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Understanding CD4+ T cells in
autoimmune bullous diseases
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Department of Dermatology and Cutaneous Biology Research Institute, Gangnam Severance
Hospital, Yonsei University College of Medicine, Seoul, Republic of Korea
Autoimmune bullous diseases (AIBDs) are a group of life-threatening blistering

diseases caused by autoantibodies that target proteins in the skin and mucosa.

Autoantibodies are the most important mediator in the pathogenesis of AIBDs,

and various immune mechanisms contribute to the production of these

pathogenic autoantibodies. Recently, significant progress has been made in

understanding how CD4+ T cells drive autoantibody production in these

diseases. Here, we review the critical role of CD4+ T cells in the production of

pathogenic autoantibodies for the initiation and perpetuation of humoral

response in AIBDs. To gain an in-depth understanding of CD4+ T-cell

pathogenicity, antigen specificity, and mechanisms of immune tolerance, this

review covers comprehensive mouse and human studies of pemphigus and

bullous pemphigoid. Further exploration of pathogenic CD4+ T cells will

potentially provide immune targets for improved treatment of AIBDs.
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1 Introduction

Autoimmune bullous diseases (AIBDs) are a group of rare and serious skin diseases

mediated by autoantibodies against adhesion molecules in the skin and/or mucous

membrane, leading to the loss of cell-cell adhesion and blister formation. Autoantibodies

produced by autoantigen-specific B cells cause blisters in AIBDs (1–3). However, reports

suggests that CD4+ T cells are also involved in the production of pathogenic autoantibodies

and play a critical role in the pathogenesis of AIBDs. It is not yet known how pathogenic

CD4+ T cells are generated in AIBDs, but the studies of CD4+ T cells may provide clues to

understanding the development of these diseases. This review describes current views on

the role of CD4+ T cells in AIBDs, with a focus on pemphigus and bullous

pemphigoid (BP).
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2 Significance of CD4+ T cells in
pemphigus

2.1 Clinical features of pemphigus

Pemphigus is a representative type of AIBDs mediated by

autoantibodies targeting desmoglein (DSG) 1 and 3, which

chronically cause blisters and erosions on the skin and mucous

membrane (4). The etymology of pemphigus, which comes from

the Greek pemphix, means bubble. Pemphigus most commonly occurs

between the ages of 50 and 60 years, and consists of several forms, the

main three being pemphigus vulgaris (PV), pemphigus foliaceus (PF),

and paraneoplastic pemphigus (PNP) (3). PV usually begins as oral

mucosal blisters, but PF shows superficial skin blisters without

mucosal involvement. PNP is mostly associated with neoplasia and

is characterized by extensive stomatitis and polymorphous skin

eruptions, including blisters (5). The main histologic features are

intraepidermal blisters with acantholysis as a consequence of the loss

of adhesion between keratinocytes. Immunofluorescence studies are

able to detect the IgG autoantibodies directed against the surface of

keratinocytes. While the current cornerstone of treatment is systemic

corticosteroid, high dosage and long-term usage are usually required

for disease control, which can result in multiple adverse effects (6). In

that reason, steroid-sparing agents such as mycophenolate mofetil and

azathioprine are often combined (7). Further, intravenous

immunoglobulin was found to reduce disease activity in pemphigus

(8). Rituximab, a monoclonal depleting antibody that targets CD20 on

B cells, shows partial or complete remission achieved 3 to 6 months

after treatment in 75% of patients with pemphigus (9–11), and recent

studies showed that early administration of rituximab shortens the

time to remission (12). Rituximab is currently used as a first-line

treatment in the U.S. and Europe (13).
2.2 Evidence of CD4+ T-cell pathogenicity
in patients with pemphigus

B cells are the most important cells in induction of pemphigus,

but there is growing evidence that autoreactive CD4+ T cells play a

pathogenic role. In particular, specific alleles of human leukocyte

antigen (HLA) class II are associated with pemphigus. HLA-

DRB1*04:02, HLA-DRB1*14 (14:01, 14:05, and 14:06), and HLA-

DQB1*05:03 alleles are associated with PV, and HLA-DRB1*04 and

HLA-DRB1*14 alleles are associated with PF and HLA-DRB1*01

alleles are especially associated with an endemic form of PF, also

known as fogo selvagem (3, 14, 15). PNP is genetically associated

with HLA-DRB1*03 (5, 16). These restricted types of HLA alleles

differ among ethnic groups (17). DSG3-specific T-cell clones

derived from patients with pemphigus vulgaris are proliferated

following co-culture with a B-lymphoblastoid cell line expressing

HLA-DRB1*14:01, HLA-DQB1*05:03, and HLA-DRB1*04:02 (18–

20) (Figure 1). Although direct evidence for the production of

pathogenic antibodies from DSG-specific B cells by these DSG-

specific T cells is lacking, one study demonstrated that pathogenic

anti-human DSG3 antibodies were induced by HLA-DRB1*04:02-
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HLA-DRB1*04:02-transgenic mice (21).

