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ABSTRACT 

 

Kalayci, FNC., Systemic VH4-34-encoded antibody responses against commensal 

bacteria in patients with systemic lupus erythematosus, Hacettepe University 

Graduate School of Health Sciences, Tumor Biology and Immunology Program, 

Doctor of Philosophy Thesis, Ankara, 2023.The germline immunoglobulin variable 

heavy chain 4–34 encoding B lymphocytes (known as VH4–34 or 9G4 B cells) are 

endowed with inherent self-reactivity due to the presence of a germline AVY motif in 

their framework region 1 of the VH4–34 gene segment. Germline self-reactive VH4-

34 undergoes negative selection in the memory and plasmablast compartments of 

healthy donors. However, the VH4-34 censorship is compromised in systemic lupus 

erythematosus (SLE) patients (1), resulting in higher proportions of VH4-34 

expression among plasmablasts and memory B cells.(1-3) Given the fact that gut 

dysbiosis and disturbances to the gut barrier integrity can set off inflammatory immune 

responses, and also that the association between circulating 9G4 memory B 

lymphocytes isolated from individuals with SLE and the gut bacteria has not been 

investigated to date, we seek to determine the anti-commensal bacteria reactivity of 

VH4-34+ IgG antibodies in SLE subjects. VH4-34 CD27+IgG+ B lymphocytes from 

individuals with SLE exhibit aberrant VH4-34 gene usage and display a reduction in 

somatic hypermutation frequencies, often with an unmutated AVY site, suggesting 

that their antibodies continue to possess intrinsic self-reactivity unlike their healthy 

donor (HD) counterparts as well as a propensity for reactivity towards commensal 

microorganisms. Herein, we observed that SLE VH4-34+IgG+ B lymphocytes with an 

unmutated AVY site exhibited an elevated level of reactivity towards gut bacteria 

present in the fecal samples of control groups and SLE patients, but to a smaller extent 

in HD stools and to a greater extent in SLE stools. Since SLE VH4-34 clonal expansion 

is associated with disease flare, our discovery of the SLE VH4-34 clonal expansion of 

gut bacteria-reactive circulating 9G4+IgG+ B cells in one SLE patient suggests that 

commensal bacteria translocating from the gut to the bloodstream are therefore 

responsible for the VH4-34 expansion in SLE. Lastly, we identified bacteria strains 

recognized by circulating unmutated AVY motif-encoding VH4-34-encoded 
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antibodies, which could be attributed to a compromised intestinal barrier function in 

SLE patients. 

 

Keywords: Systemic lupus erythematosus, VH4-34 gene, 9G4, AVY/ NHS motif,    

commensal bacteria 
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ÖZET 

 

Kalaycı FNC., Sistemik Lupus Eritematozuslu (SLE) Hastalarda Kommensal 

Bakterilere Karşı Sistemik VH4-34 Kodlu Antikor Yanıtlarının 

Değerlendirilmesi, Hacettepe Üniversitesi Sağlık Bilimleri Enstitüsü, Tümör 

Biyolojisi ve İmmünolojisi Programı Doktora Tezi, Ankara, 2023. Germ hattı 

immünoglobulin değişken ağır zinciri 4-34'ü kodlayan B lenfositleri (VH4-34 veya 

9G4 B hücreleri olarak bilinir), VH4-34 geninin segmentinin çerçeve bölgesi 1'deki 

bir germ hattı AVY motifinin varlığına bağlı olarak otoreaktiviteye sahiptir. Germ 

hattı kodlayan otoreaktif VH4-34, sağlıklı donörlerin hafıza B hücresi ve plazmablast 

kompartmanlarında negatif seçime uğrar. Ancak bu negative seçim ile sistemik lupus 

eritematozus (SLE) hastalarında VH4-34 geninin kontrolü  tehlikeye girer (1), bu 

durum plazmablastlar ve hafıza B hücreleri arasında daha yüksek oranlarda VH4-34 

ekspresyonuna neden olur.(1-3) Bağırsak disbiyozu ve bağırsak bariyeri 

bütünlüğündeki bozukluklar inflamatuar bağışıklık yanıtlarını tetikleyebilmektedir. 

SLE'li hastalardan izole edilen dolaşımdaki 9G4 hafıza B hücreleri ile bağırsak 

bakterileri arasındaki ilişkinin bugüne kadar araştırılmamış bir konu olması nedeniyle 

bu tez çalışmasında SLE hastalarında, VH4-34 kodlu IgG antikorlarının anti-

kommensal bakteri reaktivitesini belirlemeyi amaçlanmıştır. Çalışma bulgularımız, 

SLE hastalarından izole edilen VH4-34 CD27+IgG+ B hücreleri, anormal VH4-34 gen 

kullanımı sergilediğini ve sıklıkla mutasyona uğramamış bir AVY motifiyle somatik 

hipermutasyon frekanslarında bir azalma gösterdiğini ve bu antikorların, sağlıklı 

donörlerden farklı olarak hala içsel özreaktiviteye sahip olduğunu göstermiştir. Ayrıca 

çalışma sonuçlarımızda, SLE hastalarından elde edilmiş bu VH4-34 CD27+IgG+ B 

hücrelerinın kommensal mikroorganizmalara karşı reaktivite eğilimi bulunduğunu da 

tespit ettik. Çalışmamızda, mutasyona uğramamış bir AVY bölgesine sahip SLE VH4-

34+IgG+ B hücrelerinin, hem sağlıklı bireylerin hem de SLE hastalarının dışkı 

örneklerinde mevcut olan bağırsak bakterilerine karşı yüksek seviyede reaktivite 

gösterdiğini, ancak sağlıklı donorlerin dışkılarında daha az ve SLE hastalarının 

dışkılarında daha büyük ölçüde reaktivite gösterdiğini de gözlemledik. SLE VH4-34 

klonal genişlemesi hastalığın alevlenmesiyle ilişkili olduğundan, bir SLE hastasında 

bağırsak bakterilerine reaktif dolaşımdaki 9G4+IgG+ B hücrelerinin SLE VH4-34 
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klonal genişlemesini keşfetmemiz, bağırsaktan kan dolaşımına yer değiştiren 

kommensal bakterilerin SLE'deki VH4-34 genişlemesinden sorumlu olabileceğine 

işaret etmektedir. Son olarak, çalışmamızda SLE hastalarında bozulmuş bağırsak 

bariyer fonksiyonunundan sorumlu dolaşımda bulunan mutasyona uğramamış AVY 

motifini kodlayan VH4-34 kodlu antikorlarını tanıyan bakteri suşları tespit edilmiştir. 

 

Anahtar Kelimeler: Sistemik lupus eritematozus, VH4-34 geni, 9G4, AVY/ NHS                    

motifi, kommensal bakteri 
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1. INTRODUCTION 

The pathomechanism of SLE remains incompletely elucidated; nonetheless, 

the role of B lymphocytes and self-reactive antibodies on the pathogenesis of this 

autoimmune disorder is well recognized. Aside from impaired early B lymphocyte 

tolerance checkpoint controls (4), individuals with SLE also exhibit a modified subset 

of IgG+ memory B lymphocytes expressing the VH4-34 gene fragment that is rarely 

seen in healthy controls or individuals with other autoimmune disorders.(5-7) Presence 

of unmutated and weakly mutated  VH4-34 antibodies,  particularly in the VH4-34 

AVY and NHS motifs, has been implicated in disease flare; however, the specific 

antigens that are recognized by these antibody clones have yet to be identified.(2) 

VH4-34-expressing antibodies with unmutated AVY exhibit inherent self-reactivity 

and detect I/i carbohydrates present on hematopoietic cells (8, 9), and we have 

previously shown that these clones can bind to commensal gut bacteria as well, 

implying that SLE flares may arise due to disruptions in the gut microbiota, which 

could then potentially trigger the VH4-34-encoding IgG+ B lymphocyte generation 

from naïve B cells.(7) 

Herein, we first examined is the link between intrinsically autoreactive VH4-

34 CD27+IgG+ B lymphocytes and gut bacteria in patients with SLE through the 

presence of a germline AVY motif expressing the VH4-34 gene segment. 

Secondly, we assessed the reactivity of recombinant IgG VH4-34 antibodies 

derived from both healthy participants and individuals with SLE towards fecal gut 

bacteria obtained from both healthy subjects and SLE patients. 

Thirdly, we sought to explore certain taxonomic groups present in the stool of 

SLE patients that bind to VH4-34 IgG recombinant antibodies with a stronger affinity. 

Finally, the present investigation may be reconceptualized as an exploration 

into the underlying reasons for the high occurrence of V4-34-encoded B cell 

expansions in SLE. Additionally, it aims to investigate the potential association 

between these expansions and immunological responses that are elicited by the 

existence of intestinal bacteria in the bloodstream, which may be attributed to a 

compromised intestinal barrier function. 
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2. LITERATURE REVIEW 

2.1. B Lymphocyte Development 

2.1.1. Developmental Stages of B Lymphocytes 

Lymphopoiesis occurs within specialized lymphoid tissues. These tissues 

include the bone marrow, which is responsible for the development of the majority of 

B lymphocytes, and also the thymus, where T lymphocytes grow. Afterwards, B 

lymphocytes undergo migration to populate the peripheral lymphoid sites, thereby 

allowing us to mount responses of adaptive immunity to effectively counteract the 

diverse array of pathogens we confront throughout our lifespan. (10) 

In the initial physiologic stages of B cell development, pre-pro-B lymphocytes 

represent the earliest stage of committed B lymphocyte precursors (11) , which exhibit 

reduced expression levels of the recombination activating genes (RAG) (12, 13), and 

lack the expression of B lymphocyte antigen receptor (BCR) components.(14) Several 

factors associated with transcription are being discovered as vital regulators of B 

lymphocyte growth, as represented in Figure 2.1.(15, 16) Pax-5 is considered 

exceptional due to its vital function in preserving the commitment of the B lineage.(15) 

 

 
Figure 2.1: Schematic representation of B cell–differentiation. The B-lineage cell 
undergoes a sequence of progressive phases of growth and maturation (Adapted from 
(15)) 



3 
 

 

Pro-B lymphocytes, where recombination initiation starts (11), are the first B lineage 

lymphocytes to manifest a precursor BCR, which comprises immunoglobulin α (Igα), 

Igβ, and calnexin (pro-BCR).(15, 17) The process of immunoglobulin gene 

recombination starts with the rearrangement of diversity (D) and junction (JH) 

segments in pro-B lymphocytes.(18, 19) Also, pro-B lymphocytes are the primary site 

where antibodies exert their regulatory role in the B lymphocyte development.(15) 

Following the DJH reorganizing process, the genes of VH are made accessible to the 

V(D)J recombinase, allowing the assembly of complete heavy chain transcription 

units.(20)  

When the V(D)JH rearrangement is successful, the mIgµ expression results in 

the formation of the pre-BCR which signals via Bruton’s tyrosine kinase (BTK) and 

signifies the progression towards the pre-B lymphocyte developmental phase.(10, 15) 

The pre-BCR complex, which consists of mIgm, surrogate light (L) chain (V-pre-B, ψ 

L and λ5), Iga and Igb (15, 21, 22), is a crucial checkpoint regulator in B lymphocyte 

growth and development. Its principal roles include promoting clonal expansion, 

selecting the VH repertoire, stimulating B cell differentiation, repressing the 

recombination machinery, enforcing heavy chain allelic exclusion, and suppressing 

the surrogate L chain genes. (15, 23)  Lymphocytes that lack the capacity to generate 

a pre-BCR complex experience developmental arrest and undergo apoptosis.(15) Pre-

B cells produce germline RAG and Igκ transcripts, then subsequently go through the 

process of recombination of L chain genes.(24-26) 

The assembly of the BCR is achieved through an effective 

L chain gene rearrangement and the substitution of yLs with Igk or Igl.(15) During 

this phase, research has revealed the occurrence of L chain allelic exclusion is only 

partially achieved, in contrast to heavy chain allelic exclusion.(27, 28) Also, roughly 

10% of total mature B lymphocytes possess more than one in-frame L chain gene.(29) 

The entrapment of growing B lymphocytes in a compartment where they endure 

secondary rearrangement is anticipated in cases where self-reactive BCRs undergo 

cross-linking or when BCR assembly fails to initiate signaling.(30, 31) Autoreactive 

B lymphocytes were engaged in secondary L chain gene recombination, referred to as 

receptor editing, by substituting their receptors.(30, 32, 33)  
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The process of selecting antibodies is triggered by the L chain gene expression 

in the early immature B lymphocyte phase.(34) Immature B lymphocytes are the first 

cells of the B lineage to exhibit surface BCR, and they express surface IgM but 

minimal or no IgD.(15) Within this stage, autoreactive B lymphocytes that are unable 

to modify their receptors are subject to deletion or anergy.(35) Indeed, immature B 

lymphocytes present a greater susceptibility to apoptosis induced by BCR as compared 

with mature B lymphocytes (35), and the extent of this removal is contingent upon the 

level of receptor cross-linking.(36) Anergy, also known as a hyporesponsive state, 

which is a different strategy to induce self-tolerance in immature B lymphocytes, is 

characterized by an abolished normal function of B cells as evidenced by a reduction 

in proliferation and antibody production following exposure to mitogens.(37) Anergic 

B cells have a limited lifespan and encounter challenges in transitioning from the 

immature to the long-lived B lymphocyte population within the spleen.(38, 39) 

Anergic cells have reduced expression of BCR upon prolonged exposure to 

antigens.(40) Overall, BCR complex plays a crucial role in regulating the development 

of immature B lymphocytes. For instance, the regulatory role of Igα and Igβ in the 

development of immature B lymphocytes is believed to involve BTK and Lyn, as well 

as BCR-modulating coreceptors like CD19, CD22, or CD45. Therefore, the 

malfunction of these genes has been observed to impede the establishment of anergy 

and the evolution of immature B lymphocytes.(41-47) Autoreactivity screening is 

conducted on immature B lymphocytes prior to their departure from the primary 

lymphoid tissue. (10) 

Transitional B lymphocytes are referred to as immature B lymphocytes that 

relocate from the bone marrow to the peripheral regions. (15) Transitional B 

lymphocytes, which can be differentiated from mature B cells through a set of surface 

markers (48) and their relatively low expression of RAG mRNA (49, 50), have a 

limited lifespan, and just 10–30% of these transitional B lymphocytes have the 

capability to reach the peripheral compartment of long-lived mature B 

lymphocytes.(48, 51) The transitional B cell compartment exhibits variability in size, 

while the mature B cell compartment demonstrates a consistent size.(15, 39, 52) It has 

been found that the shift of transitional B lymphocytes to the mature B lymphocyte 

compartment requires BCR signaling, which was proven by an experiment where a 
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lack of BCR resulted in the cessation of the transition of new emigrant or transitional 

B lymphocytes into mature B-cell lymphocytes.(53) Overall, the regulation of various 

checkpoints in the B lymphocyte pathway, which contribute to the formation of the 

antibody repertoire through cellular and molecular selection, is controlled by signaling 

through membrane immunoglobulin.(15) 

2.1.2. Tolerance mechanisms of B lymphocytes 

In the course of B lymphocyte evolution, a diverse array of specificities is 

generated through the process of random gene segment reassortment and V(D)J 

rearrangement, resulting in the assembly of antibodies. One possible drawback of this 

random process is that certain antibodies formed may exhibit self-reactivity. A large 

number of antibodies produced by early immature B lymphocytes show self-reactivity, 

which encompasses both polyreactive and anti-nuclear specificities. The majority of 

those self-antibodies underwent elimination in humans at two distinct checkpoints in 

the course of B lymphocyte development. If the regulation of checkpoints is 

inefficient, it could result in significant elevation of autoantibodies in circulation. Pre-

B lymphocytes and early immature B lymphocytes exhibit an enrichment of antibodies 

possessing long and/or highly positively charged IgH CDR3s, which have been linked 

to autoreactivity or polyreactivity. The aforementioned characteristics are deliberately 

removed from the B lymphocyte repertoire as B lymphocytes develop. It is 

demonstrated that substantial amounts of self-reactive antibodies are eliminated from 

the repertoire throughout the immature B lymphocyte stage in the bone marrow as well 

as transitioning from the new emigrant to the mature naive B lymphocyte phase in the 

peripheral tissue through normal human B lymphocyte development. (54) The 

induction of immunological tolerance (the state of unresponsiveness to antigens) 

towards distinct self-antigens can occur through two mechanisms: central tolerance, 

which involves the encounter of these antigens by developing lymphocytes in the 

generative (central) lymphoid organs, and peripheral tolerance, which happens when 

mature lymphocytes come across self-antigens in peripheral lymphoid organs or 

peripheral tissues.(55) 

Three main mechanisms have been identified for B cell central tolerance, 

namely apoptosis, anergy, and receptor editing.(56, 57) Receptor editing refers to the 
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strategy by which the recombination of secondary Ig gene segments modifies the self-

reactive immature B cell BCR specificity. The developing B lymphocytes in the bone 

marrow displayed evidence of receptor editing, which encompassed the 

downregulation of BCR, elevated expression of RAG genes, and a rise in secondary 

L-chain gene rearrangement events, including the utilization of downstream Jκ gene 

segments and L-chain λ-locus excision circles.(58) It is still believed that autoreactive 

BCR signaling controls secondary rearrangements in the L-chain loci.(56, 58) In cases 

where the editing process becomes unsuccessful, immature B lymphocytes that exhibit 

a high degree of affinity towards self-antigens are subjected to apoptotic death signals 

and subsequently undergo deletion.(55) Synergistic signaling between BCR and Toll-

like receptor (TLR) signals elicits adequate levels of activation-induced cytidine 

deaminase (AID) expression to trigger apoptotic cell death, thereby mediating 

deletional tolerance.(56) B lymphocytes that specifically bind certain self-antigens 

with low avidity survive; however, the expression of their antigen receptors is 

diminished, leading to a state of functional unresponsiveness, also known as 

anergy.(55) Overall, intrinsic B-cell pathways are responsible for regulating central B-

cell tolerance.  

