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The interactions between T cells and B cells are essential for antibody responses
and the development of autoimmune diseases. Recently, a distinct subset of T
cells capable of helping B cells was established in synovial fluid, and they were
termed peripheral helper T (Tph) cells. PD-1"CXCR5"CD4* Tph cells express
high levels of CXCL13, which drives the formation of lymphoid aggregates and
tertiary lymphoid structures, ultimately facilitating the local production of
pathogenic autoantibodies. Tph and T follicular helper cells share some key
features but can be distinguished by their surface markers, transcriptional
regulation, and migration capability. We summarize recent findings on Tph
cells in this review and provide a perspective on their potential roles in a range
of autoimmune diseases. More clinical and in-depth mechanistic investigations
of Tph cells may help to improve the understanding of pathogenesis and further
provide novel therapeutic targets in autoimmune diseases.
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1 Introduction

Autoimmune diseases are characterized by the breakdown of immune tolerance,
recognition of self-antigens, and hyperactivity of adaptive immune responses, leading to
the production of specific autoantibodies and ultimately attack multiple organs of the body
(1). The pathogenesis and development of autoimmune diseases is largely dependent on
immune responses, which are mediated by interactions between T cells and B cells. With
the advancement of experimental technology and in-depth research, it was recognized that
follicular helper T (Tth) and follicular regulatory T (Tfr) cells play significant roles in the
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production of high-affinity antibodies in germinal centers (GCs).
These CXCR5" T cells are directed to B-cell follicles by gradients of
CXCL13 and orchestrate the GC responses (2, 3).

Recently, a distinct subset of helper T cells was identified in the
synovial fluid (SF) T cells from patients with rheumatoid arthritis (RA).
These cells are characterized by the absence of the Tth-cell markers
CXCR5 and Bdl6, and the expression of high levels of CXCL13 (4).
CXCL13 is crucial for the recruitment of B and T cells and the
formation of lymphoid structures (5). Subsequently, another study
conducted in RA found that CXCL13-producing CD4" T cells could
recruit CXCR5" cells, such as Tth and B cells. These CD4"PD-
1"CXCR5 cells were lack of IFN-y, IL-4, IL-17, and Foxp3, and they
had lower expression of ICOS compared with Tth cells (6). Until 2017,
the PD-1MCXCR5™ T cell subpopulation was defined as a distinct T cell
subset based on multidimensional cytometry, transcriptomics, and
functional assays (7). This population was significantly expanded in
the synovial tissue from seropositive RA patients and constituted about
85% of synovial PD-1"CD4" cells. Due to their capacity of B cell help,
this population of cells was termed peripheral helper T (Tph) cells (7).
Tph and Tth cells were found adjacent to B cells within lymphoid
aggregates. However, more Tph cells than Tth cells were found
adjacent to B cells in areas outside of lymphoid aggregates (7).
Similar to Tth cells, Tph cells could induce plasma cell differentiation
via interactions between IL-21 and SLAMF5. On the other hand, the
expression of Bcl6, Blimp-1, and chemokine receptors including CCR2,
CX3CR1, and CCR5 distinguished Tph cells from Tth cells (7).
Accumulating studies have shown that Tph cells are involved in a
range of diseases, such as autoimmune diseases and malignancies (8, 9).
Here, we review recent studies on Tph cells and their roles in
autoimmune diseases, which may provide novel disease biomarker
and therapeutic strategies for autoimmune diseases.
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2 Tph and tertiary lymphoid
structures (TLSs)

Lymphoid tissues can be broadly classified into primary and
secondary lymphoid organs (SLOs). In multiple chronic inflamed
tissues, stromal cells acquire the properties of SLOs and drive the
formation of ectopic clusters of lymphomonocytic cells, named
0). TLSs
recapitulate the cellular, molecular, and structural organization of
SLOs, comprising follicular dendritic cells (FDCs), fibroblastic
reticular cells, antigen-presenting cells, lymphatic sinuses, and
high endothelial venules (HEVs), but lack the surrounding