The development of effective antibodies involves affinity

maturation, a process by which B cells produce antibodies with

higher affinity during subsequent responses to antigen. Affinity

maturation is driven by somatic hypermutation and requires

cognate-antigen interactions between B cells and CD4+ T cells for

initiation. In one study, more anti-DSG3 antibodies undergoing

somatic hypermutation were detected in patients with pemphigus

vulgaris after diagnosis compared to before disease onset, and these

antibodies exhibited increased binding affinity for DSG3 and

induced better dissociation of keratinocytes (22). These data

further support the idea that DSG-specific CD4+ T cells are

pathogenic in pemphigus.
2.3 Pathogenicity, antigen specificity, and
tolerance mechanism of CD4+ T cells in
murine pemphigus models

Many studies have attempted to understand the pathogenicity of

CD4+ T cells in pemphigus through use of active mouse models.

These models are established by adoptive transfer of DSG3-

immunized lymphocytes from Dsg3–/– mice into DSG3-expressing

Rag1–/– or Rag2–/– mice (23, 24). Immunization is accomplished by

grafting DSG3-expressing wild-type mouse skin into Dsg3–/– mice or

by repeated injection of recombinant DSG3 protein intoDsg3–/–mice

(23, 24). Recipient Rag1–/– or Rag2–/– mice develop acantholytic

blisters and pathogenic anti-DSG3 IgG, consistent with the features of

PV. In this model, the PV phenotype is induced after adoptive

transfer of both B and CD4+ T cells, but not after transfer of B

cells alone (23). Specific subsets of pathogenic CD4+ T cells were well

described in another study that divided CD4+ T cells into inducible

costimulatory (ICOS)+ T follicular helper (Tfh) cells, ICOS– Tfh cells,

and non-Tfh cells. This study demonstrated that ICOS+ Tfh cells are

required for the induction of the PV phenotype (24). Tfh cells are the

major cells that directly interact with B cells, and ICOS is an

important co-stimulator that maintains the phenotype of Tfh cells

and promotes the migration of Tfh cells to the germinal center (25,

26). Indeed, ICOS+ Tfh cells have been found to be associated with B-

cell differentiation in the PV mouse model (24) (Figure 1).

Since CD4+ T cells help B cells with cognate antigen interaction,

it is necessary to investigate the antigen specificity of T cells to

evaluate their role in pemphigus. T-cell receptor (TCR) transgenic

mice (Dsg3H1 mice) have been used to understand the role of

DSG3-specific CD4+ T cells in PV mouse models (27). After bone

marrow transplantation from Dsg3H1 mice into Dsg3–/– mice,

DSG3-specific TCR-transgenic CD4+ T cells and Dsg3–/– B cells

were co-transferred into Rag2–/– mice. In this model, DSG3-specific

CD4+ T cells induce acantholysis, suggesting that DSG3-specific

CD4+ T cells contribute to the generation of pathogenic antibodies

in pemphigus. To analyze DSG3-specific CD4+ T cells in their

phys io log ic s ta te , another s tudy generated a major

histocompatibility complex (MHC) class II tetramer (I-Ab/

DSG3516-530) in the pemphigus mouse model (24). This study

demonstrated that DSG3-specific ICOS+ Tfh cells captured by the
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tetramer were proliferating and associated with the production of

anti-DSG3 antibody (24). (Figure 1)

While this mouse model exhibits an immunopathology similar to

that of human pemphigus, it has limitations for deciphering the

breakdown of tolerance in autoimmunity. Immune tolerance consists

of central and peripheral tolerance. Central tolerance of T cells occurs

as negative selection in the thymus, where autoreactive T cells are

deleted by autoantigen-presenting medullary thymic epithelial cells

(mTECs). mTECs can express tissue-specific antigens induced by

transcription factors including autoimmune regulator (AIRE). AIRE

induces expression of DSGs in mTEC (28), and T cells help B cells to

produce anti-DSG3 IgG in Aire–/– mice after adoptive transfer of

Dsg3–/– B cells (29) (Figure 1). Regulatory T cells (Tregs) are a key

player in controlling peripheral tolerance. Anti-DSG3 antibody

production decreases after transfer of Tregs in the active PV mouse

model (30). In a recent study, DSG3-sepcific TCR-transgenic CD4+ T

cells were able to overcome peripheral tolerance and induce

dermatitis in depletion of regulatory T cell (DEREG) mice, but not

wild-type mice. This study showed that OX40-OX40L signaling is

important in disrupting Treg-dependent peripheral tolerance of

DSG3-sepcific TCR-transgenic CD4+ T cells (31). (Figure 1) In this

context, mechanisms of T-cell tolerance should be considered to

understand the disease etiology of pemphigus.
2.4 Immunophenotype and function of
CD4+ T cells in the human pemphigus