The human body employs a second checkpoint to eliminate self-reactive 

antibodies, which occurs during the transition from new emigrant to mature B cells in 

the periphery. (59) In cases where B lymphocytes in the periphery identify an 

autoantigen, B lymphocytes, in the absence of T lymphocyte assistance, can undergo 

functional inactivation, rendering them unable to react to the antigen (anergy) and 

eventually dying owing to an insufficiency in crucial signals necessary for survival. 

Alternatively, the B lymphocyte may go through apoptosis (deletion), or its activation 

may be suppressed through the engagement of inhibitory receptors.(55) However, it is 

noteworthy that a proportion of 20% of antibodies generated by mature human B 

lymphocytes exhibit reactivity towards HEp-2, while 4.3% of these antibodies are 

polyreactive.(54) The prevention of self-reactive naive B cells detecting peripheral 

self-antigens is typically facilitated by the regulatory T-lymphocyte (Treg) via the 

autoimmune regulator (AIRE) mechanism.(60) The latest research reveals that a 

peripheral checkpoint that occurs at the new emigrant/transitional B lymphocyte stage 

requires positive and negative selection. These two important mechanisms mold the 
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naive B lymphocyte repertoire. In fact, the positive selection of expanding naive B 

lymphocytes in a humanized mouse model occurred in an autologous thymic tissue-

independent manner. Whereas the elimination of self-reactive B lymphocytes through 

negative selection was found to be dependent on thymus derived Treg cells and the B 

lymphocyte presentation of autoantigens with MHC class II restriction.(61) 

Moreover, low-affinity or self-reactive germinal center (GC) B lymphocytes 

endure apoptosis and are eliminated by macrophages.(62) The regulation of B 

lymphocyte selection and maintenance within the GC is highly stringent in order to 

effectively prevent the generation of self-reactive plasma cells and memory B 

lymphocytes.(63) 

To sum up, the generation of autoantibodies is primarily attributed to the 

random insertion and deletion of nucleotides in the CDR3 of the immunoglobulin 

heavy chain (IgH), which is also responsible for generating a significant portion of the 

diversity in the heavy chain repertoire. Healthy people necessitate two important B 

cell developmental checkpoints for the control of autoantibodies and even minor 

alterations in the efficiency of self-reactive antibody regulation may result in 

heightened vulnerability to autoimmunity.(54) Therefore, autoimmune disorders are 

characterized by defective B-lymphocyte tolerance checkpoints that are unable to 

counterselect the emerging self-reactive B lymphocytes.(57) 

Development of B lymphocyte and representation of the percentage of self-

reactivity across developing B cell stages, which encompassed both poly-reactive and 

anti-nuclear specificities are represented in Figure 2.2. 
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Figure 2.2: Development of B lymphocytes. (Adapted from (54) and Meffre lab 
presentations) 

 

 

Figure 2.3: Examining the mechanisms underlying B lymphocyte tolerance to 
self-antigens. (Adapted from (55)) 
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2.1.3. Memory B lymphocytes 

B-cell memory is established following the initial exposure to a pathogen and 

is propagated by two separate lineages. These include long-lived plasma cells, which 

produce protective antibodies throughout an individual's lifespan, and memory B cells, 

which can evoke heightened and improved responses upon subsequent antigenic 

challenges. It has been widely acknowledged that the retention of memory is a 

distinguishing characteristic of B lymphocytes that have gone through isotype 

switching along with affinity maturation as a result of T-dependent GC reactions.(64)  

Antibody-producing cells are a type of long-lived plasma cells that migrate to 

the bone marrow, release antibodies over an extended duration, and presumably do not 

undergo turnover; thereby, they do not necessitate additional antigen stimulation.(65) 

In contrast to antibody-forming cells, memory B cells possess this unique capacity to 

retain their reactivity to antigens, allowing them to initiate a rapid response when 

exposed to a specific challenge.(66) Furthermore, memory B cells have the ability to 

re-enter GCs, in which they endure subsequent cycles of somatic mutation.(67) 

Nevertheless, it is essential to acknowledge that memory B cells constitute a relatively 

minor fraction of the cellular population within secondary GCs.(68) 

Memory B cells, which enables an accelerated antibody response following re-

exposure to an anticipated antigen (69), possess distinctive characteristics such as long 

life ranging from months to years in the lack of any further exposure to antigens and 

undergo slow cycling (55), high sensitivity to minimal amounts of antigen, expeditious 

and vigorous proliferation (mounting a swift response upon re-exposure to the antigen) 

(55), and prompt differentiation into plasma cells, which generate antibodies of 

elevated affinity in the secondary response.(70) The CD27 molecule serves as a 

distinctive identifier for memory B cells in humans, which can account for 

approximately 40-60% of peripheral blood human B lymphocytes.(71) For instance, 

long-lived classical memory B lymphocytes are progressively produced in reaction to 

an infectious agent.(72) The CD27+ memory B lymphocytes exhibit co-expression of 

IgM or isotype-switched Ig.(73) Memory B lymphocytes do not appear to produce 

antibodies; however, they are present in the bloodstream and are also found in a 

multitude of tissues, encompassing mucosal tissues.(55) The spleen and tonsils are 
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recognized as the primary storage sites for antigen-specific human memory B 

cells.(74) Typically, memory B lymphocytes that express high-affinity and class-

switched BCRs are generated within the GC.(75) The generation of the majority of 

class-switched memory B cells is reliant upon the GC response and the assistance of 

T lymphocytes. The process of Ig isotype switching is accompanied by a significant 

degree of somatic hypermutation of Ig genes, which has the potential to alter the 

affinity of antibodies or yield auto-reactive antibodies.(76) However, new discoveries 

suggest that there are also memory B lymphocytes that are developed independently 

of the GC.(77) 

IgA-positive memory B lymphocytes are mostly found in mucosal tissues, 

where they play a vital part in maintaining the balance of the intestinal microbiota and 

providing defense against pathogens. Moreover, the presence of IgG-positive memory 

B lymphocytes are generated upon systemic exposure to antigens.(78, 79) 

Over 50% of developing B lymphocytes in the human body initially exhibit 

autoreactive antibodies. Nevertheless, the majority of these self-antibodies are 

eliminated from the repertoire during two checkpoints prior to reaching maturity as 

naive B cells. The third checkpoint removes any residual self-antibodies from the 

population of antigen-encountered IgM+ memory B lymphocytes. Unexpectedly, it is 

observed that IgG+ memory B lymphocytes in normal controls can frequently produce 

self-reactive antibodies, such as anti-nuclear antibodies. The majority of these 

antibodies were generated through somatic hypermutation during the transition from 

mature naive B cells to IgG+ memory B lymphocytes. The findings suggest a potential 

association between autoimmunity and the breach of autoreactive IgG+ memory B 

lymphocyte control.(76) 
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Figure 2.4: The response of B-cells. Upon encountering antigens and receiving cell 
help or co-stimulatory signals, B lymphocytes go through affinity maturation and 
clonal expansion. (Adapted from (69)) 

 

2.2. SLE 

2.2.1. A Snapshot of SLE 

SLE, frequently referred to as lupus, is a prototypical example of a persistent 

autoimmune disease defined by the production of self-reactive antibodies by the 

immune system and cytokine dysregulation, which in turn results in inflammation in 

various organs, encompassing the cutaneous, renal, cardiovascular, musculoskeletal, 

neurological, and gastrointestinal systems. SLE has the potential to cause severe 

debilitation and negatively impact a person's quality of life, and frequently leading to 

relapses.(80-83) It is anticipated that the prevalence of SLE will fall within the range 

of 13 to 7713.5 per 100,000 individuals globally, with a general incidence rate 

estimated to fluctuate between 1.5 and 11 per 100,000 person-years worldwide.(84) 

Lupus is more common among African American and other ethnic minority 

women.(80) A multitude of factors, encompassing genetics, estrogen, and 

environmental exposures may lead to the development of the SLE disease, whose 

severity can range from mild to severe.(81, 83) 
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 While ongoing research aims to comprehend the precise lupus 

pathomechanism, current evidence suggests that SLE is distinguished by the levels of 

the type I interferon signature, enhanced T and B lymphocyte immune reactions, and 

the inability of immunological tolerance checkpoints to prevent the formation of 

pathologic self-reactive antibodies.(80, 83) The formation of immune complexes such 

as nucleic acids, nucleic acid-binding proteins, and autoantibodies targeting these 

components initiates the process of inflammation and subsequent damage to organs, 

as portrayed in Figure 2.5.(83) 

The SLE diagnosis is typically established through the evaluation of clinical 

and laboratory evidence, following the exclusion of other potential diagnoses. 

Additionally, the identification of specific antibodies, such as anti-dsDNA and anti-

Sm, through serologic analysis is a significant indicator of the SLE likelihood. The 

lupus clinical variability and the absence of pathognomonic characteristics or 

diagnostics appear to be a challenge in terms of diagnosis for physicians. The 2019 

criteria, as described in Figure 2.6, established by the EULAR guidelines for SLE, 

were formulated with the aim of enhancing the identification of early- or new-onset 

SLE. To classify a patient SLE, it is necessary to establish the presence of a positive 

antinuclear antibody (ANA) as a prerequisite criterion. The additional points 

encompass a total of ten categories, which are further divided into seven clinical 

categories (namely constitutional, neuropsychiatric, hematologic, serosal, 

mucocutaneous, renal, and musculoskeletal) and three immunologic categories 

(namely SLE-specific antibodies, antiphospholipid antibodies, and complement 

proteins). Each of these categories is assigned a weight ranging from 2 to 10. As per 

the EULAR/ACR criteria, the diagnosis of SLE can be established when a patient 

exhibits a positive ANA result of ≥1:80 and achieves a score of 10 or higher.(85) 

Assessing disease activity poses a significant challenge due to the intricate 

complexity of clinical manifestations and their temporal variability.(83) It is generally 

accepted that the presence of severe disease activity upon initial presentation, as 

demonstrated by a SLEDAI-2K score of 20 or higher, is a prognostic factor that is 

linked to mortality.(83, 86)  
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Despite the absence of a cure, SLE can be successfully managed with the 

appropriate medications.(80) Management strategies must be customized to suit the 

specific organ system under consideration to achieve remission or a state of low 

disease activity.(81) SLE patients may receive treatment involving the administration 

of various immunosuppressive drugs.(87) As a result of the prevalence of altered B-

lymphocyte pathways in lupus, the reduction of B lymphocytes has been found to be 

beneficial to some lupus patients.(81) Novel therapeutic approaches, including 

biological agents and small-molecule drugs, are currently under development to rectify 

dysfunctional immune-cell activity, which in turn holds promise for enhanced efficacy 

and reduced toxicity compared to existing treatment modalities. (87)  

           

Figure 2.5: SLE immune dysfunction and its disease manifestations. (Adapted 

from(83)) 
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Figure 2.7:  Revised guidelines for the SLE classification: the 2019 EULAR/ACR 
criteria (Adapted from UpToDate (85) 
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2.2.2. B lymphocytes associated with SLE 

Autoimmune diseases characterized by a strong association between B-cell 

functions and disease activity encompass SLE, scleroderma, rheumatoid arthritis, 

multiple sclerosis, and type 1 diabetes. In particular, SLE is distinguished by the 

existence of elevated autoantibody titers and the involvement of numerous organ 

systems.(88) Indeed, the levels of serum anti-dsDNA antibodies exhibit a positive 

correlation with disease activity in SLE patients, with a particular emphasis on those 

diagnosed with lupus nephritis.(89) Moreover, the presence of autoantibodies tends to 

occur several years prior to the diagnosis of lupus when patients remain without any 

noticeable signs of the disease.(90) This observation may indicate a significant 

involvement of B lymphocytes in the advancement of SLE. On top of that, it has been 

observed that MRL/lpr mice lacking B-cells exhibit no pathological manifestations at 

a stage in their development when MRL/lpr mice with intact B-cells display full-blown 

disease.(91) Furthermore, environmental insults could cause the release of nuclear 

autoantigens from dying cells. This release subsequently triggers the generation of pro-

inflammatory cytokines, like interferons, which are crucial in facilitating autoimmune 

B cell responses and SLE progression.(92) 

There is a substantial body of research that has established the existence of B 

lymphocyte phenotype abnormalities in individuals with lupus. Specifically, a 

reduction in CD27+ switched memory B lymphocytes has been observed (93), while 

there may be an elevation in the frequency and quantity of naive B cells (94). 

Additionally, there is a variable expansion of transitional B lymphocyte and plasma 

cell populations in patients with SLE.(95, 96) Moreover, individuals with SLE are 

prone to exhibiting impaired central and peripheral B cell tolerance checkpoint 

mechanisms (seen in Figure 2.8), resulting in the presence of autoreactive B 

lymphocyte in their bloodstream.(4) Additionally, there have been a report indicating 

that B cells that secrete IL-10 and possess regulatory capabilities exhibit functional 

impairment in lupus, referring to a skewed SLE B cell repertoire.(97) 

A comparable breach in tolerance shows that dysregulation of TLR and BCR 

networks, along with impaired co-stimulation, can disrupt the mechanisms responsible 

for preserving self-tolerance at both the antibody-forming cell and GC checkpoints, 



16 
 

consequently leading to the emergence of self-reactive B lymphocyte, the generation 

of autoantibodies, and the subsequent development of SLE.(92) In the context of SLE, 

it has been observed that autoreactive B lymphocytes have the ability to endure as 

long-lasting plasma cells or memory B lymphocytes. Certain investigations indicate 

that a majority of autoantibody-producing lymphocytes found in individuals with 

lupus originate from non-autoreactive B lymphocyte precursors, demonstrating the 

contribution of somatic mutations to the specificity and reactivity of autoantibodies.(6) 

The deficiency of C4, which SLE has been found to be potentially linked to 

(87), has been connected to a reduction in the elimination of self-reactive B 

lymphocytes, which compromises the process of negative selection.(87, 98) The 

presence of the R620W polymorphism in the PTPN22/Lyp gene, which is linked to 

lupus development, results in a reduction in BCR signaling, thereby influencing the 

development of human B cell tolerance. It has been previously documented that 

individuals carrying the PTPN22 risk allele exhibit a higher prevalence of self-reactive 

clones in transitional and mature naive B lymphocytes as compared to donors who do 

not carry this allele.(99) Also aberrant CD19 expression and the diminished 

tolerogenic function of TLR9 in B cells in SLE patients could potentially result in a 

breach in B lymphocyte tolerance checkpoints in these patients.(100) On the other 

hand, it has recently been observed that the aberrant function of B lymphocytes in 

lupus is attributed to ATR-mediated DNA injury responses.(101) It remains to be 

determined what the other different cascades or means are that affect B lymphocytes 

and cause the emergence of SLE. 

Aberrant B-cell pathways frequently occur in lupus. B lymphocytes participate 

in antigen presentation to T lymphocytes, producing autoantibodies, and releasing 

cytokines such as interleukin 6, interleukin 10, interferon α, APRIL, BAFF, and TNF-

α. Therefore, the B-lymphocyte depletion has been observed to yield beneficial 

outcomes in certain SLE patients. For instance, Rituximab specifically binds to CD20 

receptors on B lymphocytes, leading to diminished B-cell precursors and mature B 

lymphocytes.(81) Based on an experimental lupus mouse model, the presence of 

cytotoxic T lymphocytes that express CD19-targeted chimeric antigen receptors 

(CARs) led to a sustained decline in CD19+ B lymphocytes, cessation of autoantibody 

generation, reversal of disease symptoms in affected organs, and a significant 
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extension of lifespan beyond the expected norm.(102) Also, the administration of 

bortezomib, a proteasome inhibitor, resulted in the depletion of plasma cells and 

improved the clinical symptoms associated with refractory SLE.(103) The modulation 

of B lymphocyte function or quantities can be very promising. Cytokine treatments 

targeting B-cells encompass various approaches for lupus management options. (87) 

The expression of BTK is significantly elevated in individuals diagnosed with lupus 

nephritis. The kinase plays an essential role in mediating intracellular signaling 

networks within B lymphocytes as well as facilitating the activation of macrophages 

and monocytes. The blockade of BTK in SLE murine models has demonstrated 

encouraging findings. Overall, in spite of the progress made in therapeutic 

interventions, the morbidity associated with SLE continues to be significant, so hopes 

for tomorrow involve a strategic focus on the utilization of pharmaceuticals that 

impede the functionality of B-cells.(81)   

 
Figure 2.8: Patients with autoimmune disease exhibit compromised central B and 
peripheral B lymphocyte tolerance checkpoints. (Adapted from (57)) 

 

2.3. Intestinal Microbiota Alterations Linked To SLE 

2.3.1. Gut Flora and Mucosal Immunity  

The concept of "microbiota" denotes the assemblage of microorganisms that 

reside harmoniously within their mammalian hosts; on the other hand, the microbiome 

encompasses the entirety of the genetic material possessed by the microbiota of 

humans. (104-106) Afterwards, dissecting human microbiota has been significantly 
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assisted by the implementation of high-throughput sequencing tools. (105, 107-112) 

Commensal and symbiotic microorganisms colonize various anatomical locations. 

