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Preface

It gives me great pleasure to present the book Lupus that highlights the important updates
regarding this subject. This book Lupus is one of its own kinds that consist of four major
sections: “Introduction to Lupus,” “Antibodies and Lymphocytes in Lupus,” “Additional
Complications in Lupus," and “Diet and Microbes in Lupus." The first section includes two
chapters that mainly deal with introduction and physiology of lupus. The first chapter in
this section discusses generally about lupus and main factors predisposing to this disease.
The second chapter deals with the introduction of lupus, historical perspectives and physiol-
ogy, epidemiology, and relationship of SLE with heredity and genes.

SLE is an autoimmune disease that is known for the production of autoantibodies against
various types of autoantigens. Although the presence of these autoantibodies has been well
established among SLE patients, we still don’t know much about their mechanism of action
and how they act against different antigens. SLE is also characterized by a number of im-
mune system aberrations involving deficiencies in both innate and adaptive immune mecha-
nism including intercommunication between T and B lymphocytes and other antigen-
presenting cells. Tregs represent a subpopulation of the CD4+ T lymphocytes depleted from
the periphery of active lupus SLE patients and highly associated with decreased activity that
might be used as possible marker for this disease. The second section, i.e., “Antibodies and
Lymphocytes in Lupus," addresses all these issues and consists of three chapters with two
chapters explaining autoantibody issues in lupus and one on T lymphocytes.

The third section of the book, i.e., “Additional Complications in Lupus," explains different
types of complications that arise either due to the SLE itself such as atherosclerosis or due to the
therapy used to treat this disease such as idiopathic osteonecrosis and atypical femoral fracture.
SLE is also a disease that can affect various tissues and organ systems including the heart.
Patients with SLE are at higher risk of developing atherosclerosis, and some adipocytokines/
adipokines are known to play an important role for this process in SLE patients. Glucocorticoid
is the first line of treatment for SLE patients, and because of its serious adverse effects, it is
responsible foridiopathic osteonecrosis and atypical femoral fracture in SLE patients.

The fourth section, i.e., “Diet and Microbes in Lupus," consists of one chapter only that de-
lineates the role of diet and microbes in the pathogenesis of SLE. I believe that this book
would serve as an important resource for all students/scientists who seek knowledge from
various aspects of lupus. I am very much confident that this book would be of great use for
all those who want to know the latest update on lupus.

Wahid Ali Khan

Department of Clinical Biochemistry
College of Medicine, King Khalid University
Abha, Kingdom of Saudi Arabia
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Chapter 1

Introductory Chapter: Systemic Lupus Erythematosus -

Different Predisposing Factors

Wahid Ali Khan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69277

1. Introduction

Systemic lupus erythematosus (SLE) is a complex, multisystem autoimmune disease charac-
terized by impaired immune tolerance resulting in the production of pathogenic autoantibod-
ies and immune complexes [1]. Prevalence of SLE ranges between 20 and 150/100,000 and its
incidence ranges between 1 and 10/100,000 [2]. American College of Rheumatology revised
their criteria for the classification of SLE [3]. Their incidence is moat common in some ethnic
group such as Asians, Australian Aborigines, African Americans, and Hispanics. Incidence
rate has been raised in recent years that may probably due to better detection techniques for
the disease. In the past few decades, the prognosis for SLE patients has been improved, and
it was found that about 90% of the cases have 10-year survival rate [4]. This might be due to
the fact that a combination of diagnosis of earlier disease and of milder disease and partially
due to the development of various serological test used for SLE and combined used of ste-
roids and various immunosuppressive drugs and availability of the techniques such as renal
dialysis and transplantation [5]. Although, the exact cause of SLE remains elusive, but there
is a consensus that it might be due to the combination various factors such as immunological,
genetic and environmental. All these factors may somehow responsible for the chronic course
of the disease. It is found that autoreactive T cells hold responsible for the activation of B cells
that might be stimulated to produce antibodies by high levels of cytokines (pro-inflamma-
tory) such as interleukin 10, interleukin 6, tumor necrosis factor-a and interferon y in different
SLE patients [6]. In addition, production of antibody might be elevated further by B and T
cells through interaction via co-stimulatory molecules that inhibit apoptosis. Autoantibodies
produce from these cells are very likely responsible for the pathogenic effect on tissues in
different SLE patients [7]. In addition, impaired production of IL-10 and IL-12 causing B cell

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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activation and inhibition in the normal function of T cells [8]. Interleukin 12 responsible for
the down-regulation of interleukin 10 and lower level somehow correlate with elevated activ-
ity and nephritis [9]. More recently, it has been assumed that the stimulus of autoantibodies
production is the inability to depose apoptotic cells from the body [10].

2. Different factors predisposing to SLE

SLE is an autoimmune disease which involves multisystem disorder whose etiology is unknown
but supposes to be multifactorial in origin. Different epidemiological data showed that there
are many factors that might trigger SLE. These include gender, age, racial, hormonal, genetic,
and environmental factors.

2.1. Hormonal factors

The incidence and prevalence of SLE varies considerably worldwide [11]. In addition, gender
discrepancies are also observed in SLE burden, with a higher number of cases was found in
women as compared to men. It has been observed that this disease has been affected to about
80-90% women of all the reported cases [12]. Prevalence of SLE is far more in women in compar-
ison to men [13]. In addition, if we compare female to male ratio during childhood, it was found
to about 12:1 [14]. These data showed that hormone plays an important role in etiology of SLE
[15]. Hormones such as estrogen have both anti-inflammatory and pro-inflammatory properties
depending upon different influencing factors [16]. There are various studies that can explain the
role of estrogen and its metabolites in SLE [15, 17]. The 2-hydroxyestrogens was found to be 10
times lower in patients with SLE than the control subjects, and the ratio of 16-hydroxyestrone/2-
hydroxyestrogen was found to be 20 times higher in these SLE patients [18]. Previous studies
also showed that SLE patients have increased the concentration of serum 16-hydroxyestrone.
a-Hydroxylation of estrogen was found to increased in SLE patients, producing more estrogen
metabolites that were reported to elevate B cell differentiation and activation of T cells [19].
Another important mechanism through which estrogen plays a role in SLE etiopathogenesis
is the involvement of quinone-semiquinone redox cycling of estrogen to produce free radicals
that can damage DNA. This would probably alter its antigenicity leading to the induction and
increased level of SLE autoantibodies that somehow cross-reacting with native DNA [20].

Estrogens are known to have higher immune reactivity in females and are also contribute to
triggering autoimmune diseases including SLE [14]. Various conditions (physiological, thera-
peutic, and pathological) such as menstrual cycle, inflammatory cytokines, chronic stress,
treatment with a corticosteroid, oral contraceptives, and steroid hormone replacement might
cause variation in serum estrogen concentration and this variation in concentration contribute
to SLE in different groups of the population [21].

2.2. Genetic factors

The difference (polymorphism) in various types of genes may also enhance the risk for the
development of SLE, and in most of the cases, different genetic factors are thought to contribute
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to the pathogenesis of this disease. In most of the cases, SLE is caused by a mutation in multiple
genes and rarely seen by a mutation in the single gene. Multiple genes, that are causing SLE,
are linked to the function of the immune system and difference in this most likely effect proper
controls and targeting of the immune system. Genetic factors along with environmental fac-
tors play an important role in the determination of SLE susceptibility [22]. It is suggested that
genetic factors play an important role not only in disease susceptibility but also in the devel-
opment of SLE phenotype [22]. The genes that can increase SLE susceptibility are the genes
included in the interferon pathway, also containing IRF5, IF1H1, and STAT4 [23]. The biggest
genetic risk for SLE is confirmed by deficiencies of complement pathway proteins such as Clq,
B and C4A, and C2. Mutation in TREX1 gene causing the accumulation of DNA that encodes
for 3'repair endonuclease activity. The defect in these genes is although rare but susceptibility
in most patients arises from a combination of normal variation in different genes. High-density
SNP screening of the major histocompatibility complex in SLE showed strong evidence for
independent susceptibility regions including HLADR2, HLADR3, and HLA-DRB1 [24]. There
are other types of genes that can regulate the immune system, are also implicated in SLE.
These genes include those that can influence the function or survival of T and B lymphocytes
(BANK-1, PTPN22, OX40L, BLK, LYN, PD-1) or those involved in the clearance of immune
complex including FcyRlla, ITGAM, and complement proteins. The class II alleles HLA-DR2
and HLA-DR3 were found to be the most prominent genetic risk factors for SLE in some group
(Caucasian group) and these alleles showed twofold to threefold increased the risk for this dis-
ease [25]. There are two alleles namely HLA-DQ and -DR, which interestingly showed a close
association with SLE autoantibodies [26]. The signal transducer and activator of transcription
(STAT4) genes were first identified in rheumatoid arthritis and later on, it shows strong associa-
tion with SLE [27]. Careful analyses of this gene revealed that there is a strong association of
this gene not only with SLE nephritis but also with double-stranded DNA, autoantibodies and
younger age of onset [28]. The difference in the promoter of certain genes (pentraxin C-reactive
protein, CRP) has been linked with SLE or SLE nephritis in some ethnic group [29]. CRP is
an important candidate for SLE susceptibility. This protein is found to be an effective innate
immune modulator that brings out the clearance of cell debris and apoptotic bodies and we
know that any defect in the clearance of apoptotic waste is belief to be an important process
that mainly responsible for the promotion and development of autoantibodies in SLE patients
[29]. From all these studies, it is observed that genetic factors play an important role in SLE
pathogenesis. These evidence suggest that these factors play a role not only in disease suscep-
tibility but also in the development of disease phenotype.

2.3. Environmental factors

Although hormonal and genetic factors predispose towards SLE but the initiation of the dis-
ease may trigger from various environmental and exogenous factors. Different environmental
toxicants and agents, such as alcohol, smoking, various chemical, ultraviolet light, various
infectious agents, hormone, and therapeutic agents, have been involving in inducing SLE. All
these environmental agents along with other types of factors have been associated with the
occurrence of SLE [30]. Infectious agents may disturb immune regulation and stimulate vari-
ous immune response through molecular mimicry; food influence the production of inflam-
matory mediators; drug or toxin alter cellular responsiveness and antigenicity of self-antigen;
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and different chemical and physical agents like ultraviolet light, alcohol, etc. induce inflam-
mation, causes cellular apoptosis, and also damage tissue and DNA. Various types of drugs
like procainamide and hydralazine (aromatic amines or hydrazines) induce lupus-like symp-
toms in those individuals who are ingested or in contact with these agents [31, 32]. In addition,
more use of hair dyes, which consists of aromatic amines, have been associated with the devel-
opment of SLE [33]. Sunlight exposure is one of the main environmental factors associated
with the induction and exacerbation of SLE. Exposure of ultraviolet light is found to be an
important factor that may trigger SLE in many patients. This exposure of skin with ultraviolet
light alter the position and structure of DNA as well as Ro and nRNP antigen and somehow
increase its immunogenicity [34]. Several dietary factors along with various infectious agents
are involved in the pathogenesis of SLE. There are the reports that showed that ingestion of
alfalfa sprouts that consists of L-canavanine, might involved in the development of lupus-like
syndrome [35]. The use of environmental estrogen had been increasing over the years and
they are present in the human body from the consumption of meat and milk product from
lives stock that is given synthetic estrogen [36]. Moreover, these estrogens have also been used
by postmenopausal women and for contraceptive purposes. Hormone replace therapy as well
as oral contraceptives has been shown to be a risk factor in the development of SLE [37]. The
environmental estrogen with another endocrine hormone may act as an important agent to
trigger autoimmunity in susceptible individuals. The development of SLE may depend on
several factors such as genetic background, dose, sex, age, a period of exposure, and status of
the immune system at the time of contact of these environmental agents.
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Abstract

Lupus is an autoimmune disease, which means that the immune system erroneously
acts against its own healthy tissues. It usually follows a chronic course and hence can
also be termed as a chronic disease. It may involve only a single organ, but in its due
course, it usually involves multiple organs of the body. There are various types of rashes
in systemic lupus erythematosus (SLE), the butterfly-like rash being the most famous.
Up to now, many classifications of lupus have been given, but the classification into the
discoid lupus and the disseminated lupus is being most widely accepted. From the time
of Hippocrates, it was assumed to be present, and after many research studies, it is still
a dreaded disease. Females are more affected than males by this disease. In the past, the
survival rate of SLE was very poor. Now the survival rate has increased, thanks to the
newer drugs and other strategies taken against this disease. The main causes of death
from SLE were renal disease, neoplasm, CVD, cerebrovascular disease, respiratory dis-
ease and infection. It has been found that various genes cause the disease. In a small frac-
tion of patients, the disease may be attributed to a single gene. But majority of the patients
with this disease have multiple genes.

Keywords: chronic disease, autoimmune, autoantibodies, immune system, multiple

organs

1. Introduction

1.1. Definition of lupus

Systemic lupus erythematosus (SLE), which is simply known as lupus, is an autoimmune
disease in which the immune system of the body erroneously onslaughts tissues in various
parts of the body which are healthy [1, 2]. It may show only single organ sign or multiple

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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system sign at the onset. It can affect the brain, skin, joints and other parts of the body. It is an
autoimmune problem that has a wide-ranging clinical presentation, encircling various parts
of the body (Figures 1 and 2).

1.2. Varieties of lupus skin reactions

Varieties of lupus skin eruptions:

(1) Acute cutaneous lupus (also called as the butterfly lupus rash or malar rash).

(2) The subacute cutaneous lupus: There are two types: (a) the first one is very sensitive to
exposure to the sun and depicts red coloured pimples as the skin eruptions development
begins. (b) The second variety begins as flat lesions and get larger as they enlarge to the
exterior.

Butterfly rash of Lupus
f 7 ~

7

Figure 1. The butterfly rash of lupus. It is a type of condition of the skin, which is denoted by the appearance of spots/
skin eruptions over the cheekbones and also over the bridge of the nose.
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Most common symptoms of

Systemic lupus erythematosus

Systemic: Psychological

- Low-grade fever - Fatigue .

- Photosensitivity - Loss of appetite
Mouth and nose F‘;"‘i’t :

- Ulcers - Butterfly ras

Muscles
- Aches

Pleura

- Inflammation

Joints —1
- Arhritis. SRl N———— Pericardium
nA : - Inflammation

Fingers and toes
- Poor circulation

Figure 2. The most usual systemic effects of systemic lupus erythematosus, which affects various organs as shown [131].

(3) Chronic cutaneous lupus (also called discoid lupus erythematosus—DLE): these skin
eruptions are found in a very few of SLE patients.

The disease SLE can attack people of all ages, races and both males and females, but it
has been observed that more than 90% of new patients having SLE are women in their
conceiving years. The prevalence of SLE, which has been reported recently, is 20-150 per
100,000. Data from metropolitan areas in the United States stipulated the prevalence to
be 104-170 per 100,000 women [3]. The lowest incidence rates are observed in Caucasian

populations [4].

13
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1.3. Classification

Up to now, it has been divided into two parts: the discoid lupus and the disseminated lupus.

In 1971, classification criteria for SLE originated for the first time; they were subsequently
revised in 1982 [5], and formally accepted by the American College of Rheumatology
(ACR) in the year 1997 [6]. Whilst they have been accepted as ‘classification yardstick’,
ACR (Figure 3) has been vastly used as diagnostic criteria for SLE. To diagnose a patient
with SLE, the patient must have at least 4 of 11 ACR classification (Table 1) yardsticks. In
2012, the Systemic Lupus International Collaborating Clinics (SLICC) foundation re-evalu-
ated and made it valid [6, 7], and now according to them, the SLE patient must have at least
4 of 17 SLICC yardsticks, which should include at least one immunologic and one clinical
criterion.

One of the most important scales to assess disease activity in SLE is the systemic lupus ery-
thematosus disease activity index (SLEDAI) [8-10]. One of the famous modified indexes is
known as the safety of estrogens in lupus erythematosus national assessment (SELENA) trial
also called SELENA-SLEDAI system [11].

Classification schemes — Overview

1980 - American College of Rheumatology
1988 - LeRoy: IcSSc and dcSSc

2001 - LeRoy: ISSc

Current:
ACR/EULAR

1980 1990 2000 2010 task force

A o eular

Figure 3. Classification schemes for lupus [ACR-endorsed Criteria for Rheumatic Diseases: http://www.rheumatology.
org/Practice-Quality/Clinical-Support/Criteria/ ACR-Endorsed-Criteria].
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Criterion

Definition

1. Malar rash

2. Discoid rash

3. Photosensitivity

4. Oral ulcers

5. Nonerosive arthritis

6. Pleuritis or pericarditis

7. Renal disorder

8. Neurologic disorder

9. Hematologic disorder

10. Immunologic disorder

Fixed erythema, flat or raised, over the malar eminences, tending to spare the
nasolabial folds

Erythematous raised patches with adherent keratotic scaling and follicular
plugging; atrophic scarring may occur in older lesions

Skin rash as a result of unusual reaction to sunlight, by patient history or physician
observation

Oral or nasopharyngeal ulceration, usually painless, observed by physician

Involving two or more peripheral joints, characterized by tenderness, swelling, or
effusion

1. Pleuritis-convincing history of pleuritic pain or rubbing heard by a physician or
evidence of pleural effusion

1.OR

2. Pericarditis-documented by electrocardigram or rub or evidence of pericardial
effusion

1. Persistent proteinuria > 0.5 g/d or > than 3+ if quantitation not performed
1.0R
2. Cellular casts—may be red cell, hemoglobin, granular, tubular, or mixed

1. Seizures —in the absence of offending drugs or known metabolic derangements;
e.g., uremia, ketoacidosis, or electrolyte imbalance

1.OR

2. Psychosis—in the absence of offending drugs or known metabolic derangements,
e.g., uremia, ketoacidosis, or electrolyte imbalance

1. Hemolytic anemia—with reticulocytosis
1.0R
2. Leukopenia—<4000/mm?® on > 2 occasions
1.0R
3. Lyphopenia—< 1500/mm?® on > 2 occasions
1.0OR
4. Thrombocytopenia—<100,000/mm? in the absence of offending drugs
1. Anti-DNA: antibody to native DNA in abnormal titer
1.0R
2. Anti-Sm: presence of antibody to Sm nuclear antigen
1.0R
3. Positive finding of antiphospholipid antibodies on:
1. An abnormal serum level of IgG or IgM anticardiolipin antibodies,
2. A positive test result for lupus anticoagulant using a standard method, or

3. A false-positive test result for at least 6 months confirmed by Treponema
pallidum immobilization or fluorescent treponemal antibody absorption test
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Criterion Definition

11. Positive antinuclear An abnormal titer of antinuclear antibody by immunofluorescence or an equivalent
antibody assay at any point in time and in the absence of drugs

Reference: ACR-endorsed criteria for rheumatic diseases: http://www.rheumatology.org/Practice-Quality/Clinical-Support/
Criteria/ ACR-Endorsed-Criteria

Table 1. 1997 update of the 1982 American College of Rheumatology revised criteria for classification of systemic lupus
Eeythematosus.

2. Historical perspective and physiology

Now, the origin of this disease is understandable clearly. It is conjectured that hormonal,
environmental, genes, genetic variation and heredity play a significant role in its develop-
ment [12]. It has been seen that if one member of a twin is affected the chances that the other
twin may also be affected is 24%.

Documented proof of lupus can be tracked down to the time of the ancient Greek physician
Hippocrates. In the year 400 BC, he wrote about herpes esthiomenos [13], which is conjec-
tured to be lupus only. It has been seen that Hippocrates (Figure 4) mentioned about red,
circumscribed inflammatory and often suppurating lesion on the skin or an internal mucous
surface resulting in necrosis of tissue, which may depict present day lupus.

It has also been documented that there was a saint named Lupus, who lived in the sixth cen-
tury A.D. [14].

The history can be traced back into three parts as follows:

(1) The traditional or classical phase during which the skin disarray was narrated.

(2) The conventional period during which the entire body symptoms and signs of lupus were
found out after careful searching unearthed and organised in a systematic way.

(38) The contemporary period or modern phase which was portended by the unearthing of
the LE cell in 1948 and is differentiated by other related discoveries in the field of science.

2.1. Traditional or classical phase

In the biography of St. Martin, for first time, we get an evidence of the word ‘lupus’ being
used [15].

The word ‘lupus’ (which in Latin means ‘wolf’) is officially recognized to be coined by the
Rogerius Grugardi, a physician who lived in the thirteenth century. He is accredited with
coining ‘noli me tangere’, which means ‘do not touch me’. He gave the term to the lesions and
ulcers of the face associated with this disease. As time passed, the term underwent changes
as the position of the disease changed. But the term ‘lupus’ remained. He used this term to
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Figure 4. Hippocrates, engraving by Peter Paul Rubens, 1638 [Courtesy of the National Library of Medicine [http://
laphamsquarterly.org/contributors/hippocrates].

delineate vicious lacerations of the face, which could be compared to the bite of a wolf. It
was told that the characteristic butterfly rash analogous with lupus have a similarity with the
teeth marks of a wolf’s onslaught. The other hypothesis remarks that the terrifying impres-
sion on the face of a person resembled the impressions on the face of the wolf. The petrifying
impression of people afflicted with lupus brings to the mind the terrifying tale of werewolves
(Figure 5). These were mythologically described as humans who had magical power to meta-
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Figure 5. Werewolf attack—Woodcut of the sixteenth century by Lucas Cranach the Elder, 1512 [132].

morphose into animals. It was, therefore, the superstitious belief of the middle ages that the
impressions on people faces afflicted with lupus resembled were wolves [16, 17].

2.2. Conventional or neoclassical phase

A student of Grugardi, Roland of Parma, wrote more about this disease. He also gave a detailed
account of its different stages, which are not in use nowadays [18]. Erasmus Wilson (1809-1884)
confused lupus with tuberculosis and syphilis [19] (Figures 6 and 7).

Robert Willan (1757-1812) was the one who first classified lupus based on clinical observa-
tions. Before him, the classification of lupus was mainly done according to symptomatology.
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Figure 6. Lupus Vulgaris picture taken from Cazenave and Schedel’s book [133].

Willan (Figure 8) segregated his findings into three parts: (i) lupus that extirpates the upper-
most layer, (ii) lupus that extirpates the surface up to the bottom and (iii) lupus that is associ-
ated with overgrowth and dysplasia [20]. His student Thomas Bateman (1778-1821) helped
him in publishing a book regarding lupus [21, 22].

Established and conventional elucidations of the variegated skin manifestations were made
by Thomas Bateman.

It was in 1612 that the St. Louis Hospital was built by Biet (a pupil of Bateman) and Alibert.
In the beginning, its main purpose was to help victims of plague. From1800, it started treat-
ing skin disorders. Laurent Theodore Biett (1781-1840) and Cazenave (1802-1877), who are
renowned in the work of lupus, came from this school. Henri Schedel and Cazenave wrote
book Abrege Pratique Des Maladies De La Peau in the year 1828.

Notable contributions were also made by Cazenave (Figures 6 and 7), who is credited with
formulating the phrase lupus érythémateux (lupus erythematosus) in the mid-nineteenth
century (Figure 9); creditable contributions were also made by Moriz Kaposi (1837-1902) in
the late nineteenth century (Figure 10).

The contusions now alluded to as discoid lupus was described in 1833 by Cazenave who gave
a characteristic account of the contusions; the typical distribution of the butterfly rash in the
face was written by Ferdinand von Hebra in 1846.

The photosensitivity of the lesions of lupus was first described by Jonathon Hutchinson
(1828-1913).

The beginning of the conventional period of lupus is accredited to the year 1872 in which
Kaposi, a Viennese physician, at first delineated the whole body affecting character of lupus.
It was first suggested by Kaposi about the two distinct varieties of lupus erythematosus: the

19
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Figure 7. Drawing of lupus—1856 [Lupus erythematosus. Atlas der Hautkrankheiten. Farblithographie von Anton
Elfinger. Heft I, Tafel 6, 59 x 45 cm (1856)].

discoid conformation and a disseminated conformation. In addition, he quantified the sys-
temic manifestations of the disseminated form, which included lymphadenopathy, subcu-
taneous nodules, fever, arthritis with synovial hypertrophy of both small and large joints,
anaemia, weight loss and involvement of the central nervous system [23]. Sir William Osler
(Figure 11) also contributed much to the SLE concept. It was the works of this founding father
of John Hopkins Hospital and Jadassohn (Figure 12) that the disseminated or systemic form
of lupus was firmly confirmed [24, 25].

Over the following 30 years, disease studies registered the actuality of wire-loop lesions in
individuals with glomerulonephritis and nonbacterial verrucous endocarditis (Libman-Sacks
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Robert Willan 1757-1812 AD

Figure 8. A painting of Robert Willan (1757-1812) [Painting by unknown, Photographed by A. C. Cooper. http://
catalogue.wellcome.ac.uk/record=b1162089].

disease), discovered and named by Emanuel Libman and Benjamin Sacks [26, 27]; it was these
reviews at the autopsy table that led to the fabrication of collagen disease, which was sug-
gested by Kemperer and colleagues in the 1940s [28]. Major advancements in the field of lupus
occurred during 1920-1930 by the pathologists working at Mt. Sinai Hospital in New York.

The first use of sulphonamides for the treatment of lupus occurred in 1938. Although it was
unable to cure the disease, it brought some relief to the patients from the symptoms [29]. For
centuries, two principles were being accepted and they were not considered wrong. Giovanni

21



22

Lupus

Pierre Louis Alphee Cazenave
(1795-1877)

Figure 9.Pierre Louis Alphee Cazenave (1795-1877) [https://upload.wikimedia.org/wikipedia/commons/5/5d/
Cazenave%2C_P.-L._Alph%C3%A9e.jpg] | Author=unknown/anonymous |Date=before 18771].

B. Morgagni (1682-1771) stated that a particular organ is affected by each different variety of
lupus. Paul Ehrlich (1854-1915) stated the second principle in which he said that autoimmune
destruction in lupus is false [30]. A German pathologist, Fritz Klinge (1892-1974), refused to
accept the first principle. His study of rheumatic fever and rheumatoid arthritis showed that
lupus affects connective tissue in addition to the heart [30].

Wilheim Generich, a German dermatologist, studied extensively and proved that parts of our
own body can attack its own [31].
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Moritz Kaposi

Figure 10. Moritz Kaposi (23 October 1837-6 March 1902) [From the images from the History of Medicine (NLM), US
National Library of Medicine (NLM). The NLM considers this item to be in public domain. https://es.wikipedia.org/wiki/
Moritz_Kaposi#/media/File:Moriz_Kaposi.jpg].

2.3. The modern phase

In 1948, the unanticipated event in a healthcare in the mid-1900s which announced the mod-
ern era was the finding of the LE cell by Hargraves et al. [32]. These findings set the scene
for the present period of the utilization of immunology for studying lupus erythematosus;
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Sir William Qaler, 19 2

Figure 11. Sir William Osler (12 July 1849-29 December 1919) [This file is licensed under the Creative Commons
Attribution 4.0 International license].

immunology also facilitated the recognition of people with much lighter forms of the disease.
This, along with the use of cortisone for the treatment of this disease made life much easier
for mankind [33].

In the 1950s, two new tests as being associated with lupus: the biologic false-positive test for
syphilis [34] and the immunofluorescent test for antinuclear antibodies [35].

In 1957, Friou utilized the method of indirect immunofluorescence to show that antinuclear
antibodies were present in the blood of people having systemic lupus [35]. After sometime,
antibodies to deoxyribonucleic acid (DNA) [36] and antibodies to extractable nuclear antigens
(nuclear ribonucleoprotein (nNRNP), Sm, Ro, La), etc. were discovered.

Two notable advances in this age have been the invention of animal models of lupus and the
discovery of the role of genetic predisposition with lupus occurrence.

The hereditary materialization of systemic lupus was first discovered by Leonhardt in 1954
and later confirmed by various observations by Arnett and Shulman [37]. Eventually, lupus
having familial aggregation, the concurrence of lupus in monozygotic twin pairs and the
relation of genetic markers with lupus have been delineated and reported over the last 20
years [38].
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Jadassohn

Figure 12. Joseph Jadassohn (10 September 186324 March 1936) [British Journal of Dermatology, vol. XLVIII (1937)].

3. Epidemiology of lupus

3.1. Incidence and prevalence of SLE

It can be said with evidence from many studies that lupus mainly affects young women, hav-
ing a peak during the ages of 15-40 years. However, the onset age can be taken from infancy
and the last age will be the old age [39].

Most of the studies on SLE have reported incidence of 1-10 per 100,000 person-years.

It has been found that the incidence and prevalence of SLE in blacks almost twice or thrice the
rate found in whites [40-63]. SLE has been found in all the six continents of the world ((North
America, Europe, South America, Australia, Africa and Asia) [64-69]. According to a large study
done in Michigan, it was seen that according to the American College of Rheumatology defini-
tion, incidence rates were five and a half per 1 lakh population-years, 95% confidence interval
being 5-6.1. It was found that female populations had a comparatively higher incidence (the
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95% confidence interval being almost nine) and the male population had a lesser 95% confi-
dence limit (in between one and two). It was observed that blacks had a higher incidence rate
than whites. Black females also had a higher incidence rate than white females. It was seen that
the age-standardised prevalence was more almost six times more in blacks than in whites [70].
Another study, which was done in a predominantly white population in the United States,
showed that the incidence rate was almost 3%. It was also seen that the incidence in women
was much more (almost nine times more in women than in men) than that in men [71].

Many studies (epidemiological) have found that Caucasians have a twofold to threefold lower
incidence and prevalence rates than Asians [72-79]. Moreover, it was found in many studies
that Asians had more severe symptoms and signs of the disease, more aggressive kidney
involvements, and the autoantibody positivity was also higher in Asians than in non-Asians
[76, 79-83].

3.2. Progression of the disease

It has been seen that kidney involvement is more common in males than in females—males
also had kidney damages earlier in the course of their disease than females, who got the dis-
ease late in their disease course [84].

Regardless of age/other factors involved, it has been found that American, Hispanic, Asian
and African SLE patients tend to have more renal serosal, hematological and neurological
manifestations [69, 85-90]. It may be possible that differences seen in the different ethnic
groups may be due to genetic causes, or, possibly due to socio-economic conditions which
have been prevalent from ages [91-93].

There is a lupus also known as pediatric lupus it usually presents before 16 years of age. In
this disease, major organ systems are involved and the patient presents with neuropsychiatric
complications [88, 94-99].

When lupus occurs late in life, it usually has a more gradual onset. They have less organ sys-
tems involved, and the disease is mild in them, but the progress and natural course, for some
unknown reasons, is bad [100-108].

3.3. What is the mortality rate in these patients?

In the past, the survival rate of SLE was very poor. Now the survival rate has increased,
thanks to the newer drugs and other strategies taken against this disease. Also, the detec-
tion of the milder forms of this disease or detection of the disease in the earlier stages
has also made it possible to increase the survival rate. Improved survival rate has been
noted in studies from patients in Sweden, Taiwan, Canada, Minnesota and California [41,
109-112].

Up to now, according to many surveys, the risk of death for SLE patients is still two times that
of normal patients. The 95% Cl is 2.3-3.8 approximately [113].
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3.4. Causes of death in patients with SLE

In 2014, Thomas et al. reported that the main causes of death from SLE were renal disease,
neoplasm, cardiovascular disease (CVD), cerebrovascular disease, respiratory disease and
infection [114]. This data was also supported by a Canadian study [115].

It was seen in many other studies that treatment of infection with prednisone and other
immunosuppressive agents was related to the death of SLE patients [116, 117]. In addition,
acute confusional states, seizures were reported to cause a higher proportion of deaths in SLE
[118-123].

4. Relationship of SLE with heredity and genes

SLE is a long-standing disease of variable stringency, sometimes becoming more severe and
sometimes becoming less severe, with courses that can be fatal —if not treated early. The pre-
clinical phase of the disease is denoted by autoantibodies which can be found in other sys-
temic autoimmune diseases and results in a noticeable autoimmune phase.

The finding of SLE in identical twins, first-degree relatives having increased rate of SLE, and
the sons and daughters of SLE patients having more risk of developing the disease contem-
plate an inheritance determined by polygenes. It has been found that various genes cause the
disease. In a small fraction of patients (<5%), the disease may be attributed to a single gene.
For instance, patients having homozygous deficiencies of some parts of complement have a
danger of evolving SLE or a lupus-like disease [124]. But majority of the patients require mul-
tiple genes. Researches have proved that it is estimated that at least four sensitive genes are
required for the formation of the disease [125, 126]. In addition, many other types of genes,
especially polymorphic non-MHC genes have been reported to occur in SLE, especially genes
that encode mannose-binding protein (MBP), tumour necrosis factor a, the T cell receptor,
interleukin 6 (IL-6), CR1, immunoglobulin Gm and Km allotypes, FcgRIIA and FcgRIIIA
(both IgG Fc receptors), and heat shock protein 70 [127, 128].

SLE patients have imperfect removal of immune complexes by phagocytic cells [129]. This is
due to the decreased numbers of CR1 receptors for complement and defective receptors on
cell surfaces [32, 33]. It has also been found from a recent study that non-inflammatory swal-
lowing up of apoptotic cells is damaged in patients with SLE [130].
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Abstract

Systemic lupus erythematosus (SLE) is known as a systemic polyethiologic diffuse auto-
immune disease characterized by connective tissue disorganization and the paramount
damage of skin and visceral capillaries. Usually, SLE symptoms include high fever,
hair loss, mouth ulcers, chest pain, swollen lymph nodes, painful and swollen joints,
increased fatigue, and appearance of red rash more often on the face. The exact reason
of SLE appearance is not really clear. Detection of catalytic Abs (abzymes) was shown to
be the earliest indicator of different Al disease development. Some abzymes are cytotoxic
and can play a dangerous negative role in the pathogenesis of Al diseases. SLE is char-
acterized by the appearance of abzymes with several different catalytic functions includ-
ing hydrolysis of peptides and proteins, DNA, RNA, and oligosaccharides. In addition,
monoclonal SLE abzymes are characterized by extraordinary diversity in the affinity to
the substrates, physicochemical and catalytic characteristics, optimal conditions of catal-
ysis, cytotoxicity, etc. Production of abzymes in SLE mice is associated with changes in
the differentiation of hematopoietic stem cells of bone marrow, increase in lymphocyte
proliferation, and significant suppression of cell apoptosis in different organs. In this
chapter, abzymes with different catalytic activities in SLE are described.

Keywords: systemic lupus erythematosus, catalytic antibodies, hydrolysis of RNA,
DNA myelin basic protein, and oligosaccharides, apoptosis, cytotoxicity, diversity of
monoclonal antibodies

1. Introduction

According to classical conception, antibodies (Abs) are specific proteins produced by the
immune systems with exclusive function of antigen binding. Antibodies can act similarly to
specific enzymes, but in contrast to enzymes, they cannot catalyze chemical conversions of

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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their ligands. For most part of antibodies, this observation is correct. At the same time during
the last 30 years, it was shown that Abs against chemically stable analogues modeling the
transition states of chemical reaction can catalyze many different reactions [1-8]. Such arti-
ficial catalytic antibodies were called abzymes (derived from antibody enzymes). Abzymes
(Abzs) can catalyze more than 200 different chemical reactions and are new biological cata-
lysts attracting great interest during recent years and are well described (for review see [1-8]
and refs therein).

First, natural Abzs were found in patients with bronchial asthma; they hydrolyze vasoactive
intestinal peptide [9]. Then IgGs hydrolyzing DNA were revealed in the blood of patients
with systemic lupus erythematosus (SLE) [10]. The third natural Abzs were SLE IgGs with
RNase activity [11]. To date, many catalytic Abs (IgGs and/or IgAs, IgMs) catalyzing hydroly-
sis of different RNA, DNA, nucleotides, oligopeptides, proteins, lipids, and oligosaccharides
were revealed in the sera of patients with various autoimmune and viral diseases (for review,
see Refs. [8, 12-22] and refs therein).

Some idiotypic Abzs against foreign antigens and auto-Abzs to self-antigens having dif-
ferent catalytic activities may be spontaneously induced by primary antigens simulating
in varying degrees the transition states of chemical reactions [8, 12-22]. At the same time,
some antiidiotypic Abs against active centers of many enzymes are also catalytically active
[8, 12-22, 23-28]. Healthy humans do more often not demonstrate catalytic Abs or their
activities are extremely low. It was shown that detection of Abzs is the earliest indicator of
different autoimmune diseases (ADs) development [8, 12-22]. At the outset and early stages
of ADs analyzed, the repertoire of abzymes is more often relatively narrow, but it is expand-
ing very much with the progress of Al diseases; the generation of diverse Abzs with many
various activities and functions may be observed [8, 12-22]. Some abzymes are cytotoxic
and dangerous for people; they can play a very important negative role in the different AD
pathogenesis [8, 12-22]. However, specific positive roles have been also proposed for sev-
eral abzymes. Increase in Abzs activities is associated with a specific reorganization of the
immune system including change in differentiation profile and level of proliferation of hema-
topoietic stem cells of bone marrow as well as lymphocyte proliferation in different organs
of SLE and experimental autoimmune encephalomyelitis (EAE) in mice [29-32]. Different
mechanisms of abzymes production were revealed in healthy animals after external immuni-
zation and in autoimmune mice during their spontaneous or antigen-induced development
of autoimmune processes [29-32].

Catalysis of different reactions by abzymes is potentially important for many different fields;
specific reaction for a synthesis of new drugs, which may be useful for therapy, estimation
of abzyme’s possible role in innate and adaptive immunity, as well as for understanding of
destructive responses and self-tolerance in ADs [33-37].

In this chapter, Abzs with various catalytic activities in SLE are described and compared with
abzymes in case of other autoimmune pathologies. In addition, a possible role of different
defects of immune systems resulting in changes of differentiation profile of hematopoietic
stem cells (HSCs) of mice bone marrow as well as an increase in lymphocyte proliferation in
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thymus, bone marrow, spleen, and a significant suppression in these organs of cell apoptosis
associated with the abzymes production is discussed.

2. Features of the immune status of patients with systemic lupus
erythematosus

As mentioned above, SLE is systemic polyethiologic diffuse autoimmune disease, symptoms
of which for different patients vary significantly and may be from mild to severe. The exact
reason and mechanisms of SLE development till yet is not clear [38]. Genetic, environmen-
tal, hormonal, and immune factors may play an important role for the development of SLE.
Many different autoimmune diseases (ADs) including SLE are characterized by spontaneous
generation of primary antibodies to nucleotides, nucleic acids and their complexes, proteins,
polypeptides, polysaccharides, etc. [8, 16-22, 36, 38—42]. Anti-DNA auto-Abs without cata-
lytic activities are detectable even in the sera of healthy humans and their relative titres vary
from individual to individual significantly [43, 44].

SLE is usually considered to be associated with autoimmunization of patients with DNA,
since sera of such patients usually contain anti-DNA Abs and DNA in increased concen-
trations comparing with that for healthy volunteers [38]. However, comparing to healthy
donors, anti-DNA antibody concentrations are higher not only in patients with SLE (36% of
patients) [43, 45], but also in Hashimoto’s thyroiditis (23%) [43], multiple sclerosis (17-18%)
[43, 46, 47], theumatoid arthritis (7%), myasthenia gravis (6%), and Sjogren’s syndrome
(18%) [43]. In addition, from the cloning of the IgG repertoire from directly active plaques
and periplaque regions of brain and from B-cells of the cerebrospinal fluid of MS patient,
new keys to the understanding of this pathology were proposed [48]. High affinity anti-
DNA Abs were shown to be the major components of the intrathecal IgG response. In addi-
tion, monoclonal anti-DNA Abs of multiple sclerosis (MS) patients and Abs specific to DNA
derived from SLE patients interact efficiently with the surface of neuronal cells and oligo-
dendrocytes [48]. Recognition of cell-surface by these Abs was DNA-dependent. The data
indicate that Abs against DNA may be important for autoimmune and neuropathological
mechanisms in chronic SLE and MS [48]. Interestingly, SLE and MS patients show some sim-
ilarity in the same medical, biochemical, and immunological indexes including anti-DNA
and other auto-Abs [13-22].