There are four subclasses of IgG (IgG1, IgG2, IgG3, and IgG4) in

human, and IgG4 is the predominant subclass in patients with

pemphigus (32). IgG4 is a well-known immunoglobulin that relies
Frontiers in Immunology 03
on a type 2 immune response. Thus, human T-cell studies have

explored whether Th2 cells are involved in the pathogenesis of

pemphigus. Early studies assessed the amount of DSG-reactive CD4+

T cells by stimulating DSG protein in peripheral blood mononuclear

cells (PBMCs). IL-4-secreting DSG3-reactive Th2 cells predominate in

the active phase of PV, whereas IFN-g-secreting DSG3-reactive Th1

cells predominate in the chronic phase of PV and in healthy conditions

(20, 33). When evaluating CD4+ T-cell subsets by observing expression

of CXCR3 and CCR6, ICOS+PD-1+ circulating Tfh (cTfh) 2 cells, the

Th2 phenotype of cTfh cells, were found to be associated with the

production of autoantibodies against DSG3 in patients with PV (24).

However, another study showed increased cTfh17 cells with

responsiveness to DSGs in PBMCs from patients with pemphigus

(34). In addition to an imbalance in conventional CD4+ T-cell subsets,

the amount of circulating regulatory T cells were found to be decreased

in patients with pemphigus. Moreover, FoxP3+CD25hiCD4+ T cells

and DSG3-reactive IL-10+CD4+ T cells are reduced in blood from

patients with pemphigus compared to healthy individuals (35, 36).

Taken together, it is still unclear which subsets of CD4+ T cells play a

key pathogenic role in human pemphigus and thus, this area require

further study (Figure 1).

Although pemphigus is an autoimmune disease mediated by the

systemic immune system, tertiary lymphoid structures resembling B-

cell follicles are occasionally discovered in skin blisters of patients with

pemphigus (37). In these TLSs, differentiated B cells, including DSG-

specific B cells, are detected suggesting that these structures contribute

to the pathogenicity of pemphigus (38). There are a number of T cells

in TLSs, and IL-21+CD4+ T cells are expanded and produce IL-17 in

lesions with TLSs (38). However, the role of various T-cell subsets in

skin TLSs of pemphigus has not yet been fully studied and thus,

represents an interesting area for future research.
FIGURE 1

Schematic overview of immune mechanism of desmoglein (DSG)-specific CD4+ T cells in pemphigus. After recognizing DSG epitope expressed on
major histocompatibility complex class II from medullary thymic epithelial cells under the control of AIRE, DSG-specific T cells undergo deletion in
the thymus. When DSG-specific T cells escape from central tolerance, Tregs control tolerance in peripheral regions via OX40L-OX40 signaling. In a
diseased state of pemphigus, tolerance is broken and DSG-specific CD4+ T cells become pathogenic. Of DSG-specific CD4+ T cells, ICOS+ Tfh cells
interact with DSG-specific B cells to provide stimulatory signals including CD40L-CD40 interaction and cytokines. These signals lead to B-cell
activation and proliferation, differentiation into plasma cells, and production of pathogenic DSG-specific IgG antibodies that induce acantholytic
blister by loss of cell-cell adhesion in keratinocytes.
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2.5 Targeting CD4+ T cells in pemphigus

Many studies have been conducted to evaluate the efficacy of T-

cell targeted therapy for the treatment of pemphigus. The CD40-

CD40L interaction is essential for cognate antigen interaction of T

and B cells. Indeed, anti-CD40L blocking antibody reduces disease

induction in the PV mouse model (39). (Figure 1) In addition to the

CD40-CD40L interaction, treatment of anti-ICOS blocking

antibody in vivo also decreases disease progression (24). These

therapeutic approaches can be used to control early disease

provocation or prevent relapse, as these molecular interactions

are required for disease initiation. Therefore, strategies to enhance

the function of Tregs or expand Tregs can be applied to treat the

active phase of the disease. Currently, adoptive polyclonal Treg cell

therapy is being investigated in a phase I clinical trial for

pemphigus (40).
3 Significance of CD4+ T cells in
bullous pemphigoid

3.1 Clinical features of BP

Bullous pemphigoid (BP) is an AIBD characterized by

autoantibodies against bullous pemphigoid antigens (BPAG) 1 and 2,

and is distinguished from pemphigus in that blisters develop in the

subepidermal layer (41, 42). The mean age of onset is older than that of

pemphigus, and the relative risk of BP increases with age. Mortality in

patients with BP is quite high (approximately 20% of the first-year

mortality) and may be due to comorbidities or secondary infections

(43). Typically, BP presents with multiple tense bulla in urticarial

lesions of the skin. Mucosal involvement may occur, but not as often as

it does in pemphigus vulgaris. Pruritus is usually present and can be

intense. Some medications, such as immune checkpoint inhibitors and

dipeptidyl peptidase-4 (DPP4) inhibitors, have been reported to be

associated with the development of BP (44, 45). Histologic examination

reveals subepidermal blisters usually accompanied by eosinophilic

infiltration. IgG autoantibodies deposited along the basement

membrane can be detected by direct immunofluorescence. In order

to distinguish BP from other pemphigoids, salt-split skin is used in an

indirect immunofluorescence study, looking for the presence of

autoantibodies binding along the epidermal side of blister. First-line

treatment options are topical and systemic corticosteroids (46, 47).