However, the intestinal tract, particularly the colon, serves as the principal habitat, 

hosting an array of over 400 bacterial species.(104, 113-117) Various types of 

microbial organisms, such as viruses, archaea, protozoa, and fungi, can be found 

within the mammal gastrointestinal tracts. However, bacteria exhibit the highest 

prevalence among all these indigenous microbial cells in the digestive tract and the 

most densely colonized in the colon.(118, 119) The Actinobacteria, Bacteroidetes, 

Firmicutes, and Proteobacteria phyla are considered fundamental constituents of the 

microbiome community, playing a crucial role in fostering bodily homeostasis within 

the intestines. (120, 121) The establishment of a mutually beneficial connection 

between the host and its symbiotic intestinal microbial inhabitants has been facilitated 

by their long-term evolutionary cooperation and adaptability. In this relationship, the 

resident gut microbiota actively contributes to various host physiological processes, 

while the host, in turn, provides suitable habitats as well as the required resources for 

the survival of these microbial lives.(108, 118, 122) Moreover, there is significant 

variation in the composition and complexity of the indigenous commensal intestinal 

flora among individuals, apart from substantial differences between different regions 

of the intestinal tract.(123, 124) Given the intricate nature of the gut microbiota, 

numerous variables, such as age, sex, genetic makeup, dietary patterns, stress levels, 

exposure to pathogens, environmental conditions, sanitation practices, and the use of 

pharmaceuticals, notably antibiotics, all exert an influence on the composition and 

diversity of the gut flora.(123, 125, 126) The wide array of variations observed in the 

gastrointestinal system can be attributed to a process of meticulous host selection and 

coevolution (119), and the fundamental characteristics of human nature are shaped by 

communities of commensal microorganisms. 

Over the course of the past twenty years, a considerable amount of research has 

extensively documented the profound impact exerted by the gut microbial 

communities on the physiological processes and immunological reactions of the host 

organism. (123, 127, 128) The microbial communities in the intestines perform an 

important duty in various metabolic processes as well as impact the development and 

functioning of the host's innate and adaptive immune systems. The human body relies 
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on a well-functioning gut microflora to facilitate various physiological processes, 

which encompass food digestion, energy extraction, synthesis of vitamins, regulation 

of host metabolism, development and maturation of immune cells, facilitation of gut-

associated lymphoid tissues (GALTs), production of antimicrobial molecules, 

protection against pathogens (seen in Figure 2.9), metabolism of pharmaceutical and 

xenobiotic compounds, modulation of neurotransmitters, and release of 

hormones.(111, 112, 118, 124, 129-132) The establishment of a harmonious 

microbiota that is unique to the individual is crucial for maintaining optimal immune 

system functionality.(133) The nature and arrangement of the gut flora have an 

immense effect on various aspects of the human immune system. These involve the 

formation of the B cell repertoire, the production of polyreactive and autoreactive 

antibodies, the balance of helper T cell populations, the sustaining of harmony between 

the Th17 and Treg subsets, the management of the Th17 cell pool, and the control of 

cytokines; thereby, the gut microbiota acts an indispensable part in shaping and 

maintaining the individual's immunity.(125) In addition, the gut symbionts mold a 

repertoire of pre-immune BCRs and enhance the systemic immune response towards 

microbial entities by boosting the production of IgG. Furthermore, they contribute to 

the amplification of T cell-independent commensal reactive IgA input.(134) Overall, 

the bidirectional communication between microbial organisms and their human niches 

serves as an important factor in preserving the host's health.(123)     

                               

Figure 2.9: Protective Immunity Promotion by the Gut Microbial Community. 
(Adapted from(132)) 
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2.3.2 SLE and Gut Dysbiosis  

Various environmental factors, such as dysbiosis of microbiota, have the ability 

to trigger the activation of immune receptors or stress-mediated cell responses, which 

subsequently results in the secretion of interferons,  hallmarks of SLE.(92) The 

principal site of symbiosis, the gut microbiome, has been reported to control how the 

host immunity develops and is probably connected to genetic alterations that may lead 

to systemic autoimmune disease.(135) In fact, the development of tolerance to both 

the host's own antigens and commensal microorganisms depends on this reciprocal 

relationship between the immune systems of individuals and the residing commensal 

gut communities.(115, 118, 136)  

Intestinal dysbiosis, a disequilibrium state in the composition of gut microflora, 

is typically identified by a transition from a state of healthy equilibrium to a 

pathological condition. (137, 138) This phenomenon has been connected to the 

formation of autoimmune illnesses, such as lupus.(139, 140)  Given the fact that one 

of the immunological tolerance preservation strategies relies on the gut micro-

ecosystem in the host, intestinal flora dysbiosis can result in shifts in the characteristics 

and function of immune cells in SLE subjects. Consequently, this disruption may lead 

to breaches in the checkpoints, which may be one of the causes of the broken tolerance 

in individuals with SLE.(126) 

Despite the extensive research conducted on gut bacteria over the years, there 

has been a notable surge in interest in the past decade regarding the association 

between intestinal dysbiosis and SLE. The initial publication documenting the 

presence of intestinal dysbiosis in relation to SLE by Hevia et al. examined the 

microbiota interaction with the host in autoimmune diseases, specifically focusing on 

identifying intestinal pathological alterations associated with SLE. This study utilized 

16S rRNA gene analysis on stool samples to demonstrate that SLE patients with 

inactive SLE exhibited a significantly reduced ratio of Firmicutes to Bacteroidetes. 

Additionally, a decrease in certain families of Firmicutes was observed.(139) 

Following investigations provided further evidence for a reduced ratio of Firmicutes 

to Bacteroidetes.(141-150) However, it is important to acknowledge that a few 

investigations examining alterations in the Firmicutes to Bacteroidetes ratio among 
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individuals with lupus have produced inconsistent results across various contexts. In 

the study conducted by Luo et al., it was observed that the human cohort exhibited no 

significant disparity in the relative abundance of Firmicutes to Bacteroidetes when 

comparing the microbiota of individuals with SLE and those without SLE.(151) 

Contrary to the findings of previous studies, J. He et al. observed an increase in the 

Firmicutes/Bacteroidetes ratio and a notable decrease in the abundance of 

Bacteroidetes among SLE patients.(152) Nevertheless, alterations in the proportion of 

Firmicutes to Bacteroidetes are not limited to SLE and have been seen in other 

disorders like Crohn's disease (153), obesity (154), and type 2 diabetes (155) as well. 

This ratio may therefore serve as an indicator of a more widespread dysregulated state. 

The effects SLEDAI and intestinal dysbiosis may potentially constitute a 

reinforcing two-way cycle. A dysbiotic gut bacteria species' adjustment might be a 

reaction to a localized human gut's response to the pathophysiology of lupus, which 

showed expansion and diminution of specific microorganisms that could be either the 

major or secondary causes of lupus pathology.(156) Indeed, the functions of resident 

gut flora in the development of SLE remain puzzling. Consequently, interpreting the 

microbiological profiles linked to SLE has been undertaken lately in an effort to gain 

more insight into the disease's pathology. 

One of the predominant factors through which gut microorganism modulate 

the immunological equilibrium of the host is by modifying the composition of 

metabolites, thereby exerting an impact on the immune response.(157) For instance, 

the presence of changes in lipid panels has been observed to be linked to autoimmune 

mechanisms and the level of disease activity in SLE.(158-161) Indeed, individuals 

diagnosed with SLE exhibit an atypical lipid profile in both their serum and stool 

samples.(162) Furthermore, SCFA biosynthesis from the intestinal symbiotic 

microorganisms facilitates the augmentation of anti-inflammatory cytokines, aside 

from promoting the development of Treg cells (163, 164), is impaired in lupus.(141) 

The reported change has been associated with a decline in the ratio of Firmicutes to 

Bacteroidetes and a climb in SCFA levels.(141) SLE patients from a study exhibited 

a decreased prevalence of the Ruminococcaceae family, known for its ability to 

produce SCFAs. Consequently, a reduction in the number of such bacteria may result 
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in a drop in SCFA synthesis, thereby contributing to metabolic dysregulation in 

individuals with SLE.(165) Interestingly, the shrinking of Ruminococcaceae has also 

been connected to leaky gut syndrome, which pertains to an elevated permeability of 

the intestinal barrier.(165) 

In addition, in various autoimmune scenarios, the availability of tryptophan 

may regulate the population of self-reactive helper T lymphocytes, and an elevated 

tryptophan metabolism rate contributes to the advancement of lupus disease. In fact, 

the restriction of dietary tryptophan exhibited a preventive effect on autoimmune 

disorders in a SLE murine model.(166) 

Moreover, Chen et al. reported that Lactobacillus salivarius, Shuttleworthia 

satelles, Clostridium leptum, Actinomyces massiliensis, Atopobium rimae, 

Bacteroides fragilis, Clostridium species ATCC BAA-442 and an unclassified 

Escherichia were found to be elevated in the gut microbiota of individuals diagnosed 

with SLE, and these microbial abundances were observed to decrease after therapeutic 

intervention.(167) 

According to research, the colonization of commensal bacteria with orthologs 

of human Ro60 has the potential to induce long-lasting autoimmunity in individuals 

with a genetic predisposition to lupus through cross-reactivity and epitope spreading 

mechanisms.(143) 

Also, the murine model has gained significant appeal as a platform for 

investigating the relationship between the SLE and gut microbiome due to its ability 

to facilitate precise manipulation and examination of specific microbiota. In a study, 

mouse lupus models demonstrated a substantial reduction in lactobacilli and a rise in 

Lachnospiraceae in female mice predisposed to lupus.(127) Moreover, the fecal 

microbiome derived from mice with SLE has the ability to elicit the anti-dsDNA 

antibody production, induce an inflammatory state, and modulate lupus susceptibility 

gene expression in germ-free mice.(168) In general, prior studies investigating 

dysbiosis in relation to SLE provide evidence that intestinal dysbiosis is a substantial 

contributor to the pathogenesis of SLE. 
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Figure 2.10: The phenomenon of reciprocal communication between SLE and gut 

dysbiosis. (Adapted from (126)) 

 

2.4. Importance of VH4-34 B cells on SLE  

2.4.1. VH4-34 gene segment and its AVY/NHS motif 

The VH locus in humans is located on chromosome 14, and human VH 

germline genes have been divided into at least six families (which are designated VH1 

through VH6 and range in size) with 80% similarity in their nucleotide 

sequences.(169, 170) Our research has mostly concentrated on the VH4 gene family, 

in particular the VH4-34 gene, which has been shown to be overrepresented in B 

lymphocytes of patients with SLE (5, 171) and has often been paired with pathologic 

autoantibodies.(172) 

The V4-34 gene segment shares a homology of 96% with the germline.(173) 

The V4-34 gene segment encodes immunoglobulin heavy chains, which are the 

distinctive feature of all monoclonal IgM cold agglutinins that specifically attach to 

the I/i carbohydrate antigens found on the surface of red blood cells (RBCs).(8) The 

I/i antigen is comprised of iteratively occurring N-acetyllactosamine units, which 
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exhibit a linear arrangement in the i structure and a branched configuration in I.(174) 

Thus far, all antibodies that have been characterized as exhibiting reactivity towards 

B-cell/i-antigens have been derived from the V4-34 gene. The binding of antibodies 

to B-cell/i-antigens is not observed in antibodies produced from different human VH 

families, such as other members of the VH4 family.(175) The robust correlation 

between a single VH gene portion and its specificity for the I/i antigen suggests that 

the unique configuration established by the V4-34-encoded segment of the antibody is 

necessary for binding to the I/i antigen. (8)  In fact, the observed inhibition of red blood 

cell agglutination by the monoclonal antibody led to initial speculation that the 

framework region 1 (FR1) might potentially contribute to the identification of the I 

Ag.(8, 176) The mutational analysis displayed that the 9G4 idiotype (Id) is positioned 

within FR1 of the immunoglobulin encoded by the V4-34 gene. Indeed, the 9G4 

idiotope is associated with the amino acid positions 23–25 of the FR1 protein, 

possessing the specific amino acid sequence AVY, which is essential for I 

carbohydrate antigen binding.(8, 177, 178) In addition, the previous findings provide 

compelling evidence that both the FR1 and CDRH3 regions of V4-34-encoded 

immunoglobulins play a crucial role in facilitating binding to the I antigen.(178) The 

binding of I carbohydrate antigen to V4-34-encoded antibodies also occurs outside of 

the typical combining site, which supports the notion that the surface-exposed CDRH3 

residue adjacent to FR1 can affect the ability of the I Ag to associate with both CDRH3 

and FR1, potentially due to their shape and/or charge characteristics. Based on the 

analysis of the crystal structure, it is observed that the AVY motif, defining the 9G4 

idiotope (177), collectively constitutes a hydrophobic region within FR1, which 

simultaneously interacts with complementarity-determining region (CDR) H3 and I 

carbohydrate antigen.(8) In fact, the same research group also suggests that the FR1 

of the heavy chain is potentially significant in facilitating the necessary interaction 

between the antibody and antigen, whereas the CDR3 of the heavy chain determines 

the precise specificity and binding strength.(178) Moreover, due to the absence of 

amino acid variations that differentiate V4-34 from other members of the VH4 family, 

excluding FR1, it is challenging to establish the involvement of sequences beyond FR1 

in the restriction of V4-34 among cold agglutinins.(8) 
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Also, all of the antibodies derived from VH4-34, in the past designated as VH4-

21 (172), were found to be reactive with 9G4 with few exceptions, while 

immunoglobulins utilizing gene segments from other VH families lacked reactivity 

with 9G4, indicating that the 9G4 antibody shows a specific reactivity with antibodies 

that are encoded by the VH4-34 gene segment. Besides, the 9G4 reactive idiotype is 

specifically limited to the heavy chain component only.(177)  In addition, all 

immunoglobulins (Igs) that exhibit reactivity with 9G4 possess the AVY motif in the 

FR1 region. However, the reactivity of 9G4 is eliminated when the amino acid alanine 

at position 23 is substituted with threonine. The significance of the valine residue at 

position 24 becomes evident when it gets replaced with alanine in several antibodies, 

resulting in their loss of reactivity with 9G4. In parallel, the replacement of the VH4-

21 amino acids AVY at positions 23-25 with TVS results in the antibody becoming 

unresponsive to 9G4. The restoration of reactivity with 9G4 is observed when the 

AVY sequence is reintroduced into the FR1 region. Although there is a chance that a 

spontaneous mutation will occasionally appear in the FR1 segment that the 9G4 

antibody recognizes, sequence analysis of a number of cold agglutinins suggests that 

this is not a frequent occurrence.(177) Moreover, it has been reported that the anti-i-

secreting B lymphocytes display the VH4-34 gene in its unmutated germline-encoded 

form. 

Furthermore, it should be noted that the immunoglobulins encoded by the V4-

34 and VH4 families exhibit distinct amino acid compositions at positions 52 and 53 

within the CDR of the heavy chain 2 loop (specifically, residues 52-56). The V4-34 

gene segment is responsible for encoding the amino acid sequence NH at specific 

positions, on the other hand, the rest of the VH4 family members exhibit either YY or 

YH at those same positions.(8) In the study conducted, it was observed that the 

substitution of the V4-34 CDR H2 sequence with the CDR H2 of a V4-61-encoded Ig 

resulted in the replacement of NH with YY, which did not have any discernible impact 

on the binding of I. (178) This observation suggests that the amino acids NH within 

CDR H2 do not contribute significantly to I binding. The CDRH2 substitution resulted 

in the elimination of a putative N-linked glycosylation segment at the NHS motif, a 

characteristic exclusive to V4-34-encoded immunoglobulins within the VH4 

family.(8)  
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2.4.2. Autoreactive VH4-34 B lymphocytes 

A particular subset of B lymphocytes in humans, known as VH4–34 or 9G4 B 

lymphocytes, has been deemed to possess a role that operates at the junction of both 

adaptive and innate immune reactions.(5) The 9G4 B lymphocyte examination 

provides invaluable insight regarding the intricate equilibrium between advantageous 

and harmful immune reactions.(1) Autoreactive clones that express inherently 

autoreactive VH, namely VH4–34, undergo development and accumulation within the 

adult naive B lymphocyte compartment.(179) The earlier evaluations demonstrated a 

high prevalence of the VH4-34 gene in the autoimmune repertoire.(180) In one study, 

the fact that two human monoclonal antibodies detect lipid A and a carbohydrate 

epitope on B lymphocytes suggested that the highly conserved VH4-34 gene plays a 

dual role in both the immune response to bacteria and the B cell formation.(181) 

Specifically, the unmutated VH4-34 genes possess the FR1 AVY sites, which are 

recognized for their ability to bind to I/i self-antigens found on RBC antigens.(182, 

183) These self-reactive antibodies might be involved in removing dying 

erythrocytes.(179) It has been shown that antibodies produced from the VH4-34 gene 

possess distinctive autoreactive characteristics. It includes a variety of anti-Rh 

antibodies (184) as well as polyreactive antibodies that exhibit binding affinity towards 

DNA, bacterial lipid A, rheumatoid factor and cardiolipin. (172, 180, 181) Antibodies 

containing the IGHVH4-34 gene have been demonstrated to identify commensal 

bacteria.(7) 

The identification and isolation of this specific group of B lymphocytes may 

be achieved utilizing a rat monoclonal antibody known as 9G4.(185) Apart from 

exhibiting specific inhibitory effects on cold agglutination (176), the anti-idiotypic 

antibody (9G4) has particular binding affinity towards a distinct epitope that is 

encoded within FR1 of the human VH4-34; thereby, it may be inferred that every 9G4 

B cell inherently possesses the VH4-34 gene.(1) Strikingly, the 9G4 monoclonal 

antibody demonstrated reactivity exclusively with V4-34 expressing 

immunoglobulins, irrespective of the D, JH, or L chain sequence and isotype.(186) It 

is noteworthy that the identical FR1 sequence, which is responsible for encoding the 

9G4 epitope, also performs an important function in the superantigen binding 

characteristic and 9G4 B lymphocyte autoreactivity.(8) The 9G4 epitope 
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disappearance could manifest as a consequence of the accumulation of somatic 

mutations in the FR1 responsible for encoding the 9G4 epitope.(1) In addition, it has 

been demonstrated by mutational studies that the 9G4 epitope loss leads to a 

concomitant autoreactivity disappearance.(187) Hence, the identification of the 9G4 

epitope can be regarded as indicative of autoreactivity, and the examination of 9G4 

expression provides a means to ascertain the destiny of autoreactive B lymphocytes 

and explore the underlying processes governing their control.(1) 

The VH4-34 gene has a higher frequency in normal adults at the level of BCR. 