TLSs, also known as ectopic lymphoid structures (1

capsule in most tissues (11). This structure may allow their
cellular components to enter the surrounding tissue directly,
facilitating the generation or enhancement of adaptive immune
responses (12). They are mostly located in organs or tissues that are
not predisposed to allow the formation of lymphoid tissues during
embryonic development, such as synovium (13), salivary glands
(14), meninges, kidneys, etc (15). The presence of TLSs is regarded
as a unique feature shared by various chronic inflammatory
diseases, including autoimmune diseases, as well as the tumor
immune microenvironment (11, 12). Researches conducted in RA
found that TLSs were predominantly located within the sublining of
synovial tissues and were present in some patients with early
untreated RA (16). The prevalence of TLSs in RA varies widely
depending on the site of biopsy, treatment strategy, and stage of
disease (17-21). Within the lympho-myeloid group of RA patients,
TLSs acquired several SLO-like features (16), such as segregation of
T and B cells into separate areas, differentiation of the FDCs
networks, development of HEVs, and differentiation of
hypermutated and class-switched plasma cells (Figure 1).
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Schematic representation of synovial TLSs. Synovial TLSs show striking anatomical similarities to SLOs. Within the lympho-myeloid group of RA
patients, TLSs resemble the lymphoid follicles of SLOs, acquiring features such as segregation of T and B cells into separate areas, differentiation of
the FDCs networks, development of HEVs, and differentiation of hypermutated and class-switched plasma cells. Tph cells are supposed to be
present in the periphery of TLSs, rather than in their center. These crosstalks among Tph, Tfh, Tfr, and B cells regulate the GC response. FDC,

follicular dendritic cell; HEV, high endothelial venule. By Figdraw.
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TLSs are enriched in pro-inflammatory cytokines but lack key
checkpoints for autoreactive cell screening, suggesting that they
may be critical for the local production of pathogenic
autoantibodies (22-24).

A functional model of Tph cells in peripheral tissues has been
proposed, in which Tph cells infiltrate peripheral tissues in the
context of persistent chronic inflammation (25). Locally activated
Tph cells produce very high levels of CXCL13, a chemokine that
binds to CXCR5 and leads to the recruitment of B and Tth cells and
subsequent formation of lymphoid follicles (5). Similar to Tth cells,
Tph cells produce IL-21, which induces B cell activation and
differentiation into plasmablasts (7, 26). Tfr cells are deemed as
repressors of GC reactions, which possess dual characteristics of Tth
cells and traditional Treg cells (2, 27). Interestingly, Tfr cells have
also been found in tumor-infiltrating lymphocytes and are
associated with TLS activities (28). These crosstalks among Tph,
Tth, Tfr, and B cells may allow the formation of more mature
structures that eventually form TLSs, which then facilitate the
selection of antigen-driven B cell clones through affinity
maturation and further promote adaptive immune responses
in situ.

TLSs have been identified in target tissues from patients with
RA (13), Sjogren syndrome (SS) (14), systemic lupus erythematosus
(SLE) (29), and myositis (30, 31). TLSs in autoimmune diseases not
only bear striking anatomical resemblance to SLOs, but can also
show features of functional GCs. B cells within TLSs express the
cytidine deaminase AID (17), the enzyme which is important for
immunoglobulin somatic cell hypermutation and class switching
(32). Evidence suggests that TLSs contribute to the perpetuation of
local autoimmunity to disease-associated autoantigens such as anti-
citrullinated protein antibodies (17, 33). Furthermore, they appear
to be associated with serum autoantibody concentrations, disease
severity and progression, organ function, and response to therapy
(34). However, the exact mechanism of Tph cells in the formation
and maintenance of TLSs as well as their contribution to disease
pathogenesis still remain to be elucidated.

Thus, in conclusion, Tph cells contribute to the formation of
lymphoid aggregates and TLSs, ultimately facilitating the local
production of pathogenic autoantibodies directly in inflamed
tissues. Notably, Tph cells are not hardwired to the presence of
TLSs. Instead, they can be found in patients without TLSs (35) or
even in chronic inflammatory diseases that do not develop TLSs at
all (36).

3 Similarities and differences between
Tph and Tfh cells

Since the last decade, Tfh cells have been identified as a
specialized subset of CD4" T cells capable of providing help to B
cells in GCs. Bcl6 was discovered as a lineage-defining transcription
factor of Tth cells (3, 37, 38). As B-cell helper cells, PD-1"MCXCR5~
Tph and PD-1"CXCR5"Tfh cells share some key features
(Figure 2). Both subsets express IL-21, CXCL13, and ICOS, thus
possessing B cell helper function (7). Transcriptomic analyses
revealed a strong overlap of gene signature between Tth and Tph
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cells, including MAF, TIGIT, and SLAMF6 (7). Compared with
those in PD-1"CXCR5™ cells, the expression of 11 proteins,
including TIGIT, ICOS, CD38, and CD57 was significantly
increased, while the expression of 5 proteins, including CD25 and
CD127, was significantly decreased in Tth and Tph cells (7).
Notably, they both induce plasma cell differentiation through the
interactions between IL-21 and SLAMF5 (7, 39). The differentiation
mechanism is partly shared between Tph and Tth cells in humans,
which may be attributed to key cytokines: TGF-f and Activin A (8,
40, 41). Furthermore, IL-2/STAT5 pathway signaling inhibits the
differentiation of Tth and Tph cells (8, 40, 41).

