0.048 0.020     
IM2.3 <0.001 0.369 0.209 0.011 0.002 0.002 0.209 0.106 0.858 0.590 0.048    
IM3.1 0.106 0.007 <0.001 0.369 0.590 0.048 0.007 <0.001 0.007 0.001 0.002 0.002   
IM3.2 0.106 0.209 0.002 0.858 0.858 0.007 0.007 0.001 0.002 0.007 0.007 0.002 0.048  
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MSSD 11.30 6.06 5.27 9.77 7.77 8.27 8.09 4.75 6.00 6.73 4.11 5.16 11.12 11.56 

Table 3. Pairwise comparisons of sum of squared deviations (SSD) from individual subjects 
for 15 models. The p-values were obtained using the sign test and MSSD is the mean of SSD  

4.6 What MEMS assessment time frame (delay effect of timing) is best? 

As seen in Fig. 3, regardless of the assessment interval length, models which assess 
compliance 2 weeks prior to viral load generally outperform models which assess 
compliance immediately before viral load, 1 week before or 3 weeks before viral load 
measurement. Overall, the model with a MEMS assessment interval length of 2 weeks 
measured from 4 to 2 weeks prior to viral load measurement (IM2.2) was significantly a 
better predicator of viral load over time than any other models, with the exception of the 
IM1.2 model.  

From Table 3, the means and standard deviations of the SSDs for the models based on IM1.2 
( 4 75 5 38   ) and IM2.2 ( 4 11 4 18   ) were significantly less than those of the other 13 
models. We can see that that the IM1.2 and IM2.2 models were significantly better than the 
models based on the other 13 models ( 0 001 0 048p    ), but they were not significantly 
different each other (p=0.590). The control model was significantly worse than those based 
on all other models ( 0 001 0 020p    ) except for the 2 models (IM3.1 and IM3.2: p =0.106). 

4.7 What adherence assessment method (questionnaire vs MEMS) is best? 

Further, we compared the model fittings with all possible combinations of IC50 and the four 
determinants of adherence (A, M, M1.2 and M2.2). The mean of SSD for all the 10 models is 
plotted in Figure 4, and sign test p ─values from pairwise comparisons are reported in Table 
4. The results indicate that (i) the control model was significantly worse than those based on 
all other 9 models (p ≤0.001~0.007); (ii) the models IM1.2 and IM2.2 were significantly better 
than the other eight models (p≤0.001  0.048); (iii) the models I, A, M, M1.2, M2.2, IA and IM 
do not provide significantly different results (p=0.048  0.858) except for two marginally 
significant results. In particular, the models IA and IM are not better than the model I 
(p=0.209, 0.590), and the models IM1.2 and IM2.2 are significantly better than the models I, 
M1.2 and M2.2 (p=0.007  0.048). Overall, adherence assessed by an optimal summary 
MEMS metric with the confounding resistance factor combinations (IM1.2 and IM2.2) was a 
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better predictor of virologic response than adherence assessed by questionnaires, MEMS 
alone or two-factor combinations. 

 
Fig. 4. Comparison of SSDs for the models from 9 different determinants of adherence 
and/or drug resistance as well as the control model 
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   SSD Mean 11.30 6.09 6.68 6.69 6.68 6.45 6.06 5.27 4.75 4.11 
 ±SD 9.28 6.84 6.02 6.87 6.79 6.33 5.66 5.52 5.38 4.18 

Table 4. Pairwise comparisons of sum of squared deviations (SSD) from individual subjects 
for 10 models. The p-values were obtained using the sign test. 

5. Conclusion and discussion 
Several studies investigated the association between virologic responses and adherence 
assessed by MEMS data only without considering other confounding factors such as drug 
resistance using standard modeling methods including Poisson regression (Knafl et al., 
2004), logistic regression (Vrijens et al., 2005) and linear mixed-effects model (Liu et al., 
2007). In this article, we developed a mechanism-based nonlinear time-varying differential 
equation model for long-term dynamics to (i) establish the relationship of virologic response 
(viral load trajectory) with drug adherence and drug resistance, (ii) to describe both 
suppression and resurgence of virus, (iii) to directly incorporate observed drug adherence 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

62

Model Control IA IM IM0.1 IM0.2 IM0.3 IM1.1 IM1.2 IM1.3 IM2.1 IM2.2 IM2.3 IM3.1 IM3.2 
IA <0.001              
IM  <0.001 0.106             
IM0.1 0.106 0.007 0.002            
IM0.2 0.019 0.209 0.007 0.020           
IM0.3 0.048 0.048 0.020 0.106 0.369          
IM1.1 0.001 0.590 0.020 0.106 0.209 0.858         
IM1.2  <0.001 0.048 0.029 0.002 0.007 0.007 0.007        
IM1.3 0.001 0.858 0.858 0.048 0.048 0.048 0.209 0.048       
IM2.1 <0.001 0.106 0.209 0.020 0.007 0.048 0.048 0.048 0.209      
IM2.2 <0.001 0.007 0.020 <0.001 0.001 <0.001 0.048 0.590 0.048 0.020     
IM2.3 <0.001 0.369 0.209 0.011 0.002 0.002 0.209 0.106 0.858 0.590 0.048    
IM3.1 0.106 0.007 <0.001 0.369 0.590 0.048 0.007 <0.001 0.007 0.001 0.002 0.002   
IM3.2 0.106 0.209 0.002 0.858 0.858 0.007 0.007 0.001 0.002 0.007 0.007 0.002 0.048  
IM3.3 0.001 0.858 0.020 0.048 0.020 0.369 0.209 0.007 0.369 0.369 0.001 0.020 0.002 0.020 
MSSD 11.30 6.06 5.27 9.77 7.77 8.27 8.09 4.75 6.00 6.73 4.11 5.16 11.12 11.56 

Table 3. Pairwise comparisons of sum of squared deviations (SSD) from individual subjects 
for 15 models. The p-values were obtained using the sign test and MSSD is the mean of SSD  

4.6 What MEMS assessment time frame (delay effect of timing) is best? 

As seen in Fig. 3, regardless of the assessment interval length, models which assess 
compliance 2 weeks prior to viral load generally outperform models which assess 
compliance immediately before viral load, 1 week before or 3 weeks before viral load 
measurement. Overall, the model with a MEMS assessment interval length of 2 weeks 
measured from 4 to 2 weeks prior to viral load measurement (IM2.2) was significantly a 
better predicator of viral load over time than any other models, with the exception of the 
IM1.2 model.  

From Table 3, the means and standard deviations of the SSDs for the models based on IM1.2 
( 4 75 5 38   ) and IM2.2 ( 4 11 4 18   ) were significantly less than those of the other 13 
models. We can see that that the IM1.2 and IM2.2 models were significantly better than the 
models based on the other 13 models ( 0 001 0 048p    ), but they were not significantly 
different each other (p=0.590). The control model was significantly worse than those based 
on all other models ( 0 001 0 020p    ) except for the 2 models (IM3.1 and IM3.2: p =0.106). 

4.7 What adherence assessment method (questionnaire vs MEMS) is best? 

Further, we compared the model fittings with all possible combinations of IC50 and the four 
determinants of adherence (A, M, M1.2 and M2.2). The mean of SSD for all the 10 models is 
plotted in Figure 4, and sign test p ─values from pairwise comparisons are reported in Table 
4. The results indicate that (i) the control model was significantly worse than those based on 
all other 9 models (p ≤0.001~0.007); (ii) the models IM1.2 and IM2.2 were significantly better 
than the other eight models (p≤0.001  0.048); (iii) the models I, A, M, M1.2, M2.2, IA and IM 
do not provide significantly different results (p=0.048  0.858) except for two marginally 
significant results. In particular, the models IA and IM are not better than the model I 
(p=0.209, 0.590), and the models IM1.2 and IM2.2 are significantly better than the models I, 
M1.2 and M2.2 (p=0.007  0.048). Overall, adherence assessed by an optimal summary 
MEMS metric with the confounding resistance factor combinations (IM1.2 and IM2.2) was a 

 
Modeling Virologic Response in HIV-1 Infected Patients to Assess Medication Adherence 

 

63 
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and susceptibility into a function of treatment efficacy and (iv) to use a hierarchical Bayesian 
mixed-effects modeling approach that can not only combine prior information with current 
clinical data for estimating dynamic parameters, but also characterize inter-subject 
variability. Our modeling approach allows us to estimate time-varying antiretroviral 
efficacy during the entire course of a treatment regimen by incorporating the information of 
drug exposure and drug susceptibility. Thus, the results of estimated dynamic parameters 
based on this model should be more reliable and reasonable to interpret long-term HIV 
dynamics. Our models are simplified with the main goals of retaining crucial features of 
HIV dynamics and, at the same time, guaranteeing their applicability to typical clinical data, 
in particular, long-term viral load measurements.  

We employed the proposed mechanism-based dynamic model to assess how to efficiently 
use adherence rates based on questionnaires and MEMS dosing events to predict virologic 
response. In particular, we intended to address the questions (i) how to summarize the 
MEMS adherence data for efficient prediction of virologic response, and (ii) which 
adherence assessment method, questionnaire or MEMS, is a more efficient predictor of 
virologic response after accounting for potential confounding factors such as drug resistance 
between subjects.  

For the MEMS data, we found that the best summary metric for prediction of virologic 
response in terms of model fitting residuals (prediction error) is the adherence rate determined 
from MEMS dosing events averaged over a 2 week assessment interval, 1 week or 2 weeks 
prior to the next measured RNA observation (denoted by IM1.2 or IM2.2). The model fitting 
residuals from both models (IM2.2 and IM1.2) are significantly smaller than any other 13 
models (p≤0.001  0.048), but they were not significantly different each other (p=0.590).  

The model which used all available MEMS data between study visits to determine the 
adherence rate (the standard analysis) did not perform significantly better in terms of 
prediction of virologic response compared to the model with questionnaire adherence data 
(p=0.106).  

We also compared the model fittings with all possible combinations of IC50 and the four 
determinants of adherence data (see Fig. 4). The results indicate that (i) the control model 
was significantly worse than those based on all other 9 models (p≤0.001  0.007); (ii) the 
models IM1.2 and IM2.2 were significantly better than the eight other models 
(p≤0.001  0.048); (iii) the models I, A, M, M1.2, M2.2, IA and IM do not provide significantly 
different results (p=0.048  0.858) except for two marginally significant results. In particular, 
the models IA and IM did not improve upon the model I, which indicates that adherence 
measured by questionnaire and MEMS dosing events averaged over study visit interval did 
not provide any additional information to drug susceptibility in predicting virologic 
response. However, the models IM1.2 and IM2.2 did outperform the models I, M1.2 and 
M2.2, which indicates that the combination of drug susceptibility and adherence assessed 
over 2 week interval measured from 1 or 2 weeks prior to a RNA measurement provided 
significant additional information compared to either drug susceptibility or adherence alone 
in predicting virologic response.  

Although the analysis presented here used a simplified model, which appeared to perform 
well in capturing and explaining the observed patterns, and characterizing the biological 
mechanisms of HIV infection under relatively complex clinical situations, some limitations 
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exist for the proposed modeling method. Firstly, our model is a simplified model and there are 
many possible variations (Perelson and Nelson, 1999; Nowak and May, 2000; Callaway and 
Perelson, 2002). We did not separately consider the compartments of short-lived productively 
infected cells, long-lived and latently infected cells.(Perelson et al., 1997). Instead we examined 
a pooled productively infected cell population. The virus compartment was not further 
decomposed into infectious virions and non-infectious virions as in the paper by Perelson et 
al. (1996). Thus, different mechanisms of RTI and PI drug effects were not modeled. In fact, 
we only considered PI drug effects in the drug efficacy model (3) since the RTI drugs have a 
different adherence-resistance relationship. Further studies will be conducted in considering 
both PI and RTI drug effects in the models. Secondly, the availability of IC50 data was 
limited to baseline and failure time, as is typical in clinical trials. Thus, we extrapolated the 
IC50 data linearly to the whole treatment period in our modeling. The linear extrapolation is 
the best approximation that we can get from the sparse IC50 data (Wu et al., 2005). The linear 
assumption might have some influence on the estimation results since the IC50 might have 
jumped to a higher level earlier before the failure time when we obtained the sample for drug 
resistance test. However, we expect that this assumption had little effect on the prediction of 
virologic response since we had relatively frequent monitoring (monthly in the later stage) of 
virologic failure in this study. Thirdly, a more complete model of antiretroviral treatment 
efficacy would ideally also consider the time-varying function of concentrations of drug in 
plasma (Huang et al., 2003). Unfortunately, the limited availability of drug concentration data 
prohibited our inclusion of PK parameters in our model. Lastly, as measurements of adherence 
may not reflect actual adherence profiles for individual patients, the data quality would affect 
our estimation results for viral dynamic parameters. For example, adherence data measured 
by questionnaires may not be accurate. More accurate measurements of the MEMS adherence 
data were used in this paper and it was found that the MEMS adherence data can provide a 
better prediction of virologic response compared with the questionnaire adherence data, when 
the MEMS data are summarized in an appropriate way. Further studies on these issues are 
definitely needed. Nevertheless, these limitations would not offset the major findings from our 
modeling approach, although further improvement may be warranted.  

In summary, MEMS adherence data may not be correlated better to virologic response 
compared to questionnaire adherence data unless the MEMS cap data are summarized in an 
appropriate way where adherence was assessed over 2 week interval measured from 1 or 2 
weeks prior to a RNA measurement in our case. Our study also shows that the mechanism-
based dynamic model is powerful and effective to establish a relationship of antiviral 
response with drug exposure and drug susceptibility. 
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1. Introduction 
Animal models serve as important tools for preclinical testing of therapeutic regimens 
against human immunodeficiency virus (HIV-1), the primary etiologic agent that causes 
acquired immunodeficiency syndrome (AIDS). Infection and treatment of patients often 
cannot be controlled in clinical studies. In addition, performing certain procedures and 
sampling cannot be routinely performed in humans with ease and may be unethical. There 
are many different primate and murine models of HIV/AIDS, each with their advantages 
and disadvantages. Some models are appropriate in certain contexts but not others. 
Knowing how the different models work and their limitations will help guide the researcher 
to select the appropriate model to answer a specific question. Information gained from the 
use of preclinical testing of antiretroviral therapies will help identify and improve 
preventive, therapeutic, and eradication strategies against HIV/AIDS in humans. 

2. HIV-1 infection of nonhuman primates or humanized mice: Which is the 
better model to use? 
An animal model for human disease should mimic the infection of humans as closely as 
possible. The disease course in the model should be similar to or more accelerated than in 
humans. In the case of HIV-1, an animal model that progresses to AIDS over the period of 
many years will cost time and money in preclinical studies. The use of animals instead of 
humans usually means certain procedures can be performed more easily and/or ethically. 
For example, removing vital organs to study pathogenesis, drug penetration, immunity, or 
virology cannot be performed in humans but can be done after necropsy of an animal. 
Moreover, unlike in humans, the exact virus, timing of infection, and timing of treatment 
can be controlled in a model. 

HIV-1 does not efficiently replicate in most animals, including nonhuman primates. This is 
due to differences in host cell factors present in different species that are required for 
infection or due to innate immunity that appears to have evolved in mammals to ward off 
infections. Thus, either modification to HIV-1 or to the animal must be made for significant 
viral replication to occur. This is important for assessing the efficacy of experimental 
interventions for inhibiting the virus rather than spontaneous control by the host immune 
system. 
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2.1 Nonhuman primate models 

Nonhuman primates are genetically and anatomically most similar to humans and would be 
the obvious choice for an animal model to study HIV-1. While HIV-1 is believed to have 
arisen from cross-species transmission of simian immunodeficiency virus (SIV) strains from 
chimpanzees and gorillas to humans (Keele et al., 2006; Van Heuverswyn et al., 2006), these 
animals are not routinely used for HIV research. These great apes are both endangered and 
very large. And although HIV-1 has been used in the past to infect chimpanzees in captivity, 
it does not cause significant disease for more than a decade (Novembre et al., 1997). Thus, 
this is an impractical model for testing treatments and vaccines against the virus.  

Macaques, a genus of Old World monkeys, are routinely bred at primate centers and have 
been extensively investigated as HIV models. HIV-1 inoculation of macaques does not lead 
to productive infection, mainly due to restriction by simian innate immune factors, such as 
APOBEC3G and TRIM5, that target HIV-1 (Mariani et al., 2003; Stremlau et al., 2004). SIV 
is a primate lentivirus that is similar to HIV-1 and highly homologous to HIV type 2 (HIV-
2), which was isolated from rhesus macaques at a primate facility (Daniel et al., 1985; Kanki 
et al., 1985). SIV infection of macaques is believed to have been another cross-species 
transmission during captivity from infected African primates (Hirsch et al., 1989), leading to 
pathogenesis similar to AIDS but in a more accelerated time frame as compared to HIV-1 
infection of humans. In addition, adaptive immune responses against SIV in macaques are 
similar to anti-HIV-1 responses seen in humans (Sato and Johnson, 2007; Valentine and 
Watkins, 2008). The most widely used species of macaques for HIV/AIDS models are rhesus 
(Macaca mulatta), cynomolgus (M. fasicularis), and pigtailed (M. nemestrina). 

While SIV shares high structural and sequence identity to HIV-1, the differences are 
significant enough to limit the design of both vaccines and therapy against the human virus. 
Therefore, HIV-1 sequences have been added into the SIV genome to make chimeric viruses, 
called SHIVs, which can still replicate well within macaques (Fig. 1). The first examples of 
SHIVs were SIV strains that encoded HIV-1 envelope in place of SIV envelope, such that 
vaccines or drugs could target this entry protein (Li et al., 1992; Luciw et al., 1995; Reimann 
et al., 1996; Shibata et al., 1991). More recently, the reverse transcriptase (RT) coding region 
of SIVs have been replaced with that of HIV-1 to produce RT-SHIV that can be targeted by 
RT inhibitors (Ambrose et al., 2004; Uberla et al., 1995). Both types of SHIVs have been 
shown to infect macaques after mucosal exposure, simulating sexual transmission (Lu et al., 
1996; Turville et al., 2008). Simian-tropic HIV-1 (stHIV-1) viruses have been made that 
contain minimal SIV sequences (capsid and Vif coding regions) to circumvent restriction 
from APOBEC3G and TRIM5, but they suffered significant decreases in replication in the 
host compared to SIV or the previously described SHIVs, likely due to differences in the 
accessory proteins of HIV-1 as compared to SIV (Hatziioannou et al., 2009; Igarashi et al., 
2007).  

Baboons and other species of Old World monkeys have also been used as nonhuman primate 
models for studying HIV infection and AIDS. Baboons could be productively infected with 
HIV-2 but showed little pathogenesis (Barnett et al., 1994). African green monkeys and sooty 
mangabeys are naturally infected with SIV but do not experience disease despite very high 
levels of viremia. These animals are studied for their differences to Asian macaques to 
understand chronic, pathogenic SIV/HIV infection (Paiardini et al., 2009). 
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Fig. 1. Diagram of the genomes of HIV-1, SIV, and chimeric viruses used in macaques. White 
color denotes HIV-1 sequences, while gray shading denotes SIV sequences. 

2.2 Humanized mouse models 

The strengths of murine models for biomedical research are the small size of mice and their 
relatively low cost, making it feasible to have increased numbers of animals in experiments 
for greater statistical power. However, HIV-1 encounters multiple barriers in the infection of 
mouse cells, beginning with the inability of the virus to use the murine CD4 receptor and co-
receptors. To overcome these issues, scientists reconstituted a partial human immune 
system in severe combined immunodeficient (SCID) mice lacking lymphocytes by 
engrafting them with human peripheral blood lymphocytes or human fetal thymus and 
liver (Mosier et al., 1988; Namikawa et al., 1990). However, while peripheral T cell subsets 
could be reconstituted temporarily in these SCID-hu mice, they were not detected to a great 
extent in tissues. In addition, other human immune cells did not develop and only transient 
HIV-1 replication could be detected in vivo. 

Due to the limitations of SCID-hu mice, new advances in humanized murine models have 
been made to better reconstitute a human immune system and to lead to sustained HIV-1 
replication. First, the addition of the SCID mutation into the nonobese diabetic strain 
(NOD/SCID), which lacks the IL-2 receptor -chain, resulted in mice without T, B, and NK 
cells. With the implantation of human CD34+ hematopoietic stem cells into these mice, they 
developed human lymphocytes and dendritic cells in the blood and in multiple lymphoid 
tissues. Thus, HIV-1 infection could be sustained at high levels for more than 40 days 
(Watanabe et al., 2007). Similarly, transplantation of human fetal bone marrow (containing 
CD34+ cells), liver, and thymus (BLT) into NOD/SCID mice could also generate functional 
human T, B, and dendritic cells in both the periphery and tissues. These animals could 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

72

2.1 Nonhuman primate models 

Nonhuman primates are genetically and anatomically most similar to humans and would be 
the obvious choice for an animal model to study HIV-1. While HIV-1 is believed to have 
arisen from cross-species transmission of simian immunodeficiency virus (SIV) strains from 
chimpanzees and gorillas to humans (Keele et al., 2006; Van Heuverswyn et al., 2006), these 
animals are not routinely used for HIV research. These great apes are both endangered and 
very large. And although HIV-1 has been used in the past to infect chimpanzees in captivity, 
it does not cause significant disease for more than a decade (Novembre et al., 1997). Thus, 
this is an impractical model for testing treatments and vaccines against the virus.  

Macaques, a genus of Old World monkeys, are routinely bred at primate centers and have 
been extensively investigated as HIV models. HIV-1 inoculation of macaques does not lead 
to productive infection, mainly due to restriction by simian innate immune factors, such as 
APOBEC3G and TRIM5, that target HIV-1 (Mariani et al., 2003; Stremlau et al., 2004). SIV 
is a primate lentivirus that is similar to HIV-1 and highly homologous to HIV type 2 (HIV-
2), which was isolated from rhesus macaques at a primate facility (Daniel et al., 1985; Kanki 
et al., 1985). SIV infection of macaques is believed to have been another cross-species 
transmission during captivity from infected African primates (Hirsch et al., 1989), leading to 
pathogenesis similar to AIDS but in a more accelerated time frame as compared to HIV-1 
infection of humans. In addition, adaptive immune responses against SIV in macaques are 
similar to anti-HIV-1 responses seen in humans (Sato and Johnson, 2007; Valentine and 
Watkins, 2008). The most widely used species of macaques for HIV/AIDS models are rhesus 
(Macaca mulatta), cynomolgus (M. fasicularis), and pigtailed (M. nemestrina). 

While SIV shares high structural and sequence identity to HIV-1, the differences are 
significant enough to limit the design of both vaccines and therapy against the human virus. 
Therefore, HIV-1 sequences have been added into the SIV genome to make chimeric viruses, 
called SHIVs, which can still replicate well within macaques (Fig. 1). The first examples of 
SHIVs were SIV strains that encoded HIV-1 envelope in place of SIV envelope, such that 
vaccines or drugs could target this entry protein (Li et al., 1992; Luciw et al., 1995; Reimann 
et al., 1996; Shibata et al., 1991). More recently, the reverse transcriptase (RT) coding region 
of SIVs have been replaced with that of HIV-1 to produce RT-SHIV that can be targeted by 
RT inhibitors (Ambrose et al., 2004; Uberla et al., 1995). Both types of SHIVs have been 
shown to infect macaques after mucosal exposure, simulating sexual transmission (Lu et al., 
1996; Turville et al., 2008). Simian-tropic HIV-1 (stHIV-1) viruses have been made that 
contain minimal SIV sequences (capsid and Vif coding regions) to circumvent restriction 
from APOBEC3G and TRIM5, but they suffered significant decreases in replication in the 
host compared to SIV or the previously described SHIVs, likely due to differences in the 
accessory proteins of HIV-1 as compared to SIV (Hatziioannou et al., 2009; Igarashi et al., 
2007).  

Baboons and other species of Old World monkeys have also been used as nonhuman primate 
models for studying HIV infection and AIDS. Baboons could be productively infected with 
HIV-2 but showed little pathogenesis (Barnett et al., 1994). African green monkeys and sooty 
mangabeys are naturally infected with SIV but do not experience disease despite very high 
levels of viremia. These animals are studied for their differences to Asian macaques to 
understand chronic, pathogenic SIV/HIV infection (Paiardini et al., 2009). 

 
Use of Animal Models for Anti-HIV Drug Development 

 

73 

 
Fig. 1. Diagram of the genomes of HIV-1, SIV, and chimeric viruses used in macaques. White 
color denotes HIV-1 sequences, while gray shading denotes SIV sequences. 

2.2 Humanized mouse models 

The strengths of murine models for biomedical research are the small size of mice and their 
relatively low cost, making it feasible to have increased numbers of animals in experiments 
for greater statistical power. However, HIV-1 encounters multiple barriers in the infection of 
mouse cells, beginning with the inability of the virus to use the murine CD4 receptor and co-
receptors. To overcome these issues, scientists reconstituted a partial human immune 
system in severe combined immunodeficient (SCID) mice lacking lymphocytes by 
engrafting them with human peripheral blood lymphocytes or human fetal thymus and 
liver (Mosier et al., 1988; Namikawa et al., 1990). However, while peripheral T cell subsets 
could be reconstituted temporarily in these SCID-hu mice, they were not detected to a great 
extent in tissues. In addition, other human immune cells did not develop and only transient 
HIV-1 replication could be detected in vivo. 

Due to the limitations of SCID-hu mice, new advances in humanized murine models have 
been made to better reconstitute a human immune system and to lead to sustained HIV-1 
replication. First, the addition of the SCID mutation into the nonobese diabetic strain 
(NOD/SCID), which lacks the IL-2 receptor -chain, resulted in mice without T, B, and NK 
cells. With the implantation of human CD34+ hematopoietic stem cells into these mice, they 
developed human lymphocytes and dendritic cells in the blood and in multiple lymphoid 
tissues. Thus, HIV-1 infection could be sustained at high levels for more than 40 days 
(Watanabe et al., 2007). Similarly, transplantation of human fetal bone marrow (containing 
CD34+ cells), liver, and thymus (BLT) into NOD/SCID mice could also generate functional 
human T, B, and dendritic cells in both the periphery and tissues. These animals could 
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stably maintain HIV-1 replication after intrarectal or intravaginal challenge (Denton et al., 
2008; Sun et al., 2007). However, NOD/SCID mice develop thymic lymphomas, resulting in 
a limited lifespan (Shultz et al., 1995). 

Another humanized mouse model utilizes Rag2-/-C-/- double knockout mice, which also 
lack T, B, and NK cells. These mice can also be reconstituted with CD34+ hematopoietic stem 
cells, leading to development of human T, B, and dendritic cells in the blood and different 
lymphoid tissues (Traggiai et al., 2004). The animals could be infected with HIV-1 and had 
detectable viremia for more than 27 weeks (Baenziger et al., 2006). Like the BLT model, 
Rag2-/-C-/- mice also had CD4+ target cells in mucosal tissues and could be infected 
intrarectally or intravaginally (Berges et al., 2008).  
 

Macaques Humanized CD34+ reconstituted mice 
Advantages Disadvantages Advantages Disadvantages 

Similar viral 
pathogenesis to 
humans 

Genetically different 
than humans 

Target cells are 
human 

Lack of macro-
phages (Rag2/C-/-) 
and robust anti-
retroviral immunity 

Similar antiviral 
immune responses to 
humans 

Requires SIV or SHIV Can use different 
HIV-1 strains 

Small tissue/blood 
samples 

Long-term viral 
persistence during 
suppressive anti-
retroviral therapy 

Expensive and 
requires trained 
veterinary staff 

Can create genetic-
ally identical animals 
with cells from same 
donor 

Requires access to 
donor tissues and 
ability to perform 
transplants 

Access to large 
tissue/blood samples

Large size requiring 
more drugs 

Less overall cost Anatomically diff-
erent than humans 

Longer lifespan  Small size allows the 
use of less drugs 

Limited lifespan, 
especially BLT 

Table 1. Advantages and disadvantages to simian and murine models of HIV/AIDS 

2.3 What virus should be used with which model? 

With a wide array of simian and murine models of HIV/AIDS, it is difficult to know which 
one to use to answer a scientific question. Each model has its advantages and disadvantages 
(Table 1). Depending on the question, one has to weigh the pros and cons that may affect the 
results in deciding which model and which virus to employ. For example, macaques are 
more anatomically similar to humans and studying drug penetration into tissues or 
inhibition of virus in tissues, such as microbicides, may be more relevant in the monkey 
model. However, at this time HIV-1 replication is very limited in simians, necessitating the 
use of SIV or SHIVs. Therefore, drugs targeting viral proteins or virus-host cell protein 
interactions may be limited with these viruses and may require the use of HIV-1 in mice. 
Although mice are smaller and cheaper than monkeys, humanized murine models require 
significant expertise and human donors for tissue implantation and stem cell reconstitution 
that may not be more cost-effective for the investigator. The rest of the chapter will discuss 
the use of both simian and murine models for preclinical studies of anti-HIV therapies. 
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3. Therapy for HIV-1 prevention in animal models 
As there is no cure for HIV-1 yet, efforts have been made to develop and evaluate 
compounds that would prevent HIV-1 infection prior to or immediately after exposure to 
the virus. These differ from vaccines in that they are not designed to elicit antiviral 
immunity in advance of exposure, but rather would inhibit the virus before, during, or just 
after exposure to HIV-1 to avoid systemic infection. Pre-exposure prophylaxis would be 
initiated in high-risk individuals likely to be exposed to HIV-1, whereas post-exposure 
prophylaxis would be used in individuals who were believed to be recently exposed to the 
virus. Animal models have been used rather extensively over the past decade in this area of 
research with generally positive results. Unlike in clinical trials, the timing and adherence of 
treatment and the timing of virus challenge can be controlled in the model. 

3.1 Pre-exposure prophylaxis 

The majority of prevention therapy studies have focused on pre-exposure prophylaxis, or 
microbicides, against mucosal transmission of virus. This is particularly relevant in areas of 
the world where people, especially women, often are unable to control their partners’ use of 
condoms during sexual intercourse. Thus, a compound that can be applied mucosally or 
taken orally could inhibit HIV-1 infection either by targeting the virus or targeting viral 
interaction with host cell factors necessary for viral replication. 

3.1.1 Toxicity of mucosal drug application 

Generally, compounds that inhibit HIV-1 are discovered and characterized in vitro. Before 
going to clinical trials for efficacy testing, tolerability and toxicity studies in animals or 
people are often performed. In the case of topically applied microbicides, this entails 
determining whether a drug causes disruption of the mucosal epithelial layer that forms an 
intact barrier against incoming pathogens. The need for toxicity testing was made 
dramatically clear in the case of nonoxynol-9 (N-9), which was halted in clinical trials as a 
potential anti-HIV topical microbicide due to toxic effects that made users more susceptible 
to HIV-1 infection. N-9, a nonionic detergent present in some contraceptive gels, was shown 
long ago to inhibit viral replication in vitro (Hicks et al., 1985). Several clinical studies of N-9 
use in women during vaginal sexual intercourse suggested that it slightly increased the risk 
for HIV-1 seroconversion (Wilkinson et al., 2002). There were discrepancies on whether or 
not N-9 caused toxicity in the female genital tract, which may have been due to poor 
adherence and inappropriate application of the product. A careful study in the pigtailed 
macaque model showed that N-9 caused genital tissue damage (Patton et al., 1999). 

The female genital tract consists of stratified squamous epithelial cells (vagina and 
ectocervix) and simple columnar epithelium (endocervix), while the GI tract consists only of 
a single layer of columnar epithelial cells. Trials of N-9 for rectal use showed that histological 
abnormalities occurred in almost 90% of the subjects (Tabet et al., 1999) and caused rapid 
exfoliation of the rectal epithelium (Phillips et al., 2000). Similar results were also observed 
in pigtailed macaques (Patton et al., 2002), suggesting that safety testing is necessary for 
microbicides prior to initiating clinical studies to prevent enhanced HIV-1 transmission. 

Inflammation and toxicity markers and their correlation, or lack thereof, with complete 
protection from transmission are still incompletely defined. Administration of a foreign 
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stably maintain HIV-1 replication after intrarectal or intravaginal challenge (Denton et al., 
2008; Sun et al., 2007). However, NOD/SCID mice develop thymic lymphomas, resulting in 
a limited lifespan (Shultz et al., 1995). 
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lack T, B, and NK cells. These mice can also be reconstituted with CD34+ hematopoietic stem 
cells, leading to development of human T, B, and dendritic cells in the blood and different 
lymphoid tissues (Traggiai et al., 2004). The animals could be infected with HIV-1 and had 
detectable viremia for more than 27 weeks (Baenziger et al., 2006). Like the BLT model, 
Rag2-/-C-/- mice also had CD4+ target cells in mucosal tissues and could be infected 
intrarectally or intravaginally (Berges et al., 2008).  
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Table 1. Advantages and disadvantages to simian and murine models of HIV/AIDS 

2.3 What virus should be used with which model? 

With a wide array of simian and murine models of HIV/AIDS, it is difficult to know which 
one to use to answer a scientific question. Each model has its advantages and disadvantages 
(Table 1). Depending on the question, one has to weigh the pros and cons that may affect the 
results in deciding which model and which virus to employ. For example, macaques are 
more anatomically similar to humans and studying drug penetration into tissues or 
inhibition of virus in tissues, such as microbicides, may be more relevant in the monkey 
model. However, at this time HIV-1 replication is very limited in simians, necessitating the 
use of SIV or SHIVs. Therefore, drugs targeting viral proteins or virus-host cell protein 
interactions may be limited with these viruses and may require the use of HIV-1 in mice. 
Although mice are smaller and cheaper than monkeys, humanized murine models require 
significant expertise and human donors for tissue implantation and stem cell reconstitution 
that may not be more cost-effective for the investigator. The rest of the chapter will discuss 
the use of both simian and murine models for preclinical studies of anti-HIV therapies. 
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3. Therapy for HIV-1 prevention in animal models 
As there is no cure for HIV-1 yet, efforts have been made to develop and evaluate 
compounds that would prevent HIV-1 infection prior to or immediately after exposure to 
the virus. These differ from vaccines in that they are not designed to elicit antiviral 
immunity in advance of exposure, but rather would inhibit the virus before, during, or just 
after exposure to HIV-1 to avoid systemic infection. Pre-exposure prophylaxis would be 
initiated in high-risk individuals likely to be exposed to HIV-1, whereas post-exposure 
prophylaxis would be used in individuals who were believed to be recently exposed to the 
virus. Animal models have been used rather extensively over the past decade in this area of 
research with generally positive results. Unlike in clinical trials, the timing and adherence of 
treatment and the timing of virus challenge can be controlled in the model. 

3.1 Pre-exposure prophylaxis 

The majority of prevention therapy studies have focused on pre-exposure prophylaxis, or 
microbicides, against mucosal transmission of virus. This is particularly relevant in areas of 
the world where people, especially women, often are unable to control their partners’ use of 
condoms during sexual intercourse. Thus, a compound that can be applied mucosally or 
taken orally could inhibit HIV-1 infection either by targeting the virus or targeting viral 
interaction with host cell factors necessary for viral replication. 

3.1.1 Toxicity of mucosal drug application 

Generally, compounds that inhibit HIV-1 are discovered and characterized in vitro. Before 
going to clinical trials for efficacy testing, tolerability and toxicity studies in animals or 
people are often performed. In the case of topically applied microbicides, this entails 
determining whether a drug causes disruption of the mucosal epithelial layer that forms an 
intact barrier against incoming pathogens. The need for toxicity testing was made 
dramatically clear in the case of nonoxynol-9 (N-9), which was halted in clinical trials as a 
potential anti-HIV topical microbicide due to toxic effects that made users more susceptible 
to HIV-1 infection. N-9, a nonionic detergent present in some contraceptive gels, was shown 
long ago to inhibit viral replication in vitro (Hicks et al., 1985). Several clinical studies of N-9 
use in women during vaginal sexual intercourse suggested that it slightly increased the risk 
for HIV-1 seroconversion (Wilkinson et al., 2002). There were discrepancies on whether or 
not N-9 caused toxicity in the female genital tract, which may have been due to poor 
adherence and inappropriate application of the product. A careful study in the pigtailed 
macaque model showed that N-9 caused genital tissue damage (Patton et al., 1999). 

The female genital tract consists of stratified squamous epithelial cells (vagina and 
ectocervix) and simple columnar epithelium (endocervix), while the GI tract consists only of 
a single layer of columnar epithelial cells. Trials of N-9 for rectal use showed that histological 
abnormalities occurred in almost 90% of the subjects (Tabet et al., 1999) and caused rapid 
exfoliation of the rectal epithelium (Phillips et al., 2000). Similar results were also observed 
in pigtailed macaques (Patton et al., 2002), suggesting that safety testing is necessary for 
microbicides prior to initiating clinical studies to prevent enhanced HIV-1 transmission. 

Inflammation and toxicity markers and their correlation, or lack thereof, with complete 
protection from transmission are still incompletely defined. Administration of a foreign 
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compound is likely to induce innate immune responses. This is also the initial response of 
the body in countering HIV-1 immediately following exposure. Maintaining normal, intact 
tissue and normal microflora at mucosal sites during use of a topical microbicide will 
continue to be a challenge. And the use of oral drugs that can penetrate tissues also will 
need to be evaluated for safety and lack of mucosal toxicity. 

3.1.2 Therapeutic prevention studies 

Many compounds have been tested as pre-exposure prophylaxis in animal models prior to 
intravaginal, intrarectal, or oral exposure of virus. Such preventive drugs can be nonspecific 
to HIV-1 or specific antiretroviral compounds. Intravaginal or intrarectal transmission of 
HIV-1 occurs during sexual contact, while oral transmission may contribute to infection of 
infants during vaginal delivery. While both macaque and humanized mouse models have 
been useful for mucosal viral transmission, HIV-1 can only be used to infect humanized 
mice. Macaques can be infected effectively with chimeric SHIV viruses containing HIV-1 
envelope or RT.  And the anatomy of nonhuman primates, including the gastrointestinal 
and genital tracts, is more similar to that of humans. 

The majority of such pre-exposure prophylaxis studies have been performed with various 
levels of success in female macaques for the prevention of vaginal transmission. 
Compounds tested in macaque models have aimed to interfere with nonspecific viral 
attachment (Ambrose et al., 2008; Boadi et al., 2005; Kenney et al., 2011; Kim et al., 2006; 
Lagenaur et al., 2011; Li et al., 2009; Manson et al., 2000; Tevi-Benissan et al., 2000; Tsai et al., 
2004; Wyand et al., 1999), specific interactions of envelope with receptor/co-receptors (Kish-
Catalone et al., 2007; Lederman et al., 2004; Mascola et al., 2000; Parren et al., 2001; Veazey et 
al., 2008; Veazey et al., 2010; Veazey et al., 2003a; Veazey et al., 2005a; Veazey et al., 2009; 
Veazey et al., 2003b; Veazey et al., 2005b), and reverse transcription (Kenney et al., 2011; 
Parikh et al., 2009; Stolte-Leeb et al., 2011; Turville et al., 2008). Another study investigated 
hormone treatment, which leads to thickening of the vaginal epithelium, to prevent vaginal 
transmission of SIV in macaques (Smith et al., 2000b). More recently, the humanized mouse 
model has been used to prevent intravaginal transmission, using drugs targeting RT 
(Denton et al., 2008; Denton et al., 2011), integrase (Neff et al., 2011a), the CCR5 co-receptor 
(Neff et al., 2011a; Neff et al., 2010), and viral protein expression (Wheeler et al., 2011).  

Fewer studies have evaluated compounds that prevent intrarectal or oral transmission of 
HIV-1 or SHIVs. The FDA-approved RT inhibitor tenofovir was successful in preventing 
intrarectal transmission of SIV in macaques (Cranage et al., 2008) and of HIV-1 in 
humanized mice (Denton et al., 2010). Also, a novel RT inhibitor (Singer et al., 2011) and a  
nonspecific envelope attachment inhibitor (Tsai et al., 2003) were used to prevent intrarectal 
transmission of SHIVs in macaques. For prevention of oral viral transmission, only macaque 
models have been used. First, neutralizing antibodies were shown to be protective in 
neonates (Baba et al., 2000). More recently, subcutanously administered tenofovir was found 
to be somewhat protective against oral SIV challenge (Van Rompay et al., 2006; Van Rompay 
et al., 2001) while an oral tenofovir solution was ineffective (Van Rompay et al., 2006; Van 
Rompay et al., 2002b).  

While most of these studies have focused on topical gels and novel compounds, oral FDA-
approved antiretroviral compounds have been investigated recently as pre-exposure 
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prophylaxis. Tenofovir prevents HIV-1 replication, it is already approved for use in humans 
in the oral formulation, and high drug concentrations can be achieved in the male and 
female genital tracts (Kwara et al., 2008; Vourvahis et al., 2008). The use of a gel may not 
provide complete coverage of the mucosal surface, possibly leading to breakthrough 
infections. The CAPRISA 004 clinical trial recently showed a 39% overall reduction in HIV-1 
incidence in women using a vaginal tenofovir gel (Abdool Karim et al., 2010). The iPrEx and 
TDF2 trials showed that oral tenofovir in combination with another RT inhibitor, 
emtracitabine (FTC), reduced transmission in men who have sex with men (Grant et al., 
2010) or in heterosexual men and women (Roehr, 2011) by 44% and 63%, respectively. It is 
unclear whether the greater efficacy in the latter studies as compared to the CAPRISA 004 
study was due to oral administration of drug or use of two drugs instead of tenofovir alone. 
In macaques, intermittent dosing (2 hours before and 24 hours after challenge) of tenofovir 
alone or with FTC was equally as effective as daily dosing during weekly repeated low-dose 
rectal challenges (Garcia-Lerma et al., 2008). Less frequent doses would reduce cost to the user 
and would not require strict daily adherence. However, breakthrough infections in 2 of 6 
animals resulted in drug resistant viruses, which could potentially compromise future therapy. 