Anti-DNA and anti-RNA Abs with DNase and RNase activities were for the first time detected
in sera of SLE patients [10, 11] and then with other ADs [13-22]. The origin of natural Abzs
is very complex. First, similar to artificial abzymes, they may originate against analogues of
transition states of chemical reactions or against enzyme substrates acting as haptens [8-22].
Many antigens can change their conformation after association with various proteins, and in
such complexes, their structure could mimic that of a transition state of chemical reaction sub-
strate. For example, DNA is a bad antigen and immunization of animals with pure DNA or
RNA leads to the production of abzymes with very low DNase and RNase activities [49, 50].
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Many anti-DNA auto-Abs in SLE are directed against DNA-histone nucleosomal complexes,
resulting from internucleosomal cleavage during apoptosis [42]. Apoptotic cells and their dif-
ferent components are the primary antigens as well as immunogens in SLE and are impor-
tant for the recognition, processing, perception, and/or apoptotic autoantigen presentation
by antigen-presenting cells during development of autoimmune processes [42]. Therefore,
immunization of mice with complex of DNA and histones or positively charged methylated
bovine albumin, simulating positively charged histones, results in production of anti-DNA
Abs and DNase abzymes with high activity [29-31, 49, 50]. It was shown that abzymes with
different activities may be obtained with a significantly higher incidence in autoimmune
mouse strains comparing to conventionally used control nonautoimmune mice [51, 52].
Immunization of autoimmune-prone MRL-Ipr/lpr mice with DNA-protein complexes also
results in significantly higher production of anti-DNA Abs and abzymes with DNase activity
comparing with nonautoimmune CBA and BALB/c healthy mice [29-31]. At the same time,
artificial antiidiotypic abzymes can be induced by immunization of animals with different
enzymes [23-28]. It was first suggested that natural SLE DNase Abzs may be antiidiotypic
abzymes to topoisomerase I [53]. Immunization of rabbits with DNase I led to the production
of Abzs with DNase activity of antiidiotypic nature [54]. Idiotypic Abs first were obtained by
immunization of animals with DNase I and then they were used to elicit a polyclonal antiidio-
typic Abs hydrolyzing DNA; it indicates for the existence of internal Abs structure mimicking
active centre of DNase I [54]. We have suggested that polyclonal DNase Abzs in autoimmune
patients may be a cocktail of abzymes against complexes of proteins with DNA and RNA and
antiidiotypic abzymes to different DNA-hydrolyzing enzymes. Therefore, we have immu-
nized rabbits with DNase II, DNase I, pancreatic RNase A, DNA, and RNA [49, 50, 55-57].
In all cases, abzymes with intrinsic DNase and RNase activities were revealed. IgGs against
DNase I with DNase activity also have an antiidiotypic nature [55]. Interestingly, 74-85% of
the total polyclonal IgGs against RNase A possessing RNase and DNase activities belong
to antiidiotypic Abs, while 15-26% of the Abzs cannot interact with affinity sorbent-bearing
Abs against RNase A; they bind with DNA- and RNA-Sepharoses and may be antibodies to
nucleic acids bound to RNase [56]. In addition, only ~10% of the polyclonal total IgGs demon-
strating DNase and RNase activities from sera of rabbits immunized with DNase II have anti-
idiotypic nature, while the remaining 90% of Abzs did not interact with Sepharose-bearing
Abs against DNase 1II, they may also be Abs to nucleic acids bound to DNase II [57]. The
relatively low amount of antiidiotypic abzymes against DNase Il hydrolyzing DNA and RNA
may be a consequence of low immunogenicity of DNase II active site comparing with other
antigenic determinants of this nuclease. Antibodies against DNA and RNA complexes with
proteins and other antinuclear components were found in the blood sera of patients with sev-
eral multisystem connective tissue diseases including SLE [58]. Interestingly, abzymes agains
DNA and RNA bound with proteins are usually significantly more active in the hydrolysis of
these substrates than antiidiotypic Abzs against enzyme active centres [17-22, 49, 50, 55-57].
Thus, RNase A, DNase I, DNase II, and other DNA- and RNA-dependent enzymes can them-
selves be antigens producing not only antiidiotypic abzymes with corresponding active sites,
but these enzymes can interact with RNA and DNA and induce formation of anti-RNA and
or anti-DNA abzymes possessing no affinity for these enzymes, but having higher catalytic
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activities than antiidiotypic Abzs. In addition, various proteins interacting with DNA and
RNA can differ in their ability to produce antiidiotypic Abzs and the formation of abzymes
against bound nucleic acids. Overall, it is clear that abzymes of patients with various autoim-
mune diseases can be very different cocktails of idiotypic antibodies directly against DNA,
RNA, and against complexes of these antigens with different enzymes or proteins as well as
antiidiotypic Abs against many DNA-dependent enzymes [17-22, 49, 50, 55-57].

3. Catalytic activities of SLE prone mice antibodies

It was shown that DNase Abzs of patients with SLE [59], MS [16], and DNA-hydrolyzing
Bence-Jones proteins of patients with multiple myeloma [60] are cytotoxic, able to penetrate
cell nucleus and cause fragmentation of nuclear DNA leading to cell apoptosis. A significant
decrease in cell apoptosis in the case of ADs may be a very important factor providing the
increase in the level of specific lymphocytes producing auto-Abs and abzymes, which are
usually eliminated in different organs of healthy mammals [61, 62]. The cell apoptosis caused
by Abzs with DNase activity leads to increase in the concentration of histones complexes
with DNA fragments in the blood of mammals and, consequently, to production of antibod-
ies against DNA and DNA-hydrolyzing abzymes. Thus, the appearance Abzs with DNase
activity in the blood of mammals may be a very important factor in the strengthening of the
autoimmune reactions [13-22]. The abzymes with DNase activity should be considered as
very dangerous since they can stimulate development of autoimmune reactions. The overall
level of autoimmune reactions may depend on the ratio of cytotoxic (harmful) and beneficial
to organisms auto-Abs. Therefore, it was very interesting to elucidate what factors underlie
in the AI processes development and how possible mechanisms of autoimmunity are associ-
ated with the production of abzymes. Some data suggest that various ADs can originate from
defects in the hematopoietic stem cells (HSCs) [63]. Therefore, it was reasonable to analyze
what defects or changes may be revealed in the HSCs during spontaneous and DNA-induced
development of SLE in autoimmune prone MRL-Ipr/lpr mice.

It is known that after spontaneous development of SLE, MRL-Ipr/lpr mice are characterized
by visual symptoms of autoimmune pathology (baldness of head and parts of the back, pink
spots, general health deterioration, etc.). Appearance of pronounced visual symptoms usu-
ally well correlate with high proteinuria (3 mg/ml of protein concentration in urine) [64, 65].
It was shown previously that sera of spontaneously diseased MRL-lpr/Ipr mice contain Abzs
with high DNase activity correlating with high proteinuria and visual symptoms usually
at age of 5-12 months [64, 65], which is a typical period of signs of deep SLE pathology of
MRL-lp1/lpr mice [66]. Obviously, that the state of “health” in the case of autoimmune-prone
mice should be considered quite conventional, the development autoimmune pathology
nevertheless is spontaneous, and Al processes leading to deep pathology increase gradually.
To distinguish different levels of SLE development, MRL-lpr/lpr mice without typical autoim-
mune symptoms and demonstrating no abzyme activities (similar to nonautoimmune healthy
control mice) were independently of age tentatively designated as healthy mice, while the
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animals having no visual or biochemical SLE symptoms but demonstrating detectable activi-
ties of abzymes were provisionally named as prediseased MRL-Ipr/lpr mice. Mice demon-
strating all visual symptoms and biochemical indexes of SLE were designated as diseased
animals. We have compared healthy (2-3 months of age) and spontaneously diseased MRL-
Ipr/lpr mice with all visible symptoms no older than 7 months [29-31]. For a more precise
characterization of the various states of these mice, we have evaluated a variety of medical,
biochemical, and immunological characteristics of their status including the relative levels of
Abs to various autoantigens of abzymes demonstrating different catalytic activities.

The average anti-DNA Abs concentration in the case of (CBAXC57BL)F1 and BALB/c nonau-
toimmune control mice was estimated to be approximately 0.03-0.04 A, units and was com-
parable with that for healthy autoimmune-prone MRL-Ipr/lpr mice (0.032 A, units) [29-31].
After spontaneous development of SLE in MRL-Ipr/lpr mice (depending of individual mice
during 4-7 months), it increases to 0.2 A units, but there were no remarkable change in the
anti-DNA Abs titers in the case of control nonautoimmune mice during 7-8 months of the
experiment [29-31]. After MRL-Ipr/lpr mice immunization with complex of methylated-BSA
with DNA (further marked as DNA), the average concentration of anti-DNA Abs increased to
approximately 0.6 A, units [29-31]. It should be mentioned that IgG antibodies from the sera
of control 2-7 month-old nonautoimmune CBA and BALB mice and conditionally healthy
2-3 months old MRL-lpr/Ipr mice were shown to be catalytically inactive [29-31]. At the same
time, during spontaneous development of SLE and especially after MRL-lpr/Ipr mice immuni-
zation with DNA the relative catalytic DNase activity was significantly increased. Figure 1(A)
demonstrates hydrolysis of supercoiled (sc) plasmid DNA by IgGs from various mice after
2 h of incubation. To quantify the DNase activity, a concentration of each electrophoretically
and immunologically homogeneous IgG preparation (containing no any canonical enzymes)
converting scDNA to relaxed DNA during 0.2—-4 h of incubation without formation of linear
or fragmented DNA was used (for example, lanes 1-3, Figure 1A). The relative efficiency of
DNA hydrolysis was estimated from the relative percentage of DNA in the band of sc and
relaxed DNA; the relative amount of DNA in these two bands for DNA incubated without
IgGs or with Abs from healthy mice was taken into account. The measured relative activities
(RAs) were normalized to standard conditions (0.1 mg/ml Abs, 2 h) and a complete hydrolysis
of scDNA giving hydrolyzed form was taken for 100% of DNase activity. The RAs of IgGs in
the hydrolysis of ATP (Figure 1B) and maltoheptaose (MHO; Figure 1C) were also estimated
using the same approach as in the case of DNase activity.

All data obtained are given in Table 1. One can see, that at 7 months of age before develop-
ment of visible pathology markers (similar to mice of 1-3 months of age before deep MRL-
Ipr/lpr mice spontaneous pathology) MRL-lpr/lpr mice demonstrate no proteinuria (urine
proteins <3.0 mg/ml). In addition, they are characterized by a relatively weak increase in the
concentrations of Abs to native and denatured DNA. Moreover, the values of these param-
eters for some individual prediseased mice are comparable with the values observed for
healthy mice. Interestingly, IgGs from sera of healthy MRL-lpr/lpr and control CBA, BALB
mice possess well-determined amylase activity. This activity increased in the case of predis-
eased MRL-Ipr/lpr mice, but the observed difference with healthy animals was not statisti-
cally significant. The changes in this parameter become statistically significant only for mice
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Figure 1. Determination of relative DNase (A), ATPase (B), and amylase (C) activities of catalytic IgGs (0.1 mg/ml)
from different mice [29-31]. Analysis of DNA hydrolysis was performed using electrophoresis in 0.8% agarose gels.
Before electrophoresis supercoiled pBluescript DNA (A) was incubated for 2 h at 30°C with IgGs from 11 different mice
(lanes 1-11); lane 12, DNA incubated with Abs of healthy mouse; lane 13, DNA incubated alone. Hydrolysis of [y-*P]ATP
(B) and maltoheptaose (C) was analyzed respectively by thin-layer chromatography on PEI cellulose and on Kieselgel
plates. Reaction mixtures containing 0.2 mM ATP were incubated for 2 h at 30°C; lanes 2-6 correspond to IgGs from
5 different mice; lane 1 to ATP incubated alone. Standard reaction mixtures containing 0.15 mM maltoheptaose were
incubated at 30°C for 12 h: lanes 2-11 correspond to IgGs from 10 different mice, lane 1, the substrate incubated alone.
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Group description Number of Urine Abs to Abs to DNase ATPase Amylase
mice protein, mg/ native DNA, denatured  activity, %"  activity, %’ activity, %’
ml” A, DNA, A,
Control males and females
(CBAxC57BL)  8(4f+4m) 012+007  0.04+001 002+001 0 0 1.0+05™
F1 (3-7 mo.)
BALB/c (3-7mo.) 8(4f+4m) 0.1+0.08 0.03+0.01 0.017+0.004 0 0 1.1+05
MRL-lpr/lpr males
Healthy (2-3 mo.) 5 0.38 £0.02 0.032+0.01 0.09+0.07 0 0 19+12
Healthy, pre- 5 0.8+0.3 0.11+0.02 0.16+0.05 3.0 +1.0¢ 0.4+0.25 31+1.4
diseased (7 mo.)
Diseased (7mo) 8 8.0+3.1 0.18+0.08 0.23+0.11 22.0+24.0 68.3+9.8 3.7+1.0
Immunized 6 95+1.7 0.6+0.17 1.1+0.16 360.0£230.0 1333+530 17.6+75

MRL-lpr/lpr females
Healthy (2-3mo) 5 031+003  0.08+0.03 0.12+0.06 0 0 1.8+1.1

Healthy, pre- 5 0.9+02 020+£0.06 0.08+0.04 6.1+2.8 24+17 3.6+14
diseased (7 mo)

Diseased (7mo) 5 50+3.8 016012 0.21+0.12 20.0 £21.0 65.0£93.0 9.2+54

‘For each mouse, the mean of three repeats is used.
“Proteinuria corresponds to >3 mg of total protein/ml of urine.

""100% relative activity corresponds to a complete transition of the substrate to its products after the hydrolysis in the
presence of 0.1 mg/ml IgGs.

tStatistically significant changes in parameters are given in bold.

Table 1. Autoimmune characteristics of Al-prone MRL-Ipr/lpr and control non-autoimmune mice [31].

with deep pathology (Table 1). It is necessary to emphasize that IgGs of healthy MRL-1pr/lpr
mice do not possess any DNase and ATPase activities and only the increase in these activities
at a predisease stage should be considered as statistically significant indicator of the outset of
spontaneous autoimmune disease of mice. After developing of deep SLE pathology, the RAs
of DNase activity in the case of male and female mice increases 3.3- and 7.3-fold, respectively,
comparing to prediseased mice, while increase in ATPase activity is significantly greater, 27-
and 171-fold, respectively (Table 1). Thus, only these activities are the most important indica-
tors of predisease state and deep pathology of MRL-Ipr/lpr mice.

4. Possible role of brain stem cells and lymphocytes in development of SLE

4.1. Differentiation of bone marrow stem cells in SLE prone mice

The relationship between the relative activities of abzymes and the formation of follow-
ing hematopoietic progenitors colonies has been analyzed: CFU-GM, granulocytic-macro-
phagic colony-forming unit; CFU-E, erythroid burst-forming unit (late erythroid colonies);
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CFU-GEMV, granulocytic-erythroid-megacaryocytic-macrophagic colony-forming unit; and
BFU-E, erythroid burst-forming unit (early erythroid colonies) [29-31]. In the bone marrow
of healthy MRL-Ipr/lpr males and females (3 months of age), normal distribution of commit-
ted progenitors was observed, and the blood serum IgGs in these mice as well as control CBA
mice show no detectable DNase and ATPase activities (Table 2). In MRL-lpr/lpr males and
females (7 months old) having no proteinuria and SLE clinical manifestations but demonstrat-
ing detectable activities of abzymes, the relative number of BFU-E and CFU-GEMM colonies
increased ~2- and ~16.4-28.4-fold, respectively. For spontaneously deep diseased males and
females showing high RAs of DNase and ATPase activities, the profile of HSC differentiation
was changed significantly comparing with prediseased mice: BFU-E colonies number increased
approximately two times, while the number of CFU-GEMM and CFU-GM colonies decreased
by factors of 2.4-3.4 and ~2.6-4.0, respectively. After the development of SLE induced by the
mice immunization with DNA, the highest rise in anti-DNA Abs, Abz activities, and pro-
teinuria was observed [29-31]. In addition, a very specific differentiation profile of HSC was
revealed (Table 2). The numbers of CFU-GEMM and BFU-E colonies were 4.3- and 3.6-fold
lower than for spontaneously diseased mice, while the number of CFU-GM colonies was com-
parable. Interestingly, the profiles of bone marrow HSC differentiation for immunized mice
and healthy mice were not much different (Table 2). The data of Tables 1 and 2 are summarized
in Figure 2.

One can see that in the condition of predisease a strong increase in the relative number of
CFU-GM colonies is observed, and at this time, there is a reliable and statistically significant
appearance of DNase and ATPase activities of IgG antibodies. At transition from predisease

Group description Visual symptoms Number Number of colonies”
of mice
BFU-E CFU-GM CFU-GEMM
CBA (3-7 mo) No 8 3.0+0.5" 73+1.0" 0.25 +0.05"

MRL-Ipr/lpr males

Healthy (2-3 mo.) No 5 6.5+1.5 70+1.0 0.5+0.1
Healthy, pre-diseased ~ No 5 127+1.4 30.0+1.3 9219
(7 mo)

Diseased (7 mo) Yes 5 25.3+9.8 74+04 39+20
Immunized (3 mo) yes, weak 5 70+21 6.0+2.6 09+0.7

MRL-Ipr/lpr females

Healthy (2-3 mo) No 5 55+0.5 11+2.5 05+0.2
Healthy, pre-diseased ~ No 5 11.5+2.0 23.0+£3.0 8.2+3.0
(7 mo)

Diseased (7 mo) Yes 5 22.1+8.0 9.0+39 24+18

"For each mouse, the mean of four repeats is used.

“"Mean * confidence interval.

Table 2. Formation of bone marrow progenitor colonies in from control nonautoimmune and MRL-Ipr/lpr mice [31].
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Figure 2. The relative profile of differentiation of bone marrow progenitors. Relative number of total erythroid cells
(BFU-E+ CFU-E), CFU-GM, and CFU-GEMM colonies in the case of healthy CBA, conditionally healthy MRL-lpr/
Ipr mice at 3 months of age, after MRL-Ipr/lpr mice development of pre-disease and deep SLE, as well as after mice
immunization with DNA is shown [29-31]. The numbers above the bars show using a semicolon the relative average
activity of mice serum IgGs in the hydrolysis of DNA and ATP, respectively.

condition to deep SLE pathology, there is additional change in profile differentiation of bone
marrow HSC; the number of CFU-GM colonies is significantly decreased, but at the same
time, a significant increase in BFU-E cells is observed. Such change in differentiation profile
of bone marrow HSC is associated with significant increase in DNase and ATPase activities
of IgGs. Healthy MRL-Ipr/lpr mice 3 months of age treated with DNA show a very strong
increase in DNase and ATPase activities, but differentiation profile of bone marrow HSC
is almost same as for healthy male and female MRL-Ipr/lpr mice. This could indicate that
appearance of abzymes in healthy mice after their immunization with DNA is not associated
with the change of differentiation profile of bone marrow HSC, and there may be some other
ways of this phenomenon realization. Taking this into account, we analyzed lymphocyte pro-
liferation in different organs of MRL-Ipr/lpr mice [29-31].

4.2. Lymphocyte proliferation in SLE prone mice

Spontaneous development of SLE results in remarkable average increase in lymphocyte pro-

liferation in all analyzed organs of males and females comparing with healthy control mice
(Figure 3) [29-31].
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Figure 3. The relative level of lymphocyte proliferation in different organs of male healthy CBA, conditionally healthy
MRL-lpr/lpr mice at 3 months of age, after development of pre-disease and deep SLE pathology MRL-lpr/lpr in mice,
as well as after mice immunization with DNA is shown [29-31]. The designation of the various mouse organs is indicated
in the figure.

Interestingly, the relative level of lymphocyte proliferation in the spleen of healthy con-
trol CBA mice is approximately threefold higher than that for healthy MRL-lpr/lpr mice
(Figure 3). Transition from healthy to spontaneously prediseased mice leads to the increase in
lymphocyte proliferation in spleen by ~2.8-fold in parallel with increase of average level of the
proliferation 1.4- and 1.8-fold in lymph nodes and thymus, respectively [29-31]. While there
is no remarkable difference in lymphocyte proliferation in bone marrow of healthy CBA,
healthy and prediseased MRL-Ipr/lpr mice, the diseased animals demonstrate increase in this
parameter by a factor of ~1.5 (Figure 3). The spontaneous pathology of MRL-lpr/lpr mice
develops slowly and most of the mice are showing signs of the deep disease only from 5 to 9
months of life. The average values of the lymphocyte proliferation of diseased MRL-lp1/lpr
mice are significantly increased in all organs compared to healthy mice. Interestingly, immu-
nization of healthy 3 months old MRL-Ipr/lpr mice with DNA leads to the increase of lym-
phocyte proliferation in all organs except thymus at 20 days after their treatment (Figure 3).
Thus, a significant increase in the relative level of lymphocyte proliferation in mice may be
an important factor causing the development of abzymes with very high activity after their
immunization with DNA. As mentioned above, mice immunized with DNA do not show
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significant changes in bone marrow HSC differentiation profile. However, DNA-treated mice
demonstrate high level of bone marrow lymphocyte proliferation (Figure 3). This may be due
to the fact that DNA has little effect on the profile of stem cells differentiation but effectively
stimulates increase in the proliferation and changes the profile of mouse bone marrow lym-
phocyte differentiation.

In this regard, data comparing relative Abz activities from serum and cerebrospinal fluid
(CSF) of the same MS patients with multiple sclerosis should be noted [67-69]. It was shown
that IgGs from sera and cerebrospinal fluid of MS patients are active in the hydrolysis of
DNA, MBP, and oligosaccharides. In addition, the specific RAs of these abzymes from the
CSF of MS patients are dependently on their different activities were approximately 30- to
60-fold higher comparing to serum Abzs from the same patients [67-69]. It means that during
spontaneous or induced development of ADs as a result of specific differentiation of lym-
phocytes in cerebrospinal fluid there may be formation of cells producing different catalytic
antibodies directly in cerebrospinal fluid. Thus, one cannot exclude that the increased level of
Abz activities in MRL-Ipr/lpr mice immunized with DNA may be a consequence of specific
additional differentiation of naive lymphocytes not only in different organs but also in the
cerebrospinal fluid. Another important factor reducing the relative number of lymphocytes
producing abzyme may be cell apoptosis.

4.3. Cell apoptosis in SLE prone mice

It is known that in norm (healthy mammals) harmful cells including lymphocytes are elimi-
nated by apoptosis [61, 62]. The decrease in the lymphocyte apoptosis, producing Abzs
harmful to mammals, can lead to increase in autoimmune reactions and acceleration of ADs
development. The relative level of lymphocyte apoptosis in different organs and tissues of
MRL-Ipr/lpr mice was analyzed (Figure 4) [31].

In control CBA and healthy MRL-Ipr/lpr mice, the cell apoptosis level in different organs
on average was comparable (Figure 4). The prediseased mice demonstrated relatively low
decrease in lymphocyte apoptosis in bone marrow, but its remarkable increase in spleen.
Transition from predisease state to deep SLE led to a significant decrease in the cell apopto-
sis level in all organs comparing with healthy and prediseased mice and maximal decrease
was observed for bone marrow lymphocytes (Figure 4). However, the statistically significant
two- to threefold maximal decrease in the apoptosis level was observed for bone marrow,
thymus lymph nodes, and spleen of the mice immunized with DNA, which correlates with a
very strong increase in the specific Abz activities of treated mice comparing to the spontane-
ously diseased animals (Figure 4). Therefore, it should be assumed that in the case of mice
predisposed to ADs, introduction of foreign antigen can inhibit the elimination of harmful
lymphocytes including ones producing dangerous abzymes by apoptosis and stimulate the
proliferation of such cells. Overall, immunization of healthy MRL-Ipr/lpr mice with DNA
leads to the production of abzymes with very high activities, but it is not associated with
noticeable change in profile of HSC differentiation but mainly caused by increase in lympho-
cyte proliferation and specific suppression of lymphocyte apoptosis in different organs [35].
In this regard, it should be mentioned that these regularities may to some extent be common in
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Figure 4. The relative level of lymphocyte apoptosis in different organs of male healthy CBA, conditionally healthy
MRL-lpr/lpr mice at 3 months of age, after MRL-lpr/lpr mice development of pre-disease, and deep SLE pathology, as
well as after mice immunization with DNA [29-31]. The designation of the various organs is indicated in the figure.

the development of various autoimmune diseases. For example, using experimental C57BL/6
autoimmune encephalomyelitis (EAE) mice (a model mimicking human MS), it was recently
shown that spontaneous EAE development leads to the production of Abs to myelin basic
protein (MBP) and DNA and to Abzs efficiently hydrolyzing these substrates, which associ-
ated with significant changes of the differentiation profile and level of lymphocytes prolifera-
tion of mice bone marrow HSC [32]. Immunization of these mice with MOGS35 results in a
very strong acceleration in the development of EAE and a very strong increase of the relative
activities of abzymes hydrolyzing MOG, MBP, and DNA. The relative percent contents of
total erythroid cells, CFU-GEMM and CFU-GM colonies at 3 months of age in healthy, nonau-
toimmune CBA, conditionally healthy, MRL-lpz/lpr and EAE C57BL/6 mice before and after
development of these autoimmune pathologies were compared (Figure 5).

One can see that the relative content (percent of total number of different cells) of various
bone marrow colonies after spontaneous achievement of deep pathologies by MRL-lpr/Ipr
and EAE mice is nearly the same. In addition, the level of lymphocyte proliferation as well
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Figure 5. The relative content (%) of total erythroid cells (BFU-E+ CFU-E), CFU-GM, and CFU-GEMM colonies in the
case of healthy CBA, conditionally healthy MRL-lpr/lpr and C57BL/6 mice at 3 months of age, and after development of,
respectively, EAE and SLE is shown [32]. For C57BL/6 mice, the relative contents of progenitor colonies after spontaneous
and MOG-stimulated development of EAE are given.

as cell apoptosis in different organs including bone marrow of healthy MRL-Ipr/lpr and EAE
mice, at stages of their prediseases and deep pathologies were also comparable [32]. In addi-
tion, it was shown that abzymes hydrolyzing MBP are formed in the early stages of human
MS, unlike in later stages of SLE, while the reverse situation was observed for abzymes with
DNase activity [70-87]. One gets the impression that SLE and MS differ greatly in their initial
stages but become to some extent more similar at the later stages of these diseases. The blood
of patients with SLE and MS after a long illness contains Abs to a variety of autoantigens
and abzymes hydrolyzing nucleotides, oligosaccharides, lipids, DNA, RNA, MBP, and many
other proteins [13-21, 70-93].

Clinically definite MS diagnosis is more often based on tomographic detection of brain-spe-
cific plaques appearing on late stages of this disease. But, similar brain plaques were also
detected on the late stages of SLE [38, 41]. MS is a central nervous system disease resulting in
the manifestation of different psychiatric and nervous disturbances. Neuropsychiatric distur-
bances occur also in about 50% of patients with SLE and carries a poor prognosis (reviewed
in [41]). SLE affects mainly on the central nervous system and it supposedly more than any
other inflammatory systemic disease causes various psychiatric disorders [41]. Peripheral ner-
vous system involvement seems to be much less. Neural cell injury and rheological distur-
bances mediated by auto-Abs may be due to two of the main possible mechanism of tissue
damage [41]. Interplay between these processes is determined by genetic factors, and may be
modulated by hormones, complicated by a many of secondary factors, may explain the wide
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spectrum of features revealed in SLE [41]. Thus, not only specific changes in the profile of
differentiation of bone marrow stem cells, increased levels of lymphocyte proliferation and
suppression of apoptosis of harmful cells in different organs leading to the production of dan-
gerous abzymes with various activities, but also some other indicators of different psychiatric
and nervous disturbances in varying degrees, are common for some patients with SLE and MS.

5. Application of rigid criteria for analysis of antibodies catalytic activities

The sera of healthy humans and mammals contain usually autoantibodies to many different
antigens, including RNA, DNA, proteins, and other antigens [13-22, 43, 44]. Natural abzymes
from the sera of patients with different Al diseases are products of different immuno-compe-
tent cells and usually polyclonal in origin ([13-22] and refs cited here). Purification of natural
abzymes containing no canonical enzymes is a very important task in their study; peculiarities
of such antibodies isolation were discussed in detail in reviews [13, 19]. Electrophoretically and
immunologically homogeneous IgG fractions with or without different catalytic activities from
the sera of healthy donors and autoimmune patients described in this chapter were first puri-
fied using Protein G-Sepharose, while IgAs and IgMs by affinity chromatography on Protein
A-Sepharose under conditions removing nonspecifically bound proteins. Then IgAs were sepa-
rated from IgMs and IgGs from possible admixtures of canonical enzymes by FPLC gel filtra-
tion in acidic conditions (pH 2.6) destroying immuno-complexes [29-32, 49, 50, 55-57, 64-103].
Overall, ~900 kDa IgMs, 170 kDa IgAs, and 150 kDa IgGs did not contain possible contaminating
proteins detected by acrylamide gel silver staining under reducing and nonreducing conditions.

The application of rigid criteria allowed the authors of the first article describing natural
abzymes hydrolyzing vasoactive intestinal peptide to obtain irrefutable evidence that this
activity is an intrinsic property of IgGs from sera of patients with asthma [9]. Later several
additional rigid criteria were proposed (reviewed in Refs. [13, 19]). We applied a set of these
strict criteria [9, 13-22] for the analysis of DNase and RNase [11, 31, 64, 65, 70-75], MBP-
hydrolyzing [76-79], ATPase [30], and amylase [29, 88-91] activities as intrinsic properties of
IgG and/or IgM and IgA antibodies from sera of SLE patients and mice. Several more impor-
tant of them may be summarized as follows: (1) all Abs were electrophoretically homoge-
neous; (2) FPLC gel filtration of these Abs under conditions destroying strong noncovalent
complexes (acidic buffer, pH 2.6) did not abolish these activities, and activities peaks exactly
coincided with peaks of intact Abs; (3) immobilized mouse IgGs against the light chains of
human Abs absorbed completely these activities; these activity’s peaks coincided with the
peaks of Abs eluted using acidic buffer; and (4) F(ab) and F(ab)2 fragments of Abs showed
to some extent comparable levels of the activities comparing with intact Abzs. To exclude
possible artifacts causing by hypothetical traces of canonical enzymes, Abs from sera of SLE
patients were subjected to SDS-PAGE in a gel copolymerized with polymeric DNA or RNA
and their nuclease activities were detected in situ by gel incubating in the standard reaction
buffer. Staining of the gels after the electrophoresis with ethidium bromide (after refolding of
Abs) showed sharp dark bands against a fluorescent background of nucleic acids. After incuba-
tion with DTT only light chains of SLE Abs demonstrated nuclease activities. After SDS-PAGE
amylase, ATPase and MBP-hydrolyzing activities of SLE Abs were analyzed using extracts of
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2- to 3-mm fragments of a longitudinal gel slice. Since SDS destroys all noncovalent protein
complexes, the revealing of the analyzed activities in the gel zones of only intact IgGs and their
separated light chains together with the absence of any other bands of the activities or proteins
gave direct evidence that Abs from sera of SLE patients possess analyzed enzymatic activi-
ties. The fulfilment of these criteria was observed for SLE IgG, IgA, and IgM abzymes with
all activities mentioned above. Some typical examples of rigid criteria application in the case
of DNase, RNase, and MBP-hydrolyzing activities of SLE IgGs are given in Figures 6 and 7.
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Figure 6. Analysis of the implementation of strict criteria of intrinsic enzymatic activities of IgGs from sera of SLE
patients and mice. SDS-PAGE analysis of homogeneity of IgGmix (mixture of equal amounts of Abs from sera of 10
SLE patients) before (lane 2) and after (lane 3) Abs boiling with DTT; lane 1 shows positions of protein markers (A) [71].
FPLC gel filtration of IgGmix (mixture of 15 preparations) corresponding to diseased MRL-Ipr/lpr mice on a Superdex
200 column in the acidic buffer (pH 2.6) destroying different immunocomplexes after IgGs incubation in the same buffer
(B) [31]. In situ gel assay of DNase (C and D) and RNase (E and F) activities of IgGmix (10 preparations) corresponding
to SLE patients using respectively gels containing polymeric DNA and RNA [71]. DNase and RNase activities were
revealed by ethidium bromide staining as dark bands on the fluorescent background; lanes 1 (C and E) correspond to
IgGs before, while lines 1 (D and F) after Abs mild treatment with DTT, lane 2 (E) to F(ab) fragments of IgG (negatives
are given). Lanes 2 (C and D), 3 (E) and 2 (F) intact IgGs or their separated L and H chains, while lane 4 (E) corresponds
to F(ab) fragments, positions of which were revealed by treatment of the gels with Coomassie R250. Lanes C (C and E)
correspond to proteins with known molecular masses [71].
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Figure 7. Application of the strict criteria to show that MBP-hydrolyzing activity is intrinsic property of IgGs from sera
of SLE patients [76, 77]. Affinity chromatography of the IgGmix (Abs of 10 patients) using Sepharose bearing mouse
Abs against human IgGs (A) and FPLC gel filtration IgGmix on column with Superdex 200 in acidic buffer (pH 2.6)
after incubation of Abs in the same buffer (B): (—), absorbance at 280 nm (A280); (o), relative activity (RA) of IgGmix
in the hydrolysis of human MBP (A and B). A complete hydrolysis of MBP (0.5 mg/ml) for 24 h at 37°C was taken
for 100%. Analysis of MBP hydrolysis by IgGmix and its separated L and H chains after SDS-PAGE (C and E). After
SDS-PAGE of IgGmix using nonreducing (C) and reducing (E) conditions, the gel was incubated under conditions for
renaturation of Abs. The relative MBP-hydrolyzing activity (RA, %) was estimated using the extracts of 2- to 3-mm many
gel fragments (C and E) of first longitudinal slices. The RA of IgGmix corresponding to a complete hydrolysis of MBP
(0.5 mg/ml) after 24 h of standard mixture (30 pl) incubation with 20 pl of extracts was taken as 100%. The second control
longitudinal slices corresponding to the same gels were treated with Coomassie R250 (lanes 1; D and F). Lane 2 (D and
F) demonstrates position of protein molecular mass markers.
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Similar rigid criteria were used by us for evidence of the catalytic activity belonging to the
antibodies, hydrolyzing nucleotides, DNA, RNA, various peptides, proteins, oligosaccha-
rides from blood with different autoimmune diseases, and animals immunized with different
antigens [11, 13-22, 32, 49-57, 64-65, 67-103].

6. SLE patient’s abzymes with DNase and RNase activities

6.1. Polyclonal DNase and RNase abzymes

Healthy humans do not demonstrate antibodies with detectable DNase and RNase activities,
their levels are more often on the borderline of sensitivity of the detection methods [13-22].
The RAs of DNase and RNase abzymes from the sera of patients with SLE vary markedly
from patient to patient [13-22].

We analyzed the possible heterogeneity of catalytic properties of polyclonal DNase and
RNase IgGs from SLE patients and observed an extreme heterogeneity in kinetic and ther-
modynamic parameters, relative specific activities and substrate specificities, which are
different very much from patient to patient. Chromatography on DNA-cellulose showed
that only 10-30% of the total electrophoretically homogeneous IgGs and IgMs dependently
on patient may be bound to the affinity sorbent. Interestingly, when Abs were eluted from
DNA-cellulose by a NaCl gradient (0-3 M) and then acidic buffer (pH 2.6) the Abs and
their DNase and RNase activities were distributed all over the chromatography profile
(for example, Figure 8A) [70, 71]. The same situation was observed for Abs with nuclease
activities from sera of MS patients [8, 80-82], and rabbits immunized with DNA, RNA,
DNase I, DNase 1II, and pancreatic RNase [49, 50, 55-57]. The affinity of Abs fractions for
these substrates was increased gradually with the increase in eluting salts concentrations.
When IgGs eluted from DNA-cellulose were fractionated on Sepharose bearing immo-
bilized monoclonal mouse Abs against anti-kappa or anti-lambda human IgGs, 60-70%
of IgGs were adsorbed by Abs against lambda- and 30-40% by Abs against kappa-Abs
(Figure 8B) [70, 71].

The fractions corresponding IgGs with kappa-light chain were about 30- to 50-fold more
active in hydrolysis of both RNA and DNA than lambda-IgGs. SLE IgGs and IgAs with
DNase activity [70, 71] similarly to Abs with nuclease activity from sera of patients (and
mice) with other autoimmune diseases [80-82, 95, 99-103] efficiently hydrolyzed all sin-
gle- and double-stranded DNA of different sequences and length. The substrate specific-
ity of SLE IgGs with RNase activity, however, was unique within certain limits for Abs
from every individual SLE patient [11]. In contrast to human RNases, SLE IgGs effectively
hydrolyze the most resistant poly(A) substrate for all known human RNases [104-109]. SLE
IgGs demonstrated a very slow hydrolysis of poly(C) [11], which is the best substrate for all
mammalian RNases [104-106]. Therefore, for more detail analysis of IgGs of SLE patients
ribo(pA),, was used. Figure 8(C) demonstrates pH dependence of [5'-**P](pA),, hydrolysis
by three of six SLE IgGs analyzed and by two human blood RNases. All six dependences
showed individual features of pH dependencies. In contrast to all SLE abzymes, RNases
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Figure 8. Separation of SLE IgMs having affinity to DNA by affinity chromatography on DNA-cellulose (A) [70]: (—)
absorption at 280 nm, () and (x) RA of Abs in hydrolysis of respectively [5'-*P](pA),, and [5-**P]d(pA),,, 1-5 ul of each
fraction was added to 100 ul of reaction mixture and maximal RNase and DNase activity was taken for 100%. Separation
of anti-DNA IgGs containing light chains of kappa and lambda type by affinity chromatography on Sepharoses bearing
immobilized Abs against human kappa- and lambda-IgGs [71]: (—) absorption at 280 nm (B). pH dependencies of
the relative RNase activity of three SLE IgGs (C) and human serum RNases (RNase 3 () and RNase 4 (*)) (D) in the
hydrolysis of [5'-*P](pA),, [71].

have only one pH optimum (6.8-7.5) for hydrolysis of poly(A) [104-106] (Figure 8D).
Polyclonal SLE abzymes more often shows high activity at pH from 6.0 to 9.5. For example,
preparation Abz-1 demonstrates maximal activity at pH 8.8; Abz-2 shows three marked pH
optima at pH 8.5, 7.7, and 7.2, while Abz-5 hydrolyzes RNA with comparable efficiency
at pH values from 6.0 up to 9.5 (Figure 8C). Abz-3 and Abz-4 also demonstrated several
pronounced optima at pH 6.0-9.5 similar with that for Abz-2, while Abz-6 showed no opti-
mum, like Abz-5.