Doxycycline, azathioprine, mycophenolate mofetil, or other

immunosuppressive agents may be used as steroid-sparing agents

(48). In severe cases, intravenous immunoglobulin, rituximab,

omalizumab, and dupilumab can be administered (49–51).
3.2 Evidence of CD4+ T-cell pathogenicity
in patients with BP

Although pathogenic autoreactive B cells undergoing affinity

maturation have not been detected in patients with BP, there is

indirect evidence that CD4+ T cells contribute to the development

of autoantigen-specific B cells in BP. Epitope spreading refers to the
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intra- or inter-molecular diversification of antibody epitopes

possibly caused by antigen cross-reactivity or cognate B-T cell

interaction, and frequently occurs in autoantigen responses of BP

(52, 53). These phenomena suggests that BPAG1- and BPAG2-

specific B cells might experience somatic hypermutation via the

help of BPAG1- or BPAG2-specific CD4+ T cells in BP. Further

indirect evidence of this is the MHC class II restriction in patients

with BP. Although the HLA genetic predisposition for BP exhibits a

more diverse pattern across countries than does that of pemphigus,

HLA-DQB1*03:01 is primarily associated with BP in many

countries (54). These findings indicate that CD4+ T cells may be

involved in the development of autoantibodies in BP.
3.3 Pathogenicity and tolerance
mechanism of CD4+ T cells in murine BP
models

An active mouse model of BP was established using BPAG2-

humanized Rag2–/– mice (Col17m–/–,h+Rag2–/–) (55, 56). Similar to

the active PV mouse model, splenocytes from wild-type mice

immunized by grafting human BPAG2-expressing mouse skin are

adoptively transferred into Col17m–/–,h+Rag2–/– mice. These mice

developed subepidermal blisters with deposition of anti-human

BPAG2 antibody in the basement membrane zone. In this mouse

model, the BP phenotype does not emerge after adoptive transfer of

CD4+ T-cell depleted splenocytes (55). Whether these pathogenic

CD4+ T cells directly help B cells and are specific for BPAG2 is not

yet known, but the CD40-CD40L interaction is crucial for the early

stages of the disease in the active BP mouse model (57). In addition,

the intramolecular epitope spreading to NC16A domain of human

BPAG2 is suppressed by blocking CD40L in the mouse model,

suggesting that the cognate B-T interaction is responsible for

epitope spreading to NC16A of BPAG2 (56) (Figure 2).

As seen in pemphigus, Tregs also are involved in the

pathogenesis of BP. Interestingly, Foxp3-mutant scurfy mice

spontaneously produce autoantibodies that target the basement

membrane zone and contain pathogenic anti-BPAG1

autoantibodies that cause subepidermal blisters (58). In addition,

when T-cell deficient nude mice were transferred with CD4+ T cells

from scurfy mice, subepidermal blisters positive for autoantibodies

developed (58). These results indicate that autoreactive CD4+ T cells

are crucial to induce subepidermal blisters. These autoimmunity in

scurfy mice is dependent on STAT6 pathway, a JAK-STAT

signaling pathway known to be important in Th2 immunity, and

Tfh cells are also decreased in the lymph nodes and spleen of

Stat6–/– scurfy mice (59) (Figure 2).
3.4 Immunophenotype and function of
CD4+ T cells in the human BP

In patients with BP, the NC16A domain of BPAG2 protein is

recognized as a major pathogenic epitope, and serum levels of anti-

NC16A IgG correlate with clinical disease activity (60). Levels of

serum anti-NC16A IgG positively correlates with the frequencies of
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PD-1+ and ICOS+ circulating Tfh cells and serum IL-21 level in

patients with BP (61). Besides anti-NC16A IgG, anti-NC16A IgE is

known to be associated with the pathogenicity and disease severity

of BP (62, 63). Since IgE is typically mediated by Th2 cells, it has

been thought that Th2 immunity is mainly involved in BP. Indeed,

BPAG2-reactive Th1 cells can be detected in both healthy

individuals and patients with BP, but BPAG2-reactive Th2 cells

are only observed in patients with BP (64). Several studies have used

epitopes in the NC16A domain to detect BPAG2-reactive CD4+ T

cells in patients with BP (65–67), although the immunodominant

epitopes of autoreactive CD4+ T cells in BP varies among

individuals (68),

Whether the frequency of Tregs is altered in peripheral blood and

skin from patients with BP is controversial (69–73). However, a

substantial role of Tregs in the disease pathogenesis of human BP can

be confirmed by observing patients with immune dysregulation,

polyendocrinopathy, enteropathy, and X-linked syndrome (IPEX)

