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Preface

Streptococci are facultatively anaerobic Gram-positive bacteria that are isolated in 
large numbers from most human body sites. They are common colonizers of the 
mucosae. The border between pathogenic and non-pathogenic streptococcal species 
is often indistinct. Many pathogenic streptococci, such as Streptococcus pneumoniae, 
Streptococcus pyogenes may asymptomatically colonize the nasopharynx of healthy 
people and become a source of endogenous infection under favorable conditions. 
Streptococcal infection is a complex multi-stage process involving, on the one hand, a 
host with an array of protective mechanisms of defense, and bacteria with virulence 
factors that neutralize the above mentioned mechanisms (envelopes, enzymes, toxins, 
and superantigens) on the other. The predominance of one side or another is reflected 
by the elimination of the bacteria or infection, either symptomatic or limited to 
asymptomatic carriage. The clinical course and severity of infection vary greatly 
among infecting streptococcal strains. Effective ways to prevent both asymptomatic 
streptococcal colonization and infection, which include vaccination, are constantly 
demanded.

The Bacterial Infectious Diseases topic features two chapters this year and we look 
forward to more in the next.

Katarzyna Garbacz and Tomas Jarzembowski
Medical University of Gdańsk,

Gdańsk, Poland
Topic Editors: Bacterial Infectious Diseases

The Fungal Infectious Diseases topic highlights two chapters, the first titled Talaromyces 
marneffei Infection: Virulence Factors and Rapid Diagnostics and the second one titled 
Evolution of Parasitism and Pathogenic Adaptations in Certain Medically Important Fungi. 
In this first year of its existence, after the topic structure has been introduced, perhaps 
this is not much but it will, all in all, contribute to this topic’s relevance and hopefully 
open new possible research paths for further novel developments in this particular area 
which will be welcomed.

Yuping Ran
Sichuan University,

Chengdu, China
Topic Editor: Fungal Infectious Diseases



IV

Parasitic diseases have evolved alongside their human hosts. In many cases, these 
diseases have adapted so well that they have developed efficient resilience methods 
in the human host and can live in the host for years. In the current atmosphere of the 
Coronavirus pandemic, communities around the world, particularly those in different 
underdeveloped areas, are faced with the growing challenges of the high burden of 
parasitic diseases which should not be neglected in this context.

Therefore, we need to revisit certain topics in this particular field of research with 
fresh findings and new perspectives. All researchers are invited to actively participate 
in this open call.

Amidou Samie
University of Venda,

Thohoyandou, South Africa
Topic Editor: Parasitic Infectious Diseases

The discovery of viruses dates back to around 3700 BC, when the first written record 
of virus infection was immortalized through representation in Egyptian hieroglyphs, 
depicting the classical signs of poliomyelitis and smallpox infection. However, the 
struggle of the human brain with these microbes is still fresh and unanswered. The 
scientific studies of viruses began in the late 19th century when their existence was 
documented and the term “virus” was coined. By mid-20th century, almost 2,000 
recognized species of animal, plant, and bacterial viruses had been discovered. 
Despite several achievements over the past years in virology, viruses still continue 
to pose bigger, new, and fatal threats to the world’s populations which poses several 
challenges to virologists all over the world. Several viral infections that may be fatal or 
debilitating threaten the human race. The majority of viral diseases attack infants and 
young children, while others strike people in their prime. There is a continual trend 
of extreme variation in viral epidemics considering their extent, severity, duration, 
appearance, reappearance, and the emergence of new diseases.

However, as we develop newer techniques, the viruses are getting smarter, and their 
advances and abilities to adapt and resist are posing greater challenges to virologists 
all over the world. The pattern and profile of viral infections are undergoing several 
changes that make them hard to analyze. Recent outbreaks and resurgence of highly 
pathogenic viruses continue to dominate the disease incidence rates globally. The need 
of the hour is to win over the virus, which is not a one step phenomenon; instead, it 
is a chained and linked process between individuals, researchers, analysts, antiviral 
drug developers, the government, and the public. However, the effort of opening 
several hundreds of new labs is appreciated, but viral research needs an upgrade 
which may be fulfilled by building capacity at various levels. There is an urgent 
need for learned and trained human resources in virology. Therefore, specialized 
virology programs should be included at various institutes/universities, as well as 
medical courses for clinical/medical/basic microbiologists and paramedical staff, 
to train them in differential and molecular diagnostics/antiviral drug research, etc. 
In spite of accurate diagnostics, the lack of specific antiviral drugs and vaccines is 
XVI
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a major concern, through which emerging, reemerging, and drug-resistant viruses 
pose the foremost threat. Therefore, there is a desperate need for the development of 
effective antivirals and vaccine strategies. We should consider another challenging 
and emerging clinical area of personalized medicines, due to differences in host 
genetic factors and viral strain variation when compared to foreign countries. A viral 
outbreak forecast system which can predict viral epidemics/pandemics based on 
intensive research and molecular biomarkers could be developed, potentially saving 
thousands of lives nationwide.

The aim of this topic is to collect a comprehensive overview of recent research trends 
and discoveries in various viral infectious diseases emerging around the globe. The 
emergence of any viral disease is hard to anticipate, which often contributes to 
death rates. A viral disease can be defined as an infectious disease that has recently 
emerged in a population or that exists in nature with a rapid increase in incidence or a 
geographic range. This topic’s aim is to publish work focused on various crucial factors 
related to emerging viral infectious diseases, including epidemiology, pathogenesis, 
host immune response, clinical manifestations, diagnosis, treatment, and clinical 
recommendations for managing viral infectious diseases, highlighting the recent 
issues with future directions for effective therapeutic strategies.

I am overwhelmed in all humbleness and gratefulness to acknowledge my depth to all 
the contributors who trusted me and supported me in this work. My research fellows 
are the motivating force behind anything constructive that I do and a center of my 
research and academic work. I would like to express my special thanks of gratitude to 
my mentors, teachers, and students. Also, I would like to thank my colleagues, family, 
and friends who gave a lot of encouragement and support during the work on this 
topic. A happy environment at home is essential for any kind of growth, and I thank 
my family, especially my wife and children for the same.

Shailendra K. Saxena
King George’s Medical University,

Lucknow, India
Topic Editor: Viral Infectious Diseases
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Chapter 1

Pneumococcal Carriage in 
Jordanian Children and the 
Importance of Vaccination
Adnan Al-Lahham

Abstract

Pneumococcal carriage is a prerequisite for invasive and non-invasive infections, 
where children and elderly are the most vulnerable groups. Aims: Determine rates of 
carriage, resistance, and coverage of the pneumococcal conjugate vaccines (PCVs) in 
children attending day care centers (DCC) in north Jordan. Methods: Nasopharyngeal 
swabs (NP) were taken from healthy Jordanian children from north Jordan with ages 
ranging from 1 month to 14 years in the period from 2008 to 2019. Classical methods 
were used for cultivation, identification, resistance testing, and serotyping. Results: 
1866 NP swabs were tested with carriage rate 39.3% (733 isolates). Resistance was 
variable; however, it showed highest rates for penicillin (89.3%) and trimethoprim-
sulfamethoxazole (73.0%). Serotype 19F predominates with 17.6% of all serotypes. 
Coverage of the future PCV20 was 73.1% compared to the old PCV7 (41.7%). About 
493 cases had a previous 1–3 PCV7 injections, among which 256 (51.9%) cases were 
pneumococcal carriers, distributed as non-PCV vaccine serotypes (31.6%), and with 
PCV types (68.4%). Conclusions: The potential inclusion of the PCV vaccination in 
the national immunization program of the country is necessary.

Keywords: Streptococcus pneumoniae, PCVs, coverage, nasopharyngeal carriage, 
resistance

1. Introduction

1.1 Describing the Jordanian situation

Jordan is an upper middle-income country with a total population of 10,806,000 
inhabitants, where 44.3% of them are under the age of 19 years, and quite youthful 
with almost 75% under the age of 30. However, risk groups are the children below 
15 years of age (34.4%), among which 11.1% are under the age of 5 years, and 3.67% 
are over 65 years of age. These age groups (children and elderly) are considered to be 
at risk from pneumococcal infections globally [1–3]. The prevalence of pneumococcal 
carriage was the only way in Jordan to detect the serotypes rotating in the Jordanian 
community, which reflects the clones of infections that might take place. The carriage 
rates in these areas were relatively high compared to other countries in the region. 
However, different serotypes were found in different areas. All of these isolates have 
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high resistance rates and are covered to a high percentage with the PCV13 or PCV20. 
This implies the necessity for a “strategic plan for vaccination in Jordan”. Streptococcus 
pneumoniae is considered a leading causative agent of death because of pneumonia 
globally, especially in the developing countries or in Africa and Asia. In the case and 
history of Jordan, there is no data available on the pneumococcal infections or sero-
types of invasive pneumococcal diseases (IPD), although parts of some publications 
have described infections with the pneumococci. However, to-date, the PCVs are not 
available in the National Immunization Program (NIP) of the country, but they are 
available in the private sector since the year 2000, followed by PCV13 in the year 2010. 
In Jordan, an average of 400–500 meningitis infections of different causative agents 
were reported annually, and many infections of otitis media and pneumonia with no 
identified causative agents, therefore surveillance of the carriage due to Streptococcus 
pneumoniae is essential. Another serious problem for Jordan is the antibiotic consump-
tion, where no reported data are available. Although Jordan is one of the best countries 
in the region for medical tourism, but there is no numbers stating the antibiotic 
consumption of the country, where high resistance rates in antibiotics were found [4]. 
Causes for the high antibiotic resistance in the country are the misuse and abuse of 
the antibiotics [5, 6]. Furthermore, there are no statistics from the Ministry of Health 
(MOH) of Jordan regarding the statistics of IPD taking place in hospitals. However, 
only non-meningococcal meningitis is registered from the statistical department of the 
MOH, which includes a variety of causative agents including Streptococcus pneumoniae 
(i.e., pneumococcus). This fact is shown in Figure 1 from the year 1990–2018. By 
checking these data in the figure, it appears that more than 50% of all cases are from 
Irbid (North Jordan), 1% from Madaba and 10% from Amman. However, almost 20% 
of the causative agents of non-meningococcal meningitis are due to the pneumococcus 
[7]. Another crucial point about Jordan is the absence of national centers working sepa-
rately on different types of bacteria. These centers in the developed countries and other 
countries work together with the epidemiological national centers to develop statistics 
about the rate of invasive diseases caused by infectious agents and their resistance 
development. Such data are important for setting recommendations to develop new 
anti-infectious products or to set new treatment strategies. Furthermore, collection 

Figure 1. 
Number of cases and incidence/100,000 of non-meningococcal meningitis in Jordan.
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of invasive samples isolated at the hospitals is almost impossible, because the patients 
have consumed antibiotics prior to the microbiological sample testing. Therefore, 
shifting the surveillance to study the carriage of the pneumococci in children was the 
solution to find out all the possible serotypes rotating with their resistance data.

1.2 Global importance of Streptococcus pneumoniae (i.e., the pneumococcus)

S. pneumoniae, or the pneumococcus, is a lancet shape, Gram-positive diplococci, 
bile soluble, mainly optochin sensitive, and encapsulated. The diversity of capsular 
types is large, with more than 100 serotypes recognized to date based on the com-
position of the capsular polysaccharide. Many S. pneumoniae serotypes are capable 
of causing invasive diseases, including meningitis, septicemia, bacteremia, and 
non-invasive diseases like pneumonia, sinusitis and others; however, most of these 
diseases globally are caused by a small number of common serotypes [8]. The rela-
tive contribution of each serotype to the local burden of disease varies globally, with 
serotypes 1, 5, 23F, 19A, 19F, 6B and 6A more prominent in developing countries. 
S. pneumoniae infections may vary seasonally and large outbreaks exists but rarely 
found [8–10]. Meningitis due to S. pneumoniae occurs most commonly in early ages 
of children and in patients over 65 years of age, with an estimated incidence rate 
of 17 cases per 100,000 population in children less than five years of age [11]. This 
bacterium is widely spread and can also be found in pets [12]. As a comparison, the 
incidence of non-meningococcal meningitis for Jordan is estimated to be 4.5/100,000 
cases in the year 2016 as shown in the figure. The case fatality rate for meningitis due 
to S. pneumoniae in children less than five years of age exceeds 73% in some parts of 
the world.

An important study done by the GBD 2016 Lower Respiratory Infections 
Collaborators in 2016 showed that the lower respiratory infections are the leading cause 
of morbidity and mortality around the world [13]. This study provides an up-to-date 
analysis of the burden of lower respiratory infections in 195 countries for the past 
26 years, and shows how the burden of lower respiratory infection has changed in people 
of all ages. Their Findings In 2016 indicate that lower respiratory infections caused 
652,572 deaths in children younger than 5 years, 1,080,958 deaths in adults older than 
70 years, and 2,377,697 deaths globally in people of all ages. In this regard, Streptococcus 
pneumoniae was the leading cause of lower respiratory infection morbidity and mortal-
ity globally, contributing to more deaths than all other etiologies combined in 2016 [13].

S. pneumoniae was given the name as the forgotten killer in children in 2006 by the 
WHO in 2006 [14]. Furthermore, according to the WHO, 142 countries have intro-
duced the PCV in the National Immunization Program. Jordan as one of the upper 
middle-income countries has not included this vaccine to the National Immunization 
Program (NIP) to-date.

The aim of this chapter is to show results of investigations of continuous surveil-
lance on the carriage of Streptococcus pneumoniae from 2008 to 2019 in Jordanian 
children and to show the need of the inclusion of the PCVs in the NIP of the country.

2. Material and methods

Research studies on the carriage of Streptococcus pneumoniae were approved 
by the Independent Ethical Committee (IEC) of the Ministry of Health (MOH) of 
Jordan, followed by approval of the Ministry of Health (MOH) with approval number 



Infectious Diseases Annual Volume 2022

6

8/75/2/2257, and other approvals of the directorates of each day care center (DCC). 
Informed written consent for the participants and the use of NP swabs was obtained 
from parents prior to collecting the swabs. Parents were educated on the benefits of 
future vaccination with the available PCVs. Nasopharyngeal swabs were taken from 
children attending the governmental Day Care Centers (DCCs) from the governorates 
of Ajlun (n = 415) [15], Madaba (n = 761) [1, 16], private clinic in Amman (n = 149) 
[16], Irbid (n = 423) [1], Wadi Alseer (n = 118) [17], with total number of samples 
1866. Only one NP-swab was obtained from each child with exception to the research 
project from Ajlun, where 3 consequent samples were taken at 2 months at the time 
of the first vaccination, then at 4 months of age at the time of the second vaccina-
tion and finally a third sample was taken 2–3 months after the third vaccination 
with PCV7. NP-samples were collected in the period from 2008–2019. Processing, 
culturing and identification were done by classical methods [1, 18]. Resistance testing 
was performed according to the latest CLSI standards using S. pneumoniae ATCC 
49,619 as a control strain [19]. The Neufeld’s Quellung reaction method was used for 
Serotyping using type and factor sera provided by the Statens Serum Institute (SSI), 
Copenhagen, Denmark.

3. Results and discussion

Four governorates and the capital of Jordan were tested during the whole period 
of carriage surveillance in Jordan. The total carriage rate for the whole period and for 
the whole population tested was 39.3% as presented in Table 1. The highest carriage 
rate was in the governorate of Ajlun with 58.1%, because three samples were obtained 
from the same child over one year period. Nevertheless, this carriage rate of Ajlun 
was not significantly different (p > 0.05) from the carriage rate obtained from Wadi 
Al Seer, even with only one NP-swab obtained from each child. Wadi Al Seer and 
Ajlun were tested almost at the same period. The most interesting finding of all cities 
is the findings in the capital of Amman, where only 13.4% of the children involved 
in the study were carriers and that the coverage of the PCVs was minimal as found in 
Table 1. This was due to the reason that 69 cases from 149 (46.3%) were vaccinated 
with PCV7. Only 11 cases from the vaccinated children of Amman were carriers, but 
none of them was carrier of PCV7 serotype. The second highest carriage was shown 
in Madaba with 37.1% carriage rate, followed by Irbid with carriage rate of 29.6%. 
Coverage rates of the PCVs were highest (76.0%) for Irbid with PCV20, and this 
coverage was not significantly different from the PCV20 coverage for Irbid city  
(p < 0.05). To-date, there are at least 220 publications all over the world investigating 
carriage or nasopharyngeal carriers of Streptococcus pneumoniae. Our findings are 
comparable with other studies all over the world; in the region as an example, a study 
done in Palestine in 2013 has found carriage rates in 11 cities of Palestine to be from 
34.1% in Ramallah up to 66.7% in Tubas [20]. In the kingdom of Saudi Arabia, car-
riage rate was found in 2014 to be 6% [21]. Another study done in 11 countries of Asia 
and the Middle East on 4963 children below 5 years of age found nasal carriage rate of 
22.3% of antibiotic-resistant pneumococci isolates [22]. In Israel, carriage rates tested 
on ages between 2 and 24 months was shown to increase with age from 2 months with 
26% carriage rate to 62% at age of 24 months [23]. In a recent study about carriage of 
the pneumococcus in Indonesia showed high carriage rate of 73% in school children 
with acute otitis media (AOM) [24]. Dominant serotypes of the school children were 
23A (11 %), 6A/6B (10 %), 3 (8 %), 14 (7 %), 6C/6D (7 %), 11A/11D (6 %), 15B/15C 
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(4 %) and 35 B (4 %). Coverage of the PCV13 in the Indonesian study was 41%. Other 
study in south Italy on healthy children aged 1–7 years attending day-care centers 
and schools showed nasopharyngeal colonization rate of Streptococcus pneumoniae 
to be 18.29%. PCV13 serotypes of this study covered 60.34% of the isolates with 
serotypes 19A, 19F, 14, 6B, or 23F; and that 8.62% of the strains were intermediately 
resistant to penicillin, 65.5% were erythromycin-resistant, and 17.2% were resistant 
to Co-trimoxazole [25]. To date, there is no data describing the invasive Streptococcus 
pneumoniae infections in Jordan, but this bacterium was identified as the causative 
agent in 30% of meningitis cases in Yemen, 16% in the UAE, 19–21% in Kuwait, 13% 
in Qatar, 23–31% in Saudi Arabia, and 21–30% in Egypt [26].

Resistance rates to antibiotics are increasing worldwide. The main reasons for 
this global threat of resistance are the misuse and abuse of the antibiotics [27]. 
Streptococcus pneumoniae is one of the major pathogens of community-acquired 
respiratory tract infections, where Alexander Project in 1997 for resistance showed 
the variation of antibiotic resistance in Europe [28]. In our studied 5 regions in Jordan 
as found in Table 2, resistance rates to penicillin varied from 80% to 95.4%, and 
for erythromycin from 55% to 73.6%, for clindamycin from 20%–44.4%, and for 
Co-trimoxazole (SXT) from 30%–78.5%. Extreme differences in antibiotic resistance 
were observed in this surveillance in the last 13 years. This resistance is increasing in 
Europe and in the United states [29, 30]. More than 80% of the resistance is covered 
by the new PCV20 [27].

In Table 3, an uneven distribution of the serotypes in each city was found. Certain 
clones of the serotypes were found only in one city or two, but not in others. As an 
example, Serotype 5 was only found in Madaba. This serotype 5 is prevalent in many 
countries [31–35]. Serotype 4 was only found in Ajlun, but it is also prevalent in 
many countries as causative agent of an outbreak in a home for aged people [36, 37]. 
Serotype 13 was also only found in Ajlun, which was found as multidrug resistant in 
Russia [38]. Serotypes 19A and 19F were mainly found in Ajlun and Madaba.

Table 4 gives an insight about the differences and comparisons of the Jordanian 
carriage rate, resistance and coverage of PCVs with other countries worldwide. In 
literature, pneumococcal nasopharyngeal carriage was studied in different directions, 

City Year 
from–to

No. of 
samples

Carriage 
rate (%)

Coverage 
of PCV7 
(%)

Coverage 
of PCV10 
(%)

Coverage 
of PCV13 
(%)

Coverage 
of PCV20 
(%)

Wadi Al 
Seer

Mar. 2008–
Nov. 2009

118 55.1 52.3 52.3 58.5 73.0

Ajlun Jun. 2009–
Nov. 2010

415 58.1 32.1 32.1 50.4 70.9

Amman May 2015–
Apr. 2016

149 13.4 5 5 10 35

Irbid Dec. 2017–
Mar. 2019

423 29.6 51.2 51.2 65.6 76.0

Madaba May 2015–
Mar. 2019

761 37.3 50.7 51.1 65.1 75.7

Total Mar. 2008–
Mar. 2019

1866 39.3 42.4 42.7 58.4 72.4

Table 1. 
Carriage rate of S. pneumoniae in 5 cities of Jordan with the coverage rate of PCVs including the future PCV20.
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Serotype Total no. 
(%)

Ajlun 
no.

Wadi Al Seer 
no.

Amman 
no.

Irbid 
no.

Madaba 
no.

3 12 (1.6%) 4 0 0 1 7

4 1 (0.14%) 1 0 0 0 0

5 1 (0.14%) 0 0 0 0 1

13 1 (0.14%) 1 0 0 0 0

14 40 (5.5%) 9 2 0 9 20

21 1 (0.14%) 1 0 0 0 0

28A 8 (1.1%) 1 0 0 1 6

34 4 (0.55%) 0 2 0 0 2

42 1 (0.14%) 1 0 0 0 0

10A 10 (1.4%) 4 0 0 1 5

10F 1 (0.14%) 1 0 0 0 0

11A 44 (6.0%) 21 3 3 4 13

15A 19 (2.6%) 10 3 1 3 2

15B 23 (3.1%) 13 1 0 3 6

15C 17 (2.3%) 6 0 0 5 6

15F 1 (0.14%) 0 1 0 0 0

16A 2 (0.27%) 0 0 0 0 2

16B 1 (0.14%) 1 0 0 0 0

16F 13 (1.8%) 7 1 0 4 1

17F 12 (1.6%) 4 1 0 1 6

18A 1 (0.14%) 0 1 0 0 0

18C 9 (1.2%) 0 0 0 1 8

19A 38 (5.2%) 19 2 0 4 13

19F 129 (17.6%) 29 12 1 26 61

22A 2 (0.27%) 0 0 0 0 2

City No. of 
isolates

% PEN 
R

% ERY 
R

% CLI 
R

% TET 
R

% SXT 
R

% CHA 
R

Wadi Al 
Seer

63/118 80.0 61.5 33.8 53.8 73.8 9.5

Ajlun 241/415 82.0 55.7 36.3 46.8 62.3 2.5

Amman 20/149 90.0 55.0 20.0 45.0 30.0 0.0

Irbid 125/423 86.3 75.0 30.8 45.5 68.6 2.4

Madaba 284/761 95.4 73.6 44.4 52.8 78.5 3.7

Total 733/1866 89.4 64.8 36.3 47.6 73.0 3.1

Abbreviations: PEN (Penicillin), ERY (Erythromycin), CLI (Clindamycin), TET (Tetracycline), SXT (Sulfamethoxazole-
Trimethoprim), CHA (Chloramphenicol), R (Resistance).

Table 2. 
Resistance rate of S. pneumoniae in 5 cities of Jordan.
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either to find out the carriage rate, to check the impact of the PCVs on colonization, 
or to check the rate of carriage before and after vaccination strategies, or the car-
riage rates after certain infection, and many other issues related. The data available 
in Table 4 are from the region, from Africa, from Europe, and Latin America. As an 
example, in Palestine 11 cities were tested for pneumococcal carriage with rates rang-
ing from 34.1% in Ramallah to 77.7% in Salfeet [20].

Serotype Total no. 
(%)

Ajlun 
no.

Wadi Al Seer 
no.

Amman 
no.

Irbid 
no.

Madaba 
no.

22F 2 (0.27%) 0 1 1 0 0

23* 5 (0.68%) 0 0 0 1 4

23A 26 (3.5%) 9 2 1 2 12

23B 1 (0.14%) 0 0 0 0 1

23F 59 (8.0%) 11 8 0 15 25

24F 7 (0.95%) 7 0 0 0 0

33A 3 (0.4%) 2 1 0 0 0

33F 7 (0.95%) 6 1 0 0 0

35A 3 (0.4%) 0 1 0 1 1

35B 12 (1.6%) 8 4 0 0 0

35C 1 (0.14%) 1 0 0 0 0

35F 2 (0.27%) 2 0 0 0 0

6A 65 (8.9%) 29 2 1 13 20

6B 58 (7.9%) 14 11 0 12 21

6C 4 (0.55%) 0 0 1 2 1

7B 5 (0.68%) 2 1 0 0 2

7C 1 (0.14%) 1 0 0 0 0

7F 1 (0.14%) 1 0 0 0 0

9N 9 (1.2%) 3 0 3 0 3

9V 9 (1.2%) 3 1 0 1 4

Pool C 6 (0.81%) 0 0 0 5 1

Pool D 2 (0.27%) 0 0 0 1 1

Pool E 4 (0.55%) 0 0 0 2 2

Pool F 1 (0.14%) 0 0 0 1 0

Pool G 9 (1.2%) 0 0 0 1 6

Pool I 6 (0.81%) 0 0 0 1 5

Mixed 14 
& 6B

1 (0.14%) 0 0 0 0 1

NT 18 (2.5%) 7 1 0 2 8

Others* 15 (2.0%) 0 0 8 0 7

*Isolates from antisera pools C, D, E, F, G, I, which are not included in the PCVs

Table 3. 
Serotypes detected in the surveillance studies with numbers isolated in each city.
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4. Conclusions

The prevalence of pneumococcal carriage was the only way in Jordan to detect the 
serotypes rotating in the Jordanian community, which reflects the clones of infections 
that might take place. The carriage rates in these areas were relatively high compared 
to other countries in the region. However, different serotypes were found in different 
areas. All of these isolates have high resistance rates and are covered to a high per-
centage with the PCV13 or PCV20. This implies the necessity for a strategic plan for 
vaccination in Jordan.
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Country Study 
period

Rate of 
carriage

PEN 
R 

(%)

ERY 
R 

(%)

CLI 
R 

(%)

SXT 
R 

(%)

PCV7 
coverage

PCV13 
coverage

Reference

Jordan 2008/19 39.3 89.4 64.8 36.3 73.0 42.4 58.4 [1, 15–17]

Palestine 2013 55.7 10.9 30.3 nd 45.9 55.7 nd [20]

Ethiopia 2017 18.4 15.0 23.9 nd nd nd nd [39]

Turkey 2017 14.0 nd nd nd nd 12.6 nd [40]

Palestine 
(EJ)

2014 30.7 nd nd nd nd 47.0 62.0 [41]

Palestine 2014 28.6 nd nd nd nd 41.2 54.8 [41]

Gaza 
Strip

2009 50.0 70.0 nd nd nd 54.0 71.0 [42]

Pakistan 2013 73.6 nd nd nd nd 38.9 53.1 [43]

Gambia 2009 72.0 nd nd nd nd 24.7 46.8 [44]

Finland 1994/95 49.0 nd nd nd nd nd nd [45]

Brazil 2008/09 55 38.4 nd nd 73.8 nd nd [46]

Abbreviations: nd = not defined; PEN (Penicillin), ERY (Erythromycin), CLI (Clindamycin), SXT (Sulfamethoxazole-
Trimethoprim), R (Resistance), PCV7 (7-Valent Pneumococcal Conjugate Vaccine), PCV13 (13-valent Pneumococcal 
Conjugate Vaccine).

Table 4. 
Comparison of carriage rate, resistance and coverage of PCV7 and PCV13 in other locations (regional and 
international).
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Chapter 2

Streptococcal Skin  
and Skin-Structure Infections
Alwyn Rapose 

Abstract

Infections attributable to Streptococcus are protean. These range from mild skin 
and soft tissue infections to life-threatening conditions like meningitis, endocarditis 
and toxic shock syndrome. In addition, streptococcal infection can be associated with 
noninfectious sequelae like rheumatic fever and post-streptococcal glomerulonephritis. 
There is a wide range of Streptococcus spp. causing human infections and different 
classifications of these organisms have been described, the most quoted being the 
Lancefield classification based on cell-wall antigens. Streptococci can be studied based 
on their species: S. pyogenes, S. pneumoniae, S. anginosus etc. or by the Lancefield 
classification group A, B, C, D etc. or by the clinical syndromes associated with these 
bacteria. This chapter will describe clinical syndromes associated with streptococcal 
skin and soft tissue infections ranging from mild: cellulitis and lymphangitis which 
can be treated in the out-patient setting, to more aggressive manifestations that 
require hospitalization (sepsis and toxic shock syndrome) and even surgery (necro-
tizing fasciitis, myositis and gangrene), It will also provide clues to clinical diagnosis 
as well as suggest recommendations for optimized management of these conditions.

Keywords: Streptococcus, Skin and Skin-Structure Infections (SSTI),  
Necrotizing Fasciitis (NF), Toxic Shock syndrome (TSS)

1. Introduction

Streptococcal skin and skin-structure infection (SSTI) is associated with significant 
morbidity all over the world and the impact is felt predominantly in resource-poor 
areas with inadequate personal hygiene and over-crowded living conditions. While 
exact numbers are difficult to estimate on account of the lack of systematic report-
ing, a literature search conducted by Sims and colleagues [1] reported an estimated 
prevalence of 18 million cases, with an incidence rate of around 1.78 million cases 
per year of invasive S. pyogenes (S. pyogenes) infection in 2005, and more than 140 
million cases of impetigo globally each year as reported in the 2010 Global Burden of 
Disease study. Rising numbers of cases of infectious diseases of the skin is also seen in 
Western nations, probably driven by drug abuse and homelessness [2, 3]. Increased 
cases result in increased costs from emergency room visits and hospital care, hence 
outpatient parenteral antibiotic therapy (OPAT) has proven to be a valuable alterna-
tive to hospitalization [4], and when patients are chosen appropriately, OPAT results 



Infectious Diseases Annual Volume 2022

16

in very significant cost-savings without compromising outcomes [5]. Advances in 
pharmaceutical research has contributed to development of longer acting antibiotics 
that can be dosed once a day and in some cases once a week. There is ongoing research 
to determine the optimum duration of antibiotic therapy for these conditions.

Skin infections have been variously classified based on different criteria like depth 
of infection or the bacterial agents causing the infections or as primary infection in 
contrast to infection of pre-existing wounds or skin conditions. A very practical clas-
sification of patients hospitalized with skin infections (cellulitis versus abscess versus 
skin infections with additional complicating factors) has been described by Jenkins 
et al. [6]. The authors found in their study that cutaneous abscesses were primarily 
caused by Staphylococcus aureus and less often by the Streptococcus spp, in contrast with 
cellulitis which was caused primarily by β-hemolytic streptococci and less commonly 
by Staphylococcus spp. This differentiation is especially helpful when choosing the 
appropriate narrow spectrum antibiotic therapy for individual patients with these 
diagnoses. In contrast, “skin infections with additional complications” require more 
broad antibiotic coverage on account of mixed bacterial infection or infection with 
unusual organisms.

The clinical features of common streptococcal SSTIs and the antibiotics used in 
the management of these conditions will be further elaborated in this chapter.

2. Streptococcal pyoderma

Superficial skin infection has been described as impetigo or pyoderma. This is 
in contrast to more invasive diseases cellulitis and erysipelas. Impetigo (and the less 
precise term pyoderma) refers to superficial infection that begins in the form of a 
papule that progresses to a vesicle and pustule, ultimately forming crusted lesions 
(Figure 1). They resolve with hyper or hypopigmentation. These infections are caused 
either by Staphylococcus or Streptococcus, and one cannot clinically differentiate between 
the two causative organisms. They occur as a complication of underlying skin diseases 

Figure 1. 
Impetigo secondary to infected contact dermatitis.
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like scabies [1] or contact dermatitis. The streptococci associated with these infections 
are most often group A (S. pyogenes). However other serotypes can also be isolated on 
cultures from these infections. Although considered benign, these infections could 
progress to more locally invasive cutaneous diseases (see below) and are associated 
with post-streptococcal complications like glomerulonephritis and acute rheumatic 
fever in resource limited populations (as reviewed in other chapters of this textbook).

3. Treatment of impetigo

Antiseptic soaks and antibacterial creams are the mainstay of therapy for 
impetigo. A wide variety of topical antimicrobial agents are available including 
silver-based products, iodides, hydrogen peroxide, zinc, chlorhexidine and potas-
sium permanganate. There is very little data in the literature comparing benefits of 
one product versus the other [7, 8]. Antibacterial creams: mupirocin, Na-fusidate 
and bacitracin are also available for use in localized superficial skin infections [9]. 
Drawbacks of topical therapy include development of resistance, risk of irritant or 
allergic dermatitis (sensitization), and if used in high concentrations, these could 
cause burn injuries.

4. Invasive streptococcal infections: erysipelas and cellulitis

When skin infection results in erythematous (red in color), edematous (raised 
above the surface) and well demarcated (sharp boundary between involved and 
uninvolved skin) areas of involvement, it is referred to as Erysipelas (Figure 2). 
Erysipelas is characterized by marked edema in the skin, sometimes severe enough 
to cause skin blisters. While it could be seen at any age, it is more common in the very 
young and in older individuals. Classically described as occurring on the face, it can 
be seen in other parts of the body including the trunk and extremities. It is commonly 
associated with systemic symptoms like fever, chills and body ache, and blood cul-
tures could be positive. Erysipelas is most commonly caused by S. pyogenes but could 
also be caused by other streptococci and less commonly by S. aureus [10]. Superficial 
skin culture should not be obtained, and causative organism can be established if 
blood cultures return positive. The diagnosis is usually clinical and it responds well to 
antibiotic therapy. However, in patients with uncontrolled diabetes or other immu-
nocompromising conditions, the infection can spread deeper and the patient could 
develop sepsis and shock. Recurrences—especially on the extremities—are common 
in patients with underlying chronic lymphedema [11].

When streptococcal infection involves the skin as well as the subcutaneous tissue, 
it results in ill-defined areas of erythema that are rapidly spreading and this is called 
Cellulitis. The skin appears red with irregular spreading borders (Figure 3). The 
entry point for the infection is a break in the skin like a surgical wound or other skin 
trauma, underlying dermatoses like eczema and psoriasis or a fungal infection of the 
intertriginous areas like web spaces of the toes: “athlete’s foot” (Figure 4). The area of 
the skin involved is tender to touch, and cellulitis is associated with systemic symp-
toms like fever, chills and body ache. Sometimes infection spreads along a lymphatic 
channel rather than the entire skin and this is called streptococcal lymphangitis 
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Figure 3. 
Cellulitis with irregular and ill-defined borders.