Interestingly, even at fixed pH 7.5 initial rates corresponding to increase in oligonucleotide
concentrations were consistent with Michaelis-Menten kinetics only for all human RNases
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and Abz-1, for which was only one interception of curves in coordinates of Cornish-Bowden
(Figure 9A) [71]. Three IgGs (Abz-2-Abz-4) demonstrated several apparent values of both K
andV__ (for example, Figure 9B). The apparent K_ and k_, values for Abz-5 and Abz-6 having
comparable activity at pH from 6.0 to 9.0 demonstrated fan-like Cornish-Bowden dependen-
cies showing smooth changes of the apparent K_and V__ values with increase in substrate
concentration, and there were no evident intersection points (Figure 9C). It means that Abz-5
contains a lot of monoclonal abzymes with comparable and different K_and V,__ values in
their wide range. The data obtained are summarized in Table 3 [71]. Similar pronounced het-

erogeneity was observed for SLE polyclonal DNase and RNase IgGs and IgAs [70, 71].

cat

It should be mentioned that the same preparations of polyclonal Abzs hydrolyzed RNA
approximately 10- to 300-fold faster than DNA [70, 71]. In addition, several monoclonal
IgGs against B-DNA of different sequences (from SLE mice) efficiently hydrolyze single-
and double-stranded RNA and DNA in a sequence-independent manner, the RNase activ-
ity was by a factor of 30-100 higher than of DNA [107]. Our findings indicate that a variety
of anti-DNA and anti-RNA abzymes are able to hydrolyze both DNA and RNA [13-22]. In
this respect, it should be mentioned that after immunization of rabbits with DNA, RNA,
DNase I, DNase II, and pancreatic RNase I, antinuclease IgGs with different affinity to DNA
were separated for several fractions by chromatography on DNA-cellulose [49, 50, 55-57].
IgGs of all fractions demonstrated DNase and RNase activity and RNase activity was 10- to
50-fold higher than DNase one. Only one small fraction in the case of abzymes obtained
after immunization of rabbits with RNA demonstrated only DNase activity and was not
able to hydrolyze RNA [50]. The data obtained testify in favor of the formation of abzymes
with chimeric structure of the active centers, which are mostly able to hydrolyze both DNA
and RNA.

Canonical RNases are usually specific for sequences (for example, RNase T1 is specific for
guanosines, while RNase A for Py-A sequences) or for structural features (nuclease S1, for
example, hydrolyzes only single-stranded domains of RNA). Abzymes of SLE and other auto-
immune patients demonstrate novel RNase activities. Some of them may be stimulated by
Mg?*; they are not sequence-specific but sensitive to subtle and/or drastic folding changes
of structurally well-characterized tRNA [72-75]. Two tRNAY* [72, 74], one corresponding to
human mitochondria, while the second tRNA™* is a mutant revealed in patients with myo-
clonic epilepsy, in which A nucleotide at position 50 is changed for G nucleotide. Different
canonical RNases including RNase A showed no difference in cleavage patterns of these
tRNADY= [72]. However, in the presence of Mg? RNase SLE abzymes produced new cleav-
age sites; the mutant tRNA"* showed a significantly different sensitivity for abzymes in the
substrate mutated region, and the hydrolysis was detected at new positions, showing local
structural or conformational changes of tRNAY",

Most of Mg*-dependent abzymes display usually no sequence specificity; they are more
sensitive to structural features of different tRNAs specific for Gln, Phe, Asp, and Lys [72-75].
Abzymes of some Al patients demonstrate RNase A-type as a major specificity showing
minor differences (preference for CpA and UpA sequences). However, some abzymes
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Figure 9. Initial rates of [5-*P](pA),, hydrolysis as a function of oligonucleotide concentration for three SLE IgGs [71].
The K_and V__ values were determined using the Cornish-Bowden coordinates (A-C). The common intersection points
give K and V__ values characterizing different abzymes; the absence of intersection points indicates that many different

monoclonal abzymes with similar and different kinetic parameters catalyze the oligonucleotide hydrolysis.
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Substrate Preparation K ~(M) km (min™)
Antibodies

d(pA),, Abz-1 7x108 2.0x 10

(PA),; 4x10% 1.4

d(pA),, Abz-2 4.7 x10®t0 3.0 x 107 2.0x10°to 7.1 x 10
d(pA),,

(PA),; 51x10%to4.4 %107 0.12-0.84

pU),, 9.0x10%-4.1x107 32x10°-1.3x107
(PA),, Abz-3-Abz-4 1x10%t02x10° 1.0x10%to 2.5
RNases

p(A), RNase A 34x10° 2.2x 107

p(A), RNase 3 49x10° 1.7 %1072

pU), 21x10° 37

p(A), RNase 4 7.2x10° 52x107

pU),, 5.6 x10° 26

“The errors of the values determination were within + 10-30%.

Table 3. Kinetic parameters for hydrolysis of different oligonucleotides by catalytic SLE-IgGs, human serum RNases and
pancreatic ribonuclease A [71].

contain a major subfraction demonstrating T1-type of RNase specificity. The Mg*-
stimulated RNase IgGs had more often a cobra venom RNase V1-like specificity in cleav-
age of tRNA* with a unique Mg*-dependent specificity toward double-stranded regions
[72, 74]. In spite of some similarities, SLE abzymes show specificities quite different from
that of RNase V1, but this specificity remarkably differs from patient to patient. Overall,
monoclonal SLE abzymes entering to total pool of Abzs can discriminate between subtle
or large structural changes and nucleotide sequences. Interesting that IgGs from patients
with different Al and viral diseases can demonstrate different patterns of various tRNAs
cleavage [72-75].

Abzs from the sera of patients with MS [80-82], viral hepatitis [100], HIV-infected patients
[95], with tick-borne encephalitis [101], Hashimoto’s thyroiditis [102], and schizophrenia
[103] also demonstrated DNase activity. All these diseases are characterized by different
levels of the relative activity of abzymes, and DNase activity increases approximately in
the following order: diabetes < viral hepatitis = tick borne encephalitis < polyarthritis <
Hashimoto’s thyroiditis < schizophrenia < AIDS < MS < SLE [13-22, 80-82, 95, 101-103].
Overall, DNase and RNase polyclonal Abzs from sera of patient with SLE, MS, and other
Al and several viral diseases may be characterized by a relatively small or extremely large
content of polyclonal nuclease abzymes containing different relative amounts of kappa-
and lambda-Abzs, demonstrating from one to several pH optima, having a different net
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charge, may be dependent or not on different metal ions, and demonstrate different sub-
strate specificities.

6.2. Monoclonal nuclease SLE abzymes

The active centres of DNase, RNase, protease, and oligosaccharide-hydrolyzing abzymes
from SLE, MS, and patients with other diseases are usually located on the light chains of these
Abs [13-22]. The heavy chain is mainly responsible for specific antigen recognition and sig-
nificantly increased antigen affinity for antibodies. The isolated light chains of IgGs cleavage
vasoactive intestinal peptide with the activity 32-fold higher than Fab fragments [9]. Isolated
by SDS-PAGE light chains of different abzymes were more active than the intact ones [13-22].
But, only multiple myeloma Bence-Jones proteins should be considered as natural human
monoclonal abzymes [60].

A phagemid library of immunoglobulin kappa light chains derived from lymphocytes of
peripheral blood of three SLE patients (106 variants) was cloned in pCANTAB5His6 vector.
For amplification of the phage library Escherichia coli TG1 presenting monoclonal light chains
(MLChs) on the surface of phage particles was used [111, 112]. Phage particles containing a
pool of various MLChs having different affinity for DNA were separated by chromatography
on DNA-cellulose (Figure 10A).
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Figure 10. Affinity chromatography of phage particles on DNA-cellulose: (—) and (- - -), A280 values correspond
respectively to the material of phage particles containing or not cONA of kappa light chains [111]. The bars show the
RAs of 16 fractions of 11 peaks eluted with various concentrations of NaCl and acidic buffer (pH 2.6). The titres of the
particles of different peaks are given in the parenthesis.
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Figure 11. Dependences of the RAs of DNase activity for several MLChs upon the concentration of KCl and NaCl at
2 mM concentrations of MgCl, and MnCl, (A-F) [111]. The RAs in the absence of KCl and NaCl were taken for 100%.
Numbers of MLChs (15 nM) and the used MnCl, or MgCl, are given on panels A-F.
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The phage particles were distributed between 16 fractions of 11 peaks and all fractions corre-
sponding to new small pools of anti-DNA MLChs demonstrated DNase activity (Figure 10).
Thus, all small pools of MLChs of 16 fractions with different affinity of phage particles for
DNA contained not only light chains without, but also with DNase activity. For preparation
of individual colonies, E. coli HB2151 and phage particles eluted from DNA-cellulose with
0.5 M NaCl (peak 7) demonstrating high DNase activity were used. For study of DNase activ-
ity, 45 of 451 individual colonies from two Petri dishes were chosen in a random way; 15 of 45
single colonies (~33%) were capable to hydrolyze DNA.

MLChs of 15 single colonies were used for purification of individual MLChs using chromatog-
raphy on Ni*-charged HiTrap chelating Sepharose and by following FPLC gel filtration [111].
The preparations of ~28-kDa MLChs were electrophoretically homogeneous, showed posi-
tive answer with mouse IgGs against human Abs light chains at Western blotting and posi-
tive ELISA answer using plates containing immobilized DNA; in situ analysis demonstrated
DNase activity in the gel zone corresponding only to MLCh [111].

The dependences of DNase RAs for various MLCh preparations on the concentration of dif-
ferent metal ions were analyzed. It was shown that MgCl, and MnCl, are good activators
of all 15 MLChs. Since K* and Na* ions can influence on the spatial structures of different
enzymes, antibodies, and nucleic acids, we have analyzed dependencies of the RAs upon
concentration of these ions at fixed concentrations of MgCl, and MnCl, (2 mM). All MLChs
demonstrated very specific dependencies and optimal concentrations of NaCl and KCl (for
example, Figure 11). Optimal concentrations of NaCl and KCI for 15 MLChs are given in
Table 4. It was interesting to see whether optimal concentrations of MgCl, and MnCl, can
depend on NaCl and KCI concentrations. Figure 12 shows that for all MLChs in the presence
of KCl and NaCl in different concentrations the dependencies reach plateau at 1.5-2.0 mM
concentration of MgCl, and MnCl,. Several MLChs demonstrated shape-bell dependencies;
but the inhibition was usually observed at Mn** and Mg?*" concentrations higher than 2—4 mM
(Figure 12) [111].

Various canonical DNases demonstrate usually different pH optima, but all of them have
only one pH optimum [108, 109]. In contrast to known canonical DNases, polyclonal DNase
Abzs from the sera of patients with SLE and other diseases can contain from one to many
monoclonal abzymes demonstrating from 1 to 2-8 well pronounced pH optima in range
from 5 to 10 [13-22, 72, 73, 82-84, 110]. pH optima of 15 MLChs in the presence of 2 mM
Mg(l, as well as for DNase II and DNase I were analyzed and several typical dependencies
are given in Figure 13. DNase I has only one optimum at pH 7.0-7.2, while DNase II dem-
onstrates one optimum at pH 4.9-5.0 (Figure 13A). Optimal pH for all 15 MLChs is given in
Table 5 [111].

Eight of 15 MLChs demonstrated only one pH optimum, while seven preparations shows
two different pH optima (Figure 13). It was shown that Mn*, Co*, Ni*, and Ca* ions
activate DNase [ in significantly smaller degree than Mg?* ions [108, 109]. The RAs of 15
MLChs in the presence of 6 various metal ions (2 mM) using optimal NaCl and KCl con-
centrations and optimal pH were estimated (Table 6). The maximal activity for various
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Number of MLCh MnCl, Mg(Cl,
"
prepatation [KCI], mM [NaCll, mM [KCI], mM [NaCll, nM
1 0-0.5; > 0.5 inhib.? 0-0.5; > 0.5 inhib. 30.0; > plateau® 100.0; >120.0 inhib.?
2 100; >120 inhib. 100; > 120 inhib. 75.0; >100 inhib. 15.0; >100.0 inhib.
3 5.0; > 10 inhib. 5.0; > 10.0 inhib. 0.0; > 0.0 inhib. 0.0; > 0.0 inhib.
4 2.5; > 4.0 inhib. 7.5;>10.0 inhib. 5.0 >10.0 inhib. 8.5;>15.0 inhib.
5 5.0; > 10 inhib. 5.0; > 10.0 inhib. 0.0> 0.0 inhib. 0.0; > 0.0 inhib.
6 1-2 and 75; >75 inhib.¢ 1-2 and 150 1.5-30 plateau; >40.0  1-3 and 50.0; >100.0
inhib. inhib.
7 0.5; >1.0 inhib. 2.5; >3.0 inhib. 3.0; >4.0 inhib. 8.0;>10.0 inhib.
8 0-10 inhib.; 75; >80 5-150 plateau 5.0 and 75.0; >80.0 1.5; 2.0-75 inhib.; 100;
inhib. inhib. >plateau®
9 20-25; >30 inhib. 2.0; >3.0 inhib. 10.0; >12.0 inhib. 5.0 and 75.0; >80.0
inhib.
10 2.5; plateau® 10.0; >15.0 inhib. 2.5;>5.0 inhib. 5.0; >7.0 inhib.
11 1-10 plateau; >10 inhib.  0.5-2.0 plateau; >2.0 ~ 0-10.0 plateau; >10.0  2-50 plateau; >60.0
inhib. inhib. inhib.
12 0.0; >0.0 inhib. 2.0 and 5-10; >10.0 1-5; >10.0 inhib. 1-2 and 5-10; >10.0
inhib. inhib.
13 0.0; >0.0 inhib. 0.0 and 10.0; >10.0 0.1-0.3; >0.7 inhib. 0-0.1; >0.1 inhib.
inhib.
14 100-150 plateau 100-150 plateau 75.0; >100 inhib. 150.0
15 1.5; >2 inhib. 50.0; >50.0 inhib. 0.0 and 50.0; >50.0 0-10 and 50.0; >50.0
inhib. inhib.

For each value, a mean of two measurements is reported, optimal concentrations are given in bold; the mark (>value
inhib.) means that the dependence demonstrates bell-shaped character and that at higher concentrations of the salt the
inhibition of the reaction is observed.

*The mark (30 (or any other value in bold); >plateau) means that optimal concentration corresponds to 30 mM and there
is no remarkable inhibition up to maximal concentration (100-150 mM) of NaCl or KCI used.

‘The mark (1.5; 2.0-75 inhib.; 100; >plateau (or other similar values)) means that there are two optimal concentrations
at 1.5 and 100 mM salt and a significant decrease in the activity of analyzed MLCh at concentrations in the region
2.0-75 mM.

Table 4. The optimal concentrations of KCI and NaCl in the case of individual recombinant MLChs in the presence of
2 mM MgCl, or 2 mM MnCl, [111].

MLChs was observed in the presence of different MeCl, salts, but in average the activity
decreased in the following order: MnCl, > CoCl, > MgCl, > NiCl, = CaCl, (Table 6). For
all 15 MLChs, apparent k_, values were estimated (Table 6) [111]. Overall, all 15 MLChs
showed enzymatic properties very different from canonical DNases and each MLCh prep-
aration demonstrated a very specific ratio in the RAs in the presence of different metal ions
used (Table 6).
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Figure 12. Dependences of the RAs of DNase activity for several MLChs (20 nM) on the concentrations of MnCl, and
MgCl, at different fixed KCI and NaCl concentrations (A-D) [111]. Numbers of ML.Chs and concentrations of KCI and
NaCl used are given on panels A-D. A complete hydrolysis of plasmid DNA was taken for 100%.

Our previous findings demonstrated that polyclonal abzymes from sera of patients with
SLE, MS, and other autoimmune and/or viral diseases can contain many monoclonal
DNase and RNase abzymes showing very different enzymatic properties [13-22]. At the
same time, estimation of possible number of monoclonal abzymes in their total pools was
very difficult, since they can have comparable or different affinity for DNA, significantly
different optimal pHs, various k_, values, and different dependencies on various Me* and
Me* ions.

In our study DNase activity only for 45 of 451 single colonies corresponding to only one
(eluted with 0.5 M NaCl) of 16 fractions with different affinity for DNA-cellulose was
analyzed, while MLChs of all these fractions effectively hydrolyze DNA [111]. Fifteen of
45 individual MLChs (~33%) were active in the hydrolysis of DNA. Taking into account the
fact that only 45 of 451 colonies were analyzed, it should be assumed that even this fraction
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Figure 13. Dependences of the RAs of DNA-hydrolyzing activity of human DNase I and DNase II (A) and of nine MLChs
(B-D) on pH of reaction mixtures [111]. The RAs for DNase II were estimated in the absence, while for DNase I, in the
presence of MgCl, (10 mM). The RAs of nine MLChs were estimated using optimal MeCl, (2 mM), optimal concentration
of KClI or NaCl (see Table 6). Reaction mixtures were incubated at 30°C for 0.4-5.0 h and then the data obtained were
normalized to standard conditions; complete hydrolysis of scDNA for 30 min in the presence of various MLChs (10 nM)
was taken as 100%.

contains much greater number of monoclonal abzymes with DNase activity. In this regard
it should be mentioned the data of other article [112]. After separation of phage particles
on DNA-cellulose, the fraction eluted by an acidic buffer (pH 2.6) was used for obtaining
of MLChs (~28 kDa) with DNase activity. In this case, 33 of 687 individual colonies were
chosen randomly for study of MLChs. Nineteen of 33 clones (58%) demonstrated DNase
activity [112]. Detection of DNase activity in situ after SDS-PAGE of purified MLChs
using gel containing DNA showed that they are not contaminated by canonical DNases.
MLChs demonstrated from one to two pH optima. MLChs were inactive after the dialysis
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DNase or number of MLCh Optimal pH
preparation

pH, PH,
DNase I 7.0-7.2 No second optimum
DNAse II 4.9-5.0 No second optimum
1 5.7-5.9 7.9-8.1°
2 6.0-6.2 8.2-8.3
3 6.9-7.0 8.2-8.5
4 7.5-7.6 No second optimum
5 6.9-7.0 8.2-8.5
6 7.8-8.0 No second optimum
7 6.2-6.4 No second optimum
8 8.5-8.6 No second optimum
9 7.8-8.0 8.9-9.1
10 6.1-6.3 8.5-8.7
11 4.8-5.0 8.6-8.7
12 7.7-7.9 No second optimum
13 8.5-8.7 No second optimum
14 7.9-8.1 No second optimum
15 54-5.6 No second optimum

For each value, a mean of two measurements is reported.

*For various MLChs one or two optimal pHs were revealed.

Table 5. The optimal pH values for DNase II, DNase I, and 15 different recombinant and individual MLChs* [111].

against EDTA but were activated by different metal ions; the ratio of RA in the presence of
Mg?#, Mn?*, Ni*, Ca*, Zn*, and Co* was individual for each MLCh preparation. Na* and
K* suppressed DNA-hydrolyzing activity of these MLChs at different concentrations [112].
Hydrolysis of DNA by all MLChs was consistent with Michaelis-Menten kinetics. These
recombinant MLChs demonstrated high affinity for DNA (K =3-9 nM) and high k_, val-
ues (3.4-6.9 min™') [112]. Even if we assume that each of the above-mentioned 16 fractions
can contain only about 20 MLChs with DNase activity, their total number may be close to
300, but it is obvious that this number is much larger and can be close from one to several
thousands.
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Number Mg* Mn* Zn* Ni* Co* Cu* Ca* pH* [NaCllor  App.k

cat”

of MLChs [KCI], mM¢ min™
1 92.7 100° 6.5 10.7 20.6 0.0 4.0 5.8¢ 100.0 Na* 0.6 +£0.04
60.7 100.0 7.5 11.5 18.5 0.0 5.4 8.0¢ 100.0 Na*
2 69.6 1000 554 83.8 73.0 0.0 10.1 6.1 80.0 Na* 0.1+0.01
100.0 92.3 18.5 95.6 63.7 3.0 26.0 8.2 80.0 Na*
3 78.3 98.5 42.7 56.2 0.3 9.0 100.0 6.9 50K
1.3 100.0 3.6 11.9 99.0 0.0 0.0 8.4 5.0K* 0.33+0.03
4 51.0 100.0 80.0 56.0 24.0 5.0 26.0 7.5 7.5 Na* 0.5+0.04
5 78.3 98.5 42.7 56.2 0.0 9.0 100 6.9 50K* 0.3+ 0.03
1.3 100.0 3.6 11.9 99.0 0.0 0.0 8.4 5.0K* 0.34 +0.03
6 1.3 100.0 3.6 11.9 99.0 0.0 0.0 79 1.0K* 0.02 +0.003
7 75 70 80 85 100.0 5 21 6.3 2.5 Na* 0.3 +0.04
8 58.5 100.0 18.3 19.7 0.0 0.0 16.2 8.5 5.0 Na* 0.06 +0.07
9 1000 852 15.9 0.0 85.4 0.0 75 7.8 1.5 Na* 0.7+0.08
10 25 20 15 100.0 17 2 39 8.6 10.0 Na* 0.2£0.02
11 80 85 43 24 100.0 0.0 8 8.6 5.0K* 0.7 £0.06
12 55.0 88.5 16.5 56.3 100.0 12 56.2 7.8 50K 0.12+0.01
13 34.5 25.0 16.9 83.3 100.0 4.8 419 8.6 0.1 K* 0.13+0.01
14 80.9 75.2 19.7 1000 595 6.3 37.3 8.0 5.0 Na* 0.11 £0.01
15 100.0 49.2 55.7 33.5 85.8 45.0 70.0 5.5 1.5 Na* 0.12+0.01

“The maximal RAs in the presence of one of seven metal ions used was taken as 100% and given in bold; the error of the
values determination (two independent experiments) did not exceed 7-10%.

*The apparent k_, values using optimal conditions were calculated ask_, =V, (nM/min)/[MLCh] (nM).

‘Optimal pHs were used for every of MLCh preparation.

4Optimal concentrations of KCI and NaCl in the case of different MLChs were used.

*The RAs for several MLChs were found in the case of two different pH optima.

Table 6. The RAs of different recombinant MLChs in the presence of various metal ions (2 mM) at optimal pHs and
concentration of KCl and NaCl [111].

7. Abzymes with protease activity

7.1. Polyclonal abzymes hydrolyzing myelin basic protein

The increased level of antibodies to myelin basic protein and abzymes hydrolyzing MBP was
revealed for the first time in the blood of patients with multiple sclerosis [83-87]. It was shown
that Abs of healthy donors cannot hydrolyze MBP [13-22, 83-87]. The most widely accepted
theory of multiple sclerosis pathogenesis assigns the major role in the destruction of myelin
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including MBP to the inflammation related to autoimmune reactions [43, 113-115]. Increased
levels of Abs and oligoclonal IgGs in the cerebrospinal fluid together with clonal B cell accu-
mulation in the CSF and lesions of MS patients are among the main evidences of MS [115].

ELISA was used for comparison of the relative levels of Abs against MBP in the sera of
12 healthy donors and 14 patients with SLE [77]. For healthy donors the concentrations of
auto-Abs were not zero and varied from 0.02 to 0.16 A, units; in average 0.09 + 0.04 A
units; similar value (0.09 +0.04 A, units) was previously revealed for other 10 healthy volun-
teers [83]. Relative concentrations of anti-MBP Abs of SLE patients were changed from 0.27 to
0.54 A, units, in average 0.38 + 0.08 A . units [77]. Using the same test system, it was previ-
ously revealed that the indexes of anti-MBP Abs for 25 MS patients are changed from 0.67 to
0.98 A, units, in average 0.8 + 0.1 A, units [83, 84]. Thus, all SLE patients demonstrated in
average ~4.2-fold higher level of anti-MBP Abs then healthy donors, but by a factor of ~2.1
lower level than MS patients.

Electrophoretically and immunologically homogeneous polyclonal IgGs were purified from
the sera of SLE patients by sequential chromatography of serum proteins on Protein-G
Sepharose using conditions removing nonspecifically bound proteins, followed by FPLC gel
filtration in condition destroying immune complexes [77, 78] similarly to obtaining of MS
IgGs [84-87]. It was shown that 150 kDa SLE IgGs are electrophoretically homogeneous and
in contrast to Abs from healthy donors are active in the hydrolysis of MBP [55, 77]. To prove
that MBP-hydrolyzing activity of SLE IgGs is their intrinsic property, we have checked the
fulfilment of several known strict criteria described above including analysis of Ab protease
activity after SDS-PAGE (Figure 7) [77]. In addition, it was shown that in contrast to canonical
proteases, the SLE polyclonal IgGs separated using MBP-Sepharose specifically hydrolyzed
only MBP (Figure 14A) but not many other tested control proteins (Figure 14B) [77].

A B kDa
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Figure 14. The hydrolysis of MBP (0.7 mg/ml) by 3 pg/ml IgGmix (mixture of IgGs of 12 SLE patients) separated by
chromatography on MBP-Sepharose after incubation for 1 (lane 2), 2 (lane 3), 3 (lane 4), 14 (lane 5), 16 (lane 6), 18 (lane 7),
and 24 h (lane 8) (A) [77]. Lanes 1 and 9 correspond respectively to MBP incubated during 24 h alone or in the presence
of 0.2 mg/ml IgGmix from 12 healthy volunteers. SDS-PAGE analysis of the hydrolysis of different control proteins by
the same IgGmix (B). Proteins were incubated for 24 h with 30 ug/ml IgGmix (odd numbers) or without antibodies (even
numbers): BSA (lanes 1 and 2), human serum albumin (lanes 3 and 4), casein from human milk (lanes 5 and 6), lysozyme
from hen eggs (lanes 7 and 8), bovine aldolase (lanes 9 and 10), and lactoferrin from human milk (lanes 11 and 12). Lane
C corresponds to standard protein markers. SLE IgGs specifically hydrolyze only MBP (A), but not other proteins (B).
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Protease IgGs from the sera of ~95-100% of patients with different autoimmune pathologies
[9, 66, 116], human milk Abs hydrolyzing casein [96, 117], Abs from AIDS patients hydrolyz-
ing HSA, casein, and HIV reverse transcriptase [95] are serine-like proteases, whose activity
is strongly decreased after their preincubation with serine protease-specific inhibitors PMSF.
In addition, a high metal-dependent MBP-hydrolyzing activity for MS IgGs [86] and casein-
hydrolyzing of human milk sIgAs [96] were recently revealed. It was shown that antiintegrase
IgGs and IgMs of HIV-infected patients can contain abzymes hydrolyzing viral integrase of
four types, resembling serine, thiol, metal-dependent, and acidic proteases, the ratio of which
may be individual for every AIDS patient [97, 98].

It was shown that preincubation of individual polyclonal SLE IgGs with specific inhibitor
of thiol proteases iodoacetamide and of acidic proteases pepstatin A [77, 78] similarly to MS
IgAs, 1gGs, and IgMs [84-87] leads to a small effect (5-15%) on MBP hydrolysis by SLE IgGs.
PMSF specifically inhibiting serine proteases and inhibitor of metalloproteases EDTA remark-
ably or significantly suppressed proteolytic activity of SLE IgGs (Figure 15A).

The inhibition of Abz activity by EDTA is significantly greater than by PMSF. Overall, all
individual SLE abzymes possess specific ratio of RAs in the presence of PMSF and EDTA
(Figure 15A). Interestingly, polyclonal SLE abzymes was more sensitive to EDTA than MS
Abs [77]. Catalytic heterogeneity of polyclonal abzymes with several different activities
from patients with various autoimmune diseases and animals was shown in many papers
[65, 80-82, 92]. The above data also demonstrate extreme heterogeneity of SLE abzymes
hydrolyzing MBP. In addition, polyclonal MBP-hydrolyzing abzymes of every patient are
characterized with specific dependence of RAs upon pH; the pH profile of each IgG is unique
(Figure 15B and D). The effect of several different metal ions on the MBP-hydrolyzing activi-
ties of dialyzed against EDTA individual 12 SLE polyclonal IgGs was analyzed (Figure 16A
and B; B is a continuation of A).

All 12 IgGs demonstrated the individual ratios of RAs in the presence of eight various metal
ions. To analyze the “average” effect of different metal ions on SLE and MS IgGs, we have
used SLE IgGmix and MS IgGmix before (Figure 16C) and after (Figure 16D) their dialysis
against EDTA. Ca?" was shown to the best activator of SLE IgGmix the effect of different met-
als decrease in the following order: Ca* > Co?" 2 Ni*> Mg* > Mn* > Cu*. Fe*" did not activate
SLE IgGmix, while Zn* inhibits its activity. MS IgGmix demonstrated a different order of the
metal-dependent activity: Mg* > Mn?* > Cu*" 2 Ni** 2 Co* > Ca*, while Fe*" and Zn*" slightly
inhibit MBP hydrolysis (Figure 16C and D).

In addition, the mixture of electrophoretically homogeneous IgGmix was separated to frac-
tions of IgG1-IgG4 subclasses and to fractions of IgGs containing lambda- and kappa-type of
light [76]. The immunological purity of IgGs of all types was revealed by ELISA; the prepa-
rations of IgG1, IgG2, IgG3, and IgG4 did not contain IgGs of other subclasses. The lambda
- and kappa-IgGs and IgG1-IgG4 were active in the hydrolysis of MBP and their RAs and k_,
values are given in Table 7. Kappa-IgGs demonstrated 1.2-fold lower apparent k_, (2.4 x 107
min™') than lambda-IgGs (2.8 x 10> min™). The apparent k_, values of different subclasses IgG
abzymes in the hydrolysis of MBP increased in the following order (min™): IgG4 (1.7) < I1gG2

(2.7) <1gG3 (2.9) < IgG1 (3.0) (Table 7). The relative content of kappa-IgGs and lambda-IgGs
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Figure 15. The relative proteolytic activities of 12 different individual SLE IgGs in the hydrolysis of MBP (0.5 mg/ml)
before (gray columns), after their preincubation with PMSF (white columns) or 35 mM EDTA (black columns) (A) [77].
The pH dependences of the RAs of MBP-hydrolyzing activity of 11 individual SLE IgGs (B and C). The complete
hydrolysis of MBP (0.5 mg/ml) was taken for 100%.

as well as IgG1-IgG4 in nonfractionated IgGmix was estimated (Table 7). Taking this content
into account, the relative contribution of kappa-IgGs and lambda-IgGs into the total MBP-
hydrolyzing activity of IgGmix was estimated as 48.4 + 4.0% and 55.5 + 4.3%, respectively
(Table 7). The relative contribution of SLE IgGs of different subclasses to the total proteolytic
activity of IgGmix was estimated in a similar way: IgG1 (73.0 + 3.4%) > IgG2 (19.1 + 1.8%) >
IgG3 (6.7 + 0.3%) > IgG4 (1.2 £ 0.2%). These data provided the first evidence that SLE IgGs of
all types possess MBP-hydrolyzing activity, but they differ in the relative contribution into the
total activity of proteolytic activity of polyclonal abzymes [76]. Kappa-IgGs and lambda-IgGs
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Figure 16. The RAs of 12 SLE IgGs dialyzed against EDTA in the hydrolysis of MBP [77]; 12 columns of different color
of the first set (A) correspond to 12 individual Abs in the absence of external metal ions, while 8 other columns sets to
the same 12 IgGs in the presence of 8 different metal ions marked on panels A and B. An average error did not exceed
10% (A and B). The RAs of SLE IgGmix (gray columns) and MS IgGmix (white columns) before (C) and after (D) these
Abs dialysis against EDTA in the cleavage of MBP in the presence of different metal ions (2 mM). A complete hydrolysis
of MBP (0.5 mg/ml) for 1 h in the presence of 0.01 mg/ml Abs was taken for 100%. Various metal ions are shown in
panels A-D.
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IgG Content, % RAs (mg MBP/1h)/  Apparent k_, x10? Contribution to the
mg of IgGs™ (min™)s total activity, %*
IgG, nonfractionated 100 1.95+0.05 2.6 +£0.07 100

IgGs containing lambda- and kappa-types of light chains
kappa-IgG 44.6+4.0 2.1+0.16" 2.8+0.21 48.4+4.0
lambda-IgG 55.4+5.0 1.8+0.15 2.4+0.20 55.5+4.3

IgGs of different subclasses

IgG1 70.8+2.0 23+0.11 3.0+0.14 73.0+3.4
1gG2 20.6+3.0 2.0+0.2 2.7+0.25 19.1+1.8
1gG3 6.7+1.5 2.2+0.08 2.9+0.10 6.7+0.3
IgG4 1.9+1.0 1.3+0.07 1.7 +0.09 1.2+0.2

“For each fraction, a mean of two repeats is used.

“Relative activities at fixed 0.75 mg/ml concentration of MBP were estimated.

SApparent k_, values were calculated as k_, = V (M/min)/[IgG] (M).

‘Contribution of different IgGs to the total activity of nonfractionated Abs was calculated taking into account the relative
content of these IgGs within polyclonal IgG_, and their RAs in the hydrolysis of MBP.

Table 7. Relative specific MBP-hydrolyzing activities (RAs) of IgGs of different types and their relative contributions to
the total activity of polyclonal IgG_. [76].

i |
hydrolyzed MBP within a wide range of pH values (5.3-9.5) and showed comparable pH
dependencies, while the pH profiles for IgG1-IgG4 were unique (Figure 17).

These results clearly demonstrate that IgGs of all four subclasses are very heterogeneous and
can consist of different sets of catalytic subfractions of polyclonal IgG having quite distinct
pH dependencies. Figure 17 shows the relative influence of PMSF and EDTA on the MBP-
hydrolyzing activity of different IgGs. The nonfractionated IgGs and lambda-IgGs demon-
strated lower inhibition by PMSF than that for EDTA (Figure 17). The inhibition of serine-like
and metal-dependent activities of kappa-IgGs were comparable. PMSF suppressed MBP-
hydrolyzing activity of IgG3, IgG2, and IgG1 by 13-17%, while the decrease of this activity
by EDTA was significantly greater, 30—45%. There was no noticeable PMSF effect on the IgG4
activity, while EDTA decreased its activity by ~65% (Figure 17). Thus, IgG1-IgG4, kappa-
IgGs, and lambda-IgGs are characterized by specific ratios of metal-dependent and serine-like
proteolytic activities.

The cleavage site specificity of different IgG preparations in the case of four oligopeptides
corresponding to four antigenic determinants of MBP was analyzed [76]. Overall, kappa-IgGs
and lambda-IgGs, as well as IgG1-IgG4 demonstrated either different patterns of four oligo-
peptides cleavage, or at least stimulate the accumulation of the same products of the hydro-
lysis with different efficiency.

The dialysis of IgGs caused a more pronounced decrease in the activity of kappa-IgGs than
of lambda-IgGs [76]. Addition to the reaction mixtures of Ca* + Mg* or Ca? + Co* led to
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Figure 17. The pH dependence of RAs of MBP-hydrolyzing SLE kappa-and lambda-IgGs (A), as well 1gG1, IgG2,
IgG3, and IgG4 (B) [76]. Hydrolysis of MBP incubated without IgGs was used as control (“Con,” A). The RAs of MBP-
hydrolyzing activity of SLE IgG1, IgG2, IgG3, IgG4, and total IgGmix (t-IgG) (C). The RAs were determined before (black
columns) and after IgGs preincubation with PMSF (gray columns) and EDTA (white columns). The RAs of all IgGs in the
absence of the inhibitors were taken as 100%.

approximately comparable increase in the RAs of dialyzed lambda-IgG (1.6- to 1.7-fold),
kappa-IgG (2.0- to 2.3-fold), and nonfractionated IgGs (1.7- to 1.8-fold). Ca?+Co*" together
cannot activate IgG1, while in the presence of Ca?" + Mg?" its activity increased by a factor of
1.6. Ca* + Co* increased the activity of IgG2 (~2.9-fold), IgG3 (~6.4-fold), and IgG4 (~6.0-fold).
A significant increases in the RAs were revealed for Ca?" + Mg* in the case of IgG3 (~3.5-fold),
IgG4 (~4.4-fold), and IgG2 (~5.7-fold). While the Ca*" + Mg* combination was the best for the
activation of IgG2 and IgGl, IgG4, and IgG3 showed the highest activity in the presence of
Ca? + Co*. The ratios of RAs of all IgG preparations before and after their dialysis against
EDTA, as well as in the presence of different metal ions, were individual for every prepara-
tion analyzed. These data indicate for an extreme Me*-dependence diversity of different sub-
classes SLE IgGs hydrolyzing MBP.

The extraordinary diversity of polyclonal abzymes with DNase, RNase, and proteolytic activ-
ities was shown not only in the case of SLE, but also other diseases [13-22]. Very unexpected
enzyme properties have been discovered in the case of monoclonal abzymes of patients
with SLE.
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7.2. Monoclonal SLE abzymes hydrolyzing myelin basic protein

For analysis of MBP-hydrolyzing activity of Abs, we have used the same phagemid library
of kappa light chains [118-120] as for analysis of MLChs with DNase activity [111, 112]. The
phage particles containing MLChs with different for MBP were separated by affinity chroma-
tography on MBP-Sepharose (Figure 18A).

The pool of phage particles was distributed between 10 peaks eluted from the sorbent and
all MLChs of fractions of 10 new small pools efficiently hydrolyzed MBP and four oligo-
peptides (OPs) corresponding to four immunodominant MBP sequences containing cleavage
sites (Figure 18B). However, there were no any detectable particles peaks having considerable
affinity for MBP after similar chromatography of phage particles with pCANTAB plasmid
containing no cDNA of light chains (Figure 18A). Thus, the MLChs pools of all 10 phage par-
ticles fractions having different affinity to MBP contain both inactive and catalytically active
light chains hydrolyzing MBP. Similar distribution all over the chromatography profiles was
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Figure 18. Affinity chromatography on MBP-Sepharose of phage particles: (- —) and (—) absorbance at 280 nm of
particles corresponding plasmid respectively without and with kappa light chains cDNA (A) [118]. Relative titres of
phage particle and NaCl concentrations corresponding to various peaks are shown on panel A. The bars (B) indicate the
RAs of 10 phage particles small pools of peaks 1-10 eluted from the MBP-Sepharose with different NaCl concentrations
and acidic buffer (pH 2.6) (A); the reaction mixtures containing MBP (0.7 mg/ml) were incubated at 30°C for 12 h or
different 1 mM OPs: OP17, OP19, OP21, and OP25 (see panel C) were incubated with 109 plaque-forming units/ml phage
particles for 6 h and a complete hydrolysis of the substrates was taken as 100%. Complete MBP protein sequence and
positions of four OPs sequences containing the protein cleavage sites (C).
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observed for polyclonal IgGs from SLE and MS patients in the case of their chromatography
on MBP-Sepharose [76, 77, 86, 87].

Phage particles eluted from MBP-Sepharose with 0.5 M NaCl (peak 7, Figure 18A) were used
for preparation of individual colonies. Overall, 72 of 440 individual colonies choosing in a
random way were used for study of MBP-hydrolyzing activity. MLChs of 22 of 72 single colo-
nies (~30%) possess MBP-hydrolyzing activity. All 22 recombinant catalytically active MLChs
containing a sequence of 6 histidine residues interacting with Ni** ions and 5 MLChs with-
out activity were purified by chromatography on charged with Ni* ions HiTrap chelating
Sepharose and by following FPLC gel filtration. Then a mixture of equal amounts of 22 cata-
lytically active monoclonal MLChs (act-MLChmix) and second mixture of five preparations
without activity (inact-MLChmix) were prepared. The electrophoretical homogeneity of ~26-
to 27-kDa inact-MLChmix and act-MLChmix was shown by SDS-PAGE with silver staining
(Figure 19A, lane 1).

MLChmix was subjected to SDS-PAGE; its proteolytic activity was revealed after extraction of
proteins from the separated gel slices only in the band corresponding to the MLCh (Figure 19A
and B). Act-MLChmix demonstrated activity in the hydrolysis of MBP (Figure 19C, lane 4),
while inact-MLChmix had no activity (Figure 19C, lane 2). Moreover, in contrast to canoni-
cal proteases cleaving all proteins, act-MLChmix hydrolyzes only MBP (Figure 19C, lane 4)
but no other control proteins (Figure 19C, lanes 5-8). All 22 act-MLChs and 5 inact-MLChs
showed positive answer with mouse Abs (conjugated with horseradish peroxidase) against
light chains of human Abs at Western blotting and positive ELISA response using plates with
immobilized MBP.