syndrome (59, 74). IPEX syndrome is a genetic disorder manifesting

an absence or dysfunction of Tregs due to FOXP3 mutation. Several

cases of IPEX syndrome show features of BP and circulating

autoantibodies to BPAG1 and/or BPAG2, suggesting that Tregs

contribute to the suppression of autoantibody production in BP

(59, 74, 75). Human CD25+FoxP3+ Tregs are subdivided into three

populations based on CD45RA and FoxP3 expression;

CD45RA+FoxPlow naïve Treg, CD45RA–FoxP3hi effector Treg, and

CD45RA–FoxP3low non-suppressive T cells (76). One study of these

three subsets found that the frequency of effector Tregs correlated

with disease severity in patients with conventional BP; however, in

patients with BP induced by DPP4 inhibitors, Tregs did not correlate

with disease severity (77). Therefore, the contribution of Tregs to

disease pathogenesis may differ depending on the types of BP.
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4 Conclusion

Although B-cell targeting therapies have been successfully used

to treat AIBDs, curing the disease remains challenging. Therefore,

many clinical trials are underway to develop more effective

treatments for AIBDs (78). As shown in this review, a number of

studies in mouse models and in humans have investigated the

contribution of CD4+ T cells to the pathophysiology of AIBDs.

However, the underlying regulatory mechanisms and their precise

immunological roles have not yet been fully described. A deeper

understanding of autoreactive CD4+ T cells and Tregs may support

the identification of therapeutic targets to completely cure AIBDs.

Furthermore, to develop optimal treatment strategies for AIBDs, it

is necessary to elucidate the immune networks between antigen-

presenting cells, autoreactive T and B cells, and Tregs through a

comprehensive analysis.
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FIGURE 2

Schematic overview of immune mechanism of BPAG-specific CD4+ T cells in bullous pemphigoid (BP). The triggering factor for BP can be
medication (e.g., immune checkpoint inhibitors and dipeptidyl peptidase-4 inhibitor) or neurologic diseases. The process begins with the
presentation of a BPAG epitope by dendritic cells through MHC class II, including HLA-DQB*03:01, which activates BPAG-specific CD4+ T cells.
Also, dysfunction of Treg cells play a role in the development of BP, as evidenced in patients with IPEX syndrome. This leads to interaction with
BPAG-specific B cells through CD40-CD40L interaction, resulting in the differentiation of B cells and the epitope spreading of IgG and IgE
autoantibodies. Among them, NC16A domain of BPAG2 is recognized as a major pathogenic epitope of autoantibodies. These autoantibodies bind
to the basement membrane zone of the skin and mucous membranes, inducing subepidermal blistering in BP. The increased type 2 immunity was
seen in BP and might contribute to the development of the diseases.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1161927
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lee et al. 10.3389/fimmu.2023.1161927
Acknowledgments

The authors extend their heartfelt gratitude to the late Professor

Detlef Zillikens for his invaluable contribution to the field of

autoimmune bullous diseases and for his exceptional impact on

their academic pursuits. The corresponding author, in particular,

expresses deep gratitude for the opportunity to learn from such a

remarkable professor and extends appreciation for his legacy in the

field. Professor Zillikens will always be remembered as a kind and

generous person whomade every student and colleague feel welcomed

and valued. The authors thank Medical Illustration & Design part of

the Medical Research Support Services of Yonsei University College of

Medicine, for artistic support related to this work.
Frontiers in Immunology 06
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Amagai M, Hashimoto T, Shimizu N, Nishikawa T. Absorption of pathogenic
autoantibodies by the extracellular domain of pemphigus vulgaris antigen (Dsg3)
produced by baculovirus. J Clin Invest (1994) 94(1):59–67. doi: 10.1172/JCI117349

2. Nishie W, Sawamura D, Goto M, Ito K, Shibaki A, McMillan JR, et al.
Humanization of autoantigen. Nat Med (2007) 13(3):378–83. doi: 10.1038/nm1496

3. Kasperkiewicz M, Ellebrecht CT, Takahashi H, Yamagami J, Zillikens D, Payne
AS, et al. Pemphigus. Nat Rev Dis Primers (2017) 3:1–8. doi: 10.1038/nrdp.2017.26

4. Amagai M, Klaus-Kovtun V, Stanley JR. Autoantibodies against a novel epithelial
cadherin in pemphigus vulgaris, a disease of cell adhesion. Cell (1991) 67(5):869–77.
doi: 10.1016/0092-8674(91)90360-b

