ARTICLE

Activated T-Follicular Helper 2 Cells Are Associated With
Disease Activity in 1gG4-Related Sclerosing Cholangitis
and Pancreatitis
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Marieke van Ham, PhD3, Paul Klenerman, PhD'?, Adrian Bateman, MBBS®, Theo Rispens, PhD3,
Eleanor Barnes, PhD'2 and Emma L. Culver, PhD!2

OBJECTIVES: Immunoglobulin G4-related sclerosing cholangitis (IgG4-SC) and autoimmune pancreatitis (AIP) are
characterized by an abundance of circulating and tissue IgG4-positive plasma cells. T-follicular helper
(Tfh) cells are necessary for B-cell differentiation into plasma cells. We aimed at elucidating the
presence and phenotype of Tfh cells and their relationship with disease activity in 1gG4-SC/AIP.

METHODS: Circulating Tfh-cell subsets were characterized by multiparametric flow cytometry in IgG4-SC/AIP (n =
18), disease controls with primary sclerosing cholangitis (n = 8), and healthy controls (HCs, n =9).
Tissue Tfh cells were characterized in 1gG4-SC/AIP (n = 12) and disease control (n = 10) specimens.
Activated PD1+ Tth cells were cocultured with CD27+ memory B cells to assess their capacity to
support B-cell differentiation. Disease activity was assessed using the IgG4-responder index and
clinical parameters.

RESULTS: Activated circulating PD-1+CXCR5+ Tfh cells were expanded in active vs inactive 1gG4-SC/AIP,
primary sclerosing cholangitis, and HC (P < 0.01), with enhanced PD-1 expression on all Tfh-cell
subsets (Tfh1l, P=0.003; Tfh2, P=0.0006; Th17, P=0.003). Expansion of CD27+CD38+CD19lo
plasmablasts in active disease vs HC (P = 0.01) correlated with the PD-1+ Tfh2 subset (r=0.69, P=
0.03). Increased IL-4 and IL-21 cytokine production from stimulated cells of IgG4-SC/AIP, important
in 1gG4 class switch and proliferation, correlated with PD-1+ Tfh2 (r=0.89, P=0.02) and PD-1+
Tfh17 (r=0.83, P=0.03) subsets. Coculture of PD1+ Tfh with CD27+ B cells induced higher 1gG4
expression than with PD1— Tfh (P = 0.008). PD-1+ Tfh2 cells were strongly associated with clinical
markers of disease activity: slgG4 (r=0.70, P=0.002), sIgE (r=0.66, P=0.006), and
IgG4-responder index (r=0.60, P=0.006). Activated CXCR5+ Tfh cells homed to lymphoid follicles in
1gG4-SC/AIP tissues.

CONCLUSIONS:  Circulating and tissue-activated Tfh cells are expanded in IgG4-SC/AIP, correlate with disease activity,
and can drive class switch and proliferation of IgG4-committed B cells. PD1+ Tfh2 cells may be
a biomarker of active disease and a potential target for immunotherapy.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A16, http:/links.lww.com/CTG/A17, http:/links.lww.com/CTG/A18,
http://links.lww.com/CTG/A19
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INTRODUCTION manifestations of a systemic fibroinflammatory condition, IgG4-
Immunoglobulin G4-related sclerosing cholangitis (IgG4-SC)  related disease (IgG4-RD), characterized by an abundance of
and autoimmune pancreatitis (AIP) are the biliary and pancreatic =~ IgG4-positive plasma cells and CD4+ T cells in involved tissue
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(1). IgG4-SC and AIP are no longer considered benign diseases,
with high rates of disease relapse, organ dysfunction and failure,
with associated mortality (2). Elevated serum IgG4 and immu-
noglobulin E (IgE) titers have been described in most patients but
are not sensitive or specific enough for diagnosis, monitoring of
disease activity, or outcome (3,4). Increased numbers of circu-
lating plasmablasts have been suggested to coincide with both
active disease and disease relapse (5). Plasmablast expansion
seems to be generated by a T cell-dependent immune response,
suggested by enhanced somatic mutation and the re-emergence
of new plasmablast clones after B-cell depletion with rituximab
(6). CD4+ T cells are necessary for support and coordination of
IgG-switched B-cell responses, but their role in IgG4-SC/AIP
pathogenesis remains poorly understood.