The RAs in the hydrolysis of four different OPs were analyzed by TLC. Figure 19(D) and (E)
demonstrates several typical examples of the OP19 and OP21 hydrolysis by different MLChs
[118]. Initially, we have assumed that every of 22 MLChs corresponds to IgGs to one of four
known specific MBP immunodominant sequences and that each MLCh can bind and hydro-
lyze only one of four OPs. At the same time, unexpected results were obtained. The RAs for 22
MLCh are summarized in Figure 19(F). All 22 MLChs hydrolyzed only three or four OPs and
with significantly different efficiency in the case of every OP. Hydrolysis of OP17 MBP was
very weak (~1-1.5%) except seven MLChs: 15>10>12>12>16>202>8 (1.6-7.1%) (Figure 19F).
All MLChs except MLCh-22 hydrolyzed efficiently OP21 and several other OPs, while six
other MLChs (8, 9, 10, 12, 13, and 14) demonstrated high activity only in the cleavage of OP21.
Several MLChs (1-7, and 11) efficiently hydrolyzed OP19 and OP21, while MLCh-18 and 20
cleaved OP21 and OP25. Four recombinant MLChs (15, 17, 19, and 21) cleaved three OPs with
relatively high efficiency, while MLCh-16 hydrolyzed all four OPs (Figure 19E). The ratios
of the RAs in the hydrolysis of four OPs were specific for every MLCh (Figure 19E). OP21
and OP19 were shown to be the best substrates for most MLChs, while 15-22 MLChs better
hydrolyzed OP25.

In contrast to MS IgGs [76, 77, 84-87], SLE polyclonal abzymes with MBP-hydrolyzing activ-
ity are less sensitive to PMSF than to EDTA. The effect of PMSF and EDTA on the RAs of 22
different MLChs was analyzed [118]. Figure 20(A) shows that the 122 MLChs (1, 2, 3,5, 7, 8, 12,
13, 15, 16, 17, and 19) are metal-dependent proteases; they cannot not remarkably decrease
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Figure 19. SDS-PAGE analysis of proteolytic activity (A) and homogeneity of act-MLChmix (7 pg) (B, lane 1) using a
5-16% gradient gel with following silver staining; the arrows indicate the positions of protein markers (B, lane 2) [118].
After electrophoresis the gel was incubated using special conditions for renaturation of act-MLChmix. The RAs in the
hydrolysis of MBP (%) was determined using the extracts of 2- to 3-mm 22 gel fragments (A). The complete hydrolysis of
MBP (0.7 mg/ml) after 24 h of mixture (20 ul) incubation with 15 ul of extracts was taken for 100%. SDS-PAGE analysis
of MBP hydrolysis by 30 ug/ml inact-MLChmix (lane 2) and by act-MLChmix (lane 4) for 4 h; MBP incubated alone
(lanes 1 and 3). The absence of detectable hydrolysis of control 0.7 mg/ml proteins by act-MLChmix is shown: human
serum albumin (lane 6), human milk lactoferrin (lane 8); lanes 5 and 7 correspond to the proteins incubated alone. Lane
C corresponds to standard protein markers. TLC analysis of OP19 (D) and OP21 (E) hydrolysis by different MLChs. The
1 mM OPs were incubated at 30°C for 24 h without MLChs (lanes C) or in the presence of 50 ug/ml of various MLChs
(MLChs numbers are given on top of the panels) demonstrating relative activities in the hydrolysis of OP19 and OP21.
Panel F shows the RAs of 22 various MLChs in the hydrolysis of OP25, OP21, OP19, and OP17.
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Figure 20. The RAs of 22 MLChs in hydrolysis of MBP after Abzs preincubation with specific inhibitors of proteases
of different type. MLChs (0.1 mg/ml) were preincubated without of other components (black bars), with 50 mM EDTA
(gray bars) or with 1 mM PMSF (white bars); then aliquots of these mixtures were added to standard reaction mixtures
(A and B) [118]. Several examples (C) of the RAs of MLChs having metal-dependent activity (1, 5, 12, 15, and 21) and
serine-protease-like activity (4 and 11), demonstrating no iodoacetamide-dependent activity; three MLChs (10, 14,
and 18) showing negative response to EDTA and PMSF. MLCh-22 demonstrating positive effects of EDTA and PMSF,
but significantly decreasing its activity after preincubation with iodoacetamide. White and gray bars show, respectively,
the activity before (control) and after MLChs treatment with iodoacetamide (panel C). The RAs of all 22 MLChs before
their treatment with different inhibitors were taken as 100%.

their proteolytic activity after incubation with PMSF, while EDTA significantly suppresses
their MBP-hydrolyzing activity.

Four MLChs (4, 6, 9, and 11) demonstrate serine-like proteolytic activity; PMSF suppressed
their activity, but there was no noticeable effect of EDTA (Figure 20B). PMSF suppressed
protease activity of three MLChs (20, 21, and 22) by ~40%, and their inhibition by EDTA
was to some extent comparable, 40-60% (Figure 20B). Thus, three MLChs (20-22) are char-
acterized to some extent comparable ratios of metal-dependent and serine-like protease
activities. A very intriguing situation was observed for three MLChs (18, 14, and 10); EDTA
and PMSF do not remarkably decreased their proteolytic activity (Figure 20B). No signifi-
cant suppression (5-15%) of MS and SLE polyclonal MBP-hydrolyzing abzymes by specific
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inhibitors of thiol proteases was revealed previously [76, 77, 84-87]. However, iodoacet-
amide inhibited integrase hydrolyzing activities of all polyclonal IgG and IgM prepara-
tions from HIV/AIDS patients by 12-99% [97, 98]. Proteolytic activities of three MLChs (18,
14, and 10) not inhibited by EDTA and PMSF were significantly suppressed by iodoacet-
amide, while there was no effect on the most of MLChs with metal-dependent and serine-
like activities (for example, Figure 20C). Thus, these three MLChs (18, 14, and 10) are thiol
proteases. Interestingly, but iodoacetamide significantly suppressed the activities of MLChs
17 and 12 (Figure 20C), which were also significantly inhibited by EDTA (Figure 20A).
One can suppose that MLChs 17 and 12 may be MLChs, the active sites of which contain
amino acid residues corresponding to metal-dependent and thiol proteases. A very surpris-
ing data were obtained for MLCh-22; its activity was significantly suppressed not only by
EDTA and PMSF (Figure 20B), by also iodoacetamide (Figure 20C). The relative number
of MLChs, which activity depend on iodoacetamide is only approximately 27% of all 22
MLChs, while at the same time, several of them possess metal-dependent and serine-like
activities. Therefore, the relative contribution of thiol-like protease activity to a total MBP-
hydrolyzing activity of polyclonal SLE and MS abzymes may be significantly lower than of
Abzs with metal-dependent and serine-like proteolytic activities and, therefore, depending
on the patient a relative contribution of thiol-like protease to the total activity may be about
5-15%, as found previously for polyclonal Abzs [76, 77, 84-87]. The effects of various metal
ions on the protease activities of 22 MLChs were compared (Figure 21A and B; B is a con-
tinuation of A).

Seven different metal ions did not effect on the activity of MLChs with serine-like (9, 6, and
4) and thiol-dependent (18, 14, and 10) activities. Five MLChs (19, 17, 13, 8, and 2) were only
slightly activated by several Me?" jons, while Ca*" was the best activator. Two MLCh prepara-
tions (5 and 3) were Co* dependent, but preparation 15 was better stimulated by Ni*, MLCh-
16 and MLCh-20 were respectively Mn*- and Zn*-dependent (Figure 21). MLChs 22 and 12
were activated by two different metal ions, Zn* and Ca*. Two MLChs were activated by three
different Me2 ions: MLCh-7 (Ca* > Zn* > Co*") and MLCh-1 (Ca?" > Ni* > Mg?). In addition,
MLCh-21 was activated by four (Cu* > Ca*" > Co* > Zn?") metal ions. These data show the
extreme Me?-dependence diversity of IgGs from SLE patients and their light chains in the
hydrolysis of MBP [118].

All 22 MLCh preparations hydrolyzed efficiently MBP within a wide range of pHs (5.0-10),
but in contrast to polyclonal SLE IgGs, they show mainly only one pH optimum [118]. Only
the pH profile for preparation 4 demonstrates optimal pH at 5.7-5.9 and pronounced shoul-
der at pHs 6.5-7.5 (Figure 21C). The apparent k_, values under optimal conditions for every
MLCh were estimated. The data on several characteristics of 22 various MLCh preparations
are summarized in Table 8 [118]. One can see that all MLChs demonstrate very different
physicochemical and enzymatic properties.

On the next step we analyzed in more detail three additional MLChs (numbers 23-25) cor-
responding to peak 7 eluted from MBP-Sepharose with 0.5 M NaCl (Figure 18A) [119, 120].
These three MLChs were purified and characterized in detail exactly similar to above
described 22 preparations [118]. The DNA sequence of NGTA1-Me-pro demonstrated high
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Figure 21. Effect of various metal ions on the RAs of 22 MLChs in the hydrolysis of MBP (A and B) [118]. Black first bars
correspond to the RAs in the presence of EDTA, while white bars to MLChs without external metal ions. The MLChs
numbers of and type of Me* ions, as well as best activators of various MLChs are shown on panels A and B. Typical
examples of the dependences of four MLChs in MBP hydrolysis on pH of reaction mixtures are given (C).

identity to germline VL genes of IgLV8-61*02, IgLV8-61*01, and IgLV8-61*03IGKV1 (90% of
identity) [120]. DNA sequence of NGTA2-Me-pro-Tr indicated high identity with germline
VL gene IGK]J1*01 (100%), IGK]J4*01 (95.7%), IGK]J4*02 (91.2%), IGKV1-5*03 (87.9%), IGKV1-
5*01 (86.2% of identity), and IGKV1-5*02 (85.6%) [119]. DNA sequence of NGTA3-pro-DNase
has similarity with germline DNA sequence of light chains of several IgGs: IGK]J1*01 (100%
of identity), IGK]J4*01 (95.7%), IGKJ4*02 (91.2%); IGKV1-5*03 (79.8% of identity), IGKV1-5*02
(78.4%), and IGKV1-5*01 (78.4%) [Timofeeva, Nevinsky, personal communication]. Thus, all
three MLChs were shown to be typical light chain of Abs [119, 120, personal communication].

NGTA1-Me-pro was shown to be a specific metalloprotease; only EDTA efficiently inhibits its
activity, while specific inhibitors of thiol-, serine-, and acidic-like proteases did not suppress
its MBP-hydrolyzing activity (Figure 22A) [120].
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MLCh number Optimal pH? Optimal Me* cofactor Apparent k_, min™*
1 8.0-8.2 Ca*(Ni*,Mg*) 0.14+0.01°
2 7.6-7.8 Ca> 0.12+0.01

3 7.6-7.8 Co* 0.09 +0.007
4 5.7-5.9 Me?*-independent 0.12+0.008
5 7.5-7.7 Co* 0.24 +0.02

6 7.0-7.2 Me*-independent 0.01 +0.001
7 7.2-74 Ca*(Zn*,Co?) 0.07 + 0.004
8 7.4-7.6 Ca>™ 0.17 £ 0.003
9 7.2-7.4 Me?*-independent 0.03+0.001
10 8.1-8.3 Me*-independent 0.05 +0.002
11 7.7-7.8 Me*-independent 0.09 +0.006
12 7.8-8.0 Zn*(Ca%) 0.19 +0.001
13 6.1-6.3 Ca* 0.16 £ 0.001
14 7.0-7.2 Me*-independent 0.06 +0.0003
15 7.0-7.2 Ni* 0.17 +0.007
16 6.9-7.1 Mn* 0.12 +0.001
17 8.2-8.4 Ca> 0.17 +0.001
18 6.2-6.4 Me?*-independent 0.05 +0.0007
19 6.7-6.9 Ca* 0.1+0.01

20 8.2-8.4 Zn* 0.09 +0.006
21 6.9-7.1 Cu (Ca*, Co?, Zn*) 0.18 +0.007
22 7.8-8.0 Zn*(Ca*) 0.11 + 0.006

For each value, a mean + S.E. of two/three measurements is reported.

*Optimal pH of reaction mixtures and optimal metal cofactor (given in bold) were used for every of MLCh preparations;
the apparent k_, values under optimal conditions were calculated as k_, =V __ (M/min)/[MLCh] (M). MLChs were used
in different concentrations (0.05-0.5 M) depending of their relative activity.

“The best metal activator is given in bold, while alternative cofactors demonstrating relatively high activation are given

in parenthesis.

Table 8. The optimal pH values, optimal metal cofactors, and apparent k_, values for 22 recombinant individual MLChs
in the hydrolysis of MBP [118].

Seven various metal ions increase NGTA1-Me-pro activity in the following order: Ca* > Mg*
> Ni* 2 Zn?" > Co** 2 Mn*" > Cu* (Figure 22B). NGTA1-Me-pro demonstrated two different
very well expressed pH optima at pH 6.0 and 8.5 (Figure 22C). Figure 22(D) indicates that at
pH 6.0 MLCh has optimum at ~6 mM, when at pH 8.5 at 1 mM CaCl,. The apparent values
of K_and k_, for MBP in the presence of optimal CaCl, concentration at pH 6.0 (20 + 2 uM;
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Figure 22. The RAs of NGTA1-Me-pro in the hydrolysis of MBP before and after its preincubation with specific
inhibitors of various type proteases [120]. MLCh (0.1 mg/ml) was preincubated without other components (control),
or the presence of EDTA, PMSF, pepstatin, and iodoacetamide; 1.0 ul of the mixtures were added to 29 ul of MBP-
containing standard reaction mixtures (A). The RA before NGTA1-Me-pro preincubation with various inhibitors was
taken as 100%. Effects of different Me?" ions (2 mM) and EDTA on the RAs of MLCh are shown (B). Dependence of the
RA upon pH of reaction mixture is shown (C). Dependence of NGTA1-Me-pro activity on CaCl2 concentration at pHs
6.0 and 8.5 (D).

0.22+0.02 min™'; 6.0 mM CaCl,) and pH 8.5 (40 + 3 uM; 0.07 + 0.005 min™"; 0.7 mM CaCl,) were
different. All data obtained unequivocally testified that NGTA1-Me-pro has two independent
metal-dependent active centers [120].

MLCh NGTA2-Me-pro-Tr demonstrated two different activities: trypsin-like and metallopro-
tease. Figure 23(A) shows that NGTA2-Me-pro-Tr is not sensitive to pepstatin and iodoacet-
amide [119]. Preincubation of this MLCh with specific inhibitor of serine-like proteases results
in a decrease of its activity for 42 + 4%.
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Figure 23. The RAs of the activity of NGTA2-Me-pro-Tr in the hydrolysis of MBP after its preincubation with specific
inhibitors of different type proteases (A) [119]. MLCh (0.3 mg/ml) was preincubated alone (control), or the presence
of iodoacetamide, PMSF, pepstatin, or EDTA; 1.0 ul of these mixture was added to 29 ul of MBP-containing standard
reaction mixtures (A). The relative activity of NGTA2-Me-pro-Tr after preincubation with without different inhibitors
(control) was taken for 100%. Effects of 10 mM EDTA and various Me* ions (2 mM) on the RAs of MLCh are shown
(B). Dependences of the relative proteolytic activity of NGTA2-Me-pro-Tr before and after its treatment with PMSF and
EDTA upon pH of reaction mixtures are shown (C). Dependence of the MBP-hydrolyzing activity on concentration of
CaCl2 at pHs 6.0 and 8.5 (D).

Intact polyclonal Abs interact with various metal ions and they do not lose completely intrin-
sically bound ions during the standard purification procedures [121]. Addition of EDTA to
NGTA2-Me-pro-Tr containing only intrinsically bound Me*-ions results in a decrease in its
activity for 58 + 5% (Figure 23A) [119]. Average serine-like activity of NGTA2-Me-pro-Tr con-
taining only intrinsically bound Me?* ions was ~1.4-fold lower than its Me*-dependent pro-
tease activity. Seven various external metal ions activate this MLCh in the following order:
Ca* 2 Mn* > Mg* > Co*> Ni** 2 Cu*" > Zn* (Figure 23B). After NGTA2-Me-pro-Tr treatment
with PMSF, its metalloprotease activity demonstrated pH optimum at 6.5-6.6 (Figure 23C).
After dialysis of this MLCh against EDTA or in the presence of EDTA, serine-like protease
activity showed pH optimum at 7.4-7.5. Figure 23(D) demonstrates that the increase in PMSF
concentration results in a complete suppression of the activity at pH 7.5 in the presence of
50 mM EDTA, conditions corresponding to serine-like activity. NGTA2-Me-pro-Tr containing
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no intrinsic metal ions demonstrated in the absence of external metal ionsatpH7.5K_andk_,
(9.0+1.0 uM, 8 + 0.6 min™") different as in the presence of CaCl, at pH 6.5 (24.0 £ 2.0 uM, 15.2
+1.1 min™) [119]. Thus, NGTA2-Me-pro-Tr is the first example of recombinant MLCh having
two combined serine-like and metalloprotease activities.

It should be emphasized that all recombinant MLChs were obtained using affinity chromatog-
raphy of phage particles on MBP-Sepharose and all electrophoretically homogeneous prepa-
rations of MLChs have affinity for MBP-Sepharose; similar to phage particles homogeneous
MLChs were eluded from the sorbet by 0.5 M NaCl. Taking this into account, a very unex-
pected result was obtained from the analysis of enzymatic activities of NGTA3-pro-DNase
[Timofeeva and Nevinsky, personal communication].

The homogeneity of ~26-27-kDa NGTA3-pro-DNase was confirmed using SDS-PAGE with fol-
lowing silver staining (Figure 24B, lane 1). NGTA3-pro-DNase demonstrated positive answer
with horseradish peroxidase conjugated with mouse IgGs against human Abs light chains at
Western blotting and positive ELISA answer using plates with immobilized MBP and DNA.

After SDS-PAGE, MBP-hydrolyzing activity was revealed only in the band corresponding to the
light chains in the presence of CaCl, (0) and in the absence of external metal ions (o); the positions of
proteolytic (o, 0) and DNase (x) activities of MLCh are coincided (Figure 24A). NGTA3-pro-DNase
hydrolyzed specifically only MBP and not hydrolyzed foreign control proteins (Figure 24C).

Only one (NGTA3-pro-DNase) of 25 recombinant MLChs analyzed by us efficiently hydro-
lyzed not only MBP, but also DNA (for example, Figure 24D). DNase activity of NGTA3-
pro-DNase was determined in situ after separation of proteins using SDS-PAGE gels
copolymerized with calf thymus DNA (Figure 24E). Ethidium bromide staining of the gels
after the electrophoresis of the NGTA3-pro-DNase revealed sharp dark bands against a fluo-
rescent background of DNA in the gel zone corresponding only to the MLCh and there were
no other peaks of proteins or DNase activity (Figure 24E).

NGTA3-pro-DNase containing intrinsic metal ions was not sensitive to treatment with iodo-
acetamide and pepstatin, while its preincubation with PMSF led to decrease in the activity for
67 + 5% (Figure 25A).

The dialysis of NGTA3-pro-DNase containing only intrinsically bound Me* ions against EDTA
or addition of EDTA to reaction mixture led to a decrease in its activity for 33 + 3% (Figure 25A).
And average Me*-dependent protease activity of MLCh containing only intrinsically bound
Me* ions was approximately 2.0-fold lower (Figure 25A), but after addition of external Ca?"
ions became to be 2.2-fold higher than its serine-like activity (Figure 25B). Seven various exter-
nal metal ions activate NGTA3-pro-DNase in the following order: Ca* > Ni** > Co* ~ Mn?*" >
Cu* ~ Zn* > Mg* (Figure 25B). An optimal concentration of CaCl,, which is the best activa-
tor of this MLCh, was 3 mM. NGTA3-pro-DNase demonstrates two different optimal pHs
(Figure 25C). After treatment of MLCh with PMSF, its metalloprotease activity was maximal at
pH 8.6, while in the presence of EDTA, serine-like protease activity demonstrated pH optimum
at 7.0 (Figure 25B). NGTA3-pro-DNase treated with PMSF in the presence of 3 mM CaCl, (pH
7.0) demonstrated K_ for intact MBP (15 + 1.1 uM) and k_, value 0.4 + 0.03 min™, while in the
presence of EDTA at pH 8.6, K_and k_, values were different (45 + 1.1 uM and 0.2 + 0.04 min™").
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Figure 24. SDS-PAGE analysis of MBP- and DNA-hydrolyzing activities (A) and homogeneity of NGTA3-pro-DNase
(7 ug) using a reducing 5-16% gradient gel followed by silver staining (B, lane 1); the arrows (B, lane 2) indicate the
positions of protein markers. After SDS-PAGE the gel was incubated using conditions for renaturation of NGTA3-
pro-DNase. The relative MBP- and DNA-hydrolyzing activity (%) was revealed using the extracts of 2- to 3-mm gel
fragments (A). The activity of NGTA3-pro-DNase corresponding to a complete hydrolysis of 0.5 mg/ml MBP (or 18
nM scDNA) after 24 h of incubation of 25 pl reaction mixture containing 10 ul of the gel extracts was taken for 100%.
SDS-PAGE analysis of hydrolysis of MBP by inact-MLChmix (lane 1) or NGTA3-pro-DNase (lanes 2 and 3, different
time of incubation) (C). Hydrolysis of control proteins (0.5 mg/ml) by inact-MLChmix and NGTA3-pro-DNase was
analyzed: human albumin (lanes 4 and 5) and lactoferrin from human milk (lanes 6 and 7) (C). The mixtures were
incubated for 6 h with inact-MLChmix (lanes 4 and 6), or NGTA3-pro-DNase (lanes 5 and 7). All lanes C correspond
to different proteins incubated alone without MLChs, while lane C1- to standard protein markers. DNase activity of
NGTA3-pro-DNase and two control MLCh1 and MLCh2 (10 nM) was analyzed in the presence of 5 mM MgCI2 (D);
lane C corresponds to scDNA incubated alone. In situ assay of DNase activity of the NGTA3-pro-DNase (8 ug) after
treatment with DTT (lane A) (E). DNase activity was revealed by ethidium bromide staining as a dark band on the
fluorescent background. A part of the gel was stained with Coomassie R250 to show the position of the SLE IgGs before
(lane 1) and after incubation with DTT (lane 2), as well as NGTA3-pro-DNase (lane 3) (E). MLCh was analyzed by
Western blotting to a nitrocellulose membrane using mouse IgGs against light chains of human Abs conjugated with
horsedish peroxidase (lane WB) (E).
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Figure 25. The RAs of MBP-hydrolyzing activity of NGTA3-pro-DNase after its preincubation with specific inhibitors
of different types proteases (A). MLCh (0.1 mg/ml) was preincubated alone (control), in the presence of iodoacetamide,
PMSF, pepstatin, or EDTA, and then 1.5 ul added to 29 ul of standard reaction mixture (A). The RA of NGTA1-Me-pro
before its preincubation with various inhibitors was taken as 100%. Effect of EDTA and different metal ions (2 mM) on
the RA of MLCh is shown (B). Dependence of RA of MBP-hydrolyzing activity of NGTA1-Me-pro on pH of reaction
mixture before and after its treatment with EDTA and PMSF is given (C).

It is known that Mg* (10 mM) is optimal cofactor of DNase I, while other Me*" ions very
weakly activate DNase 1 [109, 110]. Optimal concentration for Mn*, Mg*, and Ni* in acti-
vation NGTA3-pro-DNase was ~4-5 mM, for Ca* and Zn* 2 mM, while Co* and Cu*
activate MLCh up to 10 mM concentration. DNase activity increased in the presence of
metal ions in the following order: Mn*" = Co* > Mg* > Cu?* = Ni* > Ca* > Zn*), which is
completely different in comparing with that for DNases I and other recombinant MLChs
analyzed.

DNase activity for NGTA3-pro-DNase in the presence of Mg* or Mn*" at fixed concentration
(b mM) was increased at optimal concentrations of NaCl or KCI (30-40 mM) for only 27-28%.
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In optimal conditions, NGTA3-pro-DNase demonstrated well expressed optima at pH 6.5-6.6.
TheK_(2+0.2nM)and k_, (1.1+0.1) x 10> min™ values for scDNA were estimated. The affin-
ity of NGTA3-pro-DNase for supercoiled DNA is about 3.5 orders of magnitude higher than
affinity of scDNA for DNase I (K _=46-58 uM [122].

8. Conclusion

In several articles, it was demonstrated that polyclonal RNA-, DNA-, MBP- integrase-, and
oligosaccharide-hydrolyzing antibodies of different classes and subclasses from patients with
SLE, MS, AIDS, and other diseases are very catalytically heterogeneous. These abzymes can
contain lambda- and kappa- types of light chains, may be of different subclasses (IgG1-1gG4),
can demonstrate different affinity for specific sorbents and free antigens-substrates, very dif-
ferent pH optima, and may be independent or dependent on metal ions. Different abzymes
can catalyze the hydrolysis of MBP, HIV integrase, and other proteins as serine-, thiol-, and
acidic-like or metalloproteases. Various IgGs of four subclasses (IgG1-IgG4) and/or IgAs and
IgMs from the sera of patients with autoimmune and viral diseases are catalytically active
in the hydrolysis of RNA, DNA, oligosaccharides, and various proteins with their different
contribution to the total activity of the Abs in the hydrolysis of these substrates in the case of
every individual patient.

At the same time, the analysis of polyclonal antibodies does not allow to obtain detail char-
acteristics of monoclonal abzymes entering to small pools of polyclonal antibodies separated
by affinity chromatography on sorbents with different immobilized antigens-substrates. As it
was shown on the example of polyclonal IgGs with DNase and MBP-hydrolyzing activities
from sera of SLE and MS patients, elution of Abs by a NaCl concentration gradient leads
to their distribution all over the chromatography profiles. In this case, each eluted Ab frac-
tion contains abzymes with comparable affinity for immobilized ligand, but demonstrating a
significant diversity of various enzymatic properties described above. These data are strong
evidence of exceptional diversity abzymes in the blood of some patients with SLE, MS, and
other diseases. In this regard, it should be mentioned that theoretically immune system of
human can produce up to 106 different Abs against one antigen. It is evident that all theoreti-
cally possible variants of antibodies are in reality not realized and much less than one million.
However, in the case of some patients, a possible number of abzymes can be very large. In
our studies, we used a cDNA library only kappa light chains of Abs from three patients with
SLE [111, 112, 118-120]. We have analyzed only 45 of 451 single of colonies corresponding one
peak eluted from DNA-cellulose with 0.5 M NaCl and 33 of 687 colonies of peak eluded with
acidic buffer. In the first case 15 of 45 (~33%) [111] and in the second 19 of 33 MLChs (58%)
demonstrated DNase activity [112]. For analysis of MBP-hydrolyzing activity, we have used
72 of 440 individual colonies corresponding to phage particles eluted from MBP-Sepharose
with 0.5 M NaCl; 25 of 72 MLChs (~35%) effectively hydrolyzed MBP [118-120]. Since we
analyzed abzymes corresponding only one or two of 210 phage particles, it is obvious that the
number of MLChs with DNase and MBP-hydrolyzing activity with very different enzymatic
properties may be at least > 500-1000.
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The question is why many abzyme with nuclease and protease activities exist in SLE and
other Al patients. First, immunization of autoimmune mice leads to a dramatically higher
incidence of Abzs with a higher activity comparing to conventionally used normal mouse
strains [51, 52]. The immune response to RNA and DNA and their complexes with his-
tones and other proteins only partially depends on the length and sequence of nucleic acid
[123, 124]. In addition, antiidiotypic Abs against the active centres of different DNA- and
RNA-dependent enzymes can also possess catalytic activity. We have shown that polyclonal
nuclease abzymes of autoimmune patients are usually different cocktails of Abzs against
DNA and RNA and their complexes with proteins as well as antiidiotypic Abzs to active
centers of various DNA- and RNA-hydrolyzing enzymes [13-22].

It is possible to explain to some extent in a similar way the exceptional diversity of abzymes
hydrolyzing MBP and other proteins. At the same time, possible ways of production of mono-
clonal abzymes having two or even three different catalytic centers have a special interest.
It should be noted that the known antigenic determinants of different proteins are usually
relatively long and the active centers of some abzymes with two activities can correspond at
once to variable parts of the antibodies to different contiguous parts of these determinants.
One cannot exclude that metal-dependent active centers may be against specific part of pro-
tein antigenic determinants bound with one or several metal ions.

The second question is why NGTA3-pro-DNase against MBP can hydrolyze DNA. It is
believed that MBP and anti-MBP Abs cannot interact with DNA or RNA. However, it was
recently shown that anti-MBP IgGs can efficiently interact with nucleic acids [125]. Using
quenching of MBP tryptophan fluorescence emission, we have shown that MBP bind oli-
gonucleotides showing two K values: 65 + 5 and 250 + 20 uM [Timofeeva and Nevinsky,
personal communication]. Therefore, it is possible to suggest that 24 of 25 MLChs interacting
only with MBP correspond to Abzs directly against this protein, while NGTA3-pro-DNase
may be against the complex of MBP with DNA. In the latter case, it is impossible to exclude
possibility of a formation of the chimeric MLChs possessing affinity for MBP and for DNA
and also hydrolyzing these absolutely different substrates.

As mentioned above, DNA-hydrolyzing Bence-Jones proteins [60] and DNase abzymes of
patients with SLE [59] and MS [16] are dangerous since they are cytotoxic, can penetrate
to cell nuclear, and hydrolyze nuclear DNA resulting in cell apoptosis. Abzymes against
vasoactive peptide are harmful since they decrease in the concentration of the peptide and
have an important negative role in pathogenesis of patients with asthma [126]. RAs of DNase
abzymes of patients with Hashimoto thyroiditis well correlate with different immunological
and biochemical indices of this disease including a concentration of thyroid hormones, while
decrease in their activity is related to decrease in thyroid gland damage and improvement
of the clinical status [105]. Protease IgGs of patients with sepsis participate in the control of
disseminated microvascular thrombosis and play important role in recovery from the disease
[127]. Thus, various abzymes can play both a negative and positive role in the pathogenesis
of SLE and other autoimmune or viral diseases. Meanwhile, it should be mentioned that in
the later stages of SLE, MS, and other diseases, the blood of these patients contains abzymes
not only with DNase and MBP-hydrolyzing activities, but also hydrolyzing other proteins,
oligosaccharides, and lipids [13-22].



Catalytic Antibodies in Norm and Systemic Lupus Erythematosus
http://dx.doi.org/10.5772/67790

As it was shown in the example of Hashimoto thyroiditis production of harmful abzymes
can be suppressed by using therapy with suppressing immune system drug plaquenil
[102]. In MS and SLE, anti-MBP abzymes with proteolytic activity can attack MBP of the
myelin-proteolipid sheath of axons. The established MS drug Copaxone was shown to be
a specific inhibitor of abzymes with MBP-hydrolyzing activity [128]. One cannot exclude
that the same drugs can be used for the treatment of SLE and other autoimmune dis-
eases, which characterized by high level of abzymes with nuclease and MBP-hydrolyzing
activities.

The presence of anti-DNA Abs is known as the main important diagnostic index for SLE.
High-affinity anti-DNA Abs was recently shown to be major component of the intrathecal
IgG in cerebrospinal fluid and brain of MS patients [48]. Moreover, DNase abzymes from SLE
and MS patients are cytotoxic and induce cell death by apoptosis [16, 59]. The sera of patients
with SLE and MS patients contain different free light chains [61, 62]. Therefore, we propose
that exceptional diverse of intact antibodies and their free light chains hydrolyzing DNA,
MBP, nucleotides, and polysaccharides may cooperatively all together promote important
neuropathologic pathogenic mechanisms in SLE and MS.

Our data on the study of abzymes production in SLE patients associated with the change in
profile differentiation of brain stem cells seem to be very important for understanding pos-
sible mechanisms of various autoimmune diseases development.
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Abstract

The distinctive feature of systemic lupus erythematosus (SLE) is an immune reaction
directed to diverse spectrum of autoantigens, which tends to change along with the disease
spreading. The most common targets of the autoantibodies are protein and nucleoprotein
components of cell nuclei: dsDNA, histones, nucleosomes, Sm antigen, and Ro and La
antigens. Considering that the exact causes of this tolerance loss are unknown, a certain
number of hypotheses are now discussed. One of the most promising is “waste disposal”
concept, which makes a link between broken elimination of cellular debris, mononuclear
phagocyte system dysfunction, and initiation of autoimmunity by the antigen presenting
cells in SLE. This chapter concerns the ways nuclear antigens release from cells, necrosis,
and apoptosis, as well as the key molecular mechanisms of transport and elimination of
these antigens, its disturbances in SLE, and connection with innate immunity by mono-
nuclear cells. Special attention is paid to nucleosomes and DNA degradation process, its
principal factors (DNase I, Clq, SAP), blood DNA transportation by immune complexes,
and immune stimulating action of DNA in SLE. Current pros and cons for the waste dis-

posal concept and existing research trends in this field are discussed.

Keywords: systemic lupus erythematosus, autoantigens, DNA, nucleoproteins, DNase I,

antigen cleavage

1. Introduction

Systemic lupus erythematosus (SLE) is a prototypic diffuse autoimmune disease of connec-

tive tissue with multiple organ involvement. The history of its exploration is

compared with some other rheumatic diseases, such as osteoarthritis and gout.

not so long,
But, there is
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surprisingly few breakthrough advances in its basic conception since the 1950s, when this
condition was established as a separate autoimmune disease and glucocorticoids became a
groundwork in its treatment. The absence of integral and fully consistent theory of SLE etio-
pathogenesis appears to be the main problem for researchers, trying to improve the treatment
mainly by empirical approach.

SLE etiology and pathogenesis are generally interpreted now as a multifactorially driven
autoimmune process [1]. According to this conception, SLE is induced by multiple interac-
tions of immunological, genetic, hormonal, microbial, and environmental factors. Meanwhile,
first three ones apparently play the lead [2]. Genetic predisposition to SLE is suggested to be
constituted mainly by definite HLA alleles, especially DR2 and DR3, by congenital deficiency
of early complement components (C1, C2, C4) and by other genetic associations, including
TNF, TCR, IL-6, and other genes [3]. There are genes of C-reactive protein (CRP), Clq, Fcy-
receptors, DNase I, serum amyloid P (SAP), and PDCD1 within seven loci, which are strongly
linked with SLE [4]. Moreover, knocking out of these genes in mice induces autoimmune
condition with glomerulonephritis [5, 6].

SLE occurs predominantly in women of childbearing age and, to a lesser extent, in prepuberta
or menopause, whereupon a contribution of sex hormones could be assumed. Both men and
women with SLE have high estrogen levels, the men also have low testosterone and high
luteinizing hormone concentrations [7]. The connection between these deviations and SLE
could be explained considering their influence on immune system cells, in particular, promo-
tion of B cell proliferation and antibody synthesis under high estrogen levels [8].

Among all the events that can be proposed to initiate SLE onset, the leading one is suggested to
be virus infection [9]. Although this “trigger agent” is not definitely identified, a wide spectrum
of viruses, including Epstein-Barr virus, retroviruses, and herpesviruses, could make a sub-
stantial contribution [10]. Other influencing factors are insolation, drugs, and some pollutants.

The prominent immunological feature of SLE is the production of autoantibodies directed
to a wide spectrum of self-antigens. According to Sherer et al. [11], more than 100 autoanti-
gens, which could react with SLE-related antibodies, were mentioned in previously reported
researches. However, antibodies to chromatin and its particular elements, nucleosomes,
dsDNA, histones, components of DNA replication, and transcription apparatus are most rep-
resentative for SLE. The second important cluster of antigens involves ribonucleoproteins and
its constituents: RNA, small nuclear ribonucleoprotein (snRNP), Sm antigen, and Ro (SS-A)
and La (SS-B) antigens. The third group, antiphospholipid antibodies, is common in SLE as
well. Anti-DNA antibodies, and specifically anti-double-stranded DNA (dsDNA) antibodies,
are thought to have most pathogenetic and diagnostic importance in SLE [12]. Their titers cor-
relate with disease activity, and participation of anti-dsDNA antibodies in lupus nephritis is
well established [13, 14].

The realization of anti-dsDNA pathogenic potential can occur by several ways. The most impor-
tant contribution to systemic inflammation is generally attributed to the formation of immune
complexes (IC), with both circulating and tissue-fixed antigens [15]. Nephritogenic action of ICs
is mediated primarily by interaction with Fc receptors and Toll-like receptors, and, to a lesser
extent, through classical pathway of complement activation [16]. In addition, autoantibodies
could interfere in functioning of circulating, membrane, or even intracellular molecules [17].
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However, pathogenic action is not an overall feature of anti-DNA antibodies. Both healthy
individuals and SLE patients have at least two types of serum anti-DNA antibodies, unrelated
directly with autoimmunity. First, there are low affinity antibodies, directed mainly against
single-stranded DNA, which can be attributed to natural autoantibodies repertoire [18].
Another type consists of antibodies that are highly specific to microbial single-stranded DNA
[19]. The essence of differences, influencing the pathogenic potential of these three types, is
given in Table 1.

The way pathogenic anti-DNA antibodies appear in SLE is not well established until now.
Several conjectures were made for explaining disturbed tolerance to autologous DNA. One of
the hypotheses is implication of molecular mimicry, when immune response to autoantigens
is induced by exogenous molecules with similar epitopes [24]. Epitope spreading mechanism
may also participate in it, subsequently producing antibodies to hidden epitopes after initial
reaction to major epitope [25]. Disturbance of T and/or B cellular function is third possible cause
of it. Th2-polarization of CD4" T-cellular response and predominance of Th2-associated cyto-
kines generally distinguish SLE [26]. In addition, there is low content of regulatory CD4"CD25"
T cells that restrict effector functions of CD4" and CD8" T cells and diminished suppressor
activity of CD8'T cells [27, 28]. Circulating B cells are usually low, mainly due to decrease of
resting subpopulations, naive and memory B cells, being in possible connection with high
levels of mature plasmocytes in bone marrow [29]. Causes and mechanisms of the lymphocyte
imbalance in SLE are incompletely disclosed now, as well as its pathogenetic relevance.

For the reviewing problem, information about structure of anti-dsDNA V genes, obtained
from the mouse models and SLE patients, is of particular importance. Compared to their pro-
genitors, mature genes were found to have multiple somatic hypermutations, which lead to
very high avidity of these anti-dsDNA IgG [30]. Increase of arginine, asparagine, and lysine

Factor Natural autoantibodies SLE-associated Antibodies, induced by
autoantibodies immunization

Class Mainly IgM Mainly IgG IgM or IgG

Avidity to DNA Low Moderate or high High

Type of DNA to react Preferentially with ssDNA  Usually both with ssDNA  Highly specific to ssDNA
and dsDNA, more rarely —
specific to dsDNA

Leading DNA epitope No data Deoxyribose-phosphate Immunogen-specific
backbones sequence of bases

Interaction with antigens, ~ With wide spectrum of With restricted pattern of ~ Extrinsic

other than DNA antigens antigens

Isotype switching and Extrinsic Typical Extrinsic

complement fixation

Somatic mutations of V Few or absent Typical Typical

gene

Ability to penetrate cells In many idiotypes In particular idiotypes No data

Table 1. Tentative differences of pathogenic anti-DNA antibodies in SLE [20-23].
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in the Complementarity-determining regions (CDR) due to hypermutations results in high
isoelectric point of the antibodies, named cationic because of it [31]. Cationic anti-dsDNAs are
more nephritogenic apparently through interaction with either negatively charged elements
of glomerular basement membrane or DNA-containing antigens in sifu [32].