Figure 2. 
Erysipelas with sharply-defined edematous red skin lesions.
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(Figures 5 and 6). Blood cultures are positive in around 10% of cases [12, 13] which 
include patients with more severe disease, older patients, patients with underlying 
liver cirrhosis [12] and diabetes [13]. The yield of blood cultures is higher if cultures 
are obtained at the time when the patient is experiencing fever and chills. Cellulitis 
responds very quickly to appropriate antibiotic therapy. As with erysipelas, recur-
rences are common in those with underlying risk factors, and left untreated, the 
infection can spread to deeper tissues and result in sepsis and shock.

Figure 4. 
Fungal infection in the webspace of the toes, also called “athlete’s foot.”

Figure 5. 
Lymphangitic streaking of the upper extremity.
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In some patients there is an overlap between erysipelas and cellulitis and the 
clinical differences are not so clear. Importantly, management of both conditions is 
similar.

5. Treatment of cellulitis and erysipelas

Mild localized infections are treated with oral antibiotics, while more extensive 
infections or infections with systemic symptoms are treated with parenteral  
(intravenous) antibiotic therapy [14]. Patients with signs of sepsis: fever or hypo-
thermia, tachycardia and hypotension, and patients with underlying conditions like 
uncontrolled diabetes, liver cirrhosis, severe peripheral vascular disease or severe 
lymphedema and patients with immunocompromising conditions like HIV, or 
patients on chemotherapy should be admitted to the hospital for antibiotics as well 
as aggressive management of the underlying conditions. Penicillins and β-lactams 
are considered the antibiotics of choice for treatment of streptococcal cellulitis. The 
addition of a second antibiotic like trimethoprim/sulfamethoxazole (TMP/SMX) or 
clindamycin has been shown to provide no additional benefit [6, 15–18]. Penicillins 
are available in the form of oral as well as intravenous preparations (Table 1). 
Extended spectrum penicillins: dicloxacillin, amoxicillin, ampicillin, oxacillin and 
nafcillin can be used if there is associated methicillin susceptible S. aureus (MSSA) 
infection. Cephalosporins are among the most commonly used β-lactams for the 
treatment of cellulitis. Different preparations are available both in the oral as well as 
the intravenous forms (Table 2). Physician preference and dosing convenience often 
define the choice of the antibiotic prescribed. Ceftaroline—one of the newest cepha-
losporins has excellent skin penetration and has activity against methicillin resistant 
S. aureus (MRSA) [19]. Patients who have an allergy to penicillin will require alternate 
agents. It should be noted here that there is increasing evidence in the literature 

Figure 6. 
Lymphangitic streaking (double) of the lower extremity.
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indicating patients who claim penicillin allergy may not have a true allergy and are 
able to tolerate β-lactams [20, 21]. TMP-SMX [22], doxycycline, linezolid, clindamy-
cin and fluoroquinolones (Table 3) all have excellent skin penetration and may be 
used as alternate oral agents in patients with allergies to penicillin and β-lactams. 
Severe cellulitis in patients who have a true allergy to both penicillin and β-lactams is 

Name Dosage Comments

Oral agents

Penicillin VK 250–500 mg, 4 times 
a day

Dicloxacillin 250–500 mg, 4 times 
a day

Effective also against MSSA

Amoxicillin 500 mg, 3 times a day Effective also against MSSA

Intravenous agents

Penicillin G 2–4 million units, q 4–6 h Also available as continuous infusion via pump

Ampicillin 2 g, q 4–6 h Effective also against MSSA

Oxacillin, Nafcillin 1–2 g, q 4–6 h Effective also against MSSA

Piperacillin-tazobactam* 4.5 g, q 8 h Effective also against MSSA, Pseudomona, 
anaerobic bacteria

*Require dose adjustment in patients with kidney disease.

Table 1. 
Penicilins.

Name Dosage

Oral cephalosporins

1st generation cephalexin 500 mg, 4 time a day

2nd generation cefaclor 500 mg, 3 times a day

cefuroxime 500 mg, 2 times a day

3rd generation cefpodoxime 200 mg, 2 times a day

Intravenous cephalosporins

1st generation cefazolin 1–2 g, q 8 h

3rd generation ceftriaxone 1–2 g, q 24 h

5th generation Ceftaroline 600 mg, q 12 h

Carbapenems (Intravenous)

Imipenem 0.5–1 g q 6 h

Meropenem 1–2 g, q 8 h

Ertapenem 1 g, q 24 h

Effective also against MSSA. Ceftaroline is also effective against MRSA.
All (except ceftriaxone) require dose adjustment in patients with kidney disease.

Table 2. 
β-Lactam antibiotics used for streptococcal skin infections.
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treated with intravenous (IV) vancomycin. IV vancomycin requires close monitor-
ing of levels to achieve optimized benefits while avoiding nephrotoxicity [23, 24], 
and often therapeutic levels are difficult to achieve in obese individuals [25]. Other 
alternatives to β-lactams are listed in Table 3. Daptomycin is a lipopeptide antibiotic 
that has excellent skin penetration [26, 27]. It has the advantage of once- a- day 

Name Drug class Dose Comments

Oral agents

TMP/SMX* 
(160 mg/800 mg)

Sulphonamide 1–2 tabs, 2 
times a day

Effective also against MSSA, 
MRSA

Watch for rash, monitor cbc, 
creatinine

Doxycycline, 
Minocycline (100 mg)

Tetracycline derivative 1 tab, 2 times 
a day

Effective also against MSSA, 
MRSA

Risk for sunburn, pill 
esophagitis

Linezolid (600 mg) Oxazolidinone 1 tab, 2 times 
a day

Effective also against MSSA, 
MRSA

Avoid co-administration with 
SSRI, MAO inhibitors

Risk for cytopenias, neuropathy

Excellent oral-parenteral 
bioavailability

Clindamycin (300 mg) Lincosamide 300–450 mg, 
4 times a day

Effective also against MSSA, 
MRSA

Highest risk for CDiff infection

Ciprofloxacin, 
levofloxacin, 
moxifloxacin

Fluoroquinolone* Different 
doses for 
different 
agents

Effective also against MSSA

Risk for tendon injury, CNS 
side effects in the elderly, CDiff 
infection

Intravenous agents Effective also against MSSA, 
MRSA

Vancomycin* Glycopeptide 15–20 mg/kg 
q 12 h

Close monitoring of levels to 
avoid nephrotoxicity. Red-man 
syndrome if administered too 
fast

Daptomycin* Cyclic lipopeptide 4–6 mg/kg q 
24 h

Risk of rhabdomyolysis, 
Esosinophilic pneumonia

Linezolid Oxazolidinone 600 mg q 
12 h

Avoid co-administration with 
SSRI, MAO inhibitors

Risk for cytopenias, neuropathy

Tigecycline Tetracycline derivative 
(glycylcycline)

100 mg X 1, 
then 50 mg 
q 12 h

Effective also against anaerobes

Risk for Nausea

*Require dose adjustment in patients with kidney disease.

Table 3. 
Non β-lactam antibiotics used for streptococcal skin infections.
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dosing, making daptomycin a convenient agent for outpatient antibiotic therapy 
(OPAT). Other antibiotics with excellent skin penetration include linezolid [28, 29] 
and tigecycline [27, 30]. Both these antibiotics are dosed twice a day and hence less 
convenient for use as OPAT. Tigecycline is only available in the parenteral form and is 
recommended for patients hospitalized with severe infections. Linezolid is available 
in both parenteral as well as oral formulations. IV linezolid is used when a patient is 
hospitalized with severe cellulitis, and treatment can be completed with oral formula-
tion once the patient improves. There are a number of newer agents approved for the 
management of SSTIs including long acting lipo-glycopeptide agents oritavancin and 
dalbavancin, extended-spectrum fluoroquinolone delafloxacin, and the new tetracy-
cline derivative omadacycline [28, 29]. Important comments regarding the advantages 
as well as the potential side effects of these antibiotics are listed in Tables 3 and 4.

6. Streptococcal infection of deeper tissues

When streptococcal infection spreads deep beyond the subcutaneous tissue, it can 
result in extensive necrosis (gangrene) of the overlying skin and inflammation and 
necrosis of underlying fascia (Streptococcal Necrotizing Fasciitis) and even muscle 
(Streptococcal Myositis). These infections are considered surgical emergencies.

Necrotizing Fasciitis (NF) is characterized by rapidly (within hours) spreading 
infection of the skin, subcutaneous tissue and fascia with associated symptoms of 
fever, prostration, hypotension and shock. It carries a high mortality [31]. It could 
start as a benign appearing skin wound that rapidly spreads both on the surface as 
well as into deeper tissues and the entire limb or body-part could be involved in 
a matter of a few hours. Skin changes include a rapid progression from mild ery-
thema to a dusky appearance followed by ecchymosis, purpura, blisters and tissue 

Name Drug class Dose Comments

Dalbavancin Lipo-glycopeptide Intravenous: 1.5 g 
single dose

One dose IV provides 2 weeks of 
therapy

Oritavancin Lipo-glycopeptide Intravenous: 1.2 g 
single dose

One dose IV provides 2 weeks of 
therapy

Delafloxacin Fluoroquinolone Intravenous: 300 mg 
q 12 h
Oral: 450 mg twice 
a day

Allows transition from IV to oral.
Risks as with other FQ

Omadacycline Tetracycline 
derivative

Intravenous: 200 mg X 
1, then 100 mg daily
Oral: 450 mg once a 
day for 2 days, then 
300 mg once a day

Allows transition from IV to oral. 
Gastrointestinal side effects. 
Effective also against anaerobes

Tedizolid Oxazolidinone Intravenous: 200 mg, 
q 24 h
Oral: 200 mg once 
a day

Allows transition from IV to oral. 
Risk for cytopenias, neuropathy

Effective also against MSSA, MRSA.

Table 4. 
Newer antibiotics approved for treatment of skin infections.
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necrosis—resulting in open wounds often discharging purulent or hemorrhagic 
fluid (Figures 7 and 8). “Pain out of proportion to physical findings” is a character-
istic sign of NF. In other words, there may be pain when palpating areas beyond the 
visible area of redness or in other cases even gentle palpation of involved area elicits 
excruciating pain. Some authorities divide NF into type I and type II. Type I is 
characterized by poly-microbial infection (involving both aerobic as well as anaero-
bic bacteria), while type II is characterized by mono-microbial infection of which 

Figure 7. 
Necrotizing fasciitis of the lower extremity.

Figure 8. 
Clinical photograph showing erythema, peeling skin, dusky hue and areas of necrosis.
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group A streptococcus is the most commonly implicated organism [32]. Mortality was 
found to be lower in group A streptococcus—associated NF (type II) compared to 
type I: 10% versus 20% in one large study [31]. NF may also be seen in persons who 
inject drugs. In these cases, multiple skip lesions are seen (Figure 9) and infec-
tion is usually poly-microbial. In addition to the skin lesions, the patient usually 
has systemic symptoms of sepsis including high fever, tachycardia, hypotension 
and may progress to have multi-organ failure. Streptococcal pyrogenic exotoxins 

Figure 9. 
Necrotic areas with skip lesions on leg of patient who is abusing self with injection drugs.

Figure 10. 
Necrosis of skin, soft tissue and muscle with exposure of tendon.
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(Spe) A, B and C are responsible for causing stimulation of a severe inflammatory 
cascade resulting in injury not only at the area of infection (local necrosis) but 
also to distant sites (lungs, kidneys, liver, central nervous system). Blood cultures 
are universally positive, and imaging of involved body-part (CT scan or MRI) will 
demonstrate edema and/or gas in the soft tissue planes and other changes consistent 
with this diagnosis [33].

When infection spreads beyond the fascial planes into the underlying muscles it is 
called myositis. Streptococcal myositis is often a complication of the overlying skin 
infection. Sometimes a deep tissue hematoma caused by blunt trauma [34] could get 
inoculated by the organism in a patient with bacteremia. This too is an emergency 
and requires rapid surgical intervention to relieve the pressure created by the severe 
inflammation in the muscle planes (Figure 10). Patients will also have systemic symp-
toms and signs of sepsis as seen in NF. There is often overlap of these two conditions 
in many patients.

7. Management of necrotizing fasciitis and streptococcal myositis

Patients need admission to the hospital often to the intensive care unit. They 
require management by a team of experts involving medical, surgical, infectious 
diseases and critical care specialties. They often present with septic shock and 
require pressors like epinephrine, norepinephrine and vasopressin to maintain 
adequate blood pressure in order to perfuse critical organs. Patients require broad 
spectrum antibiotic coverage, aggressive fluid resuscitation, as well as emergent 
aggressive debridement of the infected areas. Surgical removal of infected/
necrotic tissue is essential in order to reduce bacterial burden and hence remove 
the source of toxins. Often patients require a second or even third visit to the 
operating room because of extensive tissue necrosis not amenable to removal in a 
single operation [14]. Operative tissue is sent for microbiology (cultures) to help 
determine the infectious agent and obtain an antibiotic sensitivity profile to help 
guide appropriate antibiotic choices. While awaiting the results of cultures, the 
antibiotics chosen should cover Gram-positive bacteria including Streptococcus 
and S. aureus, Gram-negative bacteria including drug-resistant bacteria like 
Pseudomonas, as well as anaerobic bacteria. Different combinations of antibiotics 
from Tables 1–3 can be used. IV vancomycin (or IV daptomycin) plus cefepime 
(or fluoroquinolone) plus metronidazole, or IV vancomycin (or IV daptomycin) 
plus meropenem (or imipenem), or IV daptomycin plus piperacillin- tazobactam 
are some potential options for empiric therapy. Linezolid could be used in place of 
vancomycin and daptomycin in the above combinations. Vancomycin, daptomycin 
and linezolid provide Gram-positive coverage, cefepime and fluoroquinolones 
provide Gram-negative coverage. While metronidazole provides only anaerobic 
coverage, imipenem, meropenem and piperacillin-tazobactam provide Gram-
negative as well as anaerobic coverage. Clindamycin is added in the initial critical 
stages of the infection on account of its antitoxin effect [14, 33]. If linezolid is 
used, additional clindamycin is not required because linezolid itself also has an 
antitoxin effect [33]. When culture results become available, antibiotics should 
be deescalated to target the organisms identified. Intravenous immunoglobulins 
(IVIG) is used at some centers as part of management of NF, however large studies 
have not shown a statistically significant benefit compared to those patients who 
did not receive IVIG [14, 33].
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8. Toxic shock syndrome (TSS)

TSS is associated with a dramatic widespread skin rash and severe systemic symp-
toms. This condition is not due to direct inoculation of the skin with Streptococcus, 
but rather it is secondary to exotoxin [35] released by Streptococcus infection at a 

Figure 11. 
Clinical photograph of sheet of erythema seen in acute phase of toxic shock syndrome.

Figure 12. 
Toxic shock syndrome with desquamation in the recovery phase.
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distant site. Originally described in children with S. aureus infection, TSS is seen 
with Streptococcus and Clostridial infection in children as well as adults [36]. Patients 
present with widespread rash associated with fever, hypotension and multi-organ 
system involvement as a result of circulating streptococcal exotoxins A, B and C. The 
rash is described as sheets of erythema (Figure 11) involving the face, trunk as well 
as extremities, and it subsides with characteristic desquamation (Figure 12) when 
the patient recovers. A detailed examination is important to determine the source 
of infection: either retained foreign body like menstrual tampon or surgical sponge/
dressing material, necrotizing infection in a deep space, post-operative wound infec-
tion or peritonitis. Rarely, streptococcal pharyngitis is the primary event. The circu-
lating toxins (super-antigens) are responsible for injury to internal organs—lungs, 
kidneys, liver [35] and the disease can be fatal in 40 to 60% cases of streptococcal TSS 
especially when there is delay in the diagnosis and hence delayed initiation of appro-
priate antibiotics. Blood cultures may be positive, as are cultures from an identified 
focus of infection.

9. Management of TSS

As with other severe streptococcal infection, patients with TSS require 
admission to the hospital. If they are hypotensive or experience multi-organ 
failure, management is in the intensive care unit where patients are treated with 
aggressive fluid resuscitation, broad antibiotic therapy (choices similar to that as 
described for management of necrotizing fasciitis) and pressor support. Surgery 
may be required if a deep focus of infection is identified. Rarely patients do not 
respond to standard therapy and may require intravenous immunoglobulins 
(IVIG) [36].

10. Discussion on general principles of systemic antibiotic therapy

Streptococcal SSTIs respond very well to antibiotic therapy. A wide range of anti-
biotics with excellent skin penetration are now available as noted in Tables 1–4. All 
antibiotics carry the potential for side effects like allergic reactions and gastrointesti-
nal disturbances. There are some side effects that are unique to certain antibiotics and 
patients need to be monitored for these toxicities. For example: β-lactam antibiotics 
have the potential for hepatotoxicity, vancomycin is associated with nephrotoxicity, 
daptomycin can cause rhabdomyolysis and eosinophilic pneumonitis and clindamycin 
is one of the most common antibiotics associated with Clostridioides difficile  
(C. Diff) infection. In addition, inappropriate use of broad-spectrum antibiotics—and 
even prolonged use of narrow spectrum antibiotics—can result in collateral damage 
(destruction of protective normal bacterial flora of the skin and the gastrointesti-
nal tract) and cause antibiotic-associated diarrhea and C. Diff infection [37, 38]. 
Indiscriminate use of broad-spectrum antibiotics has also contributed to the develop-
ment of multidrug-resistant pathogens [39]. Therefore, judicious use of antibiotics 
is very important to reduce the risk of these complications. Streptococcal infections 
should be treated with narrow spectrum antibiotics like penicillin and β-lactams. 
When streptococcal cellulitis or erysipelas does not seem to be responding adequately 
within the first 2–3 days of β-lactam therapy, antibiotics with additional coverage 
against MRSA will need to be used.
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11. Specific points regarding treatment of SSTIs

1. Mild infections should be treated with oral antibiotics.

2. Severe infections (severe local skin infection with systemic symptoms like fever, 
tachycardia, hypotension or leukocytosis and bacteremia, or more extensive skin 
infections even without systemic symptoms) will require parenteral therapy, 
with step-down to oral therapy as the patient improves [40]. Antibiotics like the 
floroquinolones: ciprofloxacin, levofloxacin, delafloxacin [41, 42], moxifloxacin 
[43], the oxazolidinones: linezolid, tedizolid and the new tetracycline: omada-
cycline [44] have excellent oral bioavailability and allow early conversion from 
intravenous to oral therapy.

3. In the most serious cases: sepsis, septic shock, necrotizing fasciitis, myositis, 
toxic shock syndrome: broad-spectrum antibiotics are required initially (most 
often with more than one antimicrobial agent) to cover Streptococcus, S. aureus 
including MRSA as well as gram-negative and anaerobic bacteria. “De-escalation” 
can be achieved once microbiology data (blood cultures, deep tissue and intra-
operative cultures) are available to guide the final antibiotic choice targeting the 
bacteria identified.

4. Duration of antibiotics: This depends on the severity of the infection as well as 
the clinical response to therapy. Mild infections or even severe infections in an 
otherwise healthy host that respond rapidly to antibiotics could be treated for as 
short as 5 days [14, 45, 46]. More severe infections or infections with a  delayed 
response to therapy may need longer courses like 7, 10 or 14 days, depending 
upon the clinical picture. Shorter courses may be possible with some of the 
newer antibiotics including single dose antibiotics like dalbavancin [47] and 
oritavancin [28]. Relapses are found to be more common in patients with shorter 
courses of therapy [45]. Patients with bacteremia are usually treated for 14 days.

5. Dose adjustments: Antibiotics are cleared by the liver or kidney and hence 
dosage needs to be reduced in patients with liver or kidney disease in order to 
avoid toxicity. Conversely, patients who are obese require a higher dose of the 
antibiotic to achieve therapeutic levels in the skin [25, 48].

6. Suppressive therapy is attempted for patients with multiple recurrences  
[45, 49, 50]. Oral penicillin twice daily showed a 70–80% reduction in epi-
sodes—but recurrences occurred after discontinuation of prophylaxis. Treatment 
of underlying factors like athlete’s foot, chronic lymphedema, peripheral vascular 
disease and uncontrolled diabetes is also very important in the prevention of 
recurrences [11, 44, 45, 51].

12. Conclusions

Streptococcal skin infections cause significant morbidity all over the world, and 
severe infections like necrotizing fasciitis and toxic shock syndrome can be fatal. 
There is a wide spectrum of manifestations of skin infections ranging from mild 
superficial disease to deep necrotic and life-threatening infections. Skin infection is 
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one of the most common reasons for prescriptions of antibiotics in the community 
as well as in hospitalized patients. Some of the most commonly used antibiotics have 
excellent skin penetration and hence the armamentarium to treat skin infections is 
quite large. Over the last few years there have been multiple new antibiotics approved 
for the treatment of skin infections and these should be reserved for treatment of 
severe infections not responding to the common antibiotics and for infections with 
multi-drug-resistant organisms. A thorough understanding of the different types of 
skin infections, as well as a detailed knowledge of the different antibiotics are essen-
tial for the early diagnosis and selection of the most appropriate antibiotic for the 
management of simple as well as complex skin infections.
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Chapter 3

Talaromyces marneffei Infection: 
Virulence Factors and Rapid 
Diagnostics
Sirida Youngchim

Abstract

Talaromyces (Penicillium) marneffei is a thermally dimorphic fungus that causes 
talaromycosis, and the pathogen is found throughout tropical and subtropical Asia.  
T. marneffei has specifically emerged as an opportunistic fungal pathogen in individuals 
with advanced HIV disease and, to a lesser extent, other immunocompromised condi-
tions, but more recently talaromycosis is increasingly described in immunocompetent 
people. Due to the high mortality rate of up to 50%, understanding T. marneffei interac-
tions with host immune responses and diagnostic modalities is vital to the development 
of strategies to reduce morbidity and mortality. In this chapter, we describe T. marneffei 
virulence factors that enhance the fungus’ capacity for survival and growth in the host 
to lead to disease. We also discuss approaches for early diagnosis, which are essential to 
reduce the mortality rate in talaromycosis. Talaromycosis remains a neglected disease, 
but advances in our understanding of host-pathogen dynamics as well as the ongo-
ing development of new diagnostic approaches are poised to enhance our capacity to 
combat this disease.

Keywords: Talaromyces (Penicillium) marneffei, dimorphic fungus, endemic mycoses, 
virulence factors, rapid diagnosis

1. Introduction

Talaromyces (Penicillium) marneffei is a thermally dimorphic fungus endemic 
in the tropical and subtropical regions of Asia (Figure 1) [1, 2]. It is by far the species 
that most commonly causes human illness in immunocompromised patients, 
especially those with AIDS over the last three decades, especially in endemic areas 
of Southeast Asia (Thailand, Vietnam, Myanmar), East Asia (southern mainland 
China, Hong Kong, and Taiwan area), and north-eastern India, resulting in a rapid 
increase in incidence [2, 3]. Talaromycosis is not only recognized in endemic areas, 
but it is also increasingly being recorded in travelers from non-endemic areas such 
as Australia, Belgium, France, Germany, Japan, the Netherlands, Oman, Sweden, 
Switzerland, Togo, the United Kingdom, and the United States [4–10]. Fever, 
weight loss, anemia, lymphadenopathy, hepatosplenomegaly, respiratory symp-
toms, and skin lesions were all common clinical manifestations of T. marneffei 
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infection. Furthermore, amphotericin B, itraconazole, and voriconazole were the 
most often used first-line treatments, either alone or in combination with other 
drugs. The majority of patients die if they are not treated.

Since 1994, talaromycosis is the fourth most general opportunistic infection, after 
tuberculosis, pneumocystis, and cryptococcosis in AIDS patients in Thailand [11, 12]. 
Currently, the number of T. marneffei infections has declined in the last few years 
because of a decreased incidence of HIV and widespread accessibility of antiretroviral 
therapy [13]. Talaromycosis is not limited to people living with HIV. It is becoming 
more common in non-HIV-infected people who have other immunosuppressive con-
ditions, such as primary immunodeficiency, autoimmune diseases, cancer, and solid 
organ and bone marrow transplants [14]. Common clinical manifestations of infec-
tion caused by T. marneffei included fever, weight loss, anemia, lymphadenopathy, 
hepatosplenomegaly, respiratory signs, and skin lesions. Due to increased migration 
and global travel, talaromycosis is becoming more common outside of endemic areas 
[4]. Although most people with talaromycosis are immunocompromised, healthy 
people can be affected as well, although rarely [15]. Patients with advanced HIV 
disease (CD4 cell counts <100 cells/m3) are at high risk; they typically occur with 
disseminated disease affecting the lungs, liver, spleen, gastrointestinal system, 
bloodstream, skin, and bone marrow [15]. Individuals without HIV are less likely 
than individuals with HIV to have skin lesions and positive blood cultures. As a result, 
as compared to HIV-positive persons, diagnosis is delayed (180 days vs. 45 days) and 
death is greater (29% vs. 21%) [16]. Table 1 summarizes the laboratory findings and 
clinical prognosis of talaromycosis in patients with and without HIV infection.

Figure 1. 
Geographic distribution of talaromycosis.
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Talaromycosis can affect both immunocompetent and immunocompromised 
patients, and the disease can be localized or systemic [18].

The ecology and route of transmission of T. marneffei infection are unknown. The 
organism has been isolated from the internal organs of four species of bamboo rats 
(Rhizomys sinensis, R. pruinosus, R. sumatranensis, and the reddish-brown subspecies 
of Cannomys badius) as well as the soil environment in which they dwell [19, 20]. 
A recent occupational history or other exposures to fine soil dust during the rainy 
season were determined to be the most important risk factors for illness. Contact 
with or consumption of bamboo rats do not appear to be significant risk factors for 
T. marneffei infection [21].

2. Culture and morphological characteristics

2.1 Macroscopic and microscopic appearances

T. marneffei is classified as a thermally dimorphic fungus which grows as a saprophytic 
mold. The fungus produces abundant conidia at 25°C and converts to yeast cells at 37°C. 
Mycelial colonies grow relatively quickly on Potato dextrose agar (PDA) at 25°C, as do 
other Penicillium species, and appear as flat, powdery white colonies. With continued 
culture, the periphery of the colony becomes more rugose, with radial folds. The color of 
the fungal colony changes from white to light brown and becomes light green after 10 days 
of culture. The colony produces diffusible red pigments into the agar and the underside 
of the colony (Figure 2A). This pigment production is one of the most characteristic 
features of T. marneffei. The microscopic examination of the mycelia phase reveals typical 
morphology of Penicillium or Talaromyces species. The microscopic examination of the 
mycelial form of T. marneffei is recognized as dense brush-like, spore-bearing structures 
(Figure 2B). The conidiophores can be simple or branched structures with clusters of 
flask-shaped phialides at the ends. The conidiophores are hyaline, smooth-walled and 
have terminal verticils of 3 to 5 metulae, each with 3 to 7 phialides [1].

Variable criteria HIV-infected related HIV-infected unrelated Reference

Positive blood culture (%) 76.7 47.1 [17]

White blood cells (x 103cells/mm3) 4.1 15.6

CD4 (%) 3 30

Lymphocytes (%) 11.8 16.4 [16]

Neutrophils (%) 81.2 75.2

Skin lesions (%) 53.4 31.6 [16]

Diagnosis delayed
(days)

45 180 [17]

Medium treatment duration (days) 84 180 [17]

Death (%) 21 29 [17]

Table 1. 
The laboratory characteristics and clinical prognosis of talaromycosis in individuals with and without HIV 
infection.
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At 37°C on Brain heart infusion (BHI) agar, T. marneffei can convert to yeast 
phase growth. Macroscopically, yeast-like colonies appear cebriform, convoluted, 
or smooth. Colonies are glabrous and beige-colored and take up to 10–14 days to 
exhibit full growth. Pigment production is both decreased and altered; the pigment 
released from T. marneffei yeast cultures appears closer to brown in color in compari-
son with the red pigment released from T. marneffei mycelial cultures (Figure 2C). 
Microscopically, yeast cells of T. marneffei are spherical to ellipsoidal yeast like cells 
separating by single septum, measuring 2–3 to 2–6 μm (Figure 2D) [22].

3. Virulence attributes of T. marneffei

It is generally believed that inhalation of T. marneffei conidia is the likely route 
for infection, in line with the mode of infection for other molds such as Aspergillus 
fumigatus [23, 24] and Histoplasma capsulatum [25]. Indeed, T. marneffei conidia are 
presumably small enough (2 μm in diameter) to reach the alveoli of the lung and then 
are subsequently phagocytized by pulmonary histiocytes. T. marneffei, however, is able 
to live and develop inside this hostile intracellular environment rather than being killed 

Figure 2. 
Thermal dimorphism of Talaromyces marneffei: (A) at 25°C, T. marneffei was grown on PDA as a mold, 
producing greenish-yellow to yellow conidia and secreting a distinctive diffusible red pigment; (B) conidiophores 
have phialides and conidia chains that resemble those of Penicillium species; (C) at 37°C, T. marneffei grows as 
a yeast with a dark-brown colony on BHI agar, producing brown pigment; (D) yeast cells are divided by fission 
rather than budding. Bars, 5 μm.
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by the action of these immune cells (Figure 3). Then, T. marneffei can be disseminated 
throughout the body once established within the phagocyte and cause systemic infection 
if the host’s immunological state is impaired. Indeed, a better knowledge of how the 
virulence pathways of T. marneffei interact with the immunological response of the 
host has helped us in redefining the pathogenesis of this fungus.

3.1 Adherence to host tissues

Adherence to host tissues by T. marneffei conidia may play an extremely important 
role in the establishment of talaromycosis. Although the infective propagule and route 
of entry have not been definitively confirmed, inhalation of fungal conidia is likely 
to be the proposed route of infection [1]. Indeed, T. marneffei conidia are tiny enough 
(2 μm in diameter) to reach the lung’s alveoli, and the identify of a potential conidial 
laminin/fibronectin receptor in T. marneffei suggests a plausible mode of conidia 
attachment to the pulmonary epithelium [26, 27]. T. marneffei also bind extracellular 
matrix (ECM)-associated glycosaminoglycans, chondroitin sulfate B, heparin, and 
highly sulfated chitosan CP-3, which are major constituents of many tissues particu-
larly the basal lamina [28]. These ECM may become exposed in the lung as a result 
of tissue damage facilitating conidia adhesion to the bronchoalveolar epithelium. 
Nonetheless, this hypothesis has yet to be confirmed in animal models. Following 
that, T. marneffei glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was identi-
fied and acted as an adherence protein to facilitate conidia attachment to the host’s 
bronchoalveolar epithelium suggesting that this protein may play an important role in 
the establishment of disease [29]. Indeed, knowledge of the adherence mechanisms in 
T. marneffei is still limited. The development of proteomic tools and the availability of 
genomic data will be of great importance to elucidate the mechanisms of the host-
fungus interplay, and particularly of its adherence to the host tissues.

Figure 3. 
A depiction of the acquisition process of mycelial T. marneffei from the environment to the lung with the 
transformation to fission yeast in macrophage after deposition in alveoli.
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3.2 Dimorphic switching

Fungal morphogenesis appears to be a critical factor in infection establishment. 
Indeed, dimorphic switching between mycelial and yeast phases is regarded to be 
a significant virulence component in dimorphic pathogenic fungi including H. 
capsulatum, Coccidioides immitis, Paracoccidioides brasiliensis, Blastomyces dermatitis, 
and T. marneffei [30]. Conversion to the yeast form may provide protection against 
killing by neutrophils, monocytes, and macrophages. Thermal dimorphism of T. 
marneffei is essential for survival in host cells that are responsible for the host tem-
perature change. During the past decade, significant progress has been made in the 
understanding of the phase transition to yeast forms. T. marneffei has the ability to 
change morphology from hyphal mold in the environment to pathogenic yeast cells 
once conidia are inhaled into the lung of a mammalian host. Within the human host, 
T. marneffei conidia are engulfed and destroyed by the host’s phagocytes, particularly 
alveolar macrophages. After internalized conidia, T. marneffei can differentiate into 
yeast cells and proliferate within alveolar macrophages [1]. The conversion of conidia 
to the yeast phase is the first critical process that permits T. marneffei to establish an 
infection, which is supported by the deletion of genes involved in phase transition 
altering the host response. The dimorphic transition of T. marneffei is a complex 
process involved by a number of genetic factors [31, 32].

According to the study of Yang et al. [33], the transcription factor madsA gene, a 
member of the MADS-box gene family, functions as a global regulator involved in the 
conidiation and germination, especially in the dimorphic transition of T. marneffei. 
In addition, overexpression of madsA in T. marneffei induced mycelium growth at 
37°C, indicating that madsA is involved in the control of the dimorphic transition 
from yeast to mold. The deletion mutant and a complemented mutant of madsA in T. 
marneffei were then constructed and to identify its involvement in morphogenesis, 
dimorphic transition, and stress response [34]. When compared to the wild type and 
complementary strains, the ΔmadsA demonstrated a faster transition from yeast 
(37°C) to mycelium (25°C) with abnormal morphogenesis. This study suggested that 
madsA functions as a regulator of yeast-to-mycelium transition and is closely related 
to conidiation and germination in T. marneffei although its roles in the survival, 
pathogenicity, and transmission require more investigation.

Despite the fact that temperature is only established stimulus controlling dimor-
phism in fungi, little study has been performed on the cellular changes or intracellular 
processes between the mycelial and yeast forms of T. marneffei. Based on yeast-phase 
specific proteins involved in virulence, the expression of yeast antigens of T. marneffei 
during phase transition was recently studied using a yeast-specific monoclonal anti-
body (MAb) 4D1 [35]. The MAb 4D1, yeast phase-specific MAb against T. marneffei, 
was produced using a modification of standard hybridoma technology with incor-
porating of cyclophosphamide without cross-reactivity to a panel of dimorphic and 
common fungal antigens [36, 37]. In addition, the MAb 4D1 was reactive against a 
50–180 kDa broad high-molecular-weight smear of yeast phase mannoprotein antigen 
in T. marneffei. Recently, the MAb 4D1 was used to track cellular events in T. marneffei 
during phase transition and demonstrated that conidia were directly converted to 
fission yeast cells, with the expression of the yeast-specific antigen occurring 12 hours 
after phagocytosis by human THP-1 macrophage. These phenomena were clearly 
exhibited by overlapping signals between the green color of fluorescence isothiocya-
nate (FITC)-labeled conidia and the red color of MAb4D1 specific to yeast antigens, 
resulting in a yellow co-localized signal 12 hours after macrophage internalization 
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(Figure 4). When compared to the results in artificial cultivation media, this experi-
ment demonstrated that the phase transitional ability of T. marneffei conidia in 
culture medium was converted to yeast cells at a slower rate than in the host macro-
phage THP-1 environment. Thus, MAb 4D1 can be applied as a biomolecular tool for 
understanding the phase transition of T. marneffei and provides strong evidence for 
this fungal shift from an environmental saprophyte to a pathogenic fungus.