According to the findings of 9G4 monoclonal antibodies, a small proportion ranging 

from 3 to 8% of B lymphocytes in both human peripheral lymphoid tissues and 

peripheral blood exhibit VH4-34 positivity. Nevertheless, circulating VH4-34 

immunoglobulins are present at minimal to undetectable concentrations in the healthy 

individuals’ peripheral blood.(176, 188) Furthermore, the presence of VH4-34 is not 

detected in the plasma cells of healthy donors' tonsils and bone marrow samples.(5) 

Negative selection, a process that often results in the suppression or tolerance of VH4-

34-bearing B lymphocytes, seems to occur during their differentiation. (180) Although 

there is a high prevalence of 9G4 B lymphocytes in the primary normal repertoire, they 

are rarely found in healthy sera, regardless of whether it is IgM or IgG.(171, 176, 189-

191) In fact, it is shown that less than 1% of the repertoire of circulating IgM and IgG 

proteins is derived from the VH4-34-expressing cell population. Moreover, the 

findings presented in a study provide evidence for the presence of a mechanism in 

humans that facilitates the occurrence of mutations leading to reduced self-reactivity. 

The efficiency of clonal redemption of anergic cells during healthy human antibody 

responses is evident due to the use of IGHV4-34*01 by 2.5% of switched memory B 

cells, with over 43% of these cells exhibiting mutations that eliminate I/i binding.(9) 

In the event of dysregulation, VH4-34-bearing B lymphocytes can undergo 

expansion.(180) With the evidence supporting B-cell tolerance breaches and 

pathogenic involvement of B lymphocytes, polygenic autoimmune disorders, namely 

SLE, multiple sclerosis and rheumatoid arthritis show considerably skewed B-cell 

receptor repertoires in comparison to healthy individuals. Remarkably, these disorders 

have shared repertoire defects, including an increased use of the IGHV4-34 gene.(183) 

However, this reference is likely not supported by other publications that showed that 
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VH4-34+IgG+ B lymphocytes are restricted to lupus, and the detection of elevated 

IgG-9G4 autoantibody levels is highly indicative of this particular autoimmune 

disorder.(1, 171, 189-192) 

2.4.3. Significant role of VH4-34 B lymphocytes in SLE 

In some studies, the 9G4 B lymphocytes may be classified as innate B 

lymphocytes due to their significant presence in the primary pre-antigenic repertoire, 

comprising approximately 5-10% of mature naïve B lymphocytes. Furthermore, these 

cells undergo expansion during certain infections, such as Mycoplasma pneumoniae 

and Infectious mononucleosis, suggesting their potential involvement in protective 

immune responses.(193, 194) Crucially, for the categorization of 9G4 B lymphocytes 

as innate like B lymphocytes, their antigenic reactivities towards autoantigens and 

pathogens are assigned by the germline VH4-34 sequence without the need for 

antigen-selected affinity maturation or somatic hypermutation, although further 

investigation is necessary.(8) The 9G4 B lymphocytes are also found in the IgM/IgD 

memory population and the marginal zone B cell compartment; however, they are not 

present in the T lymphocyte-dependent IgG memory repertoire, which means they 

typically do not contribute to adaptive B lymphocyte responses.(1) The 9G4 B 

lymphocyte sequestration within the innate immune system can be disrupted under 

specific circumstances, like in SLE patients, whose 9G4 B lymphocytes are 

significantly increased within the IgG memory subset and involve lupus 

pathogenesis.(5, 171) It has been demonstrated that VH4-34-expressing antibodies are 

present in fifty-five percent of SLE patients. (191) Interestingly, enhanced VH4-34 

immunoglobulin production is particularly specific to SLE.(5) 

The sequencing investigations on BCR regarding variable gene analysis for 

SLE patients have consistently shown a notable increase in the use of the IGHV4 gene 

family, particularly the IGHV4-34 gene.(2, 183) The VH4-34 gene, which is 

recognized for its inclination towards autoreactivity in its germline configuration, 

experiences negative selection in the memory and plasmablast subsets of normal 

subjects, free of disease. It is claimed that the act of censoring at the GC reaction stage, 

to some extent, might be attributed to anergy brought about by prolonged exposure to 

self-antigens.(1) However, the regulatory mechanisms responsible for censoring 9G4 
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IgG antibodies are faulty in SLE; consequently, VH4-34 is observed in greater 

proportions among activated naive B lymphocytes, plasmablasts, and memory B 

lymphocytes of lupus patients.(2, 3, 190, 195) 

SLE, a condition characterized by polyclonal B-lymphocyte hyperreactivity 

(196), has been linked to a multitude of autoantibody targets exceeding 100. 

Additionally, ANAs have been found to be present in over ninety-five percent of SLE 

patients. As stated earlier, the expression of 9G4 was found to be considerably elevated 

in the blood levels of IgM and IgG among SLE patients in comparison to healthy 

individuals. Nevertheless, previous studies have demonstrated that there was no 

discernible disparity in the degree of 9G4 expression on IgM, IgG, or anti-dsDNA 

antibodies among patients who experienced a disease flare within one year after 

rituximab-based B lymphocyte depletion therapy and those who had a more prolonged 

response to the same therapy.(197)  

Considering the significance of autoreactive VH4-34 antibodies in SLE 

pathogenesis, a study employed a novel strategy to produce anti-VH4-34 antibodies, 

specifically utilizing the compound HMBD-011. The objective was to eliminate VH4-

34 auto-antibodies and diminish the VH4-34+ B cell population, thereby exploring the 

therapeutic prospects of HMBD-011 for individuals afflicted with VH4-34-associated 

autoimmune disorders.(198) It is worth mentioning that CD19-positive B cell 

lymphopenia, which impacts more on naïve B lymphocytes compared to memory B 

lymphocytes (199), has been observed among SLE patients, leading to a reduction in 

the quantity of both naive and memory cells. But still, SLE patients in the study exhibit 

a higher frequency of CD27+ early plasma cells.(193)  

Acute SLE episodes course with the manifestation of a diverse array of 

antibody-secreting cells (ASCs) marked by clones expressing the variable heavy-chain 

region VH4-34, which are responsible for the production of prominent autoantibodies 

seen in the serum. The circulating ASCs, whose source was a specific fraction of 

activated naive B lymphocytes, seen during SLE flares exhibit polyclonality and have 

a reduced frequency of somatic hypermutation.(2) The VH4-34 segment exhibiting a 

high degree of autoreactivity has been shown to have a positive correlation with active 
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SLE in serological investigations.(3, 190) The self-reactivity of VH4-34 monoclonal 

antibodies obtained from both naïve and memory lymphocytes of SLE patients were 

reported.(200)                       

 

Figure 2.11: Acute SLE episodes with substantial ASC polyclonal expansions 
(Adapted from (2)) 

                                                      

Figure 2.12: SLE ASCs in flares are distinguished by intricate VH4-34+ clonal 
expansion. (Adapted from (2)). 

Overall, the exclusion of VH4-34-encoding self-reactive B lymphocytes from 

GC and the memory B lymphocytes pool has been seen in healthy individuals. 

Nevertheless, it has been shown that in individuals with SLE, B lymphocytes 

expressing VH4–34 are attracted inside germinal centers, potentially leading to the 

production of autoantibodies with pathogenic properties.(5, 179) Indeed, there is a 
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correlation between levels of serum VH4-34 antibodies and lupus disease 

activity.(179, 191) 
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3. METHODS 

Between September 2020 and September 2022, this research was conducted in 

Dr. Eric Meffre's laboratory in the Yale Immunobiology Department in New Haven, 

Connecticut.  

Jean-Nicolas Schickel, a former Meffre lab member, conducted part of the 

early experiments and analyzed the bacterial lysates. He also performed the initial 

VH4-34 analysis regarding the mutational status of memory B cells. Additionally, we 

express our gratitude to the former members of the Meffre Lab who were responsible 

for the initial part of the cloning of some samples. 

3.1. Healthy controls and patients' samples for VH4 clones 

All samples were gathered after patients and healthy volunteers completed 

informed consent in line with methods established by Yale University's institutional 

review board.  

Hedda Wardemann from the German Cancer Research Center generously gave 

us their previously studied VH4-34 miniprep sequences that were cloned from single 

CD27+IgG+ memory B lymphocytes from healthy participants and lupus patients. 

Some of her clones were re-expressed by me, and we added them to our study for 

further analysis of our hypotheses. 

3.2. Staining and sorting B lymphocytes 

Blood mononuclear cells were collected from the peripheral venous system 

and purified according to manufacturer guidelines utilizing Ficoll-Paque density 

gradient centrifugation. Next, the B lymphocytes were enriched in HDs and SLE 

patients' samples by employing magnetic separation via CD20 microbeads (Miltenyi 

Biotec). CD20+ enriched B cells were stained with anti-human CD markers like 

CD10, CD19, CD21, and CD27, anti-human IgG-PE, and anti-9G4-FITC (IGM 

Biosciences). On a FACS Aria flow cytometer, single CD19+CD27+CD21+IgG+ or 

CD19+CD27+CD21+IgG+9G4+ memory B cells were sorted onto 96-well PCR 

plates and promptly frozen on dry ice and stored in a -80-degree freezer. 
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3.3. Methods to generate monoclonal antibodies from single human B 

lymphocytes 

Single CD27+ IgG+ B cells were sorted to evaluate B cell tolerance in the 

Meffre laboratory. Using a single-cell RT-PCR technique, 20 to 30 Ig genes for each 

B cell fraction were then cloned. After transient transfections of A293 fibroblasts 

with plasmids expressing Ig heavy and light chains, supernatants containing 

recombinant antibodies would be titrated, and their reactivity would be assessed by 

ELISA for binding to polyreactivity, Hep-2 cell lysates, and anti-nuclear reactivity 

(anti-nuclear antibody slides). In this study, I focused on commensal bacteria 

reactivity immunoassays rather than autoreactivity and polyreactivity assays. 

The cloning strategy employed for this study is illustrated in Figure 3.1. The 

components of the illustration were rendered with images obtained from Servier 

Medical Art. Servier Medical Art, created by Servier, is subject to a licensing 

agreement under the Creative Commons Attribution 3.0 Unported License. 
(https://creativecommons.org/licenses/by/3.0/).  
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Figure 3.1: Methodology for cloning antibodies from single B lymphocytes        
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3.3.1. cDNA / rtPCR Protocol 

1- Preparation 

• Clean the PCR hood with DNA-ZAP 

• Thaw buffers and reagents 

• Leave a sorted 96-well PCR plate in the cold block 

2- Make a reaction Mix1 

• 718.3 uL dH20  

• 30.8 uL random hex N6  

• 66 uL 10% NP40  

• 5.5 uL RNAse inhibitor  

• 44 uL DTT 

3- Add 7.2 uL of mix1 into each well. (The mixture should be washed over 

each side of the well several times from a height sufficient to obtain single-cell 

context.) 

4- After covering the plate with sticky foil, put the plate at 65 °C for 1 minute, 

then immediately replace the plate back on the ice block. 

5- Make a reaction Mix2 

• 226uL dH20 

• 330uL 5X Buffer 

• 55uL dNTPs 

• 110uL DTT 

• 6uL Rnasin  

• 15uL superscript III  

 

6- Add 7 uL of mixture #2 to wells. 

7- Incubate for 15 minutes at room temperature. 

8- RT-PCR reaction (thermocycler) 

 

42°C 5 min 
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25°C 10 min 

42°C 55 min 

94°C 10 min 

Hold at 15°C 

 

3.3.2. Single-cell PCR Protocol 

1- Prepare PCR mix (a full plate requires three times the volume.) 

 

• 1225.4 uL dH20  

• 165 uL 10X Buffer  

• 17.6 uL dNTPs  

• 5.5 uL primer1  

• 5.5 uL primer2 

• 11 uL Taq polymerase 

 

2. Arrange a 96-well PCR plate on a cold block, then add 38 uL of mix into 

each well. 

3. Add 3.5 uL of cDNA or 4 uL of PCR1 product per well. 

4. Start the PCR (1 or 2) thermocycler program (50 cycles). 

  

94°C 5 min  

94°C 30 sec  

57°C (PCR1) or 59°C (PCR2) 30 sec  

72°C 55 sec (PCR1) or 45 sec (PCR2)  

72°C C 5 min  

Hold at 4°C, 15°C if overnight.  
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After performing one RT PCR for each fraction, then two consecutive 2 PCRs 

per chain, we run the gel to find matching pairs. An example of PCR2 gel images from 

my previous work in the lab is seen in Figure Figure 3.2. 

                  

 

Figure 3.2: A representation of a PCR2 gel image. 

 

3.3.3. Sequencing 

Following the selection of matching pairs with the appropriate reverse primer, 

aliquots of the second PCR products from the heavy (H) and lambda (λ) chains were 

sequenced by the Yale Keck Sequencing Facility. Finally, the sequences were 

examined using igBLAST against GenBank to determine the segments of germline 

V(D)J genes with the highest degree of identity. 

 

Primers 

PCR products 

• H (5’AgeVHmix) 

• λ (3’XhoCλ1) 
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3.3.4. Purification  

Prior to cloning, the purification of all matching PCR products was conducted 

using the Qiagen Purification Kit with PE buffer, PB buffer, and elution buffer. 

 

An example of my purification experiment snapshot is seen in Figure 3.3.  

 
Figure 3.3:  Purification step 

 

3.3.5. Digestion  

In a total volume of 40–50 μl, digestions were performed using the 

corresponding restriction enzymes, namely SalI, AgeI, BsiWI, and XhoI. 

For heavy chain clones: AgeI, SalI 

For kappa chain clones: AgeI, BsiWI 

For lambda chain clones: AgeI, XhoI 

3.3.6. Purification  

Purification procedures for digested PCR products were followed as previously 

indicated.  

3.3.7. Ligation  

PCR-digested products were inserted into expression vectors for human Igγ1, 
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Igκ, and Igλ with numerous cloning sites upstream of the human Ig constant regions. 

The ampicillin resistance gene in the vector can be used to choose clones of interest. 

In the ligation procedure, we used 1 μl T4-Ligase enzyme (NEB), 7.5 μl 

purified digested PCR product, and 0.2 μl respective vectors in 10 μl total volume.   

3.3.8. Making an agar plate  

1. Add 1 L of autoclaved water to a bottle. 

2. Add 31 g of 2X YT , then 15 g of Bacterioagar. 

3. Mix. 

4. Autoclave. 

5. Cool to 50–55°C, then add 500 µL of ampicillin (Sigma-Aldrich). 

6. Pour into pedri dishes (Falcon, 351029) so that they just cover the 

bottom surface. 

7. Let it cool on the bench until its temperature reaches room temperature. 

8. Put them in a sleeve and store them in a 4°C fridge until the transfection 

experiment. 

       
Figure 3.4:  Preparation and storage of agar plates. 
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3.3.9. Transformation  

A competent E. coli aliquot was thawed and quickly added on ice to each 

tube/well. Then, 3.5 uL of ligation products were added, respectively. Later, the 

samples were incubated on ice for half an hour before being heat-shocked at 42°C for 

30 seconds and placed back on ice for 120 seconds. After adding 100 uL of 1X LB 

without ampicillin to each tube/well, we capped gently and taped the tubes/plate to the 

shaker for 30 minutes at 37C 300 rpm. Finally, the bacterial mixture was dispersed on 

labeled pedri dishes using blue hockey sticks and incubated overnight at 37 °C, upside 

down. 

 

An example photo of the E. coli colonies I had after one of my transfection 

protocols is shown in Figure 3.5. 

               

 
Figure 3.5: E. coli colonies carrying my insert. 

 

3.3.10. Screening of colonies  

After overnight incubation of agar plates with LB-ampicillin at 37 °C, 4-8 

colonies for each plate and chain were screened by PCR with a 5′ Ab sense primer and 

corresponding reverse primers to select the plasmids with variable-region inserts.  

 

PCR mix preparation (values for 10 colonies) 
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• 130 uL H20 

• 50 uL screening dye 

• 40 uL dNTPs 

• 25 uL Taq 10X Buffer 

• 2 uL Primer 1 (5’ Absense) 

• 2 uL Primer 2 (3’ Primer: 3’IgG (H), 3’ Cκl, 3’ C λI) 

• 2 uL Taq polymerase 

Following the screening PCR, gel electrophoresis was conducted to determine 

whether the insertion of the ligated product was with the vector.  