Both somatic hypermutations and isotype switching are distinctive features of antigen-
dependent B cell selection by T helper cells. High avidity of these autoantibodies points out
the similarity of epitopes of the relevant autoantigen to dsDNA. Meanwhile, purified homo-
logic DNA have been considered to be poorly immunogenic in health and in SLE models for
a long time [33]. In view of this contradiction, there is emerging attention to different classes
of endogenous nucleoproteins as anti-dsDNA inductors in SLE.

Besides anti-DNA antibodies, anti-nucleosome antibodies are also attributed to have a special
pathogenetic significance in SLE [34]. Priority of anti-nucleosome immune response compared
to anti-DNA and anti-histone ones is indirectly confirmed by revelation of earlier subtype of
anti-nucleosome antibodies that do not interact with both DNA and histones [35]. There is
close association of these antibodies with SLE activity and the kidney involvement [36]. But,
unlike anti-dsDNA, anti-nucleosome antibodies do not develop glomerular deposits in the
absence of nucleosomal antigens; further perfusion of nucleosome-containing ICs through
the kidneys results in appearance of linear immunoglobulin deposits along glomerular base-
ment membrane [37]. In addition, after interaction with antinuclear antibodies, nucleosome-
containing apoptotic bodies, deposited on glomerular basement membrane or in mesangial
space, turn into so-called electron-dense deposits, an attribute of IC-mediated nephritis. There
is no immunoglobulin fixation in the kidneys outside these deposits [38].

In most SLE cases, serum anti-dsDNA and anti-nucleosome antibodies are presented at the
same time [39]. Furthermore, chromatin immunization induces not only anti-nucleosome but
also anti-dsDNA and anti-nucleosome antibodies, possibly through epitope spreading [40].
High avidity of anti-nucleosome antibodies is achieved by the same somatic hypermutations,
as for anti-dsDNA production; reversion of these mutations to the initial sequence results in
the loss of capability to interact with nucleoproteins and, interestingly, in obtaining antiphos-
pholipid activity [41].

Altogether, increasing research data suggest that nucleosomes are just the best candidate anti-
gen to induce and/or maintain production of anti-chromatin autoantibodies and to influence
pathogenicity of preexisting immunoglobulins. In view of it, efficient elimination of endog-
enous nucleoproteins in SLE seems to be an important factor that counteracts the disease
spreading.

2. Normal generation and clearance of extracellular DNA

Normal extracellular DNA concentrations are usually quite low, but the values may substan-
tially differ depending on the detection approach and contamination of plasma with leukocytic
DNA [42]. Circulating DNA is found to be not in free state but mainly as a part of mono- and
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oligonucleosomes; this conclusion is based upon its particular molecular weight and bind-
ing with histones [43]. Nucleosomes can release from cells during several physiological and
pathological processes, namely apoptosis, necrosis, and formation of extracellular traps.

Apoptosis is considered to be predetermined death followed by the removal of damaged or
unnecessary cells that is genetically, morphologically, and biochemically standalone of other
kinds of cell destruction [44]. An essential condition for normal course of apoptosis is cleavage
and utilization of chromosomal DNA. Internucleosomal fragmentation of chromatin is per-
formed by specific apoptotic nucleases during early phase of the process [45]. Nuclear anti-
gens, including nucleosomes, moved then to little bulbs of cell membrane, so-called apoptotic
bodies [46]. Interestingly, in some virus infections, endogenous nucleoproteins are bundled
together with virions and, thereby, can be jointly presented in apoptotic bodies [47].

The next phase includes transition of aminophospholipids, phosphatidylserine, and phos-
phatidylethanolamine to external side of cell membrane, and their opsonization by serum
proteins, especially by C-reactive protein, Clq, and serum amyloid P (SAP) [48, 49]. This com-
plex becomes a signal to mononuclear phagocytes for recognition and uptake. Interaction of
phosphatidylserine and its circulating cofactors (Clq, {3,-glycoprotein I) with Clq receptor
and Mer receptor of phosphatidylserine, expressed on macrophage surface, probably plays
the lead in this complicated and insufficiently explored process [50, 51]. The ultimate destruc-
tion of engulfed nucleoproteins is provided by lysosomal enzymes, primarily by DNase II
and cathepsins D, B, and L [52]. This way of clearance, which is supposed to be a major one,
allows to keep the continuity of cell membrane as its distinctive feature and, thus, enables to
prevent full-scale release of intracellular compounds to interstitial space [53]. Another pecu-
liarity is the production of proinflammatory cytokines (TGF-f and IL-10), inhibiting antigen
presentation by dendritic cells [54].

Appearance of circulating oligonucleosomes in apoptosis depends, to a large extent, on the
activity of phagocytes [55]. Functional blocking of these cells in mice in vivo with clodronate
is demonstrated to abolish plasma DNA spike after loading by apoptotic or necrotic cells [56].
Additional factor of substantial influence on DNA release is sex hormone balance, so far as
above-mentioned DNA spike is much more higher in female mice compared to males and
spays [57]. The causes of partial dissipation of DNA-containing substance during phagocyto-
sis are now unsure. Tentative persistence of apoptotic cells, until their secondary necrosis and
membrane disruption begin, is an alternative way of DNA release if elimination potential of
mononuclear phagocytes is insufficient.

The second important source of extracellular DNA is cell necrosis. Unlike apoptosis, it is char-
acterized by early cell membrane, proinflammatory effect as a result of different influences,
and induction of dendritic cell maturation [58]. In necrosis, DNA is degraded at a later stage
compared to apoptosis, with DNase I playing a considerable part in it [59].

The newly discovered and promising phenomenon, characterized by DNA release out of its
natural compartment, is a formation of so-called extracellular traps. They were first found in
neutrophils, thus being named neutrophil extracellular traps (NETs) [60]. NET are unusual
extracellular structures, which are suggested to be a spare defense mechanism, activating
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when there are pathogens or particles, too big to be englobed by phagocytes [61]. In this case,
large fibers, consisting of chromatin, serve as an external scaffold for immobilized enzymes,
antimicrobial peptides, and ion chelators with locally high levels [62]. The components of NET,
including dsDNA, histones, nucleosomes, and ribonucleoproteins, become bound to exog-
enous molecules when NET eliminates its target and thus may obtain new antigenic features.

In general, there is sustained release of nucleoproteins to extracellular space in health, and
its rate can be considerably increased under certain conditions. Efficiency of its elimination
strongly depends on circulating cofactor molecules, such as Clq, CRP, SAP, as well as DNase
I and IgM [63]. They opsonize chromatin and keep it soluble, thus promoting digestion of
long chromatin segments, transportation through circulation, and further recognition by mac-
rophages [64]. The terminal points of this transfer are mononuclear phagocyte cells, primarily
in the liver and spleen [65]. Overall efficiency of this elimination mechanism is quite high,
since after injection of considerable amount of exogenous DNA, or after spontaneous release
of endogenous nucleoproteins during hemodialysis, half-life of the DNA in circulation is
within 4-15 min [66].

An alternative pathway of DNA elimination, that is just a subsidiary one in the absence of
SLE, carries out by means of circulating immune complexes (CIC). Their clearance is deter-
mined principally by the activity of complement system. Binding of C1q with CIC results in
the restriction of its further growth, prevention of precipitation, and induction of C3b and
C4b occurrence [67]. Coupling of these molecules with CIC allows it to interact with CR1
complement receptor (CD35) of red blood cells [68]. Normal CIC transfer to macrophages
of the spleen and liver presumably goes on in connection with erythrocytes, probably for
prevention of CIC outflow from circulation, and the binding is more tight when CIC contains
high molecular DNA (nearly 6000 kDa), then in case of shorter DNA segments (200-600 kDa)
[69]. Both CIC and DNA, complexed with circulating opsonins, are captured by macrophages
through Fcy-receptors, the former alongside with CR1 cleavage [70]. However, elimination of
DNA by means of CIC is much slower compared to CRP-SAP-linked DNA [71].

Apart from the elimination, binding of circulating ligands with DNA makes an obstacle
for access of immune cells to nucleosome etitopes. This is especially important in view of
chromatin immunology. It is generally considered that pure extracellular DNA have limited
immunogenicity unless CpG motifs [72]. On the contrary, conjugation of protein with oligo-
deoxyribonucleotide can strongly promote interaction of the protein portion with antigen
presenting cells, enhance antibody production, and presumably induce Th2-polarization [73].
From the other side, protein could serve as a carrier for oligonucleotide hapten. Circulating
DNA ligands might also interfere in reaction of preexisting autoantibodies with apoptotic
debris [74]. In light of all mentioned above, endogenous DNA elimination pathway, espe-
cially serum clearance mediators and mononuclear phagocytes, should be regarded in SLE.

3. DNA elimination pathway in SLE

Extracellular DNA levels in SLE patients tend to be appreciably elevated, their circulating
DNA have predominantly low molecular weight and contain only human sequences [75]. It
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is also almost completely double-stranded and mainly included in oligonucleosomes, linked
with serum proteins and immunoglobulins [76]. High plasma DNA concentration is usually
associated with SLE flares and vascular involvement, being inversely correlated with anti-
dsDNA titers, and decreases after efficient SLE treatment [77].

Functioning of the clearance mediators in SLE has some differences. Increase of disease activ-
ity does not generally combine with substantial elevation of plasma SAP and CRP levels; SAP
molecular weight as well as its affinity to nucleosomes and heparin are also changeless [78].
Moreover, SAP-linked DNA levels are substantially decreased in SLE, despite elevation of
total extracellular DNA; they reversely correlate with anti-dsDNA and disease activity [79].
On the contrary, plasma C1q concentrations tend to be lower in high SLE activity and in lupus
nephritis, also directly correlating with CIC-linked DNA levels [80]. These changes taken one
with another can be accounted for reallocation of plasma DNA pool to CIC in the presence of
high-avidity anti-dsDNA. As C1q binds with both CIC and CRP-SAP-chromatin complex and
participates in elimination of every type, simultaneous decrease of C1q and CIC-linked DNA
is supposed to be a result of joint tissue deposition [81]. Some evidences were indeed revealed
after analysis of DNA-containing CIC in SLE.

Compared to normal individuals, SLE patients commonly have elevated CIC-linked DNA
concentration, which further increases along with disease activity, but its decrease is more
inherent in extreme SLE flares and overt nephritis [82]. DNA from SLE CIC is double-stranded
and mainly consists of fragments, which correspond to oligonucleosomes in their length, 150
250 and 370-460 bp, compared to 20 and 30-40 bp in normal controls [83]. It is revealed in
SLE that in this DNA pool CpG motifs are 5-6 times more frequent than in human genome
[84]. Apart from DNA and immunoglobulins, SLE CICs contain CRP, C1q, C3b, and C4b [85].

Clearance of CIC is reduced in SLE, and their half-life negatively correlates with SLE activ-
ity and extent of lupus nephritis manifestation [86]. This might be due to either impairment
of CIC transportation or disturbance of phagocytosis. Furthermore, active SLE is known to
have C3/C4 hypocomplementemia and low CR1 on red blood cells, probably because of its
consumption [87]. It leads to persistence of CIC mostly out of erythrocytic pool, both free and
connected with other blood cells [88]. This circumstance may be the cause of increased uptake
of CIC by the liver macrophages and decreased one in the spleen, revealed by injection of
labeled ICs to SLE patients [89]. Another unexpected finding from this experiment is substan-
tial reversed release of partially digested ICs outside of phagocytes, which begins 40-60 min
after the injection, coinciding with internalization period [90]. The causes and mechanisms of
this phenomenon are now unknown. There is single publication about tentative disturbance
of interaction between Fcy receptors and intermediate filaments of mononuclear cells in SLE,
what might affect internalization [91]. It is also known that knocking out of Axl/mer/tyro3
tyrosin kinase gene in Mer*! mice is followed by disturbance of apoptotic debris internaliza-
tion together with development of spontaneous autoimmunity. [92].

Delivery of endogenous nucleoproteins to the resident liver and spleen macrophages is thus
realized in SLE presumably by way of CIC, while circulating protein mediators are respon-
sible for this function in health. Pathogenetic importance of this shift is not restricted only to
extravasation and tissue deposition of “free” DNA-containing CIC. Apart from phagocytosis,
contact of CIC with macrophage Fcy receptors initiates synthesis of proinflammatory signals,
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which can induce and maintain autoimmune responses [93]. Conversely, CRP-SAP-linked
DNA promotes release of cytokines and chemokines, which suppress inflammation and auto-
immunity as well as raise activation threshold of dendritic cells [94].

It is supposed that immune stimulating action of DNA-containing CIC in SLE is mediated by
TLR9 Toll-like receptors, together with Fcy receptors. After CIC internalization by phagocyte,
TLR9 move from endoplasmic reticulum to phagosomes and then bind with CpG motifs of
DNA-IgG-FcyRII complex [95]. According to the data reported by Lovgren et al. [96] and
Means et al. [97], DNA-containing IC obtained from SLE patients promote macrophages and
dendritic cells in vitro by means of TLR9 to produce a and v interferons, IL-8, IL-1§3, IL-6,
IL-18, IL-12p40, TNF, and to generate chemokine signals to peripheral mononuclear cells,
immature dendritic cells, T and NK cells. IC derived from patients with rheumatoid arthritis,
Sjogren’s disease, and DNA-lacking IC from SLE patients does not demonstrate these effects.
Treatment of the IC from SLE patients with DNase I makes cytokine and chemokine induc-
tion down by 90-100% [98]. One may conclude that abundance of “free” DNA-containing CIC
could amplify inflammation in SLE both directly and indirectly.

Using gene knockout approach, a possible relation between disturbance of cell debris removal
and autoantibody synthesis is managed to establish. Mice with disabled SAP, Clq, Mer,
secreted IgM genes develop spontaneous autoimmune disease with glomerular lesion and
production of antinuclear antibodies [99]. This connection could also appear in human SLE.

As follows from the above, additional factors, that could digest extracellular DNA, mainly
DNase I, become of special importance in SLE, when ordinary clearance pathway is dis-
abled. Results of DNase I gene knockout had been published in 2000 [100], and since then
the enzyme is considered to be a mediator of DNA clearance. Earlier data about low serum
DNase [ activity in SLE [101, 102] made this factor even more challenging for exploration of
immunological tolerance to autologous DNA.

4. The DNase I riddle

DNase I is a DNA-specific endonuclease, which participates in DNA destruction in the pres-
ence of Mg* or Mn* cations. DNase I is able to destruct single-stranded, double-stranded,
and protein-bound DNA; in the latter case, DNA breakdown is performed presumably in
segments, free from protein, for example, in internucleosomal connectors of chromatin or
in DNA segments where expression is going on [103]. Serum DNase I is usually supposed
to be synthesized in gastrointestinal tract, and normal serum nuclease activity is provided
almost completely by its function [104]. Proteases enhance DNase I effect on chromatin DNA,
possibly due to removal of histones or liberation of basic amino acids, histidine, arginine,
and lysine, which are known to be DNase I activators [105]. In general, little is known about
physiological DNase I activators, including those, by which serum DNase I activity become
significantly increased shortly after injection of purified DNA in vivo [106]. G-actin is widely
considered to be a predominant physiological DNase I inhibitor [107].
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Despite extensive examination, our knowledge about DNase I functions is quite superficial.
Its digestive function as a participant of pancreatic secretion is the only universally recog-
nized one. Other possible roles, including apoptotic chromatin degradation, cellular debris
removal after necrosis, destruction of DNA genome viruses and some other, need to be fully
established [108-110]. An important aspect of DNase I action is the loss of antigenic proper-
ties; it can be achieved for nucleoproteins and ICs, both circulating and in situ [111].

The rise of interest to DNase I in SLE became after the research performed by Napirei and col-
leagues had been published [100]. DNase I knockout in mice led to anti-dsDNA production,
glomerular IC deposition, and lupus-like glomerulonephritis pathology. SLE patients and
NZB/NZW F, lupus mice models were found to have low serum DNase I activity [112, 113].
Subsequently, it was shown with some preanalytic corrections that change of serum DNase
I activity in SLE was bidirectional, with only about 30% of low enzyme activity, while other
patients had moderately increased serum DNase I activity [114].

The origin of these changes is now unknown. The attempt to connect low DNase I activity
with high serum actin concentrations was then rejected [114]. Numerous efforts to identify
genetic changes, which can influence on the enzyme activity, resulted in very rare incidence
of functionally significant gene alterations, about two per 1000 sequenced SLE patients
[115-117]. Other important information, provided by geneticists, was markedly increased
expression of DNase I gene in SLE [115]. One consistent explanation for it, enhanced DNase
I inhibition in SLE, was challenged by Prince and colleagues [118]. Another hypothesis can
be the inhibition of DNase I by specific autoantibodies, which were found by Yeh and col-
leagues [119]. Several factors are more likely to influence DNase I activity in SLE, as it was
later shown, with about 50% cases of predominant inhibition by autoantibodies and/or actin,
and the other half, impacted by unknown factor [114]. Without extensive research, this riddle
is now difficult to solve.

5. Conclusion

If we could try to bring together all the facts, mentioned above, to puzzle them all into a single
reasonable explanation, we will inevitably create so-called waste disposal hypothesis first pub-
lished by Walport [120]. This concept defines that in SLE the most likely source of autoantigens
and also leading autoimmunity inductor could be apoptotic bodies on the surface of apop-
totic cells, containing almost all characteristic SLE antigens, or, as an alternative, necrotic cell
debris. Another obligate condition for autoimmunity induction is postulated to be impaired
clearance of the cellular “waste” and, as a consequence, antigen uptake by immature dendritic
cells and their activation [121]. Several different impairments of the clearance pathway are
proposed to induce SLE. Although this hypothesis seems to be consistent, and accounts for
many clinical peculiarities and controversies of SLE, it has some weak points. There is no good
inducible SLE model based on this concept. There is no explanation of late SLE onset, espe-
cially long after pregnancy, within this theory. The cases of spontaneous remission without
glucocorticoid treatment are quite rare, despite obvious variability of “waste” generation rate.
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Results of treatment with DNase I are generally discouraging. An enthusiast can, however,
object to it that any correct theory usually has multiple discordances at the beginning of its life.
So we shall wait a little and collect pros and contras for the final assessment of this hypothesis.
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Abstract

Systemic lupus erythematosus (SLE) is one of the most diverse autoimmune diseases,
regarding clinical manifestations and therapeutic management. Visceral involvement is
often and is generally associated with increased mortality and/or permanent disability.
Thus, a reliable assessment of disease activity is required in order to follow-up disease
activity and apply appropriate therapy. Several serological indexes have been studied
due to their competence in assessing disease activity in SLE. Apart from conventional
and currently assessed serological indexes, regulatory T cells (Tregs), a CD4+ cellular
population of the acquired immune compartment with homeostatic phenotype, are cur-
rently under intense investigation in SLE. In this chapter, Tregs ontogenesis and sub-
populations are discussed focusing on their implications in immunopathophysiology of
SLE. The authors present data indicating that this CD4+ population is highly associated
with disease activity and response to treatment, concluding that Tregs are a promising
biomarker in SLE. Future prospective includes Tregs implication in SLE therapeutic
interventions.

Keywords: regulatory T cells, systemic lupus erythematosus, SLE immunopathphysiology,
Treg therapy

1. Introduction

Systemic lupus erythematosus represents the prototype of autoimmune diseases and is
characterized by an unparalleled variety of clinical and laboratory manifestations. From a
pathogenetic perspective, a breakdown of immune tolerance will lead to the proliferation and
functional differentiation of certain effector cells of the innate and adaptive immunity, such as
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neutrophils, dendritic cells (DCs), macrophages, and auto-reactive lymphocytes [1, 2]. The net
result will be the production of pro-inflammatory cytokines and autoantibodies, formation of
immune-complexes and, eventually, tissue damage driven by the deposition of these com-
plexes onto certain tissues and the activation of the complement cascade; other mechanisms
have also been described, such as autoantibody- and cell-mediated toxicity. Tissue damage
will, in turn, provide the substrate for neo-epitope formation or the revealing of cryptic epit-
opes; this will further amplify the autoimmune response. Given the clinical diversity of SLE,
several studies investigating the molecular mechanisms of the disease have yielded contra-
dictory findings regarding multiple cellular subpopulations or soluble mediators. These find-
ings seem to be influenced by disease duration, global disease activity, therapeutic variables,
and other confounders [2]. Among them, an impairment of the mechanisms of the peripheral
immune tolerance, mainly represented by the T regulatory cells (Tregs), has been universally
documented in SLE and considered to be a crucial factor in disease pathogenesis.

1.1. T regulatory cells

Tregs represent a subpopulation of the CD4+ T lymphocytes which were first described in the
1970s [3] as suppressor cells since their primary function was the suppression of the immune
response [4]. At that time, the term “infectious tolerance’ was introduced to describe the acqui-
sition of suppressive capacity of non-suppressor cells from Tregs with an, as yet, unknown
mechanism [5]. The study of this cellular subpopulation was initially abandoned due to tech-
nical difficulties with regard to the isolation and analysis of these cells because of the lack of
specific surface markers [6, 7].

Research interest in suppressor T cells re-emerged in 1995, when Sakaguchi et al. described
the intense expression of the a chain of the IL-2 receptor (IL-2Ra, CD25) on their surface [8].
These cells were then called regulatory T cells since their function was the multifaceted regu-
lation of the immune response and the maintenance of immune homeostasis [9]. During the
next few years, several investigators showed that these cells are characterized by a unique
functional phenotype, which is marked, not only by the over-expression of the CD25, but also
from decreased responsiveness after polyclonal stimulation of their T cell receptor (TCR) [10,
11]. These studies suggested that their regulatory/suppressive capacity against the effector T
cells was irrespective of the antigen that generated the initial activation of the effector cells
(non-antigen specific and, thus, non-MHC restricted).

The demonstration of the high surface expression of the CD25 molecule led to the character-
ization and distinction of Tregs from other subsets of T lymphocytes, as well as to the dis-
covery of their thymic origin and initial functional differentiation [12]. However, it was later
shown that CD25 is not exclusively expressed in Tregs. Other recently activated T lympho-
cytes and all T cells with regulatory function in vitro were also expressing this molecule [13].
As might be expected, Tregs do express the highest levels of CD25 (CD25"") as compared to
the conventional CD4+ T cells, in which its expression is transient and of low intensity. Based
on flow cytometric analysis, it has been shown that, among CD4+CD25+ cells, only those at
the upper 2% of CD25 expression possess suppressive capacity [14].

In 2001, the gene FOXP3 (Forkhead Box P3) was discovered in mice; its mutations were leading
to the spontaneous development of autoimmune phenomena [15]. Mutations of the human
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FOXP3 have been associated with two distinct systemic autoimmune syndromes, namely the
IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome) and
XLAAD (X-linked, autoimmunity, allergy, dysregulation) [16-18]. In 2003, it was proven that
FOXP3 is the master regulator for the functional differentiation of Tregs and is required for
their proliferation [19]. It is found in the X chromosome (Xq11.23-Xq13.3) and consists of 11
exons that code a 48-kDa protein with 431 amino acids [18]. FOXP3 is mainly expressed in the
T lymphocytes (mainly those that bear the aTCR), whereas it is hardly detectable in B cells,
Y0 T cells, NK, macrophages, and dendritic cells. It is considered the lineage-specification fac-
tor of the natural T regulatory cells (nTregs).

The respective transcription factor FOXP3 is highly expressed in the CD4+CD25"s" T cells,
while its early activation in the naive T cells drives their differentiation toward a regulatory
phenotype. This is particularly detected under inflammatory conditions where CD4+CD25-
T cells overexpress FOXP3, which in turn leads to the increased surface expression of other
molecules, such as CTLA-4 (cytotoxic T lymphocyte-associated antigen 4, CD152) and GITR
(glucocorticoid-induced TNF receptor-a family-related protein) [20, 21]. These cells now pos-
sess suppressive capacity; they secrete less IL-2 and proliferate slowly.

Further research revealed that, like CD25, the expression of FOXP3 is not confined to natu-
rally occurring Tregs; actually, it could be induced in recently activated cells (in low intensity)
and CD4+ T cells that acquire suppressive properties afterward [22]. However, based on its
critical importance, all cells bearing the FOXP3 key regulator are considered to be regulatory
in function. FOXP3+ Tregs are divided in natural and inducible cells, according to their origin
(thymus and/or periphery, respectively). The most well-studied subgroups of the inducible
Tregs (iTregs) are the Tr1, Th3, and CD8+ Tregs (Figure 1).

Thymus

)

Figure 1. Natural (thymus derived) and inducible (peripheral) Tregs.

125



126

Lupus

1.2. Natural Tregs (nTregs)

Thymic-derived Tregs or natural Tregs are characterized by the CD4+CD25"¢"FOXP3+ phe-
notype and range between 1 and 3% of the peripheral CD4+ T lymphocytes [13, 23]. They are
considered to maintain an anergic state (based on the findings of decreased responsiveness
to antigen stimulation and limited proliferation capacity), nTregs have remarkable prolifera-
tive potential, both in vitro and in vivo, upon antigen stimulation in the presence of dendritic
cells [24]. Reciprocally, Tregs are able to induce tolerogenic DCs, further complicating their
interactions with these cells [7, 12].

nTregs express the same a3TCR as the conventional T lymphocytes but they comprise a dis-
tinct clone [25]. They derive from pluripotent stem cells and differentiate in the thymic cortex
through a positive selection process after the linkage of their TCR with self-antigens with
intermediate affinity [26, 27]. These antigens are presented through MHC II molecules from
the thymic cortical cells [28]. Co-stimulation via the CD28 molecule induces the FOXP3 pro-
moter either directly or through other genes that increase its activation [29]. It seems that the
selection of these CD25+ cells occurs according to a predefined ratio to the respective CD25-
cells, which have been generated earlier. They are long-lived cells capable of producing anti-
apoptotic molecules that protect them from the process of negative selection [26, 27].

Upon migration to the periphery, nTregs maintain their regulatory phenotype and suppres-
sive capacity, which are mediated through cell-to-cell contact. This mechanism involves
certain surface molecules, and it is independent of secreted cytokines [13, 26]. Survival in
the periphery is facilitated by CD28 and its respective ligands (CD80, CD86), transforming
growth factor B (TGF-f) and IL-2 [12].

Several surface molecules have been considered to allow the laboratory isolation from other
cellular subpopulations and are crucial for their function. The most important such molecules
are the CD4, CD25"¢", CD127"", CD45RO and CD45RB", providing a phenotype of activated
memory cells [30].

Moreover, nTregs express other activation markers, such as CD28, CTLA-4, GITR and che-
mokine receptors, which are implicated in their migration and trafficking [30, 31]. They also
express several Toll-like receptors (TLRs), TGF-3, neuropilin-1, perforin and granzymes,
L-selectin (CD62L), LAG-3 (lymphocyte activation gene-3, CD223) and the folate receptor FR4
[32-35]. Multiple adhesion molecules are also abundantly expressed on their surface, such as
CD11a, CD44, CD54, and CD103 [36]. All the aforementioned markers have been described
in other cell types, which are not exclusively expressed in nTregs and cannot be used as
differentiation markers.

Other markers that are thought to be highly specific for nTregs were discovered from the
Ikaros gene family; the respective transcription factor is called Helios and is preferentially
expressed in nTregs as compared to other CD4+ T cells [37].

Recently, it has been demonstrated that certain epigenetic mechanisms are implicated in
the regulation and maintenance of FOXP3 expression [38]. In this regard, the methylation
state of the Treg-specific demethylated region (TSDR, a conserved non-coding sequence in the
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CNS2 region of the FOXP3 gene) plays a crucial role. Current isolation techniques require
this method since only CD4+CD25+FOXP3+ T cells with demethylated TSDR were capable
of strongly and permanently expressing FOXP3 and suppressing effector cells [39]. TSDR
is incompletely hypomethylated in Tregs that are induced in the periphery and completely
methylated in all other CD4+CD25+ T cells [38]. Helios+tFOXP3+ Tregs have increased sup-
pressive potential and are fully demethylated at the TSDR region [37].

1.3. Inducible or adaptive Tregs (iTregs)

These Tregs subgroups are not derived from the thymus but they are induced from naive
CD4+ T cells in the periphery in response to the occasional micro-environmental conditions,
Figure 1 [40]. Inducible Tregs regulate the immune response against self and non-self antigens
and are implicated in the pathophysiology of infections, neoplasias and organ transplantation.
Their mechanism of action is usually dependent on the secreted cytokines and not on direct
cellular contact. Their characterization is based on the aforementioned surface markers (CD25,
CD127, CTLA-4, GITR, etc.), the intensity of intracellular FOXP3 expression as well as their
suppressive capacity [13]. As mentioned above, their TSDR is incompletely hypomethylated;
thus, FOXP3 expression is transient and unstable. The most important subgroups include the
Tr1 and Th3 lymphocytes, the CD4+CD25+ Tregs that are induced from the CD4+CD25- acti-
vated T cells, CD103+ Tregs, CD8+ Tregs and the double negative Tregs (CD4-CD8-DN).

Tr1 cells are antigen-specific CD4+ T regulatory lymphocytes that are induced in the presence
of IL-10 [41]. They derive from CD4+CD25- naive T lymphocytes after antigenic stimulation
with certain costimulatory molecules, such as CD3 and CD46 [42, 43]. Apart from the epi-
genetic differences, they are phenotypically indistinguishable from natural Tregs, but they
secrete large amounts of IL-10. The intensity of the surface expression of CD25 and intracel-
lular FOXP3 is lower than that of nTregs; however, their suppressive capacity is as intense
[44]. Their regulatory function is mediated mainly through IL-10 and, secondarily, through
TGEF-f. They play a major role in the pathophysiology of certain infections and the regulation
of allergic reactions [45].

Th3 lymphocytes are CD4+ Tregs that were called helper T cells (T helper 3), although their func-
tion is primarily suppressive [46]. Their cardinal characteristic is the secretion of large amounts
of TGF-f [47]. The ex vivo expansion of the Th3 cells was one of the first reports of clonal expan-
sion of Tregs using an orally administered antigen in mice [48]. Th3 cells are generated and
activated through an antigen-specific process but their suppressive function is not specific and
mediated through TGE-f. Even in the absence of inflammation, TGF-{3 secretion induces the
expression of FOXP3 in the activated T cells and maintains Tregs’ survival in the periphery [49].

Other types of Tregs include the CD4+CD25+ Tregs deriving from CD4+CD25- T lymphocytes
under specific conditions, the CD103+ Tregs (expressing integrin alpha-E beta-7), the CD8+CD28~
Tregs and the CD4-CD8- double negative Tregs [13]. All these subpopulations express FOXP3
upon activation and are able to suppress immune responses in a non-antigen specific fashion.

Further research using certain surface markers revealed the existence of novel subpopula-
tions of iTregs, including the CD4+CD25-FOXP3+ T cells, the CD4+CD45RA+FOXP3+ Tregs,
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the CD4+CD161+ Tregs, and the CD4+CXCR5+FOXP3+ Tregs [50-52]. Although the CD25-
FOXP3+ T cells could suppress effector cells in vitro, it is still uncertain if they represent
dysfunctional Tregs or, simply, activated T cells. The CD161+ Tregs represent an excellent
paradigm of T cell plasticity, as they are capable of producing pro-inflammatory cytokines
such as IL-2, IFN-y, and IL-17, behaving like Th1 or Th17 cells under proper cytokine micro-
environment [53]. In spite of their cytokine-producing properties, these cells also retain their
regulatory functions and have the already mentioned demethylated TSDR in the FOXP3
locus, like the nTregs. Finally, the CXCR5+ Tregs are follicular T cells, which are able to gain
access into the germinal centres (through the CXCR5) and directly suppress the B cells that
undergo hypermutation and isotype switch at those sites. These cells are decreased in active
and new onset SLE, seemingly allowing for the activation of B cells [54].

2. Mechanisms of action

The mechanisms of action of Tregs have been studied mostly in in vitro systems. Thus, it is
not clear how accurately these studies may reproduce Treg activity in vivo. Tregs delete auto-
reactive T cells and induce tolerance and dampen inflammation, while their cellular targets
include CD4+CD25- T cells, CD8+ T cells, B cells, monocytes, DCs, and NK cells [55]. These
cells appear to inhibit the target cells via IL-2 deprivation, cell-to-cell contact and cytolysis,
secretion of inhibitory cytokines, metabolic disruption and modulation of DC maturation and
function [56-60], Figure 2.
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Figure 2. Treg mechanisms of action.
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IL-2 is not required for the thymic development of nTregs; however, in the periphery, it
acts as a growth factor, essential for their survival and functional integrity. Tregs have more
requirements in IL-2 than conventional T cells. IL-2 drives the production of IL-10, CTLA-4,
TGF-B, and the activation of FOXP3 [61]. Simultaneously, CD25 expression is induced, further
amplifying the affinity of Tregs for IL-2. In co-cultures of Tregs and T effector cells, addition
of exogenous IL-2 led to active proliferation and activation of Tregs [62]. In addition, Tregs
inhibit the function of other T helper cells or cytotoxic cells by deprivation of other cytokines
that share the common v chain, such as IL-4 and IL-7; this leads to apoptosis of the effector
cells [63]. Moreover, the prioritized usage of IL-2 may modify the function of Tregs by the
increased IL-10 production [64].

The suppressive function of nTregs is mediated through direct cell-to-cell contact and is not
dependent on the presence of inhibitory cytokines like IL-10 and TGF-{ [13, 56, 57]. Surface
molecules that are involved in this process include CTLA-4 [65, 66], membrane-bound TGF-3
[67, 68], LAG-3 (lymphocyte activation gene-3, CD223) [69], GITR (glucocorticoid-induced
TNFR-a family-related protein) [70, 71], PD-1 (programmed death-1, CD279) [72] and perfo-
rin and granzymes, which lead to cytolysis of the target cell [73].

Granzyme B, in particular, has been implicated as an effector mechanism in Treg-mediated
suppression, since its up-regulation was associated with the killing of target cells in a gran-
zyme B-dependent, perforin-independent manner [73]. Granzyme B-deficient Tregs display
reduced suppressive activity [74]. Other studies proved that the activated Tregs could lyse
CD4+, CD8+ T cells and B cells through granzyme A and perforin [56-58].

The intracellular signal transduction pathways have not been elucidated yet; however, it
has been demonstrated that CTLA-4 induces the expression of ICER (inducible cAMP early
repressor) and, subsequently, inhibition of IL-2 signals to target cells [75]. Membrane-bound
TGF-f activates the Smad proteins and inhibits genes that are required for the functional dif-
ferentiation of the effector cells [68].

Suppression by inhibitory cytokines is an important mode of action utilized by iTregs. The
most important cytokines with regulatory/suppressive capacity are TGF- [76, 77], primar-
ily produced by the Th3 cells and IL-10 [78, 79] by the Tr1 cells. IL-10 activates the JAK/STAT
intracellular pathway and the MAP kinases [78]. The net result is the inhibition of genes that
control the synthesis and secretion of pro-inflammatory cytokines. Another regulatory cyto-
kine that is produced from Tregs is the IL-35 [80]. This cytokine is assembled by two chains,
IL-12a and EBI3, and is required for the suppressive capacity of Tregs in vivo, since inabil-
ity to express these chains results in uncontrolled expansion of T effector cells in systemic
autoimmune diseases [81]. Other anti-inflammatory cytokines that have been implicated in
the mechanisms of action of Tregs include IL-27 and IL-37 [82]; more recently, it has been
shown that fibrinogen-like protein 2 is also secreted by Tregs and mediates immune sup-
pression [38].

Metabolic disruption of the target cells is another mechanism utilized by Tregs to regulate
immune responses. nTregs possess large amounts of cAMP (cyclic adenosine monophos-
phate), which exerts potent inhibitory action against the proliferation and differentiation of
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the effector T cells and the expression of genes that control the synthesis of IL-2 and IFN-y
[83]. Gene expression is inhibited through the suppression of the protein kinase A of NF-xB
or through activation of ICER. Tregs induce intracellular cAMP within the effector T cells
with cell-to-cell cAMP transfer through the gap junctions. Neutralization of cAMP or block-
age of the gap junctions led to significant weakening of Tregs” suppressive function [83]. In
addition, co-expression of CD39 and CD73 on the surface of Tregs induces the secretion of
large amounts of adenosine that suppresses T effectors [84]. The linkage of adenosine to its
receptor A2A on Tregs induces TGF- secretion and inhibits IL-6, generating appropriate
circumstances for new Treg development [85, 86].

Tregs seem capable of limiting the capacity of DCs to stimulate effector cells. In this context,
their interaction with the dendritic cells and the inhibition of their maturation is of particular
importance [87, 88]. Tregs induce the production of regulatory molecules from DC, such as
indoleamine-2,3-dioxygenase (IDO), IL-10 and TGF-(, through interactions between CTLA-4
and CD80/CD86 [89, 90]. The same investigators showed that Tregs reduce the expression of
the costimulatory molecules CD80 and CD86 on DCs. Moreover, the catabolism of tryptophan
and arginine through IDO leads to Tregs activation and induction of regulatory phenotype in
naive T cells and T effector cell apoptosis [91].

3. Homeostasis of Tregs

3.1. Functional differentiation of Tregs in the periphery

Certain transcriptional factors are implicated in the process of maturation and functional spe-
cialization of the CD4+ T cells. The most important factors are T-bet for Thl cells, GATA-3 for
Th2 cells, RORyt for Th17 cells, Bcl6 for follicular T helper cells (Tth), and FOXP3 for Tregs [92].
For Tregs, in particular, their functional integrity depends on the dynamic interaction of differ-
ent transcriptional regulators, which is shaped by the occasional micro-environmental circum-
stances. These regulators include members of the nuclear factor of activated T (NFAT) cell family,
the NF-«B, the activator protein-1 (AP-1) and STAT5 [93]. Furthermore, functional specialization
of Tregs has been documented; for instance, these cells are using Th-related transcription fac-
tors during Th1, Th2 or Th17 immune responses. In this context, T-bet+ Tregs migrate into the
inflamed tissue in cases of Th-1-mediated inflammation and suppress the Th1 effectors [94].
Accordingly, the expression of IRF4 in Tregs is required for the suppression of Th2 responses,
while the deletion of STAT3 is linked to uncontrolled Th17 responses [95]. The precise mecha-
nisms by which these transcription factors control Tregs differentiation are unknown. However,
the experimental inhibition of these factors was associated with impaired expression of certain
surface chemokine receptors, such as CXCR3 (for Th1), CCRS8 (for Th2) and CCR6 (for Th17
immune response) [96]. Moreover, deletion of the respective genes of these chemokine receptors
led to decreased Tregs activity and renders Tregs incapable of migrating into the site of Th-1-
mediated inflammation [97]. Based on these data, it seems possible that phenotypically and
functionally distinct Tregs may be active against different effector arms of the immune response.
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3.2. Clonal expansion of Tregs

The question if nTregs numbers remain stable through life or if their pool is constantly
enriched with new cells was based on the findings of stable numbers of CD4+CD25+ T cells in
mice from the age of 2 weeks up to 1 year. In thymectomized mice with no T cells, adoptive
transfer of Tregs was followed by an expansion of these cells to the extent of the nonthymec-
tomized animals of similar age [98].

In humans, it has demonstrated that nTregs, after they leave thymus, are constantly prolif-
erating after cytokine (TGF-p, IL-2, IL-10) stimulation and in the presence of tissue antigens.
DCs can also induce Tregs in the presence of IL-2 [99].

3.3. Tregs recruitment at the site of inflammation

Natural Tregs are generated in the thymus and migrate into the periphery where their population
will be enriched with inducible Tregs. The precise site of their clonal expansion (peripheral lym-
phoid organs or the site of inflammation) is not known. Apart from the thymus, Tregs have been
found in the bone marrow, lymph nodes, intestine, liver, synovial fluid, skin, vessel wall, etc.