The readily reversible nature of the mycelial to yeast and yeast to mycelial trans-
formation processes in T. marneffei indicates that they are genetically controlled. A 
number of molecular biology studies have focused on the genetic factor that influ-
ences dimorphic switching in T. marneffei. Indeed, abaA expression is significantly 
upregulated during hyphal to yeast transformation in fungi [38]. The abaA deletion 
mutant also displays aberrant yeast morphology as both the developing transitory-
state arthroconidial filaments and the yeast cells fail to couple nuclear and cellular 
division, resulting in multiple nuclei in both the arthroconidial compartments and 
yeast cells. Furthermore, during the yeast to mycelia transition, transient upregulation 
of expression of cflA [39] and cflB genes [40] was observed. However, mutations in 
these genes resulting in altered function to do not block the dimorphic property of T. 
marneffei. Further study has employed two-dimensional difference gel electrophoresis 

Figure 4. 
The overlapping signals between the green of FITC-labeled conidia and the red of MAb4D1 which gives the 
co-localized signal as a yellow at 12 hours after internalization (white arrows). T. marneffei yeast cells were 
labeled with MAb 4D1 and Alexaflor 555-conjugated goat anti-mouse IgG antibody. A: Light microscopic 
image; B: Fluorescence image showing the green channel (FITC-labeled conidia); C: Fluorescence image of the 
red channel (MAb 4D1-positive yeast cells); D: THP-1 nuclei were stained with DAPI (blue) a merged channel 
showing the overlapping of images. Bars, 5 μm.
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to investigate proteins expressed differently in the yeast and mycelial phases, as well 
as peptide mass fingerprinting to identify these T. marneffei differentially expressed 
proteins [41]. These two enzymes are required for T. marneffei to survive as yeast inside 
phagocytes, where it is protected from the host defense system. Isocitratelyase, in 
particular, is the key rate-limiting enzyme in the glyoxylate bypass, a metabolic path-
way that supplements the tricarboxylic acid cycle and is required for the survival of 
some intracellular pathogenic fungi such as P. brasiliensis and Cryptococcus neoformans 
[42–44]. This demonstrates the requirement of T. marneffei in sustaining the glyoxyl-
ate cycle under the host’s severe nutrient-depleted environment.

Transition to the yeast phase may provide protection from phagocyte destruc-
tion. Thermal dimorphism of this fungus plays an important role for survival in host 
phagocytes. However, the phenomenon that regulates this transit has remained an 
enigma. A number of molecular biology studies have concentrated upon the genetic 
element influenced in the dimorphic switching in T. marneffei. Many of those previ-
ously investigated including stuA, stlA, gasA, gasC, and cflB have no role in yeast cell 
development or the dimorphic switch. However, Borneman and his colleagues (2000) 
had found that abaA deletion mutant displayed aberrant mold to yeast conversion as 
both the developing transitory state arthroconidial filament and the yeast cells fail to 
couple nuclear and cell division, where multiple nuclei were observed within either 
arthroconidia or yeast cells. However, once conidia began to develop yeasts, a second 
series of genes appeared to take over the coupling of cell division events [38].

3.3 Oxidative stress response and heat-induced fungal adaptation proteins

Oxidative stress is one of the native defenses produced by the phagocytes to kill 
parasitic microorganisms. The phagocytes play a crucial role in eliminating fungal 
pathogens by producing reactive oxygen or nitrogen species, including superoxide 
radical anion (O2−), hydrogen peroxide (H2O2), hydroxyl radicals (OH−), and nitric 
oxide (NO) [45]. The reactive oxygen species (ROS) can damage pathogens by readily 
altering or inactivating proteins, membrane, nucleic acid, and they have potent 
immunoregulatory effects on the host immune system that affect the efficacy of the 
host response [46].

3.4 Catalase

Catalase peroxidase is capable of either reducing H2O2 with an external reductant 
or exchanging it to water and oxygen. The enzyme has been shown to be a virulence 
factor of Mycobacterium tuberculosis and A. fumigatus [47]. The catalase-peroxidase 
encoding gene (CpeA) in T. marneffei is associated with the upregulated expression 
of CpeA transcript both in yeast phase and under macrophage environment [48]. In 
recent years, Pongpom and her collaborators showed that CpeA controlled the fungus 
tolerance to H2O2 but not to heat stress response. H2O2 treatments induced high 
expression of this gene in both mold and yeast phase. It is therefore proposed that the 
CpeA of T. marneffei is utilized to protect the conidia and yeast cells from oxidative 
stress in the host macrophage environment [49].

3.5 Superoxide dismutase (SOD)

Superoxide dismutase (SOD) is an enzyme that alternately catalyzes the dismutation 
of the superoxide radical (O2

−) into either ordinary molecular oxygen (O2) or hydrogen 
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peroxide (H2O2). T. marneffei has been shown to survive and replicate as yeast inside the 
macrophage phagosome. Previously, Thirach and her colleagues investigated the fungal 
superoxide dismutase encoding gene (sodA) and found that the putative SodA peptide 
consisted of 154 amino acid residues and shared identity to fungal copper, zinc superox-
ide dismutase. The results suggested that sodA might play a role in stress response and in 
the adaptation of T. marneffei inside the macrophage [50].

3.6 High-temperature-induced fungal adaptation proteins

Since the pathogenic phase of T. marneffei is closely linked with the higher tem-
perature for normal growth in the environment, the heat-shock proteins (HSPs) 
are proposed as potential virulence factors. HSP always serve as a molecular chap-
erone, control protein folding, and transport intracellular proteins, as well as repair 
or destroy proteins. HSPs are a group of proteins produced by eukaryotic cells in 
response to exposure to stressful conditions, as they could be upregulated upon 
infection to prevent misfolding of damaged proteins [51]. The Hsp 70 of T. marnef-
fei was first isolated and identified by Kummasook and colleagues (2007) [52]. The 
results showed that the hsp70 transcription was upregulated during the mycelium to 
yeast transition. Upregulation was also observed when mycelial or yeast cells con-
fronted to a heat stress environment at 39°C. It has been suggested that Hsp 70 may 
play an important role to prevent the yeast proteins from damage during temperature 
increase. Subsequently, Vanittanakom and her colleagues investigated the hsp30 
of this fungus and showed high transcription degree in yeast phase grown at 37°C, 
but undetectable transcript level was observed in mycelium phase at 25°C. These 
researchers suggested that Hsp 30 may play an important role in heat-shock response 
and in cellular adaptation during infection [53]. Based on the role of HSPs in tempera-
ture adaptation, the Hsp70 and Hsp 30 have definite functions in the host intracellular 
response; therefore, further study in T. marneffei is necessary.

3.7 Fungal melanin

Melanin is a high-molecular-weight dark brown or black pigment produced 
by oxidative polymerization of phenolic or indolic compounds. Melanins are pro-
duced by a wide range of organisms, including bacteria, fungi, plants, and animals. 
Although different types of melanins can be produced by fungal organisms, the 
majority of fungal melanins are 1,8-dihydroxynaph thalene (DHN) melanins 
and L-3,4-dihydroxyphenylalanine (DOPA) melanins [54]. In the DHN pathway, 
1,3,6,8-tetrahydroxynaphthalene (1,3,6,8-THN), which is derived from acetyl-CoA 
or propionyl-CoA with malonyl-CoA or methylmalonyl-CoA, is the first product of a 
polyketide synthases (PKS) pathway. This compound is then sequentially converted 
to scytalone, 1,3,8-trihydroxynaphthalene (1,3,8-THN), vermelone, and lastly 1,8-
DHN as demonstrated in Figure 5 [55]. Finally, oxidative polymerization produces 
the end product, DHN-melanin [55]. The DHN melanin biosynthesis gene cluster of 
T. marneffei was studied [57]. A cluster of six-genes, alb1, arp2, arp1, abr1, abr2, and 
ayg1 are associated with conidial pigment synthesis in this organism. The genes alb1 
(pks4), arp1, and arp2 encode for a polyketide synthase (PKS), a scytalone dehydra-
tase, and a 1,3,6,8-tetrahydroxynaphthalene reductase, while abr1 and abr2 appear to 
encode two oxidases, respectively. Furthermore, all of these genes are phylogeneti-
cally linked to the A. fumigatus counterparts, and the production of DHN-melanin 
in T. marneffei is thought to be comparable to that of A. fumigatus [58]. Tricyclazole 
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which inhibits two hydroxynaphthalene reductases in the DHN-melanin synthesis 
pathway was used to confirm the DHN melanin of T. marneffei [59].

In T. marneffei, DOPA melanin is produced by yeast cells and composed of spheri-
cal granular particles in a beaded arrangement in the innermost cell wall [60, 61]. Bell 
and Wheeler [62] proposed a biosynthesis pathway for fungal DOPA melanin. There 
is experimental evidence for some of the proposed intermediates of that pathway 
[62–64]. In brief, laccase or tyrosinase catalyzes the hydroxylation of L-tyrosine to 
dopaquinone or the oxidation of L-DOPA to dopaquinone. Dopaquinone is a highly 
reactive intermediate which then forms leucodopachrome, which is oxidized to 
dopachrome. Hydroxylation (and decarboxylation) yields dihydroxyindoles that can 
polymerize to form DOPA melanin (Figure 6).

Figure 6. 
The biosynthesis pathway of the dihydroxyphenylalanine (DOPA) melanin in fungi. Scheme adapted from [54, 56].

Figure 5. 
Biosynthesis pathway of DHN melanin in fungi. Scheme adapted from [54–56].



47

Talaromyces marneffei Infection: Virulence Factors and Rapid Diagnostics
DOI: http://dx.doi.org/10.5772/intechopen.108592

Both T. marneffei mycelial grown on culture medium at 25°C and yeast cells 
cultivated in a defined liquid minimal medium (MM) with L-DOPA were reactive 
with anti-melanin MAb 8D6, a melanin-binding MAb generated against A. fumigatus 
conidial melanin [60]. In mycelial phase, conidia, phialides, and hyphae were all 
positive with the anti-melanin MAb 8D6 (Figure 7). Thus, the melanization of T. 
marneffei was confirmed in both the mold and yeast forms.

Melanins have been influenced in virulence in many pathogenic fungi including 
H. capsulatum, P. brasiliensis, C. neoformans, A. fumigatus and Sporothrix schenckii. 
Melanin synthesis can help fungi survive in a variety of environments [65] and 
increase their resistance to host immune responses, such as reducing macrophage 
oxidative burst capacity [66], inhibiting apoptosis in macrophages [67], and inhibit-
ing cytokine production in the host [68]. Youngchim and colleagues (2005) were the 
first to describe melanin in T. marneffei. The study demonstrated that melanins were 
produced both in vitro and during infection by presenting the melanization of yeast 
cells inside skin tissue from talaromycosis. Furthermore, sera from T. marneffei inocu-
lated mice produced a significant antibody response against melanin, suggesting that 
melanin can act as an immunologically active molecule recognized by the immune 

Figure 7. 
The melanin production of T. marneffei was detected in both mycelial and yeast forms using anti-melanin MAb 
8D6. Corresponding immunofluorescence (A,C) and bright field (B,D) microscopy images demonstrating the 
labeling of mycelial phase (A,B) and yeast cells (C,D) of T. marneffei by anti-melanin MAb 8D6. Bar, 5 μm.
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system [69]. Melanin extracted from T. marneffei was also effective in inhibiting the 
production of TNF-α by the human monocyte cell line THP-1 indicating that melanin 
could conceal the organism from initial recognition by the immune system. In this 
respect, melanin is thought to contribute to T. marneffei virulence by allowing the 
organism to survive and grow within host tissue. The study of Woo et al. [70] con-
firmed that knocking down the melanin-biosynthesis gene cluster, alb1, in T. marnef-
fei resulted in a loss of virulence in mice when compared to the wild type. The mutant 
also had a 50% reduction in conidial survival when exposed to hydrogen peroxide 
compared to the wild type. In fact, melanin has been named “an antifungal resistance 
factor” due to its ability to make melanized cells less susceptible to antifungal drugs 
[71, 72]. It was confirmed from our previous study that melanin appears to protect T. 
marneffei by making it more resistant to antifungal drugs including amphotericin B, 
clotrimazole, fluconazole, itraconazole, and ketoconazole [73].

The melanin produced by T. marneffei may play some roles in the virulence factor 
of this fungus. Melanin acts as a power protector for T. marneffei in vitro by decreas-
ing phagocytosis and increasing resistance to macrophage intracellular digestion [61]. 
Interestingly, heat-shock proteins (HSPs), particularly HSP90 in T. Marneffei, were 
found to be significantly more expressed in DOPA melanin yeast cells compared to 
non-melanized yeast cells using proteomic analysis [74]. By making further analysis 
in the proteomic pathway, heat-shock proteins were enriched in multiple important 
metabolic pathways, including stress response pathway and phagosome development 
indicating that HSP90 plays an important role in melanin synthesis pathway of T. 
marneffei.

3.8 Fungal laccase

P-diphenol dioxygen oxidoreductases or laccases are multi-copper containing 
oxidoreductase that catalyzed the oxidation of organic and inorganic substances 
including phenol containing amino acid, methoxy phenol, and aromatics amine, 
with the concomitant 4 electrons reduction of oxygen to water [75]. The essential 
properties of fungal laccases have been investigated and were shown to influence 
fungal development, to control phenotype and morphogenesis, to detoxify toxins, 
and to control pathogenesis in pathogenic fungi and stress response adaptation 
[76]. Laccases have been associated as contributors to virulence in many fungal 
pathogens such as A. fumigatus and C. neoformans. In C. neoformans, this enzyme 
can also promote the pathogenicity of C. neoformans by catalyzing the formation 
of melanin precursors. Melanized C. neoformans cell were more negatively charged 
on the cell wall, and this phenomenon could interfere with the phagocytosis 
mechanism [71]. The role of laccases in the virulence factor and pathogenesis 
in T. marneffei were characterized by Sapmak and colleagues [77]. It was found 
that quadruple deletions of laccase encoding genes (lac1, lac2, lac3, and arb2) in 
T. marneffei mutant were more sensitive to oxidative stressor, cell wall stressor, 
and antifungal agents including itraconazole, fluconazole, and clotrimazole. 
Subsequently, the results showed that the mutant strain of T. marneffei was more 
susceptible to killing by human macrophages, THP-1, than the wild-type T. 
marneffei. Moreover, the observation on the pro-inflammatory cytokine produc-
tion in THP-1 human macrophages showed that the mutant T. marneffei stimulated 
a significantly higher production of TNF-α, IL-1β, and IL-6 compared to the 
wild type. Altogether, these results defined the role of laccases that influenced 
T. marneffei resistance to the host immune response [77].
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3.9 Fungal cell wall, mannoproteins Mp1p

The fungal cell wall is a critical structure with high flexibility that is important for 
cellular integrity and vitality. Mannoproteins are one of the most important structural 
components of the fungal cell wall. In fact, substantial study with yeast has dem-
onstrated that mannoproteins perform a variety of biological functions, including 
defining cell shape, stimulating cell growth and morphological change, functioning 
as a protective factor, aiding sex agglutination, and regulating cell wall porosity 
[78–81]. Mp1p is an antigenic cell wall mannoprotein found in yeast, hyphae, and 
conidia of T. marneffei and has been effectively employed in serodiagnosis and infec-
tion prevention [57, 82–85]. Mp1p is a 462-amino-acid protein having three domains: 
ligand-binding domain 1 (LBD1), ligand-binding domain 2 (LBD2), and a serine and 
threonine-rich domain near the C terminus [84]. Mp1p is a new virulence factor of 
T. marneffei through knockout and knockdown research employing an intracellular 
survival assay with murine macrophage cells and mice challenge models [86]. For a 
mouse model, the mice could live for up to 60 days without talaromycosis after being 
challenged with a Mp-knockout strain of T. marneffei, but the wild-type strain killed 
the mice within 21 days. In addition, the organ fungal burden and inflammatory 
response in mice infected with the MP1 knockout mutant were significantly reduced 
compared to the wild type.

Based on the structure of Mp1p, Mp1p-LBD2, a ligand-binding domain, is a strong 
arachidonic acid (AA) binder by forming a five-helix bundle monomeric structure 
with a long hydrophobic central cavity for high-affinity encapsulation of cellular 
AA [87]. AA is a key pro-inflammatory mediator because it is produced as a main 
eicosanoid precursor in response to microbial infection, which can generate many 
downstream prostaglandins and common markers of pro-inflammatory responses, 
including TNF-α and IL-6 [88]. Subsequently, Lam et al. [89] demonstrated that not 
only Mp1p-LBD2, but Mp1p-LBD1 is also a strong AA-binding domain in Mp1p. Thus, 
Mp1p is an effective AA-capturing protein that uses two AA-binding domains, Mp1p-
LBD1 and Mp1p-LBD2, to capture released AA during the early stages of pro-inflam-
matory reactions. According to the crystal structure, Mp1p-LBD1-LBD2 are likely to 
function independently and equally important in terms of AA capturing, with each 
domain capable of accommodating two AA molecules. Taken together, Mp1p repre-
sents a novel class of fatty acid-binding proteins with the function of targeting key 
pro-inflammatory signaling lipid to suppress the host innate immune response.

3.10 Iron and calcium are essential cations required for growth and virulence

Ca2+ signaling plays an essential role in various processes, including cation homeo-
stasis, pH adaptation, glucose metabolism, morphogenesis, and virulence in fungi 
[30, 90]. The Ca2+-binding protein calmodulin and the Ca2+/calmodulin-dependent 
phosphatase calcineurin are two major mediators of calcium signals in eukaryotic cells 
[91]. Calcineurin is a serine/threonine phosphatase that composed of two subunits 
of catalytic (CnaA) and regulatory (CnaB) that is activated through the binding of 
Ca2+-calmodulin (CaM) [92].

Calcineurin plays a crucial role in fungal virulence such as A. fumigatus [93, 94], 
C. neoformans [95], Candida spp. [96–98] and Pacoccidiodes brasiliensis [99]. Recent 
studies reveal a role of calcineurin in growth and virulence of T. marneffei [100]. In 
T. marneffei, deletion of the cnaA gene resulted in substantial defects in conidiation, 
germination, morphogenesis, cell wall integrity, and tolerance to several stresses. 
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The importance of calcineurin functions in cell wall integrity of T. marneffei was 
supported by the study of MICs against caspofungin and micafungin, which revealed 
lower MICs in the cnaA mutant when compared to wild type. These two antifungal 
agents belong to the echinocandins that inhibit fungal cell wall biosynthesis by inhib-
iting cell wall β-(1,3)-D glucan synthesis [101]. In addition, the cnaA mutant conidia 
were not only more susceptible to salt, H2O2, and osmotic stress in vitro, but they 
also rarely germinated or processed yeast morphogenesis after being phagocytosed 
by macrophages. Calcineurin is also required for full virulence in a murine model of 
invasive T. marneffei infection. Thus, calcineurin homolog (cnaA) regulates fungal 
morphogenesis and the response of T. marneffei to external stressors, as well as the 
host immunological response and fungal pathogenicity.

Iron is an important trace element that is often limited for pathogens during 
infection; hence, adaptability to iron deficiency is critical for virulence [102, 103]. 
Indeed, iron has been demonstrated to be essential for T. marneffei development 
and pathogenicity. Iron overload also significantly decreased the antifungal activity 
of macrophages [104]. As T. marneffei lacks an iron excretion mechanism, control-
ling iron uptake, metabolism, and regulation can play an important role in iron 
homeostasis. Fungi have developed two methods to get iron in iron-limited environ-
ments: reductive iron assimilation (RIA) and siderophore-mediated iron acquisition 
[105, 106]. RIA begins with the reduction of ferric iron sources to more soluble 
ferrous iron by plasma membrane-localized ferrireductases [107]. Then, the ferrous 
iron is re-oxidized and imported by a protein complex composed of the ferroxidase, 
FetC, and the iron permease, FtrA. Both fetC and ftrA gene expression was higher in 
yeast cells (37°C) than in hyphal cells (25°C) with a clear upregulation in response to 
iron limitation [108]. Deletion of ftrA results in a defective RIA system, which reduces 
the growth of yeast cells but not hyphal cells under low iron conditions [109]. For 
siderophore biosynthesis pathway, sidD and sidF genes involved in the biosynthesis of 
extracellular siderophores of T. marneffei were upregulated early during yeast mor-
phogenesis switching from 25 to 37°C and late during yeast cell growth [108].

Based on the functions of sidA and sidX, these two genes encoded the enzyme 
ornithine N5-oxygenase, which catalyzed ornithine to hydroxyornithine in an early 
step of the siderophore biosynthesis pathway. SidA is involved in extracellular sidero-
phore formation in the mycelial phase, whereas SidX is involved in both intracellular 
and extracellular siderophore production in the yeast phase [109]. Mutant analysis 
revealed that T. marneffei yeast cells can utilize RIA for iron acquisition, providing 
another system in this cell type that varies extensively from hyphal cells. For example, 
the expression of fetC (involved in RIA) was significantly elevated in ΔsidA and ΔsidX 
yeast cells but not in hyphal cells.

Furthermore, T. marneffei has recently been studied for the expression of acuM 
and acuK, which have been found to be involved in gluconeogenesis and iron 
metabolism [110]. In fact, AcuM and AcuK are homologous Zn2Cys6 transcription 
factors previously identified as gluconeogenesis and iron metabolism regulators in 
other pathogenic fungi such as A. nidulans [111] and A. fumigatus [112]. T. marneffei 
transcript levels of acuM and acuK were sequentially downregulated when the fungus 
was grown in increasing iron concentrations [110]. As a result, the transcription 
factors AcuM and AcuK may play a role in iron metabolism by either reducing iron 
uptake or alleviating iron toxicity. In contrast, the acuM transcript was upregulated in 
the gluconeogenic condition, but the acuK transcript was only elevated in the acetate 
medium during the yeast phase. Taken together, the genes acuM and acuK have been 
linked to iron homeostasis and gluconeogenesis in T. marneffei. Deletion of acuK gene 
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in T. marneffei resulted in a growth defect under iron-deficient conditions since the 
mutant produced fewer siderophores [113]. The fetC transcript in ΔacuK was signifi-
cantly increased than in the wild type, indicating that acuK may be a negative regula-
tor of fetC expression, the gene encoding an RIA enzyme in T. marneffei. In contrast, 
the sidA and sidX transcripts involved in the first step of siderophore biosynthesis in 
ΔacuK were relatively low. This finding implied that sidA and sidX may be controlled 
by Acuk, and the detailed mechanism has yet to be investigated. As iron assimilation 
is the complex system, more studies are required to completely understand its regula-
tion mechanism.

3.11 Extracellular vesicles (EVs)

Extracellular vesicles (EVs), a type of nanoscale lipid bilayer membrane structure, 
play a function in transporting molecules to the extracellular space and are referred to 
as “virulence bags” [114, 115]. The characteristics and potential roles of these vesicles 
in virulence have been studied in a number of pathogenic fungi such as C. neoformans, 
C. albicans, H. capsulatum, and P. brasiliensis [116–119].

In T. marneffei, EVs had a typical spherical shape with a diameter of 30 to 300 nm 
under the nanoparticle tracking analysis (NTA) and TEM [120]. The functions of 
EVs released by T. marneffei could promote the expression levels of reactive oxygen 
species (ROS), nitric oxide, and some inflammatory factors including interleukin-1β, 
interleukin-6, interleukin-10, and tumor necrosis factor in RAW 264.7 macrophage 
cells. It was also reported that T. marneffei could secrete EVs loaded with some active 
molecules including heat-shock protein, mannoprotein 1 (MP1p), and peroxidase. 
As an important carrier containing a variety of molecules, EVs play a crucial role in 
intercellular communication with host immune responses.

4. Laboratory diagnosis of talaromycosis

4.1 Staining and culture methods

Microbiological culture and histological staining are commonly used for diagnosis 
of T. marneffei infection. Clinical specimens including bone marrows aspirates, lymph 
node biopsies, blood, sputum, pleural fluid, cerebrospinal fluid (CSF), urine, and liver 
biopsies were used for diagnosis of T. marneffei infection [11, 121]. In addition, Wright’s 
staining of bone marrows aspirates and touch smear of skin biopsy or lymph node biop-
sies is a rapid diagnostic method [122] (Figure 8). The fungus can be seen in histological 
sections stained with Grocott methenamine silver (GMS) or periodic acid–Schiff (PAS). 
In contrast, T. marneffei yeast cells may result in the false impression that a capsule mim-
ics to H. capsulatum when staining with hematoxylin and eosin (H&E) [123].

Microbiological cultivation is a gold standard for diagnosis of talaromycosis. 
The bone marrows gave the highest yield for culture positive, approaching 100%, 
followed by culture of other specimens obtained from skin biopsy (90%) and 
hemoculture (76%) [11]. However, most of the fungal isolates in microbiologi-
cal laboratory screening are usually obtained from hemoculture of HIV-infected 
patients and need to confirm the dimorphic transition of this fungus. T. marneffei 
was confirmed by morphology and thermal dimorphism. T. marneffei was con-
firmed by macroscopic and microscopic examination. However, a limitation of the 
culture method is time-consuming, taking about 1 to 2 weeks. Given that ineffective 
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fungal therapy of T. marneffei is associated with poor prognosis and can be fatal, 
more rapid diagnosis of infection is preferable.

4.2 Serodiagnosis

Many serodiagnostic assays have been developed for the detection of T. marnef-
fei antigen from various clinical specimens, as shown in Table 2. Based on a potent 
immunogenic protein known as Mp1p, the protein is made up of galactomannoprotein 
which located throughout the cell wall of T. marneffei yeast [85, 123] have developed 
monoclonal antibodies (MAbs) and polyclonal antibodies (PAbs) against cell wall 
mannoprotein Mp1p expressed in Pichia pastoris. These antibodies were applied to 
detect antigens by using antigen capture ELISA. The method exhibited the sensitivi-
ties and specificities of 55% and 99.6% for the MAbs-MAbs based method and 75% 
and 99.4% for the MAbs-PAbs based method. There was no cross-reactivity found 
in 11 common pathogenic fungi, including Cryptococcus, Candida, Aspergillus, and 
Histoplasma. The Mp1p EIA was then applied to plasma samples of 372 patients who 
had culture-proven talaromycosis from blood and 517 individuals without talaromy-
cosis (338 healthy volunteers and 179 with other infections) in Vietnam, demonstrat-
ing 98.1% specificity and 86.3% sensitivity [124]. In addition, paired plasma and 
urine testing in the same patients (n = 269) significantly improved sensitivity when 
compared to testing plasma or urine alone.

The most recent antigen detection assays developed for the diagnosis of T. marneffei 
infection have demonstrated the potential diagnostic application of MAb 4D1 [36]. 
In addition, MAb 4D1 (an IgG1) recognizes a 50–180 kDa manoproteins and the MAb 
shows specificity without cross-reactivity to a panel of dimorphic and common fungal 
antigens. Then, a new inhibitory ELISA using MAb 4D1 was designed to determine the 
antigenic concentration of T. marneffei in patient sera. The test identified antigenemia 
in all 45 (100%) talaromycosis, with a mean antigen concentration of 4.32 μg/ml. 
No cross-reactivity in this assay was found in patients with other fungal or bacterial 
infections, and healthy controls. This result showed that the detection of circulating 
antigens in talaromycosis was beneficially useful not only for diagnostic purposes but 
also as a tool to evaluate the clearance of fungal burden during treatment.

Currently, there is no commercially available diagnostic kit for talaromycosis. The 
available alternative serodiagnostic method for talaromycosis in routine laboratory 

Figure 8. 
Typical disfiguring central-umbilicated skin lesions on the face of a patient with advanced HIV and disseminated 
talaromycosis in Thailand (A), calcofluor white stained touch skin smear, showing fission yeast cells (B) and 
sausage-shaped yeasts with binary fission outside macrophage (C). The arrow heads highlight the midline septum 
in a dividing yeast cell characteristic of T. marneffei. Scale bar represents 5 μm.
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is based on Platelia Aspergillus EIA which is designed for the detection of circulating 
A. fumigatus GM antigens. It has been reported that the GM antigens of T. marneffei 
and Aspergillus are very similar, and the EIA test could therefore give high degree of 
diagnostic sensitivity for talaromycosis [20, 125]. As a result, the intimate concordance 

# Methods Diagnostic antigen Diagnostic sensitivity* Diagnostic 
specificity**

1 Immunodiffusion 
(microimmuno-
diffusion)

Exoantigen 25 (2/8) N/A

2 Immunodiffusion Fission arthroconidia 
filtrate

11.7% (2/17) 100% (0/40)

3 Indirect 
immunofluorescent 
assay

Germinating conidia 
and yeast—hyphae cells

100%(8/8) IgG titer >160 N/A

4 Immunoblotting Secreted yeast early 
stationary phase 
exoantigen profiles

200 kDa: 72.7% (24/33) 
88 kDa: 94% (31/33) 
54 kDa: 60.6% (20/33) 
50 kDa: 57.6% (19/33)

200 kDa: 79.3% 
(23/29) 88 kDa: 
93.1% (27/29) 
54 kDa: 13.8% 
(4/29) 50 kDa: 
10.8% (3/29) 
(for AIDS 
patients without 
Talaromycosis)

5 Immunoblotting 38 kDa of mycelial cell 
culture filtrate

45% (23/51) 28% (11/39) 
cross- reacted 
with 
Cryptococcosis 
21% (6/28) 
cross- reacted 
with Candidiasis

6 Immunoblotting Cytoplasmic yeast 
antigen (TM CYA) 
profiles

61 kDa: 48% (10/21) 
54 kDa: 71% (15/21) 
50 kDa: 48% (10/21)

100% (0/80)

86% (18/21) Recognized at 
least one bandof TM CYA

7 Indirect ELISA Recombinant fusion 
Mp1p (expressed in 
Escherichia coli)

82% (14/17) 100% (0/165)

8 Immunoblotting Recombinant Mplp6 95% (19/20) 100% (0/35)

9 Immunoblotting Recombinant Hsp30 
fusion protein

20% (2/10) 100% (0/10)

10 Indirect Mp1p IgG 
ELISA

Recombinant Mp1p 
(expressed in Pichia 
pastoris)

30% (6/20) 98.5% (532/540)

Footnote

N/A: No data or inconclusive data
*Compared with culture confirmed talaromycosis
**Compared with other microorganism infection, healthy individual living in endemic area and asymptomatic HIV 
infection living in endemic area

Table 2. 
Summarized immunological methods for detection of T. marneffei specific antibodies.
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rate between Mp1p antigen detection and the GM antigen assay in antigenemia of 
talaromycosis was demonstrated, which is extremely important. Several studies 
have revealed significant false-positive due to the cross-reaction of the MAb against 
GM (Rat MAb EB-A2) with GM antigen from non-Aspergillus spp., e.g. Geotrichum 
capitatum, H. capsulatum, P. brasiliensis, B. dermatitidis, Mycobacterium tuberculosis, 
galactoxylomannan from C. neoformans, and C. gattii and serum of patient treated 
with piperacillin-tazobactam or amoxicillin-clavulanic acid. It is not surprising that 
GM antigen is a “Pan-specific” marker for the fungal infection. Similarity between 
the (1–3)-β-D-glucan (BG) or “Fungitell” has been used for the diagnosis of filamen-
tous fungal infections [126]. However, the lack of specificity means was unable to 
discriminate between Aspergillus spp. and other pathogenic fungi.

4.3 Rapid lateral flow immunochromatographic assay (ICA)

Recently, the rapid lateral flow ICAs have been developed for immunodiagnosis 
of the infection due to the clinically important fungi, e.g. polysaccharide antigen 
detection for C. neoformans [127], detection of specific IgG against Pythium insidiosum 
[128], hyphal-specific antigen detection of Candida species [129], and MAb against 
secreted glycoprotein of A. fumigatus for the diagnosis of invasive aspergillosis [130].

A “point-of-care” diagnosis of talaromycosis is urgently needed [2, 131]. Recently, 
we demonstrated a novel inhibition format of an ICT strip for rapid detection of 
the T. marneffei antigen from clinical urine samples. In this study, T. marneffei cyto-
plasmic yeast antigens (TM CYA) and the corresponding MAb 4D1 conjugated with 
nanoparticles of gold colloid were used. The inhibition (inh)-ICT strip was evaluated 
for its diagnostic performance in urine samples from both talaromycosis patients and 
a control group. The inh-ICT was highly specific against antigenuria from T. marneffei 
only, and it did not detect antigenuria of other clinically important microorganisms. 
The limit of the detection was 3.12 μg/mL of fungal antigen. The inh-ICT was used to 
test urine samples from 66 patients with confirmed T. marneffei infection, 40 patients 
with other microbial infections, and 72 healthy individuals from endemic area. The 
test exhibited diagnostic sensitivity, specificity, and accuracy of 87.87%, 100%, and 
95.50%, respectively, for T. marneffei [132]. However, the Inh-ICT has some limita-
tions on the relatively low diagnostic sensitivity and occasional ambiguity in the read-
ing and interpretation of the observed results. The innovative sandwich ICT strip was 
created to improve the diagnostic efficiency of ICT strips by using a mannose binding 
lectin, which recognizes mannose residue called Galanthus nivalis agglutinin (GNA) 
or snowdrop lectin, in conjunction with MAb 4D1 [133]. The MAb4D1-GNA-based 
ICT showed specific binding activity with yeast phase antigen of T. marneffei, and it 
did not react with other common pathogenic fungal antigens. The diagnostic perfor-
mance of the ICT was validated using 341 urine samples from patents with culture-
confirmed T. marneffei infection and from a control group of healthy individuals and 
patients with other infections in an endemic area resulting 89.47% sensitivity, 100% 
specificity, and 97.65% accuracy. As a result, the T. marneffei ICT should be evaluated 
for clinical use in the context of rapid and affordable point-of-care diagnostic test to 
reduce the burden of talaromycosis mortality in patients in low-income countries.