Figure 3.6 shows the screening process, and Figure 3.7 represents an example 

of me loading agarose gel electrophoresis for screening. 

                            

Figure 3.6: Screening process. 
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Figure 3.7: Agarose gel electrophoresis for screening. 

3.3.11. Inoculation  

Colonies having genes of interest were swabbed with inoculation sticks 

(Fisherbrand, 22363598) and put into respective 14 mL inoculation tubes (Corning™ 

352059) with 4 mL of 1X LB with ampicillin and left in a shaker for 15-18 hours at 

300 rpm and 37°C. 

The preparation step for the inoculation experiments is shown in Figure 3.8. 

 

                    
Figure 3.8: Preparation for the inoculation step. 
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3.3.12. Minipreps (Preparation of plasmid DNA)  

Using QIAprep Spin columns from Qiagen (27106) with P1 Buffer, P2 Buffer, 

N3 Buffer, PE Buffer, and EB Buffer, the DNA of the plasmid was recovered from a 

4 ml volume of bacterial cultures that were cultivated overnight at a temperature of 37 

°C in LB with ampicillin. 

 

3.3.13. Sequencing  

With the appropriate reverse primer, aliquots of the minipreps from the VH, 

Vλ and also Vκ chains were sequenced. IgBLAST was utilized to analyze the 

sequences and detect the germline V(D)J gene segments with the best match. 

The IgBLAST program allows for the analysis of germline V, D, and J genes 

and the identification of IG V domain framework regions, as well as the determination 

of rearrangement junction information and complementarity-determining regions. 

One of my sequencing plates for miniprep samples is depicted in Figure 3.9 

Also, the example of DNA sequence illustrated by SnapGene in Figure 3.10. 

 

 
Figure 3.9: Sequencing plate for minipreps. 
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Figure 3.10: An example of electropherograms acquired through the use of 
Sanger sequencing. 

 

3.3.14.  Transfection Protocol 

Preparation of the Nutridoma Media  

• DMEM  

• Sodium pyruvate 100 mM  

• Antibiotic Antimycotic 100X 

• L-Glutamine 200 mM 100X   

• Nutridoma (Roche) 

The transfection of matching clones was performed using Human Embryonic 

Kidney (HEK) 293A cells. Firstly, we grew HEK 293A in full DMEM (Dulbeccos 

Modification of Eagles Medium) on 150 mm cell culture dishes (Falcon® 353025). 

The 2.5–3 million cells were then transferred into 100mm x 20mm tissue culture dishes 

(Corning 353003) in full DMEM. Then, the Nutridoma medium was replaced with full 

DMEM when the cells reached 90% cell confluency, indicating they were ready to be 

transfected. 

1.2 ml of a 150 mM NaCl solution was added into 14-mL round-bottom tubes, 

and equal amounts of matching heavy and light chain DNA were mixed with the 

solution. Afterward, 90 uL of linear PEI (1 mg/mL) was added dropwise while 

vortexing, and we waited for the incubation at room temperature. In sterile conditions, 

the mix was dispensed onto the HEK293A cell line with the Nutridoma medium. 

Lastly, the transfection plates were kept in an incubator for ten days at 37 °C, 5.0% 

CO2, and humid conditions. A photo from one of my transfection experiments is 

shown in Figure 3.11. 
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Figure 3.11: Transfection plate preparation. 

 

3.3.15.  Harvesting  

After 10 days, the supernatants were spun at 1500 rpm for 10 minutes to get 

rid of any leftover cell debris. Subsequently, the antibodies were placed in a cold 

chamber maintained at a temperature of 4°C until they were used in the IgG ELISA.  

 
Figure 3.12: Transfected plates were ready to be collected after 10 days for the 
supernatants. 
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3.3.16. IgG ELISA for Antibody Concentrations  

Preparation 

    Blocking Buffer (1L): 

• 1L 1X DPBS (Gibco, 2430028)) 

• 2ml EDTA 0.5M (Invitrogen, 2059919) 

• 0.5ml Tween-20 (Sigma Aldrich, SLCH5035) 

    Making plates  

Flat-bottomed 96-well plates were coated with 1:500 goat antihuman IgG in 

blocking buffer and left overnight. 

The coated plates were subjected to three rounds of washing using water, 

following which a blocking buffer was introduced into each well. Subsequently, the 

plates were subjected to incubation at room temperature for a duration of 1 hour. 

Meanwhile, the antibodies from the supernatant were diluted 1:20 in PBS, and 

then 1:4 serial dilutions were prepared in the dilution plate, beginning with row A, 

adding to row B, and so on until row H. 

The coated plates were subjected to three rounds of washing using water 

following the first incubation, and 50 uL of dilutions from the dilution plate were 

added to the coated plate. Plates were then left to incubate for a two-hour period at 

room temperature. 

After three washes, a 1:1000 ratio of goat antihuman IgG secondary antibody 

in 5 mL blocking buffer was added. The plates underwent a one-hour wait at room 

temperature. 

The coated plates were subjected to three rounds of washing using water, 

following which a blocking buffer was introduced into each well.They were incubated 

for 5 minutes at RT. 

After final washes, HRP Substrate Kit (Bio-Rad, 1721064) was added per well, 

and multiple readings were recorded at 405 nm. Alternatively, 1-Step™Ultra TMB-
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ELISA Substrate could be used for substrate, and the readings were captured at 450 

nm. 

The concentrations of antibodies were computed using Excel with the help of 

a positive control and the standard curve of an IgG1 isotype control.

Figure 3.12: IgG ELISA plates following substrate exposure. 

After this step, we could do a polyreactivity ELISA; however, I primarily focus 

on the commensal bacteria binding assay. Therefore, I directly purified the expressed 

antibodies. 
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3.3.17. Antibody Purification 

    Preparation  

• The addition of Protein G Agarose Beads was performed in the 

expressed antibody tubes, after keeping an aliquot of each antibody 

supernatant. 

• The recombinant antibodies were put on the spinning wheel in 

a 4°C cold room for at least 1-2 days. 

After incubation, the antibodies were removed from the wheel, and spun at 

2000 rpm for 15 minutes, and then resuspended in DPBS. At the same time, the Bio-

Spin Chromatography Columns were subjected to activation. 

The activated labeled columns were loaded with resuspended beads. 

Once all of the media had been run through the column, DPBS was used to 

wash the beads three times. 

The antibodies attached to beads were serially diluted with glycine (Sigma, 

SLCG7669) pH=3 in 20 uL Tris pH=8 (AmericanBio, AB14043-01000) containing 

Eppendorf tubes. The OD 450 of proteins was then determined using a bell curve. 

The spinning of the expressed monoclonal recombinant antibodies, which have 

been bound to purification beads under a refrigerated environment, is represented in 

Figure 3.13. 

We used a purification method using protein G agarose beads for the isolation 

of recombinant antibodies, as seen in Figure 3.14. 
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Figure 3.13: Spinning of the expressed antibodies with the purification beads in 

a cold room.  

 

Figure 3.14: Purification of recombinant antibodies with protein G agarose 

beads. 
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3.4. Restoring the mutant AVY motif of HD VH4-34+IgG+ B cells to their 

germline unmutated form 

The strategy to revert mutated antibodies to their unmutated counterparts 

involves only the AVY site in VH4-34 FWR1. After determining the mutated AVY 

motif harboring HD VH4-34 recombinant antibodies with NCBI IGBLAST software, 

we reverted the mutated AVY motifs into their unmutated counterparts in those 

antibodies miniprep DNA sequences according to the germline sequence VH4-34*01. 

Then we ordered updated miniprep DNA sequences as gBlocks Gene Fragments from 

the IDT company. Finally, we cloned that gene product, as it is a purified PCR product, 

and then tested its commencal gut bacteria reactivity with fecal staining flow 

experiments. 

3.5. Cohort of human subjects for stool samples 

The fresh aliquots of stool samples were generously given by Martin A. Kriegel and 

kept in a -80°C freezer until use. The stools I used for my project were originally 

studied by Greiling et al. and Ruff et al. (143, 201) All human subject procedures used 

in their research received approval from the Yale Human Investigations Committee. 

3.6. Staining of Fecal Bacteria for Flow Cytometry 

    Preparation  

• The concentration of purified recombinant antibodies previously 

cloned from memory B lymphocytes, called primary antibodies, 

was diluted to 20 µg/mL for normalization. 

Fecal homogenates obtained from approximately 100 mg of frozen human 

stool in a 2 mL screw-cap tube were thawed on ice, then mixed with about 20 Lysing 

Matrix D beads (MP Biomedicals, 116913050) in 1 mL sterile Phosphate-Buffered 

Saline (PBS) as initially reported.(202) The stool sample was bead-beaten with a 

minibeadbeater (Biospec) for 12 seconds, then spun at 4 °C at 50 g for 15 minutes to 

eliminate big debris. Later, the stool aliquot was filtered through 40µm nylon to 

remove large particulates and normalize to approximately OD600 1.0. Fecal bacteria 
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suspensions were distributed equally in new 1.5 ml Eppendorf tubes per staining 

reaction and was rinsed using a 1 ml solution of PBS having 1% bovine serum albumin 

and was subjected to centrifugation at a force of 10,000 times the acceleration due to 

gravity (g), at a temperature of 4 °C, for a duration of 90 seconds. 

The bacterial samples were subsequently incubated with cloned primary 

antibodies of memory B lymphocytes, preceded by secondary staining with anti-IgG 

Alexa Fluor 647 and anti-IgA PE. Of note, stool homogenate was incubated with 

primary and secondary antibodies in a 1% PBS/BSA buffer containing 10% normal 

goat serum and 10% normal mouse serum. Also, between the steps, the stool 

suspension underwent two rounds of washing, each involving the addition of 1 mL of 

0.1% BSA in PBS. 

Samples were acquired using a BD LSRII cytometer, as seen in Figure 3.14, 

and analyzed on FlowJo. 

          

Figure 3.14: Samples prepared after fecal bacteria staining for flow cytometry. 
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3.7. Bacteria Sorting 

The thawing of fecal material and normalization of 9G4 recombinant 

antibodies from IgG+ memory B lymphocytes, assigned as primary antibodies, were 

noted previously. The bacteria bound by primary antibodies were marked with anti-

human IgG Alexa Fluor 647 and later incubated with 25 uL of Anti-Cy5/Anti-Alexa 

Fluor 647 MicroBeads in 1% BSA in PBS (staining buffer). After washing and elution 

steps by utilizing a 3D-printed inverted 96-well plate magnet, the positive fraction, 

referring to 9G4-bound bacteria isolation, was sorted. To isolate the negative fractions, 

a MultiMACS M Separator (Miltenyi Biotec, 130-091-937) as seen in Figure 3.15 and 

molecular-grade column strips (Multi-96 Column, Miltenyi Biotec, 130-092-445) 

were used. Following magnetic activated cell separation, the positive fraction (9G4 

antibody-bound fecal samples) and the negative fraction (antibody-unbound stool 

samples), as well as presorted stool samples, were then frozen at -80 °C for further 

analysis. 

Additionally, a detailed explanation of bacteria staining for feces and bacteria 

sorting was also demonstrated by Noah Palm, from whom we adapted our protocol for 

those experiments.(202) 

                               

Figure 3.15: Preparation for bacterial sorting. 
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3.8. DNA isolation and sequencing of 16S rRNA 

Frozen 9G4 antibody-bound and 9G4 unbound fractions (an example seen in 

Figure 3.16), as well as a pre-sort stool aliquot, were sent to Zymo Research 

Microbiomics Services on dry ice for DNA isolation and 16S rRNA sequencing.  

 

 

Figure 3.16: Example of frozen 9G4 antibody-bound and 9G4 unbound fractions. 

 

3.9. Statistics 

Statistical analysis was conducted using GraphPad Prism, version 7.03 or 9.40 

(GraphPad Software). Differences between interest groupings were evaluated by 

Mann-Whitney U tests and in parallel with the Wilcoxon test when paired. A P value 

of 0.05 was chosen as the threshold for significance. In our research, every statistical 

assessment has been carried out via a two-sided test. 
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4. RESULTS 

4.1. Key medical and demographic features of the subjects  

Table 4.1 presents the clinical variables and disease activity index of SLE 

patients from whom we isolated VH4-34+IgG+ B cells to clone. (The disease and its 

corresponding therapy exhibited a state of stability for a minimum duration of six 

months.) 

Table 4.1: Clinical characteristics and disease activity index of SLE patients.
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The tables below present the demographic features of both the patients 

diagnosed with SLE and the control group who willingly contributed their stool 

samples. 

Table 4.2: SLE stool cohort of human subjects with clinical features.

 
F, female; HCQ, hydroxychloroquine; Ro60, anti-Ro60 serum IgG; NA, not available. 

*The collection of SLE stool samples, which was previously reported, was kindly provided by Dr. 
Martin A. Kriegel.(143) 

 

Table 4.3: Healthy donor stool cohort of human subjects. 

                                     
F, female; NA, not available. 

* The healthy donor stool cohort, which was previously published, was generously given by Dr. Martin 
A. Kriegel.(143, 201)  
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4.2. The VH4-34 Autoreactive Motif is Conserved in IgG+ B Lymphocytes from 
SLE Patients 

To ascertain the potential recognition of commensal bacteria by VH4-34-

encoding antibodies expressed by IgG+ B cells in subjects with SLE, we initially 

examined the VH4-34 sequences obtained from single CD27+ IgG+ B cells isolated 

from both SLE patients and healthy controls (HDs). Our analysis focused particularly 

on two VH4-34-specific motifs that have been linked to the recognition of commensal 

bacteria.(7) The first motif, The Ala-Val-Tyr (AVY) motif located in the VH4-34 

FWR1 is accountable for the binding of I/i, consequently, any alterations or mutations 

in the AVY motif result in the loss of self-reactivity.(8, 9)  Secondly, one more 

distinctive attribute of VH4-34-expressing antibodies is the existence of an Asn-X-Ser 

N-glycosylation site (NHS) inside the CDR2, which enables the adjustment of 

antibody avidity towards the corresponding antigen.(203) Therefore, in order to 

investigate the impact of SHM on the two VH4-34 motifs in single IgG+ B cells, an 

analysis was conducted on IgG sequences obtained from healthy controls and SLE 

patients, and the mutated VH4-34 sequences were aligned with the germline VH4-

34*01 sequence (Figure 4.1). This work used VH4-34 sequences obtained from 11 

single-sorted IgG+, which had been previously isolated from different healthy 

donors.(76) In Figure 4.1, the amino acid sequence alignment of VH4-34 for IgG+ 

memory B lymphocytes derived from healthy donors and SLE subjects is shown.  

In an earlier investigation from our lab, it was previously shown that a total of 

11 out of 17 VH4-34-expressing antibodies generated by IgG+ B lymphocytes from 

healthy controls had mutations in their AVY motif, consequently leading to the 

cessation of self-reactivity. In fact, the majority of VH4-34 antibodies found in HD 

IgG+ B lymphocytes exhibited mutations in both AVY and NHS motifs, and 

furthermore, it was observed that these recombinant antibodies did not exhibit 

recognition towards commensal bacteria.(7) (Figure 4.1). On the other hand, it was 

observed that VH4-34-encoded antibodies produced by SLE IgG+ B lymphocytes 

frequently exhibited unmutated AVY sequences (six out of eight) and retained the 

ability for carbohydrate recognition and possibly autoreactivity. SHM frequently 

resulted in the loss of the NHS motif, consequently leading to the absence of CDR2 

glycosylation in VH4-34-encoding IgG (twelve out of seventeen) clones derived from 
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HDs. Conversely, the glycosylation region exhibited preservation in 75% (six out of 

eight) of VH4-34 bearing IgG sequences that were obtained from SLE patients. SLE 

VH4-34-expressing antibodies had unmutated AVY and NHS at a frequency of 62.5%, 

whereas a mutation was present in both motifs in 12.5% of cases. Mutation was present 

only in one of the motifs in 12.5% cases for each motif. (Figure 4.1B).  

Overall, it can be noted that in immunological responses involving VH4-34 

clones in healthy donors, the presence of AVY and NHS motifs is typically suppressed 

by SHM; inversely, in SLE patients, antigenic selection allows for the preservation of 

VH4-34 germline-expressing AVY and NHS sequences which are linked to the 

responses against commensal bacteria.(7)  

  

Figure 4.1: VH4-34+ IgG+ memory B cells of SLE patients exhibit atypical 
mutation patterns.  A. The amino acid sequence of the germline IGHV4-34*01 is 
shown in the uppermost section. The identification of germline identity is shown by a 
dash, whereas replaced residues are represented in black. The germline AVY and NHS 
sequences in FWR1 and CDR2 are shown in blue. The color green is used to indicate 
mutations only in the NHS gene, while the color red is used to represent mutations 
solely in the AVY gene. Mutations occurring in clones that are mutated for both AVY 
and NHS are depicted in purple. B. Pie chart showing percentage of clones that have 
undergone mutations in the AVY and/or NHS VH4-34 sequences obtained from IgG+ 
B cells derived from healthy donors as well as SLE patients. 
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4.3. SLE VH4-34 IgG+ B cells show a higher level of anti-fecal gut bacteria 

reactivity 

We then would like to assess if VH4-34-expressing antibodies cloned from 

single CD27+IgG+ B cells of SLE patients and HDs demonstrate an affinity for the 

gut bacterial populations that were obtained by stool samples of different HDs and 

SLE patients. Therefore, we tested purified VH4-34-expressing antibodies cloned 

from single CD27+IgG+ B cells of SLE patients and HDs, which have distinct 

mutation patterns for their AVY and NHS motifs, on stool samples from different HDs 

and SLE patients. HD VH4 non-VH4-34 antibodies derived from individual CD27+ 

IgG+ B cells of HD patients did not react to gut bacteria significantly; consequently, 

we decided to use those HD VH4 non-VH4-34 antibodies as a negative control for our 

flow cytometry analysis. Binding of VH4-34-encoded antibodies and the 

corresponding control clones was analyzed by flow cytometry with the utilization of 

secondary antibodies for IgA and IgG.  