Despite these similarities, there are some differences between
Tph and Tth cells (Figure 2). Tph cells do not express CXCRS5,
which is necessary for migration into GCs (37, 38). Therefore, Tph
cells are supposed to be present in the periphery of TLSs, rather
than in their center. Tph cells express low levels of Bcl6 while higher
levels of the counter-regulator Blimp-1, a transcription factor
typically downregulated in Tth cells (7, 42, 43). In addition, Sox4
was identified as a key transcription factor for CXCL13 production
by Tph cells, and increased Sox4 in CD4" T cells was associated with
TLS formation in RA synovium (44). Tph cells showed lower
expression of CCR7 and CD27, but higher expression of CD44
and T-bet compared with Tth cells, which might suggest a distinct
migratory capacity (7, 45, 46). Flow cytometry revealed that Tph
cells expressed high levels of inflammatory chemokine receptors,
such as CCR2, CX3CR1, and CCR5, which might contribute to
recruitment to inflammatory sites (7, 47). Although Tph cells are
abundant in the inflamed tissues, PD-1"CXCR5 CD4" T cells can
also be found in the circulation. Tissue Tph and circulating Tph
(cTph) cells are cytometrically and transcriptomically similar
populations, including increased expression of MHC II and ICOS,
although the frequency of cTph cells is much lower (7).
Functionally, both isolated cTph and circulating Tth (cTth) cells
from patients with active established RA could provide efficient help
to memory B cells, contributing to the production of IgG, IgA, and
IgM. Nevertheless, when cTph cells were cocultured with naive B
cells, only IgM but not IgG or IgA was produced. In contrast, when
cTth cells were cocultured with naive B cells, class-switched IgG and
IgA were produced (48). The above results suggest that only cTth
rather than cTph cells are functionally equivalent to bona fide Tth
cells, while the function of cTph cells to help naive B cells is limited.
cTth cells are thought to originate mainly from pre-Tth cells in
draining lymph nodes, while the origin of cTph cells is currently
unknown (49). Interestingly, Tph cells may interact with extra-
follicular “atypical memory” CD11¢"CD21~ CXCR5™ B cells
(50, 51).

4 Tph cells in human
autoimmune diseases

Mounting studies have been conducted to investigate the
physiological role and mechanisms of Tph cells, predominantly
focusing on autoimmune diseases (shown in Table 1), including RA
(6, 7, 48, 52-54), SLE (26, 55-61), SS (62-66), IgG4-related disease
(IgG4-RD) (64, 67), type 1 diabetes (T1D) (68, 69), primary biliary
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B-Tfh cell and B-Tph cell crosstalk. Tfh cells and B cells interact in GCs of SLOs. Bcl6 is a lineage-defining transcription factor of Tfh cells. Tph cells
and B cells interact in inflamed tissues. Sox4 is a key transcription factor for CXCL13 production by Tph cells. CCR2 and CCR5 contribute to their
recruitment to inflamed tissues. Both Tfh and Tph cells express high levels of IL-21 and CXCL13, which are mandatory for B-cell differentiation. Both
Tfh and Tph cells interact with B cells through their respective expression of ICOS, PD-1 and ICOSL, PDL1/2. ICOSL, ICOS ligand; PDL1/2:

programmed death-ligand1/2. By Figdraw.

cirrhosis (PBC) (70), immunoglobulin A nephropathy (IgAN) (71),
juvenile idiopathic arthritis (JIA) (72), autoimmune hepatitis (AIH)
(73), dermatomyositis (DM) (74), celiac disease (CeD) (58),
systemic sclerosis (SSc) (58), autoimmune bowel disease (IBD)
(75), and psoriasis vulgaris (PV) (76). Notably, most studies
elucidated altered frequencies of Tph cells and their correlation
with disease activity, and they analyzed only cTph cells because of
the relative difficulty in obtaining tissue samples. Unfortunately, the
relationship between cTph and tissue Tph cells has not been
fully investigated.