4.4 Molecular diagnosis

The polymerase chain reaction (PCR) has been utilized effectively for the specific 
detection of many pathogenic fungi. The nucleotide primer PM2 and PM4 have been 
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developed to amplify a 347 bp fragment of the internal transcribed spacer (ITS) 
element between 18 s rRNA and 5.8 s rRNA [134]. Novel oligonucleotide probes 
RRF1 and RRH1 were used in PCR southern hybridization format for the amplifica-
tion of a 631 bp. fragment of the 18 s rRNA and then hybridized with a T. marneffei 
specific 15 oligonucleotide probes [135]. Further molecular diagnosis method was 
described; a one tube seminested PCR assay based on the 18 s rRNA region was 
developed to identify T. marneffei genome [136]. This method was useful and can 
detect T. marneffei DNA both from culture and clinical samples. An additional nested 
PCR test and a real-time PCR assay were used to detect T. marneffei in whole blood 
samples. Given the high sensitivity of nested PCR (82%) and real-time PCR (91%), 
the combination of these two PCR methods provides an interesting alternative for 
identifying T. marneffei DNA in whole blood samples [137]. However, these methods 
need the clinician establishing a hypothesis before to examination. T. marneffei is 
an uncommon pathogen in non-HIV individuals, particularly in areas outside of 
Southeast Asia where detection and therapy of talaromycosis may be restricted. 
Next-generation sequencing (NGS) based on metagenomics has recently been used 
to successfully diagnose disseminated T. marneffei infection. Under these conditions, 
the use of mNGS enabled for the rapid and accurate diagnosis of T. marneffei without 
the requirement for specified problematic pathogens, which is a proven advantage 
in talaromycosis diagnosis, resulting in improved individual patient treatment [138, 
139]. At the time, the cost is the major hindrance to its wide usage. If the cost of NGS 
is reduced further and expertise is made more widely available, it will be an effective 
instrument in the repertoire for laboratory diagnosis of T. marneffei infection.

5. Conclusion

Talaromyces (previously Penicillium) marneffei causes a life-threatening invasive 
mycosis both in immunocompromised and immunocompetent individuals living in 
tropical and subtropical Asia. T. marneffei can adapt and express many virulence 
factors to survive inside hosts and then infect in those patients. The current under-
standing of the dynamic interaction between T. marneffei and its mammalian hosts 
emphasizes the role of virulence factors, such as adhesion to host tissue, dimorphic 
switching, oxidative responses, heat-shock protein, and melanin, which allowed the 
pathogen to evade host immune cells. Diagnosis of talaromycosis is frequently delayed 
which can result in unnecessary antibiotic use, unnecessary hospital admissions, and 
increased morbidity and mortality. Conventional methods of diagnosis have relied on 
the culture or examination of fungi; however, the time required to obtain results from 
culture and the lack of sensitivity of visual inspection tests can make them inconve-
nient. Thus, rapid diagnosis frequently based on antigen testing can help with the 
identification of talaromycosis.
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Abstract

Fungi are eukaryotes designated as a separate kingdom because of their unique 
characteristics different from both animals and plants. Fungi are mainly classified 
into two major types as “saprobes” and “parasites” depending on their type of nutri-
tion and existence. It is postulated that the present-day parasites also once existed as 
saprophytes in the soil. It is also curious to find the reasons on what early events could 
have been responsible for the evolution of the saprobes into human parasites? During 
this process of evolution, some of the anthropophilic organisms have totally lost all their 
soil-inhabiting traits and the ability for saprophytic survival, while few others have 
successfully retained their ability to survive in two different ecological niches (soil and 
animal/human host). The various possible reasons, such as predation, antagonism, and 
other factors contributing to the emergence of parasitic adaptations, are discussed using 
examples of dermatophytes, Cryptococcus neoformans, and Histoplasma capsulatum.

Keywords: fungal parasitism, fungal virulence factors, adaptations, fungal evolution, 
Cryptococcus neoformans, Histoplasma capsulatum, dermatophytes, dimorphism, 
anthropophization, fungal pathogenesis

1. Introduction

Fungi are a group of eukaryotic organisms existing in the ecosystem as  
chemoheterotrophs, as they are dependent mostly upon the secretary exoenzymes 
to harvest energy from the organic substrates. Based on the heterotrophic nutrition 
and their dependency for survival, fungi are mainly classified into two major types: 
(a) saprobes and (b) parasites. Interestingly, there is difficulty to have a clear distinc-
tion between the human parasites and saprophytes as the natural habitats of most of 
these pathogenic fungi that cause systemic mycoses are only the dead and decaying 
organic matter. These fungi mostly dwell in soils enriched by droppings of birds or 
other organic wastes. Fungal parasitism is considered to be one of the largest areas 
in medical mycology that has attracted so many researchers all over the globe over 
the years. Enormous research work had been carried out in plant-parasitic fungi, but 
the role of fungi in veterinary and human medicine until recent years remained the 
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most neglected area, the reason being that most of the medically important fungi 
are opportunistic pathogens and that the person-to-person transmission of fungal 
diseases is not as common as the bacterial/viral infections.

In recent years, fungal diseases have reached epidemic proportions in causing 
morbidity and mortality all over the world as it is regarded that it may be just the 
tip of the iceberg. Increasing immunocompromised status in human beings due to 
the advent of human immunodeficiency virus/AIDS, chemotherapy, radiotherapy, 
debilitating illness such as cancer, COVID-19, prolonged steroid treatment, organ 
transplantation, and chronic diseases perhaps are the conditions that would have 
promoted these opportunistic pathogenic fungi into “Champion parasites” in causing 
human diseases [1]. Thus, these so-called low virulent saprophytic fungi are capable 
of causing diseases given the opportunity and availability of susceptible hosts. It 
is always of immense interest and curiosity to know why these fungi would have 
adapted themselves or equipped to develop virulence factors to emerge as human 
pathogens/parasites. It would always be necessary to understand what early events 
or environmental factors in their original habitats would have compelled/prompted/
facilitated certain groups of soil-inhabiting fungi to emerge as human pathogens [2].

2. Fungal parasitism

Fungi exhibit three types of parasitism [3] in human beings:

1. Obligate parasitism as seen in the case of certain anthropophilic dermatophytes 
and Malassezia species.

2. Parasitism to the extent of true pathogenesis as seen in the case of dimorphic sys-
temic fungi, viz., Histoplasma capsulatum, Blastomyces dermatitidis, Coccidioides 
immitis, and Paracoccidioides brasiliensis.

3. Parasitism is an accidental/opportunistic event, as seen in the case of C. neofor-
mans and Candida species.

3. Obligate parasitism

Obligate parasitism is seen in the case of anthropophilic dermatophytes, such as 
Trichophyton rubrum, Trichophyton mentagrophytes, Trichophyton tonsurans, Trichophyton 
violaceum, and Epidermophyton floccosum [4]. It is also seen in the case of the lipophilic 
yeast, Malassezia species, viz., Malassezia furfur and Malassezia globosa. The existence 
of these organisms in “ex-anthropophilic” conditions for a prolonged period has not 
been established yet [5]. Several experimental studies [5] conducted on the saprophytic 
survivability of these organisms in the soil also reveal that these organisms, if at all, can 
exist in the soil only for a transient period. However, their counterparts, related groups 
of dermatophytes such as Nannizzia gypsea (previously named Microsporum gypseum), 
Microsporum nanum, Microsporum distortum, and Trichophyton ajelloi, can exist in 
soil popularly as the geophilic group. Interestingly, the genetic variation between the 
anthropophilic and geophilic groups of dermatophytes is calculated less.
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The possible theory [3, 6] by which certain dermatophytes would have evolved 
as obligate parasites in human beings would have started and progressed in different 
phases.

1. Geophilism of these fungi in the burrows of smaller mammals.

2. Colonization of the hair/fur of these small mammals.

3. Parasitism in these mammals leads to synanthropophization

4. Well-established anthropophization as seen in the case of T. rubrum by losing 
all the geophilic characteristics, such as conidial abundance and ornamentation, 
osmotolerance, heterothallic mating, etc. [4].

Although the above theory clearly suggests the means of the development of 
parasitism in dermatophytes, it drastically fails to explain why it had occurred in 
certain species of dermatophytes. Furthermore, what was the sequence of events that 
occurred in their original habitat that would have compelled/promoted these fungi 
to become obligate pathogens beg an answer. Furthermore, it is also important to 
understand how these organisms adapt themselves to lead an obligate anthropophilic 
existence. In Malassezia spp., a similar lineage is seen, as the members of the species 
exist only as obligate parasites (commensals) in animals. There are no reports of the 
existence of Malassezia spp. in the soil so far.

4. Parasitism and true pathogenesis

In the case of obligate parasitic fungi, such as T. rubrum, their existence is 
exclusively limited to the human habitat; hence, the diseases caused by these 
organisms are not debilitating or life-threatening, whereas parasitism is truly 
severe in true pathogenic fungi, such as C. immitis, H. capsulatum, P. brasiliensis, 
and B. dermatitidis. These systemic dimorphic fungi exist as saprophytes in the 
soil, droppings/guano of bats, and pellets of various avifauna, but these organisms 
accidentally encounter the human habitat. They exhibit true pathogenic potential 
even in the immunocompetent host. This ability to cause life-threatening infections 
irrespective of the immune status of the host is intriguing, and it is really amazing 
to know how these fungi evolved the super specialty of existing in the saprophytic 
form and yet cause diseases in “immunocompetent” people. The dimorphic mode of 
existence of these fungi is largely considered to be one of the predominant selective 
advantages [7] for their successful geophilism and anthropophization. One of the 
most intriguing aspects of its biology is the dimorphism exhibited by H. capsulatum. 
H. capsulatum produces mycelium at environmental temperatures less than 30°C, 
but reproduces as a budding yeast when growing intracellularly in patients with 
histoplasmosis. It has been estimated that in the endemic areas of the United States 
(histoplasmosis surveillance data of 2011–2014), the average incidence all over the 
country ranges even up to 39 cases per 100,000 population [8]. Though histoplas-
mosis is endemic to certain places and limited to certain geographical locations, 
H. capsulatum is found throughout the world [3].
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5. Opportunistic parasitism

Opportunistic pathogens are fungi that strike and cause infections under certain 
predisposing host conditions, such as severe immunodeficiency. These fungi are also 
widely present in soil bird droppings as saprophytes. When a host is available in an 
immunocompromised state, these fungi cause moderate to life-threatening diseases, 
as seen in the case of cryptococcal meningitis caused by C. neoformans. Several studies 
have shown that cryptococcal infection poses a major threat to the life of AIDS patients 
and other immunocompromised people all over the world. It would be interesting to 
unknot the mystery of how Cryptococcus species, originally a geophilic saprophytic 
yeast, can “spontaneously specialize” by developing several mechanisms/virulence 
factors to invade, colonize, and manifest life-threatening disease in the human host.

Serious uncertainties exist in finding plausible answers to these questions:

a. Whether the lack of immune barrier in the host is the prime cause to elicit an 
infection (or)

b. The gradual development of parasitic adaptations in the course of evolution of 
Cryptococcus species have contributed to the parasitism?

c. Is there a changing face of this pathogen in the course of evolution? (opportunis-
tic to truly pathogenic)

d. The adaptations to the parasitic life, which include the production of pigment 
(melanin), mannitol utilization, urease activity, and encapsulation in C. neo-
formans are unique and are seen only in certain fungi among the whole of the 
geophilic community. Do these characters provide an advantage for survival in 
the ecological niche for this pathogen?

e. Is the organism exhibiting a growing ecological niche with more and more newer 
habitats or reservoirs (droppings in different avifauna such as crows, water birds, etc.)

f. Better elucidation of such uniqueness in Cryptococcus species is essential for 
developing a better management strategy for fungal diseases.

For practical purposes, in the realm of Medical Mycology, the infectious micro-
organisms have been grouped into three ecological categories based on their natural 
histories. These entities, in a broad sense, have been traditionally designated as being 
geophilic, zoophilic, and anthropophilic and are designed as follows:

1. Geophilic: Free living organisms that exist as saprobes in soil subsisting on dead 
organic matter.

2. Zoophilic: Organisms that cannot constitutionally exist in soil as saprobes but 
evolved to live primarily on or in the bodies of animals other than humans.

3. Anthropophilic: Organisms that are unable to survive as free-living entities in 
soil but have evolved to be components of the microbiota of humans.

Interestingly, some geophilic and zoophilic organisms also cause human infections.
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It is also curious to find the reasons for what early events could have been respon-
sible for the evolution of the “Saprobes” into human “Parasites”? The line of demarca-
tion between the saprophytes and parasites is neither here nor there.

6. Fungal evolution: pathogens and their parasitic adaptations

Organism Virulence 
factors

Environmental 
advantage

Survival in Host/
adaptability

Parasitic adaptation

C. neoformans Capsule Escape phagocytosis 
of amoebae

Escape phagocytosis by 
macrophages

Important virulence factors 
in human infection

Melanin Protection from 
Sunlight/UV
Escape predation 
from soil 
macroorganisms

Resistance to antifungals
Shield against 
immunologically active 
cells.

Able to use DOPA in CNS to 
cause meningitis

Urease Unknown. May 
contribute to the 
nutritional role in 
nitrogen acquisition.

Promotes nonlytic 
exocytosis

Survival advantage in a 
human host

Phospholipase Unknown C. neoformans, calcineurin 
responds to stress caused 
by cell-wall-perturbing 
agents, physiological 
temperature of host, 
alkaline pH, high CO2, and 
high cation concentration 
[9]

Calcineurin activation is 
essential for
a. virulence and b. hyphal 
elongation during sexual 
reproduction (mating and 
monokaryotic fruiting) [9]

H. capsulatum Ornamentation
Tuberculate 
macroconidia

May protect against 
predation by soil 
macroflora (mites, 
earthworms)

— Spores disseminated by 
wind are inhaled

Dimorphism Survive as a mold at 
25°C

Intracellular survival as 
yeast at 37°C
Resistance to 
microbiocidal products of 
neutrophils

Mold-to-yeast conversion 
is an important aspect 
of pathogenesis (similar 
phenomenon in other true 
pathogenic fungi
B. dermatitidis, C. immitis 
and P. brasiliensis).

Dermatophytes Keratinase, 
collagenases

Nutrition (utilize 
keratin from dead 
animal issues)

Degrades scleroproteins in 
skin, hair, and nail

Elastase Nutrition (utilize 
keratin from dead 
animal issues)

Degrades elastin, 
scleroproteins

Enhances invasion of 
elastin containing tissue

Pigment 
production

Resistance to antifungals. Identification tool in 
diagnostic mycology

Obligate 
parasitism

Loss of saprophytic 
survivability and 
soil association 
characteristics in 
certain anthropophilic 
dermatophytes

Enzyme moderation 
(protease).
Loss of hair perforation 
ability, enzymes (such as 
urease), osmotolerance, etc.
Exhibit slow growth rate.

Cause mild and chronic 
infections
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7. Antibiosis by other soil fungi

It has long been speculated and later had been confirmed using modern phylo-
genetic studies that the parasitic dermatophytes probably arose from the geophilic 
(soil-borne) nonpathogenic ancestors. The existence of today’s nonpathogenic 
dermatophytoids in the same habitat is the exemplification for this hypothesis  
(e.g., T. ajelloi and Trichophyton terrestre) [10–12].

The studies by Gokulshankar et al. [13] revealed that the Secretory substances 
(SS) released by Chrysosporium keratinophillum possess significant inhibitory (antide-
rmatophytic) activity against T. tonsurans, T. rubrum, T. violaceum, T. mentagrophytes, 
and E. floccosum. The SS of C. keratinophillum released on the 15th day inhibited 
all the isolates of T. rubrum, while the SS released on the 10th day inhibited all the 
isolates of T. tonsurans, T. violaceum, and E. floccosum [13].

The Secretory substances of C. keratinophillum further failed to inhibit the growth 
of the geophilic N. gypsea (previously named M. gypseum) and zoophilic Microsporum 
canis. This experiment should be correlated with the global prevalence of N. gypsea in 
soil. The selective ability of N. gypsea to counter the antagonistic activity of the SS of 
C. keratinophillum may be one of the reasons for the worldwide distribution of this 
fungus in soil [14].

It is also interesting to note that in the co-inoculation studies, when C. keratinophil-
lum and anthropophilic dermatophytes were co-inoculated on Sabouraud Dextrose 
Agar (SDA), C. keratinophillum failed to inhibit the mycelial growth of T. tonsurans,  
T. rubrum, T. mentagrophytes, and E. floccosum. However, conidia formation did not 
occur on the organisms (T. rubrum, T. tonsurans, and E. floccosum) when they were 
grown near C. keratinophillum. It is presumed that (a) the nature and (b) the quantity 
of the SS released by C. keratinophillum may affect the growth of these pathogenic der-
matophytes. It may be because the SS produced by C. keratinophillum during its early 

Organism Virulence 
factors

Environmental 
advantage

Survival in Host/
adaptability

Parasitic adaptation

Candida 
species

Cell wall 
glycoproteins

— Adherence to epithelial 
surfaces

Acid protease — Cleavage of IgA2

Morphological 
variation
Ability 
to switch 
reversibly 
into different 
colony types 
at high 
frequencies.

— Allows organisms to 
adapt to a different 
environment in the host.

Colonies of varying 
nature (smooth, rough, 
hat, fuzzy wrinkle, star, 
and stippled)

Phospholipases — Hydrolyze ester linkages 
of glycophospholipids

Secretory 
aspartic 
proteinases

— Promote adherence and 
survival of the pathogen 
on mucosal surfaces.

Facilitate invasion of host 
tissues

Biofilming — Resistance to antifungals

Dimorphism — Ability to form hyphae 
helps in tissue invasion
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growth phase might not be very active to inhibit. Furthermore, when both C. kerati-
nophillum and an anthropophilic species of dermatophytes were co-inoculated at the 
same time, the growth of dermatophytes may also start much before the actual release 
of SS (10–15 days) by C. keratinophillum. The absence of conidia formation in E. floc-
cosum, T. rubrum, and T. tonsurans when grown near the C. keratinophillum establishes 
the fact that SS of this organism possesses definite antidermatophytic characteristics.

Gokulshankar et al. [14] and Gokulshankar et al. [13] performed co-inoculation 
studies of different individual species of pathogenic dermatophytes along with C. 
keratinophillum in both sterilized and unsterilized soil to study their compatibility 
in the near natural environment. Recovery of the dermatophytes was attempted at 
different time intervals. The results showed that none of the anthropophilic dermato-
phytes could be recovered after 15 days of incubation by either plating or hair baiting 
techniques. However, the dermatophytes could be recovered up to 40 days from 
sterilized soil when inoculated alone.

Interestingly, the isolation of geophilic N. gypsea (previously named M. gyp-
seum) was not affected in these co-inoculation studies. The authors also found that 
whenever the baiting technique is employed for the isolation of dermatophytes 
from the soil, Chrysosporium species are the predominant fungi to be isolated [14]. 
Chrysosporium and allied genera accounted for 53.8% distribution, with C. indicum 
being the dominant species among the keratinophilic fungi in soil [15]. The attribu-
tion of Chrysosporium spp. as a principal contributor to the evolutionary divergence of 
some geophilic archi-dermatophyte to obligate parasitic dermatophyte species, such 
as T rubrum and E. floccosum [13].

The antibiosis of other soil-inhabiting microbes (bacteria, protozoans, etc.) on 
dermatophytes also cannot be ruled out or underestimated for their probable role 
in the evolution of parasitism in anthropophilic dermatophytes. Gokulshankar [16] 
tested several other soil-inhabiting fungi, such as Aspergillus fumigatus, Aspergillus 
niger, Aspergillus flavus, Rhizopus oryzae, Penicillium sp, and Curvularia lunata for 
antidermatophyte activity. Among the tested fungi, the SS and intracellular sub-
stances (ICS) of C. lunata were found to have a definite role in inhibition.

It was reported that C. keratinophillum, A. flavus, A. niger, A. fumigatus, R. oryzae, 
Penicillium sp, and C. lunata showed inhibitory effects on the lipophilic fungus, M. 
furfur on co-inoculation. Furthermore, the ICS and SS of C. keratinophillum, A. 
flavus, A. niger, A. fumigatus, R. oryzae, Penicillium sp, and C. lunata tested were also 
found to inhibit M. furfur. This clearly proves M. furfur’s inability to co-exist with 
any of the tested environmentally prevalent fungi. Furthermore, Malassezia species 
are found only as obligate commensal/parasite on the human and/or animal hosts. 
The saprophytic existence of M. furfur or any other species of Malassezia is also not 
known. All these correlations helped Gokulshankar et al. [2] to contemplate and 
propose a hypothesis

i. Did the inhibition by the soil/environmentally prevalent fungi forced M. furfur 
to adapt to an obligate parasitic/commensal existence?

ii. Can this inhibition be considered as one of the early events in the course of 
evolution?? (But this hypothesis holds good if only there had been a past survival 
(existence) of Malassezia species or their related ancestors in soil).

The study has been done only with C. keratinophillum, but the possible role of other 
species of Chrysosporium group could have also contributed to the evolution process. 
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Several other environmental factors in combination with the antagonism/inhibition of 
other soil protozoa/fungi/bacteria could have compelled the dermatophytes to evolve 
parasitic adaptations. The reported low incidence of the anthropophilic dermatophytes 
in soil may also be due to the gradual weaning off soil-inhabiting characters (well-
defined anthropophization) in these pathogenic dermatophytes.

8. Saprophytic survivability of obligate parasitic dermatophytes in soil

Several studies suggest that saprophytic survivability for parasitic dermatophytes 
in soil may not be possible due to their well-defined anthropophization. However, the 
viability of the fungal elements (chlamydospores and arthroconidia) in soil for a shorter 
period cannot be ruled out. Likewise, the recovery of M. canis, a zoophilic dermatophyte, 
even from sterile soil by either hair baiting or plating technique was also not possible 
after 60 days, which suggested that this organism is not capable of soil existence. Did the 
organism lose the ability to survive even as a spore in soil for a prolonged period?

The recovery of N. gypsea (previously named M. gypseum) was possible from both 
unsterile and sterile soil for up to 120 days. The recovery was possible by hair bating 
and plating methods, substantiating the saprophytic surviving ability of N. gypsea 
[13, 14, 16].

Hair baiting was found to be a superior method for isolating all keratinophilic 
fungi from soil, especially the dermatophytes. The study suggests that saprophytic 
survival even without the interference of other micro- or macroorganisms may not 
be possible for the obligate anthropophilic dermatophytes, such as E. floccosum,  
T. tonsurans, T. rubrum, and T. violaceum (Tables 1 and 2).

Test organisms Number of isolates Recovery in days/number of isolates

10 20 30 40 50 60 90 120

T. rubrum 4 2+ — — — — — — —

T. mentagrophytes 4 2+ 1+ — — — — — —

T. tonsurans 4 — — — — — — — —

T. violaceum 4 — — — — — — — —

E. floccosum 4 — — — — — — — —

N. gypsea 4 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+

M. canis 4 4+ 4+ 3+ — — — — —

Note: + could be recovered, − could not be recovered.

Table 1. 
Saprophytic survivability of test organisms in unsterile soil by hair baiting technique.

Test organisms Number of 
isolates

Recovery in days/number of isolates

10 20 30 40 50 60 90 120

T. rubrum 4 2+ — — — — — — —

T. mentagrophytes 4 2+ 1+ — — — — — —

T. tonsurans 4 — — — — — — — —

T. violaceum 4 — — — — — — — —
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9.  Earthworms as predators of anthropophilic dermatophytes and M. furfur

Results of the feeding studies of earthworms with dermatophytes [17] have 
revealed that either the anthropophilic (T. rubrum, T. mentagrophytes, T. tonsurans, T. 
violaceum, and E. floccosum) or zoophilic dermatophyte species (M. canis) were unable 
to survive in the gut of the earthworm. The recovery in culture from the gut of earth-
worms or the worm cast was not possible. However, all the species were recovered from 
control plates in the absence of earthworms (plates containing just soil admixed with 
milk powder and egg). This experiment portrayed that the earthworm gut may not be 
an ideal environment for the survival of these parasitic dermatophytes. However, all 
the tested strains of N. gypsea were recovered from the gut and the worm cast.

Four earthworm species were used in the study (Amynthas alexandri, Lampito 
mauritii, Aporrectodea tuberculate, and Lumbricus terrestris). The gut extracts of all the 
four species of earthworms showed a similar band pattern at the retention factor in 
Thin layer Chromatography (Rf) value of 0.32. This pattern probably may represent 
some inhibiting enzymes/antidermatophytic factors.

Further recovery of M. furfur from the gut of earthworms/worm cast after feeding 
assay with earthworms was also not possible.

10. Saprophytic existence of C. neoformans and H. capsulatum in soil

Saprophytic survival of C. neoformans was recorded in sterile soil for up to 
120 days, but it was not possible in unsterile soil. Steenbergen and Casadevall [18] and 
others have reported predation of C. neoformans by soil organisms such as nematodes 
and amoebae, as reported by earlier workers. The soil predators would have been 
eliminated in the process of sterilization, which could be the reason for their survival 
and recovery in sterile soil, whereas their survivability was affected in unsterile soil. 
Interestingly, both the melanin-producing and non-melanin-producing isolates could 
be isolated from sterile soil.

Saprophytic survivability for H. capsulatum was reported for up to 120 days only 
for the mold suspension of the organism. However, the yeast suspension could not 

Test organisms Number of 
isolates

Recovery in days/number of isolates

10 20 30 40 50 60 90 120

E. floccosum 4 — — — — — — — —

N. gypsea 4 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+

M. canis 4 4+ 4+ 2+ — — — — —

M. furfur 4 — — — — — — — —

C. neoformans 4 2+ — — — — — — —

H. capsulatum-
Yeast form

2 — — — — — — — —

H. capsulatum-
Mold form

2 2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+

Note: + could be recovered, − could not be recovered.

Table 2. 
Saprophytic survivability of test organisms in unsterile soil by a soil plating technique.



Infectious Diseases Annual Volume 2022

76

survive both in sterile and unsterile soil (10–20 days). This clearly illustrates that 
yeast morphogenesis is an important adaptation developed by the C. neoformans, 
which is required for survival in the host (for pathogenic intracellular state), while 
the mold form is mandatory for the existence in soil as saprophyte (Table 2).

11. Protease moderation in dermatophytes and pathogenesis

The roles of protease in the pathogenesis of many microorganisms have been 
described [19]. Associations of protease in infections caused by Candida spp. and 
Pseudomonas aeruginosa have been documented [20, 21]. For the hydrolysis of struc-
tural proteins of skin, hair, and nails, dermatophytes require and, therefore, elaborate 
certain protein hydrolyzing enzymes. Lu [22] has reported that the hair perforation 
of T. mentagrophytes was due to certain enzymes. The roles of these enzymes in the 
pathogenesis of the disease have been established [23].

High enzyme activity was seen during the vegetative growth phase of all the species 
of anthropophilic dermatophytes studied. The enzyme activity of N. gypsea (previously 
named M. gypseum) and M. canis was found to be high during both the vegetative and 
sporulation phases by Ranganathan et al. [24]. Zoophilic and geophilic species usu-
ally evoke a severe inflammatory response in humans [25] on infection and is almost 
and always severe. Whether the ability to produce high levels of protease during the 
sporulation phase by N. gypsea and M. canis is the cause of the severe nature of infec-
tion when they clinically manifest in their unusual host (man) warrants a detailed 
study. However, a possible correlation between the abilities to produce high levels of 
proteolytic enzymes during both sporulation and vegetative phases of growth to the 
severity of infection may not be ruled out. The lowest enzyme activity among the 
anthropophilic group was recorded in all the strains of T. rubrum during the sporula-
tion phase compared to the vegetative growth phase in all the isolates. Rippon [3] has 
reported enhanced sporulation during parasitism. The low level of enzyme production 
during sporulation in T. rubrum might be the reason for the mild lesions produced in 
the host. The severity of the lesions produced by T. rubrum is less compared to other 
dermatophytes species. As Gokulshankar [16] reported, it is strikingly evident that 
all the clinical isolates of T. rubrum were from chronic cases, and the case history of 
three isolates indicates the persistence of lesions for more than two years. In general, 
it is understandable that the noninflammatory mild lesions would be neglected by the 
patients and, therefore, are untreated. Rippon [3] also noted that the protease produc-
tion is highly host specific, and the organism showed reduced physiological activity 
when growing on their preferred host (animal/man). This is a clear exemplification of 
the well-established anthropophization of the parasitic dermatophyte species.

The medium used to study the enzyme activity during sporulation was Takashio 
broth (1/10 diluted Sabouraud’s dextrose broth with KH2PO4 and MgSO4). The spores 
obtained in Takashio broth were asexual conidia, but during parasitism, the organism 
produces more arthroconidia. The study of the enzyme activity of T. rubrum during 
arthroconidia formation (produced during parasitism) is not possible because of the 
nonavailability of techniques to induce arthroconidial formation in vitro. Therefore, 
the low levels of protease activity of T. rubrum during sporulation phase cannot be 
directly correlated with pathogenesis.

Nevertheless, it is really intriguing to know the reason for low protease production 
during sporulation in all the anthropophilic groups of dermatophytes when the 
geophilic and zoophilic organisms showed almost statistically comparable levels of 
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protease production during both the phases of growth [26]. Is this moderation of 
enzyme activity during sporulation an adaptation of well-defined anthropophization?

12. Protease in M. furfur and pathogenesis

Enzyme secretion is regarded as one of the prominent virulence factors that are 
exhibited by many pathogens. Protease is an important virulence factor in several 
yeasts, including infections caused by Candida species in humans [27, 28] and kera-
tinolytic proteases of Candida albicans is involved in the invasion and digestion of 
human stratum corneum in vitro [29]. Lipases produced by Malassezia are generally 
considered to be potential pathogenic factors. However, Coutinho and Paula [30] 
had reported that all the strains of Malassezia pachydermatis isolated from dogs 
showed protease activity. Protease released by Malassezia species was proposed as the 
mediator of itch at free nerve endings in the skin and a contributor to the prominent 
pruritus seen in affected dogs [31]. Members of the genus Malassezia are reported to 
have a role in inflammatory to mild scalp conditions such as seborrheic dermatitis and 
dandruff, besides being implicated in pityriasis versicolor.

Seborrheic dermatitis is characterized by inflammation and desquamation in areas 
that are rich in sebaceous glands, such as the scalp, face, and upper trunk. Dandruff is a 
major cosmetic concern with noninflammatory scaling conditions of the scalp [32, 33]. 
The importance of Malassezia organisms in these scalp conditions has been supported 
by studies demonstrating parallel decreases in the number of organisms and the sever-
ity of the diseases [34, 35]. Malassezia organisms produce lipases, which can alter sebum 
production in the host and can produce break-out products such as free fatty acids on 
the skin surface, which is responsible for the clinical conditions [36]. M. pachydermatis 
strains are known to produce proteases that are linked to its parasitic mode of life [37].

The protease activity of the isolates of M. furfur from different clinical conditions, 
such as pityriasis versicolor, dandruff, and seborrheic dermatitis, showed varied 
activity. The protease production is mild from isolates of pityriasis versicolor, high in 
dandruff, and very high in seborrheic dermatitis (Table 3).

It is interesting to note that the low protease activity of M. furfur isolates cor-
responds to the chronicity of pityriasis infection, which is in a similar line to that of 
T. rubrum isolates from chronic cases of dermatophytosis. Ranganathan et al. [24] 
reported a similar finding on the relationship between chronicity and the low prote-
ase profile of T. rubrum isolates. The protease activity is high in isolates of seborrheic 
dermatitis, which again corresponds to the high level of inflammation in the patients. 

Clinical conditions Enzyme activity (units)

Mean SD

Seborrheic dermatitis 188.57 91.51

Pityriasis versicolor 42.61 15.46

Dandruff 140.36 62.60

F-value 37.075

P-value 0.000

Table 3. 
Comparative enzyme activity in M. furfur isolates from different clinical conditions.



Infectious Diseases Annual Volume 2022

78

The role of protease in pathogenesis or severity of infection caused by M. furfur is 
not clearly known; however, studies of Gokulshankar [16] throw light on the possible 
role. However, in the earlier study conducted by Chen et al. [38], the culture extracts 
of Malassezia sp. with and without proteases failed to stimulate canine keratinocytes 
in vitro. Probably, the combined activity of lipases and proteases is responsible for the 
clinical condition caused by M. furfur.

13. Pigment production in T. rubrum

T. rubrum is a typical example of an anthropophilic dermatophyte that is globally 
prevalent. Several studies from different geographical locations have documented 
that T. rubrum is one among the predominant dermatophyte species, which is the 
most frequent cause of human dermatophyte infections. As early as 1982, [39] have 
reported the ability of this species to cause persistent infection, which is often found 
to be refractory to treatment.

The unique feature, which differentiates T. rubrum from other species of derma-
tophyte, is the cherry red pigment produced by the organism. It is a useful tool for 
the identification of this species in conventional diagnostic mycology. The question 
that remains unanswered is: what is the role of the pigments in pathogenesis? Rippon 
[3] has reported that T. rubrum var. nigricans cause a severe lesion in humans when 
compared to the usual variety of T. rubrum. However, the nature of the pigment 
produced by T. rubrum and the external factors that influence the pigment production 
in T. rubrum are not clearly understood. Interestingly, during pigment production, the 
enhanced sporulation of the fungus has been noted [5]. Further enhanced sporulation 
is seen during active parasitism [3].

Gokulshankar [16] found that the color and nature of the pigment released by 
T. rubrum during sporulation and vegetative phase were different. However, both 
the pigments were highly soluble in methanol:chloroform (1:1) solution. The single 
band of pigment released during the sporulation phase was similar to that of one of 
the bands of the two fractions of the pigment released during the vegetative phase 
when run on thin-layer chromatography (TLC) plate. Furthermore, these two bands 
showed fluorescence under UV light. However, earlier studies [40] indicate that bands 
produced by T. rubrum in the different phases have a different spectral pattern, sug-
gesting that the chemical nature of the pigment released by the organism during the 
sporulation phase is totally different from the vegetative phase. However, a detailed 
study on the chemistry of the pigment may establish its probable role in pathogenesis.

Gokulshankar [16] also employed the susceptibility pattern of pigment-producing 
and non-pigment-producing isolates of T. rubrum against the antifungals, such as 
griseofulvin and miconazole, as a measure to correlate pigment production to patho-
genesis. It is interesting to note that the pigment-producing variants are less suscep-
tible when compared to the non-pigment-producing isolates. However, how these 
pigments interfere with the antifungals to promote resistance in T. rubrum isolates is 
not clearly known and warrants a detailed study.