Interestingly, with the exception of tenofovir or tenofovir/FTC, no other microbicides have 
been successful in the clinic. It remains to be seen whether or not this is due to a specific 
property of tenofovir or RT inhibitors in general. Tenofovir acts specifically on viral reverse 
transcription, whereas most other microbicides tested clinically were nonspecific entry 
inhibitors. Also, tenofovir is the only drug that has been tested with repeated low-dose SIV 
oral, intravaginal, and intrarectal challenges in macaques (Garcia-Lerma et al., 2008; Parikh 
et al., 2009; Van Rompay et al., 2006). A nonspecific virus inactivating compound was tested 
in repeated high-dose intravaginal challenges 10-47 weeks apart, in which 90% of the 
animals were protected after the initial challenge (Ambrose et al., 2008). However, nearly all 
the animals became infected after the second challenge. It is unclear if noninfectious virus at 
the site of transmission elicits a detrimental immune response, inflammation, and/or an 
increase in target cells that can cause a subject to become more sensitized to infection. 

Until recently, mucosal challenge of SIV or SHIV required high doses of virus to ensure that 
all or most of the control animals become infected. More and more investigators are using 
repeated low-dose challenges in animal studies to recapitulate more realistic levels of virus 
detected in semen of untreated HIV+ men. Semen viral RNA levels are often similar to or 
lower than in the blood (Gupta et al., 1997; Liuzzi et al., 1996), but are significantly lower 
than those of laboratory stocks used in high-dose challenges (Marthas et al., 2001). Also, 
high-risk individuals may be exposed multiple times prior to becoming infected. A direct 
comparison of a high-dose challenge and repeated low-dose rectal challenges in a small 
study on oral tenofovir pre-exposure prophylaxis showed that the low-dose model was 
actually somewhat more stringent (Subbarao et al., 2007). The disadvantage of the low-dose 
model is that multiple challenges are required to infect untreated control monkeys, and this 
number varies significantly among animals. This can affect statistics and often leads to 
longer experiments, which can increase study costs. 

3.2 Post-exposure prophylaxis  

Most post-exposure prophylaxis research has focused on entry and reverse transcription 
inhibitors that target the earliest steps of HIV-1 replication. Tenofovir was the first 
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successful drug used for post-exposure treatment in the macaque model against intravenous 
challenge of SIV (Tsai et al., 1995). Animals did not become infected when daily tenofovir 
treatment was initiated 4 or 24 hours post-challenge, continuing for 4 weeks. A similar study 
with AZT did not show protection 3 hours after intravenous SIV inoculation (Fazely et al., 
1991). Later, vaginal transmission was largely prevented in macaques after tenofovir 
treatment began 12 or 36 hours post-challenge but not after 72 hours (Otten et al., 2000).   

The other post-exposure prophylaxis method used in the macaque model has been passive 
transfer of neutralizing antibodies targeting HIV-1 envelope. Antibody transfer into 
macaques 6 hours post-infection with SHIV showed 75% protection, which declined to 50% 
after 24 hours (Nishimura et al., 2003). Multiple monoclonal antibodies were more 
successful than an individual antibody. Complete protection was also seen after antibody 
infusion 1 hour after oral SHIV challenge of neonates, which decreased after 12 or 24 hours 
(Ferrantelli et al., 2004).  

While these post-exposure prophylaxis studies showed promise, highly pathogenic viruses 
may be more difficult to control. One study showed that a combination of neutralizing 
antibodies given to neonates at 1 hour and 8 days post-challenge led to 100% protection in 
animals infected with a SHIV, but did not protect animals from a more pathogenic virus 
(Hofmann-Lehmann et al., 2001). This same highly pathogenic virus also failed to be 
controlled by triple therapy of AZT, 3TC, and the protease inhibitor indinavir when initiated 
4 hours after intravenous infection and continued for 14-28 days (Bourry et al., 2009; Le 
Grand et al., 2000). These studies noted that although most of the animals became infected, 
plasma viremia was reduced compared to the control animals, suggesting a partial 
protective effect of the treatment regimens. 

3.3 Mother-to-child transmission prevention 

Mother-to-child transmission (MTCT) of HIV-1 occurs via three mechanisms: in utero via 
virus transfer across the placenta, intrapartum presumably by oral inoculation of the 
infected mother’s blood, and breastfeeding. An early clinical trial showed that AZT therapy 
of HIV-infected women during pregnancy and of infants in the first 6 weeks after birth led 
to a 67.5% reduction in MTCT (Connor et al., 1994).  

In resource-rich nations, combination therapy is now the standard of care for pregnant 
women. However, the cost of multiple drugs and/or multiple doses of drugs poses a 
challenge in resource-limited countries. Thus, studies were conducted in which single doses 
of nevirapine were administered to women during labor (and sometimes to the infant) to 
prevent MTCT. Nevirapine, a non-nucleoside RT inhibitor, has less toxicity than AZT and 
has a long half-life (Musoke et al., 1999). Single-dose nevirapine treatment effectively 
reduced HIV-1 MTCT to a similar degree as multiple doses of AZT (Guay et al., 1999). 
Unfortunately, it was revealed that single-dose nevirapine caused the development of drug-
resistant virus in the mothers and in infants that subsequently became infected (Eshleman et 
al., 2001), which could be present at low frequencies for long periods of time (Flys et al., 
2005; Palmer et al., 2006). Such drug resistance compromised subsequent treatment in the 
mothers (Jourdain et al., 2004).  

Few studies on MTCT have been performed in animal models. One study using a pregnant 
macaque model of MTCT showed that short-term combination therapy could successfully 
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prevent in utero transmission of HIV-2 to the fetus/infant (Ho et al., 2000). SIV transmission 
in nonhuman primates via breastfeeding has been demonstrated and used to study 
tenofovir pharmacokinetics in breast milk (Van Rompay et al., 2005). However, this model 
has not be used in any therapeutic prevention studies. Oral inoculation macaque models 
have been used to study pre-exposure and post-exposure prophylaxis, as discussed above.  

It appears that the first few hours after virus exposure is critical for using therapy to stop 
infection. This is important to minimize the spread of virus to new target cells. While most 
research has focused on a single inhibitor or class of inhibitors, it remains to be seen if drug 
combinations will afford more time to an exposed individual to prevent fulminant infection. 
Treatment of adults and infants, even when initiated immediately after exposure, may be 
ineffective if they have been exposed to drug-resistant or highly pathogenic viruses. This 
could be alleviated with combination therapy. Also, post-exposure treatment has generally 
been administered daily for 4 weeks. To save money and to avoid prolonged side effects 
from the drugs, can the duration of therapy be shortened and remain effective? Finally, will 
breakthrough infections result in selection of drug-resistant viruses, which could lead to 
virologic failure during subsequent antiretroviral treatment? 

4. Animal models for new suppressive antiretrovirals, combinations, and 
deliveries 
Animal models for antiretroviral research can be used to test novel compounds for their 
toxic properties, pharmacokinetics and bioavailability, and antiretroviral efficacy. 

4.1 Toxicity, pharmacokinetics, tissue distribution 

While it is impossible to document or list all antiretroviral pharmacokinetics and toxicity 
research in animals here, a few examples of early and new studies should be noted. 
Nucleoside analogs that inhibit reverse transcription, such as ddC (Kelley et al., 1987) and 
d4T (Keller et al., 1995), were tested in mice and monkeys for toxicity and pharmacokinetics. 
The short-term and long-term effects of tenofovir in newborn/infant macaques showed 
bone and kidney toxicities (Van Rompay et al., 2004). Also, non-nucleoside RT inhibitors, 
such as efavirenz, were tested in animals for pharmacokinetics (Balani et al., 1999). 
Investigators also developed drugs to the other HIV-1 enzymes: protease and integrase. 
While many of the protease inhibitors had poor efficacy against SIV, their pharmacokinetics 
could be assessed in animals, such as that of nelfinavir (Kaldor et al., 1997). Many integrase 
inhibitors were screened by Merck, leading to testing of many potential new compounds for 
good bioavailability in nonhuman primates and mice (Gardelli et al., 2007; Pace et al., 2007). 
Even HIV-1 entry inhibitors, such as SCH-D, which would later be named vicriviroc, were 
tested in mice and monkeys for general pharmacokinetics (Tagat et al., 2004). Also, 
maraviroc was studied for intrapartum pharmacokinetics and dynamics in pregnant 
macaques as a potential method to prevent MTCT (Winters et al., 2010). 

4.2 Efficacy in viral inhibition 

The virus and model used to test antiretroviral drug efficacy are dependent on the drug 
target. For example, due to sequence differences in the Gag protein, the maturation inhibitor 
bevirimat does not inhibit SIV (Zhou et al., 2004). Therefore, proof of concept in vivo studies 
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Even HIV-1 entry inhibitors, such as SCH-D, which would later be named vicriviroc, were 
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were performed in a humanized mouse model to show drug inhibition against HIV-1 
(Stoddart et al., 2007). Similarly, testing of a CCR5 inhibitor like maraviroc is best used with 
HIV-1 envelope. Therefore, nonhuman primate studies were performed with SHIV virus 
containing a CCR5-tropic envelope (Veazey et al., 2003a). 

Many novel antiretroviral small molecule inhibitors have been characterized for efficacy 
against HIV, SIV, or SHIV in animal models, many leading to FDA approval or to more 
improved versions of the compounds (reviewed in Ambrose and KewalRamani, 2008; Van 
Rompay, 2010). For example, PMEA, a drug related to tenofovir, was found to inhibit SIV 
infection effectively in macaques (Balzarini et al., 1991). Unfortunately, PMEA was very 
toxic in vivo, which lead to the development of the related and less-toxic compound 
tenofovir (previously called PMPA), which has been studied extensively in monkeys for 
viral inhibition (Balzarini et al., 1991; Lifson et al., 2003; Smith et al., 2000a; Tsai et al., 1998). 
Another RT inhibitor, stavudine, was tested for antiretroviral properties in HIV-2-infected 
macaques (Watson et al., 1997). And after many years of screening compounds in vitro, a 
precursor to the first FDA-approved integrase inhibitor, raltegravir, was shown to be 
effective in viral inhibition in the macaque model (Hazuda et al., 2004).  

While many exciting novel antiretroviral inhibitors are currently under investigation in in 
vitro models, general efficacy testing is not always performed in an animal model prior to 
clinical studies. This is due to the high costs associated with these experiments, particularly 
in macaques and humanized mice. The major advantage of an animal model is the ability to 
perform procedures that may exacerbate disease or that are highly invasive. These may not 
be ethical or easy to perform in humans. For example, treatment interruptions or intentional 
induction of drug resistance is likely to be harmful to an HIV-infected individual. However, 
understanding the effects of these procedures can lead to a better understanding of the 
development of drug resistance and its effects on subsequent treatment regimens. Also, 
obtaining organs, longitudinal blood or tissue samples, and specific time points after 
infection or therapy initiation cannot be acquired easily in people.  

4.3 Drug resistance 

Drug resistance in HIV-infected individuals arises from inadequate therapy, which could be 
the result of ineffective prescribed therapy or nonadherence. While most data on HIV-1 
drug resistance have been obtained from clinical studies, the macaque model has been used 
to address various questions on the development and consequences of drug-resistant virus.  

Because nucleoside analogs such as tenofovir and FTC inhibit SIV and have good 
pharmacokinetics in macaques, mutations to these drugs have been studied in the monkey 
model. The primary resistance mutation to FTC has been studied for its effects on in vivo 
viral virulence and fitness (Van Rompay et al., 2002a). Similarly, mutations conferring 
resistance to tenofovir were studied in SIV for their emergence and suppression in vivo 
during tenofovir monotherapy (Van Rompay et al., 2007). Resistant viruses were identified 
in macaques with breakthrough infections after intermittent tenofovir/FTC pre-exposure 
prophylaxis with intrarectal challenge (Garcia-Lerma et al., 2008). And FTC- and tenofovir-
resistant SHIV mutants were created and tested for their mucosal transmissibility (Cong et 
al., 2011), presumably to determine the effects of tenofovir and FTC pre-exposure 
prophylaxis on transmitted drug-resistant virus. 
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RT-SHIVs were created to study non-nucleoside RT inhibitors, such as efavirenz, that are 
specific to HIV-1 but not to HIV-2 or SIV. Efavirenz monotherapy leads to the emergence of 
common resistance mutations that are seen in patients (Ambrose et al., 2007; Hofman et al., 
2004). Efavirenz combined with tenofovir and FTC is a commonly prescribed combination 
therapy for HIV-infected individuals and was shown to be effective in reducing RT-SHIV 
plasma viremia in two species of macaques (Ambrose et al., 2007; North et al., 2005). Prior 
efavirenz resistance was shown to compromise combination therapy in one animal, leading 
to accumulation of FTC-resistant mutations in the virus and, ultimately, failure of therapy 
(Ambrose et al., 2007). This was similar to results described earlier in the single-dose 
nevirapine trials for prevention of MTCT. In addition, the RT-SHIV model allowed the 
study of viral subpopulation dynamics in animals, including those of drug-resistant viral 
variants (Shao et al., 2009). 

While resistance to clinically used antiretrovirals, such as FTC, tenofovir, and efavirenz, are 
well documented, compounds for pre-exposure prophylaxis have also been evaluated in 
vivo for the ability to select for drug-resistant viruses. As stated earlier, breakthrough 
infections after FTC and tenofovir prophylaxis was demonstrated in macaques (Garcia-
Lerma et al., 2008). Similarly, mutations in the SHIV envelope were observed in virus from a 
macaque after ineffective use of the topical entry inhibitor PSC-RANTES that conferred little 
or no resistance to the compound (Dudley et al., 2009). Monitoring of potential drug-
resistant virus is critical in preclinical and clinical studies with new inhibitors, as resistance 
may negatively impact efficacy of future treatment regimens. 

4.4 New delivery methods 

One complication of HIV-1 infection is the presence of large numbers of infected cells within 
different tissues. Although discussed more in the next section, CD4+ target cells are present 
within lymphoid tissues, the brain, and multiple mucosal tissues. Drug penetration into 
these tissues is likely to be lower than in the blood, allowing viral replication to continue 
within tissues. Research on better drug delivery methods into different tissues has been 
ongoing. This will be especially important for methods to target drugs into mucosal tissues 
during pre-exposure prophylaxis and also persisting viral reservoirs.  

While there may be many novel delivery methods in the pipeline, only a few have been 
tested in vivo to specifically prevent transmission of or reduce replication of HIV-1/2. One 
novel delivery method of antiretrovirals to tissues is the formation and administration of 
drug nanocomplexes. A protease inhibitor, indinavir, was formed into nanoparticles and 
delivered to HIV-2-infected macaques, leading to significantly increased lymph node 
lymphocyte drug concentrations as compared to animals given the drug orally (Kinman et 
al., 2003). Nanoparticles are often cleared from the blood and tissues by phagocytic cells, 
such as macrophages. As macrophages are infected by HIV-1, these cells have been 
proposed as a target for drug delivery and phagocytosis of drug by infected cells may be 
beneficial. A single intravenous dose of indinavir-containing nanoparticles in mice with 
HIV+ brain macrophages led to drug levels in the brain for up to 14 days and reduced virus 
replication in the brain (Dou et al., 2009). Nevertheless, optimization of nanocomplexes by 
coating their surfaces with polyethylene glycol resulted in sustained levels in the blood of 
mice and less clearing by macrophages (Levchenko et al., 2002).  
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Another newly developed technology is the silencing of protein expression by small 
interfering RNAs (siRNA). siRNA can be designed to target specific mRNA in cells for 
degradation, leading to loss of protein expression (Hammond et al., 2000; Zamore et al., 
2000). Because siRNA can be designed specifically to silence almost any RNA, they have 
been proposed for treatment of various diseases, including HIV-1 infection. However, 
targeting siRNA to specific cell types, to infected cells, and into tissues has been challenging, 
as they do not easily cross the plasma membrane and are quickly degraded by nucleases. 
Therefore, different delivery methods have been explored for more optimal targeting of siRNA 
to HIV-infected cells. For example, siRNA were bound to an antibody fragment that 
recognized HIV-1 envelope. These antibody-siRNA molecules were able to specifically target 
and enter envelope-expressing cells in mice (Song et al., 2005). And many techniques for 
introducing siRNA into nanoparticles have been tested for better pharmacokinetics, but these 
have been mainly preclinical studies not involving HIV-1 (reviewed in Yuan et al., 2011). 

More recently, another method of delivering siRNA has been tested in both humanized mouse 
models to inhibit HIV-1 infection. RNA aptamer-siRNA chimeras were generated such that the 
aptamer portion would selectively bind to a cell surface molecule, delivering the siRNA to 
target cells (McNamara et al., 2006). RNA aptamers are oligonucleotides that are designed to 
bind tightly to specific proteins (Ellington and Szostak, 1990; Tuerk and Gold, 1990). One 
group used a mixture of chimeric RNAs with a CD4-binding aptamer and with siRNA 
targeting mRNA encoding the HIV-1 co-receptor CCR5 and viral proteins as a topical vaginal 
microbicide in BLT mice (Wheeler et al., 2011). The drug was able reduce CCR5 expression in 
vivo and resulted in a significant reduction of virus transmission. Another group used chimeric 
RNAs with HIV-1 envelope-binding aptamers and siRNA targeting multiple HIV-1 mRNA 
(Neff et al., 2011b). They were injected into HIV-1-infected Rag2-/-C-/- humanized mice, 
leading to a significant reduction of both plasma viremia and CD4+ cell depletion.  

The development of novel drugs and drug delivery methods is important for HIV-1 
research. First, toxicity and adverse side effects of existing antiretrovirals are not trivial and 
should be improved to promote better adherence. Second, a lack of adherence will lead to 
drug resistance, which can affect multiple available treatment regimens. Third, improved 
prevention strategies will be necessary in the absence of a cure and in curbing the spread of 
HIV-1 infection among high-risk individuals. Lastly, as discussed below, targeting of new 
drugs to tissues to eliminate infected cells is an exciting possibility only recently realized. 

5. Animal models for targeting persisting viral reservoirs 
There is no cure for HIV-1. While HIV-infected individuals can suppress plasma viremia to 
undetectable levels with effective therapy, infected cells remain in the body and virus will 
return to the blood if therapy is halted or drug-resistance arises. The cells and tissues that 
harbor proviral DNA are considered viral reservoirs and are not completely characterized. 
Animal models allow investigators to more easily evaluate where infected cells are located 
and how to eradicate them than in humans.  

5.1 Evaluating viral reservoirs during antiretroviral therapy 

Because antiretroviral drugs were designed to target HIV-1, some of them are inefficient or 
unable to suppress SIV replication. In an animal model, antiretroviral suppression should be 
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as good as what is observed in humans on combination antiretroviral therapy. Standard 
assays detect down to 50 copies of viral RNA per milliliter of plasma, but even with typical 
three drug regimens it has been difficult to completely inhibit plasma viremia in some 
macaques to undetectable levels (Ambrose et al., 2007; Dinoso et al., 2009; Lugli et al., 2011; 
North et al., 2005). The ability to achieve complete suppression generally correlates with the 
level of plasma viremia prior to treatment, such that higher viral loads are more difficult to 
completely suppress (Kearney et al., 2011). In mouse models, combination therapy has only 
been evaluated in humanized Rag2-/-C-/- mice, which also showed incomplete viral 
suppression (Choudhary et al., 2009; Sango et al., 2010). These results may be due to reduced 
efficacy against SIV proteins and/or different drug pharmacokinetics in macaques or mice 
as compared to humans. 

In identifying and characterizing persistent viral reservoirs in an animal model, complete 
and sustained suppression is necessary. Recent reports suggest that ongoing viral 
replication does not occur during suppressive therapy in humans, based on a lack of viral 
evolution (Bailey et al., 2006; Kieffer et al., 2004; Nottet et al., 2009; Persaud et al., 2007). This 
was also observed in RT-SHIV-infected monkeys with sustained plasma virus suppression 
(Kearney et al., 2011). Continued virus replication in the presence of incomplete suppression 
will lead to infection of new target cells and re-seeding of reservoirs, which will interfere 
with identification of the actual reservoir that was established prior to initiation of therapy. 
This is especially important when looking at the reduction of infected cells by virus 
eradication therapies, as discussed below. 

Despite the lack of complete suppression in many animals, the macaque model has been 
used to try to identify and characterize viral reservoirs. In an SIV model with FTC and 
tenofovir therapy, it was shown that resting CD4+ T lymphocytes from lymph nodes but not 
thymocytes contribute to the reservoir (Shen et al., 2003). While viral DNA was detected in 
multiple tissues of RT-SHIV-infected animals with and without triple therapy, very little or 
no viral RNA was detected in these tissues during complete suppression (North et al., 2010; 
Ambrose et al., unpublished results). Lymphoid and gastrointestinal tissues showed the 
highest level of viral DNA in virally suppressed animals, suggesting that they consist of the 
majority of the viral reservoir. In a model of neuropathogenic AIDS, although viremia in 
plasma and cerebral spinal fluid was significantly reduced by therapy, levels of viral DNA 
in the brains of these animals were not significantly different than the untreated controls, 
suggesting that virally infected cells in the central nervous system can contribute to the 
reservoir (Zink et al., 2010).  

5.2 Preliminary studies using animal models for eradication strategies 

To target persisting HIV-infected cells with therapeutic drugs for their eradication, one 
needs to know where the reservoirs are located and what types of cells are infected. While 
more research needs to be performed to address the type and location of infected CD4+ cells 
that persist and if these vary at different anatomical locations, investigators are already 
testing novel therapies to selectively target infected cells.   

The majority of these strategies aim to stimulate latently infected, resting CD4+ cells during 
suppressive antiretroviral therapy. The purpose is to promote replication of virus in those 
cells without causing global immune activation and without leading to spread of infection to 
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replication does not occur during suppressive therapy in humans, based on a lack of viral 
evolution (Bailey et al., 2006; Kieffer et al., 2004; Nottet et al., 2009; Persaud et al., 2007). This 
was also observed in RT-SHIV-infected monkeys with sustained plasma virus suppression 
(Kearney et al., 2011). Continued virus replication in the presence of incomplete suppression 
will lead to infection of new target cells and re-seeding of reservoirs, which will interfere 
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new cells. Histone deacetylase (HDAC) inhibitors and phorbol esters that stimulate protein 
kinase C (PKC) have received attention for their ability to activate latent HIV-1 expression in 
vitro (Colin and Van Lint, 2009). Clinical studies showed little or no decrease in latently 
infected cells or vDNA in most subjects by administration of a FDA-approved HDAC 
inhibitor, valproic acid, in the presence of suppressive ART (Archin et al., 2008; Sagot-
Lerolle et al., 2008; Siliciano et al., 2007). This is most likely to be a result of incorrect 
HDAC(s) targeting and/or inadequate drug concentrations (Huber et al., 2011; Keedy et al., 
2009). 

Animal models will be useful to test efficacy and mechanisms of action of potential 
therapies to eliminate infected cells from the body. Very recently a few studies have 
described the use of novel strategies in vivo and ex vivo to target viral reservoirs. Lipid 
nanoparticles containing the PKC activator bryostatin minimally induced proviral 
expression from infected CD4+ cells isolated from SCID-hu mice with thymus/liver 
implants (Kovochich et al., 2011). Also, a gold-based compound, auranofin, was used to 
treat SIV-infected macaques already receiving triple therapy (Lewis et al., 2011). After a 
month of treatment, PBMC proviral DNA levels decreased in the animals and plasma viral 
RNA was reduced after interruption of treatment. 

While new eradication treatments are promising for reducing or eliminating viral reservoirs, 
there are many issues and remaining questions that need to be addressed. First, an 
assumption is that latently infected cells will die after they are activated. However, to date 
this has not been demonstrated in animals or in people. And it remains to be seen if there 
are strategies that can selectively activate HIV- or SIV-infected cells but not uninfected cells. 
Second, it is important to identify models or treatment options that can achieve complete, 
sustained virus suppression as is observed in patients. If this is achieved, methods to 
measure decreases in viral reservoirs will need to be optimized, including assays to measure 
a single copy of plasma viral RNA, a single infected cell, and spliced vs. unspliced viral 
RNA. 

Finally, there are two caveats to the mouse and macaque models for studying persisting 
viral reservoirs. While mice can be rather effectively repopulated with a largely functional 
immune system, their anatomy is largely different than that of humans. Identification of 
reservoirs in mice will need to be confirmed with what is already known in humans. And 
although monkeys are more similar anatomically to humans, HIV-1 replication is not 
maintained in these animals. It remains to be seen whether transcriptional activation of SIV 
is similar to or different than that of HIV-1. Compounds designed to target activation of the 
HIV-1 LTR may not work or may work differently against SIV LTRs. Characterization of the 
various models for investigation of virus reservoirs should, therefore, continue. 

6. Conclusion 
This chapter has highlighted the use of macaque and mouse models for antiretroviral 
therapies. These animal models have improved greatly since the development of SHIVs and 
the ability to reconstitute a functional human immune system in mice. Refinement of these 
models is ongoing to make them more closely resemble humans with regards to infection, 
pathogenesis, and antiretroviral immunity. For example, macaque models can be improved 
by increased understanding of macaque cell proteins that inhibit HIV-1 infection as well as 
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the genetic differences between HIV-1 and SIV, particularly the accessory proteins that 
appear to significantly contribute to pathogenesis. Not only will these findings make a better 
animal model, but virus-host cell protein interactions characterized by these studies may 
also lead to new therapeutic targets. Also, alterations of the current humanized mouse 
models to improve tissue immune cell reconstitution and anti-HIV adaptive immune 
responses will better recapitulate HIV-1 infection of humans. 

While much work has been accomplished in HIV-1 research, questions remain for pre- and 
post-exposure prophylaxis, antiretroviral pharmacokinetics and efficacy, drug resistance, 
new drug delivery technologies, and methods for virus eradication. Using the models 
described here can help answer many of these questions, if used appropriately. Animal 
models continue to improve therapeutics against HIV-1 and they will be critical for 
addressing these important issues, bridging basic research together with clinical trials for 
HIV-1 prevention, treatment, and eradication. 
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1. Introduction 
The influenza virus types A, B, and C belong to the family Orthomyxoviridae. Influenza B and 
C viruses are predominantly human pathogens, whereas influenza A virus spreads not only 
in humans but also in many animals, including birds and pigs. This characteristic of 
influenza A viruses is a major cause of influenza pandemics in humans. Influenza A viruses 
are responsible for periodic widespread epidemics, or pandemics, which have taken the 
form of respiratory diseases with cold-like symptoms, but also sometimes serious disease 
with high mortality rates (Webster et al., 1992). Four outbreaks of influenza occurred in the 
last and current centuries: Spanish influenza (H1N1) in 1918, Asian influenza (H2N2) in 
1957, Hong Kong influenza (H3N2) in 1968, and H1N1 influenza in 2009. Recently, an 
influenza pandemic was caused by swine influenza (H1N1) in 2009, and according to the 
European Centre for Disease Prevention and Control, so far this global pandemic brought 
on 1.2 million infections and took the lives of more than fourteen thousand people. A strong 
sense of fear pervaded, but many lessons were learned from this pandemic. For example, 
this pandemic illustrated once again that the available vaccines against influenza virus 
were not completely effective for the prevention of influenza outbreaks, due to the 
extraordinarily rapid mutation rate that influenza viruses possess (Steinhauer & Holland, 
1987). In addition, we did not have enough efficient antiviral drugs to cover all of the 
people infected (Stiver, 2004). On the other hand, there had been avian influenza (H5N1) 
infections in humans several years ago in Southeast Asia (Tran et al., 2004), and, 
importantly, that virus caused a high mortality rate. Putting it all together, in the face of 
the persistent threat of human influenza A infections, and moreover, the possibility of 
outbreaks of an avian influenza (H5N1) pandemic (Ungchusak et al., 2005; Wang et al., 
2008), there is much concern about the shortage of effective anti-influenza virus agents, 
and for this reason, the development of novel anti-influenza virus agents is being strongly 
demanded. 

Influenza A virus is a negative-stranded RNA virus with an eight-segmented genome that 
encodes 12 different proteins, including polymerase basic (PB)1, PB1-F2, an N-terminally 
truncated version of the polypeptide (N40), the translation of which is directed by PB1 
codon 40, PB2, polymerase acidic protein (PA), hemagglutinin (HA), nucleoprotein (NP), 
neuraminidase (NA), matrix protein (M)1, M2, nonstructural protein (NS)1 and NS2 (Wise 
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1. Introduction 
The influenza virus types A, B, and C belong to the family Orthomyxoviridae. Influenza B and 
C viruses are predominantly human pathogens, whereas influenza A virus spreads not only 
in humans but also in many animals, including birds and pigs. This characteristic of 
influenza A viruses is a major cause of influenza pandemics in humans. Influenza A viruses 
are responsible for periodic widespread epidemics, or pandemics, which have taken the 
form of respiratory diseases with cold-like symptoms, but also sometimes serious disease 
with high mortality rates (Webster et al., 1992). Four outbreaks of influenza occurred in the 
last and current centuries: Spanish influenza (H1N1) in 1918, Asian influenza (H2N2) in 
1957, Hong Kong influenza (H3N2) in 1968, and H1N1 influenza in 2009. Recently, an 
influenza pandemic was caused by swine influenza (H1N1) in 2009, and according to the 
European Centre for Disease Prevention and Control, so far this global pandemic brought 
on 1.2 million infections and took the lives of more than fourteen thousand people. A strong 
sense of fear pervaded, but many lessons were learned from this pandemic. For example, 
this pandemic illustrated once again that the available vaccines against influenza virus 
were not completely effective for the prevention of influenza outbreaks, due to the 
extraordinarily rapid mutation rate that influenza viruses possess (Steinhauer & Holland, 
1987). In addition, we did not have enough efficient antiviral drugs to cover all of the 
people infected (Stiver, 2004). On the other hand, there had been avian influenza (H5N1) 
infections in humans several years ago in Southeast Asia (Tran et al., 2004), and, 
importantly, that virus caused a high mortality rate. Putting it all together, in the face of 
the persistent threat of human influenza A infections, and moreover, the possibility of 
outbreaks of an avian influenza (H5N1) pandemic (Ungchusak et al., 2005; Wang et al., 
2008), there is much concern about the shortage of effective anti-influenza virus agents, 
and for this reason, the development of novel anti-influenza virus agents is being strongly 
demanded. 

Influenza A virus is a negative-stranded RNA virus with an eight-segmented genome that 
encodes 12 different proteins, including polymerase basic (PB)1, PB1-F2, an N-terminally 
truncated version of the polypeptide (N40), the translation of which is directed by PB1 
codon 40, PB2, polymerase acidic protein (PA), hemagglutinin (HA), nucleoprotein (NP), 
neuraminidase (NA), matrix protein (M)1, M2, nonstructural protein (NS)1 and NS2 (Wise 
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et al., 2009) (Fig. 1b). Nine of these proteins are incorporated into the virion. The influenza 
virus particles, which are ~100 nm in diameter, form by budding from the plasma 
membrane of infected cells (Fig. 1a). On the surface of the virion, there are two main 
antigenic determinants, the spike glycoproteins HA and NA. There are considerable 
antigenic variations among influenza viruses consisting of 16 different types of HA (H1-
H16) and 9 different types of NA (N1-N9) (Fouchier et al., 2005; Hinshaw et al., 1982; 
Kawaoka et al., 1990; Rohm et al., 1996; World Health Organization, 1980). In addition, 
another viral protein is inserted in the viral membrane: M2, a low-abundance ion channel 
involved in uncoating and HA maturation (Fig. 1b). Underlying the membrane is the matrix 
or M1 protein, the major structural component of the virion, which is thought to act as an 
adaptor between the lipid envelope and the ribonucleoprotein (RNP) complexes and is 
probably the mediator of virus budding (Gómez-Puertas et al., 2000). Inside the shell of M1 
lie the viral RNP complexes (vRNPs), which comprise the genomic RNA segments in 
association with a trimeric RNA polymerase (PB1, PB2 and PA subunits) and the 
stoichiometric quantities of NP (Fig. 1c). Also found in the virion are small quantities of the 
NEP and NS2 proteins. 

The surface proteins HA, NA, and M2 are the targets of vaccines and anti-viral drugs. Two 
classes of drugs including adamantanes (amantadine and rimantadine) and NA inhibitors 
(oseltamivir, zanamivir, peramivir, and laninamivir) are available for the treatment of the 
influenza infection (Kubo et al., 2010; Vanvoris et al., 1981; Wingfiel et al., 1969; Yamashita, 
2011). Because the adamantanes exert several toxic effects on the central nervous system 
(Bryson et al., 1980; Keyser et al., 2000) and also because of the emergence of resistant 
variants (Bright et al., 2005, 2006), the use of these drugs is limited. Currently, the NA 
inhibitors are used widely for drug therapies to treat influenza patients because of high 
inhibitory effects and little toxicity. However, resistant strains, and especially oseltamivir-
resistant strains, have also been reported in recent years (Besselaar et al., 2008; Dharan et al., 
2009; Hauge et al., 2009; Hurt et al., 2009). The fact that available drugs target only two steps 
of the viral life cycle, along with the appearance of oseltamivir-resistant influenza strains, 
strongly highlights the need for treatment alternatives or novel antiviral drugs targeting 
other proteins besides M2 or NA. 

In contrast to the surface proteins, after entry into the cytoplasm, the vRNPs are imported 
into the nucleus for the production of viral messenger RNAs. RNA polymerases, such as 
PB1, PB2, and PA, transcribe and replicate the virus genome, while NP encapsidates the 
virus genome to form an RNP complex for the purposes of transcription and packaging. 
Thus, influenza virus transcription and replication are initiated after transport to the nucleus 
of vRNPs. A promising target for blocking influenza A viruses is the NP, which is expressed 
in the early stage of infection and plays important roles in numerous steps of viral 
replication. NP preserves viral genomic RNA (vRNA) stability and contains many 
functional domains in its sequence, such as a nuclear localization signal (NLS), an RNA 
binding site, an NP-NP binding site, and a PB2 binding domain. In addition, NP is relatively 
well conserved compared with viral surface spike protein. Here, we summarize current 
knowledge about influenza therapy, the functions of NP involved in the nuclear-import step 
of influenza virus replication, and how this could facilitate the discovery of a new small 
molecule involved in influenza replication. 
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(a) Influenza virus particles (A/WSN/33) were isolated by sucrose density gradient ultracentrifugation, 
and purified particles were observed by electron microscope with uranyl acetate-staining. (b) Model of 
influenza virus particle. The particle contains eight segments that make up the RNA genome. There 
were three major proteins (HA, NA, and M2) on the surface of the viron. (c) Diagram of the viral 
ribonucleoprotein (vRNP). The vRNA is associated with NP, PB2, PB1, and PA, which are composed of 
vRNPs.  

Fig. 1. Electron microscopy and model of influenza virus particles.  

2. Viral life cycle 
Influenza A virus is one of the rare RNA viruses that replicate in the nucleus. The design of 
effective anti-influenza virus therapeutics is based on detailed knowledge of the biology of 
the virus. Fig. 2 shows the viral life cycle of the influenza virus. Generally, the influenza 
virus is adsorbed to the host cell through the binding of HA glycoproteins with sialic acid 
groups as receptors on the host cell, which are distributed on membrane-bound proteins 
and lipids. Then, the influenza virus is taken up into host cells through receptor-mediated 
endocytosis (Matlin et al., 1981). In the acidic environment of the endosome, HA changes to 
the active form and promotes fusion of the viral envelope with the endosomal membrane 
(Stegmann et al., 1987; White et al., 1982). The acidification of the endosome is necessary not 
only for the membrane fusion of HA but also the activation of the M2 ion channel. The 
activation of the M2 ion channel leads to proton entry into the virions, which causes 
uncoating of the vRNPs (Bui et al., 1996; Pinto et al., 1992). All vRNA are associated with the 
NP, which is bound at a distance of 24 nucleotides (Compans et al., 1972; Ortega et al., 2000). 
It is also suggested that vRNA is associated with trimeric RNA polymerase, which are 
composed of vRNPs (Klumpp et al., 1997). Influenza virus transcription and replication are 
initiated after the transport of vRNPs into the nucleus. After uncoating, the vRNPs are 
transported into the nucleus through importin / transport systems, where they undergo 
transcription and replication (Herz et al., 1981; Martin & Helenius, 1991). Transcription of 
vRNA requires capped RNA primers snartched from cellular pre-mRNAs and premature 
poly(A) termination of transcripts (Bouloy et al., 1978; Plotch et al., 1979; Robertson et al.,  
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virus particles, which are ~100 nm in diameter, form by budding from the plasma 
membrane of infected cells (Fig. 1a). On the surface of the virion, there are two main 
antigenic determinants, the spike glycoproteins HA and NA. There are considerable 
antigenic variations among influenza viruses consisting of 16 different types of HA (H1-
H16) and 9 different types of NA (N1-N9) (Fouchier et al., 2005; Hinshaw et al., 1982; 
Kawaoka et al., 1990; Rohm et al., 1996; World Health Organization, 1980). In addition, 
another viral protein is inserted in the viral membrane: M2, a low-abundance ion channel 
involved in uncoating and HA maturation (Fig. 1b). Underlying the membrane is the matrix 
or M1 protein, the major structural component of the virion, which is thought to act as an 
adaptor between the lipid envelope and the ribonucleoprotein (RNP) complexes and is 
probably the mediator of virus budding (Gómez-Puertas et al., 2000). Inside the shell of M1 
lie the viral RNP complexes (vRNPs), which comprise the genomic RNA segments in 
association with a trimeric RNA polymerase (PB1, PB2 and PA subunits) and the 
stoichiometric quantities of NP (Fig. 1c). Also found in the virion are small quantities of the 
NEP and NS2 proteins. 

The surface proteins HA, NA, and M2 are the targets of vaccines and anti-viral drugs. Two 
classes of drugs including adamantanes (amantadine and rimantadine) and NA inhibitors 
(oseltamivir, zanamivir, peramivir, and laninamivir) are available for the treatment of the 
influenza infection (Kubo et al., 2010; Vanvoris et al., 1981; Wingfiel et al., 1969; Yamashita, 
2011). Because the adamantanes exert several toxic effects on the central nervous system 
(Bryson et al., 1980; Keyser et al., 2000) and also because of the emergence of resistant 
variants (Bright et al., 2005, 2006), the use of these drugs is limited. Currently, the NA 
inhibitors are used widely for drug therapies to treat influenza patients because of high 
inhibitory effects and little toxicity. However, resistant strains, and especially oseltamivir-
resistant strains, have also been reported in recent years (Besselaar et al., 2008; Dharan et al., 
2009; Hauge et al., 2009; Hurt et al., 2009). The fact that available drugs target only two steps 
of the viral life cycle, along with the appearance of oseltamivir-resistant influenza strains, 
strongly highlights the need for treatment alternatives or novel antiviral drugs targeting 
other proteins besides M2 or NA. 

In contrast to the surface proteins, after entry into the cytoplasm, the vRNPs are imported 
into the nucleus for the production of viral messenger RNAs. RNA polymerases, such as 
PB1, PB2, and PA, transcribe and replicate the virus genome, while NP encapsidates the 
virus genome to form an RNP complex for the purposes of transcription and packaging. 
Thus, influenza virus transcription and replication are initiated after transport to the nucleus 
of vRNPs. A promising target for blocking influenza A viruses is the NP, which is expressed 
in the early stage of infection and plays important roles in numerous steps of viral 
replication. NP preserves viral genomic RNA (vRNA) stability and contains many 
functional domains in its sequence, such as a nuclear localization signal (NLS), an RNA 
binding site, an NP-NP binding site, and a PB2 binding domain. In addition, NP is relatively 
well conserved compared with viral surface spike protein. Here, we summarize current 
knowledge about influenza therapy, the functions of NP involved in the nuclear-import step 
of influenza virus replication, and how this could facilitate the discovery of a new small 
molecule involved in influenza replication. 

 
Discovery of Novel Antiviral Agents Directed Against the Influenza A Virus Nucleoprotein 

 

101 

 
(a) Influenza virus particles (A/WSN/33) were isolated by sucrose density gradient ultracentrifugation, 
and purified particles were observed by electron microscope with uranyl acetate-staining. (b) Model of 
influenza virus particle. The particle contains eight segments that make up the RNA genome. There 
were three major proteins (HA, NA, and M2) on the surface of the viron. (c) Diagram of the viral 
ribonucleoprotein (vRNP). The vRNA is associated with NP, PB2, PB1, and PA, which are composed of 
vRNPs.  

Fig. 1. Electron microscopy and model of influenza virus particles.  