5. Kim JH, Kim SC. Paraneoplastic pemphigus: paraneoplastic autoimmune disease of
the skin and mucosa. Front Immunol (2019) 10:1259. doi: 10.3389/fimmu.2019.01259

6. Kim MR, Kim HC, Kim SC. Long-term prognosis of pemphigus in Korea:
retrospective analysis of 199 patients. Dermatology (2011) 223(2):182–8. doi: 10.1159/
000332848

7. Joly P, Horwath B, Patsatsi A, Uzun S, Bech R, Beissert S, et al. Updated S2k
guidelines on the management of pemphigus vulgaris and foliaceus initiated by the
European academy of dermatology and venereology (Eadv). J Eur Acad Dermatol
(2020) 34(9):1900–13. doi: 10.1111/jdv.16752

8. Amagai M, Ikeda S, Shimizu H, Iizuka H, Hanada K, Aiba S, et al. A randomized
double-blind trial of intravenous immunoglobulin for pemphigus. J Am Acad Dermatol
(2009) 60(4):595–603. doi: 10.1016/j.jaad.2008.09.052

9. Joly P, Mouquet H, Roujeau JC, D'Incan M, Gilbert D, Jacquot S, et al. A single
cycle of rituximab for the treatment of severe pemphigus. N Engl J Med (2007) 357
(6):545–52. doi: 10.1056/NEJMoa067752

10. Kim JH, Kim YH, Kim MR, Kim SC. Clinical efficacy of different doses of
rituximab in the treatment of pemphigus: a retrospective study of 27 patients. Br J
Dermatol (2011) 165(3):646–51. doi: 10.1111/j.1365-2133.2011.10411.x

11. Wang HH, Liu CW, Li YC, Huang YC. Efficacy of rituximab for pemphigus: a
systematic review and meta-analysis of different regimens. Acta Derm Venereol (2015)
95(8):928–32. doi: 10.2340/00015555-2116

12. Song A, Jang J, Lee A, Min SY, Lee SG, Kim SC, et al. Clinical impact and a
prognostic marker of early rituximab treatment after rituximab reimbursement in
Korean pemphigus patients. Front Immunol (2022) 13:932909. doi: 10.3389/
fimmu.2022.932909

13. Joly P, Maho-Vaillant M, Prost-Squarcioni C, Hebert V, Houivet E, Calbo S,
et al. First-line rituximab combined with short-term prednisone versus prednisone
alone for the treatment of pemphigus (Ritux 3): a prospective, multicentre, parallel-
group, open-label randomised trial. Lancet (2017) 389(10083):2031–40. doi: 10.1016/
s0140-6736(17)30070-3

14. Vodo D, Sarig O, Sprecher E. The genetics of pemphigus vulgaris. Front Med
(Lausanne) (2018) 5:226. doi: 10.3389/fmed.2018.00226

15. Pavoni DP, Roxo VMMS, Marquart A, Petzl-Erler ML. Dissecting the
associations of endemic pemphigus foliaceus (Fogo selvagem) with hla-Drb1 alleles
and genotypes. Genes Immun (2003) 4(2):110–6. doi: 10.1038/sj.gene.6363939

16. Martel P, Loiseau P, Joly P, Busson M, Lepage V, Mouquet H, et al.
Paraneoplastic pemphigus is associated with the Drb1*03 allele. J Autoimmun (2003)
20(1):91–5. doi: 10.1016/S0896-8411(02)00092-6

17. Yan L, Wang JM, Zeng K. Association between hla-Drb1 polymorphisms and
pemphigus vulgaris: a meta-analysis. Br J Dermatol (2012) 167(4):768–77. doi: 10.1111/
j.1365-2133.2012.11040.x
18. Wucherpfennig KW, Yu B, Bhol K, Monos DS, Argyris E, Karr RW, et al.
Structural basis for major histocompatibility complex (Mhc)-linked susceptibility to
autoimmunity: charged residues of a single mhc binding pocket confer selective
presentation of self-peptides in pemphigus vulgaris. Proc Natl Acad Sci U.S.A. (1995)
92(25):11935–9. doi: 10.1073/pnas.92.25.11935

19. Lin MS, Swartz SJ, Lopez A, Ding X, Fernandez-Vina MA, Stastny P, et al.
Development and characterization of desmoglein-3 specific T cells from patients with
pemphigus vulgaris. J Clin Invest (1997) 99(1):31–40. doi: 10.1172/JCI119130

20. Veldman C, Stauber A, Wassmuth R, Uter W, Schuler G, Hertl M. Dichotomy of
autoreactive Th1 and Th2 cell responses to desmoglein 3 in patients with pemphigus
vulgaris (Pv) and healthy carriers of pv-associated hla class ii alleles. J Immunol (2003)
170(1):635–42. doi: 10.4049/jimmunol.170.1.635