14. Role of melanin in C. neoformans

One important characteristic of C. neoformans that differentiates its pathogenic 
isolates from the nonpathogenic isolates and other Cryptococcus species is its ability 
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to form a brown to black pigment (melanin) on any medium that contains diphenolic 
compounds (such as cowitchseed/niger seed/bird seed or caffeic acid agar) [7, 41]. 
This pigment was first described by Staib [42]. The importance of melanin produc-
tion in C. neoformans virulence was first demonstrated by several workers. Rhodes 
et al. [43] reported that naturally occurring C. neoformans mutants lacking melanin 
(Mel) were less virulent in the mice model than the strains that produce melanin. 
Other researchers further established this fact [44, 45].

C. neoformans melanogenesis is capable of conversion of dihydroxyphenols (DOPA 
to dopaquinone). This conversion is catalyzed by a phenoloxidase, which is present in 
C. neoformans, and this conversion is a rate-limited step because subsequent steps in 
the melanin pathway are spontaneous, such as (a) dopaquinone rearranging to dopach-
rome and (b) subsequent autoxidation to melanin [46]. However, C. neoformans does 
not possess the tyrosinase enzyme. The absence of tyrosinase makes C. neoformans 
incapable of endogenous production of DOPA [45]. Therefore, the organism has to 
be grown in a medium containing diphenolic compounds (such as bird seed agar) 
to produce melanin. In the environment, if C. neoformans isolates are able to acquire 
diphenolic compounds, it is possible for the organism to produce melanin with phe-
noloxidase. The human brain is usually rich in catecholamines (such as DOPA) and, 
therefore, becomes an ideal (or is it favorite?) target site for infection (cryptococcal 
meningitis) by C. neoformans. However, the deterrent factor is that C. neoformans can-
not use catecholamines as sole the carbon source of living. Hence, it is to be understood 
that the brain is not a preferred “nutritional niche” for the growth of C. neoformans 
[47]; rather, it may be rightly called a “survival niche.” Melanin production is, thus, a 
virulence factor in the pathogenesis providing a survival advantage in meningeal infec-
tions. C. neoformans is most likely able to use catecholamines in the brain to become 
melanized, thereby capable of protecting itself from oxidative damage.

Melanin-producing isolates have several advantages as they were resistant to dam-
age by an in vitro epinephrine oxidative system [47] and were found to be protected 
from damage by hypochlorite and permanganate [48]. Thus, C. neoformans mutants 
lacking phenoloxidase enzyme are highly susceptible both in the natural habitat and 
in the host tissue when the environment is hostile (decreased chance of survival).

Wang and Casadevall [49] added to the knowledge by testing the survival of C. 
neoformans in the presence of reactive nitrogen intermediates, nitric oxide, and the epi-
nephrine oxidative system. Wang and Casadevall [50, 51] experimentally proved the 
survival advantage by culturing C. neoformans cells in a medium containing L-DOPA 
to allow them to produce melanin. Melanized Cryptococci survived damage in the test 
systems, which was significantly better than nonmelanized cells of the same strain.

Furthermore, in the human host, melanin production makes C. neoformans less 
susceptible to amphotericin B than nonmelanized yeast cells, and this may contribute 
to the challenge in the management of cryptococcal infections in immunocompro-
mised hosts [50, 51].

Gokulshankar [16] demonstrated that melanin-producing clinical variants are 
more resistant to antifungals, viz., flucytosine and amphotericin B, than the non-
pigment-producing environmental isolates. The clinical isolates were basically from 
AIDS cases, and their ability to produce melanin in defined minimal media contain-
ing DOPA and in caffeic acid agar combined with less susceptibility to standard 
antifungals is of greater significance.

The co-inoculation studies of C. neoformans with C. lunata also gave interesting 
results [16]. The colony of C. lunata was found to overgrow and inhibit the colony of 
C. neoformans. However, this phenomenon was observed only when the environmental 
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isolates of C. neoformans were co-inoculated with C. lunata. The clinical isolates of 
C. neoformans showed a pattern of co-dominance (mutual inhibition of colonies at a 
distance) when grown on SDA with C. lunata. This pattern was unique as the environ-
mental isolates used in the study were nonpigment producers (mel-) and the clinical 
isolates were pigment producing (mel+). C. lunata also produces a black pigment 
(similar to melanin?). It could be that the pigment produced by C. lunata is the inhibit-
ing factor for nonmelanized cells of C. neoformans, whereas the melanin-producing C. 
neoformans shows co-dominance with the C. lunata because there is a mutual inhibi-
tion among the organisms at a distance. This clearly suggests that melanin production 
in C. neoformans is a key factor to survive the competition of the other fungi/bacteria 
in its environmental niche. C. neoformans is usually found in its natural environment, 
viz., pigeon coups in the melanized state [52].

The feeding assay of C. neoformans by earthworms showed that both the non-pig-
ment-producing environmental isolates got digested in the gut of all the four species of 
earthworms, while the recovery of the pigment-producing clinical isolates was possible 
from all four species of earthworms. It can be, therefore, presumed that the melaniza-
tion of C. neoformans may help not only in the UV protection as reported by earlier 
workers but also in escaping the predation by soil organisms such as earthworms.

In summary, melanin production in C. neoformans may have multiple functions. It 
is not only essential for protecting this opportunistic pathogen from host defenses but 
also provides a survival advantage in the environment (Figures 1 and 2).

It makes sense if the clinical isolates of C. neoformans are virulent, but Casadevall 
and Perfect (1998) found that isolates from soil samples are virulent. The environ-
mental isolates are found to have two important traits: capsule and melanin produc-
tion. It stimulated the interest of several researchers who put forth the following 
questions: (i) why does a soil/environment dwelling organism, such as C. neoformans, 
need to possess virulence characteristics and (ii) how did this organism acquire the 
ability to cause infections in animals and humans when the passage through them (as 
intermediate host/vector) is not required for their replication or survival?

Figure 1. 
Cryptococcus neoformans and its virulence factors.
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Bunting et al. [53] suggested that certain types of amoebae, Acanthamobae 
polyphage, can predate on C. neoformans. Steenbergen et al. [54] proposed that C. 
neoformans cells are phagocytosed by A. castellani and demonstrated the intracellular 
replication of yeast cells by the process of budding inside the phagosomes of the 
amoebae. They also did immunofluorescence microscopy and immunogold transmis-
sion electron microscopy to prove that the formation of polysaccharide-containing 
vesicles is associated with the intracellular growth of C. neoformans in amoebae. The 
phenomenon is similar to the one that is observed during the growth of C. neoformans 
in macrophages.

Melanin production, capsule synthesis, and phospholipase secretion were, 
therefore, required to escape the predation by amoebae. Therefore, the soil amoebae 
influence the survival traits of C. neoformans, which helps the organism for mainte-
nance of the fungal virulence in the environment. Gokulshankar [16] demonstrated 
that the predation and digestion of nonmelanized cells are possible by four species of 
earthworms. Therefore, it is scientifically possible to consider the role of earthworms 
in maintaining of the virulence of C. neoformans in soil as well.

Further experiments of Rosas and Casadevall [55] confirmed that in vitro mela-
nization makes C. neoformans less susceptible to hydrolytic enzymes. A feeding assay 
of C. neoformans with four different species of earthworms was carried out, and a 
similar kind of protection from the digestive enzymes of the earthworms could be the 
plausible reason for the recovery of only melanized cells of C. neoformans from the 
worm cast [16].

Melanin may also play a role in the protection of C. neoformans from the digestive 
enzymes released by the antagonistic microbes (soil fungi and bacteria) and provides 
a survival advantage during the constant and complex interactions of C. neoformans 
with other soil micro and macroflora.

Figure 2. 
Cryptococcus neoformans: Plausible factors that lead to the development and maintenance of virulence in the 
environment.
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15. Dimorphism and H. capsulatum

The ability of the fungus to have a morphologic transition from a geophilic 
(saprobe lifestyle) multicellular mold form to a parasitic (pathogenic/infective form) 
unicellular yeast form is called dimorphism. This phenomenon is governed by tem-
perature in H. capsulatum. This MY shift (mold-to-yeast conversion) is an important 
virulence factor, and isolates that are incapable of this shift are avirulent [3].

This process can be replicated in the microbiology laboratory by just changing 
the incubation temperatures from room temperature 25°C (saprobic phase) to 37°C 
(parasitic phase), and the shift is usually reversible.

H. capsulatum is able to produce a defect in macrophages by shutting down the 
respiratory burst activity, which is key microbicidal activity to address the intracellu-
lar pathogens. Histoplasmosis, in general, considered the “fungal equivalent” (homo-
log) to the bacterial infection (tuberculosis) caused by Mycobacterium tuberculosis. 
Interestingly, both H. capsulatum and M. tuberculosis are capable of exploiting the 
immune cells of the host (macrophage) and using them as a vehicle for causing infec-
tions (acute or persistent pulmonary and its dissemination to the organ system [56].

Gokulshankar [16] wanted to find whether yeast form is more pathogenic than 
mold form. However, we have demonstrated experimentally that intracellular growth 
inside macrophages is not only possible for yeast form of H. capsulatum but also for 
the mold form. The yeast cells get converted to mold form (observed as formation of 
hyphae) in the macrophages at an incubation temperature of 25°C. This shift from 
yeast to mold form inside macrophages indicates that the mold form could also be 
equally infective. However, due to the constant body temperature of 37°C of the 
human host, which favors yeast growth, mold form is seldom encountered in the 
human tissues during infection. The infectivity of the mold form of H. capsulatum is 
further confirmed by infection assay in garden lizard (poikilothermic animal model), 
where experimental lesions are possible by injecting mold/yeast form and incubat-
ing the animal at both 25°C and 37°C. The saprophytic survival of the yeast form is 
not possible for H. capsulatum. The existence of the yeast form of H. capsulatum in 

Figure 3. 
Histoplasma capsulatum and its virulence factors.
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the soil is challenged by predating organisms such as earthworms (may be also by 
soil amoebae as in the case of C. neoformans). The yeast cells of H. capsulatum get 
digested inside the gut of earthworms, and their recovery was not possible. The mold 
form of H. capsulatum survives predation by earthworms. This could be attributed 
to the formation of ornamented macroconidia (tuberculate) by the mold culture of 
H. capsulatum. Probably, in the course of evolution, H. capsulatum managed to adapt 
itself for intracellular growth (inside phagocytic cells) by developing intracellular 
yeast form, while a mold form is inevitable for existence as a saprophyte in soil. 
The compact yeast form may be more resistant to the enzymatic degradation in the 
intracellular state than a mold form. Eissenberg et al. [57] proposed that yeast cells 
of C. neoformans adapt the mechanism of increasing the pH of the phagolysosome to 
manage and survive in the otherwise extremely hostile environment is by increasing 
the pH of the phagolysosome. Thus, dimorphism gives the advantage to H. capsulatum 
for two modes of survival: parasitic (as yeast) and saprophytic (as mold) (Figure 3).

16. Conclusion

The ecological niche of different groups of dermatophytes varies from species to 
species. For example, in the genus Microsporum, N. gypsea is geophilic, while M. canis 
is zoophilic despite the fact that both of these organisms are basically keratinophilic 
in nature. For a long time, no clear-cut answer was previously given for how and why 
such a unique divergence in their habitat preference has emerged. Several studies 
have established the existence of homology at the genetic level between the geophilic 

Figure 4. 
Proposed probabilities of the evolution of saprophytic fungi into pathogenic fungi.
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dermatophytes and the highly evolved “present-day” obligate parasitic dermato-
phytes. Mycologists strongly believe that these anthropophilic parasites might have 
existed in the soil before and gradually lost all these soil-inhabiting characteristics in 
their process of evolution as obligate parasites.

In the light of the findings of Gokulshankar et al, it is presumed that the inability 
of anthropophilic dermatophytes to escape the predation or manage to survive in the 
earthworm gut might have also contributed to the shrinkage of their prevalence in 
earthworm-rich soils, and therefore, these dermatophytes would have been forced to 
select a new line of adaptation. The ubiquitous prevalence of different species of earth-
worms in the majority of soil types all over the world is known, and this fact makes 
it possible to hypothesize that these once saprophytic dermatophytes would have the 
chance to pass through the gut of earthworms during their existence in soil. Probably, 
their inability to escape the predation (unable to survive successfully in the gut during 
this passage) could have also contributed to their elimination from the natural habitat. 
Other contributing factors could be the antidermatophytic activity of the predominant 
keratinophilic fungi in soil (such as C. keratinophillum). This inhibition coupled with 
antibiosis by other soil fungi (such as Aspergillus species) could also have played a role 
in the parasitic divergence of these dermatophytes. The role of other soil macroflora, 
such as mycophagous insects and mites, cannot be ruled out.

Similarly, the predation by earthworms (also by other nematodes and amoebae) 
may help in the maintenance of virulence in saprophytically existing pathogens such 
as C. neoformans and H. capsulatum (Figure 4).
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Note

At the time of conduction of this experiment, M. furfur was commonly implicated 
with dandruff, but according to the new classification method of molecular biology, 
currently, M. globosa and M. restricta are both attributed to dandruff and other scalp 
conditions caused by these lipophilic yeasts.
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Chapter 5

Biology and Epidemiology of 
Malaria Recurrence: Implication for 
Control and Elimination
Aklilu Alemayehu

Abstract

Malaria recurrence not only increases its clinical episodes, but also sustains 
transmission. It significantly contributes to a high burden of malaria and impedes 
elimination. Malaria recurrence can be due to reinfection, relapse, or recrudescence. 
Based on the type of recurrence, parasites exhibit similar or dissimilar genotypes 
compared to the genotype involved in initial infection. This review aimed at showing 
a comprehensive overview of malaria recurrence. Molecular techniques, such as real-
time polymerase chain reaction (PCR), nested PCR, multiplex PCR, and sequencing, 
help to characterize malaria recurrence. However, these tools are hardly accessible 
in malaria-endemic areas and are unable to detect liver hypnozoites. Moreover, PCR 
is unable to adequately differentiate between relapse and reinfection of P. vivax. 
Recurrent malaria, particularly relapse, accounts for major portion of malaria preva-
lence. Through renewed parasitemia, recurrence remained as a daunting public health 
problem. More works remain to overcome the challenges of recurrence in efforts to 
control and eliminate malaria. Limited understanding of malaria recurrence impedes 
the development of robust tools and strategies for effective mitigation. Continued 
biological and epidemiological studies help unravel the persistent complexities of 
malaria recurrence and develop ideal tool to fight malaria.

Keywords: plasmodium, recurrence, reinfection, recrudescence, relapse, malaria 
elimination

1. Introduction

Recurrence of malaria is the return of malaria symptoms after varying lengths of 
symptom-free duration [1]. It often involves the reappearance of asexual stages of 
Plasmodium parasite in the peripheral circulation of a person, who was previously 
infected [1–3]. The reappearing parasite can be either similar or different to the 
genotype and/or species of the parasite responsible for primary infection [1, 2, 4]. 
Reemergence of asexual parasitemia can be due to persistence of the asexual parasite 
despite treatment; release from liver schizogony of reactivated hypnozoite; or from a 
novel infection [1].
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Relapse and recrudescence are forms of recurrent malaria involving renewed 
parasitemia following hypnozoite reactivation and unsuccessful treatment, respec-
tively. Reinfection involves the reappearance of malaria ensuing from the inoculation 
of sporozoites from an infected mosquito bite. Generally, depending on its source, 
malaria recurrence is classified into three types: relapse, recrudescence, and reinfec-
tion [1, 2]. The source of recurrence can be assessed by combining clinical findings 
with microscopy, genotyping, and measuring drug absorption [5].

2. Biology of malaria recurrence

2.1 Reinfection

Reinfection is renewed clinical illness or peripheral blood parasitemia due to a new 
infection with plasmodium parasite [6]. It appears after recovery from the primary 
infection, but usually involves different genotypes of the parasite [1, 5]. Malaria rein-
fection results from the injection of new sporozoites. It is critical to identify reinfec-
tion from other types of malaria recurrence for public health decision-making [5].

Markers currently employed to distinguish reinfection from other types of 
malaria recurrence include merozoite surface proteins (MSP1 and MSP2) and the 
gene of the glutamate rich protein (GLURP) [5, 7]. In reinfection, the reappearing 
parasite should not always exhibit a different genotype from the organism found at 
initial infection [1, 2]. However, all alleles of the posttreatment appearing parasite 
should be distinct from those identified in the pretreatment sample tested for one 
or more loci. This means it is possible to declare reinfection based on a single marker 
exhibiting disparity on all of its alleles between pretreatment and posttreatment 
samples [5, 7].

Reinfection is often associated with P. falciparum in endemic settings [8]. 
However, emerging reports show the possibility of reinfection with other species 
of Plasmodium [8, 9]. Likewise, Lau et al., reported reinfection with a nonhomolo-
gous strain of Plasmodium knowlesi from Malaysia [10]. In the case of Plasmodium 
vivax, reinfection could be disregarded if the patient relocates to settings with no 
malaria transmission [9]. Particular attention is vital to characterize involved spe-
cies and the corresponding management [8]. Besides, reinfection further exacer-
bates transmission dynamics with its potential to activate hypnozoite; introduce 
new strains and/or species to result in heterologous relapse, and provide a chance 
for immune evasion. Generally, malaria recurrence increases efficiency, chance, 
and longevity of malaria transmission in so doing it threatens the productivity of 
interventions [11].

Reinfection can play a remarkable role in sustaining both the clinical and epide-
miological impact of malaria. Reinfection with P. vivax entails relapse from itself 
and/or from the latent infection [9]. Similarly, reinfection with P. falciparum triggers 
relapse, thereby complicating the disease and the subsequent transmission potential 
[12]. In areas with high transmission of malaria, slowly eliminated antimalarial 
drugs are used to clear parasitemia and reduce the risk of subsequent reinfection 
[13]. Appropriate case management can potentially reduce parasite transmission 
[14]. Frequent reinfections can arise from the poor yield of interventions. Therefore, 
reinfection is a good marker for the effectiveness of preventive activities, such as 
vector control [9, 14, 15].
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2.2 Relapse

Malaria relapse is hypnozoite-mediated reemergence of malaria symptoms 
 following a successful clearance of bloodstream parasitemia. It is characterized by the 
recurrence of asexual parasitemia ascending from hypnozoite stages of past infection 
[1–3, 16]. The dormant hypnozoites persist in the liver and mature to form hepatic 
schizonts. These hepatic schizonts rupture and release merozoites into the peripheral 
circulation with an interval commonly ranging from 3 weeks to 1 year [1, 2, 17, 18]. 
Relapse is common in P. vivax and Plasmodium ovale infections [2, 16, 19].

Liver hypnozoites can be formed either at initial infection from the newly inocu-
lated Plasmodium or during the existing infection from the erythrocytic Plasmodium. 
In areas where P. falciparum and P. vivax are co-endemic, the newly inoculated sporo-
zoites of P. vivax sometimes directly go to the dormant stage in the liver as a strategy 
to avoid the potential damage that can result from the competition with P. falciparum 
in the bloodstream [20]. Reactivation of dormant hypnozoite occurs in response to 
the creation of favorable conditions due to various factors, such as a change in host 
immunity or inoculation of new Plasmodium [4, 12].

For a long time, relapse is considered as the hypnozoite-mediated reappearance 
of clinical malaria [16]. However, recent developments suggest the possibility of 
relapse from the reappearance of erythrocytic plasmodial stages from bone marrow 
and spleen. According to studies on nonhuman primates and humans, bone mar-
row is a key tissue reservoir of P. vivax schizonts [21–23]. Apart from a hypnozoite 
origin, another noncirculating source bringing about homologous parasitemia 
results in relapse-like P. vivax recurrences, which would better be regarded as 
recrudescence than relapse [6]. This concept raises the question of differentiat-
ing the parasite population arising from hypnozoite and non-hypnozoite-driven 
 recurrences [22].

Recurrence from noncirculating and non-hypnozoite sources, adds to the 
longstanding complexities of malaria biology and epidemiology, particularly vivax 
malaria [6, 16, 19, 21, 23]. Peripheral parasitemia is a poor indicator of parasite bio-
mass in a patient [6, 22, 23]. Therefore, assessing the involvement of the hematologic 
niche in malaria recurrence is gaining attention from the scientific community to 
improve the understanding of the pathogenesis of recurrence and reinforce the fight 
against malaria [3, 21–23].

Recurrences due to P. vivax can be homologous or heterologous, either of which 
can be reinfection, recrudescence, or relapse [4, 6, 22, 24]. Besides, different 
populations of hypnozoites derived from repeated inoculations can be found in the 
peripheral blood of a person [17]. This introduces difficulty in discerning the type 
of recurrence in P. vivax [4]. However, it is possible to consider most homologous 
recurrences as relapse provided recrudescence can be excluded in areas with high 
genetic diversity of P. vivax [4, 20]. Yet, relapse rates might be underrated since they 
can sometimes contribute to heterozygous recurrence due to polyclonal inoculum by a 
mosquito [4, 6, 17, 22].

The relapse of P. vivax usually ranges from weeks to a year [17, 20]. However, 
according to controlled human malaria infection, the frequency and number of 
relapses differ with host immunity and geographical location. In tropical areas, the 
risk of relapse is high with short intervals (less than a month); whereas temperate 
and subtropical areas are characterized by a lower risk of relapse recurring after a 
long latency (8–12 months) [17, 25]. Consistent with this, patients in regions of short 
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relapse periodicity had a greater rate of P. vivax parasitemia than those in regions of 
long relapse periodicity (HR = 8.61 95% CI: 2.34–31.65; P = 0.001) [17]. In addition 
to places, the severity of relapse illness shortens the periodicity by activating more 
hypnozoites in the liver [20]. Conceivably, a modeling result shows a shorter latent 
period of hypnozoites increases P. vivax recurrence further reinforcing the problem 
(Figure 1) [26, 27].

2.3 Recrudescence

Recrudescence of malaria is the return of malaria symptoms after symptom-free 
periods. It is caused by parasites surviving in peripheral circulation despite treatment 
[1]. Recrudescence is characterized by the reappearance of genetically similar asexual 
stage parasites to the initial infection, usually due to incomplete therapy. In recrudes-
cence, at least one allele at each locus is common to both paired samples collected at 
primary infection and recurrence [5, 16]. Recrudescence often results from incom-
plete clearance of asexual parasites by antimalarial drugs. It is common in infections 
with P. malariae and P. falciparum [1, 2].

Recrudescence associated with failure to prevent or cure malaria does not neces-
sarily mean drug resistance. It can also be a temporary drug-associated quiescence, 
whereby ring stages of P. falciparum parasite in the RBCs become temporarily 
dormant ensuing exposure to artemisinin derivatives, such as dihydroartemisinin 
[28]. Based on this phenomenon, it is conceivable that early homologous recurrence 
of P. vivax might be misclassified as relapses while being recrudescence resulting 
from temporary drug-induced dormancy. In the absence of PQ therapy, the use of 
whole-genome analysis might help resolve such uncertainty [24]. Recrudescence 
should be properly characterized as it carries a considerable public health challenge 
(Table 1) [29].

Figure 1. 
Pathogenesis of infection, and recurrence with P. vivax. Hypnozoite and schizont infection of liver occur following 
inoculation of sporozoites. However, after the inoculation, the parasite may develop and multiply to cause blood 
infection (upper row) or may enter into long-term latency (lower row). Furthermore, a portion of the hypnozoites 
remains in the liver to continue to relapse periodically. Suggested intervention strategies at specific weak spots are 
indicated (green shades inside Brocken-lined boxes). MDA: Mass drug administration.
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3. Management of malaria recurrence

3.1 Diagnosis of malaria recurrence

Proper laboratory diagnosis forms the foundation for achieving malaria control 
and elimination. Accurate, reliable, and timely results are essential to managing 
initial and recurrent episodes of malaria [30, 31]. The effectiveness of malaria inter-
vention is a function of the right diagnosis at the right time and the right treatment. 
Treatment without laboratory confirmation may result in overtreatment with anti-
malarials that may facilitate the development of drug resistance and waste resources 
[8, 32]. Malaria case management solely based on a clinical diagnosis not only reduces 
the effectiveness of treatment outcomes but also worsens the clinical and epidemio-
logical burden of malaria by paving the way for recurrence and transmission [8].

Malaria microscopy, so far, has been the mainstay to detect and identify 
Plasmodium parasites. However, this method suffers from deficiency to detect very 
low density of parasites and difficulty to identify recurrences [33]. Molecular diagno-
sis provides optimum sensitivity and specificity to characterize malaria recurrence. 
Distinguishing recrudescence from reinfection is important to monitor the effective-
ness of the therapeutic intervention. Molecular tests, such as PCR, employ genotyp-
ing target genes of the Plasmodium for diagnosis of malaria recurrence [14, 32].

Genotyping Plasmodium parasites is fundamental to comprehending parasite 
biology; clinical management and innovation of tools to mitigate disease. Plasmodium 
parasites vary by pathogenesis; susceptibility to drugs; recurrence pattern; and 
transmissibility by mosquito species. Genotyping these parasites help to describe 

S. No Feature Relapse Reinfection Recrudescence References

1 Genotype 
similarity 
to primary 
infection

Yes/No No Yes [4, 5]

2 Periodicity Weeks to 
years

Depends 
(multifactorial)

Days to weeks
(Usually 
3–4 weeks)

[9, 17]

3 Origin Liver-
hypnozoite

Sporozoites Merozoites [5, 6, 9]

4 Mechanism Reactivation 
of liver-
hypnozoite

Inoculation of 
sporozoites by 
bite from infected 
mosquito

Persistence 
of asexual 
parasitemia 
after treatment 
due to 
treatment 
failure

[3–6]

5 Need for 
mosquito bite

No Yes No [5, 6]

6 Commonly 
involved 
species

P. vivax and 
P. ovale

P. falciparum P. falciparum 
and P. malariae

[5, 6]

Table 1. 
Comparison of different types of recurrence in malaria.
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the current population, understand the relationship among various populations, 
and characterize clinical and epidemiological features [34]. The polymerase chain 
reaction is a powerful tool to detect and identify Plasmodium parasites with high 
sensitivity and high specificity, respectively [35]. Generally, genotyping stands at the 
forefront of malaria elimination [5, 33, 35].

Recent advances in molecular techniques have improved the detection and 
identification of malaria parasites [14, 34]. Unlike microscopy and rapid diagnostic 
tests (RDTs), molecular techniques involving PCR help to identify and character-
ize recurrences [30]. They are essential partners in the control and elimination of 
malaria, as they both help detect and prevent recurrence through increased sensitivity 
and specificity [34]. They help detection of sub-microscopic, asymptomatic, mixed, 
and multiclonal infections in addition to suggesting drug resistance possibility [36]. 
Hence, molecular techniques substantially improved case management by revealing 
these contributors to recurrence in various ways [30, 32].

Generally, although molecular tests ominously revolutionized the interventions 
against malaria, some works remain to further improve their yield in the fight against 
malaria. There is no reliable laboratory test to diagnose liver-stage hypnozoites of 
P. vivax [37]. Besides, in the case of P. vivax, it is difficult to differentiate between 
relapse, recrudescence, and reinfection, as they might involve parasites with similar 
or different genotypes to the parasite found in an initial infection. Due to their high 
cost and technical complexity, molecular tests are not readily available in developing 
countries with a high burden of malaria [5, 38].

3.1.1 Nested polymerase chain reaction

Nested PCR is a type of PCR that involves two sets of primers used in two 
sequential runs of PCR. It is a technique, whereby the first PCR generates a mix of all 
Plasmodium species DNA products, which can be used in the second PCR run with 
primers internal (nested) to the first pair of primers. The first amplification, nest 1, 
allows detection of the Plasmodium genus-specific genes. Products of samples tested 
positive will then be subjected to a further four nested reactions (for four species) to 
determine the species compositions [35]. The purpose of the second run is to amplify 
a secondary target (species-specific sequence) within the first run product. It is an 
ideal technique for increasing the sensitivity and specificity of PCR [5, 33, 35].

The nPCR assay genotypes malaria parasites by targeting marker genes for 18S 
rRNA, merozoite surface proteins (MSP1 and MSP2), and gene of the glutamate rich 
protein (GLURP). Detection of amplicons from nPCR is usually done by agarose 
gel electrophoresis. Besides, these markers help to discriminate recrudescence from 
reinfection [35]. These markers possess varying power to discriminate between 
Plasmodium species. Accordingly, while MSP2 and GLURP have similar power, MSP1 
has lower discriminatory power than these two markers. Despite the vulnerability of 
GLURP to “artifact bands,” and the varying performance of different markers across 
different geographical places, the general discriminatory power is constant [5].

Despite its remarkable benefits, nPCR is susceptible to contamination due to its 
extreme sensitivity and involvement in sample manipulation. Contamination origi-
nates from human errors due to the transfer of parasite material between samples or 
between samples and PCR reagents. The other type of contamination, which is more 
serious, occurs when PCR product from either of the two runs is exposed to samples, 
reagents, or equipment. Furthermore, the use of two separate reactions makes nPCR 
costly (Figure 2) [35].
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3.1.2 Real-time polymerase chain reaction

Real-time polymerase chain reaction (PCR) is usually referred to as quantitative 
PCR (qPCR) since it involves detection, identification, and quantification of target 
DNA data as it occurs. It is characterized by continuous monitoring of amplicons 
production from the parasite DNA by using fluorescent-labeled reporters, including 
DNA intercalating dyes, such as SYBR green, and sequence-specific probes [39]. Real-
time PCR targets polymorphic regions of MSP1, MSP2, and GLURP and are present 
simultaneously or singly on the Plasmodium parasite [40].

Real-time PCR can play an important role in characterizing malaria recurrence 
through simultaneous detection and quantification of the Plasmodium parasite. It 
allows multiplexing that will provide a critical framework for the identification of 
parasites involved in reinfection, recrudescence, and relapse. Besides, as well as can 
help detect genes responsible for resistance to antimalarial drugs, thereby helping 
the chance of malaria recurrence and transmission [41–43]. Moreover, due to its 
good sensitivity and specificity, real-time qPCR can be useful in both epidemiologi-
cal and clinical studies as well as early detection of cases that might entail recurrence 
(Figure 3) [44].

Figure 2. 
Schematic diagram of nested PCR. The nPCR involves two-stage amplification of the target DNA of malaria 
parasites by using two sets of primers that target species- and genus-level markers of the plasmodium. The 
external primer targets genus-level-marker: 18S rRNA, whereas the internal primer targets species-level-marker: 
MSP1, MSP2, and GLURP. The first run may produce unwanted products. A portion of amplicons from the first 
run is used as a template in each of four separate PCR reactions to produce uncontaminated final products.
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3.1.3 Multiplex polymerase chain reaction

Multiplex PCR is a molecular technique characterized by simultaneous detection 
of several targets within a single reaction by using diverse pairs of primers specifically 
designed for each target [41]. In context of malaria, specie-specific primers labeled 
with different fluorescent dyes targeting MSP and GLURP markers are contained in 
the master-mix used to detect five species of Plasmodium by a single run [40]. The 
recently developed multiplex malaria sample ready PCR showed a hopeful result in 
Sierra Leone by demonstrating twice and four times higher sensitivity compared to 
malaria RDT and microscopy, respectively [45].

Multiplex PCR provides more information with fewer samples in a reasonably short 
time. It allows the detection of multiple species of Plasmodium from a single sample with 
a single run, thereby contributing to characterizing types of recurrence for proper case 
management and research purpose. In general, multiplexing is an excellent cost-saving 
strategy, with a particular implication in resource-limited settings [40]. However, 
multiplex PCR suffers from process complexity, poor universality, and variability in 
efficiency for different templates. Furthermore, multiplex PCR showed relatively lower 
sensitivity than nPCR for Plasmodium species due to the competition between different 
amplicons for limited supplies found in the reaction well (Figure 4) [40, 47].

Figure 3. 
Graphical presentation of real-time PCR principle (TaqMan system). Real-time PCR involves a probe that is 
labeled at the five prime ends with a fluorescent reporter dye (F) and at the three prime ends with a quencher dye 
(Q ). In intact probes, the fluorescence of the reporter is quenched by the close presence of a quencher. Then, probes 
and the complementary DNA strand are hybridized and reporter fluorescence is still quenched. During extension 
step of the PCR, the probe is degraded by the Taq polymerase and the fluorescent reporter is released resulting in 
florescence emission, which is essential information to detect and quantify the target sequence. PCR: Polymerase 
chain reaction, Taq pol: Taq polymerase, Q: Quencher, and F: Fluorophore [42].
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3.1.4 Sequencing

Sequencing is the process of determining the order of nucleotides in a piece of 
DNA. It can be done in a small targeted genomic region or entire genome of an organ-
ism, including Plasmodium parasite [48]. A single-cell level sequencing Plasmodium 
parasites to explore parasite relatedness in Malawi proved the possibility of emergence 
of a new strain within an individual from super-infection with P. falciparum due to 
repeated reinfection. This study also reported unexpectedly frequent co-transmission 
of related parasites in intense transmission settings in the country, thereby intensify-
ing possibility of recurrence and transmission [49].

Whole genome sequencing of P. vivax isolates from Ethiopia revealed frequent 
sequence and structural polymorphisms in erythrocyte binding genes that code for 
Duffy antigen/chemokine receptors [50]. The currently emerging data suggest that 
MSP involved in RBC adhesion is rapidly evolving [50, 51]. This signals for expanding 
pattern of P. vivax in areas previously considered not affecting Duffy-negative indi-
viduals [50]. Moreover, sequencing data can help characterize recurrence, particularly 
strains involved in relapse, which is inevitable since the parasite continues to infect 
both Duffy-negative and positive people [50, 51].

Amplicon sequencing involves sequencing a particular DNA segment of a parasite 
we are interested in. It helps to identify a single nucleotide polymorphism in the 
Plasmodium parasite [52]. Amplicon sequencing helps to characterize the genetic 
diversity of Plasmodium parasites by showing the number of alleles in a population in 
time and space. It serves as an ideal tool for characterizing the spatiotemporal flow of 
Plasmodium infection and geographical tracking of transmission patterns, including 
new and recurrence [52]. It is also an important tool to assess drug resistance genes, 
particularly by detecting the kelch 13 (K13) propeller gene of P. falciparum, thereby 

Figure 4. 
Diagram showing the multiplex PCR approach [46]. Multiplex PCR is a type of PCR in which multiple 
target DNA are simultaneously amplified in a single reaction tube. It involves the use of specific primers that 
can specifically combine with their corresponding DNA target contained in a master-mix, and hence allow 
amplification of more than one DNA fragment from a single and/or many samples.
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allowing recrudescence characterization [53, 54]. Furthermore, next-generation 
sequencing enables determining the transmission dynamics of Plasmodium species 
[55]. Nevertheless, these parasite sequencing methods are costly and are not suf-
ficiently standardized for extensive use in field and clinical settings, particularly in 
malaria-endemic settings (Figure 5) [52, 55].