2. Viral life cycle 
Influenza A virus is one of the rare RNA viruses that replicate in the nucleus. The design of 
effective anti-influenza virus therapeutics is based on detailed knowledge of the biology of 
the virus. Fig. 2 shows the viral life cycle of the influenza virus. Generally, the influenza 
virus is adsorbed to the host cell through the binding of HA glycoproteins with sialic acid 
groups as receptors on the host cell, which are distributed on membrane-bound proteins 
and lipids. Then, the influenza virus is taken up into host cells through receptor-mediated 
endocytosis (Matlin et al., 1981). In the acidic environment of the endosome, HA changes to 
the active form and promotes fusion of the viral envelope with the endosomal membrane 
(Stegmann et al., 1987; White et al., 1982). The acidification of the endosome is necessary not 
only for the membrane fusion of HA but also the activation of the M2 ion channel. The 
activation of the M2 ion channel leads to proton entry into the virions, which causes 
uncoating of the vRNPs (Bui et al., 1996; Pinto et al., 1992). All vRNA are associated with the 
NP, which is bound at a distance of 24 nucleotides (Compans et al., 1972; Ortega et al., 2000). 
It is also suggested that vRNA is associated with trimeric RNA polymerase, which are 
composed of vRNPs (Klumpp et al., 1997). Influenza virus transcription and replication are 
initiated after the transport of vRNPs into the nucleus. After uncoating, the vRNPs are 
transported into the nucleus through importin / transport systems, where they undergo 
transcription and replication (Herz et al., 1981; Martin & Helenius, 1991). Transcription of 
vRNA requires capped RNA primers snartched from cellular pre-mRNAs and premature 
poly(A) termination of transcripts (Bouloy et al., 1978; Plotch et al., 1979; Robertson et al.,  
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The crucial steps in Influenza virus multiplication are: 1) attachment of the virus to its target cell; 2) 
entry of the virus via receptor-mediated endocytosis; 3) fusion of endosome and viral membranes; 4) the 
RNPs release into the cytoplasm and 5) transport into nucleus; 6) virus transcription and replication in 
nucleus; 7) the RNPs construction; 8) virion assembly and 9) viral budding. Anti-influenza drugs target 
two different steps in the viral life-cycle; these steps are shown in boxes. 

Fig. 2. Model of the life cycle of the influenza virus.  

1981). In contrast, the replication of vRNA is performed in a primer-independent manner 
(Nagata et al., 2008). The newly synthesized vRNPs are exported from the nucleus to the 
cytoplasm in association with the viral proteins M1 and NS2 and the cellular protein 
chromosome region maintenance 1 (CRM1) (Cros & Palese, 2003; Neumann et al., 2004). 
These vRNPs are incorporated into budding virions. The vRNA is specifically packaged in 
preference to other cellular RNAs and the different vRNAs are present in an equimolar ratio 
within a population of virions (Palese, 1977). A mechanism for the specific packaging of 
vRNA is mediated by cis-acting packaging signals in the vRNAs. Specific packaging signals 
exist in the UTRs and coding regions at both the 5’ and 3’ ends of the vRNAs (de Wit et al., 
2006; Fujii et al., 2003; Liang et al., 2008; Muramoto et al., 2006; Noda et al., 2006; Ozawa et 
al., 2007). The structure of eight separate segments is associated with inter-segment 
interactions (Muramoto et al., 2006). However, it remains uncertain whether there are 
specific interactions among the eight RNPs within the virions. The M1 and M2 proteins play 
central roles in the assembly and budding process. The M1 protein is associated with the 
cytoplasmic tail of HA and NA. This binding allows for M1 to associate with lipid raft 
membrane domains, triggering a conformational change that enables M1 polymerization at 
the site of virus budding (Barman et al., 2004; Gómez-Puertas et al., 2000; Ruigrok et al., 
2001). The M2 protein is required for the membrane scission of the budding virions. M2 
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binds to cholesterol and this allows M2 to alter membrane curvature at the site of virus 
budding (Rossman et al., 2010a, 2010b). Bud formation and bud release are the last steps of 
the viral life cycle. NA is responsible for cleaving terminal sialic acid residues from the ends 
of glycoconjugates on both the virus particle and the host cell in order to facilitate virus 
release (Air & Laver, 1989).  

3. Influenza therapy 
The life-cycle of influenza virus is a major target for drug development. Accordingly, 
significant efforts have been made recently to identify molecules that inhibit the different 
stages of the influenza virus life cycle. As shown in Fig. 2, the current treatments for 
influenza infections target two steps of the replication cycle: uncoating and budding. Six 
drugs are currently available (Table 1): the adamantanes and neuraminidase inhibitors, 
including amantadine, rimantadine, zanamivir, oseltamivir, peramivir, and laninamivir 
(Kubo et al., 2010; Vanvoris et al., 1981; Wingfiel et al., 1969, Yamashita, 2011). The 
adamantanes block the function of the M2 ion channel, preventing acidification-triggered 
uncoating. The adamantanes were the first effective drugs licensed for influenza treatment 
(Davies et al., 1964; Dolin et al., 1982; Wang et al., 1993). Despite a degree of treatment 
effectiveness, however, both drugs induced significant adverse effects in the central nervous 
system, as well as the emergence of drug-resistant mutants (Bright et al., 2005, 2006; Bryson 
et al., 1980; Keyser et al., 2000). Recently, the vast majority of circulating seasonal influenza 
strains has been adamantanes-resistant (Bright et al., 2005, 2006). Neuraminidase inhibitors 
inhibit the release of virions by competitively inhibiting viral NA. Currently, zanamivir and 
oseltamivir are widely used to treat acute uncomplicated illness due to influenza A and B. 
Zanamivir mimics the natural substrate, which fits into the active site pocket of NA 
(Varghese et al., 1992, 1995; von Itzstein et al., 1993). Oseltamivir was developed through the 
modification of the sialic acid analogue framework (Kim et al., 1997). Many reports have 
shown that both drugs are highly efficient in the treatment of influenza (Cooper et al., 2003; 
Hayden et al., 1997; Monto et al., 1999; Nicholson et al., 2000). In recent years, peramivir and 
laninamivir, which also target NA, have been licensed as anti-influenza drugs (Kubo et al., 
2010; Yamashita, 2011). For oseltamivir, the appearance of drug-resistant mutants has 
significantly increased in many countries (Besselaar et al., 2008; Dharan et al., 2009; Hauge et 
al., 2009; Hurt et al., 2009). The oseltamivir-resistant H275Y virus also displays reduced 
susceptibility to peramivir in vitro (Nguyen et al., 2010). On the other hand, no zanamivir-
resistant virus has emerged at present. However, because zanamivir requires treatment by 
the intravenous route, it is not commonly used in clinical treatment. 

As mentioned above, in addition to the fact that available drugs target only two steps of the 
viral life cycle, this appearance of oseltamivir-resistant influenza strains strongly highlights 
the need for treatment alternatives or novel antiviral drugs targeting other proteins besides 
M2 or NA. Potential targets for blocking influenza A virus replication are influenza virus 
RNA polymerases and NP, which is required to form the RNPs. Recently, favipiravir, a 
novel therapeutic drug targeting viral replication and translation, has been identified 
(Furuta et al., 2005). Favipiravir, developed by Furuta et al. at Toyama Chemical Co., Ltd., 
inhibits the replication and translation of influenza viruses in a GTP-competitive manner. In 
addition to these drugs, a few novel antiviral compounds, mycalamide analogs (Hagiwara 
et al., 2010), nucleozin (Kao et al., 2010) and nucleozin analog FA-2 (Su et al., 2010), were 
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1981). In contrast, the replication of vRNA is performed in a primer-independent manner 
(Nagata et al., 2008). The newly synthesized vRNPs are exported from the nucleus to the 
cytoplasm in association with the viral proteins M1 and NS2 and the cellular protein 
chromosome region maintenance 1 (CRM1) (Cros & Palese, 2003; Neumann et al., 2004). 
These vRNPs are incorporated into budding virions. The vRNA is specifically packaged in 
preference to other cellular RNAs and the different vRNAs are present in an equimolar ratio 
within a population of virions (Palese, 1977). A mechanism for the specific packaging of 
vRNA is mediated by cis-acting packaging signals in the vRNAs. Specific packaging signals 
exist in the UTRs and coding regions at both the 5’ and 3’ ends of the vRNAs (de Wit et al., 
2006; Fujii et al., 2003; Liang et al., 2008; Muramoto et al., 2006; Noda et al., 2006; Ozawa et 
al., 2007). The structure of eight separate segments is associated with inter-segment 
interactions (Muramoto et al., 2006). However, it remains uncertain whether there are 
specific interactions among the eight RNPs within the virions. The M1 and M2 proteins play 
central roles in the assembly and budding process. The M1 protein is associated with the 
cytoplasmic tail of HA and NA. This binding allows for M1 to associate with lipid raft 
membrane domains, triggering a conformational change that enables M1 polymerization at 
the site of virus budding (Barman et al., 2004; Gómez-Puertas et al., 2000; Ruigrok et al., 
2001). The M2 protein is required for the membrane scission of the budding virions. M2 
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binds to cholesterol and this allows M2 to alter membrane curvature at the site of virus 
budding (Rossman et al., 2010a, 2010b). Bud formation and bud release are the last steps of 
the viral life cycle. NA is responsible for cleaving terminal sialic acid residues from the ends 
of glycoconjugates on both the virus particle and the host cell in order to facilitate virus 
release (Air & Laver, 1989).  

3. Influenza therapy 
The life-cycle of influenza virus is a major target for drug development. Accordingly, 
significant efforts have been made recently to identify molecules that inhibit the different 
stages of the influenza virus life cycle. As shown in Fig. 2, the current treatments for 
influenza infections target two steps of the replication cycle: uncoating and budding. Six 
drugs are currently available (Table 1): the adamantanes and neuraminidase inhibitors, 
including amantadine, rimantadine, zanamivir, oseltamivir, peramivir, and laninamivir 
(Kubo et al., 2010; Vanvoris et al., 1981; Wingfiel et al., 1969, Yamashita, 2011). The 
adamantanes block the function of the M2 ion channel, preventing acidification-triggered 
uncoating. The adamantanes were the first effective drugs licensed for influenza treatment 
(Davies et al., 1964; Dolin et al., 1982; Wang et al., 1993). Despite a degree of treatment 
effectiveness, however, both drugs induced significant adverse effects in the central nervous 
system, as well as the emergence of drug-resistant mutants (Bright et al., 2005, 2006; Bryson 
et al., 1980; Keyser et al., 2000). Recently, the vast majority of circulating seasonal influenza 
strains has been adamantanes-resistant (Bright et al., 2005, 2006). Neuraminidase inhibitors 
inhibit the release of virions by competitively inhibiting viral NA. Currently, zanamivir and 
oseltamivir are widely used to treat acute uncomplicated illness due to influenza A and B. 
Zanamivir mimics the natural substrate, which fits into the active site pocket of NA 
(Varghese et al., 1992, 1995; von Itzstein et al., 1993). Oseltamivir was developed through the 
modification of the sialic acid analogue framework (Kim et al., 1997). Many reports have 
shown that both drugs are highly efficient in the treatment of influenza (Cooper et al., 2003; 
Hayden et al., 1997; Monto et al., 1999; Nicholson et al., 2000). In recent years, peramivir and 
laninamivir, which also target NA, have been licensed as anti-influenza drugs (Kubo et al., 
2010; Yamashita, 2011). For oseltamivir, the appearance of drug-resistant mutants has 
significantly increased in many countries (Besselaar et al., 2008; Dharan et al., 2009; Hauge et 
al., 2009; Hurt et al., 2009). The oseltamivir-resistant H275Y virus also displays reduced 
susceptibility to peramivir in vitro (Nguyen et al., 2010). On the other hand, no zanamivir-
resistant virus has emerged at present. However, because zanamivir requires treatment by 
the intravenous route, it is not commonly used in clinical treatment. 

As mentioned above, in addition to the fact that available drugs target only two steps of the 
viral life cycle, this appearance of oseltamivir-resistant influenza strains strongly highlights 
the need for treatment alternatives or novel antiviral drugs targeting other proteins besides 
M2 or NA. Potential targets for blocking influenza A virus replication are influenza virus 
RNA polymerases and NP, which is required to form the RNPs. Recently, favipiravir, a 
novel therapeutic drug targeting viral replication and translation, has been identified 
(Furuta et al., 2005). Favipiravir, developed by Furuta et al. at Toyama Chemical Co., Ltd., 
inhibits the replication and translation of influenza viruses in a GTP-competitive manner. In 
addition to these drugs, a few novel antiviral compounds, mycalamide analogs (Hagiwara 
et al., 2010), nucleozin (Kao et al., 2010) and nucleozin analog FA-2 (Su et al., 2010), were 
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recently reported as influenza inhibitors targeting NP. Moreover, another anti-influenza 
compound, 367, has been identified that targets the PB1 protein and influenza RNA-
dependent RNA polymerase activity (Su et al., 2010). These observations suggest that the 
drug targeting of components of the RNPs, such as PA, PB1, PB2, and NP, may provide a 
new strategy for influenza therapy. 
 

Classification Generic Name Commercial Name 

M2 Channel Inhibitor Amantadine Symmetrel 
 Rimantadine Flumadine 

Neuraminidase Inhibitor Oseltamivir Tamiflu 
 Zanamivir Relenza 
 Peramivir Rapiacta 
 Laninamivir Inamivir 

Table 1. Available drugs against influenza virus infection. 

4. NP of influenza A virus 
4.1. Function of NP 

The influenza virus NP, which is encoded by the fifth genome segment, is expressed in the 
early stage of infection. It is the major component of the RNP and contains many functional 
domains in its sequence, such as a NLS, an RNA binding site, an NP-NP binding site, and a 
PB2 binding domain (Albo et al., 1995; Biswas et al., 1998; Cros et al., 2005; Davey et al., 
1985; Elton et al., 1999; Ketha & Atreya, 2008; Kobayashi et al., 1994; Neumann et al., 1997; 
Ozawa et al., 2007; Wang et al., 1997; Weber et al., 1998; Ye et al., 2006). The major functional 
domains of NP are summarized in Fig. 3. Thus, NP plays important roles in numerous 
stages of viral replication, such as in the nuclear transport of NP and RNPs, replication and 
transcription of genomic RNA, and nuclear export and packaging of RNPs. In addition to 
these, some domains that are important for the maintenance of three-dimensional structure, 
such as the tail-loop structure, pocket structure, and regulation of particle formation, as well 
as domains that are important for interactions with host proteins, have been reported (Fig. 
3) (Digard et al., 1999; Momose et al., 2001; Ng et al., 2008, 2009; Noton et al., 2009; Wang et 
al., 1997; Ye et al., 2006). Moreover, phylogenetic analysis of viral strains isolated from 
different hosts revealed that the NP gene is relatively well conserved (Shu et al., 1993), 
especially in the functional domains (Heiny et al., 2007; Li et al., 2009; Ng et al., 2009). 
Thus, all of these functional domains could be considered potential targets for antiviral 
agents.  

4.2 Structure of NP 

The crystal structure of NP of influenza A virus H1N1 (Ye et al., 2006) is shown in Fig. 4. 
The N-terminal truncated NP derived from H1N1 forms trimers through NP-NP 
interactions using a tail-loop structure constructed from the segment at amino acid positions 
402-428 (Fig. 3 & 4) and pocket structures constructed from segments at amino acid 
positions 160-167, 321-334, and 340-349 (Fig. 3, Ye et al., 2006).  
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Fig. 3. Summary of NP functions.  

The nucleoprotein has been proven to bind non-specifically to RNA at one in every 24 
nucleotides (Compans et al., 1972; Ortega et al., 2000), and indeed, the protein has been 
shown to have an RNA-binding groove between the head and body domains. This groove is 
located exterior to the nucleoprotein oligomers. The surface of the groove is occupied by 
several basic residues, such as R65, R150, R152, R156, R174, R175, R195, R199, R213, R214, 
R221, R236, R355, K357, R361, and R391 (Ye et al., 2006), which can interact with nucleotides. 
These distributed basic residues are highly conserved, and therefore it is likely that the 
compounds targeting these regions can inhibit viral multiplication. 

The crystal structure of NP derived from H5N1 has also been reported. It forms a different 
trimer compared with H1N1; however, the tail-loop interactions were identical (Ng et al., 
2008). Both papers suggest that the tail-loop binding pocket is a good target for the 
development of anti-influenza virus drugs. 

5. Nuclear transport of NP 
Most RNA viruses that lack a DNA phase replicate in the cytoplasm (Cros & Palese, 2003). 
However, several negative-stranded RNA viruses, such as influenza, Thogoto, and Borna 
disease viruses, replicate their RNAs in the nucleus, taking advantage of the host cell’s 
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recently reported as influenza inhibitors targeting NP. Moreover, another anti-influenza 
compound, 367, has been identified that targets the PB1 protein and influenza RNA-
dependent RNA polymerase activity (Su et al., 2010). These observations suggest that the 
drug targeting of components of the RNPs, such as PA, PB1, PB2, and NP, may provide a 
new strategy for influenza therapy. 
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The NP trimer was constructed according to NP-NP interactions using pocket structure (amino acid 
positions 160-167, 327-334 and 340-349) and tail-loop structure (amino acid positions 402-428). The 
positions of the three tail loops are highlighted in white and indicated by arrows. This structure is based 
on the available structural information for NP (PDB code: 2IQH).  

Fig. 4. Crystal structure of influenza virus NP trimer analyzed by X-ray.  

nuclear machinery. The cell nucleus is separated from the cytoplasm by a double-layer 
membrane contiguous with the ER called the nuclear envelope (Terry et al., 2007). This 
nuclear envelope is composed of two lipid bilayers, the outer and inner nuclear membranes 
(Gruenbaum et al., 2005). Viruses that replicate their genome in the host cell nucleus have 
evolved strategies for moving viral components across this membrane barrier. These 
membranes are separated by a lumen and joined at nuclear pore complexes (NPCs) 
(Fahrenkrog & Aebi, 2003) that serve as gates for traffic crossing the nuclear envelope. 
Entrance into and exit from the nucleus occurs via these NPCs, which are > 60 MDa 
macromolecular structures that form channels spanning the nuclear envelope (Cronshaw et 
al., 2002; Rout et al., 2000). Each NPC is equipped to facilitate both the import and export of 
proteins and RNAs (Dworetzky & Feldherr, 1988).  

The movement of ions, metabolites and other small molecules through the NPC occurs via 
passive diffusion, but the translocation of cargos larger than ~40 kDa generally requires 
specific signals known as NLSs. The nuclear import of basic NLS-bearing proteins is 
mediated by specific soluble factors, including importin- (Imp) (Goldfarb et al., 2004), 
importin- (Imp) (Harel & Forbes, 2004), small GTPase Ran/TC4 (Quimby & Dasso, 2003), 
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and NTF2 (Stewart, 2000). Imp functions as an adaptor molecule, binding Imp via its 
amino-terminally located Imp-binding (IBB) domain and binding an NLS-bearing protein 
via its two central region-located NLS-binding sites (Herold et al., 1998; Kobe, 1999) (Fig. 5). 
Imp is the transport receptor that carries the Imp-NLS complex from the cytoplasm to the 
nuclear side of the NPC. Once the heterotrimer consisting of Imp, Imp, and the NLS-
bearing protein reaches the nuclear face of the NPC, the GTP-bound form of Ran binds 
directly to Imp, releasing Imp and the NLS-bearing protein into the nucleoplasm. Ran, 
which is found in its GDP-bound form in the cytoplasm and in its GTP-bound form in the 
nucleus, is a major determinant of the directionality of transport across the nuclear 
membrane.  

A challenge faced by influenza virus is that of the trafficking of viral components into the 
nucleus through the NPC (Fig. 5). The genomic RNAs of influenza virus associate with 
proteins to form large complexes called vRNPs, which exceed the size limit for passive 
diffusion through the NPCs. The vRNPs is believed to be 10–20 nm wide (Compans et al., 
1972). The vRNA, coated by NPs (1NP for each 24 nucleotides) (Compans et al., 1972; Ortega 
et al., 2000), forms a loop (Fig. 1C & 6). The trimeric polymerase complex, PB1, PB2, and PA, 
binds to the partially complementary ends of the vRNA, giving rise to a complex panhandle 
structure (Martin-Benito et al., 2001). 

 
NPC, nuclear pore complex 

Fig. 5. Model of the nuclear transport through classical importin / import pathway and 
influenza virus. 

To ensure efficient transport across the nuclear membrane, influenza virus uses NLSs 
exposed on PB2, PB1, PA and NP. These signals recruit cellular import complexes, which are 
responsible for the translocation of the vRNPs through the NPC. Although all of the 
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proteins of the vRNPs carry NLSs (Akkina et al., 1987; Jones et al., 1986; Nieto et al., 1994), 
the NP was shown to be sufficient to mediate the nuclear import of viral RNAs (O’Neill et 
al., 1995). As shown in Fig. 3, a more detailed analysis revealed the presence of three NLSs 
on the NP (Neumann et al., 1997; Wang et al., 1997), including an unconventional NLS at the 
very N-terminus, located between amino acids 3 and 13. A second NLS resides in the central 
part of the NP, located between amino acids 198 and 216. This bipartite signal appears to be 
weaker than the unconventional N-terminal NLS (Weber et al., 1998). Of these NLSs, the 
unconventional, N-terminal NLS of the NP is indispensable for the nuclear transport of NP 
and vRNPs (Cross et al., 2005; O’Neill et al., 1995). Alanine-substituted mutants of this 
unconventional NLS of the NP have shown that the amino acids at position 7 and 8 are 
critical for nuclear localization (Neumann et al., 1997). Furthermore, the mutation of amino 
acids at position 7 and 8 of NP leads to a reduction of viral growth compared with wild-type 
virus (Ozawa et al., 2007).  

The transport of vRNPs of influenza A virus into the nucleus is performed through the 
classical nuclear import pathway, the imp/ transport system shown in Fig. 5. As an 
adaptor, imp binds with the NLSs of viral proteins and then NLS-impbinds to the 
receptor on impthrough the IBB domainon imp(Cross et al., 2005; O’Neill et al., 1995). 
This NLS-bearing protein/receptor complex is imported into the nucleus. The imp family 
comprises six members in humans. Based on structural similarity, the imp family is 
grouped into three subfamilies, imp1/Rch1 (Rch1), imp3/Qip1 (Qip1), and imp5/NPI-1 
(NPI-1) (Goldfarb et al., 2004). Interestingly, NP binds to several types of human 
impincluding Rch1, Qip1, and NPI-1, and regulates not only the nuclear transport of 
vRNPs but also host cell tropism and the growth of influenza virus (Gabriel et al., 2011). 
Therefore, NP functions as the main regulator of vRNPs trafficking and is a potentially 
useful target for the development of novel compounds that inhibit influenza A virus 
replication. 

6. Screening of anti-viral drugs for NP 
Recently, we demonstrated that NP is a novel target for the development of new antiviral 
drugs against the influenza virus using screening of NP-binding compounds by photo-
cross-linked chemical arrays. Chemical arrays represent one of the most promising and 
high-throughput approaches for screening ligands against proteins of interest (Kanoh et al., 
2006), and several successful results from chemical arrays have been reported (Koehler et al., 
2003; Kuruvilla et al., 2002; Miyazaki et al., 2008). The screening protocol using chemical 
array was shown in Fig. 6. Approximately 25,000 small-molecules have been developed at 
RIKEN were fixed on a glass plate by photo-cross linker. To firstly identify inhibitors of NP, 
a large-scale chemical array approach of 6,800 compounds from an RIKEN NPDepo 
chemical library was used that detected specific interactions of small molecules with NP.  

Using purified, recombinant influenza virus (A/WSN/33) NP, which was fused to 
monomeric red fluorescent protein (mRFP), we succeeded in detecting 72 compounds as 
positive. Next, plaque assay was used to investigate whether the 72 compounds inhibited 
multiplication of the influenza virus (A/WSN/33). Among them, 9 compounds showed 
inhibitory activity against influenza virus multiplication (Table 2). Furthermore, to obtain 
the compound which shows high inhibition activity, we searched for the derivatives of 
compounds from RIKEN NPDepo and found three derivatives of compound 1, which is 
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NP-mRFP-Flag mRFP-Flag reference

mRFPcompound Flag
NP

NP-mRFP-Flag

positive

positive

 
Approximately 2,000 compounds are spotted, with duplicates, on a glass plate using a photo-cross 
linker. 

Fig. 6. Summary of compound screening using chemical array.  

Methods Targeting Positive Negative 
Photo-crosslinked chemical 

array assay Binding to NP 72 6,800 

Plaque assay Inhibition of viral 
replication 9 63 

Plaque assay using 
derivatives 

Inhibition of viral 
replication 1 8 

(not determined) 

Surface plasmon resonance Binding of four 
derivatives to NP 4 0 

Table 2. Screening for NP inhibitors from the NPDepo RIKEN Natural Products Depository.  

artificial analog of mycalamide. Among them, two derivatives showed lower inhibitory 
effect compared with compound 1, whereas compound 4 (Fig. 7, Table 2) showed strong 
activity reaching inhibition level up to 97% (Hagiwara et al., 2010).  

Furthermore, surface plasmon resonance imaging experiments demonstrated that the 
binding activity of each compound to NP correlated with its antiviral activity. Finally, it was 
shown that these compounds bound NP within the N-terminal 110-amino acid region but 
their binding abilities were dramatically reduced when the N-terminal 13-amino acid tail 
was deleted, suggesting that the compounds might bind to this region, which mediates the 
nuclear transport of NP and its binding to viral RNA. These data suggest that compound 
binding to the N-terminal 13-amino acid tail region corresponding to an unconventional 
NLS may inhibit viral replication by inhibiting the nuclear transport of NP. 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

108 

proteins of the vRNPs carry NLSs (Akkina et al., 1987; Jones et al., 1986; Nieto et al., 1994), 
the NP was shown to be sufficient to mediate the nuclear import of viral RNAs (O’Neill et 
al., 1995). As shown in Fig. 3, a more detailed analysis revealed the presence of three NLSs 
on the NP (Neumann et al., 1997; Wang et al., 1997), including an unconventional NLS at the 
very N-terminus, located between amino acids 3 and 13. A second NLS resides in the central 
part of the NP, located between amino acids 198 and 216. This bipartite signal appears to be 
weaker than the unconventional N-terminal NLS (Weber et al., 1998). Of these NLSs, the 
unconventional, N-terminal NLS of the NP is indispensable for the nuclear transport of NP 
and vRNPs (Cross et al., 2005; O’Neill et al., 1995). Alanine-substituted mutants of this 
unconventional NLS of the NP have shown that the amino acids at position 7 and 8 are 
critical for nuclear localization (Neumann et al., 1997). Furthermore, the mutation of amino 
acids at position 7 and 8 of NP leads to a reduction of viral growth compared with wild-type 
virus (Ozawa et al., 2007).  

The transport of vRNPs of influenza A virus into the nucleus is performed through the 
classical nuclear import pathway, the imp/ transport system shown in Fig. 5. As an 
adaptor, imp binds with the NLSs of viral proteins and then NLS-impbinds to the 
receptor on impthrough the IBB domainon imp(Cross et al., 2005; O’Neill et al., 1995). 
This NLS-bearing protein/receptor complex is imported into the nucleus. The imp family 
comprises six members in humans. Based on structural similarity, the imp family is 
grouped into three subfamilies, imp1/Rch1 (Rch1), imp3/Qip1 (Qip1), and imp5/NPI-1 
(NPI-1) (Goldfarb et al., 2004). Interestingly, NP binds to several types of human 
impincluding Rch1, Qip1, and NPI-1, and regulates not only the nuclear transport of 
vRNPs but also host cell tropism and the growth of influenza virus (Gabriel et al., 2011). 
Therefore, NP functions as the main regulator of vRNPs trafficking and is a potentially 
useful target for the development of novel compounds that inhibit influenza A virus 
replication. 

6. Screening of anti-viral drugs for NP 
Recently, we demonstrated that NP is a novel target for the development of new antiviral 
drugs against the influenza virus using screening of NP-binding compounds by photo-
cross-linked chemical arrays. Chemical arrays represent one of the most promising and 
high-throughput approaches for screening ligands against proteins of interest (Kanoh et al., 
2006), and several successful results from chemical arrays have been reported (Koehler et al., 
2003; Kuruvilla et al., 2002; Miyazaki et al., 2008). The screening protocol using chemical 
array was shown in Fig. 6. Approximately 25,000 small-molecules have been developed at 
RIKEN were fixed on a glass plate by photo-cross linker. To firstly identify inhibitors of NP, 
a large-scale chemical array approach of 6,800 compounds from an RIKEN NPDepo 
chemical library was used that detected specific interactions of small molecules with NP.  

Using purified, recombinant influenza virus (A/WSN/33) NP, which was fused to 
monomeric red fluorescent protein (mRFP), we succeeded in detecting 72 compounds as 
positive. Next, plaque assay was used to investigate whether the 72 compounds inhibited 
multiplication of the influenza virus (A/WSN/33). Among them, 9 compounds showed 
inhibitory activity against influenza virus multiplication (Table 2). Furthermore, to obtain 
the compound which shows high inhibition activity, we searched for the derivatives of 
compounds from RIKEN NPDepo and found three derivatives of compound 1, which is 

 
Discovery of Novel Antiviral Agents Directed Against the Influenza A Virus Nucleoprotein 

 

109 

A B DC E F G A B DC E F G

NP-mRFP-Flag mRFP-Flag reference

mRFPcompound Flag
NP

NP-mRFP-Flag

positive

positive

 
Approximately 2,000 compounds are spotted, with duplicates, on a glass plate using a photo-cross 
linker. 

Fig. 6. Summary of compound screening using chemical array.  

Methods Targeting Positive Negative 
Photo-crosslinked chemical 

array assay Binding to NP 72 6,800 

Plaque assay Inhibition of viral 
replication 9 63 

Plaque assay using 
derivatives 

Inhibition of viral 
replication 1 8 

(not determined) 

Surface plasmon resonance Binding of four 
derivatives to NP 4 0 

Table 2. Screening for NP inhibitors from the NPDepo RIKEN Natural Products Depository.  

artificial analog of mycalamide. Among them, two derivatives showed lower inhibitory 
effect compared with compound 1, whereas compound 4 (Fig. 7, Table 2) showed strong 
activity reaching inhibition level up to 97% (Hagiwara et al., 2010).  

Furthermore, surface plasmon resonance imaging experiments demonstrated that the 
binding activity of each compound to NP correlated with its antiviral activity. Finally, it was 
shown that these compounds bound NP within the N-terminal 110-amino acid region but 
their binding abilities were dramatically reduced when the N-terminal 13-amino acid tail 
was deleted, suggesting that the compounds might bind to this region, which mediates the 
nuclear transport of NP and its binding to viral RNA. These data suggest that compound 
binding to the N-terminal 13-amino acid tail region corresponding to an unconventional 
NLS may inhibit viral replication by inhibiting the nuclear transport of NP. 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

110 

 

 

 
Compound 1, which is artificial analog of mycalamide was finally selected as the anti-influenza virus 
agent. Compound 4 was the derivative of compound 1 that showed the strongest activity in inhibiting 
influenza virus multiplication. 

Fig. 7. Chemical structure of three derivatives of compound 1.  
 

 
The positions of the compounds are highlighted in white and indicated by arrows.  
The compounds induce the aggregation of NP. This structure is based on the available structural 
information for NP (PDB code: 3RO5). 

Fig. 8. Structure of influenza virus NP bound to compounds. 
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7. Alternative anti-influenza virus compounds targeting NP 
As described earlier, we first experimentally identified NP as a valuable drug target for 
inhibiting the influenza virus (Hagiwara et al., 2010). Interestingly, two other compounds 
that inhibit the function of NP have been reported. One compound, called nucleozin, was 
randomly screened from a commercial chemical library. Nucleozin inhibits nuclear 
localization of NP by inducing aggregation of NP (Kao et al., 2010). Furthermore, some 
nucleozin derivatives have been developed (Gerritz et al., 2011; Su et al., 2010) and the co-
crystal structures of NP and these nucleozin derivatives were also reported (Gerritz et al., 
2011). The crystal structures indicated that two derivatives bound to the NP dimer (Fig. 8) 
and might induce the aggregation of NP, thereby inhibiting nuclear transport of NP and 
thereby influenza virus multiplication.  

Another compound was screened in silico and found to inhibit construction of the NP trimer. 
The compound interacts with E339-R416 salt bridge in the tail-loop binding pocket and 
thereby inhibits functional oligomerization of NP, which would in turn inhibit the 
multiplication of the influenza virus (Shen et al., 2011).  

Using three different methods (direct binding, random screening, and in silico screening), 
compounds that inhibit the function of NP have been obtained. The results strongly suggest 
that NP is a good target for the development of an anti-influenza virus drug. 

8. Conclusions 
Influenza A viruses are responsible for seasonal epidemics and high mortality pandemics. 
Influenza A virus has a segmented genome of eight negative-strand RNA segments, which 
are packaged into virions as RNPs. In addition to RNA, RNP contains the viral NP and the 
three subunits of the RNA-dependent RNA polymerase, PB1, PB2, and PA. The NP is 
expressed in the early stage of infection and plays important roles in numerous steps of viral 
replication. NP also is relatively well conserved compared with viral surface spike proteins. 
Using three different methods, direct binding, random screening, and in silico screening, 
several small molecules that interact with NP and inhibit virus multiplication were 
discovered. Since there are currently only two types of drugs available for the treatment of 
influenza virus infection, M2 inhibitors and NA inhibitors, the discovery of a novel 
mechanism of inhibition of influenza virus replication may supply the field of drug 
development with an effective new strategy. 
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crystal structures of NP and these nucleozin derivatives were also reported (Gerritz et al., 
2011). The crystal structures indicated that two derivatives bound to the NP dimer (Fig. 8) 
and might induce the aggregation of NP, thereby inhibiting nuclear transport of NP and 
thereby influenza virus multiplication.  

Another compound was screened in silico and found to inhibit construction of the NP trimer. 
The compound interacts with E339-R416 salt bridge in the tail-loop binding pocket and 
thereby inhibits functional oligomerization of NP, which would in turn inhibit the 
multiplication of the influenza virus (Shen et al., 2011).  

Using three different methods (direct binding, random screening, and in silico screening), 
compounds that inhibit the function of NP have been obtained. The results strongly suggest 
that NP is a good target for the development of an anti-influenza virus drug. 

8. Conclusions 
Influenza A viruses are responsible for seasonal epidemics and high mortality pandemics. 
Influenza A virus has a segmented genome of eight negative-strand RNA segments, which 
are packaged into virions as RNPs. In addition to RNA, RNP contains the viral NP and the 
three subunits of the RNA-dependent RNA polymerase, PB1, PB2, and PA. The NP is 
expressed in the early stage of infection and plays important roles in numerous steps of viral 
replication. NP also is relatively well conserved compared with viral surface spike proteins. 
Using three different methods, direct binding, random screening, and in silico screening, 
several small molecules that interact with NP and inhibit virus multiplication were 
discovered. Since there are currently only two types of drugs available for the treatment of 
influenza virus infection, M2 inhibitors and NA inhibitors, the discovery of a novel 
mechanism of inhibition of influenza virus replication may supply the field of drug 
development with an effective new strategy. 
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1. Introduction 

Gastroenteritis is globally responsible for great morbidity and mortality among all ages. In 
the developing countries, it still represents one of the top causes of death for children <5 
years of age, resulting in 1,8 million fatalities every year (Boschi-Pinto et al., 2008; Bryce et 
al., 2005). Viruses are responsible for the majority of cases of gastroenteritis with rotaviruses 
and noroviruses being the major pathogens.  

Noroviruses are today recognized as the leading cause of foodborne outbreaks and sporadic 
cases of gastroenteritis worldwide (Glass et al., 2009; Patel et al., 2009). Nowadays, they are 
even considered the second most important agent of severe childhood diarrhea after 
rotavirus (Koopmans, 2008; Patel et al., 2008; Ramani & Kang, 2009) but the importance of 
norovirus in this age group is expected to increase in the upcoming years, as a consequence 
of the implementation of routine rotavirus vaccination (Koo et al., 2010).  

The recognition of the clinical importance of norovirus only began in the late 1990s when 
sensitive routine diagnostic methods became available. In fact, the first norovirus (the 
Norwalk virus) was discovered in 1972 (Kapikian et al., 1972) but more than twenty years 
were necessary to disclose the important role of these viruses as human pathogens. 
Noroviruses are now on the upswing and a fundamental question is being raised: are 
norovirus really emerging? (Widdowson et al., 2005) 

Despite the increasing attention given to norovirus today and the significant morbidity and 
mortality associated with norovirus gastroenteritis, no specific antiviral drugs or vaccines are 
yet available for treatment or prevention of norovirus illness. Only recently, a recombinant 
intranasal vaccine has entered a phase I clinical trial (El-Kamary et al., 2010; Vinje, 2010) 

This chapter will highlight the importance of finding specific antiviral therapy for norovirus 
infection and explore biological features of norovirus, pointing out directions to stop or 
control this important human pathogen. 

1.1 Clinical disease, transmission and epidemiology 

Norovirus gastroenteritis is generally acute and self-limited, but in infants, elderly, and 
immunocompromised individuals it may be more severe and prolonged since they are more 
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yet available for treatment or prevention of norovirus illness. Only recently, a recombinant 
intranasal vaccine has entered a phase I clinical trial (El-Kamary et al., 2010; Vinje, 2010) 

This chapter will highlight the importance of finding specific antiviral therapy for norovirus 
infection and explore biological features of norovirus, pointing out directions to stop or 
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1.1 Clinical disease, transmission and epidemiology 

Norovirus gastroenteritis is generally acute and self-limited, but in infants, elderly, and 
immunocompromised individuals it may be more severe and prolonged since they are more 
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susceptible to complications due to dehydration (Green, 2007; Patel et al., 2008). After an 
incubation period of 24–48 h, there is an acute onset of symptoms of nausea, vomiting, 
abdominal cramps, myalgias, and intense non-bloody diarrhea which usually resolves in 2–
3 days (Green, 2007). The median duration of illness can be longer, lasting up to six weeks in 
infants and young children (Kirkwood & Streitberg, 2008; Murata et al., 2007; Patel et al., 
2009). Prolonged shedding is also documented in transplant patients and other 
immunosuppressed individuals, with symptoms lasting over two years (Hutson et al., 2004; 
Widdowson et al., 2005). Deaths have been reported in elderly during outbreaks in nursing 
homes, hospitals and cruise ships (Gotz et al., 2002; Lopman et al., 2004; Patel et al., 2008). 
Repeated associations of norovirus infections with clinical outcomes other than 
gastroenteritis have been reported (CDC, 2002; Chen et al., 2009; Kawano et al., 2007; 
Marshall et al., 2007; Turcios-Ruiz et al., 2008). Moreover, norovirus RNA has been detected 
in the blood of children with norovirus gastroenteritis and in the cerebrospinal fluid of a 
child with encephalopathy (Ito et al., 2006; Takanashi et al., 2009). This data suggests that 
norovirus infection is probably not limited to the intestine and could disseminate to 
systemic sites.  

Noroviruses are transmitted by the fecal-oral route either directly from person-to-person or 
indirectly through consumption of contaminated food (fresh fruit, vegetables, shellfish and 
bakery products), water (drinking, ice or swimming) or following exposure to contaminated 
environmental surfaces and to airborne vomitus droplets (Green, 2007). Concerns about a 
potential zoonotic transmission have been raised given the close genetic relatedness 
between norovirus found in humans and animals and the presence of antibodies to animal 
strains in humans (Bank-Wolf et al., 2010). 

Norovirus outbreaks are notably extensive and often occur in semi-closed environments 
(nursing homes, hospitals, day-care centers, schools, cruise ships and restaurants) that favor 
person-to-person transmission (Glass et al., 2009; Patel et al., 2009). Moreover, modern 
lifestyles make people more vulnerable to norovirus. More elderly people and infants live in 
communal settings, people eat more food outside the household (handled by potentially 
infected workers), consume more imported fresh fruit and vegetables from countries where 
crops are still irrigated with sewage-contaminated water and also more people are travelling 
and being exposed to norovirus in hotels, airplanes and cruise ships (Widdowson et al., 
2005). 

The very low infectious dose of norovirus (≈ 17 virus particles), their long persistence in the 
environment, withstanding sanitary measures effective against other microorganisms 
(freezing, heating and chlorination) combined with prolonged asymptomatic viral shedding 
make norovirus extremely infectious and explain the extensiveness of outbreaks (Duizer et 
al., 2004a; Siebenga et al., 2008; Teunis et al., 2008; Widdowson et al., 2005). Additionally, 
repeated infections can occur throughout life with re-exposure, likely due to the lack of 
lasting immunity and the lack of complete cross-protection against the diverse norovirus 
strains.  (Donaldson et al., 2010; Patel et al., 2009). 

Over the past years, a global increase in the number of norovirus outbreaks was noticed, 
with the GII.4 variants being accountable for the vast majority of cases. These GII.4 variants 
have become globally predominant and were responsible for four pandemics in the last two 
decades (Lindesmith et al., 2008; Siebenga et al., 2008). This emergence of dominants strains 
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of norovirus causing worldwide epidemics suggests a pattern of epochal evolution 
resembling that of influenza (Glass et al., 2009).  

1.2 Host susceptibility and virus-host interaction 

Susceptibility to norovirus infection involves both acquired immunity and genetic resistance 
(Parrino et al., 1977). Volunteer studies found that some individuals were repeatedly 
susceptible to norovirus infection whereas others were repeatedly resistant (Parrino et al., 
1977). Although it was initially unclear why some subjects did not develop illness, current 
research suggests that host genotype is a prominent factor in the development of norovirus 
infection since it depends on the presence of specific human histo-blood group antigen 
(HBGA) receptors in the gut of susceptible hosts (Lindesmith et al., 2003). Infection by 
norovirus relies on the recognition of HBGAs in the initial viral attachment and this key 
event most likely controls host susceptibility and resistance to norovirus (Hutson et al., 2004; 
Marionneau et al., 2002; Tan & Jiang, 2005, 2011).  

HBGAs are complex carbohydrates linked to proteins or lipids on the surface of red blood 
cells and mucosal epithelia of the respiratory, genitourinary and digestive tracts, or present 
as free oligosaccharide in biological fluids such as milk and saliva. These antigens provide 
diversity within the human population and their biosynthesis is controlled by the enzyme 
products of alleles at the ABH, fucosyltransferase (FUT) 2, and FUT 3 loci (Hutson et al., 
2004).  