21. Eming R, Hennerici T, Backlund J, Feliciani C, Visconti KC, Willenborg S, et al.
Pathogenic igg antibodies against desmoglein 3 in pemphigus vulgaris are regulated by
hla-Drb1*04:02-Restricted T cells. J Immunol (2014) 193(9):4391–9. doi: 10.4049/
jimmunol.1401081

22. Cho A, Caldara AL, Ran NA, Menne Z, Kauffman RC, Affer M, et al. Single-cell
analysis suggests that ongoing affinity maturation drives the emergence of pemphigus
vulgaris autoimmune disease. Cell Rep (2019) 28(4):909–22 e6. doi: 10.1016/
j.celrep.2019.06.066

23. Amagai M, Tsunoda K, Suzuki H, Nishifuji K, Koyasu S, Nishikawa T. Use of
autoantigen-knockout mice in developing an active autoimmune disease model for
pemphigus. J Clin Invest (2000) 105(5):625–31. doi: 10.1172/JCI8748

24. Kim AR, Han D, Choi JY, Seok J, Kim SE, Seo SH, et al. Targeting inducible
costimulator expressed on Cxcr5(+)Pd-1(+) T-h cells suppresses the progression of
pemphigus vulgaris. J Allergy Clin Immun (2020) 146(5):1070–+. doi: 10.1016/
j.jaci.2020.03.036

25. Xu H, Li X, Liu D, Li J, Zhang X, Chen X, et al. Follicular T-helper cell
recruitment governed by bystander b cells and icos-driven motility. Nature (2013) 496
(7446):523–7. doi: 10.1038/nature12058

26. Weber JP, Fuhrmann F, Feist RK, Lahmann A, Al Baz MS, Gentz LJ, et al. Icos
maintains the T follicular helper cell phenotype by down-regulating kruppel-like factor
2. J Exp Med (2015) 212(2):217–33. doi: 10.1084/jem.20141432

27. Takahashi H, Kouno M, Nagao K, Wada N, Hata T, Nishimoto S, et al.
Desmoglein 3-specific Cd4+ T cells induce pemphigus vulgaris and interface
dermatitis in mice. J Clin Invest (2011) 121(9):3677–88. doi: 10.1172/JCI57379

28. Wang X, Laan M, Bichele R, Kisand K, Scott HS, Peterson P. Post-aire
maturation of thymic medullary epithelial cells involves selective expression of
keratinocyte-specific autoantigens. Front Immunol (2012) 3:19(March). doi: 10.3389/
fimmu.2012.00019

29. Wada N, Nishifuji K, Yamada T, Kudoh J, Shimizu N, Matsumoto M, et al. Aire-
dependent thymic expression of desmoglein 3, the autoantigen in pemphigus vulgaris,
and its role in T-cell tolerance. J Invest Dermatol (2011) 131(2):410–7. doi: 10.1038/
jid.2010.330

30. Yokoyama T, Matsuda S, Takae Y, Wada N, Nishikawa T, Amagai M, et al.
Antigen-independent development of Foxp3+ regulatory T cells suppressing
autoantibody production in experimental pemphigus vulgaris. Int Immunol (2011)
23(6):365–73. doi: 10.1093/intimm/dxr020

31. Iriki H, Takahashi H, Wada N, Nomura H, Mukai M, Kamata A, et al.
Peripheral tolerance by treg Via constraining Ox40 signal in autoreactive T cells
against desmoglein 3, a target antigen in pemphigus. Proc Natl Acad Sci U.S.A. (2021)
118(49):e2026763118. doi: 10.1073/pnas.2026763118
frontiersin.org

https://doi.org/10.1172/JCI117349
https://doi.org/10.1038/nm1496
https://doi.org/10.1038/nrdp.2017.26
https://doi.org/10.1016/0092-8674(91)90360-b
https://doi.org/10.3389/fimmu.2019.01259
https://doi.org/10.1159/000332848
https://doi.org/10.1159/000332848
https://doi.org/10.1111/jdv.16752
https://doi.org/10.1016/j.jaad.2008.09.052
https://doi.org/10.1056/NEJMoa067752
https://doi.org/10.1111/j.1365-2133.2011.10411.x
https://doi.org/10.2340/00015555-2116
https://doi.org/10.3389/fimmu.2022.932909
https://doi.org/10.3389/fimmu.2022.932909
https://doi.org/10.1016/s0140-6736(17)30070-3
https://doi.org/10.1016/s0140-6736(17)30070-3
https://doi.org/10.3389/fmed.2018.00226
https://doi.org/10.1038/sj.gene.6363939
https://doi.org/10.1016/S0896-8411(02)00092-6
https://doi.org/10.1111/j.1365-2133.2012.11040.x
https://doi.org/10.1111/j.1365-2133.2012.11040.x
https://doi.org/10.1073/pnas.92.25.11935
https://doi.org/10.1172/JCI119130
https://doi.org/10.4049/jimmunol.170.1.635
https://doi.org/10.4049/jimmunol.1401081
https://doi.org/10.4049/jimmunol.1401081
https://doi.org/10.1016/j.celrep.2019.06.066
https://doi.org/10.1016/j.celrep.2019.06.066
https://doi.org/10.1172/JCI8748
https://doi.org/10.1016/j.jaci.2020.03.036
https://doi.org/10.1016/j.jaci.2020.03.036
https://doi.org/10.1038/nature12058
https://doi.org/10.1084/jem.20141432
https://doi.org/10.1172/JCI57379
https://doi.org/10.3389/fimmu.2012.00019
https://doi.org/10.3389/fimmu.2012.00019
https://doi.org/10.1038/jid.2010.330
https://doi.org/10.1038/jid.2010.330
https://doi.org/10.1093/intimm/dxr020
https://doi.org/10.1073/pnas.2026763118
https://doi.org/10.3389/fimmu.2023.1161927
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lee et al. 10.3389/fimmu.2023.1161927
32. Futei Y, Amagai M, Ishii K, Kuroda-Kinoshita K, Ohya K, Nishikawa T.
Predominant Igg4 subclass in autoantibodies of pemphigus vulgaris and foliaceus. J
Dermatol Sci (2001) 26(1):55–61. doi: 10.1016/s0923-1811(00)00158-4