More than 25% of the total CD4+ T cells residing in the bone marrow have regulatory pheno-
type and properties [100]. In this regard, the bone marrow acts as a reservoir for Tregs that
is able to release them upon inflammation. Bone marrow Tregs express CXCR4 (the CXCL12
receptor), which is crucial for their migration and their return to the bone marrow after sup-
pression [100]. Integrins are also implicated in their migration; intense expression of CD62L
and CCR?7 along with poor expression of CD103 (integrin aE7) allows for penetration into
the lymph nodes. On the contrary, strong expression of CD103 is required for migrating into
the inflamed tissues [94].

Integrins are crucial for the homeostasis of iTregs; integrin a437 tissue expression (usually in
the mucosal vessels) attracts Trl cells, whereas the a431 (on the endothelium of inflamed tis-
sues) engages the Th3 cells [101]. Furthermore, it has been showed that when Tregs migrate
to the T-zone of lymph nodes, they utilize the CCL19/CCR? ligation, while when they migrate
to the B-zone, they utilize the CXCL13/CXCR9 interaction [102].

3.4. How effector cells escape Treg-mediated suppression

Tregs are also regulated by the immune system in a fashion that allows the control of their
action either through negative feedback or through the development of escape mechanisms for
the effector cells [103, 104]. The negative feedback is maintained through various mechanisms,
such as TLR activation on DCs [104] and the direct regulation by cytokines like IL-21, IL-7,
IL-15, TNF-a and IL-6. In particular, IL-21 increases the resistance of the effector T cells against
Tregs in experimental diabetes [105]. DC-derived IL-6 renders CD4+ T cells resistant to Tregs
suppression [106]. Additional mechanisms include the amplification of co-stimulatory molecule
expression on the surface of T effectors and DCs, such as the CD80 and CD86 molecules, CD28,
NFATc1, c2, c3 and TRAF6, which protect the integrity of intracellular signal transduction [10].
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4. Tregs in systemic lupus erythematosus

4.1. A matter of numbers and function?

SLE is characterized by the breakdown of immune tolerance against self-antigens. The net
result is the induction and proliferation of auto-reactive lymphocytes, the production pro-
inflammatory soluble mediators, the formation of pathogenic autoantibodies and immuno-
complexes that cause tissue damage [1]. Tregs are thought to play a critical role before and
during this pathophysiological process. Most studies in lupus-prone mice and humans dem-
onstrated quantitative and/or qualitative defects of these cells [14, 107-113]. Other reports
present insignificant variations in Tregs numbers between lupus patients and healthy controls
[50, 114, 115] or even higher numbers [116], probably as a result of significant differences in
protocol designs. With regard to the functional capacity of these cells, studies are again con-
troversial with reportedly defective [110, 111] or normal [14, 114, 115] function. In the latter
case, T effectors showed decreased sensitivity to the suppressive function of Tregs [117].

In a seminal paper, Miyara et al. described the characteristics of Tregs kinetics and the strongly
inverse the correlation with SLE disease activity [14]. They found that Tregs (CD4+CD25bright)
were globally depleted from the periphery of active lupus patients. They provided evidence
that these cells do not accumulate in involved organs (by kidney biopsies) or lymphoid tissue
(by lymph node biopsies). In fact, Tregs were found to be more sensitive to Fas-mediated
apoptosis although they were still functionally intact. Moreover, they were the first to show
that Tregs are increased after the successful treatment of disease flare. FOXP3 expression was
found in 85.6% of the CD4+CD25"e" compartment.

The issue of functional integrity of Tregs within the lupus inflammatory microenvironment
was questioned later by the findings of Valencia et al. [110] and Lyssouk et al. [111]. These
groups reported that CD4+CD25"s" Tregs were defective in terms of both proliferation and
suppression against CD4+ and CD8+ T effector cells. They also showed that FOXP3 expres-
sion was decreased in Tregs from active lupus patients, generating doubt about the appropri-
ate immunophenotype that should be used for cell isolation and study. These findings were
confirmed later by using the mean fluorescence intensity (MFI) in newly diagnosed, untreated
lupus patients [118].

At the same time, Barath et al. were the first to utilize the CD4+CD25"s"FOXP3+ immunophe-
notype for Tregs characterization [112]. They found these cells in significantly lower levels as
compared to healthy controls, whereas the inducible CD4+IL-10+ Tregs did not display any
significant quantitative differences. At the tissue level, CD4+CD25+FOXP3+ Tregs were found
in decreased numbers in the skin lesions of active cutaneous lupus as compared to other
inflammatory skin diseases, such as psoriasis, atopic dermatitis, and lichen planus [119].

In 2008, a new subpopulation was described, namely the CD4+CD25-FOXP3+ T cells [50].
These cells were found in increased numbers in newly diagnosed SLE patients and were asso-
ciated with other indices of disease activity, such as low complement C3 and C4 [51]. Their
function was primarily regulatory as they were able to suppress the effector T cell prolifera-
tion but not IFN-y production [51]. Other investigators opposed these findings by performing
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the measurements in untreated lupus patients, reaching the conclusion that not all FOXP3
expressing T cells are Tregs [120].

The association of Tregs with SLE disease activity was tested in several studies with a small
number of patients. Most of them reported a strongly inverse correlation [14, 113], whereas
others found insignificant correlations [109, 112].

In the first large-scale (1 = 100 patients), longitudinal (mean follow up of 5 years) study of
CD4+CD25"s"FOXP3+ Tregs as a biomarker of disease activity, we found that these cells
are gradually decreased from healthy controls to patients with inactive, mild, or severe dis-
ease [113]. Moreover, we observed inverse alterations in cases of changing disease activity;
these cells were reduced during disease flare and increased upon remission, while numbers
remained stable during stable disease activity. Their sensitivity and specificity to assess a
clinically significant change in global disease activity was 88 and 74%, respectively. Their
positive and negative predictive values were 85 and 79%, respectively. In the same study,
we reported decreased Tregs numbers in active lupus nephritis and active neuropsychiatric
involvement, whereas no differences were observed in patients with active antiphospholipid
syndrome (APS). The ability of CD4+CD25"s"FOXP3+ Tregs to predict disease flares was low
(positive predictive value 17%).

Concerning the influence of certain therapeutic approaches, we prospectively showed that
Tregs’ numerical restoration after treatment is independent of the occasional medication
administered [121]. In that study, patients achieved remission after administration of various
immunomodulatory agents, including glucocorticoids (oral and intravenous), cyclophospha-
mide, intravenous immuno globulins, azathioprine and hydroxy chloroquxine. In all cases,
a significant increase of CD4+CD25"s"FOXP3+ Tregs was observed. That restoration was
faster with the intravenous regimens as compared to oral therapies. Cyclophosphamide pulse
therapy, in particular, led to a significant increase of Tregs after the fourth pulse in patients
with active lupus nephritis and/or neuropsychiatric involvement [122]. Of note, an even faster
response (shortly after the first infusion) was documented after treatment with intravenous
tocilizumab in patients with rheumatoid arthritis [123].

4.2. Novel theories for Tregs in the pro-inflammatory environment of SLE

As mentioned above, most studies on Tregs have been conducted in vitro; thus, their reliabil-
ity and accuracy pertaining to the actual function of these cells in vivo are questionable. After
the discovery that a fully demethylated TSDR is required for intense and sustained expression
of FOXP3, the hallmark of regulatory function, many beliefs have been revised [39]. In this
context, HeliostFOXP3+ T cells, with a fully demethylated TSDR, were found in increased
numbers in active lupus patients; their function was intact [124]. It is not yet known if Helios
represents a unique marker for Tregs; however, the epigenetic change is believed to differenti-
ate between natural and inducible Tregs. Nevertheless, there is disequilibrium between Tregs
and effector cells that is more prominent in the pro-inflammatory environment of SLE.

Several studies have reported on altered ratios between Tregs and T effectors in lupus patients
[125]. The most striking feature, among other findings, was that there is plasticity between

133



134

Lupus

Tregs and Th17 populations, and the latter may derive from the former under certain circum-
stances [126]. In this regard, the presence of TGF-f alone will drive naive CD4+ T cells towards
Tregs differentiation, while the simultaneous presence of IL-6 will lead to Th17 proliferation
[127]. Other transitions have also been described between Th1l and Th17 cells, based on the
presence of IL-12 receptors on the surface of Th17 cells; upon activation with IL-12, these cells
are capable of producing IFN-y [125, 127]. Of note, it has been documented that some Tregs
down-regulate FOXP3 expression and act as effectors, promoting inflammation through the
secretion of IL-17 and IFN-a [39]. These cells are called ex Tregs and believed to derive from
the Tregs lineage prior to natural Tregs commitment. They acquire pro-inflammatory charac-
teristics in the periphery, probably in the context of a generalized immune response.

The concept of Tregs/Th17 imbalance, in particular, seems of paramount importance in SLE.
It has been demonstrated that disease relapses may occur as a consequence of an impaired
Tregs/Th17 ratio, in favour of the latter, in animal models [128]. Those findings were later
confirmed in lupus patients, in whom the altered Tregs/Th17 ratio was documented even in
clinically quiescent disease; this may represent a hallmark of SLE [129, 130]. In this context,
it is believed that the sole targeting of the Th17 arm of the immune response will not render
meaningful results; approaches aiming at the restoration of the Tregs/Th17 balance will be
more likely to exert beneficial effects [125, 131].

The disturbed balance between T effectors (Th1, Th2, Th17) and Tregs is driven by a relative
IL-2 deficiency in SLE [132]. Treatment with low doses of IL-2 re-established the equilibrium
between Tregs and T effectors in animal models of the disease; accordingly, IL-2 neutraliza-
tion or CD25 depletion accelerated disease onset [39]. Studies in lupus patients showed that
FOXP3+Helios+ Tregs were capable of proliferating despite the reduced IL-2 levels; however,
the integrity of their suppressive function has not been confirmed [124]. Apart from IL-2,
other cytokines, such as IL-6, IL-21 and IFN-a may inhibit the Tregs function and/or render
T effectors resistant to regulation. All these cytokines are found in abundance in SLE and are
positively correlated to disease activity. On the other hand, the main regulatory cytokine,
TGF-B, is lower in active disease, generating hypotheses that the cytokine disequilibrium
drives the imbalance of Tregs and T effectors. The exact mechanisms by which these cytokines
increase the T effectors’ resistance to Tregs suppression have not been elucidated yet [39].

4.3. Epigenetics and Tregs

Latest studies revealed that certain epigenetic mechanisms, such as methylation, histone
modification and miRNAs, play a significant role in Tregs biology [38]. In this regard, the
methylation status of the TSDR is of paramount importance for the sustained expression
of FOXP3 and, hence, the intensity of Treg suppressive function. Histone modification is
another mechanism involved in Tregs functional differentiation. The acetylation of his-
tones H3 and H4 has been shown to reliably differentiate Tregs than FOXP3+ effectors [133].
Modification of the FOXP3 promoter by other genes influenced dramatically the rate of dif-
ferentiation of iTregs in the periphery [38]. Finally, miRNA-155 is associated with less Tregs,
though functionally intact, in mice, while miRNA-126 up-regulates Tregs and enhances their
function [134].
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Epigenetic regulation of the FOXP3 gene has been reported in lupus patients. In this con-
text, decreased peripheral Tregs were associated with hypermethylation of the promoter of
the FOXP3 gene [135]. Genome-wide studies have shown that virtually all immune cells in
SLE, including Tregs, had severe hypomethylation in interferon-type I-related genes [38].
Treatment with a histone modification inhibitor the enhanced Tregs number and function in
lupus-prone mice [136]; the same results were reached with an inhibitor of the protein kinase
IV [137]. It is believed that these approaches will soon be tested in lupus patients [38].

5. Tregs-based therapeutic approaches in SLE

5.1. Adoptive transfer of ex vivo expanded Tregs

Based on the aforementioned data, Tregs may represent a promising target in SLE therapeutics.
Several groups have tried to manipulate this cellular subpopulation in order to restore the
defective immune tolerance that is a crucial component of disease pathophysiology [138].
Early experiments in mice models showed that adoptive transfer of ex vivo expanded Tregs
was capable of ameliorating the disease [139, 140]. In the first experiment, T cells treated
with IL-2 and TGF-f3 lost their ability to induce a graft-versus-host disease and prevented
other effector T cells from activating B cells [139]. In addition, when transferred to animals
with high titers of anti-dsDNA antibodies, they led to a significant reduction of their titers
and doubled survival. In New Zealand black/New Zealand white mice, a well-studied lupus
model, transfer of thymic Tregs (CD4+CD25+CD62L"8") decreased the rate of glomerulone-
phritis, the severity of proteinuria and improved survival [140]. The precise mechanism by
which these Tregs suppress the autoimmune response has not been elucidated; however, it
was demonstrated that the induction of tolerogenic DCs plays a critical role [141]. These DCs
were also able to expand the recipient’'s CD4+FOXP3+ Tregs (infectious tolerance).

Studies in humans also showed that in vitro expanded Tregs, both polyclonal [142] and anti-
gen-specific [143] may display enhanced regulatory activity. These encouraging results led
to the implementation of this strategy in phase I and II clinical trials in other autoimmune
diseases. Seminal studies in type 1 diabetes (T1D) proved the feasibility of generating puri-
fied iTregs for therapeutic purposes [144, 145]. Bluestone et al. demonstrated that Tregs could
survive for more than 1 year after infusion in 14 patients with T1D; although there were no
significant reactions to infusion, from an efficacy standpoint there was no significant improve-
ment in C-peptide levels and HbAlc [144]. In another study of 12 children with T1D, adoptive
transfer of Tregs led to significant reduction in exogenous insulin needs and improvement
in C-peptide levels. Of note, two children were insulin independent after 12 months [145]. In
chronic graft-versus-host disease (GVHD), adoptive transfer of Tregs ameliorated symptoms
in two out of five patients, while the remaining patients did not show any deterioration after
21 months of follow-up [146]. In another study, where umbilical cord-derived Tregs were used
in 11 patients, there was a significant reduction in the rate of severe acute GVHD, whereas
chronic GVHD at 1 year was 0% in Treg-treated patients and 14% in patients who received
the conventional therapy with immunosuppressives (sirolimus and mycophenolate mofetil)
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[147]. All the aforementioned studies reported a purity of approximately 90%, demonstrat-
ing that this approach is feasible; on the other hand, survival of Tregs in vivo (after infusion)
was limited with a dramatic decline after 14 days from infusion. There are several currently
ongoing clinical trials based on adoptive Treg transfer mainly in solid organ transplantation
[147]. Such therapeutic approaches have not been published yet in lupus patients; one phase I
clinical trial aiming to assess Treg efficacy in cutaneous lupus started in 2015 [148].

5.2. Hematopoietic and mesenchymal stem cell transplantation

Hematopoietic and mesenchymal stem cell transplantation (HSCT and MSCT, respectively)
aim at immune reconstitution after intensive chemotherapy and have been implemented in
cases with refractory autoimmune diseases.

In the context of SLE, HSCT has been shown to induce long-term remission for approximately
5 years in half patients, whereas relapse was usually mild [149, 150]. On the other hand, MSCT
exerts potent immunosuppressive capacity since mesenchymal stem cells do not require MHC
(major histocompatibility complex) restriction for their function [151]. The effects of these ther-
apeutic approaches on Tregs numbers and function have a critical role with respect to their
efficacy. Zhang et al. showed that CD4+CD25"$"FOXP3+ Tregs were reconstituted in levels com-
parable to those of normal individuals after autologous HSCT in 15 SLE patients [152]. In addi-
tion, a novel Tregs subset (CD8+LAPhighCD103"s") was induced and capable of maintaining
remission through TGF- mediated suppression. On the contrary, Szodoray et al. did not find
any significant differences in Tregs numbers (pre- and post-transplant) in 12 patients with vari-
ous systemic autoimmune diseases; only three lupus patients were enrolled in that study [153].

Concerning MSCT, a report on nine patients with refractory SLE showed good safety profile
after 6 years; unfortunately, Tregs were not assessed in this study [154]. Limited case reports
demonstrated a significant increase of peripheral Tregs in three lupus patients; however, clin-
ical remission was not achieved [155, 156]. Of note, mesenchymal stem cells were shown to
increase Tregs in 30 active lupus patients, in a dose-dependent fashion, even after 1 week after
transplantation, and this was sustained for 1 and 3 months after transplant [157]. In the same
study, Th17 cells were accordingly reduced after 3 months.

5.3. IL-2-based approaches

Extensive research on IL-2 and IL-2 receptor (IL-2R) biology has shed light on its critical impor-
tance for the maintenance of immune tolerance by influencing Tregs number and function
[132]. Administration of low doses of IL-2 led to remission and decreased glucocorticoid dose
inlupus patients [158], while it was shown that Tregs expansion (CD4+CD25"8*CD127low) and
a decrease in T effectors/Tregs ratio were the primary mechanism [159]. The same results were
observed in other diseases, such as GVHD and HCV-related vasculitis [160]. Interestingly,
IL-2/anti-IL-2 immunocomplexes were capable of reducing the severity of renal inflammation
in NZB/W F1 mice by inducing CD4+CD25+FOXP3+ Tregs. With regard to proteinuria, this
approach was superior to the combination of glucocorticoids and mycophenolate mofetil, the
current standard of care for LN [161].
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5.4. All-trans retinoic acid (atRA)

This approach has been used in various autoimmune diseases with inconsistent and contra-
dictory results, possibly due to the small sample sizes [162]. Limited data in lupus patients
showed that Tregs could be induced by atRA [163]; however, these results were not confirmed
[164]. In a more recent study, retinoic acid increased Treg numbers (and decreased Th17 cells)
in lupus patients with low levels of vitamin A [165].

5.5. Tolerogenic peptides

The rationale behind the use of tolerogenic peptides in SLE therapeutics is that a dysregulated
immune system can be modified by inducing tolerance against a specific antigen. This is a cru-
cial component of this approach since non-specific tolerance may lead to generalized immune
suppression and secondary immunodeficiency. In this context, such different molecules
(hCDR1, pCons, P140, etc.) have been administered in lupus prone mice with subsequent
expansion of Tregs and suppression of effector cells and pro-inflammatory cytokines [166,
167]. These encouraging results led to the first peptide-based randomized controlled trial in
SLE with 149 patients [168]. Although the effect on Tregs was not assessed, approximately
62% of the peptide-treated patients achieved the primary clinical end-point as compared to
38.6% of the placebo arm (all patients received standard of care therapy).

5.6. Effect of other medications on Tregs

Apart from the aforementioned approaches that implicate Tregs in their mechanism of action,
medications commonly used in SLE patients have been demonstrated to increase their num-
bers and/or restore their function. Several studies have demonstrated a significant Tregs
expansion after treatment with glucocorticoids [121, 122, 169-171]. Moreover, intravenous
methylprednisolone pulses led to a dramatic and sustained increase in CD4+CD25"s"FOXP3+
Tregs numbers, regardless of the initial clinical indication [121]; this was noted even from the
first few days after the pulses [172]. The mechanism by which these medications lead to Treg
proliferation is yet unknown; however, a steroid-mediated up-regulation of FOXP3 has been
described [171].

Immunosuppressive drugs have also been shown to affect Tregs in active SLE. Cyclophosphamide
pulse therapy led to a significant increase in Tregs numbers after the 4th month of administra-
tion, which reflected clinical remission [121], although the effect of concomitant glucocorticoid
treatment may have a role. Similar results were obtained with azathioprine and hydroxychlo-
roquine [121]. Of note, polyclonal intravenous immunoglobulins (IVIGs) also led to Tregs
increase, possibly through up-regulation of FOX3 and intracellular IL-10 and TGF-f3 [173].
Rituximab was demonstrated to enhance the Tregs numbers and function in lupus patients
whereas the increased and sustained FOXP3 mRNA expression was associated with favour-
able outcome [174]. In general, in vivo expansion of Tregs after treatment might be the result of
a change of Th1/Th17 to Th2 balance, which could lead to disease remission and not a direct
drug-specific reaction [121].
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Other medications that are increasingly used in lupus patients and may affect Tregs include
statins. These drugs display multiple beneficial effects in atherosclerosis through different
mechanisms among which immune modulation is critical [175]. Several experiments in ani-
mal models showed that statins increase the numbers and suppressive capacity of Tregs as
well as their accumulation in the atherosclerotic plaque [176]. Atorvastatin, in particular,
exerted similar results in human Tregs [177].

All the pre-mentioned therapeutic interventions are summarized in Table 1.

5.7. Barriers in Tregs-based therapeutic approaches

Although the above-mentioned data are encouraging for SLE patients, several challenges still
exist. The multiple phenotypes that have been used to characterize Tregs in the different stud-
ies have demonstrated that all Tregs are not functionally capable of suppressing autoimmune
responses [160]. In the chronic inflammatory environment of SLE, it cannot be predicted which
regulatory cells are likely to function more beneficially; furthermore, effector cells are more
capable of escaping regulatory mechanisms under these circumstances [106]. Furthermore,
tissue distribution of Tregs, after infusion, is unknown, while their survival and maintenance
of regulatory capacity have not been precisely defined in the context of SLE. Other consider-
ations include technical aspects, such as the purity and cost-effectiveness of these approaches.

Therapy Mechanism Approach Efficacy Notes
Adoptive transfer Increase of Tregs pool ~ Experimental and Moderate High purification rates,
of ex vivo expanded clinical trials in other low Tregs survival
Tregs immune-mediated
diseases
HSCT/MSCT Immune system Limited clinical trials Moderate Inconsistent clinical
reconstitution results
IL-2 Enhanced survival and Limited clinical trials ~ Moderate IL-2/anti-IL-2 complexes
function of Tregs provided favourable
results in LN
Retinoids Induction of Tregs Limited clinical trials ~ Inconsistent ~ Mainly in patients with
low vitamin A
Tolerogenic peptides  Induction of Tregs Experimental studies Moderate Ongoing phase I1I
and one RCT clinical trials
Glucocorticoids Up-regulation of Limited observational ~ Good Rapid induction of Tregs
FOXP3 trials
Immunomodulating Induction of Tregs Limited observational ~ Good Regardless of the
agents trials agent used, probably
an epiphenomenon to
disease remission
Statins Enhanced numbers Experimental and Good Accumulation of Tregs

and function of Tregs

limited observational
trials

in the atherosclerotic
plaques

Table 1. Therapeutic approaches targeting Tregs in SLE.
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6. Conclusion

Most well-designed studies have concluded that Tregs are significantly depleted from the
periphery of active lupus SLE patients and this reduction is in accordance with disease activ-
ity. Moreover, Tregs follow alterations in disease activity (with inverse changes) quite reli-
ably; numeric increase is not drug specific but characterizes disease remission. Their value as
an activity biomarker has been demonstrated and may be helpful in assessing disease status
in controversial circumstances. Their potential to be used for therapeutic purposes, either by
direct adoptive transfer or by approaches aiming to increase their numbers, is quite promis-
ing in the field of SLE.
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Abstract

Systemic lupus erythematosus (SLE) can affect various systems and organs. The most severe
forms of the disease affect the kidneys, the central nervous system, and the heart. Cardiac
and cardiovascular system diseases are inter alia caused by atherosclerosis, vasculitis, and
thromboembolic events. Patients with SLE are at a higher risk of developing accelerated
atherosclerosis. This process in SLE patients cannot be explained solely based on classical
risk factors. Recently, some adipocytokines/adipokines have been indicated in the develop-
ment of atherosclerosis, inflammation, and immune processes. It has also been postulated
that adipokines might regulate the immune response and hence the atherogenic process. In
this work, the factors contributing to accelerated atherosclerosis in SLE patients with special
respect to vasculitis/vascular injury are presented, and selected adipocytokines, that is leptin,
resistin, and adiponectin, with their relation to atherosclerosis and SLE, are under discussion.

Keywords: systemic lupus erythematosus, pathogenesis, atherosclerosis, adipocytokines,
associations

1. Introduction

Systemic lupus erythematosus (SLE) is an organ-nonspecific autoimmune disease, more prev-
alent in young women than in men. It is characterized by periods of varying activity, some-
times even spontaneous remission. However, there can also be life-threatening disease flares,
especially in those patients who undergo incorrect treatment.
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The pathogenesis of SLE involves different factors and generally speaking, complex gene-
environment interactions [1, 2]. More specifically, abnormal lymphocyte count (T-helper/T-
suppressor cell quotient) and defects in T- and B-lymphocyte functions should be emphasized.
Ineffective clearance of apoptotic cells [3, 4] and of immune complexes containing host auto-
antigens and autoantibodies may also play a role in the development of SLE. Host lipids may
contribute to the formation of immune complexes leading to the production of anticardiolipin
antibodies [5]. Extracellular DNA molecules generated from apoptotic cells may also contrib-
ute to SLE as they promote the origin of anti-DNA autoantibodies, which are characteristic of
the disease [6-8]. It should be noted though that the cause of SLE is not fully known.

As already mentioned, SLE is an organ-non-specific autoimmune disease that can affect almost
any organ or system; the most severe forms affect the kidneys, the central nervous system,
and the heart. Cardiac and cardiovascular system involvement may result from atherosclero-
sis, vasculitis, and thromboembolic lesions that are known to be interrelated processes [9, 10].

Although SLE patients constitute a small proportion of the population dying from cardio-
vascular events, they tend to suffer from cardiovascular complications at a young age [11].
Previous studies on SLE-related mortality revealed that early deaths were associated with
disease activity and infections, whereas late deaths frequently resulted from atherosclerotic
disease [12, 13]. It is noteworthy that these patients often suffer from accelerated atheroscle-
rosis, which is associated inter alia with lipid disturbances, vasculitis, and vascular injury.
The latter result from the activity of autoantibodies and immune complexes, which, via the
activation of the complement system, lead to autoimmune inflammation of the vascular wall.
Long-term side effects of lupus medications may also contribute to the development of car-
diovascular disease (CVD) [4, 7, 11, 14, 15].

2. Factors contributing to accelerated atherosclerosis in patients with SLE
with special respect to vasculitis/vascular injury

Patients in early stages of SLE rarely exhibit cardiac manifestations. Nevertheless, in over 50%
of severe cases, the heart is affected, and the patients suffer from pericarditis, myocarditis,
Libman-Sacks endocarditis, pulmonary hypertension, and coronary artery disease (CAD)—
the development of which is related to autoimmune processes characteristic of SLE [16].

Among CVD diagnosed in SLE patients, particular attention should be paid to angiopathy,
which is due to a chronic inflammatory process within the vascular wall and underlies prema-
ture atherosclerosis [17-20]. Atherosclerosis is a progressive disease resulting from a multitude
of factors, including altered composition of the extracellular matrix and activation of vascular
smooth muscle cells in the arterial walls, which leads to atherosclerotic plaque formation.

Due to modern immunosuppressive therapy, prognosis in SLE patients has markedly improved.
However, arterial disease (including CAD) and strokes still account for a large proportion of
SLE-related morbidity and mortality, while their pathogenesis has not been fully elucidated
[21]. It has been estimated that the incidence of acute coronary syndromes is 50-fold higher



Accelerated Atherosclerosis in Patients with Systemic Lupus Erythematosus and the Role of Selected Adipocytokines...
http://dx.doi.org/10.5772/68016

in patients with SLE compared to the control [19, 22-25], while the CAD mortality rate ranges
from 3.5 to 15.7% [26]. It should be noted that diagnostic imaging revealed subclinical athero-
sclerosis in 30-52% of SLE patients [24, 25, 27, 28].

The mechanisms of accelerated atherosclerosis in SLE patients are not fully understood and
remain controversial. Its development cannot be accounted for based on traditional risk fac-
tors such as age, male sex, arterial hypertension, abnormalities in serum lipids, smoking,
diabetes mellitus, obesity, and abnormal results of laboratory tests including high levels of
C-reactive protein (CPR), fibrinogen, and homocysteine [4, 11, 29-34]. Other causative factors
that might promote accelerated atherosclerosis should also be considered [35].

It has been suggested that atherosclerosis could be caused by an immune reaction against
autoantigens at the endothelial level, which include oxidized low-density lipoprotein (LDL)
and heat shock proteins (HSP) 60/65. Endothelial dysfunction plays a key role. It has also been
speculated that immune mechanisms might be responsible for conversion of stable to instable
plaque with resultant rupture [36].

Thus, it is not surprising that several autoimmune diseases, for example, SLE and antiphos-
pholipid syndrome, are considered to raise the risk of CAD [37]; nevertheless, the precise
mechanism is yet to be defined [38]. Multiple researchers believe that atherosclerosis is asso-
ciated with immune responses [37, 39, 40]; it should be emphasized though that considering
atherosclerosis as a solely autoimmune condition would be an oversimplification since meta-
bolic disorders and hemodynamic factors are also involved in its development [41].

Although there is a lot of evidence that inflammation plays a central role in atherosclerosis, its
pathogenesis is also associated with other risk factors often connected with SLE, that is arterial
hypertension (especially renal hypertension), prolonged exposure to high doses of glucocorti-
coids (which, apart from having a beneficial anti-inflammatory action, also influence blood pres-
sure and glucose metabolism), lupus-associated antiphospholipid syndrome, diabetes mellitus,
and hypercholesterolemia [23, 25]. It should be noted that a regimen of < 10 mg prednisone daily
is considered safe in this respect [25]; however, the problem of metabolic disorders seen in SLE
patients and its relation to glucocorticoid doses has not been satisfactorily elucidated. Contrary
to steroids, antimalarial drugs used in SLE patients have a beneficial effect on their lipid profile.

Patients with SLE also exhibit other metabolic disturbances that may promote accelerated ath-
erosclerosis and accelerated CAD. These include hypertriglyceridemia, high homocysteine
levels, and early menopause [25].

The multifactorial etiology of atherosclerosis makes it difficult to unambiguously determine
why SLE patients develop atherosclerotic lesions earlier in life and more frequently than the
general population. Researchers are often confronted with inconsistent results [23, 42]; hence,
it has been suggested SLE might be considered an independent risk factor for atherosclerosis
including CAD [24, 43-45] and CVD [23].

The factors underlying the atherosclerotic process undoubtedly comprise pro-inflammatory cyto-
kines, antiphospholipid antibodies, antiendothelial cell antibodies (AECAs), and antineutrophil
cytoplasmic antibodies (ANCAs), all acting directly on blood vessels or forming deposits of
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immune complexes. Monocyte chemotactic protein-1 (MCP-1) [7] is also involved; its higher con-
centrations were revealed in the blood of our study participants with mild-to-moderate SLE [46].
Other researchers investigated the relationships between atherosclerotic plaques in the carotid
arteries, antiphospholipid antibodies, and peripheral blood leukocyte count, an established indi-
cator of inflammation [25]. There is also a spectrum of vascular abnormalities in SLE, resulting
from adverse effects of several drugs or induced by infections, etc. [15].

It is important to note that vascular injury may develop not only due to an inflammatory
condition but also as a result of non-inflammatory factors including environmental influences
(toxicity, medication, or micro-organisms), neoplastic process, etc. [14]. Vascular disease in
SLE patients can occur due to a combination of different pathological processes, for exam-
ple, atherosclerosis, clotting disorders, and systemic vasculitis associated with vascular wall
injury (especially endothelial dysfunction), caused by an autoimmune process [24, 28].

SLE patients most typically exhibit cutaneous vasculitis; systemic vasculitis develops in 10-18%
of these patients and, as a life-threatening condition, may require aggressive therapy [14, 15].

Recently, it has been suggested that adipokines might play a causative role in the develop-
ment of atherosclerosis, inflammatory, and immune processes [47]. These factors, secreted by
the white adipose tissue, have autocrine-like actions, locally affecting adipocyte biology. They
also act as endocrine factors that regulate systemic processes, for example, food intake, insu-
lin sensitivity, bone growth and energy homeostasis, and affect development of obesity and
metabolic syndrome [40, 48]. Adipokines have been indicated in the link between immune
response and atherosclerotic process [49].

Since patients with SLE develop metabolic syndrome, insulin resistance, dyslipidemia, or
hypertension more frequently than the general population [50-54], the interest in the adipose
tissue is justified in the group of rheumatic diseases [55, 56]. Identification of mechanisms
common to inflammation and CVD might be of considerable interest especially in the context
SLE, which is, potentially, a model disease for gaining a deeper insight into such mechanisms
[13]. Generally, the relationship of adipokines to inflammation and coronary atherosclerosis
in patients with SLE has not been fully elucidated [57]; for example, it has not been deter-
mined whether adiponectin concentrations in SLE result from metabolic disorders or inflam-
matory processes and nor has it been determined whether adipokine abnormalities associated
with connective tissue diseases contribute to disease development or are caused by inflamma-
tion induced by other pro-inflammatory factors [58].

3. Adipocytokines and their relation to atherosclerosis and systemic
lupus erythematosus

White adipose tissue is a loose connective tissue composed of adipocytes and also containing
adipocyte precursors, immune system cells fibroblasts, and other cell types [59]. Previously,
this tissue had been considered an energy store (triglycerides) but now it is known to pro-
duce a number of biologically active substances that act at autocrine, paracrine, and endocrine
levels. They regulate homeostasis through regulation of food intake, energy balance, lipid,
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and carbohydrate metabolism. They also modulate the insulin effects, angiogenesis, and vas-
cular remodeling, regulate arterial pressure, affect inflammatory processes as well as associ-
ated immune response, and have metabolic effects including an impact on the development of
atherosclerosis [47, 50, 57, 59-63]. Since the structure of these substances resembles that of the
cytokine family, they have been referred to as adipocytokines or adipokines [60]. Their mul-
tifunctionality underlies the relationship between white adipose tissue, metabolic disorders,
and autoimmune diseases [59]. Actions of selected adipokines are summarized in Table 1.

The role of adipokines in atherosclerosis deserves particular attention as they modulate
inflammatory processes and initiate its development [60]. Adipokines may constitute a link
between impaired insulin sensitivity, obesity, chronic inflammation, and atherosclerosis in
patients with SLE [57, 64]. It has been speculated that altered serum/plasma levels of adipo-
kines in SLE might be related to coronary atherosclerosis, insulin resistance, and the inflam-
matory process [57]; however, these correlations need to be further explored and documented
[65]. A deep insight into the mechanisms of adipokine actions would help develop new thera-
pies—also for autoimmune disorders [58, 66].

It is assumed that resistin or leptin have pro-inflammatory and proatherosclerotic effects; they
have also been implicated in insulin resistance [57, 67]. Conversely, adiponectin has an inverse
association with inflammatory states, atherosclerosis, and insulin resistance [68]; hence, indepen-
dent of traditional risk factors, low level of adiponectin might also contribute to the development
of the abovementioned diseases [57, 69]. However, other studies did not confirm these causative
associations [69-71] with respect to total adiponectin levels but only to some adiponectin iso-
forms determined in the serum [69]. The reported research results are therefore inconsistent.

Resistin plays an important role in the inflammatory process, but its amount in adipocytes is
quite small. Greater resistin concentrations have been found in adipose tissue monocytes and
macrophages and peripheral blood monocytes [72, 73]. It is also present in neutrophils and
is capable of inducing the production of IL-6 and TNFa [42, 74-76]. These facts may indicate
pro-inflammatory properties of resistin [73]. Patients with severe inflammatory disease exhibit
significant increases in plasma resistin [77]. It is also noteworthy that endothelial cells exhibit
sensitivity to resistin.

Resistin Adiponectin Leptin

Obesity Obesity Insulin resistance

Type 2 diabetes mellitus Rheumatoid arthritis Rheumatoid arthritis

Sleep apnea Degenerative joint disease Degenerative joint disease
Chronic kidney disease Diabetes mellitus Hepatitis

Atherosclerosis Liver damage Inflammatory bowel disease
Arthritis Cardiovascular disease Sepsis

Nonalcoholic fatty liver disease Encephalomyelitis

Cardiovascular disease

Table 1. Relationships between selected adipokines and disease processes in humans.
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Although the role of resistin in SLE has not been fully determined [57, 58], its concentra-
tions in the peripheral blood of SLE patients are elevated and have been found to correlate
with inflammatory markers, glomerular filtration rate, and glucocorticoid therapy [75, 78].
However, other studies did not reveal significant differences in serum resistin between
patients with SLE and control participants [78]. Hence, reports on resistin levels in SLE
patients are not consistent and its role remains to be elucidated.

It has been argued that resistin concentrations might be predictive of coronary atheroscle-
rosis, acute coronary events, and associated mortality [74, 78, 79]. It has been hypothesized
that resistin secreted from macrophages in atheromas could affect vascular cell function and
promote atherosclerosis [80]. Furthermore, it has been suggested that the levels of serum
resistin might help determine the severity of myocardial ischemia [81], and its reduction
could possibly reduce the risk for CVD [47]. It has also been speculated that this adipokine
is more related to the inflammatory process and atherosclerosis than to obesity and insulin
resistance [47].

Plasma leptin is known to be proportional to the total amount of adipose tissue, and
therefore it is directly related to obesity and associated CVDs including atherosclerosis.
Leptin exerts its atherogenic effects via induction of endothelial dysfunction, stimulation
of inflammatory response, oxidative stress, platelet aggregation, migration, hypertrophy,
and proliferation of vascular smooth muscle cells [82]. It regulates blood pressure and
this is probably independent of body adiposity [83]. Plasma leptin concentration corre-
lates with markers of subclinical atherosclerosis such as extracranial carotid intima-media
thickness and coronary artery calcification. Beltowski [82] speculates that inhibition of
leptin activity might slow down the progression of atherosclerosis in obese individuals
with hyperleptinemia.

There are also data on the involvement of leptin in the immune response [77] and its modu-
latory effect on monocytes/macrophages, neutrophils, basophils, eosinophils, natural killer
cells (NK), and dendritic cells [63, 84]. It has also been indicated in lymphocyte reactivity [85].
As already mentioned, leptin is considered a pro-inflammatory adipokine; therefore, changes
in its plasma levels observed in SLE patients are not surprising. Leptin modulates the cardio-
vascular risk in these patients [86], and several authors have suggested that the adipokine
might act as an independent risk factor for CVD [68].

Patients with SLE had higher plasma leptin compared to the control [49, 57, 87, 88], but clini-
cal relevance of leptin level changes in autoimmune disorders remains unclear [87]. Several
researchers believe that leptin is involved in the pathogenesis thereof [88, 89]. The evalua-
tion of leptin concentrations in SLE patients with correction for BMI (body mass index) also
revealed higher levels in the study group [42]. However, other authors concluded that leptin
levels in SLE patients were lower or comparable to those found in healthy controls [90, 91].

Adiponectin, the major product of adipocytes, functions as an autocrine/paracrine factor
within the adipose tissue and exerts endocrine effects on distant tissues thus influencing
whole-body metabolism [92].
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The role of adiponectin in SLE remains controversial. Several researchers observed an
increase in adiponectin concentration in SLE patients [57, 91], while others did not find dif-
ferences compared to the control [50, 58]. However, plasma adiponectin levels tend to be
higher in patients with renal SLE in comparison to healthy controls and patients with non-
renal SLE [93].

Although the role of adiponectin in SLE pathogenesis has not been fully elucidated [86],
higher local and/or systemic concentrations of this adipokine have been noted in chronic
inflammatory conditions including SLE [94]. Nevertheless, processes leading to adiponec-
tin levels elevation in chronic inflammatory/autoimmune diseases are still to be clarified
[94].

The significance of adiponectin in atherosclerosis also needs clarification [72]. It was postu-
lated that the anti-inflammatory effects of adiponectin were associated with the inhibition
of pro-inflammatory cytokines, decreased leukocyte adhesion, and enhanced production of
anti-inflammatory cytokines [95]. Adiponectin mediates inhibition of macrophage phago-
cytosis and decreases the production of IL-6 and TNF. It strongly inhibits B-lymphopoiesis,
reduces T-lymphocyte response, and induces the production of anti-inflammatory agents
(e.g., IL-10) in human monocytes, macrophages, and dendritic cells [62, 63]. Adiponectin
also suppresses monocyte adhesion to endothelial cells as well as migration and prolifera-
tion of smooth muscle cells [30]. Hence, it may exert a beneficial effect in the metabolic
syndrome and coronary heart disease. Low adiponectin concentrations have been found to
enhance insulin resistance and the risk for coronary heart disease. It is noteworthy, though,
that, contrary to its protective role with respect to obesity and vascular disease, adiponectin
seems to have pro-inflammatory effects in joint diseases [58, 62, 63].