A number of distinct binding patterns of noroviruses to HBGAs have been described 
according to the ABO, Lewis and secretor types of the human HBGAs (Huang et al., 2003; 
Huang et al., 2005). This explains the correlation between secretor status and susceptibility 
to Norwalk virus infection, where secretor individuals with a wild-type FUT2 gene (~80% of 
the population), who express HBGAs on gut epithelial cells and in body fluids, are 
susceptible to Norwalk virus infection, while nonsecretors, with a null FUT2 allele, are 
completely resistant (Lindesmith et al., 2003).  

The binding patterns of noroviruses to HBGAs are currently sorted into three major groups, 
the H, the A/B, and the Lewis binding groups (Tan & Jiang, 2011). While norovirus strains 
display distinct HBGA binding properties, collectively they can infect nearly all individuals 
due to their high genetic variability (Le Pendu et al., 2006). This highlights the highly 
adaptive nature of noroviruses and the likelihood of a long co-evolution of human 
noroviruses with their human host.  

1.3 Classification and genome organization 

Noroviruses are a genetically diverse group of viruses belonging to the genus Norovirus of 
the family Caliciviridae (Green, 2007). The Norwalk virus was the first norovirus to be 
discovered and associated to a gastroenteritis outbreak in an elementary school in Norwalk, 
Ohio, USA in 1968 and is today considered the prototype of the genus Norovirus (Kapikian 
et al., 1972). 

The family Caliciviridae comprises, besides Norovirus, four accepted (Sapovirus, Lagovirus, 
Vesivirus, Nebovirus) and two tentative genera (Recovirus, Valovirus), that include human and 
non-human pathogenic viruses (Farkas et al., 2008; Green, 2007; Green et al., 2000; L'Homme 
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indirectly through consumption of contaminated food (fresh fruit, vegetables, shellfish and 
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potential zoonotic transmission have been raised given the close genetic relatedness 
between norovirus found in humans and animals and the presence of antibodies to animal 
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Norovirus outbreaks are notably extensive and often occur in semi-closed environments 
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person-to-person transmission (Glass et al., 2009; Patel et al., 2009). Moreover, modern 
lifestyles make people more vulnerable to norovirus. More elderly people and infants live in 
communal settings, people eat more food outside the household (handled by potentially 
infected workers), consume more imported fresh fruit and vegetables from countries where 
crops are still irrigated with sewage-contaminated water and also more people are travelling 
and being exposed to norovirus in hotels, airplanes and cruise ships (Widdowson et al., 
2005). 

The very low infectious dose of norovirus (≈ 17 virus particles), their long persistence in the 
environment, withstanding sanitary measures effective against other microorganisms 
(freezing, heating and chlorination) combined with prolonged asymptomatic viral shedding 
make norovirus extremely infectious and explain the extensiveness of outbreaks (Duizer et 
al., 2004a; Siebenga et al., 2008; Teunis et al., 2008; Widdowson et al., 2005). Additionally, 
repeated infections can occur throughout life with re-exposure, likely due to the lack of 
lasting immunity and the lack of complete cross-protection against the diverse norovirus 
strains.  (Donaldson et al., 2010; Patel et al., 2009). 

Over the past years, a global increase in the number of norovirus outbreaks was noticed, 
with the GII.4 variants being accountable for the vast majority of cases. These GII.4 variants 
have become globally predominant and were responsible for four pandemics in the last two 
decades (Lindesmith et al., 2008; Siebenga et al., 2008). This emergence of dominants strains 
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of norovirus causing worldwide epidemics suggests a pattern of epochal evolution 
resembling that of influenza (Glass et al., 2009).  
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(Parrino et al., 1977). Volunteer studies found that some individuals were repeatedly 
susceptible to norovirus infection whereas others were repeatedly resistant (Parrino et al., 
1977). Although it was initially unclear why some subjects did not develop illness, current 
research suggests that host genotype is a prominent factor in the development of norovirus 
infection since it depends on the presence of specific human histo-blood group antigen 
(HBGA) receptors in the gut of susceptible hosts (Lindesmith et al., 2003). Infection by 
norovirus relies on the recognition of HBGAs in the initial viral attachment and this key 
event most likely controls host susceptibility and resistance to norovirus (Hutson et al., 2004; 
Marionneau et al., 2002; Tan & Jiang, 2005, 2011).  

HBGAs are complex carbohydrates linked to proteins or lipids on the surface of red blood 
cells and mucosal epithelia of the respiratory, genitourinary and digestive tracts, or present 
as free oligosaccharide in biological fluids such as milk and saliva. These antigens provide 
diversity within the human population and their biosynthesis is controlled by the enzyme 
products of alleles at the ABH, fucosyltransferase (FUT) 2, and FUT 3 loci (Hutson et al., 
2004).  

A number of distinct binding patterns of noroviruses to HBGAs have been described 
according to the ABO, Lewis and secretor types of the human HBGAs (Huang et al., 2003; 
Huang et al., 2005). This explains the correlation between secretor status and susceptibility 
to Norwalk virus infection, where secretor individuals with a wild-type FUT2 gene (~80% of 
the population), who express HBGAs on gut epithelial cells and in body fluids, are 
susceptible to Norwalk virus infection, while nonsecretors, with a null FUT2 allele, are 
completely resistant (Lindesmith et al., 2003).  

The binding patterns of noroviruses to HBGAs are currently sorted into three major groups, 
the H, the A/B, and the Lewis binding groups (Tan & Jiang, 2011). While norovirus strains 
display distinct HBGA binding properties, collectively they can infect nearly all individuals 
due to their high genetic variability (Le Pendu et al., 2006). This highlights the highly 
adaptive nature of noroviruses and the likelihood of a long co-evolution of human 
noroviruses with their human host.  

1.3 Classification and genome organization 

Noroviruses are a genetically diverse group of viruses belonging to the genus Norovirus of 
the family Caliciviridae (Green, 2007). The Norwalk virus was the first norovirus to be 
discovered and associated to a gastroenteritis outbreak in an elementary school in Norwalk, 
Ohio, USA in 1968 and is today considered the prototype of the genus Norovirus (Kapikian 
et al., 1972). 

The family Caliciviridae comprises, besides Norovirus, four accepted (Sapovirus, Lagovirus, 
Vesivirus, Nebovirus) and two tentative genera (Recovirus, Valovirus), that include human and 
non-human pathogenic viruses (Farkas et al., 2008; Green, 2007; Green et al., 2000; L'Homme 
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et al., 2009). The two genera Norovirus (NoV) and Sapovirus (SaV) are the only that comprise 
human pathogenic agents, both causing acute gastroenteritis. The other genera include 
important veterinary pathogens such as the rabbit hemorrhagic disease virus (RHDV) which 
causes an often fatal hemorrhagic disease in rabbits in the genera Lagovirus, the feline 
calicivirus (FCV) which causes a respiratory disease in domestic and wild cat species in the 
genera Vesivirus, and the Newbury-1 virus which infect bovines in the genera Nebovirus. The 
tentative genera Recovirus, comprises the Tulane virus (TV) isolated from stool samples of 
rhesus macaques whose pathogenicity remains to be elucidated (Farkas et al., 2008). The 
other tentative genera Valovirus comprises the St-Valérien-like viruses isolated from pig 
feces (L'Homme et al., 2009). 

Noroviruses are today classified into five genogroups (GI-V) divided into at least 31 genetic 
clusters or genotypes based on sequence diversity in the complete capsid protein VP 1 
(Zheng et al., 2006). Genogroups share > 60% amino acid identity in the VP 1 and each 
genetic cluster or genotype shares > 80% identity in amino acid sequence of VP 1 (Green et 
al., 2000; Zheng et al., 2006). Human noroviruses have been associated with GI, GII and GIV 
and bovine and murine noroviruses belong to GIII and GV, respectively (Wobus et al., 2004; 
Zheng et al., 2006). GII also contains swine strains and GIV comprises the feline (lion) and 
canine strains (Martella et al., 2007; Martella et al., 2008; Mesquita et al., 2010).  

Noroviruses are small icosahedric non-enveloped viruses of 27-32 nm with a positive-sense 
single stranded (ss) RNA genome of 7.4–7.7 kb, organized into three open reading frames 
(ORF1-3) (Fig 1). The 5’ proximal region of the norovirus genome encodes a polyprotein of 
six/seven nonstructural protein products in a single ORF (ORF1). ORF2 encodes the major 
structural capsid protein VP1 and ORF3 the minor structural protein VP2. Norovirus 
genome is covalently linked, at the 5’ end, to a viral protein called VPg (virion protein, 
genome-linked) and is polyadenlyated at the 3’ end (Green, 2007). 

The ORF1 of norovirus encodes the six/seven nonstructural proteins in the following order: 
the p48/ N-terminal protein (or NS1-2), the NTPase (NS3), the p22 (NS4), the VPg (NS5), the 
viral protease (Pro, NS6), and the viral RNA-dependent RNA polymerase (RdRp, NS7). 
Some of these proteins have defined activities such as NS3, an NTPase (nucleoside 
triphosphatase) (Pfister & Wimmer, 2001), NS6, a protease (Liu et al., 1996), and NS7, an 
RNA-dependent RNA polymerase (RdRp) (Fukushi et al., 2004; Rohayem et al., 2006a). 
Also, NS5 known as VPg, is a protein that is covalently attached to the 5’ ends of viral 
genomes in place of a typical 5’ cap and that can function as a primer in viral RNA 
replication (Burroughs & Brown, 1978; Rohayem et al., 2006b). The role of the remaining 
nonstructural proteins (NS1-2 and NS4) in norovirus replication is not yet well defined 
(Green, 2007). Available data suggests that NS1-2 and NS4, also known as N-term/p48 and 
p22, respectively, both contribute to norovirus replication complex formation on 
intracellular membranes, including that of the Golgi apparatus, and disrupt intracellular host 
protein trafficking (Ettayebi & Hardy, 2003; Fernandez-Vega et al., 2004; Hyde et al., 2009).  

The major structural protein of norovirus, the VP1, is encoded by ORF2. Virions contain 180 
copies or 90 dimers of VP1 that assemble into icosahedral particles (Prasad et al., 1999; 
Prasad et al., 1994). The VP1 protein is divided into a conserved internal shell domain (S) 
and a more variable protruding domain, the P domain, that forms the arch-like protrusions 
and is further subdivided into P1 and P2 domains (Fig. 1). The P2 subdomain is located at  
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Fig. 1. Schematic representation of a viral particle and genome organization of norovirus. 
Genomic and subgenomic RNA of norovirus with the genome linked protein VPg at the 5’ 
end and the poly(A) tail at 3’ end is shown along with the nonstructural proteins (NS1-7) 
encoded by ORF1 as well as the structural proteins (VP1 and VP2), encoded by ORF2 and 3. 
See text for further details 

the outmost surface of the viral capsid and comprises a hypervariable region, where resides 
the binding interface for HBGA association with norovirus (Bu et al., 2008; Cao et al., 2007; 
Choi et al., 2008; Tan et al., 2003). The VP2 is a small, basic structural protein encoded by the 
ORF3 which is present in one or two copies per virion (Glass et al., 2000; Hardy, 2005). Its 
function in viral replication is currently undefined but there is evidence that it increases the 
level of expression of VP1 and stabilizes virus-like particles (VLPs, generated through 
expression of the VP1) (Bertolotti-Ciarlet et al., 2003). The basic charge of VP2 suggests that 
it may function in encapsidation of the viral genome (Karst, 2010). 

1.4 Replication of norovirus 

The replication of norovirus has not been yet fully elucidated and most of the current 
knowledge is drawn by analogy with other (+)ssRNA viruses and studies with related 
animal caliciviruses. Norovirus is one of the positive-sense ssRNA viruses whose genome 
functions directly as the mRNA, beginning the infectious cycle with the synthesis of a 
precursor that only gives rise to the nonstructural proteins, including the RdRp enzyme that 
transcribes then one subgenomic mRNA encoding the structural proteins (VP1 and VP2) 
(Green, 2007). Like the other (+)ssRNA viruses , the replication of norovirus occurs in the 
cytoplasm. In Fig 2 is represented a scheme of the replication of norovirus.  
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intracellular membranes, including that of the Golgi apparatus, and disrupt intracellular host 
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Fig. 1. Schematic representation of a viral particle and genome organization of norovirus. 
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end and the poly(A) tail at 3’ end is shown along with the nonstructural proteins (NS1-7) 
encoded by ORF1 as well as the structural proteins (VP1 and VP2), encoded by ORF2 and 3. 
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the binding interface for HBGA association with norovirus (Bu et al., 2008; Cao et al., 2007; 
Choi et al., 2008; Tan et al., 2003). The VP2 is a small, basic structural protein encoded by the 
ORF3 which is present in one or two copies per virion (Glass et al., 2000; Hardy, 2005). Its 
function in viral replication is currently undefined but there is evidence that it increases the 
level of expression of VP1 and stabilizes virus-like particles (VLPs, generated through 
expression of the VP1) (Bertolotti-Ciarlet et al., 2003). The basic charge of VP2 suggests that 
it may function in encapsidation of the viral genome (Karst, 2010). 

1.4 Replication of norovirus 

The replication of norovirus has not been yet fully elucidated and most of the current 
knowledge is drawn by analogy with other (+)ssRNA viruses and studies with related 
animal caliciviruses. Norovirus is one of the positive-sense ssRNA viruses whose genome 
functions directly as the mRNA, beginning the infectious cycle with the synthesis of a 
precursor that only gives rise to the nonstructural proteins, including the RdRp enzyme that 
transcribes then one subgenomic mRNA encoding the structural proteins (VP1 and VP2) 
(Green, 2007). Like the other (+)ssRNA viruses , the replication of norovirus occurs in the 
cytoplasm. In Fig 2 is represented a scheme of the replication of norovirus.  
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In the first step, the viral attachment of the virion to the cell receptor, the P2 subdomain of 
the VP1 binds to a sugar residue, mostly to the HBGA carbohydrates in the case of human 
noroviruses but also to sialic acid or heparan sulfate (Hutson et al., 2002; Marionneau et al., 
2002; Rydell et al., 2009; Stuart & Brown, 2007; Tamura et al., 2004; Taube et al., 2009). This 
interaction between VP1 and HBGA seems not to be enough for the entry of norovirus in 
host cells and the involvement of a membrane protein as a receptor or co-receptor for 
subsequent penetration/entry is suspected (Tan & Jiang, 2010). 

Norovirus enters the cell using a non-clathrin-, non-caveolin-mediated endocytic pathway 
but dependent on dynamin II and cholesterol (Gerondopoulos et al., 2010; Perry & Wobus, 
2010). Moreover, this entry step is pH-independent and no conformational changes in the 
capsid required for viral uncoating are observed with acidic intracellular pH (Perry et al., 
2009). 

After the internalization in the cell and uncoating of viral genome, the translation of ORF1 of 
the viral genomic RNA produces a large protein, the so called nonstructural polyprotein. 
The initiation of translation is dependent on the interaction of the VPg with the cellular 
translation initiation machinery (Daughenbaugh et al., 2003; Daughenbaugh et al., 2006). A 
co-translational processing releases the nonstructural proteins and their precursors 
(Sosnovtsev, 2010). The proteolytic processing is mediated by the viral protease (NS6) which 
is autocatalytically released from the polyprotein precursor (Putics et al., 2010).  

The replication of norovirus is believed to occur in a replication complex (RC) formed by 
intracellular membranous structures which contain all the viral nonstructural proteins along 
with host proteins that will help viral replication as well as the viral RNA intermediate, 
ssRNA and double stranded RNA (dsRNA) (Hyde & Mackenzie, 2010; Hyde et al., 2009). 
The recruitment of host membranes (RE, Golgi, endossomes) necessary for the formation of 
the RC, is induced by the viral non structural proteins p48 (NS1-2) and p22 (NS4), through a 
modulation of the host cell secretory pathway (Denison, 2008; Hyde & Mackenzie, 2010; 
Sharp et al., 2010).  

Once the RC is assembled, the RdRp (NS7) starts the synthesis of the antigenomic RNA 
(negative sense) from the genomic (positive sense) RNA template. The initiation of 
antigenomic RNA synthesis by the RdRp is dependent upon uridylylation of VPg that 
serves as a primer in the presence of the polyadenylated genomic RNA (Rohayem et al., 
2006a; Rohayem et al., 2006b). This antigenomic RNA is then used as a template for 
synthesis of the new genomic RNA and of the subgenomic RNA.  

The newly synthesized genomic RNA is either translated as a polyprotein precursor or used 
for packaging in the assembled viral protein core. The subgenomic RNA (positive sense) is 
translated as structural proteins, VP1 and VP2. Finally, the structural proteins are assembled 
and the genomic RNA packaged, followed by release of the mature virion from the cell. This 
late stages of replication are, however, poorly understood. 

1.5 Surrogate models for the study of human norovirus 

Human noroviruses are not cultivable in routine laboratory cell culture or primary tissue 
cultures (Duizer et al., 2004b). There has been a single report using a 3-D cell culture system 
demonstrated for the first time successful passage of both GI and GII norovirus in vitro 
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Fig. 2. Replication scheme of norovirus and key events. 
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Fig. 2. Replication scheme of norovirus and key events. 
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(Straub et al., 2007) but several independent laboratories failed to reproduce such results 
(Papafragkou et al., 2009). For this reason, the study of human norovirus has been made 
using surrogate viruses.  

Initially, surrogate models for norovirus infectivity included viruses from other genera 
within the family Caliciviridae, namely porcine enteric calicivirus, a Sapovirus, and the feline 
calicivirus (FCV), a Vesivirus (Doultree et al., 1999; Duizer et al., 2004a) (Fig.3).  

 
Fig. 3. Characteristics of the different surrogates models for human norovirus within the 
genera of the family Caliciviridae 

FCV was then frequently used as a surrogate model for survival, persistence and 
inactivation studies of human noroviruses until the more recent discovery of murine 
norovirus (MNV) (Bae & Schwab, 2008; Cannon et al., 2006; Wobus et al., 2004; Wobus et al., 
2006). MNV is a genogroup V norovirus and is to date the only Norovirus able to replicate 
both in cell culture and in a small animal model. Moreover, like human norovirus MNV is 
an enteric pathogen that spreads through the fecal-oral route and is shed at high levels in 
the feces (Karst et al., 2003; Wobus et al., 2004). On the other hand, the use of FCV was 
criticized because: (i) it does not belong to the genus Norovirus; (ii) it is a respiratory virus; 
(iii) it is not shed in feces and (iv) it cannot survive at low pH, a necessary characteristic of 
enteric viruses that must survive passage through the stomach (Bae & Schwab, 2008; 
Cannon et al., 2006; Duizer et al., 2004b; Wobus et al., 2006). Therefore, MNV is considered 
today the best surrogate model for human norovirus (Wobus et al., 2004; Wobus et al., 2006).  

MNV has the size, shape, and buoyant density characteristic of human norovirus (Green, 
2007; Karst et al., 2003). MNV genome has also the three ORFs characteristic of noroviruses 
(Wobus et al., 2006), but it has an additional ORF4 that overlaps ORF2 in a different reading 
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frame (Thackray et al., 2007). ORF1 of MNV also encodes the nonstructural proteins and 
ORFs 2 and 3 encode the two proteins of the the viral capsid (Sosnovtsev et al., 2006). The 
conserved molecular features of MNV and human norovirus genomes suggest that many 
fundamental mechanisms of replication are conserved between murine and human 
noroviruses (Wobus et al., 2006). Although MNV infection seems to be asymptomatic in 
immunocompetent mice, it causes diarrhea and lethality in mice deficient in components of 
innate immunity (Karst et al., 2003; Mumphrey et al., 2007). Hence, the clinical presentation 
of MNV is different from the one of human norovirus, and for this reason MNV does not 
constitute yet the ideal model for studying human norovirus.  

The recent discovery of the Tulane virus (TV), a novel calicivirus isolated from stool samples 
of rhesus macaques, together with the likelihood of this virus causing intestinal infection 
and the availability of a tissue culture system could make TV a valuable surrogate for 
human norovirus (Farkas et al., 2008). 

An alternative approach to the study of norovirus RNA replication was established when a 
human norovirus replicon-bearing cell line was created by transfecting a plasmid containing 
most of the Norwalk virus genome into mammalian cell lines (Chang et al., 2006). These cell 
lines are capable of constitutively expressing the replicative enzymes and other 
nonstructural proteins, allowing the study of RNA replication and providing a platform for 
screening antiviral compounds.  

Reverse genetics systems have been developed for some caliciviruses, namely for PEC, FCV, 
MNV and TV (Chang et al., 2005; Chaudhry et al., 2007; Sosnovtsev & Green, 1995; Ward et 
al., 2007; Wei et al., 2008; Wobus et al., 2004). These systems have helped to elucidate 
fundamental aspects of caliciviruses replication through the introduction of deliberate 
changes in certain genes and the analysis of the resultant effect in the virus phenotype. 
Reverse genetics systems represent also an important tool for the development of antivirals 
against norovirus (Putics et al., 2010).  

Virus-like particles (VLPs) which result of the independent expression and self-assembly of 
the VP1 are also valuable tools that have been used in many research areas of norovirus (El-
Kamary et al., 2010; Jiang et al., 1992). These VLPs are morphologically and antigenically 
indistinguishable from the native forms of viruses found in human stools, and retain the 
binding properties of native norovirus virions at least in terms of carbohydrate association 
(Jiang et al., 1992). VLPs have been used for the development of immunological assays, the 
study of virus-host interaction, structural studies of the norovirus capsid, investigation of 
antigenic relationships and as potential vaccine candidates (Green, 2007; Tan & Jiang, 2005). 

2. Strategies to inhibit the replication of norovirus 
The antiviral research of norovirus is still in its infancy and there are only few reports of 
antivirals for norovirus. Recently, a new chemical scaffold, the 2-styrylchromones, has 
shown anti-norovirus activity in the MNV surrogate model, opening the door to the search 
of anti-norovirus drugs among a wider range of novel compounds from different chemical 
families (Rocha-Pereira et al., 2010). Additionally, nitoxanide, a prodrug used to treat 
protozoal gastroenteritis has been reported to reduce the duration of norovirus 
gastroenteritis in a clinical trial although the mechanism of action remains unclear 
(Rossignol & El-Gohary, 2006). 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

128 

(Straub et al., 2007) but several independent laboratories failed to reproduce such results 
(Papafragkou et al., 2009). For this reason, the study of human norovirus has been made 
using surrogate viruses.  

Initially, surrogate models for norovirus infectivity included viruses from other genera 
within the family Caliciviridae, namely porcine enteric calicivirus, a Sapovirus, and the feline 
calicivirus (FCV), a Vesivirus (Doultree et al., 1999; Duizer et al., 2004a) (Fig.3).  

 
Fig. 3. Characteristics of the different surrogates models for human norovirus within the 
genera of the family Caliciviridae 

FCV was then frequently used as a surrogate model for survival, persistence and 
inactivation studies of human noroviruses until the more recent discovery of murine 
norovirus (MNV) (Bae & Schwab, 2008; Cannon et al., 2006; Wobus et al., 2004; Wobus et al., 
2006). MNV is a genogroup V norovirus and is to date the only Norovirus able to replicate 
both in cell culture and in a small animal model. Moreover, like human norovirus MNV is 
an enteric pathogen that spreads through the fecal-oral route and is shed at high levels in 
the feces (Karst et al., 2003; Wobus et al., 2004). On the other hand, the use of FCV was 
criticized because: (i) it does not belong to the genus Norovirus; (ii) it is a respiratory virus; 
(iii) it is not shed in feces and (iv) it cannot survive at low pH, a necessary characteristic of 
enteric viruses that must survive passage through the stomach (Bae & Schwab, 2008; 
Cannon et al., 2006; Duizer et al., 2004b; Wobus et al., 2006). Therefore, MNV is considered 
today the best surrogate model for human norovirus (Wobus et al., 2004; Wobus et al., 2006).  

MNV has the size, shape, and buoyant density characteristic of human norovirus (Green, 
2007; Karst et al., 2003). MNV genome has also the three ORFs characteristic of noroviruses 
(Wobus et al., 2006), but it has an additional ORF4 that overlaps ORF2 in a different reading 

 
Targeting Norovirus: Strategies for the Discovery of New Antiviral Drugs 

 

129 

frame (Thackray et al., 2007). ORF1 of MNV also encodes the nonstructural proteins and 
ORFs 2 and 3 encode the two proteins of the the viral capsid (Sosnovtsev et al., 2006). The 
conserved molecular features of MNV and human norovirus genomes suggest that many 
fundamental mechanisms of replication are conserved between murine and human 
noroviruses (Wobus et al., 2006). Although MNV infection seems to be asymptomatic in 
immunocompetent mice, it causes diarrhea and lethality in mice deficient in components of 
innate immunity (Karst et al., 2003; Mumphrey et al., 2007). Hence, the clinical presentation 
of MNV is different from the one of human norovirus, and for this reason MNV does not 
constitute yet the ideal model for studying human norovirus.  

The recent discovery of the Tulane virus (TV), a novel calicivirus isolated from stool samples 
of rhesus macaques, together with the likelihood of this virus causing intestinal infection 
and the availability of a tissue culture system could make TV a valuable surrogate for 
human norovirus (Farkas et al., 2008). 

An alternative approach to the study of norovirus RNA replication was established when a 
human norovirus replicon-bearing cell line was created by transfecting a plasmid containing 
most of the Norwalk virus genome into mammalian cell lines (Chang et al., 2006). These cell 
lines are capable of constitutively expressing the replicative enzymes and other 
nonstructural proteins, allowing the study of RNA replication and providing a platform for 
screening antiviral compounds.  

Reverse genetics systems have been developed for some caliciviruses, namely for PEC, FCV, 
MNV and TV (Chang et al., 2005; Chaudhry et al., 2007; Sosnovtsev & Green, 1995; Ward et 
al., 2007; Wei et al., 2008; Wobus et al., 2004). These systems have helped to elucidate 
fundamental aspects of caliciviruses replication through the introduction of deliberate 
changes in certain genes and the analysis of the resultant effect in the virus phenotype. 
Reverse genetics systems represent also an important tool for the development of antivirals 
against norovirus (Putics et al., 2010).  

Virus-like particles (VLPs) which result of the independent expression and self-assembly of 
the VP1 are also valuable tools that have been used in many research areas of norovirus (El-
Kamary et al., 2010; Jiang et al., 1992). These VLPs are morphologically and antigenically 
indistinguishable from the native forms of viruses found in human stools, and retain the 
binding properties of native norovirus virions at least in terms of carbohydrate association 
(Jiang et al., 1992). VLPs have been used for the development of immunological assays, the 
study of virus-host interaction, structural studies of the norovirus capsid, investigation of 
antigenic relationships and as potential vaccine candidates (Green, 2007; Tan & Jiang, 2005). 

2. Strategies to inhibit the replication of norovirus 
The antiviral research of norovirus is still in its infancy and there are only few reports of 
antivirals for norovirus. Recently, a new chemical scaffold, the 2-styrylchromones, has 
shown anti-norovirus activity in the MNV surrogate model, opening the door to the search 
of anti-norovirus drugs among a wider range of novel compounds from different chemical 
families (Rocha-Pereira et al., 2010). Additionally, nitoxanide, a prodrug used to treat 
protozoal gastroenteritis has been reported to reduce the duration of norovirus 
gastroenteritis in a clinical trial although the mechanism of action remains unclear 
(Rossignol & El-Gohary, 2006). 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

130 

In the following section, potential targets and strategies to inhibit norovirus life cycle are 
presented, based on the information available today on norovirus genome organization, 
functions of structural and nonstructural proteins, replication and virus-host interaction 
(Fig. 4). The predictable advantages and/or disadvantages of these strategies are discussed 
and some antiviral drugs previously identified as active against similar molecular targets in 
other plus stranded RNA viruses are suggested as a starting point.  

 
Fig. 4. Targeting the various steps of the replication of norovirus   

2.1 Targeting cellular receptors of norovirus  

Human noroviruses recognize HBGA carbohydrates present on cell surface, which are key 
players in the initial viral attachment, acting most likely as cellular receptors or co-receptors 
of norovirus (Hutson et al., 2002; Marionneau et al., 2002; Tan & Jiang, 2005, 2011)  

Noroviruses present diverse binding patterns to HBGAs, being currently sorted into three 
major binding groups, the H, the A/B, and the Lewis binding group (Tan & Jiang, 2011). 
The interaction between noroviruses and HBGA is highly strain-specific rather than 
genogroup- or genotype-specific (Tan & Jiang, 2010). Hence, strains of the H, A/B and 
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Lewis binding groups can be found in both two major genogroups of human noroviruses 
(GI and GII).  

The existence of only three HBGA-binding interfaces makes possible the design of antivirals 
against these targets in noroviruses. Any compound that targets a given HBGA binding 
interface may be capable of blocking infection of all strains that bind that same type of 
HBGA. Thus, only three different HBGA-binding interfaces would need to be targeted by 
compounds to block nearly all noroviruses in the GI and GII genogroups (Tan et al., 2009).  

The strategy of targeting this first step of virus-receptor interaction could be of great interest to 
use as prophylactic therapy since it would be effective in preventing infections of individuals 
in high risk settings or that were in contact with an index case during an outbreak (Tan & 
Jiang, 2008). Furthermore, it would be expected that such compounds would be able to reduce 
the severity of symptoms in already infected individuals and likely reduce virus excretion, 
limiting its propagation to higher numbers of individuals (Tan & Jiang, 2008). Citrate, and 
other glycomimetics, showed to have the potential to block human noroviruses from binding 
to HBGAs (Hansman et al., 2011) providing a starting point for norovirus inhibitors. 

However, there are predictable difficulties to this strategy, one of which being the fact that 
the early steps of norovirus life cycle are not yet fully disclosed. Recent findings of FCV and 
MNV binding to sialic acid (Rydell et al., 2009; Stuart & Brown, 2007; Taube et al., 2009) or 
heparan sulfate (Tamura et al., 2004) broadens the spectrum of sugar residues that interact 
with these viruses. Moreover, the identification of a membrane protein, the junctional 
adhesion molecule A (JAM-A), as a receptor for FCV (Makino et al., 2006) raises the 
hypothesis of this protein or other members of the Ig superfamily being also cellular 
receptors for caliciviruses, like they are for reoviruses and picornaviruses (Tan & Jiang, 
2010). According to the proposed model for reoviruses, the virus interact firstly with a sugar 
residue like sialic acid, as a determinant of tropism that is responsible for initial virus 
attachment, and later use a membrane protein (JAM-1) to enter the host cell (Barton et al., 
2001). The role of these two molecules in viral attachment and entry is likely to occur also in 
FCV, and one could even speculate that it could be extended to noroviruses since it is usual 
that viruses within the same family use similar cellular receptors (Tan & Jiang, 2010).  

Much remains to be unraveled in this field, therefore there are still doubts about the selection 
of the best target for chemical compounds to block or interfere with virus attachment.  

2.2 Targeting entry and uncoating of norovirus 

In order to enter host cells, viruses take advantage of cellular processes entering by an 
endocytic pathway, most commonly a clathrin-mediated endocytosis. Viral entry can also 
occur via caveolin-mediated endocytosis, clathrin/caveolin-independent endocytosis, 
macropinocytosis, or phagocytosis (Marsh & Helenius, 2006). After entrance in the host cell, 
the uncoating of virus must occur in order to deliver the viral genome into the host 
cytoplasm. This event is often triggered by the acidic environment of endosomes but it can 
also occur after the binding of virus to cellular receptors (Tsai, 2007). 

Studies with FCV showed this virus enters cells by clathrin-mediated endocytosis in a pH-
dependent manner (Stuart & Brown, 2007). However, it was demonstrated that the entry of 
MNV is clathrin/caveolin-independent but mediated by dynamin II and cholesterol 
(Gerondopoulos et al., 2010; Perry & Wobus, 2010). In addition, studies with MNV show this 
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virus is pH-independent and that a low intracellular pH does not trigger conformational 
changes in the capsid required for MNV uncoating (Perry et al., 2009). This difference in 
sensitivity to low pH between FCV and MNV was suggested to be related with the different 
routes of infection of these viruses (Perry et al., 2009). While MNV is an enteric virus that 
infects its host by the small intestine and retains infectivity for hours at a pH of 2 (similarly 
to the human Norwalk virus), FCV is a respiratory virus that significantly decreases 
infectivity at low pH (Cannon et al., 2006; Dolin et al., 1972). 

Further understanding of the cellular mechanisms of norovirus entry and uncoating would 
bring out new antiviral targets. 

2.3 Targeting structural proteins of norovirus 

The VP1 is the major structural protein of norovirus and its P2 subdomain, which is located 
at the outmost surface of the viral capsid, comprises the binding surface for HBGA (Bu et al., 
2008; Cao et al., 2007; Choi et al., 2008; Tan et al., 2003). The function of VP2 is currently 
undefined and there is not sufficient information to address this minor protein as an 
antiviral target.  

The search of compounds targeting VP1 of norovirus was explored through a saliva-based 
enzyme immunoassay (EIA) that measures their capacity to block the binding of norovirus 
VLPs to HBGAs present in such biological fluid (Feng & Jiang, 2007). Different chemical 
compounds were found to be strong inhibitors of this binding being potential candidates for 
further development as antivirals for norovirus (Feng & Jiang, 2007), but one should be 
aware that a saliva-based EIA was used instead of a cellular system or animal model and 
this could be regarded as an handicap. 

Antiviral drugs that target viral surface proteins of other RNA virus have been described, 
such as pleconaril, a picornavirus capsid-binding compound, but resulted in a not entirely 
successfully strategy (Field & Vere Hodge, 2008). The problem with this kind of drugs relies 
on their low genetic barrier since the viral surface proteins can undergo variations without 
compromising viral fitness, easily allowing resistant strains to emerge (Field & Vere Hodge, 
2008). The same problem would most likely take place with norovirus given its well known 
antigenic variation. A strategy could be the use of combination therapy of this class of 
compounds together with drugs against well conserved nonstructural proteins with critical 
functions. This would avoid or at least delay the development of resistance. 

2.4 Targeting nonstructural proteins 

The six/seven nonstructural proteins of norovirus are the p48/ N-terminal protein (NS1-2), 
the NTPase (NS3), the p22 (NS4), the VPg (NS5), the viral protease (Pro, NS6), and the viral 
RNA-dependent RNA polymerase (RdRp, NS7). Since noroviruses share some similarities 
with picornaviruses, the nomenclature and functions of these ORF1-encoded proteins of 
norovirus was initially predicted through comparative sequence analysis of their 
picornavirus counterparts. Hence, the norovirus RdRp was called 3D-like, the protease was 
called 3C-like, the p22 was called 3A-like, the NTPase was named 2C-like and the p48/N-
term was related to the 2B protein (Green, 2007). This resemblance could be important for 
the search of antivirals against norovirus since the known strategies and targets for 
inhibiting the replication of picornavirus might be also effective for norovirus.  
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Although a detailed knowledge of the role of nonstructural proteins is still not available, 
some important clues have raised from studies with MNV which showed that all these 
proteins play a role in norovirus replication and are associated with the replication complex 
(RC) and the viral RNA intermediate dsRNA (Hyde et al., 2009). There is also evidence that 
the replication complex of MNV is associated with host membranes, namely of the 
endoplasmic reticulum (ER), the Golgi apparatus and endossomes which suffer virus-
induced rearrangements (Hyde et al., 2009; Wobus et al., 2004). These and other features of 
each nonstructural protein are described below, as well as how these could be used for the 
discovery of antiviral drugs against norovirus. 

2.4.1 p48  

The role of p48 or NS1-2 is not yet well defined but it is thought to be comparable to that 
of the analogous picornavirus 2B protein, which participates in intracellular membrane 
changes that occur during virus replication (Sosnovtsev, 2010). Studies with Norwalk 
virus indicated that the p48 may interfere with disassembly of the Golgi complex and 
cellular protein trafficking (Ettayebi & Hardy, 2003; Fernandez-Vega et al., 2004) while 
studies with MNV and FCV point out that p48 is associated with the recruitment of ER 
membranes to the RC (Bailey et al., 2009; Hyde & Mackenzie, 2010). This recruitment of 
membranes is vital to the synthesis of new viral proteins by the actively replicating 
noroviruses (Hyde et al., 2009; Wobus et al., 2004). Hence, the impairment of the 
mechanisms controlled by p48 in the membrane rearrangements could be a good strategy 
to stop the norovirus life cycle. 

2.4.2 NTPase  

The NTPase or NS3 shares sequence motifs with other viral NTPases, namely the 
picornaviruses 2C protein and the flaviviruses NS3 helicase/NTPase. It has also been 
classified in the superfamily 3 of RNA helicases (Hardy, 2005; Pfister & Wimmer, 2001). The 
role of these enzymes consists in catalyzing the hydrolysis reaction of nucleoside 
triphosphates and using the released energy to unwind the viral nucleic acids (Kwong et al., 
2005). However, until now there is only experimental data confirming the NTPase but not 
the helicase activity of this nonstructural protein of norovirus (Hardy, 2005).  

In recent years, substantial efforts have been made to identify inhibitors of such proteins, 
since they are well conserved and essential for viral replication. The thiazolobenzimidazoles 
were identified as potent inhibitors of picornaviruses, showing one of these compounds, 
TBZE-029 [1-(2,6-difluorophenyl)-6-trifluoromethyl-1H,3H-thiazolo[3,4-a]benzimidazole] to 
target the protein 2C of coxsackievirus B3 (De Palma et al., 2008a; De Palma et al., 2008c). 
These and other picornavirus 2C-targeting compounds, such as MRL-1237 [1-(4-
fluorophenyl)-2-(4-imino-1,4-dihydropyridin-1-yl) methylbenzimidazole hydrochloride] 
and HBB [2-(α-hydroxybenzyl)-benzimidazole] (De Palma et al., 2008a; De Palma et al., 
2008c; Norder et al., 2011) could as well be inhibitors of the NTPase of norovirus. The 
multiple mechanisms through which compounds could inhibit the helicase/NTPase have 
been extensively described elsewhere (Rohayem et al., 2010). The search of norovirus 
NTPase inhibitors could result in the development of an innovative antiviral strategy and at 
the same time reveal functional details of this enzyme of norovirus.  
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virus is pH-independent and that a low intracellular pH does not trigger conformational 
changes in the capsid required for MNV uncoating (Perry et al., 2009). This difference in 
sensitivity to low pH between FCV and MNV was suggested to be related with the different 
routes of infection of these viruses (Perry et al., 2009). While MNV is an enteric virus that 
infects its host by the small intestine and retains infectivity for hours at a pH of 2 (similarly 
to the human Norwalk virus), FCV is a respiratory virus that significantly decreases 
infectivity at low pH (Cannon et al., 2006; Dolin et al., 1972). 

Further understanding of the cellular mechanisms of norovirus entry and uncoating would 
bring out new antiviral targets. 

2.3 Targeting structural proteins of norovirus 

The VP1 is the major structural protein of norovirus and its P2 subdomain, which is located 
at the outmost surface of the viral capsid, comprises the binding surface for HBGA (Bu et al., 
2008; Cao et al., 2007; Choi et al., 2008; Tan et al., 2003). The function of VP2 is currently 
undefined and there is not sufficient information to address this minor protein as an 
antiviral target.  

The search of compounds targeting VP1 of norovirus was explored through a saliva-based 
enzyme immunoassay (EIA) that measures their capacity to block the binding of norovirus 
VLPs to HBGAs present in such biological fluid (Feng & Jiang, 2007). Different chemical 
compounds were found to be strong inhibitors of this binding being potential candidates for 
further development as antivirals for norovirus (Feng & Jiang, 2007), but one should be 
aware that a saliva-based EIA was used instead of a cellular system or animal model and 
this could be regarded as an handicap. 

Antiviral drugs that target viral surface proteins of other RNA virus have been described, 
such as pleconaril, a picornavirus capsid-binding compound, but resulted in a not entirely 
successfully strategy (Field & Vere Hodge, 2008). The problem with this kind of drugs relies 
on their low genetic barrier since the viral surface proteins can undergo variations without 
compromising viral fitness, easily allowing resistant strains to emerge (Field & Vere Hodge, 
2008). The same problem would most likely take place with norovirus given its well known 
antigenic variation. A strategy could be the use of combination therapy of this class of 
compounds together with drugs against well conserved nonstructural proteins with critical 
functions. This would avoid or at least delay the development of resistance. 

2.4 Targeting nonstructural proteins 

The six/seven nonstructural proteins of norovirus are the p48/ N-terminal protein (NS1-2), 
the NTPase (NS3), the p22 (NS4), the VPg (NS5), the viral protease (Pro, NS6), and the viral 
RNA-dependent RNA polymerase (RdRp, NS7). Since noroviruses share some similarities 
with picornaviruses, the nomenclature and functions of these ORF1-encoded proteins of 
norovirus was initially predicted through comparative sequence analysis of their 
picornavirus counterparts. Hence, the norovirus RdRp was called 3D-like, the protease was 
called 3C-like, the p22 was called 3A-like, the NTPase was named 2C-like and the p48/N-
term was related to the 2B protein (Green, 2007). This resemblance could be important for 
the search of antivirals against norovirus since the known strategies and targets for 
inhibiting the replication of picornavirus might be also effective for norovirus.  
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Although a detailed knowledge of the role of nonstructural proteins is still not available, 
some important clues have raised from studies with MNV which showed that all these 
proteins play a role in norovirus replication and are associated with the replication complex 
(RC) and the viral RNA intermediate dsRNA (Hyde et al., 2009). There is also evidence that 
the replication complex of MNV is associated with host membranes, namely of the 
endoplasmic reticulum (ER), the Golgi apparatus and endossomes which suffer virus-
induced rearrangements (Hyde et al., 2009; Wobus et al., 2004). These and other features of 
each nonstructural protein are described below, as well as how these could be used for the 
discovery of antiviral drugs against norovirus. 