3.2 Treatment and/or prevention of malaria recurrence

Primaquine is the only drug widely applied to prevent relapse by clearing liver 
hypnozoites [27]. Recently shreds of evidence are emerging on the possibility of pre-
venting malaria relapse with a single dose tafenoquine (TQ ) treatment [56]. Universal 
radical cure with ACT and PQ/TQ is hoped to reduce parasitemia by leveraging the 
high risk of P. vivax parasitemia following P. falciparum infection in co-endemic set-
tings [57]. This strategy produced a remarkable reward within one year by bringing 
about a 90% reduction in parasitemia of P. vivax among a cohort of children in Papua 
New Guinea [17, 58].

Preventing recurrent parasitemia reduces morbidity and mortality directly 
associated with malaria and indirectly with other secondary diseases [59]. Besides, 
a comprehensive treatment policy for malaria provides considerable benefits at an 
individual, public health, and operational level in settings, where P. falciparum and  
P. vivax are co-endemic. For prevention of recurrence, particularly relapse of P. vivax, 
establishing strong adherence to a full dose of PQ as a radical cure can strengthen 
control and elimination efforts [37]. Individuals carrying a high load of hypnozoites 
are more likely to relapse and therefore be targeted for treatment with PQ [60].

Improved case management is pivotal to prevention and control of malaria recur-
rence, particularly recrudescence. Use of highly sensitive molecular tools, such as 
PCR, help to detect submicroscopic parasitemia, and hence treatment [8, 31]. On the 
other hand, strengthening vector control strategies is important to prevent reinfec-
tion by protecting from infectious mosquito bites [8].

Hypnozoiticidal therapy against latency is used to prevent relapses from P. vivax 
and P. ovale [7]. The G-6-PD status of patients should guide the administration of 
PQ to prevent relapse. To prevent relapse, treat P. vivax or P. ovale malaria in children 
and adults with a 14-day course (0.25–0.5 mg/kg/BW/day) of PQ in all transmission 
settings. Nevertheless, this recommendation excludes pregnant women, infants 
aged below 6 months, women breastfeeding infants aged below 6 months, women 
breastfeeding older infants with unknown G-6-PD status, and people with G-6-PD 
deficiency. In people with G-6-PD deficiency, with close medical supervision for 
the risk of PQ-provoked hemolysis, consider preventing relapse by giving PQ base 
at 0.75 mg/kg/BW/week for 8 weeks. If the G-6-PD status is unknown and G-6-PD 
testing is not available, a decision to prescribe PQ must be based on risks and 
benefits [37, 61].

Figure 5. 
Overview of DNA sequencing. DNA sequencing involves preparation of target DNA (sample collection and 
nucleic acid extraction); library preparation (adaptor ligation, size selection, and amplification); sequencing and 
data analysis (base calling, alignment, and annotation).
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Tafenoquine is a single-dose (300 mg) drug approved only for use in combination 
with chloroquine (CQ ) for adult patients who are nonpregnant and G-6-PD-normal. 
Before administering TQ , make sure the patient has normal G-6-PD activity (>70% 
[7, 61]. In pregnant or breastfeeding women, consider weekly chemoprophylaxis 
with CQ until delivery and breastfeeding is completed. Then, based on their G-6-PD 
status, treat with PQ to avoid future relapse [61].

4. Epidemiology of malaria recurrence

4.1 Prevalence of malaria recurrence

4.1.1 World

Malaria recurrence is a daunting public health problem worldwide. It increases the 
incidence and prevalence of malaria [9, 26, 60]. In many regions, a large portion of P. 
vivax prevalence is attributed to relapse [9, 16, 62]. A long-term study conducted on 
Thai-Myanmar border revealed a higher rate of P. vivax than P. falciparum recurrence, 
with a cumulative proportion of 31.5% (95% CI: 30.1–33.0%) and 21.5% (95% CI: 
20.3–22.8%) recurrence by day 63, respectively [63].

In the recent meta-analysis by Hossain et al., recurrent parasitemia of Plasmodium 
species between day 7 and 42 was documented among 13.2% of patients worldwide, 
mainly of P. vivax recurrence. In the same report, the cumulative risks of recurrent 
parasitemia of any Plasmodium species by day 28, 42, and 63 were 8.1% (95% CI: 
7.7–8.6), 16.8% (95% CI: 16.2–17.5), and 30.5% (95% CI: 29.4–31.6), respectively 
[12]. Additionally, a comprehensive review involving many studies across Asia, 
the Americas, and Africa showed a recurrence of P. vivax in 30% of people within 
2 months after ACT [64]. In India, a country with a high burden of P. vivax region, 
17.1% average relapse rates of P. vivax with quickly recurring type have been recorded 
from 2001 to 2003 [65]. Likewise, in Brazil, 23% of reported cases of P. vivax malaria 
relapse [66].

Relapse persisted as the contributor to the overall prevalence of recurrent malaria 
worldwide. A genotyping and whole-genome sequencing conducted in Cambodia 
for assessing the efficacy of CQ against P. vivax indicated that two-thirds of the 
recurrent P. vivax parasites resulted from heterologous relapses [67]. The incidence 
density of P. vivax recurrence was 45.1/100 patient-years, mostly occurring between 
the 4th and 13th week after initiating treatment [66]. The cumulative incidence of the 
first recurrence of P. vivax infection among patients receiving CQ and PQ in Turbo 
Municipality, Colombia, was 24.1% (95% CI: 14.6–33.7%). The majority (65.5%) of 
these recurrences were classified as relapse and occurred within 51 to 110 days of 
follow-up. High genetic diversity (12.5%) of P. vivax strains was recorded in the area. 
In general, relapse from P. vivax infection is responsible for the majority of recurrent 
malaria [68].

Recrudescence, with its potential to reveal treatment failure, carries an essen-
tial implication for the effectiveness of malaria treatment [5]. Recrudescence of 
P. falciparum 13 years after exposure was reported from Liberia. This woman is 
49 years old with no history of traveling outside Canada, and never received a blood 
transfusion [69]. Recrudescence of P. falciparum after 4 years in a Ghanian pregnant 
woman living in Italy raised a speculation on the role of pregnancy triggering too late 
recrudescence by impairing preexisting immunity. Additionally, after relocating from 
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a malaria-endemic area to a nonendemic area, patients may lose their immunity and 
develop recrudescence of the chronic P. falciparum infection [70].

4.1.2 Sub-Saharan Africa

Given the quality of interventions, co-endemicity of parasites, and climatic 
conditions, recurrence remains a formidable problem in sub-Saharan Africa [71]. 
Recrudescence of P. falciparum 13 years after exposure of a woman was reported in 
Liberia. This woman was 49 years old with no history of traveling outside Canada and 
never received a blood transfusion [69]. In Malawi, nearly 30% of children treated for 
malaria are reinfected within 42 days of treatment [72]. Greater immunity to P. vivax 
was conferred by reinfection with homologous parasite strain than with heterologous 
parasite strain. This was indicated by a reduction in the geometric mean of parasite 
count and in fever episodes from primary infection to reinfection [73]. These findings 
reflect the remaining problem in sub-Saharan Africa despite progress in the twenty-
first century [74].

4.1.3 Ethiopia

Ethiopia as a sub-Saharan African country with a 75% malarious landmass, where 
P. falciparum and P. vivax are co-endemic, suffers from multidimensional burden of 
malaria and its recurrence. The risk of malaria recurrence in Ethiopia by day 28 and 
day 42 was 2.8% (95% CI: 0.9–8.4%) and 6.7% (95% CI: 3.2–13.5%), respectively 
[75]. The risk of P. vivax infection following treatment with rapidly eliminated 
treatments needs attention. After radical cure of primary P. vivax infection with PQ 
and CQ , 0.4 P. vivax infections/person/year was reported from Ethiopia by Abreha 
et al. [76]. Assuming these all as reinfections and the potential of slowly eliminated 
ACTs, the expected risk of P. vivax recurrence by day 63, 3.8% incidence is estimated 
in Ethiopia [12].

Malaria recurrence is among important public health problems in Ethiopia. An 
open-label trial aimed to assess the effectiveness of artemether lumefantrine (AL) in 
Jimma Zone by Eshetu et al., detected a 3.8% and 5.1% reinfection and recrudescence 
of P. falciparum by day 42, respectively. The same study identified a higher (9.4%) rate 
of P. falciparum recrudescence among children aged below 6 years in the Jimma zone. 
The lower capacity of children to sufficiently metabolize the drug has been suggested 
for the therapeutic yield [77]. Similarly, recurrent parasitemia rates of 19% and 7.5% 
after 28 days following treatment with AL and CQ , respectively, were observed in 
Ethiopia. This was considered as the incidence rate of treatment failure using in vivo 
parameters [78]. Furthermore, Teklehaimanot and his colleagues reported recurrent 
episodes of vivax malaria despite the use of an optimum dose of PQ and relocation of 
patients to a non-malarious area, from Gambella to Addis Ababa. This report alarms 
failure of PQ to prevent relapse in Ethiopia, where P. vivax is responsible for 40% of 
malaria prevalence (Figure 6) [79].

4.2 Factors affecting malaria recurrence

The recurrence of malaria depends upon various factors. These factors can be 
associated with the human host (gender, gene, and others), the Plasmodium parasite 
(specie, mono or mixed infection, and density), and intervention deployed (type of 
antimalarial drug) [12, 17, 80–82].
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4.2.1 Human host factors

4.2.1.1 Genetic factors

The pattern of malaria recurrence, especially relapse, depends on host factors; 
including the cytochrome enzyme responsible for metabolizing anti-relapse drug. 
The prominent anti-relapse drug, PQ , is converted into its active metabolites in the 
liver by monoamine oxide and CYP2D6 (isotype of cytochrome P450 [CYP450]) 
enzymes [81]. CYP2D6 is naturally polymorphic, and its variant is widespread; 
up to 25% of the world’s population. This variant is associated with a substantial 
decline in efficacy of PQ putting people with this variant gene at higher risk of 
relapse [82, 83]. The host immune efficiency to clear parasitemia during the initial 
infection is important for the possibility of future recurrence [17]. The risk of P. 
vivax recurrence among patients who failed to clear their initial parasitemia within 
2 days (AHR = 1.8 95% CI: 1.4–2.3; P < 0.001) [12]. People with a deficiency of 
the G-6-PD enzyme, owing to their ineligibility to PQ and TQ , carry a higher risk 
of vivax malaria recurrence [9, 61]. Pregnant and those breastfeeding children 
below 6 months, G-6-PD-deficient individuals, and children below 6 months do 
not receive PQ , and hence are at risk of recurrence [84, 85]. Also, according to a 
mathematical modeling study in Brazil, once infected with P. vivax, 23% of pregnant 
women are at risk of one or more episodes of vivax recurrence within 3 months [86]. 
Another modeling result shows the rise in P. vivax recurrence with an increase in the 
proportion of people with G-6-PD deficiency in the population [26].

4.2.1.2 Age

Being at a younger age raised the risk of P. vivax infection recurrence in the Thai-
Myanmar border (P = 0.001) [63]. Patients with younger age (AHR = 3.04 95% CI: 
2.39–3.87, P < 0.001) carry a greater risk of developing recurrent P. vivax parasitemia 

Figure 6. 
Overview of malaria recurrence and its public health importance. Malaria recurrence can assume various forms 
depending upon the species of the plasmodium and other factors. (A) Primary infection due to inoculation of 
sporozoites by infected mosquito. (B) Sub-microscopic parasitemia is often missed by conventional diagnostic 
tools. (C) Infection with malaria parasites can be primary or recurrence. (D) Factors arising from the human 
host, the parasite, or intervention can determine the type of malaria recurrence. (E) Hypnozoites from the liver 
can give rise to recurrence or vice versa. (F) the prevalence of malaria recurrence depends on places, human hosts, 
type of drugs used, and season. (G) Recurrence is characterized by renewed parasitemia in peripheral circulation 
due to relapse, reinfection, or recrudescence. (H) Public health implication of malaria recurrence. Colored 
small circles: Green = new parasite injected as sporozoite, pale blue = hypnozoites from newly injected parasites, 
purple = existing parasites as sub-microscopic in the circulation, and red = long existing hypnozoite.
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than adults [12]. Likewise, Antonio et al. 2021, recently reported a higher frequency 
of malaria recurrences among children under 4 years [87]. Slow clearance of parasites 
due to dose variation by age and weight; and subtherapeutic dose due to manipulation 
to overcome the bitter taste of drugs, particularly CQ , are some of the factors that are 
suggested to escalate the frequency of recurrence among children [87–89].

4.2.1.3 Gender

Male gender increased the risk of recurrence during the year in Brazil and 
Thailand [62, 63, 66]. Male patients (AHR = 1.26 95% CI: 1.08–1.46; P = 0.003) carry 
a greater risk of developing recurrent P. vivax [12]. This might be due to the behavior 
of the male that exposes him to a new infection with P. falciparum, which in turn 
triggers relapse. Additionally, more proportion of males is not eligible for PQ than 
females, which might raise the risk [12, 80, 90].

4.2.2 Parasite factor

Parasite-related factors, such as species, strain, density, and stage, play a funda-
mental role in the pattern of malaria recurrence [9].

4.2.2.1 Species

Species of the offending parasite are the leading factors driving malaria recur-
rence. P. vivax is responsible for the majority of recurrent malaria [9, 87]. A long-term 
study conducted on Thai-Myanmar border, revealed a higher frequency of P. vivax 
than P. falciparum recurrence, with a cumulative proportion of 31.5% (95% CI: 
30.1–33.0%) and 21.5% (95% CI: 20.3–22.8%) recurrence by day 63, respectively [63]. 
Similarly, other supportive findings show the contribution of P. vivax for at least 70% 
of malaria recurrences [12, 62].

4.2.2.2 Density

The density of parasites, mainly the load of asexual parasites in the peripheral 
circulation enhances recurrence, particularly recrudescence, by giving resilience 
to the dose of treatment. Higher parasitemia and a shorter time since the onset of 
symptoms in the initial infection increased the risk of relapse during the year in 
Brazil and the Thai-Myanmar border [63, 66]. A similar effect of hyperparasitemia on 
severe recrudescence was observed in France, where a polyclonal infection and high 
load of parasites increased the risk in a participant, who returned from Chad [91]. 
On the other hand, patients with high parasite count (AHR = 1.59 95% CI: 1.22–2.08; 
P = 0.001), carry a greater risk of developing recurrent P. vivax [12]. Furthermore, 
according to a modeling study, individuals with more hypnozoites are predicted to 
experience more relapses [60].

4.2.2.3 Mixed-infection

In areas, where P. falciparum and P. vivax malaria are co-endemic, patients treated 
for P. falciparum infection have a high risk of subsequent P. vivax malaria. According 
to Commons et al., the risk of P. vivax parasitemia after P. falciparum at day 63 was 
24% [12]. A series of RCTs in Thai-Myanmar revealed that a mixed infection and 
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P. falciparum gametocytemia at enrollment raised the risk of P. vivax recurrence 
(P = 0.001) [63]. Similar other studies indicated the increased risk of relapse of P. 
vivax after infection with P. falciparum [80]. This suggests the potential role of P. 
falciparum infection to trigger the dormant P. vivax [12, 80]. Due to the suppression 
by P. falciparum, P. vivax disappears from the blood without reaching a density that 
can elicit a host immune response. Taking this defeat as a chance or tactic, P. vivax 
reemerges after weeks or months by generating transmissible densities of gameto-
cytes. Besides, in low transmission settings, when immunity to P. falciparum is weak, 
falciparum malaria in adults may trigger dormant hypnozoites of P. vivax due to its 
capacity to trigger fever [20].

The growing pieces of evidence from all over the world about the correlation 
between the risks of P. vivax after P. falciparum treatment raise curiosity that the 
immune response of the host to acute malaria might trigger the revival of P. vivax 
hypnozoites. Besides, although the exact mechanism remains unclear, fever and 
hemolysis in P. falciparum infection are the suggested triggers for relapse [12, 80]. 
According to the report of the study in Thailand by Douglas et al., 51% of patients 
diagnosed with acute infection of P. falciparum and treated with a rapidly elimi-
nated drug suffered a relapse of P. vivax after just 2 months [63]. Furthermore, a 
meta-analysis of clinical trials on P. falciparum by Commons et al. demonstrated 
that within 63 days, 24% of P. falciparum patients suffered from a P. vivax recur-
rence. This review reported that nearly 70% of malaria recurrences are due to P. 
vivax [12]. Taken together, these shreds of evidence not only show the sizeable 
input of relapse to the general epidemiology of malaria but also demonstrate how 
relapse wisely uses the inoculated sporozoites to optimize the survival of these 
species [11, 20].

4.2.3 Intervention-related and other factors

4.2.3.1 Drug

Drugs are profound determinants of malaria recurrence [63]. According to a series 
of clinical trials conducted for nearly 15 years on the Thai-Myanmar border, recur-
rence of P. vivax infection after 63 days was higher by 3.6 to 4.2-fold among partici-
pants treated with artemether-lumefantrine and artesunate-atovaquone-proguanil 
combinations compared to those treated with artemisinin-based combinations 
involving mefloquine or piperaquine [63].

ACTs containing mefloquine or piperaquine are better than ACTs containing AL 
at delaying the risk of recurrence. However, time-dependent efficacy decline has been 
revealed by a systematic review that reported a 15% prevalence of P. vivax recurrence 
among ACT recipients after day 63. The risk of P. vivax recurrence raises with the 
number of days after any antimalarial treatment given for P. falciparum infection [12]. 
Also, artesunate monotherapy may lead to recrudescence of parasitemia in 40–50% of 
cases within 28 days owing to drug-induced dormancy [92]. A comparable result has 
been observed in France, on a patient who returned from Chad [91].

Slowly eliminated antimalarials reduce the likelihood of early recurrence. Douglas 
et al. reported that the cumulative risk of P. vivax recurrence secondary to P. fal-
ciparum mono-infection was 51.1% after treatment with rapidly eliminated drugs 
(t1/2 < 1 day), 35.3% after treatment with intermediate half-life drugs (t1/2 1–7 days), 
and 19.6% after treatment with slowly eliminated drugs (t1/2 > 7 days) (P < 0.001) by 
day 63 [63]. Consistently, the risk of recurrence was higher for AL than for DHA-PPQ 
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therapy. The proposed reason is the shorter dormancy of parasitemia for rapidly 
eliminated drugs, such as lumefantrine, in AL [12, 93].

Incorporating PQ , hypnozoiticidal drug, in standard malaria drugs reduces the 
risk of recurrence, particularly relapse. Primaquine, when combined with ACT 
and PQ , can reduce the risk of recurrence in P. vivax and P. falciparum co-endemic 
settings [12]. Consistent with this, PQ combined with either CQ or AL has reduced 
the recurrence of P. vivax infection among G-6-PD wild patients by 5-fold for 1 year 
in Ethiopia [76]. Considering a one-year-long RCT in Thailand, a high dose of PQ 
(7 mg/kg) over 7 or 14 days is efficacious in preventing P. vivax relapse. Similarly, at 
least one episode of P. vivax recurrence has occurred among 70% of subjects in non-
PQ arms compared to 18% of subjects in the PQ arm [15].

According to a systematic review by Commons et al., the risk of P. vivax recur-
rence with a lower dose of CQ was 32.4% (95% CI: 29.8–35.1) by day 42. However, 
raising the dose substantially reduced the risk. Furthermore, including PQ in the 
treatment significantly reduced the risk of recurrence by day 42 from (AHR = 0.82 
95% CI: 0.69–0.97; P = 0.021) with CQ alone to (AHR = 0.10, 0.05–0.17; P < 0.0001) 
with CQ and PQ. This strengthens the concept of the role of PQ as a radical cure in 
effectively preventing the early recurrence of P. vivax [89]. Nevertheless, despite the 
renowned efficacy of PQ , few pieces of evidence are emerging on malaria recur-
rence after radical therapy. Considering the tests, they used microscopy and the 
unknown status of CYP2D6, these pieces of evidence reflect treatment failure, but 
do not confirm drug resistance [79]. After its introduction, ACT rendered the rate of 
recrudescence to be below 10% in Jimma zone, southwest Ethiopia [77]. It is strongly 
considered that the probability of artemisinin resistance with a standard dose, a 3 day 
ACT, is rare if the proportion of day 3 positive smears is below 3% [94].

4.2.3.2 Place

In co-endemic locations, patients presenting with P. falciparum are highly likely 
to carry P. vivax hypnozoites that give rise to recurrence [12, 80]. Patients in regions 
of short relapse periodicity had a greater rate of P. vivax parasitemia than those in 
regions of long periodicity (HR = 8.61 95% CI: 2.34–31.65; P = 0.001) [12]. Also, the 
risk of P. vivax parasitemia was 6.5% (95% CI: 4.6–8.6) in regions of short periodic-
ity compared with 1.9% (95% CI: 0.4–4.0) in areas of long periodicity [12, 17]. 
Therefore, geographical variation determines the frequency of malaria recurrence.

4.2.3.3 Season

A dormant hypnozoite of P. vivax awaits the right time for activation to take 
evolutionary advantage, thereby ensuring maximum likelihood of transmission and 
immune evasion. To ensure optimum transmission, hypnozoites synchronize their 
wake-up time to a season with an abundant mosquito population [20]. Thus, the inci-
dence of symptomatic malaria was higher in September (OR = 2.81 95% CI: 2.1–3.7) 
and October (OR = 2.4 95% CI: 1.8–3.2) than in November [95].

5. Recurrence and malaria transmission

Malaria recurrence, in addition to rising clinical episodes, increases the probability 
of malaria transmission. In fact, all types of malaria recurrence increase transmission 
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in multidimensional ways, including by raising longevity of infectiousness and trans-
mission potential [6, 11, 20]. A systematic review and meta-analysis result revealed 
that recrudescent (AOR = 9.05 95% CI: 3.74–21.9) and reinfection (AOR = 3.03 95% 
CI: 1.66–5.54) with P. falciparum were strongly associated with gametocytemia after 
day 7 [29]. Hence, recurrent infections with Plasmodium species maintain the poten-
tial for malaria transmission [6, 9, 16].

Recurring malaria leads to erythrocytic schizogony that renews or escalates 
peripheral parasitemia. Such parasitemia entails gametocytogenesis that maintains 
the transmission of malaria, thereby complicating elimination and eradication 
efforts [6, 16, 96, 97]. Moreover, activation of hypnozoites from different earlier 
inoculations can produce at least two genotypes simultaneously growing inside the 
patient’s blood. This produces genetically distinct gametocytes that, if taken by a 
mosquito, have a high probability to undergo meiotic recombination resulting in 
genetic variation. This phenomenon is considered as a major factor for high degree 

Figure 7. 
Pattern of malaria recurrence, spots to intervene, and its prevention strategies. Parasitemia in peripheral 
circulation can be due to symptomatic, asymptomatic, or sub-microscopic plasmodium infection. This peripheral 
parasitemia can also arise from any type of malaria recurrence. (red boxes): After arriving in the liver, the 
inoculated sporozoites either transform into schizonts or directly become hypnozoites that later can become 
schizonts. Schizonts arising from latent hypnozoites or the inoculated sporozoites release merozoites that join the 
blood circulation to eventually produce asexual parasites. (purple boxes and lines): Young gametocytes localize 
into the hematopoietic niche and rejoin the circulation when reach stage five gametocyte. Gametocytes can result 
from unsuccessful treatment, after successful treatment with non-gametocidal drugs, and any untreated infection. 
These gametocytes mediate the transmission of malaria. (broken blue lines): Asexual parasites that periodically 
sequester in the hematopoietic niche and return into circulation resulting in relapse-like parasitemia. (blue solid 
lines): Flow of malaria pathogenesis from primary and reinfection subsequent to inoculation of sporozoites. 
(black line): Parasites sequestering in the hematopoietic niche. (greenish-yellow box and lines): Unsuccessful 
treatment and sub-microscopic infections give rise to recrudescence and/or possible transmission. (Green lines): 
Possible weak points for intervention (such as prompt diagnosis and effective treatment with efficacious radical 
cure, and transmission-blocker) to tackle recurrence and/or transmission.
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of genetic diversity seen in P. vivax over settings with very low seasonal transmission 
[17]. Hence, recurrence confers P. vivax with maximum opportunity for transmission 
and immune evasion [20].

Recurrence of P. vivax worsens transmission of malaria with its potential to 
promptly produce gametocytes and transmit before treatment initiation. In addition, 
due to the continued reactivation of hypnozoite, the patient remains a potential reser-
voir of infection for a long time from just a single inoculum [9, 97]. The probability of 
relapse and subsequent transmission raises with a load of hypnozoite in the liver [6, 60]. 
Furthermore, if the recurrence involves a heterologous genotype, it paves the ways for 
the development of drug resistance, thereby transmission of variant species. The vari-
ant species together with other factors cause recrudescence, which expands the pool of 
recurrence, and the subsequent transmission [20]. Besides, reinfection further exacer-
bates transmission dynamics with its potential to activate hypnozoite; introduce a new 
strain unresponsive to therapy and provides an opportunity for immune evasion [11].

Generally, malaria recurrence sustains and/or intensifies transmission. It raises 
efficiency, chance, and longevity of transmission, thus threatening the success of 
interventions [11]. Thus, it is wise to consider fighting recurrence to break transmis-
sion and eliminate malaria (Figure 7) [60, 96–98].

6. Recurrence and malaria elimination strategies

The axiom “prevention is better than cure” better describes the impact of recur-
rence on the efforts to eliminate malaria [9, 85]. The difficulty to diagnose and treat 
malaria substantially increases morbidity and mortality among patients. Relapse due 
to vivax malaria is refractory to the majority of the current treatments since the sole 
hypnozoiticidal-drug, PQ , is challenged by many factors [9, 20]. The use of ACT will 
more noticeably reduce the prevalence of P. falciparum prevalence than P. vivax due to 
its inability to kill the hypnozoite forms of P. vivax [19].

A relapse followed by asymptomatic parasitemia could be the major approach to P. 
vivax transmission [20]. Particularly recurrence from asymptomatic infections is the 
major challenge to the elimination of malaria as they arrive at the gametocyte stage at 
the level below the sensitivity of the current gold standard tool for malaria diagnosis: 
light microscopy [9, 17]. Asymptomatic P. vivax infections are common in malaria-
endemic locations [36]. However, the contribution of relapse for asymptomatic 
malaria is not well known [9, 16, 19].

Vivax malaria remained the major global challenge despite a spectacular achieve-
ment against P. falciparum [74]. The complex nature of P. vivax, mainly due to relapse, 
extensively wrinkled the effectiveness of the radical cure with PQ. A considerable por-
tion of the global population has difficulty converting PQ into its active form, hence 
the increased risk of recurrence [9]. Pregnant women and children below 6 months old 
owing to their ineligibility to PQ are at risk of vivax malaria and its recurrence. They 
can also serve as potential human reservoirs of infection [9, 85]. Hence, it is prevention 
that helps to keep this ever-complicating parasite at its bay [9, 16, 17, 99].

The possibility of relapse secondary to treatment and/or immunologic response 
to P. falciparum infection perpetuates the transmission in co-endemic settings. The 
growing phenomena of resistance to antimalarials, such as CQ and ACT, is another 
fuel to recurrence. The ineligibility of the vast majority of population to PQ given 
their physiological and genetic condition places a hurdle on the stride toward prevent-
ing recurrence [9].
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The frequent possibility of mutation in P. vivax owing to cross-reactivity between 
strain arising from hypnozoite and strain from mosquito in an environment chal-
lenges the efficacy of therapies [14, 17]. Different intervals of recurrence resulting 
from the variation of P. vivax population in tropics (frequent relapse) and temper-
ate (long latency) regions is another nightmare. Moreover, the capacity to remain 
sub-clinical and submicroscopic with huge potential to quickly produce gametocytes 
offers the cutting-edge to this parasite triumph [11, 17, 20, 100].

In general, the recurrence of Plasmodium infection, especially the P. vivax relapse, 
is the major setback to malaria elimination strategies of the time. Consequently, there 
is a renewed focus on P. vivax due to the mounting accumulation of evidence on the 
maliciousness of vivax malaria [9]. To achieve malaria eradication goal, we must con-
sider all species of Plasmodium; while improving the transmission-reducing potential 
of interventions [6, 14, 19]. It is key to underpin prevention mainly for infants and 
pregnant women, while keeping the search for targets of intervention to stay in the 
game [9].

7. Conclusion and future remarks

Malaria recurrence plays a considerable part in sustaining malaria epidemiology. 
Understanding the biology and epidemiology of malaria recurrence is crucial to 
overcome current challenges to efforts in malaria elimination. Malaria recurrence is 
not adequately studied partly due to the complex nature of the disease and logistic 
constraints for diagnosis. Regardless of its role in complicating clinical and public 
health impact of malaria, a basic understanding of malaria recurrence is limited. In 
this review, we have discussed the biology and epidemiology of malaria recurrence 
along with its implication on malaria mitigation.

Recurring malaria leads to increased morbidity and mortality due to malaria. 
By creating opportunities for gametocytogenesis, it sustains malaria transmission. 
Without identifying the specific Plasmodium species responsible for recurrence in 
specific areas limits the effectiveness of interventions. Lack of clear idea about the 
specific type of recurrence raises misconception on drug efficacy that eventually leads 
to hasty prohibition of antimalarials without robust replacement. Without effective 
intervention based on a clear understanding of recurrent malaria, morbidity and 
mortality continue to escalate due to recurrence. Unmanaged recurrent malaria main-
tains transmission of malaria. Hence, failure to promptly deal with recurrent malaria 
in a certain area has a huge impact on the health of individuals and the community 
at large.

Due to its widespread prevalence, relapse propensity, complex process of diagnosis 
and treatment, as well as other aspects, P. vivax demands continued multidimensional 
research. Studies should focus on the biology of malaria recurrence to improve the 
yield of control interventions. Optimizing disease-control interventions prevent a 
recurrence and breaks transmission to eliminate malaria.

8. Outstanding questions

1. How to detect and quantify P. vivax hypnozoite?

2. How much is the contribution of relapse for asymptomatic malaria?
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3. How to detect and identify markers to characterize three types of recurrence in 
vivax malaria?

4. How to differentiate non-hypnozoite-driven and non-bloodstream-originating 
relapse?

5. How can we measure the contribution of the hematopoietic niche to malaria 
recurrence?

6. What is the frequency of malaria recurrence among the “PQ-hard-to-reach pop-
ulation,” particularly in settings where P. falciparum and P. vivax are co-endemic?

7. How can we measure/model the contribution of the “PQ-hard-to-reach popula-
tions” to the overall transmission potential?

8. How can we improve the prevention and control of malaria among the most 
vulnerable, but “PQ-hard-to-reach population?”

9. After how many recurrences will a new drug-resistant strain/species develop? 
and does it depend on species?

10. How much of reinfection with P. vivax will remain asymptomatic in mixed infec-
tion (P. falciparum + P. vivax)?

11. What is the pattern of recurrence by mono-infection and mixed-infection?

12. What proportion of mixed infection (P. falciparum + P. vivax) is properly treated 
and/or miss-treated as P. falciparum single infection?

13. How can we differentiate non-hypnozoite-originating relapse from true relapse?

9. Search strategy and selection criteria

We searched PubMed, the Cochrane Library, Science Direct, and Google Scholar 
for articles published in English between January 01, 2000, and December 31, 
2021, with the terms “malaria recurrence,” “malaria relapse,” “malaria reinfection,” 
“Plasmodium vivax,” “recurrent parasitemia,” “malaria recrudescence” and com-
bined with the terms “glucose-six-phosphate dehydrogenase, “primaquine.” We also 
included review studies (published between January 01, 2000, and December 31, 
2021) cited by articles identified by this search strategy and selected those we identi-
fied as relevant. Selected review articles are cited to provide readers with more details 
and references than this review can accommodate.
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Chapter 6

Recombinant Interferon Gamma:
Influence on the Cytotoxic Activity
of NK Cells in Patients with
Chronic Epstein-Barr Virus
Infection
Irina A. Rakityanskaya,Tatiana S. Ryabova and
Anastasija A. Kalashnikova

Abstract

NK cells play an important role in combating viral infections. In this study, we
examined the effect of therapy with recombinant interferon gamma (Ingaron) on
cytotoxic activity of NK cells. Sixty patients with chronic Epstein-Barr virus infection
(CEBVI) were examined. All patients were treated with Ingaron at a dose of 500,000
IU every other day IM. Initially, they received 10 injections of Ingaron followed by a
10-day break to assess the dynamics of clinical and laboratory parameters. Then, the
treatment was continued with five injections of Ingaron. In total, each patient
received 15 injections or a total dose of 7,500,000 IU. The administration of recombi-
nant interferon gamma at a total dose of 5,000,000 IU stimulated spontaneous and
induced degranulation of NK cells in patients with CEBVI. After a full course of
7,500,000 IU of recombinant interferon gamma, CD107a expression on NK cells
decreased but remained higher than before the onset of therapy and exceeded refer-
ence values. Thus, the maximum activity of NK cells in the peripheral blood of
patients with CEBVI was reached 10 days after the administration of Ingaron at a total
dose of 5,000,000 IU.

Keywords: NK cells, cytotoxic activity, chronic Epstein-Barr virus infection,
recombinant interferon gamma, therapy

1. Introduction

1.1 Epstein-Barr virus

The Epstein-Barr virus (EBV) is a lymphotropic herpesvirus type 4 and the causa-
tive agent of infectious mononucleosis [1, 2]. The virus was first discovered and
isolated in cells from African Burkitt’s lymphoma by Epstein M.A., Barr Y.M., and
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Achong B.G. in 1964 and later it was found that EBV is widespread throughout the
world [3]. The first identified variants of EBV were type 1 (type A) and type 2 (type
B). Type 1 (B95-8, GD1, and Akata) is the main type of EBV prevalent worldwide and
type 2 (AG876 and P3HR-1) is more common in Sub-Saharan Africa [4]. EBV variants
have different replicative properties and a person can become superinfected with two
or more strains.

EBV infects most people during their lifetime and, after the acute phase, persists
until the end of a person’s life. The life cycle of EBV is characteristic of a virus with a
large DNA envelope, consisting of phases of primary infection, latency, and lytic
reactivation. The EBV genome encodes nine different glycoproteins (GPS) for enve-
lope entry. Currently, 13 GPS have been identified, 12 of which are only expressed
during the productive cycle of lytic replication. One of which (BARF1, a decoy viral
colony-stimulating factor 1 receptor (vCSF1R)) can also be expressed during the
latency period [5]. The tropism of newly released EBV virions is determined by
the GPS envelope, which appears to differ depending on the host cell [6]. EBV infects
B cells via the CD21 receptor, epithelial cells, and, less commonly, T or NK cells.
Infection of B-lymphocytes leads to the preservation of the EBV genome as an
episome.