Summing up, it should be noted that metabolic disorders frequently seen in patients with SLE
might result from the disease itself or genetic influences/long-term treatment. Patients with
SLE also tend to more frequently develop a classic metabolic disease, that is obesity, which
is associated with chronic, although not severe, inflammatory conditions. The latter has an
impact on insulin resistance-related type 2 diabetes as well as on atherosclerosis and ischemic
heart disease.
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Abstract

Osteonecrosis and osteoporosis are frequent adverse effects of glucocorticoid therapy
of systemic lupus erythematosus (SLE). Idiopathic osteonecrosis (ION) of the femoral
head occurs in 3-40% of patients receiving glucocorticoid, and can also develop in other
bones. Higher doses of glucocorticoid and steroid pulse therapy are considered to be risk
factors for ION of the femoral head. To analyze these risk factors, it seems important to
detect early changes in the femoral head by magnetic resonance imaging and to monitor
early clinical events attributable to steroid therapy. Prophylaxis with statins and warfa-
rin remains debatable. The use of glucocorticoid is increase the risk of bone fractures.
Bisphosphonate (BP) is used for its prevention and treatment of osteoporosis. Atypical
femoral fracture (AFF) has been recently recognized as a complication associated with
BP use. AFF is considered to be a form of stress fracture; localized periosteal thickening
of the lateral cortex is often present at the fracture site. The thickening has been recently
recognized as a complication associated with the use of antiresorptive agents such as
BP and denosumab. As long-term BP/glucocorticoid use is a risk factor for beaking in
patients with SLE , temporary withdrawal of BP administration should be considered.

Keywords: systemic lupus erythematosus, glucocorticoid, osteonecrosis, bisphosphonate,

atypical femoral fracture

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic, inflammatory, systemic autoimmune disease
of unknown etiology characterized by production of antinuclear autoantibodies. It mainly
affects young women and shows a broad spectrum of manifestations such as general fatigue,
skin rash, fever, and arthritis and disorders involving the kidney, heart, and central nervous
system. These organ involvements occur in patients with severer disease status and indicate
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a poor prognosis. Glucocorticoid has been used as a first-line therapy for SLE. Glucocorticoid
exerts strong anti-inflammatory effects and is widely used for the treatment of uncontrolled
disease activity in patients with SLE, such as central nervous system lupus (CNS), severe
lupus nephritis, and other life-threatening conditions [1]. Glucocorticoid therapy is success-
ful in most cases when high doses are employed, and as a result the prognosis of the SLE has
improved remarkably. On the other hand, as glucocorticoid has adverse side effects on many
organ systems, only the minimum effective dose is used for treatment. For example, skin thin-
ning and purpura are commonly observed, and the risk of both cataracts and glaucoma is
increased. Glucocorticoid use is associated with an increased risk of ischemic heart disease and
heart failure, and also an increased risk of gastritis, gastric ulcer, and gastrointestinal bleeding.
In the musculoskeletal system, osteoporosis is one of the more serious adverse effects of gluco-
corticoid [2], and osteonecrosis is also a significant problem [3]. Bisphosphonate (BP) is a key
drug used for prevention and treatment of osteoporosis. The risk of osteonecrosis caused by
glucocorticoid is higher in patients with SLE. Glucocorticoid causes a dose-dependent, mild
increase in the fasting glucose level and a greater increase in postprandial hyperglycemia in
patients without preexisting diabetes mellitus (DM), whereas it worsens control of the blood
glucose level in patients with DM. The adverse effect of glucocorticoid on atherosclerotic
vascular disease is thought to be mediated in part by elevated levels of nonfunctional lipo-
protein. In patients with SLE, the adverse effects of glucocorticoid on lipid profiles are dose-
dependent, occurring only at prednisone doses exceeding 10 mg/day. Systemic glucocorticoid
also has many effects on both innate and acquired immunity, resulting in a dose-dependent
increase in the risk of infection, especially with common bacterial, viral, and fungal pathogens
[4]. Conventional immunosuppressive agents such as mycophenolate mofetil, azathioprine,
and cyclophosphamide are also widely used in the management of SLE, and current treat-
ment regimens optimize the use of these agents while minimizing their potential toxicity [5].
Tacrolimus may be particularly useful as adjunctive therapy in patients with persistent pro-
teinuria despite other therapies, and in the management of lupus nephritis in pregnancy. The
advent of biological agents has advanced the treatment of SLE, particularly in patients with
refractory disease. The CD20 monoclonal antibody rituximab and the anti-BLyS agent belim-
umab are widely used in clinical practice. The prognosis of SLE has improved markedly, and
long-term survival has increased. Prior to 1955, fewer than 50% of patients survived 5 years
after diagnosis whereas now, 10-year survival exceeds 90% [6 ]. Our recent data have also con-
firmed that the 5-year survival rates of patients diagnosed as having SLE before 1970, between
1970 and 1979, between 1980 and 1989, between 1990 and 1999, and after 2000 were 71.4, 83.1,
94.5, 93.4, and 96.4%, respectively. Previously, the causes of death in patients with SLE were
mainly infection and renal disease, but recently atherosclerotic cardiovascular disease emerg-
ing in the long term has become a focus of concern. Musculoskeletal conditions that impair
the quality of life have also become problematic, including osteonecrosis and atypical femoral
fracture (AFF). Here we discuss osteonecrosis and AFF in patients with SLE.

2. Incidence, etiology, and pathogenesis

Idiopathic osteonecrosis (ION) of the femoral head occurs frequently (3-40%) in patients
receiving glucocorticoid for underlying conditions such as nephrotic syndrome and renal
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transplantation [7-10]. It is also known to occur as one of the serious complications of glu-
cocorticoid treatment of SLE. Among several factors related to ION, glucocorticoid therapy is
considered to be one of essential importance [3]. There have been a lot of reports of ION onset
in SLE patients to date, but the exact incidence of ION in this group is unknown. The etiol-
ogy or pathogenesis of this disorder has not been fully clarified, and no prophylaxis has been
established to date. The risk of ION in SLE patients is considered to be due to both the SLE
itself and the concomitant use of glucocorticoid because, in occasional cases, ION has been
noted in the absence of glucocorticoid therapy [3]. In addition, the risk of developing ION has
been linked to numerous factors such as glucocorticoid use, alcohol consumption, cigarette
smoking, and several rheumatic diseases including SLE. Although the pathogenesis remains
unclear, involvement of lipid metabolism abnormality [11], hypercoagulability [12], oxida-
tive stress [13], and vascular endothelial dysfunction [14] has been suggested from basic and
clinical research. Several studies investigating the association of ION with steroid treatment
have yielded conflicting results with regard to the cumulative dosage, maximum dose, route
of administration, and duration of treatment. Glucocorticoid dose and duration seem to be
important factors related to ION, but there is considerable controversy about this issue [3,
15-20]. ION may develop in patients who have received high-dose, short-term, or long-term
steroid. However, in the early phase, the relationship between steroid and ION has yet been
not fully investigated. In our present study, the patients were treated with steroid for the first
time, and our observation period was short. Additionally, the initial dose of prednisolone
(PSL) for treatment of SLE has sometimes been determined according to the patient’s weight
or body surface area (BSA) [21]. Therefore, we investigated the relationship of body mass
index (BMI) [22] and BSA with the initial dose of PSL. We found that the initial dose of PSL,
steroid pulse therapy, BMI, and BSA were not correlated with asymptomatic ION, similar to
the results obtained by Sekiya et al. [23]. Also, we failed to identify any relationship between
BMI, BSA, the initial dose of PSL per unit BW, the initial dose of PSL relative to BMI, or the
initial dose of PSL relative to BSA. None of the factors evaluated were associated with asymp-
tomatic ION. Recent meta-analysis data have shown that the likelihood of ION developing
in patients receiving glucocorticoid at more than 20 mg/day is significantly higher than in
patients receiving less than 20 mg/day. In the early phase, corticosteroid at over 20 mg/day
may trigger ION. In addition, it has been revealed that increasing the steroid dose at the time
of SLE recurrence is a risk factor for development of new ION [24].

3. Timing of osteonecrosis-related ischemia in patients with SLE

Radiographically, at the earliest stage of ION, plain radiographs show normal features,
whereas axial and coronal T1- and T2-weighted MR images show low-density signals in the
femoral head (Figure 1).

From this viewpoint, osteonecrosis associated with renal transplantation can provide impor-
tant information. The band patterns on MRI correspond to repair tissue located between
necrotic and intact areas [25, 26]. Thus, there is a time lag between the occurrence of ischemia
and the appearance of the band pattern. It has been reported that 1 month after internal
fixation of a femoral neck fracture, MRI can reveal band patterns in the femoral head away
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Figure 1. A T1-weighted image demonstrates a ring-like subchondral area of osteonecrosis (white arrow) present in the
femoral head.

from the fracture line [27]. In patients who develop ION after renal transplantation, it is
presumed that intraosseous ischemia occurs earlier than 6-12 weeks postoperatively [28, 29]
when band patterns are observed on T1-weighted MRI. In experimental animal models of
osteonecrosis, it has been shown that intraosseous ischemia occurs quite soon after admin-
istration of large doses of steroid, that is, on the fifth and third day, respectively. The total
dose of steroid administered in the first 2 weeks after renal transplantation is related to ION
development [30]. This suggests the occurrence of an event in the bone that may lead to the
development of ION at a very early stage after steroid administration. The widespread use of
MRI now makes it possible to detect osteonecrotic change in SLE patients soon after admin-
istration of glucocorticoid, thus facilitating early diagnosis. Nagasawa et al. reported that
33% of patients developed ION within 3 months after the start of glucocorticoid treatment
and that symptomatic ION became apparent at 2 years and beyond [31]. Radiographically, a
subchondral radiolucency known as the crescent sign appeared at a late stage in ION, indi-
cating subchondral fracture. However, that study was a multicenter one, and several strate-
gies were selected for treatment of SLE according to the clinical conditions of the patients,
resulting in slight differences among the participating hospitals. Several strategies have been
selected for treatment of SLE in conformity with the clinical conditions of the affected patients,
and there are many differences among hospitals, such as the indications for immunosuppres-
sants. However, for any study performed at a single institution, the strategy of treatment, the
steroid selection, the initial dose of steroid, and concomitant drugs would be more uniform.
In addition, the speed of steroid tapering would also be quite uniform. This would allow bet-
ter clarification of the background factors associated with ION. On the basis of this concept,
we investigated the early development of ION in a cohort of strictly selected SLE patients
using MRI and the early changes in laboratory parameters associated with steroid therapy
[32].

4. Classification of osteonecrosis

Diagnosis of ION of the femoral head relies on the combination of clinical symptoms and
radiographs and/or magnetic resonance imaging (MRI) changes. To evaluate the evolution
of ION of the femoral head, the Ficat (Table 1) [33] and the Association Research Circulation
Osseous (ARCO) classification (Table 2) [34] are generally used to evaluate both imaging
modalities. For comparative purposes, these classifications need to be reliable and uniform
definition to provide sufficient therapy options for the patient.
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Stage Radiographic signs Clinical features
0 Inconspicuous/normal findings 0 (“silent hip”)
I Inconspicuous findings or minor changes +
(slight patchy osteoporosis, blurring of
trabecular pattern, subtle loss of clarity)
ITA Diffuse/focal radiological changes +
(osteoporosis, sclerosis, cysts)
1IB Subchondral fracture (“crescent sign”) +
segmental flattening of femoral head (“out-of-
round appearance”)
111 Broken contour of femoral head, bone ++
sequestrum, joint space normal
v Flattened contour of femoral head, decreased +++
joint space collapse of femoral head, acetabular
osteoarthritic changes
Table 1. Scheme of Ficat classification (1985).
Stage Radiological findings Subclassification
0 Positive: histology negative/normal: -
radiograph/CT/MRI/scintigraphy
I Positive: MRI and/or bone scintigraphy ~ + @
negative/normal: radiograph/CT
I Radiograph: sclerotic, cystic or + @
osteoporotic changes of femoral head
III Radiograph: subchondral fracture + @
(“crescent sign”)
v Radiograph: flattening of femoral head — ++ ®
Vv Radiograph: flattening of femoral head ~— +++ ®
and osteoarthritic changes: decreased
joint space and acetabular changes
VI Complete joint destruction -

Note: (a) Location of femoral head necrosis: (1) medial third, (2) median third, and (3) lateral third. Size of femoral head
necrosis: (A) <15%, (B) 15-30%, (C) >30%.
(b) Intrusion degree of femoral head contour: (A) <2 mm, (B) 2-4 mm, and (C) >4 mm.

Table 2. Scheme of ARCO classification system (1992).

5. Early changes in MRI features and laboratory parameters of SLE

patients

In previous multicenter studies, several strategies were selected for treatment of SLE according
to the clinical conditions of the patients, resulting in slight differences among the participating
hospitals. This allowed us to investigate the very early development of ION at 3 months after
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the start of steroid therapy using MRI imaging to clarify the background factors associated
with ION. We found that the prevalence of asymptomatic ION among our patients was 26.9%,
similar to that described previously [23]. We found no differences in the clinical characteristics
of the patients, such as sex, age, height, and body weight and clinical features. The Systemic
Lupus Erythematosus Disease Activity Index (SLEDALI) is shown to be a valid and reliable measure
of disease activity of SLE patients [35]. The SLEDAI score is assessed using a combination of clini-
cal history, physical examination, organ-specific function test and serological test. Almost all of our
patients showed high or very high disease activity at the time of steroid initiation. However,
the SLEDAI score was not correlated with asymptomatic ION [32]. In SLE, as is the case for
antiphospholipid syndrome (APS), about 30-40% of patients have detectable antiphospholipid
antibodies [36] and a positive lupus anticoagulant test and anticardiolipin antibody are detected
in approximately 10-30% and 20-40% of patients, respectively. The prevalence of a so-called
clinically significant anticardiolipin profile is considered to be about 30-40% [37]. APS antibod-
ies as a prothrombotic factor might predispose to ION by causing microvascular thrombosis.
However, the link between APS antibodies and ION is controversial [38—41]. In our study, there
was no significant association between APS antibody and ION [32]. A Japanese nationwide
study revealed that cigarette smoking was an independent risk factor for ION [42]. However, in
our present study, cigarette smoking was not correlated with ION in SLE patients [32].

6. Serological parameters and ION

Serological activity of SLE was determined on the basis of decreased CH50 and increased
anti-DNA antibodies. We also investigated serological parameters such as C3, C4, CH50, and
anti-ds DNA antibody, as well as renal function parameters such as the serum creatinine
level, estimated glomerular filtration rate, and proteinuria. However, these factors were not
correlated with ION. Thus, both initial serological disease activity and initial renal function, as
the most common forms of organ involvement, did not appear to be correlated with ION [32].
Similar results were obtained in a previous single-center study [23].

7. Lipid levels, statins, and ION

Several studies of ION have indicated the association of lipid. Nagasawa et al. [31] investigated
the rate of increase in serum total cholesterol (TC) levels 1 month after glucocorticoid admin-
istration in patients with new-onset SLE, and found that they were significantly high in the
ION group. It was also found that lipid levels, and the rates of increase in almost all the TC and
triglyceride (TG) parameters, were higher in the group that developed ION. TC levels tended
to be higher than that in the non-ION group, and the maximum levels and increasing rates were
significantly higher, suggesting that a rapid rise in serum lipids soon after an increase in glu-
cocorticoid dose might affect the onset of ION [23]. Our data suggested that the level of TG both
before and after the initiation of steroid therapy was higher in patients with ION [32]. The TG level
before PSL therapy was associated future risk of asymptomatic ION. As the association between TG
before PSL therapy and the initial dose of PSL was not significant, the effect of TG before PSL
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therapy on asymptomatic ION would not have been modified by the initial dose of subsequent
PSL. Several studies have shown that a high TG level is a strong risk factor for stroke and ischemic
heart disease [43—45]. ION is caused by partial or total interruption of blood flow to the femoral
head, and SLE patients thought to develop asymptomatic ION through a similar mechanism.
Additionally, it is well known that steroid therapy induces iatrogenic metabolic syndrome, and
from this point of view, a high TG level is considered to be an important risk factor for asymp-
tomatic ION. Furthermore, the TC level after steroid therapy tended to be higher in patients with
asymptomatic ION. However, the levels of high-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein cholesterol (LDL-C) were not correlated with asymptomatic ION. As
described previously, the TC level after 1 month of steroid treatment was significantly higher
in patients with asymptomatic ION. Our data are similar to those reported previously [46].
In the early phase, lipids—especially TG—play an important role in the development of ION
in patients with SLE. HMG-CoA reductase inhibitors (statins) have been widely used for the
treatment of dyslipidemia as well as for prevention of ischemic heart disease. According to a
chicken model, Wang et al. suggested that lovastatin prevented steroid-induced ION [47], and
a study by Nishida et al. using a rabbit model also revealed that pitavastatin had a similar effect
[48]. In humans, it has been reported that the incidence of osteonecrosis was decreased by 1%
by administration of statins in a study of 284 patients with various disorders (excluding SLE)
who received glucocorticoid treatment [49]. We used pravastatin, pitavastatin, lovastatin, and
atorvastatin for prevention of ION, but no such preventive effect was observed [32]. Until now,
no randomized controlled trial has been reported to successfully prevent steroid-induced ION.
In patients with SLE, treatment with statins alone is insufficient for prevention of ION.

8. Prevention of osteonecrosis

In patients at risk of osteonecrosis, several factors are controllable, and thus prevention is the
best approach. Hyperlipidemia and DM should be managed appropriately and alcohol con-
sumption minimized [42]. Smoking should also be avoided, if possible [50]. The dosage of
glucocorticoid should be minimized as far as possible, as described previously. Statins may
help to protect against osteonecrosis. One database review found that only 1% of 284 patients
developed ION after treatment with statins before glucocorticoid use. In renal transplant
recipients, among 338 patients who were treated with statins, 15 (4.4%) developed ION and
among 2543 patients who were not treated with statins, 180 (7%) patients developed ION
[49]. Antioxidant agents have been shown to inhibit osteonecrosis in animal models [51].
Further accumulation of similar studies is needed to clarify the preventive effect of statins
against SLE-associated ION.

9. Treatment of ION

The management of ION is usually determined by the degree of femoral head involvement.
If the subchondral shell remains intact, there is still a possibility of healing, but if collapse
occurs, healing is impossible. If the necrotic area is small and there are no symptoms, ION
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should be followed up because some cases may spontaneously progress over time. If femo-
ral head ION is diagnosed early, core depression is a commonly used form of prophylac-
tic surgery to prevent the development of arthritis. One study has demonstrated long-term
spontaneous repair of osteonecrotic lesions during low-dose glucocorticoid therapy [52].
Conservative treatment of ION involves limiting the degree of weight-bearing on the hip
joint in conjunction with analgesia. In general, simple observation may be considered for
asymptomatic lesions. Symptomatic lesions will likely progress to collapse, and if observa-
tion is chosen, the next joint-preserving procedure should be considered. Various forms of
medication have been tried. BP is regularly used for prevention of insufficiency fractures,
and several studies have shown that alendronate can reduce pain and slow the progression
of collapse [53-55]. Treatment with BP is effective before subchondral collapse, but after sub-
chondral collapse, the effects of treatment for inhibiting destruction of the femoral head are
limited. Lipid-lowering agents, especially statins, are hypothesized to have a protective effect
against ON. The prevalence of a clinically significant antiphospholipid profile is approxi-
mately 20% in SLE patients, and these antiphospholipid antibodies are believed to contribute
to ION though hypercoagulation. Accordingly, anticoagulation therapy has been tried for
prevention of ION in SLE patients, and warfarin has been modestly beneficial in this respect.
Orne study of 60 SLE patients receiving prednisolone at more than 40 mg/day found that
treatment with warfarin significantly reduced the onset of ION [31]. Among various physical
modalities, extracorporeal shockwave therapy, hyperbaric oxygen, and pulsed electromag-
netic therapy have yielded encouraging results, but further large prospective studies will be
necessary to confirm these effects. Surgical treatments to prevent joint destruction include hip
arthroplasty, core decompression, osteotomy, and vascularized bone grafting. Core decom-
pression is commonly performed as prophylactic surgery for pre-collapse osteonecrosis of the
femoral head. This decreases intramedullary pressure within the femoral head and neck, and
has been postulated to improve blood circulation to the femoral head. Core decompression is
often combined with bone grafting to help regenerate healthy bone and support cartilage at
the hip joint. Bone grafting involves transplantation of healthy bone tissue to an area of the
body where it is needed. Another option that has had some degree of success is harvesting
and in vitro culture of autologous mesenchymal stem cells and their re-implantation into the
core decompression site [56-58]. Long-term studies to confirm the success of this approach
are still underway. Hip arthroplasty is the most commonly performed procedure for postcol-
lapse lesions of the femoral head. Recent mid- and long-term studies have yielded satisfactory
results [59]. Transtrochanteric anterior rotational osteotomy moves the symptomatic portion
of the antero-superior femoral head out of the weight-bearing dome, enabling the normal
posterior aspect of the head to bear weight, thus helping to preserve the joint [60]. These pro-
cedures have yielded favorable success rates, but are associated with a moderate risk of non-
union. Vascularized fibular grafting is a more complex procedure in which a segment of bone
is taken from the fibula of the patient, along with the arterial and venous blood supply. This
is then transplanted into a hole created in the femoral neck and head. Vascularized fibular
grafting has yielded successful outcomes in patients with precollapse lesions and moderate
success in those with postcollapse lesions [61]. Additionally, use of autogenic or allogeneic
cortical bone grafts and cancellous bone grafts has yielded good results for the treatment of
precollapse and/or early precollapse osteonecrotic lesions of the femoral head.
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10. Atypical femoral fracture

Glucocorticoid-induced osteoporosis (GIO) is an important problem in patients with SLE. BP
is a key drug used for prevention and treatment of GIO. Patients with SLE often need to con-
tinue glucocorticoid and BP therapy for a long time, even if they are young. AFF has recently
been recognized as a complication of long-term BP use [62, 63]. AFF is defined as a fracture
located along the femoral diaphysis from just distal to the lesser trochanter to just proximal
to the supracondylar flare, as distinguished from typical femoral fracture which occurs at the
femoral neck or intertrochanteric area and is related to osteoporosis [63]. Diagnosis of AFF
requires the presence of four of five major features (Table 3).

Beaking is one of these features, and is defined as localized periosteal or endosteal thickening
of the lateral cortex at the fracture site. Since cortical thickening at the fracture site charac-
terizes stress fracture, the mechanism of AFF is considered to involve stress [63]. The age-
standardized incidence rates of AFF have been reported to be 16 per 100,000 person-years for
patients treated with BPs over 5 years and 133 for those treated with BPs over 10 years [62],
and AFF occurs much less frequently than osteoporosis-related fractures. However, once it
occurs, it takes much time to heal [64, 65], and the daily life activities of the patient are often
impaired. Risk factors for AFF other than long-term BP use include glucocorticoid therapy
[66, 67], complicating connective tissue disease [67], lateral bowing of the femur [68, 69], a
low level of serum 25-hydroxyvitamin D [66], and female gender [70]. Glucocorticoid ther-
apy has been reported to have an important impact on AFF [66, 67], although no significant

To satisfy the case definition of AFF, the fracture must be located along the femoral diaphysis from just distal to the
lesser trochanter to just proximal to the supracondylar flare.

In addition, at least four of the five major features must be present. None of the minor features is required but have
sometimes been associated with these fractures.

Major features
The fracture is associated with minimal or no trauma, as in a fall from a standing height or less

The fracture line originates at the lateral cortex and is substantially transverse in its orientation, although it may
become oblique as it progresses medially across the femur

Complete fractures extend through both cortices and may be associated with a medial spike; incomplete fractures
involve only the lateral cortex

The fracture is noncomminuted or minimally comminuted

Localized periosteal or endosteal thickening of the lateral cortex is present at the fracture site (“beaking” or “flaring”)
Minor features

Generalized increase in cortical thickness of the femoral diaphyses

Unilateral or bilateral prodromal symptoms such as dull or aching pain in the groin or thigh

Bilateral incomplete or complete femoral diaphysis fractures

Delayed fracture healing

Table 3. ASBMR Task Force 2013 Revised Case Definition of AFFs [63].
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association has yet been proved in several studies [71, 72]. Girgis et al. reviewed 152 femoral
shaft fractures and classified 20 of them as AFF; they concluded that the use of glucocorticoid
therapy for more than 6 months was significantly associated with AFF [66]. In a fracture loca-
tion-, age-, and gender-matched case-control study, Saita et al. reviewed 2238 hip and femoral
shaft fractures and diagnosed 10 of them as AFF, concluding that glucocorticoid therapy and
complicating connective tissue disease were significant risk factors for AFF [67]. We recently
evaluated the incidence of latent femoral beaking (Figure 2), which may precede AFF, in 125
patients with autoimmune diseases [65 (52%) with SLE] taking BP and glucocorticoid [73].

Our data revealed that the incidence of beaking was 8% and increased to 10% over 2 years. A
case of complete AFF from the tip of the beaking occurred in one patient. The risk factors for
beaking were BP therapy for a period of >4 years, age 40-60 years, and presence of diabetes
mellitus [73]. Although few studies have investigated AFF in patients with SLE, the frequency
of beaking in our study was thought to be higher than in conventional reports of AFF, possibly
because all of the patients were taking BP (mean therapy duration 5.1 +2.7 years) and glucocor-
ticoid (mean dose 10.0 + 3.8 mg). Both BP and prolonged glucocorticoid therapy reduce bone
remodeling [64, 74], thus, impairing the healing of microdamage occurring during normal daily
life activities. BP also changes bone plasticity [75], and glucocorticoid therapy leads to a dete-
rioration of bone quality [76]. Thus, a combination of BP and glucocorticoid therapies enhances
microdamage accumulation, producing conditions in which beaking can easily occur. Generally,
lateral bowing of the femur is considered to be a risk factor for AFF. Hyodo et al. indicated that

Figure 2. X-ray of the hip joint showing beaking (white arrow).
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AFF located in the mid femur was significantly related to femoral bowing, whereas AFF in the
proximal femur was related to glucocorticoid use [68]. In our previous study of patients with
autoimmune diseases taking BP and glucocorticoid, the femoral beaking was mostly located at
the subtrochanter, and was not related to lateral bowing of the femur [73]. Therefore, AFF and
beaking in patients taking BP and glucocorticoid may generally occur irrespective of lateral fem-
oral bowing. In order to properly benefit from BP and to minimize the risk of AFF, a BP “drug
holiday” has been proposed. Postmenopausal women treated orally with BP for over 5 years can
be considered for such a break in drug therapy if they have no osteoporotic fractures, their hip
T score is >-2.5 and their fracture risk is not high [62]. For patients with GIO, few studies have
investigated the safety and effectiveness of temporary drug withdrawal, and further studies are
required. Because of the high frequency of beaking in patients taking BP and glucocorticoid [73],
regular femoral X-ray screening for beaking is strongly recommended for AFF prevention, and
once beaking is detected, a BP drug holiday should be considered.

11. Conclusion

SLE is a chronic inflammatory autoimmune disease mainly affecting young women; the mor-
tality has recently been improved by treatments including glucocorticoid therapy. However,
several adverse effects of glucocorticoid may decrease the quality of life. Even though some of
these adverse effects have been overcome recently, AFF and ION are still persistent problems,
and further work needs to be done to alleviate them.
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Abstract

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder with no known
cure. It is characterized by severe and persistent inflammation that damages multiple
organs. To date, treatment and prevention of disease flares have relied on long-term use
of anti-inflammatory drugs where side effects are of particular concern. There is a need
for better understanding of the disease and for better approaches in SLE treatment and
management. In this chapter, we delineate the roles of diet and microbes in the patho-
genesis of SLE.

Keywords: diet, microbiota, lupus, hygiene hypothesis, epigenetics

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disorder with complex genetic and
environmental etiology. It is characterized by severe and persistent inflammation that leads
to tissue damage in multiple organs. The cause is unclear, and there is currently no cure.
Current standard of care treatments for SLE are primarily nonselective immunosuppres-
sants, and not all patients respond to these regimens. Although current therapies can treat
acute symptoms and reduce the risk of renal failure associated with SLE, side effects are a
major cause of concern. Patients taking long-term immunosuppressants are prone to higher
incidence of and more severe infections. There is an imperative need to develop new treat-
ment strategies against SLE, for which a better understanding of disease pathogenesis is
required. In this chapter, we delineate the roles of diet and microbes in the pathogenesis
of SLE.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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2. The hygiene hypothesis

Introduction. Environmental factors are known to impact lupus progression in both human
and mouse. The role of environmental factors in the etiology of SLE is evidenced by the dra-
matic difference in disease incidence between West Africans and African-Americans, both
derived from the same ethnic group but exposed to different environments. In addition, two
remarkable cases of disease amelioration have been reported in SLE patients who had expe-
rienced multiple microbial infections. In lupus-prone mice, infections have also been dem-
onstrated to attenuate lupus-like disease. The mechanisms behind these observations are
unclear, but improvement in hygiene and absence of certain microbes may have contributed
to the higher incidence and faster progression of lupus disease. In this subsection, we will
describe the hygiene hypothesis and its relationship with the pathogenesis of SLE.

SLE and the hygiene hypothesis. Proposed by Strachan [1], the hygiene hypothesis initially
states that the increased incidence of allergies stems from “declining family size, improve-
ments in household amenities, and higher standards of personal cleanliness.” Since then, the
scope of the hypothesis has expanded to cover several autoimmune diseases, including type
1 diabetes (T1D), inflammatory bowel disease and multiple sclerosis. Many infectious agents
have been described to be protective against autoimmunity [2, 3], whereas mouse models
of these autoimmune diseases, such as NOD mice for T1D, are known to develop more pro-
gressive clinical signs in cleaner environments. In the case for SLE, it has been long recog-
nized that lupus-prone mice exhibit different disease courses in different animal facilities,
suggesting an important role for environmental factors in the etiology of SLE. In addition,
the incidence of SLE increased at least threefold in the second half of the twentieth century
[4, 5], which is strongly correlated with the increase in hygiene and the decrease of infections,
particularly those of the gastrointestinal tract [6]. We therefore have recently extended the
hygiene hypothesis to SLE [7].

Protective infectious agents against SLE. The increase in hygiene could reduce infections that are
either pathogenic or protective in SLE. Known triggers of lupus development include parvovirus
B-19 [8], rubella virus [9], Epstein-Barr virus and cytomegalovirus (CMV) [7, 10-15]. Infectious
agents that have been shown to be protective against SLE, on the other hand, include Helicobacter
pylori, hepatitis B virus (HBV), Toxoplasma gondii, malaria parasites such as Plasmodium berghei
and Plasmodium chabaudi and more recently described, helminths. In a large cohort of African-
Americans, H. pylori seronegativity was found to be associated with an increased risk and earlier
onset of SLE [16, 17]. For HBV, only 2.5% of SLE patients were found to be positive for an HBV-
specific antibody, suggesting prior infection, whereas in the general population, >10% of peo-
ple are found positive for the same antibody [9, 18]. Besides human studies, it has been shown
that the infection of T. gondii protects New Zealand Black (NZB)/New Zealand White (NZW)
F1 hybrid (NZB/W F1) lupus-prone mice from developing SLE-like disease, with significantly
decreased mortality, ameliorated lupus nephritis and reduced autoantibodies in the serum [19,
20]. Infections with malaria-causing parasites also protected NZB/W F1 mice from developing
clinical signs of murine lupus [21-24]. In another classical mouse model of SLE, MRL/Mp-Fas'®
(MRL/lpr), helminthic infection and administration of helminth (worm)-derived molecules
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have been recently shown to induce the regulatory functions of the immune system and attenu-
ate SLE-like disease such as glomerulonephritis and development of anti-nuclear antibodies
[25-27]. Similar results have also been obtained in NZB/W F1 mice, although with a different
worm-derived compound [28]. Interestingly, all these protective infectious agents are highly
prevalent in Africa where the incidence of SLE is low. Due to vaccinations and the increase in
hygiene such as higher quality of drinking water, people in North America and Europe are much
less likely to be infected by these agents. Conversely, SLE is of high prevalence in Western devel-
oped countries, especially for people of African descent.

It is most remarkable, however, that multiple infections led to complete amelioration of lupus
disease in two female patients previously diagnosed with the most active form of SLE [20].
Both women were of childbearing age, where pregnancy was found to be a trigger of lupus
flares. In addition, their disease was refractory to all available treatments. Due to drug-induced
immunosuppression, they experienced multiple infections over several months that included
CMV and Staphylococcus aureus, which unfortunately induced sepsis. One patient also expe-
rienced infections of Pseudomonas aeruginosa and Pneumocystis carinii, whereas the other expe-
rienced multiple Escherichia coli urinary tract infections. Both were treated with antivirals
such as ganciclovir and antibiotics such as vancomycin and trimethoprim-sulfamethoxazole.
Remarkably, the course of lupus disease changed dramatically in both women with improved
autoantibody titers. They were reported to be symptom free after 3-5 years of follow-ups, and
one patient even had a normal pregnancy afterwards. While the authors of the reports sug-
gested that the infections had caused the amelioration of SLE symptomes, it is likely that the
combination of infections and antiviral/antibacterial treatments had contributed to the change
in disease course.

Mechanisms of protection. A couple of mechanisms could explain the protective effects of
infectious agents against SLE. The first mechanism is competition. It is likely that the strong
immune responses elicited by infectious agents can compete successfully for homeostatic sig-
nals (cytokines, growth factors, etc.) against the autoimmune response elicited by weaker
autoantigens. The second mechanism is that regulatory cells stimulated by infectious agents
can dampen autoimmune response. For example, type I interferons induced by some infec-
tious agents can induce the generation of IL-10-producing regulatory T cells (Treg or Tr1 cells)
[29, 30] and limit the production of IL-17 from T cells [31], both of which are mechanisms to
suppress autoimmunity. Besides regulatory T cells, anti-inflammatory dendritic cells (DCs)
that produce IL-10 and transforming growth factor f (TGF-f3) and drive T helper (Th)-2
responses can be also induced by parasitic infections [3]. In addition, parasitic infections can
promote IL-4 secretion from basophils and NKT cells, leading to a Th2-biased response to
dampen Th1/Th17-induced autoimmunity [3]. Bacterial products, on the other hand, have
been shown to directly induce IL-10-producing Treg cells [32]. Finally, toll-like receptors
(TLR) appear to mediate the effects of protective infectious agents, which are TLR agonists,
in preventing autoimmunity [6]. It is worth noting that these mechanistic studies were per-
formed with regard to T1D.

Specifically for SLE, several studies have tried to pinpoint the mechanisms by which protec-
tive infectious agents prevent lupus-like disease in mice. In response to T. gondii infection,
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the levels of interferon (IFN)-y and IL-10 decreased in NZB/W F1 mice, suggesting the
repression of disease-facilitating Th1 and Th2 cytokines in the development of lupus-like
nephritis [19]. In addition, alterations of the redox state in kidney and liver tissues may
explain the protective effects of malarial infections against lupus nephritis [21]. A parasite-
derived compound tuftsin-phosphorylcholine, on the other hand, was able to enhance the
expression of TGF-f and IL-10 as well as the expansion of Treg cells in NZB/W F1 mice,
while at the same time inhibiting the expression of IFN-y and IL-17 [28]. This suggests a
shift of the balance between Th1/Th17 and Treg toward a Treg-biased phenotype that may
in turn attenuate lupus-like disease. Moreover, infection of Schistosoma mansoni skewed the
Th1:Th2 balance to a Th2 phenotype in MRL/lpr mice, which significantly changed the
pathophysiology of glomerulonephritis from diffuse proliferative lupus nephritis (more
severe) to membranous lupus nephritis (less severe) [25]. Furthermore, it has been found
that a parasitic worm product ES-62 targets MyD88-dependent effector functions of B cells
(promoting regulatory B cells and inhibiting plasmablast differentiation) to suppress auto-
antibody production and proteinuria in MRL/lpr mice [26, 27]. Altogether, these studies
suggest that infectious agents can protect against the development of SLE by inducing the
regulatory functions of immune cells.

3. Diet and SLE

Introduction. Environmental factors beyond microbial infections contribute to the pathogene-
sis and severity of disease progression in mouse models, as well as lupus patients. Nutritional
components including vitamins, caloric excess or restriction, polyunsaturated fatty acid com-
position, excess sodium intake and exogenous hormone containing compounds all influence
the clinical signs and immune system cellular responses. Nutritional compounds such as
vitamin D, omega-3 fatty acids and conjugated linoleic acid appear to have beneficial effects
on some parameters of lupus, while high levels of vitamin E, omega-6 fatty acids, a mod-
ern “western diet,” and high levels of circulating adipokines may exacerbate disease flares.
Various commonly consumed phytoestrogens exert complex and differential effects, leading
to regulation or exacerbation of SLE clinical signs. Modulating the immune system through
dietary intervention to promote regulation of the immune response may form an adjunctive
treatment to reduce signs of SLE both for maintenance as well as during disease flare-ups,
while decreasing necessary dosages of systemic medications. In this section, we will discuss
the role of diet in the pathogenesis of SLE.

Vitamin A. The three main isoforms of the ubiquitously expressed nuclear retinoic acid recep-
tor (RAR), o, B and v, heterodimerize with the retinoic X receptor (RXR) isoforms. Retinoic
acid binding to these heterodimers leads to promotion of retinoic acid-responsive genes
through retinoic acid response elements (RAREs). The RXR receptors are also associated with
multiple nuclear receptors, including peroxisome proliferator-activated receptor (PPAR) and
vitamin D receptor (VDR). Retinoic acid and 1,25-dihydroxyvitamin D3 (D3), the active hor-
monal metabolite of vitamin D, have been described to potentially antagonize each other’s
effects due to the similar binding patterns of RAR and VDR to RXR [33].



Diet and Microbes in the Pathogenesis of Lupus
http://dx.doi.org/10.5772/68110

Retinoic acid has many roles in the development of both innate and cell-mediated immu-
nity. Exposure of antigen presenting cells (APCs) to retinoic acid is critical for cell develop-
ment and establishment of normal cellular function, leading to an increase in co-stimulatory
molecules and induction of the expression of CD11b, a critical adhesion marker, on murine
splenocytes and human monocytes [34, 35]. Retinoic acid appears to have differential effects
on the induction of immune responses. 9-cis retinoic acid decreases the production of IL-12 in
macrophages. However, when combined with lipopolysaccharide (LPS), it augmented the
production of nitric oxide, leading to promotion of the Th2 phenotype through regulation of
cytokine production by APCs [34, 36, 37].

The development and differentiation of B and T cells are also influenced by the exposure to
retinoic acid. Administration of retinoic acid contributes to increased CD19* B cell numbers in
the bone marrow and spleen, accelerated B cell maturation and increased expression of Pax-5,
a transcription factor promoting early B cell development and expansion [33, 34]. Conversely,
retinoic acid is reported by several groups to decrease mature B cell expansion by arresting
B cells in the G0/G1 phase through increased expression of p27 (Kip1). This restricted prolifer-
ation may be necessary for the increased expression of CD38 leading to increased plasma cell
numbers and production of IgG1 [34, 38—40]. Retinoic acid has also been reported to increase
the proliferation of memory B cells when stimulated with the TLR9 ligand CpG and retinoic
acid. Stimulation of B cells with both molecules led to a threefold increase in immunoglobulin
secretion compared with cells stimulated with CpG alone [34].