2.4.1 p48  

The role of p48 or NS1-2 is not yet well defined but it is thought to be comparable to that 
of the analogous picornavirus 2B protein, which participates in intracellular membrane 
changes that occur during virus replication (Sosnovtsev, 2010). Studies with Norwalk 
virus indicated that the p48 may interfere with disassembly of the Golgi complex and 
cellular protein trafficking (Ettayebi & Hardy, 2003; Fernandez-Vega et al., 2004) while 
studies with MNV and FCV point out that p48 is associated with the recruitment of ER 
membranes to the RC (Bailey et al., 2009; Hyde & Mackenzie, 2010). This recruitment of 
membranes is vital to the synthesis of new viral proteins by the actively replicating 
noroviruses (Hyde et al., 2009; Wobus et al., 2004). Hence, the impairment of the 
mechanisms controlled by p48 in the membrane rearrangements could be a good strategy 
to stop the norovirus life cycle. 

2.4.2 NTPase  

The NTPase or NS3 shares sequence motifs with other viral NTPases, namely the 
picornaviruses 2C protein and the flaviviruses NS3 helicase/NTPase. It has also been 
classified in the superfamily 3 of RNA helicases (Hardy, 2005; Pfister & Wimmer, 2001). The 
role of these enzymes consists in catalyzing the hydrolysis reaction of nucleoside 
triphosphates and using the released energy to unwind the viral nucleic acids (Kwong et al., 
2005). However, until now there is only experimental data confirming the NTPase but not 
the helicase activity of this nonstructural protein of norovirus (Hardy, 2005).  

In recent years, substantial efforts have been made to identify inhibitors of such proteins, 
since they are well conserved and essential for viral replication. The thiazolobenzimidazoles 
were identified as potent inhibitors of picornaviruses, showing one of these compounds, 
TBZE-029 [1-(2,6-difluorophenyl)-6-trifluoromethyl-1H,3H-thiazolo[3,4-a]benzimidazole] to 
target the protein 2C of coxsackievirus B3 (De Palma et al., 2008a; De Palma et al., 2008c). 
These and other picornavirus 2C-targeting compounds, such as MRL-1237 [1-(4-
fluorophenyl)-2-(4-imino-1,4-dihydropyridin-1-yl) methylbenzimidazole hydrochloride] 
and HBB [2-(α-hydroxybenzyl)-benzimidazole] (De Palma et al., 2008a; De Palma et al., 
2008c; Norder et al., 2011) could as well be inhibitors of the NTPase of norovirus. The 
multiple mechanisms through which compounds could inhibit the helicase/NTPase have 
been extensively described elsewhere (Rohayem et al., 2010). The search of norovirus 
NTPase inhibitors could result in the development of an innovative antiviral strategy and at 
the same time reveal functional details of this enzyme of norovirus.  
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2.4.3 p22  

The function of p22 or NS4 in norovirus life cycle is also not yet fully understood. This 
protein occupies in norovirus genome a position similar to that of the 3A protein in 
picornavirus genomes but they share only limited sequence similarity (Green, 2007; Hardy, 
2005). The 3A protein is known to inhibit the protein trafficking from the ER to Golgi 
apparatus, a function central to the cellular homeostasis (Wessels et al., 2006). A similar 
function has been recently described for Norwalk virus p22 (Sharp et al., 2010). It was 
reported that this protein contains a well-conserved motif that mimics the normal ER export 
signal, leading to the inhibition of protein trafficking to Golgi, inducing its disassembly and 
ultimately inhibiting cellular protein secretion (Sharp et al., 2010). Since this motif is highly 
conserved in human noroviruses, it may constitute a new target for the design of anti-
norovirus drugs (Sharp et al., 2010).  

Besides, based on what has been described for picornavirus 3A protein, one of the 
consequences of the inhibition of cellular protein secretion by p22 could be a more severe 
infection due to the decrease of surface MHC class I proteins and normal cytokine release 
that leads to a reduction of clearance in infected cells (Sharp et al., 2010; Wessels et al., 2006). 

Additionally, there is evidence suggesting that p22 is part of the norovirus RC participating 
in the recruitment of membranes from the late secretory pathway (Golgi and endossomes) to 
the RC, being the main viral protein known to be responsible for the recruitment of 
endossome membranes (Hyde & Mackenzie, 2010). 

Two compounds, enviroxime and TTP-8307, have shown to inhibit the in vitro replication of 
enteroviruses and rhinoviruses by targeting the nonstructural protein 3A (De Palma et al., 
2009; Heinz & Vance, 1995). Therefore, these compounds are good candidates to be 
evaluated for their ability to inhibit p22 and the norovirus replication. 

2.4.4 VPg  

The VPg or NS5 is covalently linked to the 5’-end of the norovirus RNA genome and plays 
an important role in the replication of norovirus. Initiation of RNA synthesis by viral RdRp 
is dependent upon uridylylation of VPg that serves as a primer in the presence of the 
polyadenylated genomic RNA (Rohayem et al., 2006a; Rohayem et al., 2006b). This “protein-
primed” initiation occurs after the annealing of the elongated VPg-poly(U) to the poly(A) 
tail of the viral genome (Rohayem et al., 2006a; Rohayem et al., 2006b). 

The inhibition of this uridylylation step or prevention of annealing to the poly(A) tail 
through a disruption of interaction between VPg and the viral genome or the RdRp could be 
an effective manner to stop the norovirus life cycle and therefore a good antiviral strategy 
(Rohayem et al., 2010). 

It is known that the initiation of translation of norovirus proteins is dependent on the 
interaction of the VPg with eIF4F complex (eukaryotic initiation factor 4F), a key component 
of the cellular translation initiation machinery (Daughenbaugh et al., 2003; Daughenbaugh 
et al., 2006). The interaction of the VPg with individual eIF4F components has been 
described. A direct interaction with eIF4E (cap binding protein) was firstly demonstrated 
with the VPg of Norwalk virus (Goodfellow et al., 2005). A similar interaction with this 
component was also seen with FCV and MNV but, in these viruses, the key requirement for 
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RNA translation was shown to be the interaction with another component of the complex, 
the eIF4A (a RNA helicase) (Chaudhry et al., 2006). This was demonstrated by the inhibitor 
of eIF4A hippuristanol which blocked the translation of both FCV and MNV viral proteins 
in vitro (Chaudhry et al., 2006). However, the potential use of hippuristanol in therapy is 
limited by the fact that this compound is also an inhibitor of cellular protein synthesis, 
therefore expected to be cytotoxic. Panteamine is another compound that has the potential 
of interfering with VPg/ eIF4F complex, since it stimulates the helicase/NTPase activity of 
eIF4A, dysregulating its function within the eIF4F complex (Bordeleau et al., 2006). 
Therefore, these classes of compounds could potentially be explored as antivirals for 
norovirus but with less cytotoxic derivatives.  

2.4.5 Protease  

The norovirus protease or NS6 is a cysteine protease that is responsible for processing the 
nonstructural polyprotein precursor into the six/seven nonstructural proteins (Green, 2007). 
The atomic structure of the norovirus protease has been resolved (Nakamura et al., 2005). A 
two-domain structure was identified as being similar to other viral cysteine proteases, like 
those of picornavirus 3C proteases that show a chymotrypsin-like fold with a cysteine as the 
active-site nucleophile (Nakamura et al., 2005; Zeitler et al., 2006).  

Similarly to what happens with the picornavirus 3C protease, the scissile bonds of the 
calicivirus proteases are restricted to a few number of dipeptides, revealing a very high 
specificity of substrate recognition in the cleavage sites of these enzymes which have also 
shown to be highly conserved among all caliciviruses (Sosnovtsev, 2010). Hence, the 
development of substrate-like peptides that block the protease active site constitutes an 
interesting strategy to inhibit the protease of norovirus. The inhibitors of the 3C protease of 
picornavirus, such as ruprintrivir, may potentially inhibit the norovirus protease given the 
overall similarity between the proteases of these viruses. (Binford et al., 2005; De Palma et 
al., 2008c; Leyssen et al., 2008). 

The detailed structural information available for norovirus protease constitutes a good basis 
for the rational design of protease inhibitors and a valuable tool for the in silico screening of 
large compound libraries (Tan & Jiang, 2008). The recent development of functional assays 
for the detection of protease activity of calicivirus, using fluorogenic substrate peptides 
(Zeitler et al., 2006) or bioluminescence technologies (Oka et al., 2011) can constitute useful 
tools for the screening of protease inhibitors.  

However, the role of norovirus protease appears to be more extensive. An association of the 
protease of MNV with mitochondria was suggested since they were found to co-localize 
within the cell (Hyde & Mackenzie, 2010). In this case, the protease could be implicated in 
an up-regulation of apoptosis of norovirus, which is known to occur via a mitochondrial-
mediated apoptotic pathway involving caspase-9 (Bok et al., 2009). The involvement of viral 
protease with apoptotic pathways has been described for their picornavirus counterparts 
(Drahos & Racaniello, 2009). An association of proteases with mitochondria was linked, in 
hepatitis A and C viruses, to a cleavage of the mitochondrial antiviral signaling protein 
(MAVS) (Yang et al., 2007). Since MAVS induces antiviral responses of interferon and NF-
kB, one may implicate viral proteases in prevention of immune signaling (Hyde & 
Mackenzie, 2010).  
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2.4.3 p22  

The function of p22 or NS4 in norovirus life cycle is also not yet fully understood. This 
protein occupies in norovirus genome a position similar to that of the 3A protein in 
picornavirus genomes but they share only limited sequence similarity (Green, 2007; Hardy, 
2005). The 3A protein is known to inhibit the protein trafficking from the ER to Golgi 
apparatus, a function central to the cellular homeostasis (Wessels et al., 2006). A similar 
function has been recently described for Norwalk virus p22 (Sharp et al., 2010). It was 
reported that this protein contains a well-conserved motif that mimics the normal ER export 
signal, leading to the inhibition of protein trafficking to Golgi, inducing its disassembly and 
ultimately inhibiting cellular protein secretion (Sharp et al., 2010). Since this motif is highly 
conserved in human noroviruses, it may constitute a new target for the design of anti-
norovirus drugs (Sharp et al., 2010).  

Besides, based on what has been described for picornavirus 3A protein, one of the 
consequences of the inhibition of cellular protein secretion by p22 could be a more severe 
infection due to the decrease of surface MHC class I proteins and normal cytokine release 
that leads to a reduction of clearance in infected cells (Sharp et al., 2010; Wessels et al., 2006). 

Additionally, there is evidence suggesting that p22 is part of the norovirus RC participating 
in the recruitment of membranes from the late secretory pathway (Golgi and endossomes) to 
the RC, being the main viral protein known to be responsible for the recruitment of 
endossome membranes (Hyde & Mackenzie, 2010). 

Two compounds, enviroxime and TTP-8307, have shown to inhibit the in vitro replication of 
enteroviruses and rhinoviruses by targeting the nonstructural protein 3A (De Palma et al., 
2009; Heinz & Vance, 1995). Therefore, these compounds are good candidates to be 
evaluated for their ability to inhibit p22 and the norovirus replication. 

2.4.4 VPg  

The VPg or NS5 is covalently linked to the 5’-end of the norovirus RNA genome and plays 
an important role in the replication of norovirus. Initiation of RNA synthesis by viral RdRp 
is dependent upon uridylylation of VPg that serves as a primer in the presence of the 
polyadenylated genomic RNA (Rohayem et al., 2006a; Rohayem et al., 2006b). This “protein-
primed” initiation occurs after the annealing of the elongated VPg-poly(U) to the poly(A) 
tail of the viral genome (Rohayem et al., 2006a; Rohayem et al., 2006b). 

The inhibition of this uridylylation step or prevention of annealing to the poly(A) tail 
through a disruption of interaction between VPg and the viral genome or the RdRp could be 
an effective manner to stop the norovirus life cycle and therefore a good antiviral strategy 
(Rohayem et al., 2010). 

It is known that the initiation of translation of norovirus proteins is dependent on the 
interaction of the VPg with eIF4F complex (eukaryotic initiation factor 4F), a key component 
of the cellular translation initiation machinery (Daughenbaugh et al., 2003; Daughenbaugh 
et al., 2006). The interaction of the VPg with individual eIF4F components has been 
described. A direct interaction with eIF4E (cap binding protein) was firstly demonstrated 
with the VPg of Norwalk virus (Goodfellow et al., 2005). A similar interaction with this 
component was also seen with FCV and MNV but, in these viruses, the key requirement for 

 
Targeting Norovirus: Strategies for the Discovery of New Antiviral Drugs 

 

135 

RNA translation was shown to be the interaction with another component of the complex, 
the eIF4A (a RNA helicase) (Chaudhry et al., 2006). This was demonstrated by the inhibitor 
of eIF4A hippuristanol which blocked the translation of both FCV and MNV viral proteins 
in vitro (Chaudhry et al., 2006). However, the potential use of hippuristanol in therapy is 
limited by the fact that this compound is also an inhibitor of cellular protein synthesis, 
therefore expected to be cytotoxic. Panteamine is another compound that has the potential 
of interfering with VPg/ eIF4F complex, since it stimulates the helicase/NTPase activity of 
eIF4A, dysregulating its function within the eIF4F complex (Bordeleau et al., 2006). 
Therefore, these classes of compounds could potentially be explored as antivirals for 
norovirus but with less cytotoxic derivatives.  

2.4.5 Protease  

The norovirus protease or NS6 is a cysteine protease that is responsible for processing the 
nonstructural polyprotein precursor into the six/seven nonstructural proteins (Green, 2007). 
The atomic structure of the norovirus protease has been resolved (Nakamura et al., 2005). A 
two-domain structure was identified as being similar to other viral cysteine proteases, like 
those of picornavirus 3C proteases that show a chymotrypsin-like fold with a cysteine as the 
active-site nucleophile (Nakamura et al., 2005; Zeitler et al., 2006).  

Similarly to what happens with the picornavirus 3C protease, the scissile bonds of the 
calicivirus proteases are restricted to a few number of dipeptides, revealing a very high 
specificity of substrate recognition in the cleavage sites of these enzymes which have also 
shown to be highly conserved among all caliciviruses (Sosnovtsev, 2010). Hence, the 
development of substrate-like peptides that block the protease active site constitutes an 
interesting strategy to inhibit the protease of norovirus. The inhibitors of the 3C protease of 
picornavirus, such as ruprintrivir, may potentially inhibit the norovirus protease given the 
overall similarity between the proteases of these viruses. (Binford et al., 2005; De Palma et 
al., 2008c; Leyssen et al., 2008). 

The detailed structural information available for norovirus protease constitutes a good basis 
for the rational design of protease inhibitors and a valuable tool for the in silico screening of 
large compound libraries (Tan & Jiang, 2008). The recent development of functional assays 
for the detection of protease activity of calicivirus, using fluorogenic substrate peptides 
(Zeitler et al., 2006) or bioluminescence technologies (Oka et al., 2011) can constitute useful 
tools for the screening of protease inhibitors.  

However, the role of norovirus protease appears to be more extensive. An association of the 
protease of MNV with mitochondria was suggested since they were found to co-localize 
within the cell (Hyde & Mackenzie, 2010). In this case, the protease could be implicated in 
an up-regulation of apoptosis of norovirus, which is known to occur via a mitochondrial-
mediated apoptotic pathway involving caspase-9 (Bok et al., 2009). The involvement of viral 
protease with apoptotic pathways has been described for their picornavirus counterparts 
(Drahos & Racaniello, 2009). An association of proteases with mitochondria was linked, in 
hepatitis A and C viruses, to a cleavage of the mitochondrial antiviral signaling protein 
(MAVS) (Yang et al., 2007). Since MAVS induces antiviral responses of interferon and NF-
kB, one may implicate viral proteases in prevention of immune signaling (Hyde & 
Mackenzie, 2010).  
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Whether the protease of MNV plays a role in prevention of immune signaling through the 
cleavage of MAVS is currently under investigation (Hyde & Mackenzie, 2010). It is known 
so far that the innate immune response against MNV starts with the recognition of viral 
RNA by MDA-5 (McCartney et al., 2008), the cytosolic receptor which initiates the antiviral 
signaling cascade by interacting with MAVS, its downstream partner.  

In conclusion, targeting protease may be one of the most promising approaches to inhibit 
norovirus replication given the important function of this protein. 

2.4.6 RNA-dependent RNA polymerase  

The RdRp or NS7 is the central enzyme of replication, being responsible for the synthesis of 
the genomic, subgenomic and antigenomic RNA of norovirus. Given its critical role in 
norovirus replication, the RdRp constitutes one of the most important antiviral targets.  

The crystal structure of the norovirus RdRp in an enzymatically active form has been 
resolved and overall showed catalytic and structural elements characteristic of RdRp of 
other positive stranded RNA viruses (Ferrer-Orta et al., 2006; Nakamura et al., 2005; Ng et 
al., 2004). However, its carboxyl terminus folds into the active site cleft of the enzyme which 
constitutes a distinctive aspect of the norovirus RdRp deserving special attention when 
designing an RdRp inhibitor (Hardy, 2005; Ng et al., 2004). It would be expected that a 
compound that could interrupt the interaction between the carboxyl-terminus and the active 
site cleft of the RdRp would hamper norovirus replication (Tan & Jiang, 2008).  

A more accurate picture of how the RdRp of Norwalk virus functions was provided recently 
when the crystal structure of the Norwalk virus polymerase was resolved bound to the RNA 
primer template and to its natural substrate, a nucleoside triphosphate (NTP) (Zamyatkin et 
al., 2008). This ternary RdRp·RNA·NTP complex revealed details underlying the nucleotidyl 
transfer reaction, which is thought to be highly conserved among viral polymerases. This 
complex was also resolved bound to a potent inhibitor of picornavirus polymerases, the 5-
nitrocytidine triphosphate (NCT), revealing differences between NCT and NTP complexes, 
which indicate a novel mechanism of inhibition of the RdRp that should be explored in the 
design of anti-norovirus compounds mimicking natural nucleosides and nucleotides 
(Zamyatkin et al., 2008). 

A functional assay was developed for the detection of norovirus RdRp activity (Rohayem et 
al., 2006a; Rohayem et al., 2006b) and the inhibitory activity of some nucleoside analogs such 
as 2’-arauridine-5’-triphosphate and 3’-deoxyuridine-5’-triphosphate has been reported 
(Rohayem et al., 2010). Nucleoside analogs display similar mechanisms of inhibition of 
RdRps and some, like 2’-C-methylcytidine, 2'-C-methyladenosine and 4’-azidocytidine have 
shown a broad spectrum of activity against plus stranded RNA viruses, such as 
picornavirus and HCV (De Palma et al., 2008b; Goris et al., 2007; Klumpp et al., 2006). 
Hence, this class of compounds has great potential to be inhibitors of the norovirus RdRp 
and ought to be studied as antiviral drugs.  

Ribavirin is a guanosine analogue with broad-spectrum activity against RNA virus. 
Although it was discovered over 30 years ago, its mechanism of action still remains 
controversial. Ribavirin was formally approved to treat chronic HCV infections in 
combination with pegylated interferon and in aerosol form to treat pediatric respiratory 
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syncytial virus (RSV) infections (Graci & Cameron, 2006). It has also been used against a 
number of other viruses such as Lassa fever virus, Crimean Congo hemorrhagic fever, 
hantaviruses and severe acute respiratory syndrome coronavirus (SARS-CoV) (Haagmans & 
Osterhaus, 2006; Leyssen et al., 2008). Ribavirin has shown to be active against norovirus in 
the Norwalk replicon model and the MNV model (Chang & George, 2007). The main 
mechanism of action in the Norwalk replicon model was associated with the depletion of 
GTP in the cells since the addition of guanosine moderately reversed the antiviral effect of 
ribavirin (Chang & George, 2007). This depletion of intracellular GTP could be due to the 
inhibition of the cellular inosine monophosphate dehydrogenase (IMPDH) by ribavirin 
(Graci & Cameron, 2006; Leyssen et al., 2005). Mycophenolic acid (MPA), a potent 
noncompetitive inhibitor of IMPDH, also showed to inhibit Norwalk virus replication 
(Chang & George, 2007). 

Another of the proposed mechanisms of ribavirin is an increased mutation frequency via 
incorporation of ribavirin into newly synthesized genomes leading to error catastrophe 
(Graci & Cameron, 2006). However, ribavirin seemed not to induce catastrophic mutations 
in norovirus since there was no increase in the mutation rates in the ribavirin-treated 
Norwalk replicon-bearing cells (Chang & George, 2007).  

Overall, this data indicates that ribavirin or its analogs, such as EICAR (5-ethynyl-1-β-D-
ribofuranosylimidazole-4-carboxamide) and viramidine, could constitute a promising 
starting point in the development of inhibitors of norovirus replication.  

2.5 Targeting the norovirus genome 

The norovirus RNA genome or viral transcripts also constitute an important target to inhibit 
the replication of norovirus. Antisense oligonucleotides and siRNAs (small interfering RNA) 
can be designed to target conserved regions of the norovirus genome with the aim of 
disrupting viral replication. For that, these oligonucleotides need to fulfill some requisites, 
namely the target sequence has to be involved in viral replication, accessible for 
oligonucleotide hybridization and conserved among different viral strains (Spurgers et al., 
2008). 

The existence of conserved secondary structures among calicivirus genomes opens the 
possibility of designing an oligonucleotide that would present a broad spectrum activity 
among noroviruses or troughout the family Caliciviridae. These conserved structures 
include 5’ terminal stem-loops, 3’ terminal hairpins, a stem-loop just upstream of the 
ORF1/2 junction in the antigenomic strand and a stem-loop at the 5’ end of the 
polymerase coding region with a motif characteristic of picornavirus cis-acting replication 
elements (cre elements) that dictate VPg uridylylation (Simmonds et al., 2008; Victoria et 
al., 2009). Some of these structures were found to be critical for the replication of MNV 
and for its infectivity (Simmonds et al., 2008). By using MNV reverse genetics system it 
was demonstrated that the disruption of the 5’-stem loops or the 3’-hairpins strongly 
impaired MNV replication in vitro (Simmonds et al., 2008). Moreover, a polypyrimidine 
tract located at the 3’-end of the genome has been incriminated in regulating viral fitness 
and virulence of MNV in vivo (Bailey et al., 2010). The important roles played by these 
conserved RNA structures in norovirus replication and virulence makes them potentially 
good antiviral targets.  
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Whether the protease of MNV plays a role in prevention of immune signaling through the 
cleavage of MAVS is currently under investigation (Hyde & Mackenzie, 2010). It is known 
so far that the innate immune response against MNV starts with the recognition of viral 
RNA by MDA-5 (McCartney et al., 2008), the cytosolic receptor which initiates the antiviral 
signaling cascade by interacting with MAVS, its downstream partner.  

In conclusion, targeting protease may be one of the most promising approaches to inhibit 
norovirus replication given the important function of this protein. 

2.4.6 RNA-dependent RNA polymerase  

The RdRp or NS7 is the central enzyme of replication, being responsible for the synthesis of 
the genomic, subgenomic and antigenomic RNA of norovirus. Given its critical role in 
norovirus replication, the RdRp constitutes one of the most important antiviral targets.  

The crystal structure of the norovirus RdRp in an enzymatically active form has been 
resolved and overall showed catalytic and structural elements characteristic of RdRp of 
other positive stranded RNA viruses (Ferrer-Orta et al., 2006; Nakamura et al., 2005; Ng et 
al., 2004). However, its carboxyl terminus folds into the active site cleft of the enzyme which 
constitutes a distinctive aspect of the norovirus RdRp deserving special attention when 
designing an RdRp inhibitor (Hardy, 2005; Ng et al., 2004). It would be expected that a 
compound that could interrupt the interaction between the carboxyl-terminus and the active 
site cleft of the RdRp would hamper norovirus replication (Tan & Jiang, 2008).  

A more accurate picture of how the RdRp of Norwalk virus functions was provided recently 
when the crystal structure of the Norwalk virus polymerase was resolved bound to the RNA 
primer template and to its natural substrate, a nucleoside triphosphate (NTP) (Zamyatkin et 
al., 2008). This ternary RdRp·RNA·NTP complex revealed details underlying the nucleotidyl 
transfer reaction, which is thought to be highly conserved among viral polymerases. This 
complex was also resolved bound to a potent inhibitor of picornavirus polymerases, the 5-
nitrocytidine triphosphate (NCT), revealing differences between NCT and NTP complexes, 
which indicate a novel mechanism of inhibition of the RdRp that should be explored in the 
design of anti-norovirus compounds mimicking natural nucleosides and nucleotides 
(Zamyatkin et al., 2008). 

A functional assay was developed for the detection of norovirus RdRp activity (Rohayem et 
al., 2006a; Rohayem et al., 2006b) and the inhibitory activity of some nucleoside analogs such 
as 2’-arauridine-5’-triphosphate and 3’-deoxyuridine-5’-triphosphate has been reported 
(Rohayem et al., 2010). Nucleoside analogs display similar mechanisms of inhibition of 
RdRps and some, like 2’-C-methylcytidine, 2'-C-methyladenosine and 4’-azidocytidine have 
shown a broad spectrum of activity against plus stranded RNA viruses, such as 
picornavirus and HCV (De Palma et al., 2008b; Goris et al., 2007; Klumpp et al., 2006). 
Hence, this class of compounds has great potential to be inhibitors of the norovirus RdRp 
and ought to be studied as antiviral drugs.  

Ribavirin is a guanosine analogue with broad-spectrum activity against RNA virus. 
Although it was discovered over 30 years ago, its mechanism of action still remains 
controversial. Ribavirin was formally approved to treat chronic HCV infections in 
combination with pegylated interferon and in aerosol form to treat pediatric respiratory 
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syncytial virus (RSV) infections (Graci & Cameron, 2006). It has also been used against a 
number of other viruses such as Lassa fever virus, Crimean Congo hemorrhagic fever, 
hantaviruses and severe acute respiratory syndrome coronavirus (SARS-CoV) (Haagmans & 
Osterhaus, 2006; Leyssen et al., 2008). Ribavirin has shown to be active against norovirus in 
the Norwalk replicon model and the MNV model (Chang & George, 2007). The main 
mechanism of action in the Norwalk replicon model was associated with the depletion of 
GTP in the cells since the addition of guanosine moderately reversed the antiviral effect of 
ribavirin (Chang & George, 2007). This depletion of intracellular GTP could be due to the 
inhibition of the cellular inosine monophosphate dehydrogenase (IMPDH) by ribavirin 
(Graci & Cameron, 2006; Leyssen et al., 2005). Mycophenolic acid (MPA), a potent 
noncompetitive inhibitor of IMPDH, also showed to inhibit Norwalk virus replication 
(Chang & George, 2007). 

Another of the proposed mechanisms of ribavirin is an increased mutation frequency via 
incorporation of ribavirin into newly synthesized genomes leading to error catastrophe 
(Graci & Cameron, 2006). However, ribavirin seemed not to induce catastrophic mutations 
in norovirus since there was no increase in the mutation rates in the ribavirin-treated 
Norwalk replicon-bearing cells (Chang & George, 2007).  

Overall, this data indicates that ribavirin or its analogs, such as EICAR (5-ethynyl-1-β-D-
ribofuranosylimidazole-4-carboxamide) and viramidine, could constitute a promising 
starting point in the development of inhibitors of norovirus replication.  

2.5 Targeting the norovirus genome 

The norovirus RNA genome or viral transcripts also constitute an important target to inhibit 
the replication of norovirus. Antisense oligonucleotides and siRNAs (small interfering RNA) 
can be designed to target conserved regions of the norovirus genome with the aim of 
disrupting viral replication. For that, these oligonucleotides need to fulfill some requisites, 
namely the target sequence has to be involved in viral replication, accessible for 
oligonucleotide hybridization and conserved among different viral strains (Spurgers et al., 
2008). 

The existence of conserved secondary structures among calicivirus genomes opens the 
possibility of designing an oligonucleotide that would present a broad spectrum activity 
among noroviruses or troughout the family Caliciviridae. These conserved structures 
include 5’ terminal stem-loops, 3’ terminal hairpins, a stem-loop just upstream of the 
ORF1/2 junction in the antigenomic strand and a stem-loop at the 5’ end of the 
polymerase coding region with a motif characteristic of picornavirus cis-acting replication 
elements (cre elements) that dictate VPg uridylylation (Simmonds et al., 2008; Victoria et 
al., 2009). Some of these structures were found to be critical for the replication of MNV 
and for its infectivity (Simmonds et al., 2008). By using MNV reverse genetics system it 
was demonstrated that the disruption of the 5’-stem loops or the 3’-hairpins strongly 
impaired MNV replication in vitro (Simmonds et al., 2008). Moreover, a polypyrimidine 
tract located at the 3’-end of the genome has been incriminated in regulating viral fitness 
and virulence of MNV in vivo (Bailey et al., 2010). The important roles played by these 
conserved RNA structures in norovirus replication and virulence makes them potentially 
good antiviral targets.  
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The 5′-UTR (untranslated region) sequence of the norovirus genome has already been 
successfully targeted by an antisense strategy. A panel of peptide-conjugated 
phosphorodiamidiate morpholino oligomers (PPMOs) specific for the 5′-UTR of MNV 
proved to be effective in inhibiting its replication in vitro (Bok et al., 2008). Also, a consensus 
PPMO (designated Noro 1.1), designed to target the corresponding region of several diverse 
human norovirus genotypes, inhibited Norwalk virus protein expression in replicon-bearing 
cells (Bok et al., 2008). Moreover, PMOs targeting the 5′-UTR of the FCV genome were used 
successfully in three clinical trials during FCV outbreaks in kittens (Smith et al., 2008). 
Overall, these studies suggests that PPMOs directed against the relatively conserved 5′-end 
of the norovirus genome may show broad antiviral activity against this genetically diverse 
group of viruses and might translate into a successful clinical application but only further 
studies in animal models will say. 

An alternative nucleic acid-based strategy is the use of RNA interference (RNAi) for 
silencing the viral genome. A wide range of viruses have been inhibited with RNAi 
(Leonard & Schaffer, 2006) and concerning calicivirus the first preliminary results have been 
published (Bergmann & Rohayem, 2010; Rohayem et al., 2010). In this study, siRNAs 
targeting the 5’-UTR and the subgenomic region of the FCV genome were successful in 
inhibiting FCV replication in vitro, namely by reducing infectivity, reducing the levels of 
viral genomic RNA and inhibiting viral translation.  

2.6 Other strategies to stop norovirus replication 

The enhancement of the host cell’s antiviral mechanisms may constitute a valuable strategy 
to inhibit norovirus replication. Interferons (IFNs) are critical components of the innate 
immune response which establish an antiviral state of cells through interactions with IFN 
receptors expressed in nearly all nucleated cells. The binding of IFNs to their receptors 
triggers activation of STATs (signal transducer and activator of transcription) and cascade 
events which results in the induction of various antiviral proteins, such as RNA-dependent 
protein kinase (PKR) and RNase L (Samuel, 2001). However, many viruses are armed with 
anti-IFN mechanisms, such as those counteracting the STATs and inhibiting IFN synthesis 
(Samuel, 2001). 

Interferons, both type I (IFN-α) and type II (IFN-γ), showed to inhibit the replication of 
norovirus in the Norwalk replicon model (Chang & George, 2007; Chang et al., 2006). Norwalk 
virus did not present a strong anti-IFN mechanism in the replicon-bearing cells, and this may 
be a reason for its high sensitivity to IFNs (Chang & George, 2007; Chang et al., 2006). It was 
also demonstrated that IFN responses were critical to control MNV infection in vivo and 
inhibited viral replication in vitro (Karst et al., 2003; Wobus et al., 2004). Both type I and type II 
IFNs block the translation of viral proteins of MNV but while type II IFN-mediated inhibition 
is dependent on the well-characterized interferon-induced antiviral molecule PKR, type I IFN-
mediated inhibition occur through a PKR-independent process (Changotra et al., 2009). This 
data suggests that IFN may be a good therapeutic option for norovirus gastroenteritis. 

The cellular pathway of cholesterol biosynthesis has been shown to be upregulated during 
the replication of several viruses, including HIV and HCV (Giguere & Tremblay, 2004; Ye, 
2007). A study using Norwalk replicon system demonstrated that cholesterol pathways 
were also important in the replication of norovirus (Chang, 2009). Statins, such as 
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simvastatin and lovastatin, are well known drugs that interfere with cholesterol pathways 
by inhibiting de novo synthesis of cholesterol through inhibition of HMG-CoA (3-hydroxy-3-
methyl glutaryl-coenzyme A), reducing plasma cholesterol levels by upregulating low 
density lipoprotein receptor (LDLR) and promoting the uptake of LDL bound cholesterol to 
cells. It has been demonstrated that the use of statins resulted in a reduction of HCV 
replication through blockage of protein geranylgeranylation and the proper formation of 
viral replicase complexes (Ye, 2007; Ye et al., 2003). On the contrary, the inhibition of 
cholesterol biosynthesis using statins significantly enhanced the replication of Norwalk 
virus which was correlated with an increased expression of LDLR (Chang, 2009). It was 
postulated that LDLR could play an important direct role in virus replication such as 
participating in viral replication complexes as an essential cofactor (Chang, 2009). 

The activity of acyl-CoA:cholesterol acyltransferase (ACAT) is also an important factor for 
cholesterol biosynthesis. Unlike statins, treatment with ACAT inhibitors such as Cl-976, 
Sandoz 58-035, YIC-C8-434 and pyripyropene resulted in reduced levels of Norwalk 
replication and interestingly, in reduced levels of LDLR (Chang, 2009). This data indicate 
that ACAT may be a novel target for inhibiting norovirus replication and its inhibitors could 
be further developed as anti-norovirus drugs. 

3. Final remarks  
Antiviral therapy is still not available today for norovirus and certainly a long road still lies 
ahead. A significant progress has been made in the elucidation of the replication strategy of 
norovirus, for which the use of surrogate viruses, the generation of a Norwalk replicon 
model, the available crystal structures of norovirus proteins were landmark developments 
that helped this giant pursuit.  

In this chapter, we review and speculate about potential targets and antiviral strategies. 
Many were the targets suggested, however we believe that priority should be given to viral 
enzymes of replication, such as the RdRp and protease. Besides being key enzymes in 
norovirus life cycle, they are conserved across this genetically diverse group of viruses and 
divergent enough from cellular enzymes for their inhibitors to have good selectivity and 
minimal toxicity. Moreover, viral enzymes of replication are in general less prone to 
variation than structural proteins, minimizing the emergence of drug resistance.  

As the understanding of norovirus replication deepens, one could look forward to new 
opportunities for the development of innovative antiviral strategies targeting this important 
human pathogen in a near future.  
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phosphorodiamidiate morpholino oligomers (PPMOs) specific for the 5′-UTR of MNV 
proved to be effective in inhibiting its replication in vitro (Bok et al., 2008). Also, a consensus 
PPMO (designated Noro 1.1), designed to target the corresponding region of several diverse 
human norovirus genotypes, inhibited Norwalk virus protein expression in replicon-bearing 
cells (Bok et al., 2008). Moreover, PMOs targeting the 5′-UTR of the FCV genome were used 
successfully in three clinical trials during FCV outbreaks in kittens (Smith et al., 2008). 
Overall, these studies suggests that PPMOs directed against the relatively conserved 5′-end 
of the norovirus genome may show broad antiviral activity against this genetically diverse 
group of viruses and might translate into a successful clinical application but only further 
studies in animal models will say. 

An alternative nucleic acid-based strategy is the use of RNA interference (RNAi) for 
silencing the viral genome. A wide range of viruses have been inhibited with RNAi 
(Leonard & Schaffer, 2006) and concerning calicivirus the first preliminary results have been 
published (Bergmann & Rohayem, 2010; Rohayem et al., 2010). In this study, siRNAs 
targeting the 5’-UTR and the subgenomic region of the FCV genome were successful in 
inhibiting FCV replication in vitro, namely by reducing infectivity, reducing the levels of 
viral genomic RNA and inhibiting viral translation.  

2.6 Other strategies to stop norovirus replication 

The enhancement of the host cell’s antiviral mechanisms may constitute a valuable strategy 
to inhibit norovirus replication. Interferons (IFNs) are critical components of the innate 
immune response which establish an antiviral state of cells through interactions with IFN 
receptors expressed in nearly all nucleated cells. The binding of IFNs to their receptors 
triggers activation of STATs (signal transducer and activator of transcription) and cascade 
events which results in the induction of various antiviral proteins, such as RNA-dependent 
protein kinase (PKR) and RNase L (Samuel, 2001). However, many viruses are armed with 
anti-IFN mechanisms, such as those counteracting the STATs and inhibiting IFN synthesis 
(Samuel, 2001). 

Interferons, both type I (IFN-α) and type II (IFN-γ), showed to inhibit the replication of 
norovirus in the Norwalk replicon model (Chang & George, 2007; Chang et al., 2006). Norwalk 
virus did not present a strong anti-IFN mechanism in the replicon-bearing cells, and this may 
be a reason for its high sensitivity to IFNs (Chang & George, 2007; Chang et al., 2006). It was 
also demonstrated that IFN responses were critical to control MNV infection in vivo and 
inhibited viral replication in vitro (Karst et al., 2003; Wobus et al., 2004). Both type I and type II 
IFNs block the translation of viral proteins of MNV but while type II IFN-mediated inhibition 
is dependent on the well-characterized interferon-induced antiviral molecule PKR, type I IFN-
mediated inhibition occur through a PKR-independent process (Changotra et al., 2009). This 
data suggests that IFN may be a good therapeutic option for norovirus gastroenteritis. 

The cellular pathway of cholesterol biosynthesis has been shown to be upregulated during 
the replication of several viruses, including HIV and HCV (Giguere & Tremblay, 2004; Ye, 
2007). A study using Norwalk replicon system demonstrated that cholesterol pathways 
were also important in the replication of norovirus (Chang, 2009). Statins, such as 
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simvastatin and lovastatin, are well known drugs that interfere with cholesterol pathways 
by inhibiting de novo synthesis of cholesterol through inhibition of HMG-CoA (3-hydroxy-3-
methyl glutaryl-coenzyme A), reducing plasma cholesterol levels by upregulating low 
density lipoprotein receptor (LDLR) and promoting the uptake of LDL bound cholesterol to 
cells. It has been demonstrated that the use of statins resulted in a reduction of HCV 
replication through blockage of protein geranylgeranylation and the proper formation of 
viral replicase complexes (Ye, 2007; Ye et al., 2003). On the contrary, the inhibition of 
cholesterol biosynthesis using statins significantly enhanced the replication of Norwalk 
virus which was correlated with an increased expression of LDLR (Chang, 2009). It was 
postulated that LDLR could play an important direct role in virus replication such as 
participating in viral replication complexes as an essential cofactor (Chang, 2009). 

The activity of acyl-CoA:cholesterol acyltransferase (ACAT) is also an important factor for 
cholesterol biosynthesis. Unlike statins, treatment with ACAT inhibitors such as Cl-976, 
Sandoz 58-035, YIC-C8-434 and pyripyropene resulted in reduced levels of Norwalk 
replication and interestingly, in reduced levels of LDLR (Chang, 2009). This data indicate 
that ACAT may be a novel target for inhibiting norovirus replication and its inhibitors could 
be further developed as anti-norovirus drugs. 

3. Final remarks  
Antiviral therapy is still not available today for norovirus and certainly a long road still lies 
ahead. A significant progress has been made in the elucidation of the replication strategy of 
norovirus, for which the use of surrogate viruses, the generation of a Norwalk replicon 
model, the available crystal structures of norovirus proteins were landmark developments 
that helped this giant pursuit.  

In this chapter, we review and speculate about potential targets and antiviral strategies. 
Many were the targets suggested, however we believe that priority should be given to viral 
enzymes of replication, such as the RdRp and protease. Besides being key enzymes in 
norovirus life cycle, they are conserved across this genetically diverse group of viruses and 
divergent enough from cellular enzymes for their inhibitors to have good selectivity and 
minimal toxicity. Moreover, viral enzymes of replication are in general less prone to 
variation than structural proteins, minimizing the emergence of drug resistance.  

As the understanding of norovirus replication deepens, one could look forward to new 
opportunities for the development of innovative antiviral strategies targeting this important 
human pathogen in a near future.  
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1. Introduction 
1.1 Conventional antibodies 

Recombinant antibodies (Abs) are widely regarded as one of the main, if not the most 
promising tools against cancer and auto-immune, inflammatory, neurodegenerative and 
infectious diseases (Stiehm et al., 2008). Conventional antibodies are complex molecules 
consisting of pairs of heavy and light chains, whose N-terminal domain is more variable 
than the rest of the protein sequence. The antibody heavy chain usually consists of three 
constant domains (CH1, CH2 and CH3) and a variable domain (VH). The light chain has 
only two domains, the constant light (CL) and the variable light (VL). Important 
Glycosylations on the CH2 domain are necessary for antibody effector functions, such as 
Antibody-Dependent Cellular Cytotoxicity (ADCC) and Complement–Dependent Cytolysis 
(CDC), and for regulating antibody half time in serum (Fig. 1, A). Antigen-binding is 
determined by the three hypervariable Complementary Determining Regions (CDR1, CDR2 
and CDR3) present in both the VH and VL domains. These regions are located in juxtaposed 
loops, creating a continuous surface of ~ 1000 Å2 that specifically binds to the epitope in 
an antigen. Although all CDRs can potentially make contact with the antigen, CDR3 
contacts with the epitope are generally more extensive. The structural diversity of the 
antigen-binding sites of a conventional antibody depends on the size of the CDR3 in the 
VH and the conjunction with the VL at different angles and distances. These are grouped 
in three different classes, according to the size and type of antigen: cavities (fitting 
haptens), grooves (fitting peptides) and planar sites (fitting surface patches of proteins) 
(Johnson et al., 2010). 