RA is a chronic disease in which a person’s immune system
attacks the synovium, causing pain, swelling, and stiffness (77). Tph
cells were increased in patients with seropositive RA (7, 48, 53),
while they were much lower in patients with seronegative RA and
psoriatic arthritis (7). A decrease in Tph cell frequency was
correlated with lower disease activity (7, 48). Tph cells did not
vary with clinical indexes such as age, gender, disease duration,
therapies, or serum levels of anti-citrullinated protein antibodies
(7). HLA"DR" Tph cells, HLA"DR™ Tph cells, and Tph1 cells were
correlated with DAS28-ESR (53). HLA"DR" Tph cells were
decreased after methotrexate (MTX) treatment, independently of
disease activity. However, HLA"DR™ Tph cells were correlated with
DAS28-ESR during MTX treatment (53). In addition, a lower
abundance of synovial Tph cells was associated with a better
response to anti-TNF therapy (54). When RA tissue samples were
further classified into leukocyte-poor RA and leukocyte-rich RA
based on the cellular composition in synovial tissue, CXCL13, a
chemokine expressed by Tph cells, was upregulated in bulk-sorted
T cells from leukocyte-rich RA compared with that from
osteoarthritis. The expression of marker genes of Tph cells was
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upregulated, indicating a higher abundance of Tph cells in
leukocyte-rich RA than in osteoarthritis (52). Due to the
production of CXCL13, Tph cells were also deemed as
inflammatory CXCLI13-producing helper T (iTh13) cells. T cell
receptor induced CXCL13 production, and proinflammatory
cytokines (IL-6 and TNF-co) supported the long-term production
of CXCL13. Synovial Tph cells recruited CXCR5" naive B cells and
CXCR5"Tth cells in a CXCL13-dependent manner (6). Tph cells
could promote B cell differentiation into plasmablasts through the
interactions between IL-21 and SLAMF5 (7).

SLE is an autoimmune connective-tissue disorder which is
characterized by loss of self-tolerance and formation of nuclear
autoantigens and immune complexes with great clinical
heterogeneity (78). Tph cells were found to be enlarged in
peripheral blood from SLE patients (26, 55-57, 59, 60) and in
tubulointerstitial areas from patients with proliferative lupus
nephritis (57). Four out of ten patients with SLE showed
significantly elevated numbers of cTph cells (58). The frequency
of Tph cells was correlated with lupus disease activity (26, 55, 56, 59,
60), plasma cells (55, 59), the frequency of CD11c" B cells (26),
serum levels of IFN-o (60), and renal involvement (60) in SLE
patients. Th1 type Tph (Tphl) cells were expanded in patients with
SLE (55, 56). Furthermore, the levels of MHC-II, ICOS, CD38, and
IL-21 were upregulated in Tph cells from SLE patients (55).
Mechanistically, Tph cells promoted B-cell responses in lupus
through MAF, IL-21 (26), and through IL-10 and succinate
(independent of IL-21) (57). In addition, IFN-o. was shown to be
essential for the development of Tph cells in SLE (60). IFN-o
facilitated the expression of PD-1, IL-10, and Maf in TCR-activated
CD4™T cells. Co-stimulation of IFN-o. and IL-2 could induce the
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TABLE 1 Studies of Tph cells in patients with autoimmune diseases.