The virus undergoes lytic replication in epithelial cells and establishes a lifelong
latency in circulating memory B lymphocytes, periodically reactivating from latency
[7]. Epithelial cells are the first to become infected, as EBV is transmitted to recipients
via saliva. B cells become infected when EBV is released from the oropharyngeal
epithelial cells [6, 8]. Lytic replication increases the pool of latently infected cells. EBV
virions released from epithelial cells prefer B cells and EBV virions released from B
cells prefer epithelial cells due to the composition of the GPS envelope [9]. EBV
reactivation (lytic phase) under conditions of psychological stress leads to a weaken-
ing of cellular immunity and can stimulate EBV reactivation and replication by weak-
ening the cellular immune system’s control over viral latency. Chronic EBV
reactivation is an important mechanism in the pathogenesis of many oncological and
autoimmune diseases [10]. During the lytic phase, the full set of virus genes is
expressed and a progeny virus is produced. Virions produced during lytic replication
in epithelial cells replenish the viral reservoir in an infected individual and ensure the
transmission of the virus in the population. During the latency period, the virus
expresses only a limited number of genes necessary to maintain the viral genome (in
the form of an episome in the nucleus) and evade the host’s immune system [8].

1.2 Natural killer cells

Natural killer cells (NK cells) are a unique subpopulation of cells that lack antigen-
specific receptors. NK cells have high cytotoxic activity and produce a large amount of
interferon gamma (IFN-γ) when they interact with transformed or infected target
cells [11]. The recognition process of target cells consists of the signals they receive
from activating and inhibitory receptors encoded by the germline. As a result of these
interactions, the identification or death of target cells occurs.

In the absence of inhibiting signal, continuous stimulation of activation receptors
deactivates NK cells and reduces their activity. When target cells transform or become
infected, the expression of HLA Class I on their surface may cease. Therefore, multiple
NK cell receptors along with the presence of activated cytokines and cells that adapt
and express various receptors in NK cell compartment promote responsiveness of
these innate cytotoxic lymphocytes [12].
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The activity of NK cells is also regulated by four additional mechanisms:

1.repertoire of NK cells;

2.activation by cytokines or priming of NK cells;

3.adaptive or memory-like differentiation of NK cells; and

4. licensing of NK cells.

There are 30,000 subpopulations of NK cells that differ in respect of inhibiting and
activating receptor expression.

During Epstein-Barr virus (EBV) infection, NK cell expansion occurs in peripheral
blood, and the cytotoxicity of NK cells to EBV-infected cells increases. The expansion of
early differentiated NK cells lasts for at least 6 months [13]; however, the cells in this
period stop to proliferate and acquire CD57 marker of aging [14]. A higher count of NK
cells correlates with a lower EBV titer in peripheral blood, which suggests that the level of
NK cell response depends on the clinical severity of the disease. It was recently demon-
strated that induction of lytic replication in EBV-infected B cells leads to an increased
destruction of NK cells. This may suggest that EBV-infected cells become a target for NK
cells. It is assumed that NK cells have no significant control over the establishment of
latency. Therefore, although the population of NK cells increases and is capable to kill
target cells, no influence on the viral load during lytic or latent infection is observed. It
was shown that NK cells play a crucial role in the control of herpes virus infections when
the presence of viral antigens leads to the activation, proliferation, and accumulation of
these cells in sites of infection [15]. Therefore, NK cells are an important factor in the
control of initial EBV infection because they eliminate infected B cells and enhance
antigen-specific response of T cells by the release of immunomodulatory cytokines.

1.3 Antiviral functions of IFN-γ

Currently, there are specific antiviral drugs, but there is no single approach to the
treatment of chronic EBV infection. The antiherpetic drug must specifically inhibit
the replication of the virus. The moment the virus evades the host’s immune response,
it is a potential target for chemotherapeutic effects. The higher the selectivity of the
drug, the narrower the spectrum of its antiviral activity, since the drugs affect only the
stages of virus replication. Drugs approved for the treatment of herpes simplex virus 1
(HSV-1) and 2 (HSV-2), varicella-zoster virus (VZV), and human cytomegalovirus
(HCMV) are nucleoside (i.e., acyclovir (ACV), penciclovir (PCV), ganciclovir
(GCV), and its oral prodrugs; valacyclovir (VACV), famciclovir (FAM), and
valganciclovir (VGCV), respectively), nucleotide (i.e., cidofovir (CDV)), and pyro-
phosphate (i.e., foscavir (foscarnet sodium), PFA) [16, 17]. None of these drugs have
received FDA (Food and Drug Administration) or EMA (European Medicines
Agency) approval for the treatment of EBV infections [8, 18].

IFN-γ has a direct antiviral action on infected cells, and also activates local den-
dritic cells, macrophages, and NK cells, modulates differentiation and maturing of T
cells and B cells, and promotes inflammation and antiviral functions [19]. Suppression
of any stage of the life cycle of virus can suppress the replication of its genome during
infection. IFN-γ is a powerful antiviral cytokine that disrupts the life cycle of virus in
stimulated cells on various stages. There are several mechanisms of its action:
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1. it inhibits virus infiltration on extracellular and intracellular stage by controlling
expression and/or distribution of respective receptors;

2. it inhibits replication by disrupting the replication niche of the virus;

3. it disrupts gene expression by preventing translation;

4. it prevents the assembly of the nucleocapsid by affecting its stability;

5. it disrupts the release of virus by breaking the disulfide bridge, a significant part
of cellular interactions;

6. it suppresses the main regulator of viral transcription and changes reactivation of
viruses; and

7. it can inhibit the infiltration of invasive viruses on the stage of their transition
from endosome to cytoplasm [19].

Some well-known antiviral functions of IFN-γ lack specific antiviral mechanism.
For instance, IFN-γ strongly induces indoleamine-2,3-dioxygenase (IDO) and nitric
oxide synthase (NOS). The depletion of tryptophan and the production of nitric oxide
(NO) due to the expression of IDO and NOS have pronounced antiviral effects, but
their molecular details generally remain unclear. IFN-γ can also manifest non-
cytolytic activity against some viruses. However, specific targets and effector proteins
of IFN-γ-dependent antiviral response are largely unknown [20]. Further studies are
needed to clarify the antiviral mechanisms of IFN-γ, especially considering its strong
immunomodulatory action.

In Russia, the only registered IFN-γ drug is Ingaron manufactured by OOO NPP
FARMAKLON. It is obtained by the microbiological synthesis in recombinant
Escherichia coli strain and purified by column chromatography. The molecule consists of
144 amino acid residues; the first three residues (Cys-Tyr-Cys) are replaced with Met.

The objective of the present research is to study the recombinant IFN-γ (Ingaron)
action on dynamics of content of EBV DNA in the saliva sample, the killer cells content
post-therapy, and changes of cytotoxic activity of the killer cells, and assess the influ-
ence of cytotoxic activity of the natural killers on the clinical complaint development
and progression of illness in patients with CEBVI after the therapy completion.

2. Materials and methods

Patients. The study group included 60 patients with CEBVI (39 women and 21
men; mean age 34.64 � 1.21 years). The duration of CEBVI was from first complaints
to laboratory confirmation and the diagnosis was 2.85 � 0.56 years. Forty-three
patients (71.66%) had frequent exacerbations of antibiotic-resistant chronic tonsillitis
in childhood, and 15 patients (25%) had a history of acute infectious mononucleosis.
All patients had a differential diagnosis of CEBVI versus other viral infections (human
immunodeficiency virus, viral hepatitis, cytomegalovirus infection), toxoplasmosis,
helminth infestations, and autoimmune diseases associated with EBV infection. The
diagnosis was confirmed on a previous stage by laboratory investigation and expert
examination, and the patients were referred for the immunological treatment. Those
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patients, who received antiviral and immunomodulatory therapy within the last 6
months, were not included in the study.

CEBVI characterizes with a prolonged treatment and frequent recurrences with
clinical and laboratory signs of viral activity (mononucleosis-like symptoms) that are
described in detail in the literature [21]. Patients suffer from low-grade fever (37.1—
37.3 °C), weakness, unmotivated tiredness, excessive sweat (especially at night),
constant discomfort and/or pain in throat, lymphadenitis, swelling of the nasal
mucosa with postnasal mucus drip, and stomatitis. Some patients have cough, skin
eruptions, arthralgia, and muscle pain in body and limbs. Manifestation of conjuncti-
vitis and otitis is possible. Neurological disorders such as headache, impaired memory
and sleep, impaired concentration, irritability, tearfulness, and depressive tendencies
may occur. Internal organs may increase in size (hepatomegaly and splenomegaly
evidenced by ultrasound investigation) and a heavy feeling under the right ribs may
be present. Some patients complain about frequent cold-related diseases and concur-
rent herpes virus infections. Many of these patients have a history of prolonged stress
and psychoemotional and physical overload that exacerbates their condition.

This clinical study was performed in accordance with theWorld Medical Association
Declaration of Helsinki: Ethical Principles for Medical Research Involving Human Sub-
jects (2013); the protocol to the Convention of the Council of Europe on Human Rights
and Biomedicine (1999); and Articles 20, 22, 23 of the Russian Federal Law no. 323-FZ
on fundamental healthcare principles in the Russian Federation (November 21, 2011 as
revised on May 26, 2021). The protocol was approved by the ethical committee of OOO
Tsentr dializa Sankt-Peterburg, Fresenius Medical Care. All participants signed a volun-
tary informed consent. Patients included into the study had no other diagnosed infec-
tions, chronical diseases, or changed immune status that could affect the results.

Clinical methods included taking of history, data on previous treatment, and
concurrent diseases. The clinical condition of patients was assessed traditionally with
consideration of objective data and complaints at the time of examination registered
using a three-point scale (0—no symptoms, 1—mild symptoms, 2—moderate symp-
toms, and 3—severe symptoms).

Treatment schedule. All patients received therapy with intramuscular recombi-
nant IFN-γ (Ingaron) at a dose of 500,000 IU every other day. The course consisted of
15 injections. In the first phase, patients received 10 injections (5,000,000 IU) of
Ingaron at a single dose of 500,000 IU followed by a 10-day break to assess the
dynamics of clinical and laboratory parameters. In total, 500,000 units are the stan-
dard daily dose of the drug, which is recommended by the manufacturer. After that,
the therapy was resumed and patients received five injections (2,500,000 IU) of
Ingaron. Ten days after the last injection, the examination was repeated. In total,
every patient received 15 injections (7,500,000 IU) of Ingaron (see Figure 1).

Figure 1.
Treatment regimen.
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All patients tolerated the drug fairly well. After the first 3–5 injections, 14 patients
(23.33%) had a fever (37.3–37.5°C), myalgia, chills, sore throat, and increased post-
nasal drip. This was considered an exacerbation of CEBVI in association with the drug.
After the seventh and eighth injections, these complaints fully disappeared.

3. Methods of examination using real-time polymerase chain reaction
(PCR) with fluorescence hybridization

Viral DNA was detected in saliva samples using real-time polymerase chain reac-
tion (PCR) with fluorescence hybridization, AmpliSens EBV/CMV/HHV6-screen-FL
kits by the Central Research Institute of Epidemiology (Russia) were used. The unit of
measurement used to estimate the viral load during DNA extraction from saliva is the
number of copies of EBV DNA per ml of sample. According to the instructions, this
indicator is calculated using the formula: Number of DNA copies = CDNA x 100,
where CDNA is the number of copies of the viral DNA in the sample. The analytical
sensitivity of the test system is 400 copies/ml.

Cytotoxic activity of killer cells was evaluated based on the spontaneous and
induced expression of CD107a (LAMP, lysosomal-associated membrane protein on
the cell membrane of lymphocytes, which is a sign of degranulation of lysosomes).
CD107a was assessed after co-culture of peripheral blood mononuclear cell (PBMC)
with target cells (K562, chronic human erythromyelosis). K562 cells express a range of
ligands (MICA, MICB, ULBP2, and ULBP4) for NKG2D receptor of cytotoxic lym-
phocytes. The interaction between NKG2D and the ligands leads to the
degranulation of lysosomes in NK cells, TNK cells, and lymphokine-activated CD8+
T cells, and to the expression of CD107a on their membranes. Therefore, the test
reveals the ability of killer cells to participate in NKG2D-dependent cytolysis of
target cells. Blood was collected in a vacutainer with heparin lithium as an
anticoagulant. Sample preparation included separation of mononuclear cells
suspension from peripheral blood using density gradient with subsequent washing,
co-culture of PBMC and K562 in 10:1 ratio in a CO2 incubator for 20 hours with
anti-CD107a-AlexaFluor 647 monoclonal antibodies (BioLegend), and staining with
anti-CD3-FITC/CD(CD16+56)-PE and anti-CD45PC5 monoclonal antibodies
(Beckman Coulter). To assess the spontaneous cytotoxic activity, a respective volume
of RPMI medium (Biolot) was added to PBMC suspension instead of K562. The
samples were analyzed using a Navios flow cytometer (Beckman Coulter) up to 1,000
events in a minimum subpopulation of NK or TNK cells. The population of lympho-
cytes was defined as CD45+brightSSdim. The relative number of cells with CD107a
expression (CD107a+) was assessed in subpopulations of NK, TNK, and T lympho-
cytes. The stimulation index was calculated as a ratio of induced expression to
spontaneous expression of CD107a.

To assess the relative number of NK cells, multicolor flow cytometry was applied
during the study of lymphocyte subpopulations in peripheral blood collected from
the ulnar vena in vacutainers with EDTA. The samples were prepared according to
the manufacturer’s protocol. The following monoclonal antibodies were used:
anti-HLADR-FITC, anti-CD4-PE, anti-CD3-ECD, anti-CD56-PC5.5, anti-CD25-PC7,
anti-CD8-APC, anti-CD19-APC-AF700, and anti-CD45-APC-AF750. VersaLyse
was chosen for the lysis of red blood cells. The samples were analyzed using
Navios flow cytometer and respective reagents (Beckman Coulter) up to 5,000
events from the CD45+brightSSdim lymphocytic region. NK cells were defined as
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CD3�CD56+ CD45+brightSSdim events. The absolute number of NK cells was
calculated from the results of clinical blood analysis.

Statistical analysis. IBM SPSS Statistics ver. 26 software package (Armonk, NY:
IBM Corp.) was used for statistical analysis of the data. Group results were presented
as the mean (M) � standard deviation (SD). Statistical comparison between groups of
patients was performed using nonparametric Mann—Whitney U test. Differences in
continuous variables were assessed using independent samples Student’s t-test and
were considered statistically significant if p ≤ 0.05. Parametric (Pearson correlation)
and nonparametric (Spearman’s rank, Kendall’s tau) methods were also applied. To
check the independence of observations, linear regression analysis with the coefficient
of determination (R2), Durbin—Watson statistic, and analysis of variance (ANOVA)
were applied. Fisher’s exact test (F) was calculated to check the statistical significance
of the model. A standard β coefficient with 95% confidence intervals was calculated.
The threshold significance of differences in this study was 0.05.

4. Results

4.1 The effectiveness of treatment with recombinant IFN-γ (Ingaron)

In all patients (n=60), EBV infection was confirmed by PCR reaction in saliva
samples. The study of DNA PCR was carried out 10 days after the administration of 10
injections of Ingaron (total 5,000,000 IU). After that, patients received five more
injections of Ingaron (2,500,000 IU), and the number of copies of EBV DNA in saliva
samples was assessed by PCR again. The results are shown in Table 1.

The data show a significant decrease in the number of EBV DNA copies in saliva
samples 10 days after a course of 10 injections (5,000,000 IU) of Ingaron; 21.66% of
patients had a negative result of PCR test. After a full course of 15 injections
(7,500,000 IU) of Ingaron, 31.66% of patients had a negative result of PCR test of
saliva samples (Figure 2). This means that the effectiveness of antiviral therapy
confirmed by negative PCR was significantly higher after 15 injections than after 10
injections (p = 0.001).

4.2 Presence of NK cells in peripheral blood

The presence of NK cells in peripheral blood was assessed before treatment, after
10 injections, and after 15 injections of Ingaron. The results are shown in Table 2 and
Figure 3.

Group of patients Copies/ml
before treatment

Copies/ml 10 days
after 10 injections

Copies/ml 10 days
after 15 injections

P

1 2 3

Ingaron
500,000 IU, IM
every other day

298331.57 �
8326.80
(n = 60),

95% CI: 166707.75
—435596.23

177369.51 � 3994.40
(n = 47)

95% CI: 85699.01—
326572.72

13 patients (21.66%)
had 0.00 copies

8593.92 � 3248.46
(n = 41)

95% CI: 2422.26—
13232.15

19 patients (31.66%)
had 0.00 copies

P1,2 = 0.0001
P1,3 = 0.0001
P2,3 = 0.001

Table 1.
The dynamics of the number of copies of EBV DNA after treatment with Ingaron in patients with CEBVI.
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Subpopulations of
mononuclear cells in
blood, %

Before treatment
with Ingaron

10 days after 10
injections

10 days after 15
injections

p

1 2 3

CD3�CD16+CD56+ 10.95 � 0.78
95% CI: 9.53—12.58

15.37 � 0.96
95% CI: 13.59—

17.28

12.33 � 0.76
95% CI: 10.93—

13.72

P1,2 = 0.001
P1,3 = 0.006
P2,3 = 0.001

CD3+CD16+CD56+ 6.97 � 0.63
95% CI: 5.81—8.16

9.46 � 0.65
95% CI: 7.60—

12.25

5.89 � 0.68
95% CI: 4.52—

7.18

P1,2 = 0.031
P1,3 = 0.328
P2,3 = 0.001

CD3+CD16+CD56� 2.97 � 0,33
95% CI: 2.34—3.66

4.74 � 0.56
95% CI: 3.64—

6.20

3.89 � 0.31
95% CI: 3.30—

4.50

P1,2 = 0.001
P1,3 = 0.031
P2,3 = 0.04

Table 2.
The content of NK cells (%) in blood before and after the treatment with Ingaron in patients with CEBVI.

Figure 2.
The dynamics of EBV DNA in saliva samples before and after treatment with Ingaron in patients with CEBVI.

Figure 3.
Dynamics of the content of NK-cells (%) in the blood before and after treatment with Ingaron in patients with
CHEBVI.
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The data show that the presence of NK cells in peripheral blood is significantly
higher after administration of 10 injections of the drug and decreases after 15 injec-
tions, but generally still exceeds the level before treatment.

4.3 Dynamics of cytotoxic activity of NK cells

Next, the dynamics of cytotoxic activity of NK cells before treatment and 10 days
after 10 injections of Ingaron was assessed (Table 2). The expression of CD107a on
NK cells 10 days after 10 injections of Ingaron significantly increased and exceeded
referent values. This means that the introduction of recombinant IFN-γ at a total dose
of 5,000,000 IU stimulates spontaneous and induced degranulation of NK cells and
stimulation index in patients with CEBVI. After a full course of treatment (7,500,000
IU of recombinant IFN-γ), the expression of CD107a on NK cells reduced but was still
higher than before treatment and exceeded referent values. Therefore, the maximum
activity of NK cells in peripheral blood in patients with CEBVI was observed 10 days
after administration of a total dose of 5,000,000 IU Ingaron (Table 3).

Expression of
CD107a

Before treatment 10 days after the first stage of
treatment

(10 injections)

Reference
values

p

Expression of degranulation marker CD107a on
CD3�CD16+CD56+ cells

Spontaneous 2.94 � 0.35
95% CI: 2.31—3.72

5.22 � 0.40
95% CI: 3.47—5.09

0.9—3.3 p = 0.001

Induced 19.20 � 1.12
95% CI: 16.98—21.39

22.06 � 1.09
95% CI: 19.22—3.50

11.0—24.0 p = 0.003

Stimulation
index

11.05 � 0.91
95% CI: 10.20—16.47

15.22 � 1.05
95% CI: 12.17—16.45

5.5—17.0 p = 0.001

Expression of degranulation marker CD107a on
CD3+CD16+CD56+ cells

Spontaneous 1.46 � 0.15
95% CI: 1.16—1.78

2.60 � 0.25
95% CI: 1.52—2.50

0.4—1.6 p = 0.004

Induced 2.50 � 0.26
95% CI: 2.02—3.02

5.01 � 1.47
95% CI: 2.69—8.45

0.5—3.0 p = 0. 001

Stimulation
index

2.27 � 0.30
95% CI: 1.75—2.95

3.59 � 0.58
95% CI: 2.54—4.80

1.0—2.5 p = 0.024

Expression of degranulation marker CD107a on
CD3+CD16+CD56� cells

Spontaneous 0.31 � 0.02
95% CI: 0.25—0.37

0.71 � 0.13
95% CI: 0.47—1.02

0.1—0.4 p = 0.009

Induced 0.34 � 0.03
95% CI: 0.26—0.42

1.23 � 0.18
95% CI: 0.88—1.59

0.1—0.4 p =
0.0001

Stimulation
index

1.14 � 0.06
95% CI: 1.02—1.28

1.62 � 0.15
95% CI: 1.35—1.94

≤ 1.0 p = 0.002

Table 3.
The dynamics of the expression degranulation marker CD107a on NK cells, before treatment, and 10 days after
10 injections of Ingaron in patients with CEBVI.
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Next, the dynamics of cytotoxic activity of NK cells 10 days after 15 injections of
Ingaron was analyzed (Table 4).

The data from Table 4 are shown in Figure 4.
The dynamics of the content of NK cells and cytotoxic activity visually resemble

the sign “bell” or “arch” (∩) of varying severity. This direction of the obtained results
indicates the development of a hyporeactive state of cells against the background of a
longer administration of Ingaron (15 injections). The hyporeactive state of NK cells is
a consequence of a decrease in the number of EBV DNA copies, which in turn is
accompanied by a positive dynamics of clinical complaints after a full course of
therapy (7.500.000 IU).

4.4 Dynamics of clinical complaints

The next stage of the work was an analysis of the frequency of the main clinical
complaints in patients before treatment and after 10 and 15 injections of Ingaron.
Table 5 and Figure 5 show the dynamics of clinical complaints during therapy.

Expression of
CD107a

Before treatment 10 days after the second stage
of treatment
(15 injections)

Reference
values

P

Expression of degranulation marker CD107a on
CD3�CD16+CD56+ cells

Spontaneous 2.94 � 0.35
95% CI: 2.31—3.72

3.99 � 0.41
95% CI: 3.26 — 4.86

0.9—3.3 p = 0.056

Induced 19.20 � 1.12
95% CI: 16.98—21.39

21.08 � 1.01
95% CI: 19.05—23.04

11.0—24.0 p = 0.02

Stimulation
index

11.05 � 0.91
95% CI: 10.20—16.47

13.08 � 0.99
95% CI: 11.12—15.07

5.5—17.0 p = 0.0001

Expression of degranulation marker CD107a 0n
CD3+CD16+CD56+ cells

Spontaneous 1.46 � 0.15
95% CI: 1.16—1.78

2.25 � 0.26
95% CI: 1.74—2.78

0.4—1.6 p = 0.005

Induced 2.50 � 0.26
95% CI: 2.02—3.02

3.39 � 0.31
95% CI: 2.99—5.11

0.5—3.0 p = 0.04

Stimulation
index

2.27 � 0.30
95% CI: 1.75—2.95

3.62 � 0.63
95% CI:2.82—4.00

1.0—2.5 p = 0.01

Expression of degranulation marker CD107a on
CD3+CD16+CD56�
Spontaneous 0.31 � 0.02

95% CI: 0.25—0.37
0.51 � 0.09

95% CI:0.34—0.72
0.1—0.4 p = 0.062

Induced 0.34 � 0.03
95% CI: 0.26—0.42

1.08 � 0.17
95% CI: 0.73—1.42

0.1—0.4 p = 0.0001

Stimulation
index

1.14 � 0.06
95% CI: 1.02—1.28

1.59 � 0.13
95% CI: 1.35—1.88

≤ 1.0 p = 0.004

Table 4.
The dynamics of the expression degranulation marker CD107a on NK cells, before treatment and 10 days after 15
injections of Ingaron in patients with CEBVI.
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The data show that after the introduction of 10 injections of ingaron, there is a
significant decrease in the frequency of subfebrile temperature, sore throat, weakness,
and manifestations of stomatitis. After the introduction of 15 injections of ingaron, the
dynamics of clinical complaints are more evident: a decrease in the frequency of
subfebrile temperature, sore throat, weakness, chills, stomatitis, and swelling of the
nasal mucosa with postnasal mucus drip.

Frequency of clinical complaints, % Before
treatment
(n = 60)

10 days after
10 injections

10 days after
15 injections

p

1 2 3

Subfebrile temperature 83.33 45.00 36.66 P1,2 = 0.004
P1,3 = 0.001
P2,3 = 0.003

Lymphadenitis 50.00 46.66 41.66 P1,2 = 0.08
P1,3 = 0.052
P2,3 = 0.07

Sore throat 85.00 58.33 40.00 P1,2 = 0.001
P1,3 = 0.001
P2,3 = 0.001

Weakness 75.00 58.33 46.66 P1,2 = 0.01
P1,3 = 0.001
P2,3 = 0.05

Chills 71.66 68.33 50.00 P1,2 = 0.074
P1,3 = 0.001
P2,3 = 0.001

Excessive sweat 88.33 80.00 46.66 P1,2 = 0.052
P1,3=0.0001
P2,3 = 0.001

Swelling of the nasal mucosa with
postnasal mucus drip

35 30.00 18.33 P1,2 = 0.08
P1,3 = 0.05
P2,3 = 0.07

Stomatitis 31.66 21.66 16.66 P1,2 = 0.05
P1,3 = 0.001
P2,3 = 0.07

Irritability and tearfulness 60.00 56.66 53.33 P1,2 = 0.058
P1,3 = 0.054
P2,3 = 0.072

Headaches, dizziness 35.00 31.66 30.00 P1,2 = 0.068
P1,3 = 0.052
P2,3 = 0.07

Impaired concentration and memory 40.00 38.33 33.33 P1,2 = 0.082
P1,3 = 0.056
P2,3 = 0.058

Disturbed sleep 41.66 38.33 35.00 P1,2 = 0.058
P1.3 = 0.070
P2,3 = 0.072

Table 5.
The frequency (%) of main clinical complaints before treatment and after 10 and 15 injections of recombinant
IFN-γ in patients with CEBVI.
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Figure 4.
The dynamics of the expression of CD107a marker of degranulation of cytotoxic granules by NK cells before and
after 10 and 15 injections of Ingaron in patients with CEBVI.

Figure 5.
The frequency (%) of main clinical complaints before treatment and after 10 and 15 injections of recombinant
IFN-γ in patients with CEBVI.

134

Infectious Diseases Annual Volume 2022



4.5 Prognostic value of the presence of CD3�CD16+CD56+ cells in peripheral
blood

To reveal the prognostic value of NK cells, linear regression analysis was performed
with coefficients of determination (R2) calculated using Durbin—Watson statistic, and
also the analysis of variance (ANOVA), Fischer exact test (F), and standard beta coeffi-
cient (β) with 95% confidence interval. The results of the criterion F and the coefficient
ß, indicating the significance of the obtained regression models, are presented below:

1.The content of CD3-CD16 + CD56 + cells in the blood before treatment
contributes to the appearance of sore throat (F = 4.186; p = 0.009; β = 0.457; CI:
0.796; 4.237; p = 0.022).

2.The content of CD3-CD16 + CD56 + cells in the blood before treatment
influences the development and progression of disturbed sleep (F = 7.762; p =
0.007; β = 0.324; CI: 0.773; 4.683; p = 0.007).

3.The content of CD3�CD16+CD56+ cells in the blood before treatment influences
the development and progression of stomatitis (F = 3.256; p = 0.045; β = 0.211;
CI: -0.187; 2.873; p = 0.043).

4.The content of CD3�CD16+CD56+ cells before treatment influences the
development and progression of irritability and tearfulness (F = 4.420; p = 0.039;
β = 0.251; CI: 0.091; 3.519; p = 0.030).

The results of linear regression show that the presence of CD3�CD16+CD56+
subpopulation of cells in blood before treatment is a predictor of the development and
progression of clinical complaints in patients with CEBVI.

5. Resume

NK cells play a critical role in fighting EBV infection. NK cells are cytotoxic to
EBV-transformed cells during the acute phase and limit the EBV viral load [22]. The
mechanism of action of NK cells against EBV is not well understood. NK cell cytotox-
icity is strongly activated by EBV-induced ligands on infected B cells. Activated NK
cells use three main strategies to kill virus-infected cells:

a. production of cytokines;

b. secretion of cytolytic granules; and

c. death receptor-mediated cytolysis.

NK cells can prevent EBV entry into B cells and prevent B cell transformation via
IFN-γ [23]. Human peripheral blood NK cells recognize EBV-replicating B cells by
suppressing MHC class I surface molecules on infected cells [24].

The human NK cell compartment has up to 30,000 different subpopulations.
Human herpesviruses promote the expansion of distinct subpopulations of NK cells,
which then persist at an increased frequency for several months after infection.
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During this time, they stop proliferating and acquire the aging marker CD57.
Uncontrolled EBV infection develops with a decrease in NK cell compartments [25].
The hallmark of NK cell activation is degranulation, that is, the release of the contents
of lytic granules. The granules consist of secretory lysosomes containing a dense core,
various proteins, and take part in cytotoxic functions (e.g., perforin, granzymes) on
the surface of the target cell. The inner surface of the granules is covered with CD107a
(lysosome-associated membrane protein 1), a highly glycosylated protein that appears
on the cell surface due to the fusion of lysosomes with the plasma membrane.
Degranulation leads to the expression of CD107a on the cell surface and depletion of
intracellular perforin. After degranulation, CD107a is exposed on the surface of the
cytotoxic lymphocyte, protecting the membrane from perforin-mediated damage
[26]. Resting NK cells, upon receiving signals for degranulation, are able to express
surface CD107a and mediate cytotoxicity. Polarization and degranulation of cytolytic
granules are two steps in NK cell cytotoxicity that are controlled by separate signals
from different receptors. Neither polarization nor degranulation is sufficient for the
efficient lysis of target cells. The ability of NK cells to kill virus-infected cells occurs
before the “depletion” of NK cells, which is probably due to the depletion of cytolytic
granules. The results of the NK cell degranulation analysis have been shown to corre-
late with standard cytotoxicity results. That is, CD107a expression may be a sensitive
marker for determining cytotoxic activity [27].

In our study, the expression of CD107a degranulation marker on NK cells 10 days
after the administration of 5,000,000 IU Ingaron significantly increased and excessed
reference values. This means that the introduction of recombinant IFN-γ at a total
dose of 5,000,000 IU stimulates spontaneous and induced degranulation of NK cells
in patients with CEBVI. After the full course of treatment with 7,500,000 IU of
recombinant IFN-γ, the expression of CD107a on NK cells decreased but was still
higher than before the treatment and exceeded reference values. The maximum
activity of NK cells in the peripheral blood of patients with CEBVI was achieved 10
days after the administration of a total dose of 5,000,000 IU Ingaron. Therefore, the
results of the analysis of NK cells degranulation correlate with standard results on
cytotoxicity as shown in studies by Alter G. et al. [27]. The expression of CD107a can
therefore be a sensitive marker of cytotoxic activity of NK cells. The maximum
expansion of NK cells in the peripheral blood of patients with CEBVI was observed
after the administration of a total dose of 5,000,000 IU Ingaron, after additional five
injections (2,500,000 IU) Ingaron, that is, after a full course of 7,500,000 IU Ingaron,
the content of NK-cells decreased, but did not reach the initial level. The dynamics
content and cytotoxic activity of NK cells visually resemble the sign “bell” or “arch”
(∩) of a different curvature. In 1985, Talmadge, J. E. et al. were the first to demon-
strate the bell-like curve of the dependency of NK cells presence on the dose of
recombinant IFN-γ in vitro and in vivo [28]. They experimented on mice and showed
that the activity of NK cells sharply increases 24 hours after the administration of
recombinant IFN-γ and reaches a peak 48 hours after administration. The drug was
several times more effective to increase cytotoxicity mediated by NK cells compared
with IFN-α; its repeated administration led to a decrease in NK cells activity, and a
hyporesponsive state developed. Preclinical and clinical studies of recombinant IFN-γ
also showed a bell-like dependency on the dose when NK cells were induced by
multiple or high doses of the drug [29]. This systemic hyporeactive state occurs not
only in the spleen and peripheral blood, but also in NK cells isolated from the lungs
and liver. In this case, the hyporesponsiveness of NK cells occurred when normal cells
stimulated NK cells but the inhibiting signals from HLA Class I molecules were absent,
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or when excessive stimulation was stronger than inhibiting signals. Constant engage-
ment of activating receptors and the lack of inhibiting receptors led to the
hyporesponsiveness of NK cells.

Experiments onmice showed that the constant interaction of the activating Ly49H
receptor with NK cells leads to the development of hyporeactivity of NK cells due to
changes in the downstream signaling pathways from the receptor to the adaptermolecule.
The constant interaction of Ly49H receptorwith its ligand in vivo results in aweak response
of Ly49H+NK cells to further stimulation from other receptors, whereas Ly49H�NK cells
remain unaffected. Hyporesponsiveness of NK cells correlates with the suppression of the
activity of Ly49H receptor on the cell membrane.When effective inhibiting signals are
absent,NKcells experience sustained activation andbecomehyporeactive,which is known
as the “disarming”model [30]. However, themost importantmechanisms that lead to the
hyporesponsiveness of NK cells need further investigation.

Based on the previously published results of studies on the mechanism of devel-
opment of NK cell hyporeactivity and our data, it becomes obvious that long-term
administration of recombinant interferon-γ in patients with chronic EBV infection
leads to the development of a decrease in the function of NK cells. In our study, the
development of a hyporeactive state of NK cells against the background of a longer
administration of ingaron (15 injections) is accompanied by a decrease in the number
of copies of EBV DNA in saliva samples and a more pronounced positive dynamics of
clinical complaints in patients after a full course of therapy (7.500.000 IU).