 

We observed that SLE VH4-34+IgG+ B cells exhibited an elevated level of 

reactivity towards gut bacteria present in the fecal samples of both healthy individuals 

and SLE patients, but to a smaller extent in HD stools and to a greater extent in SLE 

stools. Our finding was that SLE VH4-34 IgG+ B cells showed a higher level of anti-

commensal reactivity compared to healthy donor VH4-34 IgG+ B lymphocytes on 

SLE stools, with a significance less than 0.05, which was also consistent for the healthy 

donor stools when comparing the average values of HD and SLE VH4-34+IgG+ 

recombinant antibodies on HD and SLE stools. In fact, VH4-34 IgG+ B lymphocytes 

in SLE patients show elevated expression of anti-commensal reactivity at an average 

of 10.82% on all SLE stools when compared to HD stools at 5.87% (p-value 0.0156 

(Figure 4.2D)). Moreover, HD VH4-34+IgG+ B cells, characterized by prevalent 

mutations in the AVY and/or the NHS motifs, demonstrated significantly reduced 

affinity towards fecal gut bacteria in comparison to SLE VH4-34+IgG+ B cells. 
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Figure 4.2: SLE VH4-34+IgG+ B cells have an increased level of responsiveness to 
fecal gut bacteria. A and B.  Representative flow cytometry plots of IgG versus IgA 
on bacteria that were tested for VH4-34 IgG+ B cells binding to gut bacteria.Flow 
cytometry plots in Figure A show the binding of VH4-34 antibodies from CD27+ IgG+ 
B cells on a healthy donor stool. In contrast, Figure B depicts the binding of VH4-34-
encoded antibodies expressed by IgG+ B cells to gut bacteria on an SLE stool. The 
percentages of gut bacteria reactivity for a representative healthy donor and SLE stool 
pair are illustrated in Figure C. The frequencies of gut bacteria reactivity for the 
average values of HD and SLE VH4-34+IgG+ as well as HD VH4 non-VH4-34 
recombinant antibodies on HD and SLE stools are depicted in Figure D. Each circle 
represents the results that were tested on a healthy donor stool, whereas each square 
symbol shows the data obtained from a SLE patient stool sample, and horizontal bars 
denote medians. In addition, symbols denoting an unfilled gap indicate the HD IgG 
antibodies, whereas symbols filled with black represent the SLE VH4-34+IgG 
antibodies in Figures C and D. [ **** p-value < 0.0001, *** p-value <0.001, ** p-
value <0.01, * p-value <0.05] 

Additionally, the percentages of gut bacteria reactivity for other four healthy 

donor and SLE stool pairs are illustrated in Figure 4.3. Overall, there is an increase in 

the degree of gut bacteria reactivity of SLE VH4-34+IgG antibodies on SLE stools 
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compared to the ones acquired from healthy donor stools. Among all the tested groups 

(HD VH4 non-VH4-34, HD VH4-34, and SLE VH4-34 recombinant monoclonal 

antibodies) evaluated for fecal bacteria staining, the binding of SLE VH4-34+IgG 

antibodies to gut bacteria yields the strongest signal when the means of each group are 

compared. For example, the average of SLE VH4-34 antibodies gives the highest 

signal on SLE stool SLE18, SLE14, SLE03, and SLE11 at 10.32, 14.68, 5.85, and 

6.67, respectively. 

 
Figure 4.3: The reactivity of SLE VH4-34+IgG antibodies towards gut bacteria is 
seen to be higher in SLE feces compared to healthy donor stools. A. The 
percentages of gut bacteria reactivity for healthy donor HD LS and SLE stool SLE18 
are illustrated. B. The reactivity percentages of gut bacteria in healthy donor 
NOR12V2 and SLE stool SLE12 are shown. C. The reactivity proportions of gut 
bacteria in healthy donor HD NOR08V3 and SLE stool SLE03 are represented. D. The 
reactivity percentages of gut bacteria in the stool samples of healthy donor HD NHD11 
and SLE stool SLE11 are displayed. Each circle represents the results that were tested 
on a healthy donor stool, whereas each square symbol shows the data obtained from a 
SLE patient stool sample, and horizontal bars denote medians. In addition, symbols 
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denoting an unfilled gap indicate the HD IgG antibodies, whereas symbols filled with 
black represent the SLE VH4-34+IgG antibodies in Figures C and D. [* p-value <0.05] 

 

4.4. 9G4+(VH4-34) CD27+IgG+ B cell clones with unmutated AVY and NHS 

motifs are associated with an increased level of anti-commensal reactivity 

In order to evaluate if VH4-34-expressing IgG clones of SLE patients exhibit 

recognition of commensal bacteria, we conducted an analysis of the frequencies and 

reactivity of 9G4+CD27+IgG+ B lymphocytes expressing VH4-34-encoded 

antibodies obtained from one active and seven quiescent SLE patients that displayed 

autoantibodies characteristic of the disease (Table 4.1). The 9G4 monoclonal antibody 

specifically identifies an epitope encoded by the FWR1 region of the VH4-34 gene, 

thereby facilitating the detection and separation of VH4-34+IgG+ B 

lymphocytes.(193) Consistent with our sequencing findings, we observed elevated 

frequencies of 9G4+ B lymphocytes in the IgG+ pool of SLE patients; on the other 

hand, 9G4+IgG+ B lymphocytes were few in healthy donors, as formerly shown 

(Figure 4.4A and B).(5, 7)  

The analysis of somatic hypermutation in immunoglobulin genes expressed by 

9G4+IgG+ B lymphocytes obtained from three SLE patients (one active with a 

SLEDAI of 8 and two quiescent with SLEDAI <4) revealed a notable reduction in the 

overall number of mutations seen in VH and Vκ immunoglobulin genes, confirming 

decreased SHM frequencies identified in total IgG+ B lymphocytes from these patients 

(p-value < 0.0001 for VH, p-value <0.01 for Vκ, Figure 4.4C).(6)   

Nevertheless, the majority of 9G4+IgG+ B cell clones derived from both 

healthy donors and SLE patients possessed an unmutated AVY motif, which was 

distinct from VH4-34 sequences acquired from the entire population of IgG+ B cells 

Figure 4.4D). The presence of bias in this context is probably due to the 9G4 

identification of the germline encoded FWR1 epitope, which is located near or 

overlaps with the AVY sequence. This bias has hindered further evaluations of the 

effects of the AVY mutation on the detection of commensal bacteria. Notably, owing 

to the aforementioned bias, we had already checked the CD27+ IgG+ B cells of SLE 

patients and healthy donors without using the 9G4 sorting strategy, and their results 

were also comparable with the ones obtained from 9G4+(VH4-34) CD27+IgG+ B cell 
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clones. It is important to acknowledge that due to the limited presence of VH4-

34+IgG+ B cells in healthy donors (HDs), we employed the 9G4 sorting technique to 

get a greater quantity of 9G4+(VH4-34) CD27+IgG+ B cells from both healthy and 

SLE subjects for our study. Nevertheless, a notable difference in the mutational state 

of the NHS motif was observed when comparing healthy donor and SLE patient VH4-

34 sequences. In fact, the majority of VH4-34 sequences derived from SLE 

9G4+IgG+B lymphocytes had an unmutated NHS motif in their CDR2, as seen in total 

IgG+ B cells in Figure 1. Conversely, VH4-34 sequences from healthy donors mostly 

exhibited altered NHS motifs (Figure 4.4D), therefore suggesting that the elimination 

of glycosylation in VH4-34 CDR2 is a prevalent characteristic linked to 

immunological responses in healthy controls. 

 

We additionally examined the 9G4+IgG+ B cell reactivity by assessing their 

antibodies' ability to bind commensal bacteria. Lysates of bacteria contained 

commensal bacteria Bacteroides fragilis, Enterobacter cloacae, Enterococcus faecalis, 

and Clostridium difficile. The reactivity investigations demonstrated the presence of 

antibodies produced by 9G4+IgG+ B lymphocytes with an unmutated AVY motif, 

which were linked with anti-commensal bacteria.(7) We observed an enriched anti-

commensal bacteria activity in antibodies produced by 9G4+IgG+ B lymphocytes in 

patients with SLE. (Figure 4.4E) In fact, the anti-commensal 9G4+IgG+ B lymphocyte 

frequencies in both healthy donors and SLE patients were averaged at 36.8 and 54.8%, 

respectively. (Figure 4.4E) In contrast, this reactivity was only seen in around 20% of 

non-VH4-34 IgG+ B lymphocytes in healthy donors, as stated previously.(7) The 

observed elevation in reactivity towards anti-commensal bacteria in HD 9G4+IgG+ B 

cells could possibly be attributed to the isolation of rare IgG clones containing 

unmutated AVY motifs in these individuals owing to the sorting technique involving 

the use of the 9G4 anti-VH4-34 antibody. It is worth noting that findings from our 

previous work indicated that VH4-34-encoded antibodies derived from unbiased total 

circulating IgG+ B cells in HDs did not exhibit reactivity towards anti-commensal 

bacteria.(7)  

Furthermore, there was an increased presence of anti-commensal reactivity 

seen in clones expressing VH4-34 with an unmutated NHS motif in healthy donors 
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(Figure 4.4F). It may be inferred that the AVY motif, in its unmutated state, which 

imparts self-reactivity, along with the presence of CDR2 glycosylation coming from 

the intact NHS sequence, promotes a preference for the reactivity of VH4-34-encoded 

antibodies towards anti-commensal bacteria. 
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Figure 4.4: The VH4-34-expressing antibodies produced by 9G4+IgG+ B 
lymphocytes are increased in SLE patients and preferentially bind commensal 
bacteria antigens.  A. Dot plots showing the staining results for 9G4, which 
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recognizes VH4-34-encoding heavy chains, and CD19 expression on gated 
CD19+CD27+IgG+ memory B lymphocytes from both a representative healthy donor 
and an SLE patient. B shows the frequencies of CD19+CD27+IgG+9G4+ B cell clones 
in a cohort of 11 healthy controls and 8 SLE patients. In Figure C, the number of 
mutations seen in the VH, Vκ, and Vλ genes of antibodies derived from memory B 
cells expressing the 9G4+IgG+ phenotype was assessed in a cohort of five healthy 
donors and three SLE patients. The pie charts in Figure D illustrate the ratios of 
9G4+IgG+ memory B lymphocyte clones that have undergone mutations in the AVY 
and/or NHS sequences in healthy donors and SLE patients. For Figure E, the 
frequencies of commensal reactive 9G4+IgG+ B cells are depicted. Pie charts in Figure 
F were used to visually show the percentage of clones that had mutations in the AVY 
and NHS sequences within noncommensal and commensal-reactive 9G4+IgG+ B 
lymphocytes derived from healthy donors as well as SLE patients. 
 

4.5. Stool bacteria recognition by expanded 9G4+IgG+ B cells in SLE patients  

The identification of a distinct subset of autoreactive B lymphocytes, 

characterized by the use of the immunoglobulin variable heavy chain gene VH4-34 

and recognized by the rat monoclonal antibody 9G4, was also ascertained. Our primary 

focus lies in examining the responsiveness of 9G4+ memory B cells towards 

commensal gut bacteria in individuals with SLE in comparison to those without the 

disease. The primary objective of these experiments is to find out if there are 

observable differences in fecal gut bacteria reactivity between patients with SLE and 

healthy donors, specifically in relation to 9G4+ (VH4-34) memory B cells. Therefore, 

we tested the binding of VH4-34 antibodies of 9G4+CD27+IgG+ B cells towards 

commensal bacteria using bacterial flow cytometry.  

We detected substantially greater binding of 9G4+ VH4-34-encoded 

antibodies generated from IgG+ memory B cells of healthy donors to commensal 

bacteria derived from SLE stool than from HD stool (the average on HD stool samples 

at 9.1 versus the average on SLE stool samples at 19.85, p-value < 0.0001, Figure 

4.5D). In a similar fashion, 9G4+ VH4-34-encoded recombinant antibodies obtained 

from SLE patients demonstrated a considerable rise in commensal bacteria binding in 

SLE stool relative to the fecal samples of healthy donors (the average on HD stool 

samples at 7.53 versus the average on SLE stool samples at 19.17, p-value < 0.0001, 

Figure 4.5D). There was no statistically significant difference seen in the reactivity 

levels between SLE patients and healthy donor 9G4+IgG+ B cell clones when exposed 

to bacteria generated from healthy donor stool samples. Likewise, no statistically 
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significant distinction was found in the reactivity levels between SLE patients and HD 

9G4+IgG+ B cell clones when exposed to bacteria obtained from stool samples of SLE 

patients. Together, these data reflect a significant factor influencing the variations in 

bacterial adherence to VH4-34 clones between healthy donors and those with SLE is 

most likely attributed to differences in the bacterial species present in each of these 

settings.  

 Collectively, the findings presented indicate that 9G4+ VH4-34 IgG 

antibodies derived from both healthy individuals and SLE patients displayed increased 

reactivity against commensal gut bacteria found in the fecal sample derived from SLE 

patients. 

 

Figure 4.5: Anti-gut bacteria 9G4+IgG+ B cells are expanded in SLE patients. 
Representative gating strategy and flow cytometry plots of IgG versus IgA on bacteria 
that were tested for 9G4+CD27+IgG+ B cell binding to gut bacteria are depicted in 
Figures A and B. Flow cytometry plots in Figure A show the binding of VH4-34 
antibodies from 9G4+IgG+ B cells on a healthy donor stool. In contrast, Figure B 
depicts the binding of VH4-34-encoded antibodies expressed by 9G4+IgG+ B cells to 
gut bacteria on an SLE stool. Figure C depicts the reactivity percentages of gut bacteria 
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for a representative healthy donor and SLE stool pair. Figure D illustrates the 
frequencies of gut bacteria reactivity for the average values of HD and SLE 
9G4+IgG+ recombinant antibodies on HD and SLE stools. Each circle represents the 
results that were tested on a healthy donor stool, whereas each square symbol shows 
the data obtained from a SLE patient stool sample, and horizontal bars denote medians. 
In addition, symbols denoting an unfilled gap indicate the HD IgG antibodies, whereas 
symbols filled with black represent the SLE VH4-34+IgG antibodies in Figures C and 
D. Also, symbols labeled in red for SLE 9G4+IgG+ recombinant antibodies illustrate 
the 9G4 B cells that show clonal expansion in the SLESt2 patient (see in the following 
section). 

The primary objective of our study was to assess the reactivity of recombinant 

IgG VH4-34 antibodies derived from both healthy individuals and patients with 

systemic lupus erythematosus (SLE) towards commensal bacteria obtained from both 

healthy individuals and SLE patients. Consequently, our study incorporates a stool 

cohort of five healthy donors and five individuals with SLE in order to assess the gut 

bacteria reactivity of VH4-34 IgG+ B cells. The reactivity of VH4-34-encoded 

recombinant antibodies, which were cloned from 9G4-enriched IgG+ memory B cells 

obtained from either healthy participants or SLE patients, was also represented on a 

separate set of healthy donor and SLE stool pairs in Figure 4.6. Concerning other stool 

comparisons, we also noticed a significant rise in the bacterial binding of the total 

IgG+ fraction when 9G4+IgG+ recombinant antibodies derived from healthy 

individuals and SLE patients were tested against SLE stool as compared to healthy 

donor stool. 
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Figure 4.6: Recognition of fecal bacteria by B lymphocytes expressing the 
9G4+IgG+ phenotype. A. The percentages of commensal bacteria reactivity for 
healthy donor HD LS and SLE stool SLE18 are illustrated. B. The reactivity 
percentages of gut bacteria in healthy donor NOR12V2 and SLE stool SLE12 are 
shown. C. The reactivity proportions of gut bacteria in healthy donor HD NOR08V3 
and SLE stool SLE03 are represented. D. The reactivity percentages of gut bacteria in 
the stool samples of healthy donor HD NHD11 and SLE stool SLE11 are displayed. 
Each circle represents the results that were tested on a healthy donor stool, whereas 
each square symbol shows the data obtained from a SLE patient stool sample, and 
horizontal bars denote medians. In addition, symbols denoting an unfilled gap indicate 
the HD IgG antibodies, whereas symbols filled with black represent the SLE VH4-
34+IgG antibodies in Figures A, B, C and D. Also, symbols labeled in red for SLE 
9G4+IgG+ recombinant antibodies illustrate the 9G4 B cells that show clonal 
expansion in the SLESt2 patient (see in the following section). [ **** p-value < 
0.0001, *** p-value <0.001, ** p-value <0.01] 

 

After our investigation, which evaluated the reactivity of recombinant 

9G4+IgG+ antibodies obtained from both healthy persons and SLE patients towards 

fecal gut bacteria acquired from both healthy individuals and SLE patients, we want 

to find out how many SLE and HD 9G4+IgG+ B clones, which can be categorized into 
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non-commensal and commensal-reactivity groups for the stools of both healthy people 

and SLE patients, have mutations in the AVY and NHS VH4-34 motifs. 