Disease Ref = Year Patient cohort

Molecular phenotype

10.3389/fimmu.2023.1145573

Main findings

Synovial tissue (n = 10), synovial fluid pD-1" Tpht, PD-1"MHC II*CXCR5 1, and PD-1"CXCR5ICOS™1 in
RA 7) 2017 | (n =9), and blood (n = 42) from CXCR5™ seropositive RA patients. And these cells decreased in patients whose
seropositive RA patients. CD4" disease activity decreased after treatment escalation.
Synovial tissues from leukocyte-rich RA cD4
(2) 2019 ) R PD-1" CXCLI31 in leukocyte-rich RA.
(n = 19) or leukocyte-poor RA (n = 17). "
ICOS
Synovial tissue cells from 2 patients and CD4* Synovial Tph cells expressed CXCL13. TCR induced CXCL13
(6) | 2013 | synovial fluid mononuclear cells from 8 PD-1" production, and proinflammatory cytokines supported the long-term
patients. CXCR5™ production of CXCL13.
Fifty-six DMARD-naive early RA CD4*
(48) | 2019 | patients including seropositive RA (n = CXCR5™ cTpht, and they were decreased with clinical improvement.
38) and seronegative RA (n = 18). pD-1"
. o 4 PD-1" S . o . e
G3) | 2021 Thirty-four seropositive RA patients, CXCR5- cTpht, and HLA"DR'cTph? in seropositive RA patients. HLA"DR
and 11 seronegative RA patients. CD4* Tph cells reflected the disease activity.
. . PD-1" . o
1) | 2020 Synovial samples from 11 patients on CXCR5- A lower abundance of synovial Tph cells was associated with a better
anti-TNF therapy. cD4* response to anti-TNF therapy.
Sixty-eight SLE patients including the PD-1" N X
SLE (55) 2019 | active group (n = 22) and the inactive CXCR5~ CTPhT’ CD.3.8 ?Tpth, and Tph cells were correlated with lupus
group (n = 46) CD4* disease activity index and plasma cells.
CD3"
eba Tpht, ¢Tphlt, cTph iated with 1 di tivity, and
(56) | 2019 | Patients with SLE (n = 9). CD45RA- cTpht, cTphi?, cTph were associated with lupus disease activity, an
PD-1hish Tphl cells were correlated with plasmablasts.
CXCR5™
Lupus nephritis kidney biopsies (n = pD-1™ S . +
(26) 2019 13), lupus nephritis patients (n = 27), CXCR5 cTpht, and they were correlated w1th. disease ac't1v1ty and CDl11c" B
and PBMCs from SLE patients (n = 6) cD4* cells. Tph promoted B cell responses in lupus via MAF and IL-21.
. . . CXCR5™ . . . . . . .
SLE patients displaying class II (n = 4), CXCR3* cTpht, Tpht in the tubulointerstitial areas of patients with proliferative
(57) |1 2019 | I (n=9),class IV (n = 8) lupus PDI" lupus nephritis. Tph cells provided B cell help through IL-10 and
nephritis. D4t succinate.
PD-1*
(58) | 2019 | N =10 patients with SLE. CXCR5™ cTph? in 4/10 patients.
CD4*
CD4"
. . TCRB" . . ..
(59) | 2015 | The blood of patients with SLE (n = 49). CD45RA- cTph1, and they were correlated with disease activity and plasmablasts.
CXCR5"
CD4* . .
(60) | 2022 | PBMCs from 52 SLE patients PD-1" cTpht, cTph/cTtht, and cTph cells were correlated with disease
) _ activity, serum levels of IFN-0,, and renal involvement.
CXCR5
.. CD4"
(61) | 2022 Ieenl-llrl;t?slssgzph;it:i::d 5 non-lupus PD-1" cTph and cTth did not change after rituximab.
P patients. CXCR5™
+ +
Blood and labial salivary glands biopsies ggéR??ZS
ss 62 2020 from patients with SS (n = 83) and SS CD4*PDIM cTpht, SG Tpht, and they frequently coexpressed IL-21/IFN-y,
parotids with low-grade MALT-L (n = 1COs* especially in parotid MALT-L.
15). Foxp3~
Patients with early and active primai e
(63) | 2017 Y P v CXCR5™ cTpht, and they were decreased after abatacept treatment.
SS (n=15). PD-1hieh
Blood specimens from patients with SS PD-1°
(64) | 2018 (0= 16? p CXCR5™ The percentage of cTph, but the absolute number of cTph-.
o CD4*
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TABLE 1 Continued

10.3389/fimmu.2023.1145573

Disease =~ Ref = Year Patient cohort Molecular phenotype Main findings
Blood specimens (n = 60) and labial PD-1" . . .
(65) 2022  gland til: sue biops(y specir)nens (0 = 10) CXCR5- cTpht, Tpht in labial gland, and cTph cells were correlated with
from patients with SS cD4 disease activity and plasmablasts.
Blood specimens from 2 89 cohorts (n = CDh4" cTpht, cTtht, but there was no correlation between ESSDAI and ¢Tph
(66) | 2021 29 an di -~ 15) ~ | CXCR5~ or activated cTph cells. cTph cells were correlated with circulating
e pD-1™ plasmablasts.
. . . PD-1* N - .
I1gG4- 61 2018 Blood specimens from patients with CXCR5- cTpht, GZMA"cTphft, cTph cells were positively correlated with
RD IgG4-RD (n = 53). cD4* serum IgG4, ratio of IgG4/IgG, number of organs involved, and sIL-2R.
PD-1* CX3CRI1" cTpht, and they were positively correlated with IgG4-RD
(67) | 2021 | Patients with IgG4-RD (n = 17). CXCR5™ responder index, number of organs involved, and serum level of sIL-
CD4* 2R.
. . CXCR5™ AT .
TID 68) 2020 Abatacept administration, n = 34 1COs* cTph? in individuals with new-onset T1D, and they were strongly
patients. PD-1* reduced after abatacept treatment.
. . CXCR5~ cTpht, especially in those who are seropositive for multiple
(69) 2019 Egtﬁﬁ:; ;}Igdren with newly pD-1" autoantibodies. cTph? in autoantibody-positive at-risk children who
& ' CD4* later progressed to T1D.
e cTpht, ICOS" cTpht, CD28" cTpht, and ICOS™ cTph cells were
PBC 70 2021 Twenty PBC patients. ;1);_(‘1135 positively correlated with AMA-M2, IgM, and plasma cell levels.
CD3'CD4"
. . _ hi cTpht, and they were correlated with disease severity. cTph cells
IgAN (71) | 2020 | Patients with IgAN (n = 37). EI)D(éRs_ reduced after treatment.
Fifty-three patients with active JIA, in PD-1"8" SF Tph cells differentiate B cell toward a CD21'°*/"CD11¢" phenotype
JIA 72 2022 whom joint puncture had been CXCR5~ in vitro, and frequencies of SF Tph cells were correlated with the
performed for intraarticular steroid HLA DR appearance of SF CD21'°"/"CD11¢"CD27 IgM~ double-negative B cells
injection. CD4* in situ.
Patients with AIH with (SLA-pos; n =8) | PD-1" _ _ _ N
AIH (73) | 2020 | and without (SLA-neg; n = S)Znti-SLA CXCR5™ Memory Tpht, CD45RA™PD-1"CD38"CXCR5 CD127 CD27" subset
autoantibodies ? D4 was correlated with ATH activity.
Twenty-six newly diagnosed DM PD-1M
DM 74) | 2021 patients, and 15 patients were CXCR5" cTphl, cTth|, muscular Tpht, and cTph? after treatment. cTph cells
reanalyzed in remission during follow- D4 were negatively correlated with inflammation levels.
up.
PD-1*
CeD (58) | 2019 | Patients with untreated CeD (n = 8). CXCR5™ cTph? in 7/8 patients.
CD4"
PD-1*
SSc (58) | 2019 | Patients with SSc (n = 10). CXCR5™ cTph? in 8/10 patients.
CD4"*
CD flare (n = 13); CD remission CD3"CD4"CD45RO™
IBD (75) 2019 | (n = 11); UC flare (n = 10); UC CXCR5™ Tissue Tph > cTph, Tph abundance in CD = that in UC.
remission (n = 10). PD-1"
CXCR3™
. CCR6" cTph17 cells had an activated, proliferative phenotype, and the
PV (76) | 2021 PZ:;EI}:te:jiitb}ioss samples from 27 PD-1" quantity of cTphl7 cells were positively correlated with disease
P : CXCR5~ severity, plasma CXCL13 levels, and cTth cells.
CD4*