1.2 The single variable domain of the heavy chain antibodies 

In 1993 a surprising observation was made in members of the Artiodactyl Tylopoda family 
(camelids). Next to conventional IgG antibodies, camelids also naturally produce Heavy 
Chain antibodies (HCAbs) that lack the light chain (Hamers-Casterman et al., 1993). Two 
years later, similar single chain antibodies were discovered in cartilaginous fish (sharks) 
(Greenberg et al., 1995). Although the CH2 and CH3 of the HCAbs and the conventional Abs 
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are highly homologous, there is no CH1 domain in the camelid HCAbs. The single variable 
domain, called VHH, is the only domain of HCAbs that makes contact with the antigen. 
Surprisingly, although the VHH have only three CDR regions, their affinity for antigens 
reaches the low nanomolar to even picomolar range, matching the best affinities of classical 
antibodies. When expressed as single domains (often referred to as nanobodies, Nb), the 
VHHs retain their strong epitope specificity and affinity, a feature that might be explained 
by the VHH architecture (Fig. 1, B). Just like the VHs of conventional antibodies, the amino 
acid (AA) sequence of VHHs is organised in three hypervariable regions (CDR1, CDR2 and 
CDR3) separated by four Framework regions (FR1-FR4) (Muyldermans et al., 1994). As the  

 
Fig. 1. Representative diagrams of a conventional antibody, an HCAb, and a VHH. (A) A 
conventional IgG antibody is a dimeric molecule, and each monomer comprises a heavy 
chain and a light chain. The heavy chain consists of the constant domains (CH1, CH2 and 
CH3) and the variable domain (VH). The light chain has only one conserved domain (CL) 
and a variable domain (VL). Important glycosylation sites (orange stars) are present in CH2, 
which are responsible for effector functions and the flexibility of the molecule. (B) The 
HCAb devoid of the light chain and CH1 contains the paratope (yellow box) present only in 
the single variable domain (VHH). (C) The VHH can be expressed as a prolate-shaped, 
soluble molecule of ~15 kDa. The yellow box shows the antigen binding site. (D) The VHH 
sequence is made of four Framework Regions (FR1, light gray; FR2, cyan; FR3, magenta and 
FR4, yellow), and three Complementary Determining Regions (CDR1, green; CDR2, blue 
and CDR3, red). Residues F37, E44, G47and R45 (orange) are located in the FR2 and mask a 
hydrophobic patch. C, C- terminal; N, N-terminal. The dotted red line represents a disulfide 
bond between the FR2 and the CDR3; this bond stabilizes the molecule and is present in 
dromedaries. (E) A three-dimensional structure of an anti lysozyme VHH, showing the Ig 
folding of β sheets, five strands in the front (roman numerals: I – V) and four strands in the 
back (VI – IX). The enlarged yellow box shows the antigen binding site, formed by 
juxtaposition of three CDRs. (F) The VHH shown in (F) is drawn in complex with lysozyme 
(light blue). A protruding paratope consisting mainly of CDR3 (red) recognizes and binds 
the catalytic cleft of lysozyme, inhibiting its activity. 

 
Single Domain Camelid Antibodies that Neutralize Negative Strand Viruses 

 

153 

AA sequence of the VHH FRs is highly similar to those of conventional VHs it was not 
surprising that the overall architecture of VHHs closely resembles that of VHs 
(Muyldermans et al., 1994). Both VHH and VH domains fold  into two β-sheets with the 
three CDRs that link these two sheets at one end of the barrel (or domain) (De Genst et al., 
2006; Desmyter et al., 1996) (Fig. 1, C,E).  However, there are striking structural differences 
between VHHs and conventional VH. Evidently, VHHs lack an interacting VL domain. 
Because of this, the hydrophobic amino acids present at the VH surface that is normally 
interacting with the VL, are substituted by hydrophilic AA (Fig.1, D). This enhances the 
solubility of VHH single domain proteins compared to engineered VH single domain 
proteins.  

The absence of the additional CDRs in VHHs is likely compensated by structural features. 
First, the CDR3 regions of camelid VHHs are generally longer (13-17 amino acids) than the 
CDR3 regions of mouse and human VHs (9-12 and 9-17 AA respectively) (Wu et al., 1993). In 
contrast to conventional Abs, in which the antigen binding surface is often a flat surface, a 
cavity or a groove, the long CDR3 loop may extend from the antigen binding surface 
(Desmyter et al., 1996). This enlarges the paratope surface and hence the potential affinity 
and repertoire of camelid HCAbs. In addition, especially in dromedaries, the CDR1 and 
CDR3 regions contain a cysteine, which allows formation of a second disulfide bridge next 
to the single disulfide bridge in conventional VHs (Muyldermans et al., 1994). This extra 
bridge likely stabilizes the CDR loops, thereby reducing their flexibility. This probably also 
contributes to the affinity (less entropy is lost upon antigen binding) and structural diversity 
of VHHs.  Long extending CDR3 loops that are stabilized by an extra disulfide bridge can 
explain the tendency of VHHs to bind to clefts and concaves surfaces more readily than 
conventional antibodies do (Fig.  1, F) (De Genst et al., 2006). Indeed comparison of multiple 
structures of hen egg white lysozyme interacting with either several conventional human 
antibodies or several camelid VHHs clearly illustrated that VHHs tends to bind to the 
concave substrate-binding pocket, whereas conventional antibodies favor epitopes on the 
“flat” surface of the antigen (Fig. 1, C). In addition, whereas each of the three CDRs of 
conventional VHs contributes considerably to the interaction with antigen, VHHs depended 
mainly on the CDR 3 loop for this interaction. Other antigens that are hard to target by 
conventional antibodies, but can be targeted by camelid VHHs are ion channels, GPCRs, 
haptens and enzymatic sites (Lauwereys et al., 1998; Rasmussen et al., 2011). 

Next to an extended CDR3, the AA sequence of the H1 loop that precedes and comprises 
CDR1 appears to be particularly more variable in camelid VHHs than in conventional VHs. 
This might be interpreted as an extension of the VHH CDR1 (Vu et al., 1997). Associated 
with this high variability in camelid VHHs, CH1 loops adopt conformations that deviate 
from the canonical H1 structures of conventional VHs (Barre et al., 1994; Decanniere et al., 
1999; Decanniere et al., 2000). Camelid VHH CH1 loops appear to fold into a more diverse 
repertoire of structures. The high variability in the AA sequence and conformations of the 
CH1 loop contribute to the VHH paratope size (850-1150 Å2), which approaches that of 
conventional antibodies (VH + VL) (Desmyter et al., 2002). Clearly, different biochemical 
and structural features of camelid VHHs compensate for the lack of a VL domain, thus 
allowing a broad repertoire of specific high affinity antigen interactions. In addition, due to 
their small size and typical extruding CDR3 regions, camelid VHH tend to bind in cavities 
that are not readily accessible for conventional antibodies. Next to these particular features, 
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are highly homologous, there is no CH1 domain in the camelid HCAbs. The single variable 
domain, called VHH, is the only domain of HCAbs that makes contact with the antigen. 
Surprisingly, although the VHH have only three CDR regions, their affinity for antigens 
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antibodies. When expressed as single domains (often referred to as nanobodies, Nb), the 
VHHs retain their strong epitope specificity and affinity, a feature that might be explained 
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FR4, yellow), and three Complementary Determining Regions (CDR1, green; CDR2, blue 
and CDR3, red). Residues F37, E44, G47and R45 (orange) are located in the FR2 and mask a 
hydrophobic patch. C, C- terminal; N, N-terminal. The dotted red line represents a disulfide 
bond between the FR2 and the CDR3; this bond stabilizes the molecule and is present in 
dromedaries. (E) A three-dimensional structure of an anti lysozyme VHH, showing the Ig 
folding of β sheets, five strands in the front (roman numerals: I – V) and four strands in the 
back (VI – IX). The enlarged yellow box shows the antigen binding site, formed by 
juxtaposition of three CDRs. (F) The VHH shown in (F) is drawn in complex with lysozyme 
(light blue). A protruding paratope consisting mainly of CDR3 (red) recognizes and binds 
the catalytic cleft of lysozyme, inhibiting its activity. 

 
Single Domain Camelid Antibodies that Neutralize Negative Strand Viruses 

 

153 

AA sequence of the VHH FRs is highly similar to those of conventional VHs it was not 
surprising that the overall architecture of VHHs closely resembles that of VHs 
(Muyldermans et al., 1994). Both VHH and VH domains fold  into two β-sheets with the 
three CDRs that link these two sheets at one end of the barrel (or domain) (De Genst et al., 
2006; Desmyter et al., 1996) (Fig. 1, C,E).  However, there are striking structural differences 
between VHHs and conventional VH. Evidently, VHHs lack an interacting VL domain. 
Because of this, the hydrophobic amino acids present at the VH surface that is normally 
interacting with the VL, are substituted by hydrophilic AA (Fig.1, D). This enhances the 
solubility of VHH single domain proteins compared to engineered VH single domain 
proteins.  

The absence of the additional CDRs in VHHs is likely compensated by structural features. 
First, the CDR3 regions of camelid VHHs are generally longer (13-17 amino acids) than the 
CDR3 regions of mouse and human VHs (9-12 and 9-17 AA respectively) (Wu et al., 1993). In 
contrast to conventional Abs, in which the antigen binding surface is often a flat surface, a 
cavity or a groove, the long CDR3 loop may extend from the antigen binding surface 
(Desmyter et al., 1996). This enlarges the paratope surface and hence the potential affinity 
and repertoire of camelid HCAbs. In addition, especially in dromedaries, the CDR1 and 
CDR3 regions contain a cysteine, which allows formation of a second disulfide bridge next 
to the single disulfide bridge in conventional VHs (Muyldermans et al., 1994). This extra 
bridge likely stabilizes the CDR loops, thereby reducing their flexibility. This probably also 
contributes to the affinity (less entropy is lost upon antigen binding) and structural diversity 
of VHHs.  Long extending CDR3 loops that are stabilized by an extra disulfide bridge can 
explain the tendency of VHHs to bind to clefts and concaves surfaces more readily than 
conventional antibodies do (Fig.  1, F) (De Genst et al., 2006). Indeed comparison of multiple 
structures of hen egg white lysozyme interacting with either several conventional human 
antibodies or several camelid VHHs clearly illustrated that VHHs tends to bind to the 
concave substrate-binding pocket, whereas conventional antibodies favor epitopes on the 
“flat” surface of the antigen (Fig. 1, C). In addition, whereas each of the three CDRs of 
conventional VHs contributes considerably to the interaction with antigen, VHHs depended 
mainly on the CDR 3 loop for this interaction. Other antigens that are hard to target by 
conventional antibodies, but can be targeted by camelid VHHs are ion channels, GPCRs, 
haptens and enzymatic sites (Lauwereys et al., 1998; Rasmussen et al., 2011). 

Next to an extended CDR3, the AA sequence of the H1 loop that precedes and comprises 
CDR1 appears to be particularly more variable in camelid VHHs than in conventional VHs. 
This might be interpreted as an extension of the VHH CDR1 (Vu et al., 1997). Associated 
with this high variability in camelid VHHs, CH1 loops adopt conformations that deviate 
from the canonical H1 structures of conventional VHs (Barre et al., 1994; Decanniere et al., 
1999; Decanniere et al., 2000). Camelid VHH CH1 loops appear to fold into a more diverse 
repertoire of structures. The high variability in the AA sequence and conformations of the 
CH1 loop contribute to the VHH paratope size (850-1150 Å2), which approaches that of 
conventional antibodies (VH + VL) (Desmyter et al., 2002). Clearly, different biochemical 
and structural features of camelid VHHs compensate for the lack of a VL domain, thus 
allowing a broad repertoire of specific high affinity antigen interactions. In addition, due to 
their small size and typical extruding CDR3 regions, camelid VHH tend to bind in cavities 
that are not readily accessible for conventional antibodies. Next to these particular features, 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

154 

VHH single domain protein is exceptionally stable and soluble, even under stringent 
conditions. As VHH are small and naturally monomeric, they can be easily formatted. In 
addition, the small size of VHHs allows them penetrate deeper into tissue (e.g. tumor tissue) 
and to occasionally cross the blood-brain barrier. On the down side, the small size of single 
domain VHH contributes to their rapid clearance from circulation. 

Using display technologies, it is possible to select VHHs from large, synthetic or naive 
libraries (Verheesen et al., 2006). The phage display generated from an immune VHH 
repertoire is the most widely and powerful technique used nowadays to rapidly select 
VHHs with the desired specificity (Arbabi Ghahroudi et al., 1997). VHH are easily produced 
in bacterial or yeast systems in miligram quantities per liter of culture. Their stability, 
solubility, ease of production and small size make them excellent candidates for multivalent 
formatting. Tailor-made constructions using VHHs as building blocks enhance the avidity of 
the molecule even in a 3 log scale, and several constructions are being tested in clinical trials 
(Els Conrath et al., 2001; Hmila et al., 2010). Their high potential as therapeutics has 
prompted the creation in Belgium of the company Ablynx in 2001. Because of the publicity 
surrounding nanotechnology and the small size of the VHH, Ablynx named the VHH as 
“Nanobody (Nb)”, and retains full intellectual property rights of the use of Nbs in 
therapeutics and diagnosis. The combined features of VHHs makes them ideal tools for 
many applications. In this chapter, we focus on the development and use of VHHs for anti-
viral therapy. It is interesting to point out that only one monoclonal antibody is used today 
(Synagis) as a therapeutic against infectious disease (Groothuis & Simoes, 1993). 

2. Influenza virus 
The main prophylactic measure against  influenza is vaccination. Therapeutic options for 
influenza are small molecule drugs targeting the viral proteins Neuraminidase (NA) or 
matrix protein 2 (M2). Influenza virus poses a great and continuous threat to humans and 
zoonotic infections also pose a dangerous challenge to human. In the last decade, two 
important viruses have emerged as pandemic or potentially pandemic outbreaks: the recent 
pandemic outbreak in the 2009 by the swine-derived H1N1 influenza virus (also called the 
Mexican Flu) and Highly Pathogenic Avian  influenza (HPAV) viruses of the H5N1 subtype, 
mainly in Asiatic countries. The 2009 H1N1 pandemic presents an interesting case. It was a 
zoonotic infection that could be transmitted between humans, but had a low mortality rate. 
On the other hand, the HPAV H5N1 virus infections present a high replication efficiency, 
broader cell tropism and possible systemic spread in patients. Fulminant pneumonia, multi-
organ failure caused by a high viral load and an intense inflammatory response (cytokine 
storm) are responsible of a mortality rate of 60 % (de Jong et al., 2006).  Vaccines to prevent 
HPAV infection are not available, but NA inhibitors (osetalmivir) are used as antiviral 
drugs. A combination of antiviral drugs and immunomodulators was used to control 
infection by HPAV H5N1 in patients, but its use was considered as a risk. On the other 
hand, passive immunization has been a successful alternative. Immunoglobulins in immune 
sera derived from animals or humans exposed to a homologous virus had been used to treat 
HPAV-infected humans (Luke & Subbarao, 2006; Zhou et al., 2007). The genetic shift and 
drift of the influenza virus underline the need for new antiviral approaches. In addition, the 
emergence of drug resistant strains poses an extra concern. The Tamiflu Resistant strain 
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(resulting mainly from the H274Y mutation, Wang et al., 2002) is evidence of the urgent need 
for new anti-influenza drugs. It is also urgent to develop new and better antiviral tools 
against the zoonotic  influenza virus, including HPAV. The characteristics of Nbs mentioned 
above makes them a potentially effective antiviral approach. Several attempts have been 
made to target conserved epitopes of proteins in the surface proteins of  influenza viruses. 
The main antigenic target in  influenza virus is the HA protein. However, the genetic shift of 
this viral protein, especially in its antigenic regions, complicates this approach. Even though 
this strategy has been successful in current seasonal vaccines, it is costly and far from 
optimal: it is not suitable for emerging pandemic viruses, as has been proven not suitable as 
an immediately available vaccine against the Mexican flu in 2009.  

2.1 Targeting influenza HA: the Nb approach 

The work of Hultberg and colleagues (Hultberg et al., 2011) is the first report of the use of 
Nb technology as an antiviral tool against influenza. That study proved the binding of Nbs 
to an  influenza protein and the neutralization of the binding of the virion to its cellular 
receptor in mammalian cells. These results are the proof of principle of the use of Nbs as 
antivirals. We discuss the most relevant results in scope of the potential further use of Nbs. 
To obtain Nbs directed against H5N1 viruses, llamas were immunized with recombinant 
H5N1 HA (H5, A/Vietnam/1203/04). The nanobody repertoire of the hyperimmune 
animals was cloned into a phage display library, and two promising HA-binding VHHs 
were isolated. The VHH of the HCab or Nb was cloned, produced as monovalent molecules, 
purified and screened for specific binding to the antigen, using as competitor the HA 
surrogate receptor fetuin. Two of the specific binders (B12 and C8) had high affinity to HA 
(KD = 9.91 and 30.1 nM) as determined by surface plasmon resonance. In addition, in a MLV 
(H5) pseudotyped neutralization assay both Nbs neutralized the parental virus 
A/Vietnam/1203/04 and also another clade 1 virus (A/Vietnam/1194/04) with a minimal 
inhibition concentration (IC50) of 75 nM. The possibility of cross reactivity among different 
H5N1 clades was also tested. The Nbs efficiency in neutralizing other clades of  influenza virus 
decreased proportionally with the antigenic distance from the virus A/Vietnam/1203/04. 
Three viruses from clade 2.2 were inhibited by the monovalent Nbs in a similar range as 
clade 1 (IC50 = 50–150 nM). On the other hand, one virus of clade 2.3.4 and one virus from 
clade 2.5 showed little or no inhibition. As mentioned above, Nbs are potentially good 
building blocks for multivalent molecules due their small size, high affinity, and efficacy as 
a production platform. Bivalent and trivalent constructs were made, based on Nb C-8, using 
Gly4/Ser linkers (GS) of different lengths. The neutralization potential of the bivalent and 
trivalent constructs was greatly enhanced against the A/Vietnam/1194/04 virus (IC50 ≤ 1 
pM). Inhibition of this clade 1 virus was confirmed by a micronetralization assay in NIBRG-
14 infected cells. NIBRG-14 is an engineered recombinant virus whose HA and NA are 
derived from the A/Vietnam/1194/04 virus. Surprisingly, in the bivalent and trivalent Nbs 
the IC50 neutralization activity (9 and 3 pM, respectively) decreased by more than 3 logs, 
compared to the monovalent Nb. These results show that the multimeric molecules 
outperformed a previously developed monoclonal antibody CR 261, against NIBRG-14 
(Throsby et al., 2008). These results were also confirmed in a hemagglutination inhibition 
assay, which showed an IC50 of 2 nM for the bivalent and trivalent construction, compared 
to 156 nm of the monovalent. 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

154 

VHH single domain protein is exceptionally stable and soluble, even under stringent 
conditions. As VHH are small and naturally monomeric, they can be easily formatted. In 
addition, the small size of VHHs allows them penetrate deeper into tissue (e.g. tumor tissue) 
and to occasionally cross the blood-brain barrier. On the down side, the small size of single 
domain VHH contributes to their rapid clearance from circulation. 

Using display technologies, it is possible to select VHHs from large, synthetic or naive 
libraries (Verheesen et al., 2006). The phage display generated from an immune VHH 
repertoire is the most widely and powerful technique used nowadays to rapidly select 
VHHs with the desired specificity (Arbabi Ghahroudi et al., 1997). VHH are easily produced 
in bacterial or yeast systems in miligram quantities per liter of culture. Their stability, 
solubility, ease of production and small size make them excellent candidates for multivalent 
formatting. Tailor-made constructions using VHHs as building blocks enhance the avidity of 
the molecule even in a 3 log scale, and several constructions are being tested in clinical trials 
(Els Conrath et al., 2001; Hmila et al., 2010). Their high potential as therapeutics has 
prompted the creation in Belgium of the company Ablynx in 2001. Because of the publicity 
surrounding nanotechnology and the small size of the VHH, Ablynx named the VHH as 
“Nanobody (Nb)”, and retains full intellectual property rights of the use of Nbs in 
therapeutics and diagnosis. The combined features of VHHs makes them ideal tools for 
many applications. In this chapter, we focus on the development and use of VHHs for anti-
viral therapy. It is interesting to point out that only one monoclonal antibody is used today 
(Synagis) as a therapeutic against infectious disease (Groothuis & Simoes, 1993). 

2. Influenza virus 
The main prophylactic measure against  influenza is vaccination. Therapeutic options for 
influenza are small molecule drugs targeting the viral proteins Neuraminidase (NA) or 
matrix protein 2 (M2). Influenza virus poses a great and continuous threat to humans and 
zoonotic infections also pose a dangerous challenge to human. In the last decade, two 
important viruses have emerged as pandemic or potentially pandemic outbreaks: the recent 
pandemic outbreak in the 2009 by the swine-derived H1N1 influenza virus (also called the 
Mexican Flu) and Highly Pathogenic Avian  influenza (HPAV) viruses of the H5N1 subtype, 
mainly in Asiatic countries. The 2009 H1N1 pandemic presents an interesting case. It was a 
zoonotic infection that could be transmitted between humans, but had a low mortality rate. 
On the other hand, the HPAV H5N1 virus infections present a high replication efficiency, 
broader cell tropism and possible systemic spread in patients. Fulminant pneumonia, multi-
organ failure caused by a high viral load and an intense inflammatory response (cytokine 
storm) are responsible of a mortality rate of 60 % (de Jong et al., 2006).  Vaccines to prevent 
HPAV infection are not available, but NA inhibitors (osetalmivir) are used as antiviral 
drugs. A combination of antiviral drugs and immunomodulators was used to control 
infection by HPAV H5N1 in patients, but its use was considered as a risk. On the other 
hand, passive immunization has been a successful alternative. Immunoglobulins in immune 
sera derived from animals or humans exposed to a homologous virus had been used to treat 
HPAV-infected humans (Luke & Subbarao, 2006; Zhou et al., 2007). The genetic shift and 
drift of the influenza virus underline the need for new antiviral approaches. In addition, the 
emergence of drug resistant strains poses an extra concern. The Tamiflu Resistant strain 

 
Single Domain Camelid Antibodies that Neutralize Negative Strand Viruses 

 

155 

(resulting mainly from the H274Y mutation, Wang et al., 2002) is evidence of the urgent need 
for new anti-influenza drugs. It is also urgent to develop new and better antiviral tools 
against the zoonotic  influenza virus, including HPAV. The characteristics of Nbs mentioned 
above makes them a potentially effective antiviral approach. Several attempts have been 
made to target conserved epitopes of proteins in the surface proteins of  influenza viruses. 
The main antigenic target in  influenza virus is the HA protein. However, the genetic shift of 
this viral protein, especially in its antigenic regions, complicates this approach. Even though 
this strategy has been successful in current seasonal vaccines, it is costly and far from 
optimal: it is not suitable for emerging pandemic viruses, as has been proven not suitable as 
an immediately available vaccine against the Mexican flu in 2009.  

2.1 Targeting influenza HA: the Nb approach 

The work of Hultberg and colleagues (Hultberg et al., 2011) is the first report of the use of 
Nb technology as an antiviral tool against influenza. That study proved the binding of Nbs 
to an  influenza protein and the neutralization of the binding of the virion to its cellular 
receptor in mammalian cells. These results are the proof of principle of the use of Nbs as 
antivirals. We discuss the most relevant results in scope of the potential further use of Nbs. 
To obtain Nbs directed against H5N1 viruses, llamas were immunized with recombinant 
H5N1 HA (H5, A/Vietnam/1203/04). The nanobody repertoire of the hyperimmune 
animals was cloned into a phage display library, and two promising HA-binding VHHs 
were isolated. The VHH of the HCab or Nb was cloned, produced as monovalent molecules, 
purified and screened for specific binding to the antigen, using as competitor the HA 
surrogate receptor fetuin. Two of the specific binders (B12 and C8) had high affinity to HA 
(KD = 9.91 and 30.1 nM) as determined by surface plasmon resonance. In addition, in a MLV 
(H5) pseudotyped neutralization assay both Nbs neutralized the parental virus 
A/Vietnam/1203/04 and also another clade 1 virus (A/Vietnam/1194/04) with a minimal 
inhibition concentration (IC50) of 75 nM. The possibility of cross reactivity among different 
H5N1 clades was also tested. The Nbs efficiency in neutralizing other clades of  influenza virus 
decreased proportionally with the antigenic distance from the virus A/Vietnam/1203/04. 
Three viruses from clade 2.2 were inhibited by the monovalent Nbs in a similar range as 
clade 1 (IC50 = 50–150 nM). On the other hand, one virus of clade 2.3.4 and one virus from 
clade 2.5 showed little or no inhibition. As mentioned above, Nbs are potentially good 
building blocks for multivalent molecules due their small size, high affinity, and efficacy as 
a production platform. Bivalent and trivalent constructs were made, based on Nb C-8, using 
Gly4/Ser linkers (GS) of different lengths. The neutralization potential of the bivalent and 
trivalent constructs was greatly enhanced against the A/Vietnam/1194/04 virus (IC50 ≤ 1 
pM). Inhibition of this clade 1 virus was confirmed by a micronetralization assay in NIBRG-
14 infected cells. NIBRG-14 is an engineered recombinant virus whose HA and NA are 
derived from the A/Vietnam/1194/04 virus. Surprisingly, in the bivalent and trivalent Nbs 
the IC50 neutralization activity (9 and 3 pM, respectively) decreased by more than 3 logs, 
compared to the monovalent Nb. These results show that the multimeric molecules 
outperformed a previously developed monoclonal antibody CR 261, against NIBRG-14 
(Throsby et al., 2008). These results were also confirmed in a hemagglutination inhibition 
assay, which showed an IC50 of 2 nM for the bivalent and trivalent construction, compared 
to 156 nm of the monovalent. 



 
Antiviral Drugs – Aspects of Clinical Use and Recent Advances 

 

156 

The multivalency format also resulted in the potential for neutralization of  influenza virus 
of different clades. For three clade 2.2 viruses, two bivalent constructions of the Nb C-8 (9 
GS and 15 GS) did not show any decrease in the IC50. On the other hand, the 10 GS linker 
trivalent molecule showed a 10 to 40-fold increase in the neutralization potential, but the 20 
GS linker trivalent showed only two-fold decrease in the IC50, or none at all.  Nevertheless, 
using the monovalent Nb the neutralization of virus from clades 2.3.4 or 2.5 was in the high 
nM range or absent, respectively. This result confirms the previous result showing that both 
bivalent and one trivalent (10GS) constructions decrease the IC50 to a low nM range. It is worth 
mentioning that the retroviral pseudovirus A/Vietnam/1194/04 and the  influenza virus 
NIBRG-14 share the same HA, but different results were obtained using the MLV 
pseudotyped neutralization assay and the infected cells microneutralization. Using 
microneutralization, the reported IC50 of the monovalent, bivalent and trivalent molecules was 
reduced ten-fold as compared to the IC50 obtained by the pseudotyped neutralization. The 
difference in sensitivity of the assays emphasizes the need to confirm the neutralization results 
of the different influenza clades in infected cells based assays. The validation of the anti HA in 
an in vivo model was performed in a mouse model by our group (Ibañez et al., 2011). 

To confirm the in vivo efficacy of the Nbs, Ibañez and colleagues used an H5N1 NIBRG-14 
mouse adapted virus strain (NIBRG-14 ma). It is important to point out that the Nbs were 
administered intranasally in all mouse experiments, in order to enhance penetration in the 
respiratory tract. Initially, to evaluate the antiviral potential using the bivalent Nb (C-8, 15 
GS) in vivo, a dose of 5 mg/kg (100 µg) was used in mice. This dose completely prevented 
loss of body weight at 4, 24 and 48 h before a challenge with 1 LD50 of NIBRG-14 ma, 
compared to the controls after 4 days of monitoring. Using the same set up, on day 4 after 
challenge, no detectable lung virus titers were observed  when mice had been treated at 4 
and 24 hrs before challenge, and at 48 hrs the titer was 50-fold lower than in controls. These 
results suggested that the bivalent Nb provide strong protection against 1 LD50, but it is 
important to consider the half life of the molecule. In previous in vitro results, the bivalent 
Nb neutralization activity was even 3 logs higher than that of the monovalent Nb, but in vivo 
there was also a significant improvement using the bivalent. The difference in virus 
neutralization capacity between the monovalent and bivalent Nbs and the minimal 
protective dose was assessed by administration of Nbs at different doses at 24 h before 
challenge with 1 LD50 NIBRG-14. The doses of Nbs ranged from 3 to 0.025 mg/kg, and 
complete neutralization was confirmed for the highest doses of both constructs. In addition, 
administration of the highest dose (60 µg, 3 mg/kg) of bivalent Nb 24 h before challenge 
with 4 LD50 also resulted in complete protection. The monovalent neutralization activity was 
dependent on the amount of Nb, but it was also statistically significant for doses of 6 or 1.2 
µg of Nb per mouse. Remarkably, very low or no lung virus titer was detected in mice 
treated with the bivalent Nb, even for the lowest doses used (2.5–0.5 µg). These results 
strongly confirmed the neutralization efficacy of the bivalent Nb when used as prophylactic 
tool against a NIBRG-14 ma, a highly pathogenic  influenza virus model. 

The therapeutic efficacy of the bivalent Nb was also tested in the same model. The 
administration of 60 µg of bivalent Nb prevented the drop in body weight and showed a 
reduction in the lung viral titers when administered 4, 24 and 48 h after 1 LD50 challenge. On 
the other hand, 72 h after challenge, the drop in body weight was similar to that of the 
controls, but statistically significant reduction in lung viral titers was observed. The decrease 
in viral titers was also confirmed by measuring the amount of viral RNA by RT-PCR. In 
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addition, 48 h after challenge of mice (treated with this dose of bivalent Nb) with 4 LD50 of 
NIBRG-14 ma, weight loss was observed and also a delay in mortality compared with the 
controls.  

The antigenic site of the HA was mapped by selecting escape mutants in the presence of the 
monovalent or bivalent Nb. Three escape mutants were selected in the presence of monovalent 
Nb, K189E/N and N154D/S mutations were found, they are contiguous in the antigenic B 
site of the HA (Wiley et al., 1981; Yamada et al., 2006). It is noteworthy to mention that 
N154D/S removes an N-glycosylation site, a possible adaptation to mask an antigenic site 
(Fig. 2). The escape mutants selected in presence of the bivalent Nb presented not only the 
K189E/N mutation, but an additional D145N mutation located in the stalk of HA2, 40 
residues upstream of the membrane anchor. The results of the hemaglutination assays and 
microneutralization experiments suggest that mutation K189N/E is necessary and sufficient 
to abolish binding to the Nb in a monovalent or bivalent conformation, indicating a close 
proximity between the antigenic B site and the receptor binding domain. Those results are 
the first one reported of the potential antiviral activity of a Nb against the  influenza virus.  

 
Fig. 2. Ribbon representation of the H5N1 HA trimeric protein. Two mutations in the head 
of the trimer confer resistance to the monovalent and bivalent VHH C-8. The mutation 
K189N/E was necessary and sufficient to prevent binding of both mono and bivalent VHHs. 
(PDB : 2IBX) 

The Nb viral neutralization activity against a trimeric HA molecule (HA) was greatly 
enhanced when presented as bivalent and trimeric molecule, but the dynamics and details 
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The multivalency format also resulted in the potential for neutralization of  influenza virus 
of different clades. For three clade 2.2 viruses, two bivalent constructions of the Nb C-8 (9 
GS and 15 GS) did not show any decrease in the IC50. On the other hand, the 10 GS linker 
trivalent molecule showed a 10 to 40-fold increase in the neutralization potential, but the 20 
GS linker trivalent showed only two-fold decrease in the IC50, or none at all.  Nevertheless, 
using the monovalent Nb the neutralization of virus from clades 2.3.4 or 2.5 was in the high 
nM range or absent, respectively. This result confirms the previous result showing that both 
bivalent and one trivalent (10GS) constructions decrease the IC50 to a low nM range. It is worth 
mentioning that the retroviral pseudovirus A/Vietnam/1194/04 and the  influenza virus 
NIBRG-14 share the same HA, but different results were obtained using the MLV 
pseudotyped neutralization assay and the infected cells microneutralization. Using 
microneutralization, the reported IC50 of the monovalent, bivalent and trivalent molecules was 
reduced ten-fold as compared to the IC50 obtained by the pseudotyped neutralization. The 
difference in sensitivity of the assays emphasizes the need to confirm the neutralization results 
of the different influenza clades in infected cells based assays. The validation of the anti HA in 
an in vivo model was performed in a mouse model by our group (Ibañez et al., 2011). 
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dependent on the amount of Nb, but it was also statistically significant for doses of 6 or 1.2 
µg of Nb per mouse. Remarkably, very low or no lung virus titer was detected in mice 
treated with the bivalent Nb, even for the lowest doses used (2.5–0.5 µg). These results 
strongly confirmed the neutralization efficacy of the bivalent Nb when used as prophylactic 
tool against a NIBRG-14 ma, a highly pathogenic  influenza virus model. 

The therapeutic efficacy of the bivalent Nb was also tested in the same model. The 
administration of 60 µg of bivalent Nb prevented the drop in body weight and showed a 
reduction in the lung viral titers when administered 4, 24 and 48 h after 1 LD50 challenge. On 
the other hand, 72 h after challenge, the drop in body weight was similar to that of the 
controls, but statistically significant reduction in lung viral titers was observed. The decrease 
in viral titers was also confirmed by measuring the amount of viral RNA by RT-PCR. In 
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addition, 48 h after challenge of mice (treated with this dose of bivalent Nb) with 4 LD50 of 
NIBRG-14 ma, weight loss was observed and also a delay in mortality compared with the 
controls.  

The antigenic site of the HA was mapped by selecting escape mutants in the presence of the 
monovalent or bivalent Nb. Three escape mutants were selected in the presence of monovalent 
Nb, K189E/N and N154D/S mutations were found, they are contiguous in the antigenic B 
site of the HA (Wiley et al., 1981; Yamada et al., 2006). It is noteworthy to mention that 
N154D/S removes an N-glycosylation site, a possible adaptation to mask an antigenic site 
(Fig. 2). The escape mutants selected in presence of the bivalent Nb presented not only the 
K189E/N mutation, but an additional D145N mutation located in the stalk of HA2, 40 
residues upstream of the membrane anchor. The results of the hemaglutination assays and 
microneutralization experiments suggest that mutation K189N/E is necessary and sufficient 
to abolish binding to the Nb in a monovalent or bivalent conformation, indicating a close 
proximity between the antigenic B site and the receptor binding domain. Those results are 
the first one reported of the potential antiviral activity of a Nb against the  influenza virus.  

 
Fig. 2. Ribbon representation of the H5N1 HA trimeric protein. Two mutations in the head 
of the trimer confer resistance to the monovalent and bivalent VHH C-8. The mutation 
K189N/E was necessary and sufficient to prevent binding of both mono and bivalent VHHs. 
(PDB : 2IBX) 

The Nb viral neutralization activity against a trimeric HA molecule (HA) was greatly 
enhanced when presented as bivalent and trimeric molecule, but the dynamics and details 
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of the binding are not clear. It has been demonstrated that during intramolecular binding, a 
multivalent molecule has greater avidity than its monovalent counterpart. But a very 
interesting question is whether intermolecular binding occurs during Nb binding to the HA. 
In recent reports, the existence of intermolecular binding was proved to enhance an antiviral 
effect (Wang & Yang, 2010). Intermolecular binding could explain the increase in the 
neutralization activity: sterically, the hindrance of the HA for its cellular receptor is 
enhanced, and the flexibility of the HA is decreased.  

3. RSV virus 
Respiratory Syncytial Virus (RSV) infections are the leading cause of acute lower respiratory 
tract infections (ALRI) in children and associated hospitalizations world wide (Falsey et al., 
2005; Nair et al., 2010). There is no specific antiviral therapy for RSV infection available. Each 
year 66, 000 – 199,000 children die worldwide due to RSV ALRI. Most pediatric cases of fatal 
RSV infections occur in developing countries. As RSV infections do not evoke protective 
immunity, infections occur throughout life, causing severe morbidity in young infants, the 
elderly, and immune-comprised adults (Boyce et al., 2000; Falsey et al., 2005).  

Although high levels of RSV neutralizing antibodies correlate with lower frequencies of 
RSV-associated ALRI, no RSV vaccine is available (Glezen et al., 1981). However, monthly 
administration of large amounts of a humanized RSV neutralizing antibody, palivizumab 
(Synagis), reduces RSV-associated hospitalization of high risk infants by about 78-39% 
(Groothuis & Simoes, 1993). Palivizumab is currently the sole monoclonal antibody that is 
approved for preventing viral infection. Palivizumab blocks fusion of the RSV membrane 
with the membrane of the target cell by binding to the RSV fusion protein (F) (Huang et al., 
2010). However, due to the high cost of palivizumab, there is an urgent need for new anti-
virals that can prevent or treat RSV infections. RSV neutralizing Nbs have been developed 
as an alternative to existing antibodies (Hultberg et al., 2011). 

3.1 RSV binding VHHs antiviral effect: comparison with Synagis Mab. 

To investigate if Nbs could be used for antiviral therapy, Nbs that bind to the palivizumab 
epitope were developed. For this purpose, two llamas were immunized with recombinant 
RSV A F protein (RSV FTM-) lacking the transmembrane region (Hultberg et al., 2011). This 
protein folds into trimers that resemble the native RSV F protein in its post-fusion 
conformation (Ruiz-Arguello et al., 2004). Remarkably, RSV FTM- proteins can be readily 
recognized by RSV F neutralizing antibodies that, just like palivizumab, bind to the 
antigenic site II (McLellan et al., 2011; Swanson et al., 2011). In this way, RSV FTM- 
immunization can potentially induce RSV F antigenic site II specific camelid HCAbs. HCAbs 
that specifically bind to the RSV F antigenic region II were enriched by biopanning using 
RSV FTM- protein and competitive elution in the presence of excess of palivizumab antibody. 
From these HCAbs, VHHs (or Nbs) were produced and tested for binding to the RSV FTM- 
protein. Twelve VHHs that bound to the RSV F protein were tested for neutralization of 
RSV Long strain (RSV A subtype) virus in a micro-neutralization assay. Two VHHs (RSV-C4 
and the RSV-D3) could neutralize RSV in the high nanomolar range (IC50: 640 nM and 300 
nM, respectively), which is similar to the neutralization activity as the Synagis Fab (IC50: 
549.2 nM) and about 100-fold less effective than the Synagis Mab (IC50: 3.02 nM). However, 
in contrast to palivizumab, neither RSV-C4 nor RSV-D3 VHHs could neutralize RSV B 
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subtype virus in vitro. On the contrary, another VHH (RSV-E4) could neutralize RSV B 
infection to some extent.  

The epitopes of different VHHs were determined by antibody competition assays and 
diverse antibody escape RSV mutants.  Whereas RSV-C4 and RSV-D3 VHHs readily 
competed with palivizumab for binding to recombinant RSV FTM- or inactivated RSV 
virions, RSV-E4 competed with 101 Fab, which is known to bind to the antigenic region IV-
VI (Wu et al., 2007). These data are in line with the observation that AA substitutions within 
antigenic regions II and IV-VI, respectively, affected the binding of both RSV-D4 and RSV-
C3 VHHs and RSV-E4 VHH. These data strongly suggest that both RSV-C3 and RSV-D4 
bind to antigenic region II (palivizumab epitope) (Crowe et al., 1998) whereas RSV-E4 VHH 
binds to antigenic regions IV-VI, explaining the observed differences in neutralization.  

The affinity of the three VHHs, Synagis Mab and Synagis Fab was determined by Surface 
Plasmon Resonance using recombinant RSV F TM- as bait. The KD of RSV-D3, RSV-E4 and 
RSV-E4 were in the low nanomolar range: 9.24 nM, 1.78 nM and 0.45 nM, respectively. 
Although RSV-D3 was more effective than RSV-C4 at neutralizing RSV A, it had a lower 
affinity for FTM- than RSV-C4. However, the efficient binding of RSV-E4 VHH to a 
neutralizing epitope (antigenic region IV-VI) was not associated with neutralization of RSV 
A. This suggests that the affinity of VHHs for the recombinant RSV FTM-, which likely 
represents the F protein in its post-fusion conformation, does not correlate directly with 
neutralization of living RSV (Table 1.) 

 
*Obtained from two different cell based assays, microneutralization and plaque assay 

Table 1. Inhibition and protection of the RSV virus A binding by Nb RSV-D3. ND = not 
determined. 

The avidity of a binding molecule can be increased by using a multivalent format (Rudge et 
al., 2007; Wang & Yang, 2010). To increase the antiviral potential of RSV-D3 we formatted it 
into a bivalent molecule, by using a flexible linker, Gly4/Ser (GS). Surprisingly, bivalent 
RSV-D3 VHHs with GC linkers of different sizes neutralized RSV A Long virus between 
2421 and 4181 times more efficient than monovalent RSV-D3 VHHs, reaching picomolar 
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of the binding are not clear. It has been demonstrated that during intramolecular binding, a 
multivalent molecule has greater avidity than its monovalent counterpart. But a very 
interesting question is whether intermolecular binding occurs during Nb binding to the HA. 
In recent reports, the existence of intermolecular binding was proved to enhance an antiviral 
effect (Wang & Yang, 2010). Intermolecular binding could explain the increase in the 
neutralization activity: sterically, the hindrance of the HA for its cellular receptor is 
enhanced, and the flexibility of the HA is decreased.  