Pie charts in Figure 4.7 were used to illustrate the proportion of clones 

exhibiting mutations in the AVY and NHS sequences within non-commensal and 

commensal-reactive 9G4+IgG+ B lymphocytes isolated from healthy donors as well 

as SLE patients when tested on the stools of healthy participants and SLE patients. 

All the high-positive SLE 9G4+ clones on the SLE stools are also highly 

commensal reactive on HD stools, meaning that they match, giving the same 

mutational status of VH4-34 AVY and NHS motifs. This fact is also consistent with 

highly reactive HD 9G4+ clones. 

9G4+IgG+ expressing antibodies possessing unmutated AVY motifs exhibit 

greater binding towards commensal gut bacteria present in the stool samples of both 

healthy individuals and lupus patients. Conversely, these antibodies with mutated 

AVY and NHS demonstrated minimal binding to commensal gut bacteria found in 

control stool samples as well as SLE stools. 

 
Figure 4.7: The 9G4+IgG+ B cell clones with an unmutated AVY motif showed 

higher anti-commensal reactivity. 
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The following tables show the repertoire and reactivity of the antibodies 

derived from IgG+ memory B cells, of which cloned antibodies were tested for flow 

experiments and for other analysis. 
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4.6. The expansion of gut bacteria-reactive 9G4+IgG+ B lymphocytes has been 

observed in SLE patients 

We examined the clonality for identification of clonal selection in order to 

determine if there is any fecal gut bacteria-reactive 9G4+IgG+ memory B cell clone 

that is specifically expended in SLE patients. The sequences of each clone were 

examined to see whether they exhibited shared rearrangements of diversity heavy-

chain (D) and joining heavy-chain (J) gene segments, as well as similarities in the 

CDR3. Particularly, the VH4-34 region genes were analyzed and compared to the 

germline VH4-34*01 sequence to determine the presence and arrangement of somatic 

mutations in order to investigate the impact of antigen-mediated clonal selection. We 

found that a clonal expansion of 9G4+ memory B cells characterized by a non-mutant 

AVY motif was observed in SLESt2 patient. SLESt2 9G4+ VH4-34 clones pertaining 

to VH4-34/D2-2/RF3/JH2 and CDR3 length of 17 amino acid arrangement are 

overrepresented. This disproportionate representation in the VH4-34 B cell 

compartment has not been described to date. In this study, we found that one of three 

SLE patients, whom we sorted with the 9G4 strategy and tested for fecal bacteria 

staining, displayed a clonal expansion in their VH4-34 memory B cell compartment. 

In fact, we have observed not only the circulating 9G4+ (VH4-34) memory B cell 

clonal expansion evidence in SLE patients but also established a connection between 

this expansion and the gut microbiota. This finding may be attributed to the preferred 

rearrangement of the VH4-34 gene.  
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Figure 4.8: A clonal tree of the SLESt2 patient's 9G4 B cells with respect to clonal 
expansion. The clonal tree of the clonal expansion detected in the 9G4-sorted SLESt2 
patient is depicted. Mutations and their codon positions are indicated on the branch 
sides, with the affected regions enclosed in parentheses. The presence of alterations in 
the amino acid composition is denoted. 
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4.7. Reversion of HD VH4-34+IgG+ memory B cells with mutated AVY motifs 

to their germline unmutated AVY form 

After testing the VH4-34-encoded IgG antibodies directly cloned from IgG+ 

memory B cells from SLE and HD to avoid the bias from sorting B cells with the 9G4 

anti-VH4-34, we found that indeed, most of the HD clones had the mutated AVY motif 

and no longer bound commensal gut bacteria. Consequently, we wanted to check if 

this commensal bacteria reactivity ability of VH4-34-expressing IgG antibodies comes 

from the germline unmutated VH4-34 AVY motif. Therefore, we reverted 8 HD VH4-

34+ CD27+IgG+ memory B cells bearing mutated AVY motifs into germline AVY 

form and tested those possessing an unmutated VH4-34 AVY motif with fecal bacteria 

staining for our flow analysis. 

The VH4-34 sequences with unmutated AVY motifs seem to be required for 

engagement with the gut bacteria, which can lead to the expansion of the autoreactive 

9G4 B cell subset and subsequently cause the deterioration of the SLE patient's 

condition. 

Additionally, SLE may lead to the development of anti-gut bacteria-reactive 

VH4-34+IgG+ memory B lymphocytes with unmutated AVY motifs, which could 

point to the presence of systemic immune responses targeting the gut microbiota that 

are unable to be contained in individuals with SLE.(204)  
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Figure 4.9: The presence of VH4-34 sequences containing unmutated AVY motifs 
can be an essential factor in an interaction with gut bacteria. 
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Figure 4.9: The presence of VH4-34 sequences containing unmutated AVY 
motifs can be an essential factor in an interaction with gut bacteria (continued). 
In figure A, the amino acid sequence alignment of VH4-34 for IgG+ memory B cell 
derived from HD VB83 harboring mutated AVY and NHS motifs is shown. Under the 
sequence of the HD VB83 clone, a reverted AVY motif expressing HD VB83 clone is 
also presented. The amino acid sequence of the germline IGHV4-34*01 is shown in 
the uppermost section. The identification of germline identity is shown by a dash, 
whereas replaced residues are represented in black. The germline AVY and NHS 
sequences in FWR1 and CDR2 are shown in blue. Mutations occurring in clones that 
are mutated for both AVY and NHS are depicted in purple. Representative flow 
cytometry plots of IgG versus IgA on bacteria that were tested for the gut bacteria 
binding of VH4-34 IgG+ B cell clones and their corresponding AVY unmutated 
versions are depicted in Figures B and C. Flow cytometry plots in Figure B show the 
binding of VH4-34 antibodies on a healthy donor stool, whereas Figure C shows the 
binding of indicated antibodies on a SLE stool. The percentages of gut bacteria 
reactivity for 8 HD VH4-34+ CD27+IgG+ memory B cells with mutated AVY motifs 
(represented in circles) and their corresponding AVY reverted versions (denoted as 
diamonds) are shown for HD stools in figure C and for SLE stools in figure D. 
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In Table 4.13, each total IgG+ percentage value for all tested IgG+ antibody 

reactivity against fecal gut bacteria is shown. 

Table 4.13: Total IgG+ Percentage for Each Stool Sample in Flow Analysis
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Table 4.13: Total IgG+ Percentage for Each Stool Sample in Flow Analysis 

(continued)

 

 

 



88 
 

4.8. Identification of bacterial taxa bound to VH4-34-encoded antibodies 

While investigating the anti-commensal bacteria reactivity of VH4-34-encoded 

IgG antibodies in SLE patients, we evaluated the composition of bacterial populations 

in the feces of healthy controls and SLE patients that exhibit binding to the 9G4+ VH4-

34 IgG+ antibodies from both healthy donors and SLE patients. Therefore, our final 

step involved the sorting of IgG+ fecal gut bacteria, followed by their submission for 

sequencing to determine which strains in SLE stools are recognized by VH4-34 clones. 

The construction of the amplicon sequence variant (ASV) abundance heatmap 

by ZYMO involved the utilization of the abundance of unique amplicon sequences 

that are derived from the raw sequencing data. ASV heatmaps with sample clustering 

for all stool pairs tested based on 9G4+ VH4-34 IgG+ antibody binding are shown 

below. The application of heatmaps in conjunction with sample clustering serves as an 

efficient method for discerning patterns of microbial distribution across various 

samples. Heatmaps illustrate the presence and abundance of up to fifty taxa that are 

most prevalent at a specific taxonomic level. The abundance for each taxon can be 

seen in each row, with the taxonomy ID provided on the right. The abundance of each 

VH4-34 IgG antibody sample is represented by each column, with the sample ID 

displayed at the bottom. The grouping of information is denoted by the presence of a 

colored bar positioned at the top of each column. The application of hierarchical 

clustering was carried out on the samples, employing the Bray-Curtis dissimilarity 

measure by ZYMO. In addition, a hierarchical clustering analysis was conducted on 

the taxa in order to group together those taxa that have similar distributions. 

With sorting, we divided the bacteria into 9G4 antibody-bound (positive) and 

9G4-unbound bacteria (negative) categories. While looking at specific taxonomic 

groups found in the stool of SLE patients that exhibit a higher degree of binding 

affinity towards VH4-34 IgG recombinant antibodies, we observed that 

Intestinibacter;s_bartlettii is the most frequently bound bacteria by 9G4+ antibodies 

cloned from B cells from healthy donors and SLE patients based on SLE stool analysis. 

Intestinibacter;s_bartlettii, classified under the Eubacteriales order (Clostridium 

bartlettii sp. nov., isolated from human faeces, (205, 206)), yielded a higher signal of 

binding of 9G4+ antibodies in three out of five SLE stool samples, in particular SLE11, 
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SLE03, and SLE14, referring that patients with SLE have immune responses that are 

directed against microorganisms present in the gastrointestinal tract. Moreover 

Christensenellaceae;g_NA;s_sp30434, which also belongs to Eubacteriales (207), is 

the common bacteria species bound by 9G4+ antibodies on SLE01. On the other hand, 

healthy donor stool analysis shows that 9G4+ antibodies from healthy donors and SLE 

patients most often bind to the bacteria Anaerostipes;s_hadrus, which is also 

categorized under the Eubacteriales order.(208) The fact that IgG+ B lymphocytes 

with VH4-34 antibodies that react to both self- and anti-gut bacteria were found in 

SLE patients suggests that their gut microbiota are not being kept in check properly. 

This discovery provides evidence in favor of our theory that VH4-34-encoded memory 

B cells are linked to leaky gut, where gut bacteria can travel into blood circulation, 

thereby leading to the expansion of intrinsically autoreactive 9G4 B cells.  

The fecal bacterial populations associated with VH4-34 IgG clones from 

healthy controls and SLE patients on all stool samples are demonstrated in the 

following figures. 
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5. DISCUSSSION 

To date, the association between circulating 9G4 memory B cells isolated from 

individuals with SLE, and the gut microbiota has not been investigated clearly. In this 

study, we have identified aberrant VH4-34 gene use, reduced frequencies of somatic 

hypermutation (SHM), a propensity for reactivity towards commensal 

microorganisms, and 9G4 clonal expansion that has great reactivity to commensal 

bacteria, and observed unique species of gut bacteria that bind circulating 9G4 

antibodies. Therefore, it is possible that the germline-encoded autoreactive VH4-34 

antibodies, which can detect I/i carbohydrates found on RBCs and B lymphocytes, 

might cross-react with antigens produced by commensal bacteria that enter the 

bloodstream due to a failure to contain the gut microbiota. The aforementioned concept 

has been previously shown in the research conducted by Schickel et al. in 2017 (7), 

specifically in relation to individuals with deficiencies in IRAK4 and MYD88, and our 

findings align with these earlier observations when SLE patients are included in the 

study. In SLE, there are anti-gut bacteria-reactive VH4-34+IgG+ memory B 

lymphocytes, which could point to the presence of systemic immune responses 

targeting the leaked gut microbiota in SLE patients.(204) The presence of IgG+ B 

lymphocytes that encode VH4-34 antibodies with unmutated AVY motif and react to 

both self- and anti-commensal bacteria in individuals with SLE can indicate a 

compromised ability to control the gut microbiota. 

Normally, the V4-34 gene expression in the peripheral blood is selectively 

repressed; however, in SLE, this censorship is bypassed, and IgG-9G4 antibodies are 

significantly increased in around 75% of individuals diagnosed with active SLE. In 

general, there is evidence to support a favorable correlation between serum 9G4 

antibodies and both overall disease activity as well as the occurrence of lupus nephritis 

and central nervous system involvement.(1, 171, 189, 191) Although the direct 

pathogenic impact of these antibodies in SLE has yet to be demonstrated, there are 

various pieces of data that support this claim in addition to the high quantity of these 

antibodies and their relationship with the illness.(1) Firstly, several IgM and IgG anti-

DNA antibodies are encoded by the V4-34 gene in SLE patients (195), and 9G4 

antibodies could have a role in the immune response to Smith antigens in SLE.(1, 209) 
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Secondly, it has been shown that 9G4 antibodies have the ability to attach to a 

significant proportion of naive B lymphocytes through the identification of a specific 

glycoform of CD45/B220.(171) One may argue that this characteristic has the 

potential to play a role in the development of naïve lymphopenia often seen in active 

SLE, as it may lead to the elimination of naive lymphocytes and/or facilitate their 

transformation into class-switched B lymphocytes.(1, 175, 210) On top of that, the 

capacity of 9G4 antibodies to establish binding with B220 might potentially explain 

the observation that these antibodies exhibit recognition of apoptotic cells.(1, 171, 

211) Hence, it is reasonable to suggest that the presence of 9G4 antibodies could 

possibly serve as an important factor in the ability of lupus sera to stimulate an ongoing 

release of an immunostimulatory cytokine, interferon-alpha (IFN-α), a cytokine that is 

presently recognized as a key factor in the development of this illness. (1, 212, 213) 

Furthermore, via their interaction with CD45, 9G4 antibodies have the potential to 

impact the disruption of B cell tolerance by altering the activation threshold of B 

lymphocytes.(1, 214, 215) Thirdly, the presence of 9G4 antibodies could possibly be 

involved a role in the development of neuropsychiatric systemic lupus erythematosus 

(SLE) by virtue of their capacity to specifically bind to gangliosides, which are very 

prevalent in neuronal cells.(1, 216) The apparent link between central nervous system 

manifestation in SLE  and anti-lymphocyte antibodies may be explained by the 

antigenic reactivity mentioned.(1, 217) Finally, we herein disclose our discovery of a 

pathogenetic connection between gut bacteria present in SLE patients and circulating 

9G4 antibodies exhibiting an unmutated AVY motif. The preservation of VH4-34 

germline-encoded AVY and NHS sequences in SLE patients raises the possibility that 

the AVY motif may have a significant impact on systemic responses that target gut 

bacteria. 

It is suggested that VH4-34+ ASC clonal expansion and a high prevalence of 

VH4-34+ activated naive cells in SLE flares indicate the involvement of an 

autoantigen-driven mechanism. However, there is still a lack of comprehensive 

understanding of the specific autoantigens that are the focus of ASC oligoclonal 

expansion during SLE exacerbations.(2) A recent study indicated a correlation 

between the occurrence of flares in patients with SLE and the existence of VH4-34 

antibodies that are either unmutated or weakly mutated. However, the specific antigens 
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that are recognized by these antibody clones have yet to be identified.(2) Given the 

fact that VH4-34-expressing antibodies exhibit inherent self-reactivity and detect I/i 

carbohydrates present on hematopoietic cells (8, 9), our lab has previously found that 

these clones can bind to commensal gut bacteria as well, implying that SLE flares may 

arise due to disruptions in the gut microbiota, which could then potentially trigger the 

generation of VH4-34+IgG+ B lymphocytes from naïve B lymphocytes.(7) We 

revealed that VH4-34-encoding antibodies possessing unmutated AVY motifs 

(because they were sorted with the 9G4 antibody) from both healthy donors and SLE 

patients bind very well to commensal bacteria in stools from SLE compared to healthy 

donor stools. This seems specific to VH4-34-encoded antibodies because other VH4-

non-VH4-34 antibodies do not bind commensal bacteria in SLE stool. We suggest that 

SLE patients have more 9G4+ CD27+IgG+ memory B cells encoding VH4-34 

antibodies, which frequently have unmutated AVY and NHS sites and can recognize 

commensal gut bacteria. 

Previous studies have demonstrated an elevated occurrence of VH4-34+IgG+B 

lymphocytes with reduced SHMs in the memory pool among SLE patients.(218) In 

fact, our SHM analysis of Ig genes cloned from 9G4+IgG+ B lymphocytes obtained 

from three SLE patients revealed a notable reduction in the total number of mutations 

in VH and Vκ genes. In parallel, our research revealed that a majority of IgG+ B cells 

expressing VH4-34 had an unmutated AVY site, frequently in conjunction with the 

unmutated NHS in SLE patients. 

The findings from mutagenesis research provide compelling evidence that the 

unmutated germline AVY motif of VH4-34 monoclonal antibodies originating from 

lupus patients' blood has a notable influence on the activity of these SLE 9G4 B cell 

clones towards fecal gut bacteria. 

Furthermore, we demonstrated clonal expansion in one out of three SLE 

patients whose PBMC were sorted using a 9G4 monoclonal antibody strategy. The 

VH4-34 region genes were analyzed to determine the presence and arrangement of 

somatic mutations in order to evaluate the impact of antigen-mediated clonal selection. 

We saw repeated arrangement of VH4-34/ D2-2 / RF3 / JH2 and CDR3 length of 17 

amino acids in the cloned 9G4+ B cell compartment of a SLESt2 patient potentially 
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as a sign of clonal expansion and somatic diversity. Our data indicate that a group of 

anti-commensal class-switched V4-34-encoded IgG antibodies of memory 9G4 B 

lymphocytes from a SLESt2 patient went through clonal expansion associated with 

somatic hypermutation. It is noteworthy to observe that this clonal proliferation 

exhibits significant responsiveness towards commensal microorganisms. The 

phenomenon of SLE VH4-34 clonal expansion has been seen to be correlated with 

clinical exacerbation. It has been determined that this clonal expansion exhibits a high 

degree of specificity towards commensal microorganisms. The result of SLE patients 

displaying a clonal expansion of 9G4 antibodies with a non-mutant AVY motif can 

imply a limited use of the VH4-34 gene, hence suggesting a non-random biological 

selection process.  