Frequencies of Tph and Tth cells were compared; |, lower level compared with controls; 1, higher level compared with controls; -, no statistically significant difference between patients and
controls; >, more than; =, no statistically significant difference between two groups.
Tph, T peripheral helper; ref, reference; RA, rheumatoid arthritis; PD-1, programmed cell death protein 1; CXCR, C-X-C chemokine receptor; MHC, major histocompatibility complex; ICOS,
inducible T cell co-stimulator; CXCL13, C-X-C motif chemokine ligand 13; TCR, T-cell receptor; DMARD, disease-modify anti-rheumatic drug; ¢Tph, circulating T peripheral helper; HLA,
human leucocyte antigen; TNF, tumor-necrosis factor; SLE, systemic lupus erythematosus; PBMCs, peripheral blood mononuclear cells; IL, interleukin; IFN, interferon; cTfh, circulating
follicular helper T; SS, sjégren syndrome; MALT-L, mucosa-associated lymphoid tissue lymphomas; SG, salivary gland; c¢Tfh, circulating follicular helper T; ESSDAI, EULAR Sjogren’s syndrome
disease activity index; IgG, immunoglobulin G; IgG4-RD, IgG4-related disease; GZMA, granzyme A; sIL-2R, soluble IL-2 receptor; T1D, type 1 diabetes; PBC, primary biliary cholangitis; AMA-
M2, anti-mitochondrial antibodies against M2 antigen; IgAN, immunoglobulin A nephropathy; JIA, juvenile idiopathic arthritis; SF, synovial fluid; AIH, autoimmune hepatitis; SLA, anti-soluble
liver antigen; DM, dermatomyositis; CeD, celiac disease; SSc, systemic sclerosis; IBD, autoimmune bowel disease; CD, Crohn’s disease; UC, ulcerative colitis; PV, psoriasis vulgaris.
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conversion of Tth to Tph cells. Meanwhile, IFN-a-induced Tph
cells could induce B cell differentiation into plasmablasts (60). In
contrast, one study found no significant alteration in Tph cells after
treatment with rituximab, suggesting that Tph cells do not change
in response to disease activity (61).