33. Hertl M, Amagai M, Sundaram H, Stanley J, Ishii K, Katz SI. Recognition of
desmoglein 3 by autoreactive T cells in pemphigus vulgaris patients and normals. J
Invest Dermatol (1998) 110(1):62–6. doi: 10.1046/j.1523-1747.1998.00086.x

34. Holstein J, Solimani F, Baum C, Meier K, Pollmann R, Didona D, et al.
Immunophenotyping in pemphigus reveals a T(H)17/T(Fh)17 cell-dominated
immune response promoting desmoglein 1/3-specific autoantibody production. J
Allergy Clin Immun (2021) 147(6):2358–69. doi: 10.1016/j.jaci.2020.11.008

35. Xu RC, Zhu HQ, Li WP, Zhao XQ, Yuan HJ, Zheng J, et al. The imbalance of
Th17 and regulatory T cells in pemphigus patients. Eur J Dermatol (2013) 23(6):795–
802. doi: 10.1684/ejd.2013.2177

36. Veldman C, Hohne A, Dieckmann D, Schuler G, Hertl M. Type I regulatory T
cells specific for desmoglein 3 are more frequently detected in healthy individuals than
in patients with pemphigus vulgaris. J Immunol (2004) 172(10):6468–75. doi: 10.4049/
jimmunol.172.10.6468

37. Yuan HJ, Zhou SR, Liu ZC, Cong WT, Fei XC, Zeng WH, et al. Pivotal role of
lesional and perilesional T/B lymphocytes in pemphigus pathogenesis. J Invest
Dermatol (2017) 137(11):2362–70. doi: 10.1016/j.jid.2017.05.032

38. Zhou S, Liu Z, Yuan H, Zhao X, Zou Y, Zheng J, et al. Autoreactive b cell
differentiation in diffuse ectopic lymphoid-like structures of inflamed pemphigus
lesions. J Invest Dermatol (2020) 140(2):309–18 e8. doi: 10.1016/j.jid.2019.07.717

39. Aoki-Ota M, Kinoshita M, Ota T, Tsunoda K, Iwasaki T, Tanaka S, et al.
Tolerance induction by the blockade of Cd40/Cd154 interaction in pemphigus
vulgaris mouse model. J Invest Dermatol (2006) 126(1):105–13. doi: 10.1038/
sj.jid.5700016

40. Yuan H, Pan M, Chen H, Mao X. Immunotherapy for pemphigus: present and
future. Front Med (Lausanne) (2022) 9:901239. doi: 10.3389/fmed.2022.901239

41. Diaz LA, Ratrie H3rd, SaundersWS, Futamura S, Squiquera HL, Anhalt GJ, et al.
Isolation of a human epidermal cdna corresponding to the 180-kd autoantigen
recognized by bullous pemphigoid and herpes gestationis sera. immunolocalization
of this protein to the hemidesmosome. J Clin Invest (1990) 86(4):1088–94. doi: 10.1172/
JCI114812

42. Ishiko A, Shimizu H, Kikuchi A, Ebihara T, Hashimoto T, Nishikawa T. Human
autoantibodies against the 230-kd bullous pemphigoid antigen (Bpag1) bind only to the
intracellular domain of the hemidesmosome, whereas those against the 180-kd bullous
pemphigoid antigen (Bpag2) bind along the plasma membrane of the hemidesmosome
in normal human and swine skin. J Clin Invest (1993) 91(4):1608–15. doi: 10.1172/
JCI116368

43. Tedbirt B, Gillibert A, Andrieu E, Hébert V, Bastos S, Korman NJ, et al. Mixed
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