Vitamin A deficiency has been associated with a decrease in CD4* T cells, a decrease in the
CD4" to CD8" ratio, decreased splenic germinal center formation, decreased total splenocytes,
as well as splenic and thymus organ mass [41-43]. Deficiency of vitamin A also contributed to
an increase in a Th1-driven immune response, with increased IFN-y and IL-12 and a decrease
in IL-5 and IL-10 production [41]. Administration of retinoic acid contributed to an increase
in CD4:CD8 ratio and the promotion of a Th2-driven immune response with an increase in
IL-5 production, while repressing IFN-y and the Th1 response [37, 44]. The administration
of a single dose of all-trans-retinoic acid in a murine model of lupus nephritis reduced the
disease severity and production of Thl-associated cytokines IL-2 and IFN-y [45]. Another
study in the same NZB/W F1 model of lupus reported prolonged survival with decreases in
total IgG, IgG2a and anti-dsDNA autoantibodies in the serum [46]. A major contribution to
the development of lupus nephritis is the deposition of immunoglobulins and complement
proteins in the glomeruli. Multiple groups have reported the protective effect of retinoic acid
on the development of glomerular disease, leading to decreased proteinuria and glomerular
damage, while maintaining similar levels of IgG and C3 deposition within the glomeruli [47].
Another study reported that retinoic acid inhibits Thl-phenotype-related genes T-bet and
IRF-1, leading to a decrease in Thl-related cytokines and altering the Th1/Th2 balance, skew-
ing toward a type-2 response [48].

Retinoic acid administration to MRL/Ipr mice contributes to the sustained function of natu-
ral T regulatory (Treg) cells and promotes the differentiation of inducible Treg cells in the
peripheral tissues [36]. Enhanced differentiation of T cells to Treg cells was shown in the small
intestine lamina propria, as well as upregulation of gut-homing receptors on Treg cells by the
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binding of retinoic acid [36, 49]. There is discrepancy as to whether DCs or macrophages are
the predominant cell type to induce Treg cell differentiation in the small intestinal lamina pro-
pria, while DCs are known to contribute to Th17 cell differentiation. It has been shown that
human SLE patients exhibit a defective induction of Treg cells through TGF-f induction and
retinoic acid expansion [37]. This impaired induction led to increased numbers of Treg cells
with defective regulatory function abilities, causing the inducible Treg cells to be ineffective
at controlling the autoimmune inflammatory response. The studies described above clearly
show that cells of both the innate and adaptive immune system are regulated by vitamin A/
retinoic acid. Therefore, it is conceivable that vitamin A and its metabolites may have an effect
on patients suffering from SLE.

Vitamin D. Vitamin D3 and its metabolites have been extensively studied and have shown
to influence multiple functions in the body, including the abilities to affect bone density and
strength, and to modulate both the innate and adaptive immune branches. In this chapter,
we will focus on the evidence of vitamin D’s metabolites influence on the human immune
system as it pertains to lupus. Vitamin D3 administration contributes to decreased pro-
inflammatory cytokine production by human monocytes, along with decrease dendritic cell
maturation, while increasing IL-10, impairing the differentiation of T cells into Th1 cells [50].
D3 is also able to decrease the expression of MHC class II, CD40, CD80 and CD86 co-stimula-
tory molecules, decreasing the ability of DCs to present antigens to T and B cells. The ability
of D3 to activate human monocytes and macrophages in vitro led to increased cathelicidin
and IL-1 production [48].

D3 decreases the expression of IL-2, IFN-y and T cell proliferation in vitro, as well as decreas-
ing CD8" cytotoxic activity. It is important in the regulation of many genes, including IL-2
and IFN-y in T cells, through interaction with the vitamin D receptor-RXR heterodimer.
Similar to retinoic acid, D3 inhibits the induction of the Th1-mediated immunity response in
favor of the Th2 phenotype, through enhancing the production of IL-4 and decreasing IFN-
Y- The Th17 cell response is also mitigated by vitamin D through the inhibition of IL-6 and
IL-23 production, leading to the promotion of the Treg cell phenotype through expansion of
Foxp3 [51, 52].

It has not yet been determined if D3 acts directly on B cells to decrease B cell proliferation and
induction of apoptosis. D3 is also associated with decreased plasma cell differentiation and a
subsequent decrease in IgG secretion. In one study, the authors showed that D3 has the ability
to upregulate p27 mRNA; however, pl18 and p21 were not similarly upregulated in human
purified B cells from patients with SLE. The p27 gene is associated with inhibition of the cell
cycle, leading to decreased proliferation in activated human B cells, especially memory B cells
[53].

Mouse models of SLE have shown decreased proteinuria and prolonged survival when sup-
plemented with D3. A commonly used therapy for human SLE patients is the administration
of glucocorticoids to reduce inflammation and to broadly dampen the immune response [54].
Glucocorticoids have been shown to decrease the expression of the vitamin D receptor in
multiple cell types. Conversely, D3 interferes with both glucocorticoid receptor and androgen
receptor responsiveness through reduced receptor expression and impaired translocation to
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the nucleus due to alterations in phosphorylation status [55]. When administered as a medica-
tion, D3 can lead to adverse effects, including hypercalcemia and bone resorption [48].

Though in vitro evidence strongly supports an immune-regulatory role of vitamin D and
its metabolites in the adaptive immune system, there are conflicting reports regarding vita-
min D deficiency in SLE patients and the supportive role of vitamin D supplementation. The
majority of studies describe decreased serum levels of D3 in patients with SLE compared to
healthy patients, which correlated with increased disease activity. The current consensus is
that vitamin D serum levels correlate inversely with disease activity, and vitamin D deficiency
is associated with increased disease activity or severity [51, 56].

Vitamin E. Vitamin E is a potent antioxidant supporting the normal structure and function
of cells by reducing damaging free radical reactive oxygen species (ROS). ROS have been
implicated in tissue damage and an increase in pro-inflammatory cytokine production [57].
These factors support the development of autoimmune and degenerative disease severity.
The preferentially absorbed form of vitamin E is a-tocopherol, which contributes to the nor-
mal function of the immune system in humans and mice. In one study, lowered antioxidant
ability was found to precede the diagnosis of SLE, and oxidative damage was increased prior
to diagnosis of SLE. This suggests that the decreased ability to control oxidative damage is a
potential risk factor for development of SLE [58, 59].

Multiple studies in mouse models of SLE have shown that the dose of vitamin E had differ-
ential effects on the disease. Low-dose a-tocopherol increases the lifespan of NZB/W F1 mice
while decreasing proteinuria, anti-dsDNA autoantibody IgG in the serum, IL-6 and IFN-y
production from splenocytes [60]. In the MRL/lpr mouse model, low-dose administration of
vitamin E increases lifespan and IL-2 production. In contrast, high-dose vitamin E increases
anti-DNA and cardiolipin IgM, as well as IL-4 and IL-10 from activated splenocytes. The
authors conclude that the decreased survival in high-dose groups was due to the imbalance
of Th1/Th2 cytokines, with Th2 cytokines leading to hyperactivation of the B cells in the MRL/
Ipr model [61]. Vitamin E also increases the pro-inflammatory chemokine MIP-1a in MRL/
Ipr mice, which activates granulocytes and promotes pro-inflammatory cytokine production
[62]. A study comparing plasma antioxidant status between healthy patients and patients
diagnosed with SLE showed that SLE patients have impaired plasma antioxidant status as
well as a decreased antioxidant intake. The study was small and did not take into account
dietary restrictions or food intolerance, limiting the ability to draw firm conclusions for a
large set of SLE patients [58]. The above studies demonstrate that the dose of vitamin E is a
critical determinant in amelioration or exacerbation of murine lupus. Response to vitamin E
supplementation in human SLE patients needs to be thoroughly investigated to determine
whether vitamin E supplementation is appropriate.

Omega 3:6 PUFA. Poly-unsaturated fatty acids (PUFAs) have been a popular topic of research
in health due to their wide range of effects that can be exerted on the body. Omega-3 PUFAs
generally have an anti-inflammatory role, lowering the severity of autoimmune disease and
increasing survival in mouse models of SLE. In contrast, diets that are high in saturated fatty
acids and omega-6 PUFAs lead to higher anti-dsDNA antibody, proteinuria and inflamma-
tory cytokines in mice [63, 64]. Mouse survival rates were not measured in these studies.
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Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the main bioactive con-
stituents of omega-3 rich fish oil. SLE patients were shown to have decreased EPA in erythro-
cytes along with a decrease in the EPA to pro-inflammatory arachidonic acid ratio [65]. The
evidence in human studies and clinical trials using omega-3 PUFAs in SLE patients is incon-
clusive at this time, with multiple studies showing no demonstrable effect on SLE disease
activity index or other clinical scores and no effect of omega-3 fatty acids on glucocorticoid
requirements when used as immunosuppressive medication.

In a mouse study using NZB/W F1 female mice, higher on concentrations of EPA and DHA
led to increased lifespan, decreased glomerulonephritis, decreased anti-dsDNA antibodies,
as well as a reduction in pro-inflammatory cytokines IL-1{3, IL-6 and TNFa in splenocytes,
relative to controls. The authors also demonstrated a reduction in nuclear factor-xB (NF-kB)
and p65 nuclear translocation in mice fed higher concentrations of both EPA and DHA [66].
In studies using the MRL/Ipr mouse model, fish oil altered pro-inflammatory chemokine pro-
duction, leading to a decrease in RANTES and MCP-1 from splenocytes [62]. In NZB/W F1
mice, omega-6 PUFAs, conversely, led to an increase in IL-6 and TNFa production as well as
prostaglandin E2 from macrophages, a decrease in TGF-$ mRNA from splenocytes and lower
anti-dsDNA IgG in the serum [67].

There is evidence that n-3 PUFAs remodel the lipid rafts in T cells, which can lead to a
decrease in intracellular signaling through the T cell receptor, as well as binding to multiple
PPARs. Omega-3 PUFAs bind to PPARa in T and B cells, whereas they bind to PPARY in cells
of myeloid lineage, leading to alterations in gene expression. The binding capacity to PPARs
by n-3 and n-6 PUFAs is equal, suggesting that gene modulation between the different fami-
lies is unlikely, though the possibility exists for differences in cellular metabolism of n-3 and
n-6 PUFAs to allow for distinct PPAR activation [65]. In certain instances, the evidence is
contradictory between ex vivo and in vivo studies, and cytokine levels have been shown to be
opposite in mouse models compared to human data [65]. While there is inconclusive evidence
for the anti-inflammatory effects of n-3 PUFAs in human clinical trials, it is still recommended
by some that rheumatic patients supplement their diet with long-chain n-3 PUFA and gamma
linoleic acid [65].

Conjugated linoleic acid. Conjugated linoleic acid (CLA) has been described to provide health
benefits in humans and makes up a group of isomers of linoleic acid. These fatty acids occur
naturally in dairy and beef. CLA is considered to have anti-carcinogenic, anti-atherosclerotic
and immune-enhancing abilities, with respect to lymphocytic cytotoxic function, macrophage
activation and lymphocyte proliferation [68]. The isomer of CLA that demonstrates the stron-
gest anti-inflammatory effect is cis9, frans11-CLA, which accounts for up to 90% of the dietary
CLAv [68].

Supplementation with CLA leads to a reduction in the loss of body mass during end-stage dis-
ease, along with an increase in survival after the onset of proteinuria in the NZB/W F1 mouse
model [69, 70]. In a non-autoimmune mouse model and cell lines, CLA has a profound effect
on macrophage functions. In BALB/c mice, CLA ameliorates LPS-induced body wasting and
anorexia in vivo, decreases the production of nitric oxide from macrophages, and decreases
the serum concentration of TNFa. Splenocytes from BALB/c mice fed the CLA supplement
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also have a lower level of IL-4 production and an increase in IL-2 production after stimulation
with concanavalin A [71]. CLA also decreases macrophage adhesion as well as downregu-
lating multiple atherogenic genes associated with leukocyte adhesion, while inducing the
antagonist IL-1Ra in human umbilical cord vein endothelial cells and the RAW macrophage
cell line [72].

CLA is able to exert immune-modulatory effects on dendritic cells and subsequent differentia-
tion of T cells in mice. DCs produce multiple cytokines after activation and express MHC Il on
the cell surface to facilitate interactions with T cells and B cells. Exposure of DCs to CLA led
to a decrease in IL-12 and an increase in IL-10 production, along with decreased migration
to the lymph nodes [73]. CLA decreased the expression of MHC II and costimulatory mol-
ecules CD80 and CD86 on the surface of DCs, reducing the DC’s ability to trigger T cell and
B cells responses [74]. When exposed to LPS stimulation in mice fed a CLA rich diet, serum
levels of IFN-vy, IL-1p and IL-12p40 were decreased [75]. CLA decreases the ability of DCs to
induce the T helper cell differentiation into Th1 and Th17 cells, as well as directly suppress-
ing the production of IL-17 and IL-2 by Th17 cells [74]. The mechanism for CLA influencing
the DC response after activation with LPS was shown to be through suppression of both
NF-kB and IRF3 downstream of TLR4 [75]. The immune-modulatory effects have been well
described in mouse models, though data for the effects of CLA in human SLE patients are
lacking at this time.

Western diet and obesity. Considerable attention has recently been given to the attributes
of dietary components that make up the typical diet in the developed countries, termed the
“western diet.” These factors include high-fat, high-protein, high-sugar and high-salt, as well
as consumption of a large portion of processed foods. These nutritional components pro-
mote obesity, metabolic syndrome and cardiovascular disease. In addition, a recent study
has shown the role of the “western diet” in promotion of autoimmune disorders [76]. White
adipose tissue is now considered to be a major endocrine organ, secreting more than 50 adi-
pokines including leptin, adiponectin, resistin and visfatin, along with pro-inflammatory
cytokines IL-6 and TNFa [76, 77]. Excess white adipose tissue drives a low-level steady state
inflammation, which may contribute to various autoimmune and inflammatory-mediated
diseases.

The connection between obesity and the development of SLE is complex, and contradic-
tory information exists among studies. There was no correlation found in Danish women
between obesity and the incidence of SLE after 11 years [77, 78]. This cohort study had mul-
tiple limitations, such as reliance on survey questionnaires regarding pre-pregnancy weights
and diagnoses, potential socio-economic bias with women of lower socioeconomic status
being underrepresented in the Danish National Birth Cohort, and the confounding factor of
pregnancy and childbirth during the study, which do not allow for conclusions to be drawn
regarding the link between obesity and SLE [78]. Childhood obesity rates correlated posi-
tively with incidence of childhood-onset SLE. The adipokine leptin has been extensively stud-
ied and exerts multiple effects on the body [79]. Leptin promotes satiety and stimulation of
energy expenditure, by acting on the hypothalamic nuclei, as well as contributing to fertility,
bone metabolism and having a profound effect on the immune system. Lack of leptin, due to

199



200

Lupus

starvation, testosterone or glucocorticoids, can lead to immunosuppression, while upregula-
tion of leptin by inflammatory cytokines or female sex hormones, 173-estradiol and proges-
terone, can lead to inflammation [79]. Leptin can induce the production of IL-6, IL-12 and
TNFa pro-inflammatory cytokines from macrophages, while stimulating the proliferation
of naive T cells and promoting a Th1l immune response. Leptin inhibits the production of
Th2 cytokines IL-4 and IL-10, along with inhibiting T regulatory cell proliferation [80]. The
formation of a pro-inflammatory state through increased leptin levels may contribute to auto-
immune disease development.

Leptin is commonly elevated in obese patients as well as SLE patients, which contributes
to the survival of autoreactive T cells, and a decrease in the functional T regulatory cells,
while promoting the proliferation of Th17 cells in a mouse model of SLE [81, 82]. Circulating
serum leptin levels as well as leptin secretion have been shown to be higher in females com-
pared to males, both in obese and non-obese subjects. The sex difference in leptin secretion
may be a contributing factor in the development of female-predominant SLE. Leptin defi-
ciency in murine models of SLE has led to decreased anti-dsDNA and a decrease in severity
of SLE symptoms [83, 84]. The increased level of circulating leptin may also contribute to the
exacerbation of cardiovascular damage in some SLE patients [85, 86]. Adiponectin deficiency
was correlated with an increase in SLE disease severity [87, 88]; however, another study found
increased levels of adiponectin in the serum and urine of human patient with lupus nephritis
[89]. Little information is available regarding other adipokines and their involvement with
SLE development.

Obesity is correlated with a predisposition to metabolic syndrome, with increased rates of
hypertension, dyslipidemia and atherosclerosis, as well as subsequent cardiovascular disease.
Atherosclerosis and cardiovascular disease are highly prevalent in patients with SLE, and a
significant number of patient deaths occur due to cardiovascular disease, while obesity has
been linked to worsening renal disease and cardiovascular disease in patients suffering from
SLE [77]. High levels of inflammatory markers and elevated leptin concentrations found in
SLE patients, and mice have been correlated with decreased cognitive function, increased
renal damage and increased cardiovascular risks [90, 91].

Diets high in salt (sodium chloride) are found in multiple regions throughout the world, mainly
in developed countries where processed foods and “fast food” are prevalent. Excess sodium
intake has been attributed to cardiovascular disease and hypertension, as well as stroke, and is
now being studied in the development of autoimmune diseases [76]. T cells in a hyperosmotic
environment show an increase in p38/MAPK as well as transcription factor NFATS5, leading to
an altered cellular response [92]. Sodium can be stored in the human body in various tissues,
leading to hyper-osmotic environments in multiple tissues during high-dietary salt intake.
Human and murine T cells were investigated under high salt conditions in vivo that led to
the promotion of Th17 differentiation in vitro [93]. High salt intake has been associated with
a decrease in glucocorticoid therapy response in a study of 260 Chinese SLE patients treated
with prednisone and followed for 12 weeks [94]. Further studies need to be performed to deter-
mine the mechanism for hyperosmotic conditions to promote the highly pro-inflammatory
Th17 cell differentiation.
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Phytoestrogens. Endogenously produced estrogen contributes significantly to the develop-
ment of SLE and disease progression. Estrogen is able to suppress IL-2, enhancing the effect
of autoantigens. 17B-estradiol implants led to an increase in IFN-y, nitric oxide and a range
of cytokines and chemokines in murine splenocytes [95]. The estrogen receptors on cells com-
prise two subtypes, a and B. Estrogen receptor-a (ERa) mRNA was increased in the periph-
eral blood mononuclear cells of SLE patients, while estrogen receptor- (ERP) was decreased.
ERa was shown to be predominantly pro-inflammatory in a mouse model of SLE, leading
to increased proteinuria and decreased survival time when activated, while ER(3 showed an
immunosuppressive phenotype by decreased autoantibody anti-DNA IgG2 [96, 97].

Phytoestrogens are plant compounds that exert an estrogenic or an anti-estrogenic effect on
the human body through interaction with both estrogen receptor a and 3, with a preferential
binding to ERB [97]. Phytoestrogens can also block the binding of more potent estrogenic
compounds to the ER and regulate target genes. Many types of phytoestrogens are found nat-
urally, with soy-based phytoestrogens, isoflavones, present in many of the foods consumed
in industrialized societies. Due to the ubiquity of phytoestrogens in normal diets, controlled
human trials are lacking with regard to the specific effects of phytoestrogens on SLE dis-
ease development. Data from mouse experiments involving supplementation of isoflavones
to MRL/lpr mice show a decrease in IFN-y from splenocytes with a decrease in anti-dsDNA
and cardiolipin levels in the serum, along with a reduction in proteinuria and renal dam-
age through preferential binding of the ER [98]. Exclusion of dietary isoflavones through
diets using casein as the protein source rather than soy led to amelioration of glomerulone-
phritis [99]. Alfalfa sprout extract supplementation to MRL/lpr mice produced similar results
with decreased renal damage and increased survival, while decreasing IFN-y and IL-4 pro-
duction by splenocytes. Alfalfa sprout extract was also able to reduce TNFa, IL-6 and IL-1f3
pro-inflammatory cytokines in a mouse model of endotoxic shock [100]. Coumestrol, one
phytoestrogen in alfalfa, was able to decrease anti-dsDNA IgG and decrease proteinuria in
the NZB/W F1 mouse model [101]. However, these findings have not been observed in human
SLE patients, where ingestion of alfalfa tablets, which contain all phytoestrogen components
of the alfalfa plant, exacerbated disease severity [102].

Multiple phytoestrogens have been shown to upregulate VDR expression in various human cell
lines. Genistein and glycitein upregulated VDR transcription and translation in colon cancer cells,
while resveratrol and genistein also increased VDR expression in breast cancer cells [103, 104].
Along with receptor expression, genistein decreased CYP24, an enzyme responsible for metabo-
lism of the vitamin D metabolite D3 [105]. Phytoestrogens are abundant in many diets throughout
the world and are able to contribute to the modulation of the immune system through interaction
with estrogen receptors, potentially ameliorating or exacerbating patients’ clinical signs.

4. The role of gut microbiota

Introduction. The mammalian gut harbors trillions of microorganisms known as the micro-
biota. Increasing evidence in recent years suggests that host microbiota and immune system
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interact to maintain tissue homeostasis in healthy individuals. The importance of microbiota
on the host is highlighted by altered immune responses in the absence of commensal bacte-
ria. Higher susceptibility to infectious pathogens and in some cases, attenuated symptoms
in autoimmune disorders, has been observed in mice raised under germ-free conditions.
Indeed, perturbation of the host microbiota, especially that in the gut, has been shown to be
associated with many autoimmune diseases, including SLE. Changes of gut microbiota in
nephritic lupus mice versus healthy controls have recently been described, where a decrease
of Lactobacillaceae and an increase of Lachnospiraceae were observed in lupus-prone mice. A
cross-sectional study has also shown that a lower Firmicutes to Bacteroidetes ratio was present
in the fecal microbiota of SLE patients with inactive disease, which is consistent with observa-
tions in other autoimmune diseases. In addition, oral antibiotics are known to trigger lupus
flares, again suggesting a role for commensal bacteria in SLE. In this section, we will describe
the existing data and a proposed role of gut microbiota in the pathogenesis of SLE.

Gut microbiota and SLE. Evidence is rapidly growing that mutualistic bacteria contribute
to the development of a healthy functioning immune system, as well as the development of
aberrant immune responses. The past 10 years have seen a rapid growth in the understanding
of how the commensal microbiota is able to contribute to health and disease with the explora-
tion of 165 rRNA sequencing along with the use of gnotobiotic animals. These newer methods
of DNA sequencing have allowed researchers to investigate the effects of specific species or
strains of organisms and how they interact with the immune system. Gnotobiotic animals are
born into a sterile environment and develop under sterile conditions so that a specific group
of bacteria, viruses, eukaryotes or parasites can be introduced to the animal, and the resulting
effects can be studied without the interference of other organisms [106]. Intestinal microbial
dysbiosis can lead to immune system effects at distant sites of the body [49, 107-112]. The sys-
temic immune system is influenced by microbiota in the intestines, suggesting that microbiota
at other sites of the body can also have a systemic effect on the host’s immune system.

The host’s genetic make-up is the primary factor in determining the composition of one’s
adult microbiota. Other contributing factors include mother’s health in utero, the method
of delivery during birth, if one is either breast fed or fed formula, the use of antibiotics
during early childhood and types of foods consumed prior to, and during, weaning. The
adult microbiota is not a static entity, however, and can be modified through many different
environmental factors, and the composition will also change with age. Many of the previ-
ously discussed contributions to SLE are associated with alterations in the microbiota. Obese
patients have an increased Firmicutes to Bacterioidetes ratio, with members of Firmicutes lead-
ing to increased energy harvest from dietary nutrients [113]. The “western diet” is associ-
ated with alterations in the gut microbiota as well. Children from a rural village in the West
African country of Burkina Faso had increased microbial richness and greater Prevotella with
decreased Bacteroides levels compared to European children. The microbiota of the Burkina
Faso children also produced more short chain fatty acids than the intestinal microbiota of
the European children [114]. These findings of agrarian societies with increased Prevotella
and decreased Bacteroides have been supported in studies comparing rural South Americans
and people from Bangladesh to people living in industrialized regions [115]. The source of
dietary fat can impact microbiota composition as well, as mice fed diets with a fat source
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from either milk-fat, lard, safflower oil or a low-fat diet, all resulted in distinct phylogenetic
profiles [116, 117].

Murine studies on how the microbiota affects the immune system have emerged recently.
At the level of the intestinal lamina propria, bacteria compete with host defenses and establish
homeostasis. T cells are kept in check between pro-inflammatory Th1, Th2 and Th17 cells as
well as innate lymphoid cells, and the anti-inflammatory T regulatory cells [118-120]. Specific
bacterial groups can elicit distinct immune responses, as evidenced by mice colonized with
segmented filamentous bacteria developed elevated levels of Th17 cells in the lamina propria
[121, 122]. Colonization of previously germ-free mice with clostridial strains from cluster IV
and XIVa resulted in an expansion of the T regulatory cell population in the lamina propria
and systemically [123]. Polysaccharide A derived from Bacteroides fragilis is able to induce
IL-10 production in the lamina propria through binding to TLR2 on T regulatory cells, inhib-
iting the expansion of the local Th17 cell population [124]. Only a single study, reported in
1999, to date has explored the development of SLE in a germ-free mouse strain. That study
used MRL/lpr mice and showed no difference in disease progression between conventionally
raised mice and germ-free mice [125]. Due to the Fas mutation and the underlying cause of
lupus disease in this strain of mice, the MRL/lpr strain may not be the best strain to under-
stand the impact of gut microbiome in a germ-free setting on lupus. Few murine studies
investigating the microbiota’s role in SLE have been published to date. Regardless, gut micro-
biome in MRL/lpr mice has recently been shown to impact lupus. In the MRL/Ipr mouse
model of SLE, young female mice had lower numbers of Lactobacilli species and increased
numbers of Lachnospiraceae density in the murine feces. The administration of retinoic acid
restored the Lactobacilli density and correlated with reduced clinical signs and a reverse of
multiple lupus-associated microbial functions. The increased density of Lachnospiraceae was
also overrepresented in female lupus-prone mice along with butyrate producing Clostridiaceae
species. There is potential that use of Lactobacilli containing probiotics and vitamin A may
benefit lupus patients [49, 107].

There have been few human trials to determine the impact on intestinal microbiota specifi-
cally on SLE development. In 20 human SLE patients in remission compared to healthy con-
trols, a decreased Firmicutes to Bacterioidetes ratio was found in fecal samples. This change in
fecal microbiota is associated with an increase in oxidative phosphorylation and glycan utili-
zation by the host microbiota [126, 127]. In contrast to the murine studies, Lachnospiraceae and
Clostridia were associated with healthy patients, rather than lupus patients [126]. The intesti-
nal microbiota is a complex conglomeration that can contribute to modulation of the local and
systemic immune system. Current and future work will begin to target specific groups and
mechanisms of microbial contribution to systemic autoimmune disease pathogenesis.

5. Bacterial metabolites and mechanisms of action

Introduction. Bacterial metabolites produced by the gut microbiota may have profound effects
on immune function. Recently, several groups have found that short-chain fatty acids (SCFAs)
produced by gut microbiota, especially butyrate produced by Clostridia, can promote the
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differentiation of regulatory T (Treg) cells in the colon, spleen and lymph nodes and suppress
inflammation [128-131]. Treg deficiency leads to autoimmunity, while re-introduction of Treg
cells can rescue animals from the disease. In human SLE, a pathogenic role of dysfunctional
Treg cells has been suggested. In particular, the imbalance between Treg and Th17 cells and
a bias toward IL 17-producing cells (both Th17 cells and double-negative T cells can pro-
duce IL-17 in SLE) are widely recognized for SLE. In the gut, the number and diversity of
butyrate-producing bacteria are subject to factors related to age, disease and to diet. Butyrate
and SCFAs are inhibitors of histone deacetylases (HDACs). HDAC inhibition can result in
altering gene expression by making the chromatin more accessible to transcription factors by
acetylating histone proteins at specific lysine residues and may also lead to post-translational
modification of several transcription factors that reside both cytosolic and nuclear. Below,
we have outlined the influence of SCFAs (predominately butyrate) on HDAC activity on the
epithelia in the gut microbiota as it is likely to play an important role in regulation of the gut
microbiota and lupus.

Role of epigenetics in immunity. Although genome-wide association studies have identi-
fied many genes that may play a role in the initiation or progression of SLE [132-134], these
studies do not account for risk attributed to heritable factors [135] and have failed to iden-
tify a unifying switch. Epigenetics is the process in which alterations in gene expression
and phenotype occur which are heritable but do not alter the DNA sequence [136]. There
is increasing evidence that epigenetics plays a key role in SLE pathogenesis and epigeneti-
cally targeted therapies may be efficacious [137, 138]. In regard to epigenetics, interactions
between DNA and core histone proteins are important in regulating the accessibility of
transcription factors to bind promoter regions and thus regulate gene expression [139].
Histone acetyltransferases (HATs) and HDACs can alter the charge and subsequent bind-
ing affinity of core histone proteins to the chromatin through removal or addition of acetyl
groups on lysine residues, respectively [140-142]. Recent investigations have revealed that
HATs and HDAC:s are also capable of modifying lysine residues on numerous non-histone
nuclear and cytosolic proteins [141, 143], which has driven some researchers to alterna-
tively refer to the enzymes as lysine (K) acetyltransferases (KATs) and lysine deacetylases
(KDACs).

HDAC enzymes. There are 18 mammalian HDACs, which remove acetyl groups from lysine
residues in histones and other proteins to control multiple cellular functions including tran-
scription, cell cycle kinetics, cell signaling and cellular transport processes [144]. HDACs are
classified based on structure, homology to yeast HDACs and function into classes I-IV [145,
146]. Class | HDACs (HDAC-1, -2, -3 and -8) are nuclear exclusive enzymes found in a wide
range of tissues and cells lines where they are known for histone modification and repression
of transcription [147, 148]. Class Il HDACs are further subdivided into class Ila (HDAC-4, -5,
-7 and -9) and class IIb (HDAC-6 and -10) based on domain organization [149] and exhibit
selective tissue expression, nucleocytoplasmic shuttling and function through recruitment of
distinct cofactors [148]. Class III comprises the sirtuins, which act through a distinct NAD*-
dependent mechanism and are not considered “classical” HDACs [147]. HDACI11 is the sole
member of class IV as phylogenetic analysis revealed very low similarity to HDACs in the
other classes [150].
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In addition to their initial relevance in cancer biology [151], HDAC enzymes are now increas-
ingly being investigated as regulators of inflammation and immunity [147]. As reviewed by
Shakespear et al., HDACs are documented to play a role in myeloid development, toll-like
receptor (TLR) and interferon (IFN) signaling in innate immune cells, antigen presentation
and development and function of B and T lymphocytes [147]. Subsequently, pharmacologic
inhibition of HDACs has been evaluated as a possible treatment modality in a wide spectrum
of diseases, including inflammatory and autoimmune diseases [152].

SCFAs. Intestinal bacteria provide the hosts with nutrients and confer resistance to infec-
tion. The delicate balance between pro- and anti-inflammatory mechanisms, essential for
gut immune homeostasis, is affected by the composition of the commensal microbial com-
munity and has been reviewed by others [153]. Recent studies have shown that metabolism
and immunology are intertwined and the field of immunometabolism has emerged which
examines how gut metabolites influence immune cell function [154]. In the gut, carbohydrates
resistant to breakdown in the stomach and small intestine are subject to colonic fermenta-
tion to result in the production of SCFAs, containingl-6 carbon atoms. Anaerobic bacteria
generate the major SCFAs and include acetate, propionate and butyrate. The SCFA butyrate
is produced by fermentation of dietary fiber by the intestinal microbiota and is the primary
energy source of colonocytes [155]. Recently, Imhann and coworkers showed that patients
with inflammatory bowel disease (IBD) had a decrease in the genus Roseburia. Furthermore,
they noted that Roseburia spp. is acetate-to-butyrate converters suggesting that a lack of butyr-
ate may contribute to IBD [156]. Furthermore, a reduction on butyrate producing Roseburia
ssp. has been associated with chronic kidney disease progression [157]. On the other hand,
butyrate has seen shown to aggravate dextran sulfate sodium induce colitis in an animal
model [158]. In regard to HDAC inhibition, butyric acid has been reported to specifically
inhibit the class I HDACs (1, 2, 3 and 8) [159].

T cells in gut immunity. Balanced mucosal immunity in the gut is critical for host homeostasis
and defense. Naive CD4' T cells when activated differentiate into T helper cell [Th1, Th2, Th17
or follicular helper (Tfh)] depending on cytokine exposure and B cell or antigen presenting
cell influence. One specific subset of T cells (Treg cells) acts to suppress effect T cell func-
tion. The majority of Treg cells develop in the thymus (nTregs) and are selected for by
strong or intermediate T cell receptor (TCR) signals while escaping negative selection [160].
Additionally, Treg cells can also be induced under certain circumstances from naive T cells in
the periphery (iTregs). This can happen systemically and has been shown to occur at interface
with the environment in both whole animal and in in vitro assays [161]. Treg differentiation is
strongly influenced by the presence of the anti-inflammatory cytokine transforming growth
factor p (TGF-B). Furthermore, expression of the transcription factor Foxp3 is essential for
Treg development and function and is regulated by genomic regulatory elements termed con-
served noncoding DNA sequences (CNS). While CNSI1 is unnecessary for nTreg differentia-
tion, it has been reported to be crucial for iTreg generation in gut-associated lymphoid tissues
(GALT) [162]. CNS2 is required for Foxp3 expression in the progeny of dividing Treg cells.
CNS3 controls de novo Foxp3 expression and nTreg differentiation [163]. Studies have shown
that Treg cells expressing transcription factor Foxp3 have a key role in limiting inflammatory
responses in the intestine [164, 165].
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Treg-Th17 balance. Th17 is a subset of T helper cells and serves to maintain the mucosal bar-
rier and contribute to pathogen clearance at mucosal surfaces. However, they have also been
implicated in autoimmune and inflammatory disorders as the loss of Th17 cells at mucosal
surfaces has been shown to allow chronic inflammation and microbial translocation. In the
gut, there exists a balance of Treg-Th17 cells as the signals that cause Th17s to differentiate
actually inhibit Treg differentiation [166]. Since both Treg and Th17 cells are both pertinent to
gut homeostasis and immune regulation, the balance of these T cells is critical for homeostasis
[167]. Treg cells prevent systemic and tissue-specific autoimmunity and inflammatory lesions
at mucosal interfaces [165]. Mice deficient in iTregs spontaneously developed pronounced
Th2-type pathologies at mucosal sites including in the gastrointestinal tract and lungs and
shows hallmarks of allergic inflammation and asthma [168]. Studies have shown that in the
gut, iTreg cells are the prominent phenotype and are rapidly induced following naive T cell
activation which is dependent on Notch2-singling and may be somewhat independent of
TGF-B [165]. This suggests that whereas nTreg cells generated in the thymus appear suffi-
cient for control of systemic and tissue-specific autoimmunity, extrathymic differentiation of
iTregs affects the commensal microbiota composition and serves a distinct, essential function
in maintaining the inflammatory response at mucosal interfaces. Furthermore, when the ani-
mals were given the SCFA (butyrate), Treg cell differentiation in the gut increased and this
was dependent on CNS1 expression [129]. In addition to butyrate, de novo iTreg generation
in the periphery was potentiated by propionate, another SCFA of microbial origin capable
of HDAC inhibition, but not acetate, which lacks this HDAC-inhibitory activity, suggesting
that bacterial metabolites mediate communication between the commensal microbiota and
the immune system. Other studies have also reported that a butyrate-mediated increase in
the Treg cell subset in vivo was due to increased extrathymic generation of Treg cells and not
due to their increased nTreg cells [169]. In addition to butyrate inducing a Treg phenotype,
butyrate has also been shown to increases macrophage phagocytosis and killing of bacteria.
When Treg cells were cultured with stimulated macrophages exposed to IL-4 and butyrate,
less inflammatory cytokines were produced compared to macrophages treated with IL-4 indi-
cating that microbial-derived butyrate decreases inflammatory mediator production in the
gut [170]. In other studies using the antibiotic vancomycin, which targets Gram-positive bac-
teria, the level of iTregs was reduced. This could be due to the decrease in Roseburia spp. that
is the butyrate-producing, Gram-positive anaerobic bacteria that inhabit the human colon.
However, when specific pathogen-free mice were treated with a combination of vancomycin
and SCFAs, the reduction in iTregs was completely restored suggesting that SCFAs play a role
in iTreg homeostasis [128].

HDAC and Treg-Th17 balance in lupus. HDAC inhibition has been shown to decrease disease
in lupus-prone MRL/lpr and NZB/W F1 mice [171-174]. Mechanisms by which HDAC inhi-
bition decreases SLE disease have previously been reviewed by Reilly and others [142, 175].
HDAC inhibition may act in several ways including correction the hypoacetylation states of
histones H3 and H4 [176], increased CD4"*CD25'Foxp3* Treg cells [172, 174], reduced Thl-
and Th17-inducing cytokines (IL-12 and IL-23) as well as Thl-attracting chemokines [142],
and inhibition of germline and post-switch immunoglobulin transcripts in splenic B cells
[177]. More importantly in SLE, decreased renal disease (glomerulonephritis and protein-
uria) has been consistently reported in studies investigating the use of HDAC inhibitors to
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treat lupus in various mouse models [171-174]. Pan and selective HDAC inhibitors are being
evaluated in the clinic for inflammatory diseases with some mixed results and adverse effects
such as fatigue, nausea, vomiting, diarrhea, thrombocytopenia, neutropenia and cardiac
irregularities [178]. Investigations of specific functions for each HDAC isoform in knockout
mice have revealed that elimination of class I and class Ila HDACs result in embryonic lethal
phenotypes or fatal cardiac, vascular, musculoskeletal or neural crest defects, and specific
HDAC isoform activity is required for normal cells development [178, 179]. The observed
butyrate-mediated increase in the Treg cell subsets in vivo due to increased extrathymic gen-
eration of Treg cells and not due to their increased thymic output would support a role of
HDAC: in gut homeostasis [169]. In studies involving lupus patients, while Treg or Th17 cells
alone were not correlated with SLE development, the ratio of Treg to Th17 cells in active
SLE patients was significantly lower than that in inactive SLE patients and healthy controls.
Moreover, corticosteroid treatment increased the ratio of Treg to Th17 cells in active SLE
patients. Indeed, the Treg/Th17 cell ratio is inversely correlated with the severity of active
SLE, indicating that in active SLE, there appears to exist an imbalance between Treg and
Th17 cells [180]. Inducible Tregs cells are dependent on the expression of the transcription
factor Foxp3 which may be transiently expressed allowing for plasticity of the Tregs/Th17
phenotype [181]. Interestingly, when Foxp3 is acetylated, the transcription factor becomes
more stable and has greater propensity to bind DNA yielding a more stable and effective Treg
population [182]. In addition to the regulation of Treg differentiation, butyrate has also been
shown to increase the tri-methylation of lysine 27 on histone 3 (H3K27me3) in the promoter
of nuclear factor-kB1 (NF-«kB1) in colon tissue resulting in repression of inflammation [183].
In our lupus mouse studies, we found a marked depletion of lactobacilli in our lupus animals
and increases in Lachnospiraceae compared to age-matched health controls. Interestingly, we
also found that Lachnospiraceae, butyrate-producing genera, was more abundant in the gut
of lupus-prone mice at specific time points during lupus progression [49]. Whether this was
causative or in response to disease pathogenesis is an active area of investigation in our labo-
ratory. Nonetheless, our results and others demonstrate the dynamics of gut microbiota as
that bacterial production of SCFAs and butyrate may play a role in the initiation and progres-
sion of inflammation and autoimmunity.
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