SS is a systemic autoimmune disease which is characterized by
lymphocytic infiltration of exocrine glands, mainly salivary and
lacrimal glands (79). Tth and Tph cells were enriched in both
peripheral blood and salivary glands from SS patients, exhibiting
significantly increased double IL-21/IFN-y production but poor IL-
17 expression, especially in parotid B-cell mucosa-associated
lymphoid tissue-lymphoma. Furthermore, blockade by ICOS in
ex vivo organ cultures significantly downregulated the production
of IL-21, IL-6, IL-8, and TNF-o (62). cTph cells were significantly
increased in patients with primary SS than in healthy controls (63,
65, 66). The proportions of Tph cells were decreased in patients
treated with abatacept, and the numbers and proportions of cTph
cells reverted to baseline levels once the treatment was stopped (63).
As with cTth cells, cTph cells were significantly correlated with
CD138%/CD19" plasma cells (65, 66) and disease activity
parameters including EULAR Sjogren’s syndrome disease activity
index (ESSDAI) scores, IgG, ESR, IL-21, and anti-SSA antibody
(65). In contrast, another study found no correlation between
ESSDAI and cTph or activated cTph cells (66). Furthermore, Tph
cells were found in the labial gland tissue from patients with
primary SS (65). Interestingly, one study found that the
percentage of cTph cells was significantly increased in patients
with SS than in healthy volunteers, whereas the absolute number of
cTph cells was comparable to that in healthy volunteers (64).

IgG4-RD is an immunological disease presenting with
abundant IgG4-positive plasma cells in affected tissues and
fibrosis (80). The percentage and absolute number of Tph cells
were increased in IgG4-RD patients compared with those in healthy
volunteers. Furthermore, the percentage of Tph cells was positively
correlated with clinical parameters of IgG4-RD, including serum
levels of 1gG4, ratio of IgG4/IgG, number of organs involved, and
soluble IL-2 receptor (sIL-2R). Interestingly, granzyme A™ cells
were abundantly enriched in Tph cells, and they were significantly
elevated in IgG4-RD patients. Also, the percentage and absolute
number of Tph cells were decreased after treatment with
glucocorticoids (64). The study team further found that CX3CR1
was highly expressed in Tph cells from IgG4-RD patients. The
percentage of CX3CR1™ Tph cells was positively correlated with
clinical parameters including IgG4-RD responder index, number of
organs involved, and serum level of sIL-2R, but not with IgG and
IgG4. Granzyme A, perforin, and G protein-coupled receptor 56
were highly expressed in CX3CR1" Tph cells and they were
cytotoxic to vascular endothelial cells and ductal epithelial cells (67).

T1D is a T cell-mediated autoimmune disease characterized by
[3-cell destruction and dysfunction, which is preceded by a period of
asymptomatic autoimmunity possessing multiple islet
autoantibodies (81, 82). The frequency of cTph cells was
increased in children with newly diagnosed T1D, especially in
those who were seropositive for multiple autoantibodies.
Furthermore, cTph cells were increased in autoantibody-positive
at-risk children who later progressed to T1D. These results revealed
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the association of cTph cells with progression to T1D, and therefore
cTph cells are suggested to be considered as a biomarker to predict
disease progression and as a potential target for immunotherapy
(69). cTph cells were found to be increased in patients with new-
onset T1D, and they were strongly reduced after abatacept
treatment at both year 1 and year 2 (68).

PBC is a chronic autoimmune cholestatic liver disease, which is
characterized by slow and progressive destruction of small
intrahepatic bile ducts, contributing to fibrosis, potential cirrhosis
and related complications (83). The frequencies of cTph cells,
ICOS™ cTph cells, and CD28" cTph cells were increased in
patients with PBC. The levels of ICOS™ c¢Tph cells were
upregulated in PBC patients than in healthy controls, and they
were downregulated after treatment. Furthermore, the levels of
ICOS" cTph cells were positively correlated with anti-
mitochondrial antibodies against M2 antigen, IgM, and plasma
cell levels. Therefore, it is suggested that the activation status of
cTph cells is related to the severity of PBC (70).

IgAN is the most prevalent primary glomerular disease
worldwide and is a dominant cause of renal failure in East Asian
countries (84). The frequencies of various cTph cell subsets were
significantly higher in patients with IgAN compared with those in
healthy controls, and they were negatively correlated with estimated
glomerular filtration rate before treatment. The percentage of cTph
cells was positively correlated with the percentage of CD138" B
cells. The percentage of different subsets of circulating PD-
1"MCXCR5™ T cells, CD138" B cells, and serum IL-21
concentration were significantly reduced after corticosteroid
treatment (71).

JIA is the most common chronic inflammatory rheumatic
condition of childhood that comprises seven categories of arthritis
of unknown origin (85). Tph cells were found to be accumulated in
the joints of ANA-positive JIA patients. SF Tph cells induced plasma
cell differentiation, Ig secretion, and skewed B cell differentiation
toward a CD21'°""CD11c* phenotype in vitro by providing IL-21
and IFN-y. In addition, frequencies of SF Tph cells were correlated
with the appearance of SF CD21'"""CD11¢*CD27 IgM~ double-
negative B cells in situ. Clonally expanded Tph cells appeared to
represent a pathogenic T cell subset by promoting CD21'"/~
cD21°V-CD11¢* double-negative B cell differentiation (72).