3. RSV virus 
Respiratory Syncytial Virus (RSV) infections are the leading cause of acute lower respiratory 
tract infections (ALRI) in children and associated hospitalizations world wide (Falsey et al., 
2005; Nair et al., 2010). There is no specific antiviral therapy for RSV infection available. Each 
year 66, 000 – 199,000 children die worldwide due to RSV ALRI. Most pediatric cases of fatal 
RSV infections occur in developing countries. As RSV infections do not evoke protective 
immunity, infections occur throughout life, causing severe morbidity in young infants, the 
elderly, and immune-comprised adults (Boyce et al., 2000; Falsey et al., 2005).  

Although high levels of RSV neutralizing antibodies correlate with lower frequencies of 
RSV-associated ALRI, no RSV vaccine is available (Glezen et al., 1981). However, monthly 
administration of large amounts of a humanized RSV neutralizing antibody, palivizumab 
(Synagis), reduces RSV-associated hospitalization of high risk infants by about 78-39% 
(Groothuis & Simoes, 1993). Palivizumab is currently the sole monoclonal antibody that is 
approved for preventing viral infection. Palivizumab blocks fusion of the RSV membrane 
with the membrane of the target cell by binding to the RSV fusion protein (F) (Huang et al., 
2010). However, due to the high cost of palivizumab, there is an urgent need for new anti-
virals that can prevent or treat RSV infections. RSV neutralizing Nbs have been developed 
as an alternative to existing antibodies (Hultberg et al., 2011). 

3.1 RSV binding VHHs antiviral effect: comparison with Synagis Mab. 

To investigate if Nbs could be used for antiviral therapy, Nbs that bind to the palivizumab 
epitope were developed. For this purpose, two llamas were immunized with recombinant 
RSV A F protein (RSV FTM-) lacking the transmembrane region (Hultberg et al., 2011). This 
protein folds into trimers that resemble the native RSV F protein in its post-fusion 
conformation (Ruiz-Arguello et al., 2004). Remarkably, RSV FTM- proteins can be readily 
recognized by RSV F neutralizing antibodies that, just like palivizumab, bind to the 
antigenic site II (McLellan et al., 2011; Swanson et al., 2011). In this way, RSV FTM- 
immunization can potentially induce RSV F antigenic site II specific camelid HCAbs. HCAbs 
that specifically bind to the RSV F antigenic region II were enriched by biopanning using 
RSV FTM- protein and competitive elution in the presence of excess of palivizumab antibody. 
From these HCAbs, VHHs (or Nbs) were produced and tested for binding to the RSV FTM- 
protein. Twelve VHHs that bound to the RSV F protein were tested for neutralization of 
RSV Long strain (RSV A subtype) virus in a micro-neutralization assay. Two VHHs (RSV-C4 
and the RSV-D3) could neutralize RSV in the high nanomolar range (IC50: 640 nM and 300 
nM, respectively), which is similar to the neutralization activity as the Synagis Fab (IC50: 
549.2 nM) and about 100-fold less effective than the Synagis Mab (IC50: 3.02 nM). However, 
in contrast to palivizumab, neither RSV-C4 nor RSV-D3 VHHs could neutralize RSV B 
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subtype virus in vitro. On the contrary, another VHH (RSV-E4) could neutralize RSV B 
infection to some extent.  

The epitopes of different VHHs were determined by antibody competition assays and 
diverse antibody escape RSV mutants.  Whereas RSV-C4 and RSV-D3 VHHs readily 
competed with palivizumab for binding to recombinant RSV FTM- or inactivated RSV 
virions, RSV-E4 competed with 101 Fab, which is known to bind to the antigenic region IV-
VI (Wu et al., 2007). These data are in line with the observation that AA substitutions within 
antigenic regions II and IV-VI, respectively, affected the binding of both RSV-D4 and RSV-
C3 VHHs and RSV-E4 VHH. These data strongly suggest that both RSV-C3 and RSV-D4 
bind to antigenic region II (palivizumab epitope) (Crowe et al., 1998) whereas RSV-E4 VHH 
binds to antigenic regions IV-VI, explaining the observed differences in neutralization.  

The affinity of the three VHHs, Synagis Mab and Synagis Fab was determined by Surface 
Plasmon Resonance using recombinant RSV F TM- as bait. The KD of RSV-D3, RSV-E4 and 
RSV-E4 were in the low nanomolar range: 9.24 nM, 1.78 nM and 0.45 nM, respectively. 
Although RSV-D3 was more effective than RSV-C4 at neutralizing RSV A, it had a lower 
affinity for FTM- than RSV-C4. However, the efficient binding of RSV-E4 VHH to a 
neutralizing epitope (antigenic region IV-VI) was not associated with neutralization of RSV 
A. This suggests that the affinity of VHHs for the recombinant RSV FTM-, which likely 
represents the F protein in its post-fusion conformation, does not correlate directly with 
neutralization of living RSV (Table 1.) 

 
*Obtained from two different cell based assays, microneutralization and plaque assay 

Table 1. Inhibition and protection of the RSV virus A binding by Nb RSV-D3. ND = not 
determined. 

The avidity of a binding molecule can be increased by using a multivalent format (Rudge et 
al., 2007; Wang & Yang, 2010). To increase the antiviral potential of RSV-D3 we formatted it 
into a bivalent molecule, by using a flexible linker, Gly4/Ser (GS). Surprisingly, bivalent 
RSV-D3 VHHs with GC linkers of different sizes neutralized RSV A Long virus between 
2421 and 4181 times more efficient than monovalent RSV-D3 VHHs, reaching picomolar 
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range (IC50: 190-110 pM). In contrast, Synagis Mab was only 200 times more efficient in 
neutralizing RSV A virus (IC50: 6.5 nM) than its corresponding Fab fragment. In this way, 
bivalent RSV F specific VHHs outperform the Synagis antibody in RSV neutralization. 
Moreover, in contrast to its monovalent format, bivalent RSV-D3 could also neutralize RSV 
B1 strain virus. Also, neutralization was notably boosted against RSV A and B virus 
subtypes by linking two different VHHs (RSV-D3 and RSV-E4) which target different 
epitopes. The enhancement of the activity by linking two VHHs is likely due to the 
flexibility of the linker. Experiments aiming to characterize the binding dynamics of the 
RSV-D3 to the F protein are necessary for characterizing intra- or intermolecular binding. 

The RSV F is responsible for fusion of the viral lipid membrane with the host membrane, but 
also participates in attachment of the RSV virions to target cells. In addition, it was recently 
demonstrated that RSV F protein can bind to nucleolin expressed at the surface of target 
cells, and that this interaction is crucial for RSV infection in vitro and in vivo (Tayyari et al., 
2011). After viral attachment, the RSV F protein mediates fusion of the viral membrane with 
the plasma membrane of the target cell, thereby releasing the viral genome into the 
cytoplasm of the host cell. This process involves a series of conformational changes in the F 
protein from a metastable pre-fusion to a stable post-fusion conformation. We recently 
demonstrated that bivalent RSV-D3 VHHs can prevent RSV infection both before and after 
viral attachment and can inhibit syncytia formation, but cannot hamper RSV attachment 
(Schepens et al., 2011). Together, these observations constantly indicate that, by a similar 
mechanism as palivizumab, bivalent RSV-D3 VHHs prevent RSV infection by blocking 
fusion. Although the conformations of the RSV F antigenic regions II and IV-VI are 
maintained in the post-fusion form, it is more plausible that the RSV VHHs block viral 
fusion and syncytia formation by binding to the RSV F protein in either its pre-fusion or 
intermediate conformations (Fig. 3). Possibly, binding of the VHHs to the antigenic region II 
interferes with the conformational changes of the F protein that are required for fusion. 

Immune compromised Balb/c mice (cyclophosphamide treatment) were used to test whether 
bivalent RSV-D3 VHHs can protect against RSV infection in vivo (Schepens et al., 2011). As 
VHHs are known to remain active in the respiratory tract after nebulisation, bivalent RSV-D3 
and control VHHs were administered intranasally (patent application WO 2009/147248). 
Prophylactic treatment of mice with 5 mg/kg of bivalent RSV-D3 VHH or palivizumab 
reduced RSV pulmonary titers below the detection limit of the RSV plaque assay. This strong 
reduction was confirmed by qPCR analysis. Remarkably, as low as 0.6 mg/kg bivalent RSV-
D3 could prevent or strongly reduce (at least 100-fold) pulmonary RSV replication. In 
comparison, monovalent RSV-D3 VHH protected against pulmonary RSV replication about 25 
times less efficiently than its bivalent counterpart. For prophylactic treatment to be valuable, 
even if is easy to administer, its effect should be long lasting. We demonstrate that intranasal 
administration of bivalent RSV-D3 VHHs can protect against RSV infection for at least 48 
hours. Prophylactic treatment with palivizumab in high risk infants reduces RSV associated 
hospitalization, but no effective therapeutic is available. Therefore, RSV-D3 VHHs were also 
evaluated as therapeutic treatments. Intranasal administration of RSV-D3 VHHs 4 or 24 hours 
after infection strongly reduced pulmonary RSV replication (at least 100-fold). Plaque assays 
also indicated that administration of bivalent RSV-D3 VHHs 72 hours after RSV treatment can 
reduce pulmonary RSV replication. However, the lung homogenates used to quantify the 
pulmonary RSV titer in mice that were treated 72 hours after infection still contained 
neutralizing RSV VHHs. Therefore, it is not clear to which extent treatment at this time point 
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reduced RSV replication in vivo. The potential of bivalent VHHs for preventing morbidity and 
pulmonary inflammation upon RSV infection was assessed in a non immunocompromised 
mouse model. Prophylactic administration of bivalent RSV-D3 VHHs (1 mg/kg) completely 
prevented body weight loss and pulmonary cell infiltration that was observed in mice treated 
with control VHHs. Therapeutic treatment with bivalent RSV-D3 VHHs 24 h after infection 
partially reduced body weight loss and pulmonary cell infiltration. These observations confirm 
the in vivo antiviral potential of neutralizing VHHs.  

 
Fig. 3. Ribbon representation of the structure of the RSV F protein trimer in its post-fusion 
form. The head and stalk of this recombinant protein are depicted, lacking the fusion 
peptide, transmembrane region and cytoplasmic domain. The immunogenic epitopes 
recognized by Mab 101F (site II) and palimuzab (site IV-VI) are in red and blue, respectively, 
and the rest of the F protein is in green. The RSV-D3 and RSV-C4 resistant in vitro escape 
mutants are shown in yellow. Mutations I432T, K433T and S436F in site II disrupt the 
binding of the RSV-C4. The K262Y, N268I and K272E in the site IV-IV result in loss of 
binding of the RSV-D3 molecule. (PDB: 3RKI). 

Currently Ablynx is preparing a phase I clinical trial to evaluate the safety of a trivalent RSV 
neutralizing VHH format consisting of three identical VHHs. Preclinical evaluation of this lead 
candidate can readily neutralize a broad spectrum of clinical RSV A and RSV B subtype 
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range (IC50: 190-110 pM). In contrast, Synagis Mab was only 200 times more efficient in 
neutralizing RSV A virus (IC50: 6.5 nM) than its corresponding Fab fragment. In this way, 
bivalent RSV F specific VHHs outperform the Synagis antibody in RSV neutralization. 
Moreover, in contrast to its monovalent format, bivalent RSV-D3 could also neutralize RSV 
B1 strain virus. Also, neutralization was notably boosted against RSV A and B virus 
subtypes by linking two different VHHs (RSV-D3 and RSV-E4) which target different 
epitopes. The enhancement of the activity by linking two VHHs is likely due to the 
flexibility of the linker. Experiments aiming to characterize the binding dynamics of the 
RSV-D3 to the F protein are necessary for characterizing intra- or intermolecular binding. 

The RSV F is responsible for fusion of the viral lipid membrane with the host membrane, but 
also participates in attachment of the RSV virions to target cells. In addition, it was recently 
demonstrated that RSV F protein can bind to nucleolin expressed at the surface of target 
cells, and that this interaction is crucial for RSV infection in vitro and in vivo (Tayyari et al., 
2011). After viral attachment, the RSV F protein mediates fusion of the viral membrane with 
the plasma membrane of the target cell, thereby releasing the viral genome into the 
cytoplasm of the host cell. This process involves a series of conformational changes in the F 
protein from a metastable pre-fusion to a stable post-fusion conformation. We recently 
demonstrated that bivalent RSV-D3 VHHs can prevent RSV infection both before and after 
viral attachment and can inhibit syncytia formation, but cannot hamper RSV attachment 
(Schepens et al., 2011). Together, these observations constantly indicate that, by a similar 
mechanism as palivizumab, bivalent RSV-D3 VHHs prevent RSV infection by blocking 
fusion. Although the conformations of the RSV F antigenic regions II and IV-VI are 
maintained in the post-fusion form, it is more plausible that the RSV VHHs block viral 
fusion and syncytia formation by binding to the RSV F protein in either its pre-fusion or 
intermediate conformations (Fig. 3). Possibly, binding of the VHHs to the antigenic region II 
interferes with the conformational changes of the F protein that are required for fusion. 

Immune compromised Balb/c mice (cyclophosphamide treatment) were used to test whether 
bivalent RSV-D3 VHHs can protect against RSV infection in vivo (Schepens et al., 2011). As 
VHHs are known to remain active in the respiratory tract after nebulisation, bivalent RSV-D3 
and control VHHs were administered intranasally (patent application WO 2009/147248). 
Prophylactic treatment of mice with 5 mg/kg of bivalent RSV-D3 VHH or palivizumab 
reduced RSV pulmonary titers below the detection limit of the RSV plaque assay. This strong 
reduction was confirmed by qPCR analysis. Remarkably, as low as 0.6 mg/kg bivalent RSV-
D3 could prevent or strongly reduce (at least 100-fold) pulmonary RSV replication. In 
comparison, monovalent RSV-D3 VHH protected against pulmonary RSV replication about 25 
times less efficiently than its bivalent counterpart. For prophylactic treatment to be valuable, 
even if is easy to administer, its effect should be long lasting. We demonstrate that intranasal 
administration of bivalent RSV-D3 VHHs can protect against RSV infection for at least 48 
hours. Prophylactic treatment with palivizumab in high risk infants reduces RSV associated 
hospitalization, but no effective therapeutic is available. Therefore, RSV-D3 VHHs were also 
evaluated as therapeutic treatments. Intranasal administration of RSV-D3 VHHs 4 or 24 hours 
after infection strongly reduced pulmonary RSV replication (at least 100-fold). Plaque assays 
also indicated that administration of bivalent RSV-D3 VHHs 72 hours after RSV treatment can 
reduce pulmonary RSV replication. However, the lung homogenates used to quantify the 
pulmonary RSV titer in mice that were treated 72 hours after infection still contained 
neutralizing RSV VHHs. Therefore, it is not clear to which extent treatment at this time point 
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reduced RSV replication in vivo. The potential of bivalent VHHs for preventing morbidity and 
pulmonary inflammation upon RSV infection was assessed in a non immunocompromised 
mouse model. Prophylactic administration of bivalent RSV-D3 VHHs (1 mg/kg) completely 
prevented body weight loss and pulmonary cell infiltration that was observed in mice treated 
with control VHHs. Therapeutic treatment with bivalent RSV-D3 VHHs 24 h after infection 
partially reduced body weight loss and pulmonary cell infiltration. These observations confirm 
the in vivo antiviral potential of neutralizing VHHs.  
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form. The head and stalk of this recombinant protein are depicted, lacking the fusion 
peptide, transmembrane region and cytoplasmic domain. The immunogenic epitopes 
recognized by Mab 101F (site II) and palimuzab (site IV-VI) are in red and blue, respectively, 
and the rest of the F protein is in green. The RSV-D3 and RSV-C4 resistant in vitro escape 
mutants are shown in yellow. Mutations I432T, K433T and S436F in site II disrupt the 
binding of the RSV-C4. The K262Y, N268I and K272E in the site IV-IV result in loss of 
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viruses more efficiently than Synagis (abstract, 7th international RSV symposium, Rotterdam, 
2010). In vivo studies demonstrated that both prophylactic and therapeutic treatment with this 
RSV neutralizing VHH can readily reduce RSV replication in the upper and lower respiratory 
tract of cotton rats (abstract, 7th international RSV symposium, Rotterdam, 2010).  

In summary, neutralizing RSV VHHs are promising new candidates as anti-RSV 
therapeutics for different reasons. First, VHHs allow versatile formatting including the 
creation of multivalent formats by the use of flexible linkers. This feature enabled the 
creation of bivalent and trivalent VHH which can neutralize RSV at picomolar range, more 
than 1000-fold more efficient than their monovalent counterpart. Second, by linking two 
different VHHs which neutralize different virus strains (such as the RSV A versus the RSV B 
subtype strains) cross-reactive VHH constructs can be obtained. Moreover, as a result of 
avidity effects, cross linking VHH with different specificity can considerably improve the 
neutralizing activity. Third, the VHHs small size and protruding paratopes can contribute to 
its neutralization activity. As structural models and electron microscopic analysis indicate 
that the antigenic region II is located at the side of the RSV F protein trimer, at the dense 
surface of RSV virions, this region is likely more accessible for small and flexible VHH 
formats than for large and more rigid antibodies (McLellan et al., 2011; Ruiz-Arguello et al., 
2004) (Fig. 3). Fourth, due to their high stability at stringent conditions, VHHs can be 
administered via nebulisation, which allows a rapid accumulation of high amounts of 
neutralizing VHH at the site of respiratory viral infections. In addition, due to the high 
stability of VHHs and the ease of intranasal or pulmonary administration, VHH therapy 
could potentially be applied more generally, even in developing countries. 

4. Rabies virus 
Rabies virus (RV) is a single stranded RNA virus of the Rhabdoviridae family, genus 
Lyssavirus. Infection with RV in humans causes acute encephalitis, with a mortality rate of 
almost 100%. It is transmitted to humans by bites from a carnivore or a quiroptera vector 
and most cases occur in Asia or Africa. The long incubation period following infection by 
RV presents a paradox, because of the absence or very weak antiviral immune response 
(Johnson et al., 2010). The small amount of virus inoculated after infection and the 
neurotropism of RV are believed to contribute to the absence of effective antibodies in the 
patient. After the bite, wound cleaning can reduce the chances of a productive infection in 
humans. Passive immunization and vaccination promptly after exposure is the only 
effective therapeutic tool available now. Modern vaccines are inactivated virus produced 
from continuous cell cultures, like the vaccine by Aventis Pasteur (human diploid cells). 
Nevertheless, in underdeveloped countries, the established RV therapy (attenuated virus, 
Mab anti RV) is too expensive for most of the population. RV has a genome of 12 kDa 
coding for 5 proteins: nucleoprotein, phosphoprotein, matrix, RNA-dependent RNA 
polymerase and the Glycoprotein (RVG). In the virus particle, the RVG is the only viral 
protein exposed as a trimeric spike, and it is responsible for recognition of cellular receptors, 
virulence and antigenicity.  

4.1 Nbs present a broad protection against Rabies virus 

For more than 25 years, two well-defined antigenic sites in the RVG have been characterized 
by Mabs: antigenic sites II and III (Lafon et al., 1990). Other epitopes have also been 

 
Single Domain Camelid Antibodies that Neutralize Negative Strand Viruses 

 

163 

characterized, but their contribution to antigenicity is minor. Antigenic site III extends from 
330 to 340 amino acids and is linear (Seif et al., 1985). Mutations in this site affect virulence 
and the host range of the virus. On the contrary, antigenic site II is conformational and 
discontinuous and is determined by two regions, amino acids 34-42 and 198-200. Site II is 
responsible for about 70 % of the known Mabs against RVG (Benmansour et al., 1991). 

RGV is an interesting target for the VHH platform because alternative cost effective 
antirabies tools are needed. By using an approach similar to those previously discussed for  
influenza and RSV, a llama was immunized with recombinant RVG and five VHHs were 
obtained (Rab – E8, H7, F8, E6 and C12). The neutralizing activity of those VHHs was 
validated against 10 Rabies genotype 1 viruses: 3 laboratory strains (CVS-11 as prototype, 
ERA, CB-1) and 7 field isolates and one rabies genotype 5 virus (EBL-V1) was included to 
validate broad cross neutralization. A cell based assay was used, the Rapid Fluorescent 
Focus Inhibition Test (RFFIT) (Vene et al., 1998). This assay has been internationally 
recognized as the in vitro standard for testing virus neutralizing antibodies. Mab 8-32, which 
recognizes antigenic site II of RVG was also included as positive control (Montano-Hirose et 
al., 1993). VHHs F8, E6, H7 and C12 neutralized the genotype 1 strains: CB-1 and ERA with 
an IC50 in the low nanomolar range and the CVS-11 strain in the low to high nanomolar 
range. They could also neutralize several RV field isolates. On the other hand, E8 efficiently 
neutralized only CB-1 and CVS-11, in the low and high nanomolar range, respectively. C12 
and E6 had better neutralization activity than Mab 8-2 against the ERA and CB-1 strains. Using  
a similar approach as described above for influeza and RSV, the authors also generated the 
bivalent against the Rabies genotype 1 CVS -11 and the genotype 5 EBLV-1. Bivalent 
monoparatopic VHHs were constructed using a Gly4/Ser linker, using the 12, H7, E8 and F8 
VHHs. The neutralization IC50 of these constructions was reduced from two to 180-fold 
relative to the monovalent protein, indicating enhancement of the neutralization. Nevertheless, 
the best results were obtained when biparatopic molecules were used. The E6/H7 and the 
H7/F8 molecules increased the neutralization potency by a 2 log factor, while the E8/H7 
increased 3 log-fold, compared with the monovalents. E8/H7 even outperformed Mab 8 -2 
against the CVS-11. On the contrary, in the case of the genotype 5 strain EBLV-1, the 
monovalent molecules showed modest neutralization or none at all. The enhanced 
neutralization of biparatopic molecules was confirmed by E8/C12, which presented an 
increase in the neutralization potential of 147-fold (IC50 = 3.76 nM) relative to the 
monovalent moiety, but not as low as Mab 8 – 2 (IC50 = 0.12 nM). The results of competition 
assays of the 5 VHHs against the Mab 8- 2 showed that E6, E8, F8 and H7 compete for the 
same epitope. On the other hand, C12 did not compete which indicates that it recognizes a 
different epitope. The difference in epitope recognition could be one of the causes of the 
strong and broad effect of biparatopic molecules, especially for E8/C12. Experiments using 
VHHs against Rabies mutant virus, carrying substitutions in the known residues in the 
antigenic site II could localize the exact binding sites of these new antibodies. For example, it 
has been reported that substitution K198E of the glycoprotein abolish the binding of the 
Mab 8–2 (Montano-Hirose et al., 1993). Unfortunately, the crystallographic structure of the 
RVG protein has not been reported. The use of vesicular stomatitis virus glycoprotein is 
accepted as a modeling reference and as a surrogate template for RVG structure (Cibulski et 
al., 2009; Tomar et al., 2010). We used the alignment of this protein with the RVG as reference 
to show the possible structure of antigenic site II (Fig. 4). The purpose of this estimate is to 
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show the tendency of the VHHs to recognize conformational rather than linear epitopes. In 
line with the results of the neutralizing VHHs against  influenza and RSV, the results of the 
broadness and the strong potency against both RV genotypes indicate the RV neutralizing 
VHHs as a promising. Nevertheless, in contrast with the previous cases of the  influenza and 
RSV VHHs, there is not in vivo validation of the RV neutralizing VHHs available. 

 
Fig. 4. Schematic representation of the vesicular stomatitis virus protein G trimer. This 
protein is taken as reference to depict the amino acids corresponding to the antigenic site II 
of the Rabies Virus glycoprotein (residues 34-42, and 198-200, in blue). The localization of 
the K198E mutation that prevents the binding of the Mab 8-2 is shown in red. The VHHs E8, 
F8, E6 and H7 compete with the Mab 8- 2 for the binding, which means that their epitopes 
might be within antigenic site II. (PDB: 2CMZ). 

5. Conclusion  
The Nb platform is a new and promising antiviral tool. The ease of producing Nbs in 
bacterial and lower eukaryotic cells, and the possibility of producing tailor-made 
constructions makes them an attractive and cost effective alternative to some established 
antiviral drugs. This approach may be useful for the treatment of infectious orphan diseases 
(including viral) and in developing countries, where the “standard” prophylaxis or therapy 
is prohibitively expensive or not available. In this work we have discussed findings on 
recently developed Nbs directed against three viruses affecting humans:  the generation and 
in vitro validation of the Nbs or VHHs against  influenza H5N1, RSV and RV (Hultberg et al., 
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2011); as well as the in vivo validation of the  influenza HA binding VHH (Ibañez et al., 2011) 
and RSV (Schepens et al., 2011). In the case of protection against  influenza infection the 
bivalent format of the Nbs proved superior in vitro and in vivo. But, as indicated by the 
successful in vivo validation of one of the H5N1 strains, it is imperative to extend this 
validation to other  influenza strains. Furthermore, it would be worthwhile to isolate and 
characterize Nbs that recognize conserved domains in HA, such as the stalk. In line with the  
influenza results, the activity of RSV and RVG neutralizing Nbs was significantly higher for 
the bivalent than the monovalent format: both the cross neutralization activity and potency 
were higher. Those results manifest the advantages of using a multimeric format against 
multimeric viral targets. The enhanced antiviral potential of the multimeric format could be 
due to increased avidity and/or the intra- or intermolecular binding could contribute in the 
enhancement. Experiments to assess the binding mechanism could lead to further 
improvements. The results overall confirm two important points: the high potential of the 
Nbs as prophylactic and therapeutic tools, and the possibility of using Nbs directed against 
other infectious diseases. There is limited function and sequence similarity among the three 
proteins used as antigens (HA, RSVF and RVG) other than their trimeric architecture and 
antigenicity. Nevertheless, the HA and the RVG are functionally similar and both are 
involved in the cellular receptor binding, whereas RSVF participates also in virion receptor 
binding, it s main function is in membrane fusion. In all three cases, showed capacity to 
neutralize the viral target by blocking binding or hampering necessary conformational 
changes, indicating the great versatility and efficiency of the antiviral discussed here.  In 
competition assays, the recognition of non conventional epitopes by these antiviral was not 
observed, but could be the focus of research. Nbs recognized well known antigenic sites that 
are also targeted by Mabs. The HA, RSV F and RVG are not enzymes, and lack extensive 
antigenic clefts. This could be one reason why Nbs showed preference for recognition of 
“classical” epitopes in these viral proteins. If the presence of antigenic clefts could lead to 
recognition of non “classical” epitopes in the viral proteins, targeting viral enzymes could be 
an interesting approach. Enzymes such as the  influenza Neuraminidase are potential 
targets. This viral sialidase presents a catalytic cleft, in which the framework and substrate 
contact residues are conserved in most of the  influenza strains. The coming years will 
probably bring potent novel anti-viral Nbs directed against different viruses and it is likely 
that some of these Nbs will reach clinical trials.  
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1. Introduction 
Herpes simplex virus type 1 (HSV-1) commonly infects the mucosa and skin epithelial cells, 
and the virus remains latent in sensory neurons mainly in the trigeminal ganglia. Once a 
patient has been infected, the infection continues for life (Hunt, 2011a). Differences in HSV-1 
prevalence have been reported around the world. According to Smith & Robinson (2002), 
the incidence in lower socioeconomic countries is higher. Primary infection, occur mainly in 
infants and young children, infections are usually mild or subclinical. Acute 
gingivoestomatitis is characterized by the appearance of multiple vesicular and ulcerative 
painful lesions in oral mucosa, with inflammation and bleeding of the gums, may also be 
associated with systemic symptoms (Arduino & Porter, 2008). Once the clinical infection 
concludes, the virus reaches peripheral nerves which supply sensation to the skin, migrating 
along the nerve axon to the dorsal root ganglia of the trigeminal or facial nerves and goes 
into latency stage (Esmann, 2001) 

Recurrences of HSV-1 can be triggered by internal and external factors. The reactivation 
mechanism is unknown, the virus begins to replicate within the ganglion and grows down 
the nerves and out into the skin or mucous membranes (Koelle & Corey, 2008). After a 
prodromal of tingling, warmth or itching, the clinical lesion appear (Fatahzadeh & Schwartz 
2007). The recurrence of oral HSV- 1 is developed almost always in the vermilion border of 
the lips but lesions can appear elsewhere around perioral skin (Siegel, 2002).  

Prevention of infection can be achieved by avoiding the physical contact, kissing when the 
lesions are present, touching or using the articles that the patient has used (eating or 
drinking utensils, glasses, or straws). However, in order to prevent the recurrences, the 
control of external factors is recommended; avoiding the exposure to wind burn and 
ultraviolet radiation, using labial protectants and controlling the emotional stress (Paterson 
& Kwong, 2008). 
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On the other hand, internal factors that are related to the recurrence outbreaks such as, 
fever, illness, menstruation, gastrointestinal and respiratory infections, diseases as diabetes 
and hyperthyroidism, fatigue and factors that depress the immune system are difficult to 
control (Siegel, 2002; Paterson & Kwong, 2008). 

Although different clinical assays have been developed in order to assess the efficacy of 
topical or oral antivirals, its effectiveness has not been demonstrated due to the immediate 
and complete termination of viral replication, the restoration of previously infected cells, 
and the inactivation of free virions (Hamuy & Berman 1998). 

There is no treatment that can eradicate herpes virus, even though antiviral medications can 
reduce the frequency, duration, and severity of outbreaks (Emmert, 2006; Siegel, 2002; 
Sprurance, et al., 2003; Sprurance, et al., 2005)  

1.1 Conventional treatment 

According to Hunt (2011b), there are different phases of life cycle of virus; adsorption and 
penetration of the virus in the host cell, and early transcription, in which DNA polymerase, 
DNA binding proteins, thymidine kinase and ribonucleotide reductase are synthesized. 
These proteins are virally-coded, not host-coded enzymes, and therefore potentially weak in 
the virus life cycle, making them promising targets for anti-viral drugs.  

The nucleoside analogues acyclovir, valacyclovir, are phosphorylated initially by viral 
thymidine kinase to eventually form a nucleoside triphosphate, and these molecules inhibit 
herpes simplex virus (HSV-1) polymerase, inhibiting replication of HSV-1 (Balzarini, 1994). 
The best anti-viral drugs are nucleoside analogs such as acyclovir (acycloguanosine). It gets 
into the cell across the plasma membrane as the nucleoside form and is then specifically 
phosphorylated inside the cell by herpes virus thymidine kinase to an active form. The 
advantages of nucleoside analogs are that they are only activated by the virus-infected cell 
and the activated form of the drug is rendered even more specific as a result of the viral 
DNA polymerase being more sensitive to the drug than the host enzyme (Hunt, 2001b) 

In general, acyclovir compounds are safe and effective for treatment of HSV-1 reactivation 
and have good oral bioavailability (Chon & Elliott, 2007). However, topical administration 
of acyclovir at the acute stage of the lesion disease seems to be ineffective. On the other 
hand, its capability to avoid the recurrent episodes produces controversial efficacy (Elish, 
2004; Spruance, et al., 2002). Emmert (2000) suggested that patients with mild and 
infrequent recurrences are not beneficiated with acyclovir treatment. There is general 
consensus that the therapy is most effective when started soon after symptoms occur.  

Rare adverse effects include: coma, seizures, neutropenia, leukopenia, tremor, ataxia, 
encephalopathy, psychotic symptoms, crystalluria, anorexia, fatigue, hepatitis, Stevens-
Johnson syndrome, toxic epidermal necrolysis and/or anaphylaxis (United States Food and 
Drug Administration, FDA, 2011). Also the appearance of virus strains resistant to frequently 
used anti-herpes virus drugs (Greco, et al., 2007 ; Stránská, et al., 2005; Ziyaeyan, et al, 2007)  

1.2 Alternative treatment 

It has been suggested that there are insufficient scientific evidences to support the use of 
alternative medicine in HSV-1 infection. Even though, anecdotal reports of alternative 
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remedies claimed to be beneficial in the treatment of herpes infection, arguing that 
alternative medicine could be beneficial in the treatment of herpes infection through 
enhancing the immune system. The interest in alternative drugs having antiviral effect is 
increasingly, since HSV-1, might develop resistance to commonly used antiviral agents. 

Besides, despite the fact that some patients manifested side effects, the majority of the 
natural remedies did not show a high prevalence of adverse or severe reactions.  

There are a number of natural remedies used in the HSV-1 treatment; some of them have 
been the subject of scientific analysis, demonstrating in vitro and in vivo satisfactory results.  

1.2.1 Some examples of traditional medicine  

In an experimental-placebo study, the application of zinc oxide/glycine cream showed 
shorter duration of cold sore lesions and reduction in overall severity of signs and 
symptoms (Godfrey, et al., 2001). In a pilot study, Femiano, et al. (2005) reported similar 
results and a reduction of number of episodes of herpes labialis. Singh, et al. (2005) in a 
clinical trial, evaluated a combination of L-lysine with a mixture of botanicals and other 
nutrients, with satisfactory results. Since the early 90s, Kümel et al. (1990a, 1991b) explained 
that the zinc ions inactivate virus by inhibition of the virion glycoprotein’s function after a 
nonspecific accumulation of zinc into many virion membrane components, thus inhibiting 
viral adsorption and penetration. Also, Arens & Travis (2000) demonstrated that zinc salts 
inactivated the clinical isolates of HSV in vitro. 

Mårdberg et al., (2001), demonstrated that viruses with mutations at residues Arg129,130, 
Ile142, Arg143,145, Arg145,147, Arg151,155 and Arg155,160 had significantly impaired the 
heparan sulfate (HS) binding. Impairment of the HS-binding activity of glycoprotein C, by 
these mutations had profound consequences for virus attachment and infection of cells in 
which amounts of HS exposed on the cell surface had been reduced. 

Recently Katsuyama et al., (2008) established that Butyroyl-arginine, an arginine derivative, 
strongly inactivates the enveloped virus, as HSV-1. The authors suggest that the ability of 
arginine to bind membranes may be responsible for the inactivation of viruses. Naito et al., 
(2009) also has demonstrated the inhibition of HSV-1 multiplication by ariginine.  

Huleihel & Isanu (2002) reported that propolis could block the cell membrane receptors for 
HSV-1, blocking the penetration of viral particles into the cells and/or inducing the 
intracellular metabolic changes of host cells, which would in turn affect the viral replication 
cycle in vitro.  

Ascorbic acid has been shown to inactivate HSV-1, prevent the virus reactivation, have anti-
inflammatory properties and to enhance the immune function (Gaby, 2006; Hovi, et al., 1995; 
Yoon et al., 2000). Supplementation with flavonoids further increases the effectiveness of 
vitamin C (Terezhalmy, et al., 1978). According to Narayana, et al., (2001), flavonoids 
showed strong antiviral activity against HSV-1. Essential oils of ginger, thyme hyssop and 
sandalwood have been demonstrated to inactivate HSV-1 before it enters into the cells, even 
in acyclovir resistant HSV-1 (Schnitzler, et al., 2007). Melissa officinalis (lemon balm) contains 
rosmarinic acid, phenolic acids and tannins; rosmarinic acid has been reported to show anti-
inflammatory and potent antioxidant action. Schnitzler, et al. (2008), demonstrated that balm 
oil affected the viruses in vitro before adsorption, although the mechanism of action is 
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unclear. They suggest that the balm oil could bind the viral proteins involved in the host 
adsorption and penetration, or damage the virions envelop. Carson, et al. (2006) have 
reported that tea tree oil of Melaleuca alternifolia showed the greatest effect on free virus.  

Surveys of alternative treatment for HSV-1 are difficult to perform, since numerous patients 
are needed the regular contact for long period until the completion of the study. Even so, we 
have applied the vitamin C-supplemented tablet of lignin-carbohydrate complex (LCC) 
prepared from the pine cone of Pinus parviflora Sieb et Zucc., to a sample of HSV-1 patients, 
and investigated its clinical effect for the first time, with satisfactory results (González et al., 
2009). The inhibitory effect of pine cone lignin and ascorbic combination treatment depend 
on antioxidant and immunopotentiating activities of lignin and ascorbic acid (Sakagami, et 
al., 1992).  

The goal of both conventional and alternative treatment is promoting faster healing, 
reduction of symptoms, as well as decreasing the frequency of recurrent episodes. There are 
different phases in the viral cycle, to which the medicaments could be applied, according to 
the properties and mechanism of action of each medication (Fig. 1) 

Immune evasion

HSV evades the immune system through interference with 
MHC class I presentation of antigen on the cell surface. 

Replication & Transcription 
of virus proteins Latent infection

Trigeminal Ganglia Latency Associated Transcript (LAT) is 
known to regulate the host cell genome and interferes with 

natural cell death mechanisms.

Genetic inoculation

Interactions of glycoprotein on the surface of the enveloped 
virus, with receptors on the surface of the host cells

Cellular entry

Infection

HSV-1
Nuclear replicating enveloped virus

Transmitted
Contact infectious area or saliva drops

After the viral capsid enters the cellular cytoplasm, it is transported to 
the cell nucleus. Once attached to the nucleus at a nuclear entry pore, 

the capsid ejects its DNA contents via the capsid portal.

Reactivation
ICP4 is a transactivator of genes associated with lytic infection in HSV-1. 

Elements surrounding the gene for ICP4 bind a protein known as the human neuronal protein 
Neuronal Restrictive Silencing Factor (NRSF)

Prevention

Inhibition of
viral DNA
polymerase

Inhibition of
helicase

Interference
with viral 
attachment

Enhancement of
immune system

Interference with viral 
attachment by binding 
viral cellular glycoprotein

Immune evasion

HSV evades the immune system through interference with 
MHC class I presentation of antigen on the cell surface. 

Replication & Transcription 
of virus proteins Latent infection

Trigeminal Ganglia Latency Associated Transcript (LAT) is 
known to regulate the host cell genome and interferes with 

natural cell death mechanisms.

Genetic inoculation

Interactions of glycoprotein on the surface of the enveloped 
virus, with receptors on the surface of the host cells

Cellular entry

Infection

HSV-1
Nuclear replicating enveloped virus

Transmitted
Contact infectious area or saliva drops

After the viral capsid enters the cellular cytoplasm, it is transported to 
the cell nucleus. Once attached to the nucleus at a nuclear entry pore, 

the capsid ejects its DNA contents via the capsid portal.

Reactivation
ICP4 is a transactivator of genes associated with lytic infection in HSV-1. 

Elements surrounding the gene for ICP4 bind a protein known as the human neuronal protein 
Neuronal Restrictive Silencing Factor (NRSF)

Prevention

Inhibition of
viral DNA
polymerase

Inhibition of
helicase

Interference
with viral 
attachment

Enhancement of
immune system

Interference with viral 
attachment by binding 
viral cellular glycoprotein

 
Fig. 1. A desirable effect of alternative treatment on HVS-1 virus cycle (Everett, 2006; Frick, 
2003; Mettenleiter, et al., 2006; Newcomb, et al., 2007, Pinnoji, et al, 2007).  
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2. Functionality of LCC as alternative medicine 

Lignin (polymers of phenylpropenoids), tannin and flavonoid are three major polyphenols 
in the natural kingdom (Table 1). So far, thousands of tannin and flavonoid-related 
compounds have been isolated from the methanol extracts of various plants and their 
complete structures have been elucidated. In contrast, lignins, extracted with alkaline 
solution, have been bound to polysaccharides (composed of glucose, arabinose, mannose, 
galactose, fucose, or uronic acids) to form lignin-carbohydrate complex (LCC) (Fig. 2).  
 

  Component unit MW (kDa) 
Tannin Hydrolysable 

Tannin 
Esters of gallic acid and its oxidative derivatives 
with glucose or related sugars 

0.5~4 

   

 Condensed 
tannin 

Flavan oligomers or polymers where their 
constituent monomeric flavans are connected 
mainly by C-4 – C-8 or C-4 – C-6 linkages 

0.3~2 

   

Flavonoid Oxygen containing cyclic structure between two 
benzene rings 

0.3~1 

   

Lignin carbohydrate 
complex (LCC) 

Complex of phenylpropenoid polymers and 
polysaccharide 

10~200 

Table 1. Representative polyphenols present in the natural kingdom. 
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Fig. 2. Structure and function of lignin-carbohydrate complex (LCC) 
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solution, have been bound to polysaccharides (composed of glucose, arabinose, mannose, 
galactose, fucose, or uronic acids) to form lignin-carbohydrate complex (LCC) (Fig. 2).  
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Flavonoid Oxygen containing cyclic structure between two 
benzene rings 

0.3~1 

   

Lignin carbohydrate 
complex (LCC) 

Complex of phenylpropenoid polymers and 
polysaccharide 

10~200 

Table 1. Representative polyphenols present in the natural kingdom. 
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Fig. 2. Structure and function of lignin-carbohydrate complex (LCC) 
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This structural complexity of LCC has made it difficult to elucidate its complete structure. 
Varying the ratio of polysaccharide to phenylpropenoid polymer produces heterogeneity in 
the acidity, water-solubility, ethanol-insolubility, and molecular weight of LCC that might 
strongly affect its antiviral potency (Sakagami, et al., 2005, 2010b). However, this possibility 
has not been tested yet by any investigators. LCC was recoverable at much higher yield 
from the alkaline solution, in contrast to tannins and flavonoids (Fig. 3). The higher yield of 
LCC is very convenient for the mass-production in the factory. 

2.1 Identification of LCC as an active antitumor principle of pine cone extract 

We have paid attention to the folklore that intake of the hot water extract of pine cone of 
Pinus parviflora Sieb. et Zucc is effective for gastroenterological tumors. We isolated various 
polysaccharide fractions (Fig. 3), and investigated their antitumor activity against ascites 
sarcoma-180 cells (Sakagami, et al., 1987).  
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> Fr. VIII (166) > Fr. IV (151) > Fr. II (118) > Fr. I (96)  

Fig. 3. Fractional preparation of LCC fractions from Pinus parviflora Sieb. et Zucc. Cited from 
Sakagami et al. (1987), with permission. 