The study of the inhibitory effect of pure recombinant human (rh) IFN-α and IFN-γ
on EBV infection began in the late 80s and early 90s of the twentieth century. In 1986,
Shigeo Kure et al. demonstrated that none of the rhIFNs lack pronounced inhibiting
effect on EBNA expression in hidden EBV-infected Raji and Daudi cells. These results
suggest that rhIFN act mostly on the early stage of EBV infection [31]. It was demon-
strated in an experimental setting that pretreatment of Vero cells with either IFN-β or
IFN-γ inhibits HSV-1 replication by less than 20-fold.Сo-treatment with IFN-β and IFN-
γ inhibits HSV-1 replication about 1,000 times [32, 33]. The authors proposed that a high
level of inhibition after the introduction of exogenous IFN-γwas a result of a synergic
interaction with endogenous IFN-α/IFN-β produced locally in response to HSV-1 infec-
tion. A study of the influence of purified recombinant interferons of all three classes on
EBV-induced proliferation of B cells and immunoglobulin secretion showed that IFN-γ
reduces B cell proliferation and immunoglobulin production if added 3–4 days after
infection and that IFN-α and IFN-β effectively influence cell proliferation only within 24
hours. The authors showed that the antiviral effect of IFN-γ on EBV-infected cells is 7–10
times stronger than that of IFN-α and IFN-β [34, 35]. Our study demonstrated a signif-
icant decrease in the number of copies of EBV DNA in saliva samples 10 days after the
administration of 5,000,000 IU of Ingaron, and the results of PCR test were negative in
21.66% of patients. After a full course of treatment with 7,500,000 IU Ingaron, 31.66%
of patients had negative results of PCR test of saliva samples. This means that the full
course of Ingaron is significantly more effective (p = 0.001). A strong and significant
decrease in clinical complaints of patients was achieved after the full course of treatment.

6. Conclusions

1.Ingaron is a recombinant human INF-γ preparation. It has a pronounced antiviral
effect, which is expressed in a significant decrease in the number of EBV DNA
copies in patients with CEBVI.
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2.After administration of a total injection of 5,000,000 IU of ingaron (10
injections), there was a significant increase in the content of NK cells, which
indicates the effect of ingaron on the development of the maximum expansion of
NK cells in patients with CEBVI. After administration of additional 2,500,000 IU
of Ingaron (five injections), that is, when the course of 7,500,000 IU Ingaron
was completed, the presence of NK cells decreased, but was still higher than
before treatment.

3. Ingaron therapy stimulates spontaneous and induced degranulation of NK cells,
that is, cytotoxic activity in patients with CEBVI. The maximum effect was
obtained with the introduction of 5.000.000 IU of ingaron (10 injections) and it
reduced after full course of 7,500,000 IU (15 injections) but did not return to
initial values.

4.The content of CD3�CD16+CD56+ cells in the blood before treatment is a
predictor of the development and progression of clinical complaints in patients
with CEBVI.

5.The effectiveness of therapy in patients with CVEI, both in relation to clinical
complaints and the number of copies of EBV DNA in saliva, is determined by the
duration of administration of recombinant human INF-γ (Ingaron). At least 15
injections of 500,000 IU Ingaron every other day are required.

7. Future research directions

It is necessary to carry out further investigation of how Ingaron affects dynamics
of content of other subpopulations of lymphocytes of peripheral blood in the course of
treatment by the medication. Also seems to be interesting to study production of the
anti-inflammatory cytokines (IL-1β, IL-6, and TNF-β) in the course of the Ingaron
treatment.

Based on preliminary results of this study, we suppose that Ingaron possesses
manifest anti-viral action and is one of the activators of immune response. The
medication can be used as a combination therapy for chronic Epstein-Barr infection,
which will save working population and reduce burden on the healthcare system.
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Chapter 7

Airborne Transmission and Control 
of Influenza and Other Respiratory 
Pathogens
Jacob Bueno de Mesquita

Abstract

Despite uncertainty about the specific transmission risk posed by airborne, 
spray-borne, and contact modes for influenza, SARS-CoV-2, and other respiratory 
viruses, there is evidence that airborne transmission via inhalation is important and 
often predominates. An early study of influenza transmission via airborne challenge 
quantified infectious doses as low as one influenza virion leading to illness character-
ized by cough and sore throat. Other studies that challenged via intranasal mucosal 
exposure observed high doses required for similarly symptomatic respiratory ill-
nesses. Analysis of the Evaluating Modes of Influenza Transmission (EMIT) influenza 
human-challenge transmission trial—of 52 H3N2 inoculated viral donors and 75 
sero-susceptible exposed individuals—quantifies airborne transmission and provides 
context and insight into methodology related to airborne transmission. Advances 
in aerosol sampling and epidemiologic studies examining the role of masking, and 
engineering-based air hygiene strategies provide a foundation for understanding risk 
and directions for new work.

Keywords: airborne infection, inhalation exposure, infectious aerosols, anisotropic

1. Introduction

Seasonal and pandemic influenza remain global threats. Seasonal flu kills up 
to 650,000 people each year and pandemics have the potential to cause millions of 
deaths and disrupt societies. Despite surpassing the 100-year anniversary of the 
1918–1919 global influenza pandemic with a death toll estimated at over 50 million, 
present-day non-pharmaceutical prevention strategies—including engineering 
controls like germicidal ultraviolet technology (GUV), filtration, and ventila-
tion—remain inadequately used to quell seasonal influenza epidemics and emerg-
ing pandemics as demonstrated with ongoing epidemiologic waves of COVID-19. 
Stringent social isolation remains an effective approach over the centuries but may 
only achieve population-level compliance for short periods of time. Testing, vaccina-
tion, and therapies are helpful but have not been available at the outset of emerging 
pandemics, and face issues of waning effectiveness as pathogens evolve, and logistical 
and social issues related to rapid production and equitable dissemination. It is widely 
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appreciated that the quest for improved non-pharmaceutical controls and vaccines 
is dependent upon knowledge of influenza virus transmission via direct contact, 
large droplet spray, and aerosol inhalation and deposition along the respiratory tract. 
Increasing precision and confidence of quantified risks posed by airborne and other 
transmission modes support better design and evaluation of engineering controls and 
other strategies to reduce population spread. To rapidly identify airborne pathogens 
and continually update knowledge about airborne infection potential of evolving 
pathogens, there is a need for sentinel epidemiologic and bioaerosol sampling surveil-
lance systems.

Influenza intervention trials showed that the use of hand hygiene and surgi-
cal masks to reduce contact and large droplet exposure resulted in only mild risk 
reduction among susceptible household contacts of influenza cases and may have 
facilitated more airborne transmission [1]. Human challenge studies have shown that 
infection initiated through aerosols, compared with nasal instillation [2, 3], required 
a lower dose and resulted in more severe disease. Inhalation of bioaerosols is likely 
important for other acute, viral, and respiratory infections and was convincingly 
implicated by airborne viral transport computational fluid dynamic models for a 
deadly SARS-coronavirus outbreak [4–6]. The capacity to directly measure the extent 
and intensity of transmission risk posed by bioaerosols represents uncertainty for 
which research is needed. Failure to quantify the contribution of exhaled bioaerosols 
impedes the advocacy for and effective use of control measures and facilitates popula-
tion vulnerability during seasonal epidemics and pandemics.

William Wells described the quantum theory of airborne infection [7] whereby 
infection risk is described by exposure to infectious doses, or quanta (which is, more 
specifically, the dose that would infect 63% of those exposed), generated by infec-
tious individuals over time. Studies quantifying influenza virus and SARS-CoV-2 
virus shed into exhaled breath aerosols using a Gesundheit-II (G-II) bioaerosol 
sampler support an understanding of airborne contamination by infectious individu-
als, provides a way forward for precisely estimating airborne infection risk in terms 
of virions with infectious potential and genome copies measured by quantitative 
reverse-transcriptase polymerase chain reaction (qRT-PCR) [8–11]. Human challenge 
transmission trials offer one way forward to quantifying the airborne transmission 
risk between infectious and susceptible individuals with known levels of inhala-
tion exposure to exhaled breath, paired with measurements of viral load in exhaled 
breath. Real-world study in congregate settings where exposure may be unavoidable, 
including in healthcare or other public gathering places offers another approach that 
may provide more generalizable findings, yet may be more logistically challenging to 
achieve valid estimates of exposure [12]. Yet emerging genomic sequencing methods 
that can identify viral mutations shared between epidemiologically linked individu-
als can confirm transmission chains and may offer clues to the specific mode of 
transmission [13].

Reliable prediction of airborne risk informs disease control efforts by providing 
information about the relationship between various levels of exposure control via 
engineering controls—air disinfection by GUV, ventilation, and filtration—and 
reduce airborne transmission. This information is needed to inform public health 
approaches and infrastructure design to provide appropriate air hygiene for miti-
gating emerging pandemic viruses before effective vaccines and therapies become 
available. This chapter provides an overview of airborne viral infection dynamics 
and control with a focus on the scientific underpinnings required for future epide-
miologic study designs under which longitudinal surveillance of contact networks 
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can revolutionize understanding of airborne infection transmission by pinpointing 
transmission routes and refining estimates of infection risk by airborne and other 
modes in indoor spaces. Results from this line of research provide key information 
for guiding the strategic use of prevention methods—especially air disinfection by 
GUV—to protect against seasonal epidemics and pandemics in shared air spaces and, 
in particular, among immunologically vulnerable populations.

2. Disease burden and public health impact

The Forum of International Respiratory Societies emphasizes that acute respira-
tory infections are the greatest contributors to the global disease burden, responsible 
for 4 million deaths annually. CDC reports that influenza resulted in 9–36 million 
illnesses and up to 56,000 deaths each year since 2010 in the US, with annual esti-
mated direct and indirect costs of $87 billion [14]. Respiratory infections cost over $15 
billion annually in the UK [15]. Globally, seasonal influenza kills up to 675,000 people 
each year and influenza pandemics have the potential to cause millions of deaths 
and severe societal disruption. The health and economic burdens are amplified in 
developing nations with less access to health services [16]. The devastating loss of life, 
the morbidity and economic losses from COVID-19, trends in spillover of pathogenic 
avian influenza to humans with pandemic potential, and an increasingly intercon-
nected world, all create an urgent case for improved prevention methods.

Prevention of these substantial population health threats cannot rely solely 
on vaccines, which are often poorly matched to rapidly evolving strains. During 
pandemic, the lag time in the production and dissemination of vaccines leads to 
widespread vulnerability and underscores the need for interventions based on viral 
exposure reduction to interrupt transmission. It is widely appreciated that the quest 
for improved non-pharmaceutical prevention methods—including reducing expo-
sures through building-level air disinfection—or social distancing, and vaccines are 
dependent on understanding transmission risk via contact, large droplet spray, and 
fine-particle aerosol respiration (i.e., airborne) [17]. Vaccine development benefits 
from an understanding of host-pathogen dynamics related to transmission mode. 
There is strong evidence supporting the critical role of airborne transmission, and 
it is well-recognized that infection initiated by the airborne route is likely to cause 
more severe symptoms compared to infections initiated by contact or large droplet 
spray [2, 3].

The US CDC typically has recommended protective behaviors such as washing 
hands, covering coughs, and donning masks to reduce contact and droplet exposure, 
but has provided little specific guidance related to air cleaning or respiratory protec-
tion (e.g., fit tested N95s) to mitigate aerosols that are capable of penetrating and 
circumventing surgical or cloth masks. Intervention trials showed that the use of 
hand hygiene and surgical masks to hinder contact and droplet exposure resulted in 
only mild risk reduction among susceptible household contacts of nearly 800 influ-
enza cases and may have promoted a greater proportion of airborne transmission [1]. 
Furthermore, those most likely to be exposed to airborne influenza, due to the use 
of hand hygiene plus surgical mask, tended to present with more severe symptoms 
characterized by fever and cough. Despite some delays in intervention initiation and 
imperfect adherence, such trial conditions reflect realistic population usage, while 
randomization and robust sensitivity analyses support internal validity to the extent 
possible. Although implementation of masking and engineering controls such as 
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GUV, filtration, and ventilation are well supported by existing evidence, the state of 
the science benefits from investigation to better quantify airborne transmission risk 
and the extent of the effectiveness of GUV, filtration, and ventilation.

A clear, dose-response relationship between dormitory rebreathed air fraction 
and likelihood of retrospective, self-reported acute respiratory infection (ARI) was 
observed in a study of 3,712 students in Tianjin, China [18]. A separate airborne infec-
tion risk model suggested that increased clean air supply could effectively control 
population spread of ARIs including influenza but may not have much effect on 
highly contagious infections like measles [19]. However, this study used estimated 
values of influenza contagiousness based on an airplane outbreak [20], where there 
was uncertainty about outdoor air exchange, and all secondary influenza cases were 
assumed to be connected to the index. More recently a comparison of two univer-
sity dormitories in Maryland, USA showed that compared with a dormitory with 
higher ventilation the dormitory with low ventilation had 4 times (95% confidence 
0.69–163.02) the ARI rate, although the sample size of infections reported in the high 
ventilated dormitory reduced the ability to make more conclusive comparisons [21].

While modulating airflow and ventilation can influence airborne contamination 
quantities and human exposure, unequivocal evidence from exposure chambers dem-
onstrates the inactivation of aerosolized respiratory pathogens including influenza 
[22], vaccinia virus [23], and TB [24] under exposure to upper-room 254 nm UV-C 
light (GUV), representing a highly effective strategy to interrupt airborne transmis-
sion. But whereas current control techniques are unlikely to be strategically deployed, 
improved characterization of risk by transmission mode enables the most effective 
use of existing control strategies and may provide health benefits knowledge to help 
catalyze investment by communities, government, and public health agencies.

3.  The human-challenge transmission trial for quantifying infection 
modes

A meeting of globally recognized influenza transmission experts was convened by 
CDC in 2010 to address knowledge gaps about the relative importance of influenza 
transmission modes that are reflected in uncertainty about hospital care and gen-
eral population prevention guidelines [25]. The meeting discussed possible animal 
and human transmission experiments and explored the possibilities of conducting 
epidemiological studies with engineering and/or personal protective interventions. 
Although there was great enthusiasm for studies of population infection surveil-
lance with upper room GUV or other airborne control interventions, preliminary 
work in this area was lacking. Ultimately it was determined that a human challenge-
transmission study with interventions to control for transmission mode, surveillance 
of aerosol shedding, environmental conditions, comparison of aerosol infectivity 
of experimental and naturally infected influenza cases would represent the most 
scientifically sound approach.

4. Aerobiologic pathway for influenza and other respiratory infections

An abundance of laboratory evidence substantiates the aerobiologic pathway for 
influenza and other ARIs and supports new epidemiologic studies of transmission. 
The aerobiologic pathway [26], consists of a) generation of particles containing 
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infectious microbes from the respiratory tract or environmental sources, b) mainte-
nance of infectivity and persistence in the air before reaching a susceptible host, and 
c) deposition in at least one vulnerable locus in the respiratory tract of the new host.

With respect to infectious particle generation, exhaled breath particles con-
tain a respiratory fluid lining of the small airways and are generated by small 
airway closure and reopening [27–29]. A team led by Milton at the University of 
Maryland observed 218 half-hour exhaled breath samples from 142 symptomatic 
influenza cases and detected culturable influenza virus in 39% of fine-particle 
aerosols (≤5 μm) with geometric means of 37 infectious particles by fluorescent 
focus assay and 3.8x104 RNA copies by qRT-PCR (geometric standard deviations 
4.4 and 13, respectively) [11]. Using a G-II bioaerosol collection device to sample 
natural breathing (including incidental coughs), this research clearly shows that 
influenza cases can generate many virus-laden particles. The same research team 
using a similar methodology detected SARS-CoV-2 in 36% of fine and 26% of 
coarse aerosols, while also detecting infectious viruses [10]. Others using the G-II 
showed that singing produced the highest proportion of positive fine aerosols, 
followed by talking and breathing [30].

Once generated, infectious aerosols maintain infectivity and persist in the air 
before reaching a susceptible host. The airborne movement of infectious particles has 
been implicated in human and animal transmission of influenza and other respiratory 
pathogens. Computational fluid dynamics and multi-zone models simulating a three-
dimensional aerosol plume rising upwards and around an apartment building with a 
SARS-coronavirus index case predicted the location of secondary cases [4]. Noti and 
colleagues measured infectious influenza in aerosols that had traveled across a room 
[31]. Upward dispersion of aerosols with slow settling velocity has been confirmed 
by influenza. A transmission between infected guinea pigs housed >100cm below 
exposed animals [32]. Numerous ferret studies report similar results. The ability for 
airborne particles to travel and initiate disease was implied by two postal workers 
who became infected with Anthrax following a known release of spores and no other 
known exposures [33].

Biologically active airborne particles carry public health significance given the 
potential for prolonged suspension and scenarios of exposure before removal occurs 
or through recirculated air that has not been filtered or sterilized. Studies of biologi-
cal decay in aerosolized virus maintained in a rotating drum demonstrated infectious 
potential for influenza [34] and coronavirus [35] after 23 hours and 6 days, respec-
tively. Although the exact sizes of the laboratory-generated aerosols used were not 
reported, these studies demonstrate prolonged infectiousness in particles <10 μm. 
The rate of biological decay as a function of temperature and relative humidity has 
been characterized through laboratory manipulation of viral-laden droplets [36]; 
and through airborne simulations with bacteriophage Phi6, a surrogate for influenza 
and coronaviruses [37]. Reduced decay corresponded with lower droplet salt concen-
trations associated with high and low vapor pressures, consistent with epidemiologic 
observation of peak transmission during the hot and rainy season in the tropics, 
and the cold and dry season in temperate climates. However other research using 
aerosolized virus from human airway epithelial fluid suggests that the influenza 
virus remains infectious independent of relative humility [38]. This latter work 
may be more convincing given the use of a more realistic human model. The aerosol 
half-life of SARS-CoV-2 has been reported at 1.1 hours (95% CI 0.64–2.64) [39], with 
infectivity measured at 16 hours with potential for longer persistence under longer 
observation [40].
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Inhalation of airborne virus and deposition at a vulnerable locus in the respiratory 
tract can initiate infection. A human challenge study demonstrated an infectious dose 
for inhaled influenza A aerosols as low as 0.6–3 TCID50 [2]. A study of exhaled breath 
from confirmed influenza cases showed that 99 and 87% of particles were less than 5 
and 1 μm, respectively [28]. This shows that exhaled breath aerosols are well within 
the size range to penetrate the lower lung. Fine particle aerosols exhaled from naturally 
infected influenza cases have been shown to carry infectious viruses [9, 11]. Given that, 
epidemiologic, laboratory, and challenge studies fail to definitively confirm human 
airborne transmission and produce valid risk models, there is a need for methods that 
maximize external validity to community settings and enable confirmation of trans-
mission modes for a range of ARIs. Observation of community transmission provides 
an ideal platform to validate risk models that parameterize the aforementioned 
aerobiologic path—viral aerosol generation, persistence, and deposition—leading to 
valid estimation of infectious dose. Observation of exposed, asymptomatic individuals 
satisfies the concerns of Fraser and colleagues, which identified asymptomatic cases as 
key to pushing R0 above one [41].

5.  Studies of influenza transmission risk by mode and the anisotropic 
hypothesis

Hand hygiene and face masks have been assessed for their potential to reduce 
influenza transmission and gain information about transmission mode-related risk. 
Cluster-randomized trials with hand hygiene and facemask interventions found mild 
reductions in risk among intervention users (effect for hand hygiene and facemask 
groups, separately) that did not reach statistical significance [42]. This finding 
was consistent with those from studies performed in Hong Kong and Bangkok that 
showed the effect of hand hygiene plus facemask to be small at best [1, 43, 44]. A 
similar result was observed for crowded, urban households in upper Manhattan after 
19 months of follow-up in 509 households [45]. However, a meta-analysis showed that 
hand hygiene plus facemask interventions were associated with a statistically signifi-
cant 27% reduction in transmission risk [46]. Hand hygiene alone had no significant 
effect but showed a trend toward reducing risk under higher humidity and suggesting 
a predominance of aerosol transmission in temperate climates that is weakened in 
tropical climates. Given that facemasks have been assessed to reduce viral RNA copies 
contained in coarse aerosols by 25-fold and fine aerosols by 2.8-fold [9], if such reduc-
tions are associated with reduced transmission risk, then the meta-analysis findings 
make sense. Several other studies and review papers provide extensive evidence for 
the role of airborne particles in both influenza [5, 47, 48], and SARS-CoV-2 [49–55] 
transmission.

The hypothesis that influenza is anisotropic—that the route of transmission influ-
ences disease presentation [5]—is supported by early studies of human exposure to 
influenza contained in aerosols and nasal droplets [2, 3, 56], where aerosol exposure 
was more likely to result in influenza-like disease characterized by fever and cough, 
compared with nasal mucosa exposure representative of contact and droplet routes. 
The community-infected cases documented by Knight and colleagues exhibited simi-
lar symptomatology as Alford’s infected volunteers, suggesting a natural tendency 
toward aerosol transmission. These findings were more recently borne out in ferrets 
where aerosol-infected animals not only presented with more severe symptoms 
but also shed more virus than their nasally-inoculated counterparts [57]. Similarly, 
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cynomolgus macaques exposed to SARS-CoV-2 via aerosols were more likely to 
experience fever and severe respiratory pathology compared with those exposed via 
intratracheal/intranasal drops, suggesting similar anisotropy [58].

6. Findings from EMIT human challenge transmission trial

The human challenge-transmission trial (Evaluating Modes of Influenza 
Transmission [EMIT], ClinicalTrials.gov number NCT01710111) was designed to 
achieve an expected 40% SAR, however, achieved an actual SAR of 1.3% [59]. This 
finding on its own fails to provide definitive results regarding transmission modes, yet 
the low transmission rate from close-quarters exposure of infectious influenza cases 
over four consecutive 12–16-hour days with sero-susceptible individuals suggests that 
the contact and spray-borne transmission modes were not important contributors. 
Comparison of this result with the proof-of-concept study that achieved a SAR of 
8.3% under much lower exposure time and ventilation motivates discussion about the 
role of ventilation and exposure to airborne pathogens [60].

Bueno de Mesquita and colleagues used CO2 data from the transmission trial, 
and knowledge of aerosol viral shedding by experimentally infected primary cases 
(known as “viral Donors”) and applied the rebreathed-air equation—a modification 
of the Wells-Riley equation—to estimate an infectious quanta generation rate and 
RNA copy number per infectious quantum [19]. This analysis showed that the partic-
ular group of exposed individuals where the single secondary infection was observed 
was among the group with the highest exposure to virus contained in the exhaled 
breath of the Donors to which they were exposed. This suggests that the transmission 
may have occurred through the airborne mode. Assuming this, the airborne quanta 
generation rate (q) (95% CI) for influenza in the controlled human transmission 
trial environment among infected Donors and airborne viral shedding Donors was 
estimated to be 0.029 (95% CI 0.0270, 0.03) and 0.11 (0.088, 0.12) per hour, respec-
tively. The number of RNA copies per infectious quantum was 1.4E+5 (95% CI 9.9E+4, 
1.8E+4). Given this quantum generation rate, and levels of viral shedding in a college 
campus community in dormitory rooms evaluated for exhaled breath exposure, the 
typical viral shedder presents a low risk of transmission to a susceptible roommate 
during three nights of exposure in a well-ventilated dormitory but a moderate risk 
in a poorly ventilated dormitory. Supershedders at the 90th percentile of fine aerosol 
shedding would present high risk even in the higher ventilated dorm. The effect of 
higher ventilation could be modeled using the rebreathed-air equation and typically 
points towards the need for levels of air exchange far beyond what might be achiev-
able by ventilation alone, underscoring the importance of air disinfection by GUV 
and filtration to mitigate superspreading.

The next question is whether the EMIT human volunteers experimentally infected 
by intranasal droplets simulate naturally-acquired infections to a comparable degree. 
To address this question, the EMIT study included an investigation of community 
influenza cases presenting with influenza-like illness. There was a low probability 
artificial nasal inoculation would have resulted in the highest levels of symptom 
severity and viral shedding observed among naturally infected cases selected on the 
basis of febrile illness [61]. Findings from these analyses generate new knowledge 
about influenza infection, disease, and transmission and inform future studies aimed 
at improving our understanding of respiratory infection transmission dynamics and 
associated disease. There is limited data elsewhere about the extent of shedding as a 



Infectious Diseases Annual Volume 2022

150

function of symptom profile, although asymptomatic individuals have been shown to 
shed 1–2 log10 RNA copies fewer than symptomatic influenza cases [62]. The extent to 
which asymptomatic infections may be more representative of populations infected 
by upper respiratory mucosal exposure is unclear.

The computed infectious quantum generation rate enables the comparison 
between estimated exposure to influenza virus and infection risk. Thus, given levels 
of exhaled breath aerosol viral shedding and ventilation rates for indoor shared 
air spaces, the Wells-Riley equation can be applied to estimate infection risk. Of 
course, this assumes that the assumptions inherent in the computation of the q in 
the EMIT human challenge-transmission trial can be generalized to other transmis-
sion scenarios. The population of susceptible volunteers had low HAI and MN titres, 
representing above-average susceptibility to the general population, suggesting q may 
be overestimated. The computed q must also be interpreted with caution because it 
represents a point estimate, with confidence bounds generated by empirical boot-
strap, given that it was derived from a single transmission event. The q for influenza 
in the challenge trial is relatively low compared with the few estimations done for 
other respiratory infections. Yet applying the EMIT-derived RNA copy to infectious 
quantum relationship to naturally infected influenza cases shedding the most virus 
among 142 mostly healthy young adults gave a q value of 630 [63]. Analysis of a 
super spreading event on an airplane suggested q or 100 for influenza virus, while 
q for rhinovirus has been estimated at 4 [19]. Careful epidemiologic investigation 
of an explosive measles outbreak in an elementary school showed q of over 5,000 
[64]. Analysis of a SARS-CoV-2 outbreak in a poorly ventilated restaurant yielded an 
estimated q of about 80 [55], while a super spreading event at a choir practice led to 
an estimated q of over 900 [65].

7. EMIT trial limitations and questions for future work

The EMIT challenge-transmission trial, like Alford’s challenge study with aerosol 
viral exposure, used a population with low pre-existing antibodies to the chal-
lenge virus subtype. Thus, these studies are useful for demonstrating transmission 
dynamics with susceptible secondary cases but lack generalizability to the general 
population with varying levels of immunity. That only one transmission event 
was observed in a Control Recipient represents a major limitation, as the mode of 
transmission cannot be well deduced, and the risk ratio represents the lower bound 
for infection risk and lends uncertainty to the confidence bounds. Nonetheless, the 
EMIT analyses attempted to a) learn what was possible about influenza transmission 
given that the study was unique in its design and the largest human-transmission 
trial conducted to date, and b) fully assess the limitations of the study design to 
inform future investigations. Numerous questions exist to drive future studies aim-
ing to refine risk assessment and optimize population prevention strategies. Such 
questions include:

1. To what extent do climate, subtype, and engineering controls affect transmission 
risk while accounting for variability in human susceptibility to illness, and the 
concurrent deployment of administrative and behavioral interventions?

2. What is the optimal set of social contact networks and measured indoor air qual-
ity variables to predict observed transmission events in a contained community 



151

Airborne Transmission and Control of Influenza and Other Respiratory Pathogens
DOI: http://dx.doi.org/10.5772/intechopen.106446

setting (e.g., dormitories, military barracks, nursing homes, hospitals, schools, 
occupational settings)?

3. What epidemiologic strategies would best support the effective identification 
of exposure networks and confirm transmission events, potentially by infection 
mode?

4. To what extent does infection mode influence the immune response and subse-
quent viral shedding peak, temporal shedding patterns, and virion infectious-
ness, and to what extent does age, sex, prior infection, vaccination, and immune 
status modify these effects?

5. Could viral load quantities and community characterization sampled at different 
sites (lung-produced aerosols versus upper respiratory tract-produced mucosa) 
and times throughout the course of infection indicate the mode by which infec-
tion was initiated?

6. How do symptoms correlate with infectious viral shedding from the lung versus 
upper respiratory mucosa across age, sex, socio-behavioral factors, immune 
status, and subtype?

7. To what extent is aerosol shedding a function of viral concentration in the respi-
ratory fluid of the distal airways and expiratory volume, and how might these 
relationships change with cough, speech, singing, and other drivers of expiratory 
particle generation?

8. Implications for study design

Findings from the experimental challenge-transmission model should be evalu-
ated in studies of real-world epidemiology and population transmission dynamics. 
This way the potentially important contributions of other important variables can be 
assessed: a) immunity and shedding dynamics, b) socio-behavioral factors related to 
human-human interaction and exposure, c) overall well-being including psychological 
stress, sleep, physical activity, and diet [66], d) features of the built environment where 
exposure occurs including temperature, humidity, sanitary ventilation (combination 
of outdoor airflow, filtration, and GUV), and e) the role of other airborne exposures 
including particulate matter, ozone, and nitrogen oxides.

The advantage of the experimental trial in a controlled environment is that a 
relationship can be drawn between viral shedding quantity and subsequent secondary 
attack rates, giving a dose-response relationship. However recent advances in genomic 
sequencing and bioinformatics show a path forward for using molecular markers, 
in combination with epidemiological contact and exposure surveillance, to confirm 
transmission chains [67–69]. Sequences from identified transmission pairs may be 
able to give information about infection mode if viral communities evolve distinctly 
in the lung versus the upper respiratory mucosa. There is evidence that influenza 
may manifest as compartmentalized infections in the lung and nasopharynx [11, 70]. 
Airborne transmission likely involves viral communities produced in the lung, while 
contact transmission likely involves nasal communities, thus enabling a path to iden-
tify infection route that requires characterization. Considering the nasopharynx and 
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lung as separate entities that carry the ability to infect independently, reconstruction 
of transmission chains in observed contact networks may be possible by analyzing 
shared variants [13]. Bayesian approaches can be used to infer transmission events for 
outbreaks that are not completely sampled and/or are ongoing [71].

A study that simultaneously monitored ventilation rates in two neighboring 
dormitories housing first and second-year students and respiratory infections among 
the population found a trend towards a higher infection rate in the dormitory with 
lower ventilation, suggestive of a relationship between inhalation exposure and 
infection risk [21]. This study also showed a gradient of exposure levels to exhaled 
breath between rooms in a corridor that could support epidemiologic investigation 
of transmission chains. Longer studies with larger populations should be done that 
combine contact investigation and sequence analysis to confirm transmission chains. 
Symptom assessment, specimen collection for quantification of mucosal and exhaled 
breath viral load, viral community, immune biomarkers, and other health-related fac-
tors related to stress would provide necessary data sources to assess the relationship 
between exposure and infection risk that could be modified by immunologic factors.

9. Conclusions and implications for public health practice

Although new studies are needed to refine estimates of transmission risk by vari-
ous modes to understand the relationships between infection mode, dose, symptoms, 
age, sex, immunity, and environment, the existing state of knowledge is sufficient to 
support the scientific underpinnings of public health interventions aimed at reducing 
transmission and population epidemics through targeted airborne exposure control. At 
the very least, airborne infection preventive measures should be used as part of precau-
tionary strategies to protect populations from loss of life and livelihood associated with 
emerging pandemics. In the case of influenza, it may be that the infectious generation 
rate of the average infectious aerosol shedder is low enough to pose an only mild risk 
under conditions with abundant sanitary ventilation but may pose moderate to severe 
risk under conditions of less sanitary ventilation (Figure 1). Fine particle aerosol 
supershedders may pose a substantial risk regardless of sanitary ventilation. Although 
they may be quite rare in the population, supershedders may account for most of 
the population spread as shown in the case of SARS-CoV-2 [72, 73]. Investigation of 
exactly how much of this risk can be attenuated by engineering controls opens the door 
for well-informed exploration of building design and operation strategies. That sani-
tary ventilation measures provide contribute to the control of any airborne transmitted 
pathogen represents a major advantage.

The magnitude of infection control measures required to prevent the community 
spread of airborne contagion is related to the infectivity of the pathogen (i.e., infec-
tious dose shedding rate). Testing, quarantine, and isolation are critical measures 
to interrupt transmission by removing exposures to infectious sources and should 
always be considered. Yet there are challenges with achieving widespread access to 
sensitive tests for emerging pathogens, and compliance with quarantine and isolation 
procedures. Engineering controls including GUV, filtration, and ventilation provide 
an effective layer of protection that can be facilitated by the government as a social 
good requiring little if any behavior change or compliance at the population scale. 
Engineering controls—with an emphasis on GUV when dealing with highly infectious 
pathogens—can help move societies beyond reliance on social isolation and masking, 
especially given the social fatigue with these measures observed after more than two 



153

Airborne Transmission and Control of Influenza and Other Respiratory Pathogens
DOI: http://dx.doi.org/10.5772/intechopen.106446

years of COVID-19 pandemic [74]. Vaccines and therapies are important measures, 
despite some problems with social acceptance. Yet, they take time to develop and 
deploy widely and may wane in effectiveness as pathogens evolve, and thus their use 
holds little bearing on the importance of engineering controls for population protec-
tion. Yet all available control measures can help as part of a layered approach and may 
be required for extremely infectious agents.

As demonstrated by Nardell and colleagues in the case of TB [75], and Bueno de 
Mesquita and colleagues in the case of influenza [63], there exist potential limits to 
the extent that ventilation controls alone can control transmission risk in shared air 
environments. Given that seasonal influenza epidemics cause substantial burden of 
morbidity and mortality, and COVID-19 and other emerging pandemic pathogens 
can exact an even more devastating toll, there is a great opportunity for wider use 
of infection control via engineering controls with the greatest effectiveness. SARS-
CoV-2 subvariants appear to be increasing in infectivity and a super spreading event 
suggests that a highly infectious case could produce over 1,000 quanta per hour [65]. 
This compares with measles cases which may shed 500 to over 5,000 quanta per hour 
[19, 64] and an influenza supershedder who generated approximately 600 quanta 
per hour [63]. Yet upper-room GUV has been shown to mitigate measles spread in 
elementary schools [76–78] and provide many times the equivalent sanitary ventila-
tion provided by outdoor airflow and filtration [23, 79, 80]. Newer far-UVC applica-
tions that allow safe exposure to the light directly have been shown to have similar 
levels or better air disinfection with potential for widespread use in a greater variety 
of settings [81, 82]. The use of GUV technology offers to reduce the theoretical limits 
of sanitary ventilation and lowers transmission risk in congregate settings where 
filtration, outdoor airflow, and masking may not offer sufficient protection.

Figure 1. 
Factors contributing to elevated risk of airborne infection transmission. Supershedders emitting high rates of 
infectious aerosol through exhaled breath or another aerosolization mechanism (e.g., aerosolization from toilet 
flush) can lead to high risk alone, or average spreaders can generate high risk under conditions of low sanitary 
ventilation or among populations of immunologically susceptible populations.
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