ATH is a severe liver disease characterized by elevated serum
transaminase and immunoglobulin G levels, the presence of
autoantibodies, and interface hepatitis on liver histology (86).
Memory PD-1"CXCR5~ CD4" T cells with a Tph profile were
found to be enriched in the blood of patients with ATH. Soluble liver
antigen-specific CD4" T cells had a transcriptomic signature
resembling the Tph signature. A specific T-cell phenotypic
signature was further identified, namely CD45RA"PD-
1"CD38"CXCR5°CD127 CD27", which supported B cell
differentiation via producing IL-21 correlated with AIH activity
(including transaminase and serum IgG levels). Thus, it is
speculated that this subset could be used to track and/or target
pathogenic T cells in ATH (73).

DM is a subgroup of idiopathic inflammatory myopathies,
which is defined by the coexistence of characteristic myositis and
cutaneous manifestations (87). Decreased cTph and cTth cells were
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found in DM patients than in healthy controls. In contrast, the level
of Tph cells in muscle was increased, and the accumulated B cells
located around Tph cells in infiltrated lesions (74). The frequency of
cTph cells was positively correlated with Tth and CD3"/CD4"/
CD8" T cells, whereas negatively correlated with inflammation
levels such as erythrocyte sedimentation rate, IL-6, and IL-10.
Furthermore, the decreased cTph cells were upregulated after
glucocorticoid treatment (74).

CeD is an autoimmune enteropathy against dietary gluten that
occurs in genetically predisposed individuals (88). Except for
CXCR5, which was not detected, a subset of cells with
upregulated markers including CD38, CD39, CXCR3, PD-1,
ICOS, CD161, CCR5, CD28, CD200, CD84, CXCLI13, and IL-21
was demonstrated. Compared with controls, seven out of eight
patients with untreated CeD showed significantly elevated numbers
of CD4" T cells with this phenotype in peripheral blood
mononuclear cells (58).

SSc is a complex autoimmune disease characterized by fibrosis
of the skin and visceral organs (89). Compared with controls,
upregulated Tph cells were found in the circulation in eight out
of ten patients with SSc (58).

IBD, including Crohn’s disease (CD) and ulcerative colitis
(UQ), is a chronic relapsing/remitting immune-mediated disease
which is triggered by environmental factors, genetics, and gut
microbiota (90). No differences in Tph cell abundance were found
between CD and UC patients. Nevertheless, in both diseases, the
frequency of Tph cells was significantly higher in tissues than in
blood. Despite no difference in Tph abundance between CD and UC
tissues, Tph cells had significantly higher pSTAT3 expression in CD
tissues than in UC tissues (75).

PV is a chronic non-infectious disease that influences the skin,
nails, and joints and is associated with multiple comorbidities (91).
An activated, proliferative phenotype of ¢Tph17 cells was found in
PV, and the quantity of cTphl7 cells was positively correlated with
disease severity. Plasma CXCL13 levels were elevated and associated
with the frequency of Tphl7 cells and disease severity.
CD4*"CXCR5" cTth cells were increased in patients and positively
correlated with disease severity, frequency of Tphl7 cells, and
plasma CXCL13 levels (76). Therefore, cTphl7 cells and
CXCLI13/CXCRS5 axis may represent new immunotherapeutic
targets for PV.

5 Conclusion and perspectives

Accumulating evidence has highlighted the importance of Tph
cells in autoimmune diseases. Considering the alterations of Tph
cells in the above-mentioned diseases, Tph cells have several
potential applications. Tph cells may be a novel disease biomarker
and therapeutic target for autoimmune diseases. In addition, they
could predict clinical response to immunotherapy or even disease
progression, as in T1D. However, we must be aware of the
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divergencies among these findings. Depending on the
inflammatory signals from different tissues, the characteristics of
Tph cells may differ in diseases. Patients with different stages of the
disease, therapeutic regimens, and different gating approaches may
account for part of the reason. The different phenotypes and
functions of Tph cells may be determined by the current stage of
the immune response and their different localization in tissues, as in
the case of Tth and Tfr cells (49). The biology of Tph cells is still
poorly understood, including their origin, differentiation and
mechanisms of Tph-cell effector functions. Single-cell technology
should be used to further dissect the heterogeneity within Tph cells.
Future research should also emphasize in-depth mechanisms and
functions rather than just numerical alterations in diseases.
Undoubtedly, bona fide Tph cells in tissue samples should be put
to wider use. Further clarification of the molecular mechanisms of
Tph cells and the crosstalk between T and B cells would contribute
to a better understanding of the pathogenesis of autoimmune
diseases and the development of immunotherapies.
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