T-follicular helper (Tth) cells are an important subset of CD4+
T cells, necessary for B-cell differentiation and class switch in
germinal centers (GCs) (7). Tth cells primarily localize in lym-
phoid organs, but they are also found in peripheral blood and
lesions of diseases (8). Circulating Tth cells can be identified as
Tthl, Tth2, and Tfhl7 subsets, with corresponding cytokine
profiles and differing abilities to provide B-cell support (8).
Programmed cell death protein 1 (PD-1) is a marker of cell ac-
tivation in Tth cells, is essential for B-cell selection and survival in
the GCs, and for maturation of B cells into antibody-secreting
cells (8). Expanded PD1+ Tth cells have been demonstrated in
autoimmune diseases, such as Sjogren syndrome (8-10). In this
setting, they have been suggested to be a valuable biomarker for
the monitoring of dysregulated antibody responses and disease
activity (9,11). Expansion of Tth-cell subsets have recently been
demonstrated in patients with systemic IgG4-RD (12-14).

In this study, we sought to evaluate the presence and pheno-
type of Tth cells in the circulation and involved organs of patients
with IgG4-SC and AIP in a UK cohort.

MATERIALS AND METHODS

Patient recruitment

Patients with IgG4-RD (n = 18 with biliary and/or pancreatic
disease), disease controls (DCs) with primary sclerosing chol-
angitis (PSC) (n = 8), and healthy controls (HCs) (n = 9) were
recruited from the John Radcliffe Hospital, Oxford, UK, a tertiary
referral center for IgG4-RD and PSC. Ethical approval for the
study was obtained from the Research Ethics Committee
Oxfordshire (10/H0604/51) and conducted in accordance with
the study protocol and the principles of the Declaration of Hel-
sinki (2008) and the International Conference on Harmonization
Good Clinical Practices standards. Enrolled study participants
provided written informed consent. The study was registered on
the National Institute for Health Research (NIHR) UK portfolio
(10776).

Diagnostic criteria

The diagnosis of IgG4-SC and AIP was made using the Histology,
Imaging, Serology, Other organ involvement and Response to
therapy (HISORt) criteria and the International Consensus Di-
agnostic Criteria (15,16). The Boston Consensus Histopatho-
logical Criteria were applied (17). PSC was diagnosed in
accordance with the European Association for the Study of the
Liver (EASL) guidelines for cholestatic liver disease (18). HCs had
no known immune or inflammatory disease.
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IgG4-responder index

Disease activity, organ damage, and response to treatment were
assessed using the IgG4-responder index (IgG4-RI) (19). This
assessment tool has recently been validated in an international
multispeciality study for assessment of disease activity and lon-
gitudinally for treatment response (20). Active disease was de-
fined as the presence of new or recurrent disease activity in at least
1 organ.

Serological testing for immunoglobulins

Serum immunoglobulins were measured at diagnosis within the
IgG4-SC/AIP and PSC cohort. Total serum IgG, IgG1, and IgG4
subclasses were measured by nephelometry (BNII analyzer; Sie-
mens, UK). Total IgE was measured by the automated Immu-
noCAP method (Phadia 250; UK).

Circulating peripheral blood mononuclear cell surface staining
and flow cytometry

Whole blood was collected from patients with IgG4-SC/AIP (n=18),
patients with PSC (n = 8), and HCs (n = 9). Peripheral blood
mononuclear cells (PBMCs) were isolated by density-gradient cen-
trifugation (Axis Shield, Oslo, Norway). For phenotypic analysis of
Tth, Thl, Th2, and Th17 cells, freshly isolated PBMCs were stained
and analyzed using flow cytometry (see Methods, Supplementary
Digital Content 1, http://links.lww.com/CTG/A16).

Memory B-cell and plasmablast culture

Fresh PBMCs were cultured for 6 days in the presence of a non-
specific B-cell stimulant containing 83 ng/mL of pokeweed mi-
togen extract (Sigma-Aldrich), 2.5 wg/mL of fully methylated
CpG (Invitrogen), and a 1:5,000 dilution of fixed Staph-
ylococcusaureus, Cowan (SAC, Calbiochem), which stimulates
polyclonal B memory cells to proliferate and differentiate into
antibody-secreting cells. After culture, supernatants were pre-
served at —80 °C for further cytokine analysis (Cytokine
immunoassays, see Methods, Supplementary Digital Content 1,
http://links.lww.com/CTG/A16).

Tfh-cell and B-cell isolation and coculture assay

B cells (3 X 10* cells/well) were cocultured with PD1+ or
PD1— Tth cells (3 X 10* cells/well) in a 1:1 ratio in AIM-V
medium (Life Technologies, Carlsbad, CA). Cells were stim-
ulated with staphylococcal enterotoxin B (SEB, 100 ng/mL;
Sigma-Aldrich, St. Louis, MO). After 7 days, supernatants
were removed and frozen. Cocultured cells were surface
stained for antibody-secreting cells and proliferation. Super-
natants were collected for detection of IgG4 (by IgG4 ELISA)
and cytokines (cytokine immunoassays) further detailed in
Methods, Supplementary Digital Content 1, http://links.Iww.
com/CTG/A16.