The intriguing scientific inquiries arise from the observed cross-reactivity 

between a bacterial antigen and an autoantigen. There is a growing acceptance of 

molecular resemblances between gut microorganisms and autoantigens in various 

autoimmune disorders, which has led to the proposition that translocation of gut 

bacteria into blood known as leaky gut may play an important role in the initiation or 

worsening of these autoimmune illnesses.(219) The concept of leaky gut in SLE was 

further supported by elevated concentrations of endotoxins; however, it is important 

to note that this endotoxin phenomenon may not be directly related to VH4-34 

reactivity in SLE patients. Nevertheless, such recognition of VH4-34+ memory B 

lymphocyte clones to commensal bacteria antigen suggests that there may be systemic 

immune reactions directed towards foreign antigens that might potentially exhibit 

cross-reactivity with the I/i antigen identified by VH4-34 antibodies. Hence, it is 

plausible that the VH4-34 autoreactive region has undergone selection within the 

genome of humans due to its inherent ability to generate antibodies, which have the 

potential to counteract uncontrolled gut flora.(7) Given the fact that, in SLE patients, 

the gut equilibrium would be shifted in the direction of the autoimmunity state, either 

due to leaky gut, molecular mimicry, epitope spreading, bystander activation, gender 

bias, or biofilms, molecular mimicry may be an important factor for VH4-34 

antibodies, facilitating their ability to bind to commensal gut bacteria. 
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In certain individuals with autoimmune disorders, there may be a disruption in 

anti-bacterial responses, particularly in the generation of IgA antibodies that 

specifically target commensal bacteria, leading to an inability to adequately preserve 

the balance of the gut microbiota.  (57, 220) Moreover, it has been previously reported 

that CD27+IgM+ memory B lymphocytes are believed to be responsible for mediating 

immune responses to carbohydrates and providing defense against gram-positive 

encapsulated bacteria.(221) Consistent with this concept, individuals with SLE have 

self-reactive VH4-34-encoding IgG+ memory B lymphocytes, which could develop as 

a result of systemic anti-commensal bacteria responses and then undergo expansion 

during disease flares.(2, 7, 57) Furthermore, a recent study revealed that the escape of 

commensal bacteria, particularly Enterococcus gallinarum, from the intestines to the 

liver contributes to the progression of SLE, further referring to the fact that commensal 

microorganisms from the gut of SLE patients are not contained properly.(57, 143, 222) 

Additionally, the investigation of the monocyte transcriptome in individuals with SLE 

demonstrated the presence of a distinctive pattern associated with prolonged exposure 

to endotoxins, which might point to a potential disruption of the intestinal barrier, 

leading to the release of commensal bacteria antigens into other body sites.(220)  In 

relation to this matter, the first study documenting the presence of intestinal dysbiosis 

among SLE patients showed an elevated prevalence of the gut Bacteroides 

phylum.(139) Strikingly, VH4-34-expressing IgG+ B lymphocytes exhibited 

recognition of B. fragilis, a member of the Bacteroides phylum. This finding provides 

more evidence that dysbiosis of the microbiota may contribute to the emergence and 

proliferation of these 9G4+IgG+ B lymphocytes in SLE patients.(7) Moreover, the 

formation of autoimmunity has been linked to the presence of modified gut flora.(57, 

139, 223-225) Whether poor B-cell tolerance checkpoints or alterations in the B-cell 

repertoire, in particular intrinsically autoreactive VH4-34+IgG+ B cell expansion in 

lupus is linked to gut dysbiosis in SLE patients and thereby favor SLE 

pathophysiology, was undetermined.(57) To fill this knowledge gap, we investigated 

the anti-commensal bacteria reactivity of VH4-34-encoded IgG antibodies from 

healthy donors and SLE patients. We found that the involvement of VH4-34 sequences 

with unmutated AVY motifs appears to be necessary for interaction with gut bacteria, 
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resulting in the proliferation of the autoreactive 9G4 B cell subgroup and consequent 

exacerbation of the SLE patient's symptoms. 

There are several possible explanations that account for the preferential selection of a 

certain VH4-34 gene segment. One possible reason can be functional selection 

according to the recognition of specific antigenic determinants. These determinants 

provide advantages either in expanding the B cell repertoire or in defending against 

prevalent pathogens.(180) In this study, we showed not only that 9G4+IgG+ B cells 

bind the fecal bacteria in flow experiments but also found the composition of 

bacterial populations in the feces of a small group of healthy donors and SLE 

patients that exhibit binding to the 9G4+ VH4-34 IgG+ antibodies from both healthy 

donors and SLE patients. Our observations indicate that Intestinibacter;s_bartlettii 

were found to be the most common bacteria among three out of five 9G4-bound 

fractions from different SLE patients. Intestinibacter;s_bartlettii, a common 9G4 

antibody-bound bacteria among SLE patients, was classified under the class 

Clostridia, which is known to be important in SLE pathogenesis.(120, 167)The 

taxonomic classification of the genus Intestinibacter was established in a relatively 

recent timeframe. This genus encompasses the previously identified human strain 

known as Clostridium bartletti, which has subsequently been reclassified as 

Intestinibacter bartlettii. Limited knowledge exists on the involvement of this entity 

within the colon ecology and its potential impact on human health.(226) Importantly, 

I. bartlettii is believed to possess resistance to oxidative stress and be capable of 

breaking fucose, implicating an indirect role in the breakdown of mucus. (226, 227) 

Based on the fact that this phenomenon may serve as an additional component within 

the leaky gut idea pertaining to the SLE exacerbation for those patients, it is tempting 

to speculate that the systemic 9G4 antibody response in SLE patients could be 

attributed to the translocation of Intestinibacter bartlettii in some SLE patients. This 

observation offers supportive evidence for the notion that VH4-34-encoded memory 

B cells are associated with increased intestinal permeability, allowing gut bacteria to 

enter the bloodstream, consequently resulting in the inherently autoreactive 9G4 B 

cell expansion. Also, although the presence of germline-encoded VH4-34 antibodies 

has been shown to exhibit cross-reactivity with bacterial lipopolysaccharide (LPS), 

indicating a potential involvement in the defensive mechanisms of the host organism, 
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9G4 antibody is responsible for encoding all pathogenic anti-I/i cold-agglutinin 

antibodies, which suggests that these natural antibodies may really have detrimental 

consequences.(179, 228) Consequently, knowledge of identifying 9G4-reactive 

species from SLE stool unique to that patient might be an advantageous approach to 

diving into more tailored treatments based on personalized medicine, like giving 

antibiotics targeting the translocated 9G4-bound bacteria. 

Furthermore, commensal reactivity was also one of the features of fetal B cells, 

which is likely attributed to the germline encoded VH3 gene regions. However, stool-

reactive fetal innate-like B lymphocyte antibodies exhibited reactivity against the 

bacterial species Blautia and Dorea, unlike VH4-34-expressing antibodies.(229) On 

the other hand, our study was conducted to reveal the interaction between the 

microbiota and VH4-34–expressing IgG B cells in patients with SLE. Results from the 

pairs having SLE11, SLE03, and SLE14 patient stools refer to the importance of 

Intestinibacter;s_bartlettii regarding 9G4 activity on SLE stools. A comprehensive 

analysis of the SLE 9G4 B cells in relation to gut bacteria like 

Intestinibacter;s_bartlettii has the potential to shed significant light on the underlying 

mechanisms driving disease progression, including leaky gut. Consequently, this 

research could offer valuable guidance for the identification of novel therapeutic 

strategies. 

Despite making significant advances in the field, the precise molecule with 

which the 9G4 antibody recognizes the gut bacteria is yet unclear. A prominent 

candidate consists of carbohydrate molecules present in the bacterial wall, which may 

resemble I/i antigens, although more research is needed to be conducted to confirm 

this. Still, it is plausible that these antigens might potentially originate from the same 

antigens that are detected by 9G4 antibodies, such as N-acetyllactosamine-containing 

glycosphingolipids, gangliosides, and bacterial glycolipids. (1, 181, 216, 230) It is 

crucial to acknowledge that N-acetyllactosamine is present in a diverse range of 

glycoproteins, such as CD45 and other differentiation antigens, gastrointestinal 

mucins, gangliosides, glycolipids, and apoptotic cells. (1, 231-236) As a result, self-

antigens containing N-acetyllactosamine are abundantly present and capable of 

interacting with 9G4 B cells, whether in a soluble state or on the plasma membrane of 
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various cell types such as erythrocytes, lymphocytes, epithelial cells, apoptotic cells, 

and tumor cells. Indeed, previous studies have demonstrated that 9G4 antibodies 

exhibit reactivity towards a variety of antigens or cells, as mentioned earlier. (1, 173, 

182, 186, 194, 210, 216, 228, 237-240) It is possible that 9G4 antibodies detect an 

epitope found in bacterial carbohydrates like N-acetyllactosamine, suggesting a 

potential cross-reactivity between self and microbial glycolipid antigens. (241) The 

precise characteristics of the antigens/epitopes on gut bacteria recognized by 9G4 B 

cells will be investigated in our laboratory as a continuation of this project. 

In light of the possibility that lupus may consist of a group of interconnected 

pathologies rather than a uniform illness, our research was insufficient in size to prove 

our hypothesis for all the patients, like previous studies. The observed findings might 

benefit from additional elucidation by conducting tests on a broader range of 

antibodies and stool samples from patients. However, we can conclude that a particular 

group of SLE patients do possess gut bacteria that are recognized by VH4-34 

antibodies harboring an unmutated AVY motif. Moreover, given the gut complexity 

and different factors influencing the gut microbiota and lupus itself, it is hard to draw 

solid conclusions for all SLE patients. Rather, it is more realistic to find unique 

bacterial taxa like Intestinibacter;s_bartlettii bound to 9G4 recombinant antibodies for 

a group of SLE patients. Moreover, perhaps other SLE patients may have different gut 

bacteria, which have bacterial entities in common with Intestinibacter;s_bartlettii, 

causing the expansion of 9G4 B cell clones. It is of utmost importance to emphasize 

that targeting these bacteria could be beneficial in terms of reducing the risk of 

triggering 9G4 clonal expansion. 

Our inquiry was centered around the etiology of VH4-34-encoding 

CD27+IgG+B lymphocyte expansion in individuals diagnosed with SLE and our 

studies offer valuable insights into the involvement of the gut microbiota in the 

pathophysiological mechanisms underlying lupus flares. More specifically, the 

findings shown in this research point toward a specific bacterial community, which is 

recognized by VH4-34-encoded IgG antibodies, inside the gut microbiota of a group 

of SLE patients potentially contributing to SLE flare. 
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6. CONCLUSIONS AND PERSPECTIVES 

 

1. The VH4-34 autoreactive motif is conserved in IgG+ B lymphocytes of SLE 

patients. 

2. Our study showed evidence of the interaction between VH4-34-expressing IgG 

antibodies and the microbiota in lupus patients. 

3. The process of antigenic selection in immune responses can involve the use of 

VH4-34 memory B clones in SLE patients, which sustains unmutated AVY and 

NHS sequences that are linked to reactivity against commensal bacteria. 

4. SLE VH4-34 IgG+ B cell antibodies show a higher level of anti-fecal gut bacteria 

reactivity. 

5. VH4-34-encoded antibodies of both healthy individuals and SLE patients bearing 

unmutated AVY motifs, which were selected using the 9G4 antibody, exhibit 

greater binding towards commensal gut bacteria present in the SLE stools samples 

as opposed to control stools. This phenomenon appears to be exclusive to VH4-

34-encoded antibodies since other VH4 antibodies that are not VH4-34 do not 

exhibit binding capabilities to commensal bacteria found in the feces of individuals 

with SLE. 

6. Unmutated or weakly mutated VH4-34-expressing antibodies recognize gut 

bacteria, which can give a hint that SLE flares in fact might be due to a breach in 

the gut microbiota, leading to a contribution to the expansion of VH4-34+IgG+ B 

cells in SLE patients. 

7. SLESt2 9G4+ VH4-34 clones pertaining to VH4-34/D2-2/RF3/JH2 and CDR3 

lengths of 17 amino acid arrangements are overrepresented. This disproportionate 

representation in the VH4-34 B cell compartment for SLE patients has not been 

described to date. 

8. Since SLE VH4-34 clonal expansion is associated with disease flare, we must 

highlight our discovery of the SLE VH4-34 clonal expansion of gut bacteria-

reactive circulating 9G4+IgG+ B cells in one SLE patient, suggesting that 

commensal bacteria translocating from the gut to the blood are therefore 

responsible for the VH4-34 expansion in SLE. 
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9. The commensal bacteria reactivity ability of VH4-34-expressing IgG antibodies 

comes from the germline unmutated VH4-34 AVY motif based on mutagenesis 

experiments in which we reverted HD VH4-34+IgG+ memory B cells with 

mutated AVY motifs to their germline unmutated AVY form. 

10. The presence of IgG+ B lymphocytes that encode VH4-34 antibodies and exhibit 

reactivity against both self and anti-commensal bacteria in individuals with SLE 

indicates a compromised containment of the intestinal microbiota.  

11. Certain taxonomic groups were found in the stools of SLE patients that bind to 

9G4+ VH4-34 IgG recombinant antibodies with a greater affinity. Similarly, 

particular taxa present in healthy controls' fecal samples bind to VH4-34 IgG 

recombinant antibodies from 9G4+IgG+ B cells more strongly. 

12. Intestinibacter;s_bartlettii yielded a higher signal of binding of 9G4+ antibodies in 

three out of five SLE stool samples, in particular SLE11, SLE03, and SLE14, 

referring that patients with SLE have immune responses that are directed against 

microorganisms present in the gastrointestinal tract. Moreover, 

Christensenellaceae;g_NA;s_sp30434, is the common bacteria species bound by 

9G4+ antibodies on SLE01. On the other hand, healthy donor stool analysis shows 

that 9G4+ antibodies from healthy donors and SLE patients most often bind to the 

bacteria Anaerostipes;s_hadrus. To the best of our knowledge, those bacterial taxa, 

which are all classified under the Eubacteriales order, have not been associated 

with VH4-34 B cells previously. 

13. Our findings suggest that SLE flare may correlate with the presence of 

Intestinibacter bartettii in the blood due to the dysbiosis of the intestinal flora and 

leaky gut. Given the fact that Intestinibacter bartettii bound to 9G4 in the feces of 

SLE patients was important in disease pathogeneses, potential therapeutic 

modalities for gut microbiota management should be strengthened to target this 

possible bug, which may speed up the worsening of SLE flares by causing the 

growth of VH4-34 memory B cells that are responsible for autoreactive antibodies 

attacking multiple tissues. 

14.  This work enhances our understanding of the microbiome's involvement in the 

development of SLE and to discover specific bacterial communities that could be 
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targeted to inhibit VH4-34 antibody production and reduce disease exacerbations 

in SLE patients. 

15. We confirmed the importance of leaky gut mechanisms in SLE pathogenesis, 

which was initially suggested with the identification of Ro60 commensal bacteria 

as a trigger for autoimmunity in lupus.(143)  

16. VH4-34 immunoglobulins cloned from 9G4 memory B cell lymphocytes could 

provide a potent tool to examine and characterize SLE patient fecal microbial 

profiles, which are instrumental in uncovering the pathogenesis of SLE. 

17. SLE patients' dysbiosis may improve to some extent after possible prophylaxis or 

potential therapy against Intestinibacter bartlettii or other potential gut bacteria that 

are present in SLE patients and bind with high affinity to 9G4 antibodies. 

18. Unanswered questions remaining in the details of gut bacteria unique to SLE 

patients include the following: Is it possible to use gut bacteria screening from SLE 

patient stools as a means of predicting illness prognosis, outcome, or treatment 

approach? Since the PhyloChip (16S rRNA gene DNA microarray) is an efficient 

and practical device for studying intestinal microbiota (242), in the future, perhaps 

patients with SLE may want to use the PhyloChip to check whether 

Intestinibacter bartlettii, known as a target for 9G4 memory B cells in SLE, is 

present in their body. In this case, SLE patients may benefit from a tailored 

antibiotic regimen that will help eliminate Intestinibacter bartlettii in their gut, 

thereby decreasing the expansion of VH4-34 IgG B cell clones and reducing the 

SLE exacerbation. 

19. Similar autoimmune diseases should be tested to see if self-reactive 9G4 B cells 

could play a role in binding commensal gut bacteria entities. Accordingly, the 

appropriate personalized treatment against the possible 9G4-bound bacteria 

antigen might be considered, like future candidates for SLE management 

mentioned above. 

20. More studies are needed to investigate what molecule is responsible for the binding 

of 9G4 monoclonal antibodies to gut bacteria, leading to the exacerbation of SLE 

flares. Therefore, our lab intends to further explore the intricate chemical 

mechanism behind this recognition as a prospective avenue for our project, 
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although we have not yet identified the particular molecule that accounts for the 

binding of 9G4 antibodies to gut bacteria. 

21. In conclusion, a better understanding of how the VH4-34 clones with unmutated 

AVY motifs contribute to the pathogenesis of SLE by recognizing the gut bacteria, 

which in turn causes an increase in the number of self-reactive autoantibodies, will 

expedite the integration of new diagnostic, preventative, and therapeutic strategies. 
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