Pine cone was treated with ethanol to remove the sticky resin that contains cytotoxic 
substances, and then extracted with hot-water and then alkaline solution (1% NaOH). 
Polysaccharides in the hot water extract were precipitated by 86% ethanol, and then applied 
to DEAE-cellulose column chromatography. Neutral polysaccharide fraction (Fr. I) passed 
through the column, and then acidic polysaccharide fractions (Fr. II and III) rich in uronic 
acid were eluted from DEAE cellulose column chromatography with 0.5 and 2 M NaCl, 
respectively. The most acidic polysaccharides (Fr. VI and Fr. V) were eluted with 0.15M 
NaOH. The anti-tumor activity [evaluated by the survival ratio of treated group to control 
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group (T/C%)] increased with the acidity: Fr. I (T/C=98%) < Fr. II (T/C=118%) < Fr. III 
(T/C=175%), Fr. IV (T/C=151 %) < Fr. V (T/C=172%) (Sakagami, et al., 1987). Higher anti-
tumor activity was recovered by extraction with 1%NaOH, precipitated by acidification (pH 
5) (Fr. VI) (T/C=227%), and also by ethanol precipitation (Fr. VII) (T/C=282%).  

The most active acidic polysaccharide (IV) was subjected to spectral analysis, and identified 
as lignin-carbohydrate complex (LCC), based on the following evidences (Sakagami, et al., 
1989). (i) UV absorption spectra：minimum absorption at 260 nm, maximum absorption at 
280 nm, broad maximum absorption at 500 nm. (ii) IR spectra: hydroxyl group with 
hydrogen bonding (3400 cm-1), aliphatic C-H (2700 cm-1), carbonyl group conjugated to π-
electron system (1700 ~ 1600 cm-1), aromatic double bond (1600, 1500 cm-1), C-O expansion 
and contraction (1400 ~ 1000 cm-1), no ester bonding.(iii) ESR: one strong signal at g=2.003 
under solid state at room temperature. Signal intensity was significantly reduced by 
oxidation and reduction.(iv) 1H-NMR： When measured in 0.2%NaOD-D2O, the presence of 
hydrogens in aromatic CH (δ6.5~7.5 ppm), >C=C< (δ4.5~5.5 ppm) and –O-CH-CH (δ3.0 ~ 
4.0 ppm) was suggested.  When the sample was acetylated by pyridine-acetic acid 
anhydride and dissolved in CDCl3, the presence of acetyl group bound to phenolic OH (δ 2.3 
ppm) or bound to alcoholic OH (δ 2.1 ppm) was confirmed. (v) Thin layer chromatography: 
Rf value of Fr. VI was the same with that of commercial alkali-lignin in various solvent 
systems (Table 2). 
 

UV Absorption spectra absorption peak at 260, 280, 500 nm (broad) 
IR spectra 3400, 2700, 1700~1600, 1600, 1500, 1400~1000 cm-1 
ESR spectra g=2.003 (strong signal) 
1H-NMR spectra δ6.5~7.5, 4.5~5.5, 3.0~4.0 ppm 
TLC The same Rf value with alkali-lignin 
Elementary analysis C (43.21%), H (3.96%), N (2.61%), S (not detectable) 
Neutral sugar/uronic acid 11.0%/1.7% 
Composition of neutral sugar Gal (44.7%), Glc (26.9%), Man (19.0%), Fuc (9.4%) 
Molecular weight  10 kDa on gel filtration chromatography  

Table 2. Identification of Fr. IV from pine cone of Pinus parviflora Sieb. et Zucc. as LCC, 
based on chemical analyses. Cited from Sakagami et al. (1987), with permission.  

2.2 Distribution of LCC in the natural kingdom 

Frs. VI and VII, prepared from the pine cones of Pinus parviflora Sieb. and Zucc. (T/C=227, 
247%) showed higher antitumor activity in mice, than those prepared from Pinus densiflora 
Sieb. et Zucc (T/C=155, 245%), Pinus thunbergii Parl. (T/C=218, 191%), Pinus elliottii var. 
Elliotti (T/C=170, 217%), Pinus taeda L. (T/C=196, 179%), Pinus caribaea var. Hondurenses 
(T/C=114, 147%), Pinus sylvestris L. (T/C=180, 135%), or the pine seed shells of Pinus 
parviflora Sieb. et Zucc. (T/C=194. 220%), and Pinus armandii Franch (T/C=125%). 
Furthermore, the yields of Frs. VI and VII, prepared from Pinus parviflora Sieb. et Zucc. (0.51, 
0.91%) were much higher than those from other pine cone sources [0.19±0.18 (0.001~0.48), 
0.31±0.16 (0.06~0.48) %] (Harada, et al., 1988). These data suggest that acidic polysaccharides 
(Frs. VI and VII) are responsible for the legendary antitumor potential of the pine cone of 
Pinus parviflora Sieb. et Zucc.  
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This structural complexity of LCC has made it difficult to elucidate its complete structure. 
Varying the ratio of polysaccharide to phenylpropenoid polymer produces heterogeneity in 
the acidity, water-solubility, ethanol-insolubility, and molecular weight of LCC that might 
strongly affect its antiviral potency (Sakagami, et al., 2005, 2010b). However, this possibility 
has not been tested yet by any investigators. LCC was recoverable at much higher yield 
from the alkaline solution, in contrast to tannins and flavonoids (Fig. 3). The higher yield of 
LCC is very convenient for the mass-production in the factory. 

2.1 Identification of LCC as an active antitumor principle of pine cone extract 

We have paid attention to the folklore that intake of the hot water extract of pine cone of 
Pinus parviflora Sieb. et Zucc is effective for gastroenterological tumors. We isolated various 
polysaccharide fractions (Fig. 3), and investigated their antitumor activity against ascites 
sarcoma-180 cells (Sakagami, et al., 1987).  
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Pine cone was treated with ethanol to remove the sticky resin that contains cytotoxic 
substances, and then extracted with hot-water and then alkaline solution (1% NaOH). 
Polysaccharides in the hot water extract were precipitated by 86% ethanol, and then applied 
to DEAE-cellulose column chromatography. Neutral polysaccharide fraction (Fr. I) passed 
through the column, and then acidic polysaccharide fractions (Fr. II and III) rich in uronic 
acid were eluted from DEAE cellulose column chromatography with 0.5 and 2 M NaCl, 
respectively. The most acidic polysaccharides (Fr. VI and Fr. V) were eluted with 0.15M 
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group (T/C%)] increased with the acidity: Fr. I (T/C=98%) < Fr. II (T/C=118%) < Fr. III 
(T/C=175%), Fr. IV (T/C=151 %) < Fr. V (T/C=172%) (Sakagami, et al., 1987). Higher anti-
tumor activity was recovered by extraction with 1%NaOH, precipitated by acidification (pH 
5) (Fr. VI) (T/C=227%), and also by ethanol precipitation (Fr. VII) (T/C=282%).  

The most active acidic polysaccharide (IV) was subjected to spectral analysis, and identified 
as lignin-carbohydrate complex (LCC), based on the following evidences (Sakagami, et al., 
1989). (i) UV absorption spectra：minimum absorption at 260 nm, maximum absorption at 
280 nm, broad maximum absorption at 500 nm. (ii) IR spectra: hydroxyl group with 
hydrogen bonding (3400 cm-1), aliphatic C-H (2700 cm-1), carbonyl group conjugated to π-
electron system (1700 ~ 1600 cm-1), aromatic double bond (1600, 1500 cm-1), C-O expansion 
and contraction (1400 ~ 1000 cm-1), no ester bonding.(iii) ESR: one strong signal at g=2.003 
under solid state at room temperature. Signal intensity was significantly reduced by 
oxidation and reduction.(iv) 1H-NMR： When measured in 0.2%NaOD-D2O, the presence of 
hydrogens in aromatic CH (δ6.5~7.5 ppm), >C=C< (δ4.5~5.5 ppm) and –O-CH-CH (δ3.0 ~ 
4.0 ppm) was suggested.  When the sample was acetylated by pyridine-acetic acid 
anhydride and dissolved in CDCl3, the presence of acetyl group bound to phenolic OH (δ 2.3 
ppm) or bound to alcoholic OH (δ 2.1 ppm) was confirmed. (v) Thin layer chromatography: 
Rf value of Fr. VI was the same with that of commercial alkali-lignin in various solvent 
systems (Table 2). 
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Composition of neutral sugar Gal (44.7%), Glc (26.9%), Man (19.0%), Fuc (9.4%) 
Molecular weight  10 kDa on gel filtration chromatography  

Table 2. Identification of Fr. IV from pine cone of Pinus parviflora Sieb. et Zucc. as LCC, 
based on chemical analyses. Cited from Sakagami et al. (1987), with permission.  

2.2 Distribution of LCC in the natural kingdom 

Frs. VI and VII, prepared from the pine cones of Pinus parviflora Sieb. and Zucc. (T/C=227, 
247%) showed higher antitumor activity in mice, than those prepared from Pinus densiflora 
Sieb. et Zucc (T/C=155, 245%), Pinus thunbergii Parl. (T/C=218, 191%), Pinus elliottii var. 
Elliotti (T/C=170, 217%), Pinus taeda L. (T/C=196, 179%), Pinus caribaea var. Hondurenses 
(T/C=114, 147%), Pinus sylvestris L. (T/C=180, 135%), or the pine seed shells of Pinus 
parviflora Sieb. et Zucc. (T/C=194. 220%), and Pinus armandii Franch (T/C=125%). 
Furthermore, the yields of Frs. VI and VII, prepared from Pinus parviflora Sieb. et Zucc. (0.51, 
0.91%) were much higher than those from other pine cone sources [0.19±0.18 (0.001~0.48), 
0.31±0.16 (0.06~0.48) %] (Harada, et al., 1988). These data suggest that acidic polysaccharides 
(Frs. VI and VII) are responsible for the legendary antitumor potential of the pine cone of 
Pinus parviflora Sieb. et Zucc.  
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LCCs from pine cone from Pinus parviflora Sieb et Zucc., and Pinus elliottii var. Elliotti [SI 
(selectivity index for measuring anti-HIV activity) =14, 28), bark of Erythroxylum catuaba Arr. 
Cam. (SI=43) (Manabe, et al., 1992), husk and mass of Theobroma cacao (SI= 311, 46) 
(Sakagami et al., 2008, 2011) and cultured extract of Lentinus edodes mycelia (LEM) (SI=>94) 
(Kawano et al. 2010) and mulberry juice (SI=7) (Sakagami et al., 2007, 2010b; Sakagami & 
Watanabe, 2011) showed higher anti-HIV activity than lower molecular weight polyphenols, 
such as tannins (SI=1-11) (Nakashima, et al., 1992b) and flavonoids (SI=1) (Fukai, et al., 
2000), and natural and chemically modified glucans [N,N-dimethylaminoethyl paramylon, 
N,N-diethylaminoethyl paramylon, 2-hydroxy-3-trimethylammoniopropyl paramylon, 
sodium caroboxymethyl paramylon, carboxymethyl-TAK) (SI=1) except for sulfated 
polysaccharide (such as paramylon sulfate and dextran sulfate) (Koizumi, et al., 1993). 
Limited digestion of lignin structure by NaClO2 resulted in significant loss of anti-HIV 
activity (from SI=14 to 3), whereas removal of the monosaccharide residues by acid-
catalyzed hydrolysis did not significantly affect the anti-HIV activity (from SI= 14 to 13) (Lai 
et al., 1992) suggesting that that phenylpropenoid polymer, but not sugar moiety, is 
important for anti-HIV activity. This was confirmed by our finding that dehydrogenation 
polymers of phenylpropenoids without carbohydrate showed generally higher anti-HIV 
activity (SI=105) than LCCs (Nakashima, et al., 1992a). On the other hand, phenylpropenoid 
monomers (p-coumaric acid, ferulic acid, caffeic acid) were inactive, suggesting the 
importance of highly polymerized structure (Nakashima, et al., 1992a). The mechanism of 
anti-HIV activity induction has been suggested to be mediated by the inhibition of HIV 
adsorption to the cells (Nakashima, et al., 1992a). In vitro, LCCs have also been reported to 
inhibit the HIV-1 reverse transcriptase activity (Lai, et al., 1990, 1992) and HIV-1 protease 
activity (Ichimura, et al., 1999).  

2.3 Anti-HSV activity in vitro 

2.3.1 Inhibition of HSV-1 infection by Fr. VI 

Inhibition of HSV infection was determined by plaque assay. Cells were inoculated with 
HSV-1 (200-400 plaques per well (3.5 cm diameter) 2 days after infection. Fr. VI showed 
potent anti-HSV-1 activity. Addition of Fr. VI during and after adsorption significantly 
reduced the number of plaques without affecting the morphology of the CV-1 cells. The 
plaque formation of HSV-1 was significantly inhibited by Fr. VI at a concentration of more 
than 0.1 g/ml and completely inhibited by Fr. VI at more than 10 g/ml (Fig. 4) 
(Fukuchi, et al., 1989a). Fr. VI inhibited the cytopathic effect of two different HSV-1 strains 
(HF and F) and HSV-2 strain G on two samples of cultured monkey kidney cells (CV-1 
and Vero) and one sample of human adenocarcinoma cells (A-549). From the dose-
response curves, the doses of Fr. VI that inhibited plaque formation by 50% (50% effective 
dose) in these cells were calculated to be 0.1-0.3 g/ml (Fig. 4). When Fr. VI was adsorbed 
on and eluted from Sephadex LH-60, anti-HIV activity was slightly enhanced (Fr. VIb in 
Fig. 4). 

Neither the growth rate nor the saturation density of CV-1 cells was significantly affected by 
up to 100 g/ml of Fr. VI (Fig. 5). This indicates that the anti-HSV-1 effect of Fr. VI was not 
merely due to toxicity for the host cell. 
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Fig. 4. Inhibition of HSV-1 plaque formation by Fr. VI and Fr. VIb in various cultured cells. 
The indicated doses of Fr. VI were added to the CV-1 cells at the time of infection with HSV-
1 (HF) (●) or HSV-1 (F) (○), to the Vero cells at the time of infection with herpes virus 
simplex type 2 (G) (■), or to the A549 cells at the time of infection with HSV-1 (HF) (□). The 
CV-1 cells were also infected with HSV-1 (HF) in the presence of the indicated doses of Fr. 
VIb (▲). After washing with DME, these infected cells were overlaid with agarose, further 
incubated for 2 days in the presence of the same amounts of Fr. VI or Fr. VIb, and the 
number of plaques was then determined. Each value represents mean of triplicate 
determinations. Cited from Fukuchi, et al., (1989a), with permission. 
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Fig. 5. Effect of Fr. VI on the growth of CV-1 cells. Each value represents mean of triplicate 
assays. Cited from Fukuchi, et al., (1989a), with permission.  

2.3.2 Anti-HSV activity of LCCs from other plants, natural and chemically modified 
polysaccharides 

Neutral polysaccharide (Fr. I) and uronic acid-rich polysaccharide (Fr. II) from pine cone 
extract of Pinus parviflora Sieb. et Zucc. had no anti-HSV activity at 10 g/ml. Similarly, 
popular antitumor polysaccharides, such as paramylon, PSK, Schizophyllan, and chemically 
modified glucans (N,N-dimethylaminoethylparamylon, sodium carboxymethylparamylon, 
sodium paramylon sulfate, carboxymethyl TAK) were all inactive at 10 g/ml. On the other 
hand, Fr. V tightly bound to DEAE-cellulose chromatography, and four LCC fractions (Frs. 
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Fig. 4. Inhibition of HSV-1 plaque formation by Fr. VI and Fr. VIb in various cultured cells. 
The indicated doses of Fr. VI were added to the CV-1 cells at the time of infection with HSV-
1 (HF) (●) or HSV-1 (F) (○), to the Vero cells at the time of infection with herpes virus 
simplex type 2 (G) (■), or to the A549 cells at the time of infection with HSV-1 (HF) (□). The 
CV-1 cells were also infected with HSV-1 (HF) in the presence of the indicated doses of Fr. 
VIb (▲). After washing with DME, these infected cells were overlaid with agarose, further 
incubated for 2 days in the presence of the same amounts of Fr. VI or Fr. VIb, and the 
number of plaques was then determined. Each value represents mean of triplicate 
determinations. Cited from Fukuchi, et al., (1989a), with permission. 
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Fig. 5. Effect of Fr. VI on the growth of CV-1 cells. Each value represents mean of triplicate 
assays. Cited from Fukuchi, et al., (1989a), with permission.  

2.3.2 Anti-HSV activity of LCCs from other plants, natural and chemically modified 
polysaccharides 

Neutral polysaccharide (Fr. I) and uronic acid-rich polysaccharide (Fr. II) from pine cone 
extract of Pinus parviflora Sieb. et Zucc. had no anti-HSV activity at 10 g/ml. Similarly, 
popular antitumor polysaccharides, such as paramylon, PSK, Schizophyllan, and chemically 
modified glucans (N,N-dimethylaminoethylparamylon, sodium carboxymethylparamylon, 
sodium paramylon sulfate, carboxymethyl TAK) were all inactive at 10 g/ml. On the other 
hand, Fr. V tightly bound to DEAE-cellulose chromatography, and four LCC fractions (Frs. 
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VI-IX) almost completely inhibited the HSV-infection at 10 g/ml (Table 3). LCC fractions 
(Frs. VI, VII) obtained from cones of other Japanese pine trees (Pinus densiflora Sieb. et Zucc., 
Pinus thunbergii Parl.), three Brazilian pine trees (Pinus elliottii var. Elliottii, Pinus taeda L., 
Pinus caribaea var. Hondurensus) and one Finnish pine tree (Pinus sylvestris L.), and from the 
seed shells of Pinus parviflora Sieb. et Zucc., and Pinus armandii Franch, also showed potent 
anti-HSV activity (Table 3).  
 

Sample Fr. No. of 
plaques 

% of 
inhibition 

Neutral polysaccharide from cone of Pinus parviflora Sieb et Zucc. I 310 0 
Acidic polysaccharide from cone of Pinus parviflora Sieb et Zucc. II 321 0 
LCCs from pine cone of Pinus parviflora Sieb et Zucc.             V 0 100 
   VI 0 100 
             VII 33 89 
             VIII 0 100 
  IX 0 100 
LCCs from cone of Pinus densiflora Sieb. et Zucc. VI 0 100 
 VII 9 97 
LCCs from cone of Pinus thunbergii Parl. VI 0 100 
 VII 0 100 
LCCs from cone of Pinus elliottii var. Elliottii VI 2 99 
 VII 0 100 
LCCs from cone of Pinus taeda L. VI 0 100 
 VII 12 96 
LCCs from cone of Pinus caribaea var. Hondurenses VI 0 100 
 VII 0 100 
LCCs from cone of Pinus sylvestris L. VI 0 100 
 VII 0 100 
LCCs from seed shell of Pinus parviflora Sieb et. Zucc. VI 0 100 
  VII 0 100 
LCC from seed shell of Pinus armandii Franch VI 0 100 
Paramylon 310 0 
PSK 320 0 
Schizophyllan 325 0 
N,N-dimethyaminoethylparamylon 306 0 
Sodium carboxymethylparamylon 312 0 
Sodium paramylon sulfate 299 2 
Carboxymethyl-TAK 320 0 
Alkali-lignin 0 100 
Tannic acid 0 100 
Saline (control) 305  

Table 3. Anti-HSV activity of LCCs, natural and synthetic polysaccharides, added at 10 
g/ml. Each value represents mean of triplicate assays. Cited from Fukuchi, et al., (1989a), 
with permission. 
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2.3.3 Interference by Fr. VI of HSV-1 cellular adsorption 

To determine the point of inhibition of HSV-1 infection, cells were treated with Fr. VI at 
various times before and after HSV-1 infection. Table 4 shows that: (i) no protective effect 
was observed when Fr. VI was not present in the adsorption medium, and (ii) pretreatment 
of the cells with Fr. VI for 6 days did not decrease the number of plaques.  
 

Fr. VI (g/ml)   
Before adsorption During adsorption After adsorption No. of plaques % of inhibition 
0 0 0 229 
10 (6 days) 0 0 204 11 
0 10 0 0 100 
0 0 10 230 0 
10 (6 days) 0 10 188 18 

Table 4. Dependence of anti-HSV activity induction by Fr. VI on treatment schedule. CV-1 
cells were infected with HSV-1 strain HF. Fr. VI was added at the indicated stages. Each 
value represents mean of three separate assays. Cited from Fukuchi, et al., (1989a), with 
permission. 

The results suggest that the protective effect of Fr. VI might be caused by its inhibition of 
virus adsorption. To test this possibility, the CV-1 cells were incubated with higher 
concentrations of radiolabeled virus particles (20,000 PFU) in the presence of Fr. VI, and the 
cell-bound radioactivity was measured. Table 5 shows Fr. VI at 10 g/ml significantly 
inhibited the binding of the radiolabeled virus particles, even when the cells were incubated 
with higher concentrations of virus. Lignin similarly inhibited virus adsorption, but its effect 
was slightly lower than that of Fr. VI (Table 5). 
 

  Cell-bound radioactivity 
Sample Dose (g/ml) cpm % of inhibition 
Fr. VI 0 3007168 
 10 438230 85 
Lignin 0 5367184 
 10 2774491 48 
 100 19353 96 

Table 5. Inhibition of radiolabeled virus adsorption by Fr. VI and lignin. CV-1 cells were 
incubated for 1 hour at 37C with the radioactive virus particle equivalent to 60,000 cpm 
(20,000 PFU/well) in the absence or presence of the indicated amounts of Fr. VI or lignin, 
and the cell-bound radioactivity was then determined. Each value represents mean  S.D. of 
triplicate assays. Cited from Fukuchi, et al., (1989a), with permission. 

We next investigated the effect of Fr. VI on virus penetration. Cells were first adsorbed for 
1~2 hours with virus (200-400 PFU/well) at 4C, a condition that allows virus adsorption 
but not virus penetration. The cells were treated with Fr. VI and the temperature was then 
raised to 37C to initiate virus penetration. Fr. VI (1 g/ml) did not inhibit plaque formation 
after completion of virus adsorption (data not shown). From the results, it was concluded 
that Fr. VI inhibits virus adsorption on target cells, but does not inhibit virus penetration. 
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We have previously reported that LCC also inhibited the adsorption of HIV to the cells 
(Nakashima, et al., 1992a, 1992b). 

Recently, carboxylated lignins, synthesized using 4-hydroxy cinnamic acid scaffold by 
enzymatic oxidative coupling inhibited the entry of HSV-1 entry into the cells (Thakkar et 
al., 2010). Sulfated LCL (PPS-2b) (MW8500) also showed anti-HSV activity possibly by 
inhibiting the viral binding and penetration into host cells. Prunella cream formulated with 
a semi-purified fraction significantly reduced the skin lesion and mortality induced by HSV-
1 infection in Guinea pigs (Zhang et al., 2007) The anti-HSV activity of sulfated lignins 
depended on their molecular weight, with the maximum at 39.4 kDa (Raghuraman et al. 
2007). 

2.4 Clinical effect of LCC-ascorbic acid tablet 

The combination of alternative products can provide an effective therapy. To evaluate anti- 
HSV-1 activity of a pine cone LCC and ascorbic acid treatment, a clinical pilot study was 
carried out. We have modified the extraction method of LCC to achieve the mass production 
at the factory level (Fig. 6). Each LCC-ascorbic acid tablet contained a mixture of 50 mg pine 
cone extract powder JS, 50 mg ascorbic acid, 83 mg maltitol, 13 mg potato starch and 13 mg 
calcium stearate. 
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Fig. 6. Modified method for mass production of LCC at the factory level. 

A pilot clinical study with pine cone lignin and ascorbic acid complex treatment against 
HSV-1-patients was carried out to evaluate the reduction of the duration with lesions, and 
the decrease of symptoms. A convenience sample of forty eight healthy patients of both 
genders between 4 and 61 years old (mean: 31±16.12 years), with active lesions of HSV-1, 
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took part in the study. The patients were classified into the prodromic (16 patients), erytema 
(11 patients), papule edema (1 patient), vesicle/pustule (13 patients) and ulcer stages (7 
patients). One mg of LCC-ascorbic acid tablet or solution was orally administered three times 
daily for a month. Clinical evaluations were made at least three times a week during the two 
first weeks after the onset and every six months during the subsequent year to identify 
recurrence episodes. The patients who began the LCC-ascorbic acid treatment within the first 
48 hours did not develop HSV-1 characteristic lesions, whereas those patients who began the 
treatment later experienced a shorter duration of cold sore lesions and a decrease in the 
symptoms compared with previous episodes. The majority of the patients reported a 
reduction in the severity of symptoms and a reduction in the recurrence episodes after the 
LCC-ascorbic acid treatment compared with previous episodes, suggesting its possible 
applicability for the prevention and treatment of HSV-1 infection. Figs. 7, 8 and 9. 
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Fig. 7. Previous and new duration of lesions after pine cone ascorbic acid treatment. A 
significant difference in the duration of lesions was found between before and after 
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Fig. 9. Recurrence rate after pine cone lignin ascorbic acid complex treatment. Cited from 
González et al. (2009) with permission. 

Majority of the patients reported the reduction in the severity of symptoms and in the 
recurrent episodes. This pilot study suggests possible applicability of LCC-vitamin C tablet 
for the prevention and treatment of HSV-1 infection (González, et al., 2009). However, it is 
not clear whether this clinical effect is due to the antiviral action of LCC itself or due to the 
combination effect of LCC + vitamin C.  

We found significant differences between the usual and current duration after the pine cone 
lignin and ascorbic acid combination treatment and differences in the reduction of 
symptoms, taking into account the historical data provided by the patients. However, the 
small number of patients and the lack of a control group limited our ability to generalize the 
results to a larger population. To evaluate the effectiveness of pine cone lignin and ascorbic 
acid combination treatment, subsequent double-blind randomized controlled clinical trials 
must be done in a representative sample of patients who suffer from recurrent HSV-1. 

2.5 Clinical effect of LCC tablet without vitamin C 

In order to evaluate the effect of LCC obtained from pine " Pinus parviflora Sieb et Zucc.” 
without ascorbic acid, on the treatment of infection by HSV type I, we already started a 
cross-sectional study on a sample of the patients, from the School of Dentistry of the Mexico 
State University. It has been planned to develop a double blind randomized clinical study in 
a larger, heterogeneous sample of captive population, incorporating students, professors 
and working personal of the Schools of Health Sciences of the University, the study will be 
carried out during three years. 

Patients aged 18 or more who gave informed consent will enter into the study; they will be 
initially identified through an interview, and they will be asked to answer a questionnaire 
that includes signs and symptoms, the triggers and the treatments used. The patients will be 
randomized for treatment or placebo. No other antiviral drugs will be permitted during the 
study 
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The patients will be seen as soon as possible after the start of the outbreaks. The tablets will 
be delivered to patients with the instruction of taking a tablet 3 times a day for 30 days. The 
patients will be seen daily or at least three times during the episode until the complete 
healing had occurred. Any possible adverse effects will be recorded. When a recurrence 
occurs, the patients will repeat the treatment as previously described. The placebo group 
treatment protocol will be the same, but tablets without LCC will be administrated. 

Until now we have identified 18 patients with a history of infection by HSV-1, who accepted 
to participate in the study, they signed the informed consent and answered the 
questionnaire. Among them only six patients have attended the clinic at the early stage of 
the disease, we carried out a clinical follow-up of patients to register the evolution of the 
disease (Table 6). In general the patients reported a reduction of the duration of the lesions 
and of the symptoms, according to their previous experience (Fig. 10-14). 

One patient presented a light rash at the tenth day of LCC treatment. This disappeared 
without treatment, once the patient suspended the treatment. At present, it is not clear 
whether the reaction could be related with the LCC treatment. Alternatively, this may 
suggest that the combination of LCC and vitamin C is necessary to reduce such incidence.  
 

Patient Date of 
initiation of 
treatment 

Decrease of 
symptoms Edema Eritema Vesicle Erosion Seudomebrane Scab Gender/Age 

Female Male 

49  Mar, 
31 

Apr, 
03 

Mar, 
31 - - - Apr, 

06 
Apr, 

06 

 23 Mar, 
01 

Mar, 
02 - Mar, 

01 - Mar, 
08 

Mar, 
09 

Mar,  
09 

 21 July, 
10 

July, 
10 - July, 

11 
July, 

12 
July , 

12 
July, 

13 
July, 

13 

53  Feb,  
02 

Feb,  
02 

Feb,  
02 

Feb,  
03 

Feb,  
04 

Feb,  
04 

Feb, 
05 

Feb,  
05 

57  Jan 
 10 

Jan 
 10 - - Jan 

12 
Jan 
12 

Jan 
13 

Jan 
14 

 24* Mar, 
29 

Mar, 
30 

Mar, 
29 

Mar,  
31 

Apr, 
 01 

Apr, 
01 

Apr, 
02 

Apr, 
02 

*The patient presented a light skin rash. 

Table 6. Evolution of the lesions of HSV-1 in five patients treated with LCC tablet without 
vitamin C. 

 

  
Fig. 10. Male 21 years old, a) Vesicles, b) Scab early stage  

a b 
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not clear whether this clinical effect is due to the antiviral action of LCC itself or due to the 
combination effect of LCC + vitamin C.  

We found significant differences between the usual and current duration after the pine cone 
lignin and ascorbic acid combination treatment and differences in the reduction of 
symptoms, taking into account the historical data provided by the patients. However, the 
small number of patients and the lack of a control group limited our ability to generalize the 
results to a larger population. To evaluate the effectiveness of pine cone lignin and ascorbic 
acid combination treatment, subsequent double-blind randomized controlled clinical trials 
must be done in a representative sample of patients who suffer from recurrent HSV-1. 

2.5 Clinical effect of LCC tablet without vitamin C 

In order to evaluate the effect of LCC obtained from pine " Pinus parviflora Sieb et Zucc.” 
without ascorbic acid, on the treatment of infection by HSV type I, we already started a 
cross-sectional study on a sample of the patients, from the School of Dentistry of the Mexico 
State University. It has been planned to develop a double blind randomized clinical study in 
a larger, heterogeneous sample of captive population, incorporating students, professors 
and working personal of the Schools of Health Sciences of the University, the study will be 
carried out during three years. 

Patients aged 18 or more who gave informed consent will enter into the study; they will be 
initially identified through an interview, and they will be asked to answer a questionnaire 
that includes signs and symptoms, the triggers and the treatments used. The patients will be 
randomized for treatment or placebo. No other antiviral drugs will be permitted during the 
study 
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The patients will be seen as soon as possible after the start of the outbreaks. The tablets will 
be delivered to patients with the instruction of taking a tablet 3 times a day for 30 days. The 
patients will be seen daily or at least three times during the episode until the complete 
healing had occurred. Any possible adverse effects will be recorded. When a recurrence 
occurs, the patients will repeat the treatment as previously described. The placebo group 
treatment protocol will be the same, but tablets without LCC will be administrated. 

Until now we have identified 18 patients with a history of infection by HSV-1, who accepted 
to participate in the study, they signed the informed consent and answered the 
questionnaire. Among them only six patients have attended the clinic at the early stage of 
the disease, we carried out a clinical follow-up of patients to register the evolution of the 
disease (Table 6). In general the patients reported a reduction of the duration of the lesions 
and of the symptoms, according to their previous experience (Fig. 10-14). 

One patient presented a light rash at the tenth day of LCC treatment. This disappeared 
without treatment, once the patient suspended the treatment. At present, it is not clear 
whether the reaction could be related with the LCC treatment. Alternatively, this may 
suggest that the combination of LCC and vitamin C is necessary to reduce such incidence.  
 

Patient Date of 
initiation of 
treatment 

Decrease of 
symptoms Edema Eritema Vesicle Erosion Seudomebrane Scab Gender/Age 

Female Male 

49  Mar, 
31 

Apr, 
03 

Mar, 
31 - - - Apr, 

06 
Apr, 

06 

 23 Mar, 
01 

Mar, 
02 - Mar, 

01 - Mar, 
08 

Mar, 
09 

Mar,  
09 

 21 July, 
10 

July, 
10 - July, 

11 
July, 

12 
July , 

12 
July, 

13 
July, 

13 

53  Feb,  
02 

Feb,  
02 

Feb,  
02 

Feb,  
03 

Feb,  
04 

Feb,  
04 

Feb, 
05 

Feb,  
05 

57  Jan 
 10 

Jan 
 10 - - Jan 

12 
Jan 
12 

Jan 
13 

Jan 
14 

 24* Mar, 
29 

Mar, 
30 

Mar, 
29 

Mar,  
31 

Apr, 
 01 

Apr, 
01 

Apr, 
02 

Apr, 
02 

*The patient presented a light skin rash. 

Table 6. Evolution of the lesions of HSV-1 in five patients treated with LCC tablet without 
vitamin C. 

 

  
Fig. 10. Male 21 years old, a) Vesicles, b) Scab early stage  

a b 
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Fig. 11. Male 24 years old, a) Ulcerative stage, c) Seudomembrane stage, d) Skin rash 
 

   
Fig. 12. Male, 25 years old. a) Erosion stage, b) Late scab stage, c) Complete healthy stage 
 

  
Fig. 13. Female 57 years old, a) Ulcerative stage, b) Scab early stage  
 

 
Fig. 14. Female 53 years old, a) Vesicle stage, b) Ulcerative stage, b) Seudomembrane stage 

Fig. 10-14. Stages in the evolution of HSV-1 lesions in patients who received treatment with 
LCC. Only representative photographs were shown. 

a 
b c 

a b c 

a b 

a
b 

c 
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3. Conclusion 
We have demonstrated that LCC from pine cone of Pinus parviflora Sieb. Zucc. showed anti-
HSV activity in vitro, by inhibiting the viral adsorption to the cells. LCC shows broad 
antiviral spectrum. LCC exhibited high affinity with influenza virus, and in contact to LCC, 
influenza virus rapidly lose the virulence (Sakagami, et al., 1992). LCC showed much higher 
anti-HIV activity than tannins (Nakashima, et al., 1992a, 1992b), whereas both LCC and 
tannins showed potent anti-HSV activity (Fukuchi, et al., 1989a, 1989b). Since virus is one of 
major risk factor of oral cavity cancer (Sakagami, 2010a), anti-viral action of LCC may 
reduce the incidence of virus-triggered diseases such as cancer. 

LCC shows also immunopotentiating activity. Administration with LCC induced antitumor, 
antimicrobial and anti-parasite activity, and enhanced the endogenous TNF production. At 
present, the receptors for LCC have not been identified. Recently, we have found LCC 
fraction isolated from Lentinus edodes mycelia extract (Fr4) enhanced the expression of 
dectin-2 (4.2-fold) and toll-like receptor (TLR)-2 (2.5-fold) prominently, but only slightly 
modified the expression of dectin-1 (0.8-fold), complement receptor 3 (0.9-fold), TLR1, 3, 4, 9 
and 13 (0.8- to 1.7-fold), spleen tyrosine kinase (Syk)b, zeta-chain (TCR) associated protein 
kinase 70kDa (Zap70), Janus tyrosine kinase (Jak)2 (1.0- to 1.2-fold), nuclear factor (Nf)кb1, 
NFкb2, reticuloendotheliosis viral oncogene homolog (Rel)a, Relb (1.0- to 1.6-fold), Nfкbia, 
Nfкbib, Nfкbie, Nfкbi12 Nfкbiz (0.8- to 2.3-fold). On the other hand, LPS did not affect the 
expression of dectin-2 nor TLR-2. These data suggest the significant role of the activation of 
the dectin-2 signaling pathway in the action of LCC on macrophages (Kushida, et al., 2011). 
Identification of dectin-2 as LCC receptor awaits further confirmation with siRNA and gene 
over expression experiments. 

The other intriguing property of LCC is the synergy with vitamin C. Ascorbate derivatives 
that produced the doublet signal of ascorbate radical (sodium-L-ascorbate, L-ascorbic acid, D-
isoascorbic acid, 6-β-D-galactosyl-L-ascorbate, sodium 5,6-benzylidene-L-ascorbate) induced 
apoptosis in HL-60 cells, whereas ascorbate derivatives that did not produce radicals (L-
ascorbic acid-2-phosphate magnesium salt, L-ascorbic acid 2-sulfate and dehydroascorbic 
acid) did not induce apoptosis (Sakagami, et al., 1996a, 1996b). High concentrations of LCC 
from the pine cone of Pinus parviflola Sieb et Zucc., pine cone of Pinus elliottii var. Elliotti, leaf 
of Ceriops decandra (Griff.) Ding Hou and, thorn apple of Crataegu Cuneata Sieb. et Zucc 
enhanced the radical intensity and cytotoxicity of sodium ascorbate. On the other hand, 
lower concentrations of LCC stimulated the superoxide anion (O2-), hydroxyl radical and 
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity of sodium ascorbate 
(Sakagami et al., 2000, 2005, 2008) . This suggests the possible application of LCC as 
stimulator of vitamin C action, especially in the field of UV protection and anti-aging 
research. 

Solvent fractionation of alkaline extract of the leaves of Sasa senanensis Rehder (SE) 
demonstrated that (i) chlorophyllin in SE was recovered from the water layer, that contains 
majority of compounds (more than 81%) and inhibited the NO production by macrophages 
more potently than other n-hexane, diethyl ether and ethylacetate layers (Sakagami, et al., 
2010c). Three-dimensional HPLC analysis demonstrated that the majority of SE components 
are recovered from one major peak. Furthermore, LCC isolated from SE showed the unique 
greenish color of chlorophyllin (absorption maximum = 452 nm) (Sakagami, et al., 2010c). 
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3. Conclusion 
We have demonstrated that LCC from pine cone of Pinus parviflora Sieb. Zucc. showed anti-
HSV activity in vitro, by inhibiting the viral adsorption to the cells. LCC shows broad 
antiviral spectrum. LCC exhibited high affinity with influenza virus, and in contact to LCC, 
influenza virus rapidly lose the virulence (Sakagami, et al., 1992). LCC showed much higher 
anti-HIV activity than tannins (Nakashima, et al., 1992a, 1992b), whereas both LCC and 
tannins showed potent anti-HSV activity (Fukuchi, et al., 1989a, 1989b). Since virus is one of 
major risk factor of oral cavity cancer (Sakagami, 2010a), anti-viral action of LCC may 
reduce the incidence of virus-triggered diseases such as cancer. 

LCC shows also immunopotentiating activity. Administration with LCC induced antitumor, 
antimicrobial and anti-parasite activity, and enhanced the endogenous TNF production. At 
present, the receptors for LCC have not been identified. Recently, we have found LCC 
fraction isolated from Lentinus edodes mycelia extract (Fr4) enhanced the expression of 
dectin-2 (4.2-fold) and toll-like receptor (TLR)-2 (2.5-fold) prominently, but only slightly 
modified the expression of dectin-1 (0.8-fold), complement receptor 3 (0.9-fold), TLR1, 3, 4, 9 
and 13 (0.8- to 1.7-fold), spleen tyrosine kinase (Syk)b, zeta-chain (TCR) associated protein 
kinase 70kDa (Zap70), Janus tyrosine kinase (Jak)2 (1.0- to 1.2-fold), nuclear factor (Nf)кb1, 
NFкb2, reticuloendotheliosis viral oncogene homolog (Rel)a, Relb (1.0- to 1.6-fold), Nfкbia, 
Nfкbib, Nfкbie, Nfкbi12 Nfкbiz (0.8- to 2.3-fold). On the other hand, LPS did not affect the 
expression of dectin-2 nor TLR-2. These data suggest the significant role of the activation of 
the dectin-2 signaling pathway in the action of LCC on macrophages (Kushida, et al., 2011). 
Identification of dectin-2 as LCC receptor awaits further confirmation with siRNA and gene 
over expression experiments. 

The other intriguing property of LCC is the synergy with vitamin C. Ascorbate derivatives 
that produced the doublet signal of ascorbate radical (sodium-L-ascorbate, L-ascorbic acid, D-
isoascorbic acid, 6-β-D-galactosyl-L-ascorbate, sodium 5,6-benzylidene-L-ascorbate) induced 
apoptosis in HL-60 cells, whereas ascorbate derivatives that did not produce radicals (L-
ascorbic acid-2-phosphate magnesium salt, L-ascorbic acid 2-sulfate and dehydroascorbic 
acid) did not induce apoptosis (Sakagami, et al., 1996a, 1996b). High concentrations of LCC 
from the pine cone of Pinus parviflola Sieb et Zucc., pine cone of Pinus elliottii var. Elliotti, leaf 
of Ceriops decandra (Griff.) Ding Hou and, thorn apple of Crataegu Cuneata Sieb. et Zucc 
enhanced the radical intensity and cytotoxicity of sodium ascorbate. On the other hand, 
lower concentrations of LCC stimulated the superoxide anion (O2-), hydroxyl radical and 
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity of sodium ascorbate 
(Sakagami et al., 2000, 2005, 2008) . This suggests the possible application of LCC as 
stimulator of vitamin C action, especially in the field of UV protection and anti-aging 
research. 

Solvent fractionation of alkaline extract of the leaves of Sasa senanensis Rehder (SE) 
demonstrated that (i) chlorophyllin in SE was recovered from the water layer, that contains 
majority of compounds (more than 81%) and inhibited the NO production by macrophages 
more potently than other n-hexane, diethyl ether and ethylacetate layers (Sakagami, et al., 
2010c). Three-dimensional HPLC analysis demonstrated that the majority of SE components 
are recovered from one major peak. Furthermore, LCC isolated from SE showed the unique 
greenish color of chlorophyllin (absorption maximum = 452 nm) (Sakagami, et al., 2010c). 
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These data strongly suggest the possible association of chlorophyllin with LCC in the native 
state or during extraction with alkaline solutions. Biological significance of such association 
remains to be investigated. 
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