Histological specimens from patients and controls
Paraffin-embedded tissue specimens were obtained from the De-
partment of Cellular Pathology, John Radcliffe Hospital, Oxford, and
Southampton General Hospital, Southampton, UK. Specimens were
taken from patients with IgG4-SC/AIP (n = 12: 4 biopsy and 8
resection) and DCs (n = 10: 2 biopsy and 8 resection) with in-
flammatory (n = 5) and noninflammatory (n = 5) diseases. Tissues
were stained with Tth-cell markers (see Methods, Supplementary
Digital Content 1, http://links.lww.com/CTG/A16).
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RESULTS

Cohort characteristics

Patients with IgG4-SC/AIP (n = 18; 12 men (66.7%), median
age 65 years (range 40-80 years)), patients with PSC (n = 8; 6
men (75%), median age 60 years (range 41-70 years)), and HC
cohort (n = 9; 4 men (44.4%), median age 49 years (range
44-63 vyears)) were well matched (P = 0.41). The de-
mographics and clinical characteristics of IgG4-SC/AIP
patients with active and inactive disease are detailed in
Table 1, with further details provided in Table S1, see Sup-
plementary Digital Content 3, http://links.Iww.com/CTG/
A18. Overall, 14 of 18 patients with IgG4-SC/AIP (77.8%) had
multiorgan involvement with a median disease duration of 2 years
(range 0.5-15 years). The cohort with active IgG4-SC/AIP (n = 12)
had higher serum IgG4 levels (P = 0.02) and IgG4-RI disease activity
scores (P = 0.0001) compared with those with inactive treated disease
(n=6) (Table 1). Overall, an elevated serum IgG4 level correlated with
total serum IgG levels (r = 0.83, P < 0.0001), serum IgE levels (r = 0.56,
P =0.04), and eosinophil count (r = 0.64, P = 0.004), but not serum
IgG1 (P =0.50) (Figure S1A-D, see Supplementary Digital Content 2,
http://links.lww.com/CTG/A17).

Circulating Tfh cells in patients with active 1gG4-SC/AIP
First, we sought to investigate the presence of circulating Tth
cells in patients with active IgG4-SC/AIP (n = 12). Circulating

Table 1. Demographics and characteristics of the 1gG4-SC/AIP cohort

1gG4-SC/AIP active (new or relapse)

Numbers 12

Sex, male: n (%) 8(66.7)
Age: median (range), yr 65.5 (40-80)
Disease duration: median (range), yr 2(0.5-15)
Multiorgan involvement, n (%) 11 (91.6)
1gG4-RI disease activity score: median 12.5 (6-16)

(range)

Serum IgG: median (range) g/L
Serum IgG1: median (range) g/L
Serum IgG4: median (range) g/L
Serum IgE: median (range) kIU/L

Eosinophil count: median (range) cells/u.L 0.3(0.0-1.6)
Atopy, n (%) 8 (66.7)
Current treatment: n (%)
None 8(66.7)
Steroids 0
Aza 2(16.7)
MMF 1(8.3)
MTX 1(8.3)
CyS 0

19.3 (8.2-34.4)

10.1(56.3-19.7)

4.36 (1.63-39.0)
388.1(11.4-1,461.0)

Activated Tfh cells in IgG4-SC and AIP

CXCR5+ Tth cells (representative staining shown in Figure 1a)
comprised a lower percentage of the total CD4+ CD45RA—
memory T-cell population in patients with active IgG4-SC/
AIP and PSC compared with HCs (median IgG4-SC/AIP 10%
vs PSC 11% vs HC 21%, P = 0.009) (Figure 1b). There was no
difference in the frequency of the Tfh subsets Tfhl
(CXCR3+CCR6—), Tth2 (CXCR3—CCR6—), or Tthl7
(CXCR3+CCR6+) within the CXCR5+ compartment between
IgG4-SC/AIP and HC. However, patients with PSChad alower
percentage of Tfh1 cells compared with either IgG4-SC/AIP or
HC group (median IgG4-SC/AIP 28% vs PSC 13% vs HC 31%,
P =0.001) (Figure 1c).

Circulating Tfh-cell subsets have an activated phenotype

in 1gG4-SC/AIP

Next, we sought to determine the phenotype of circulating Tth
cells. The surface expression of PD-1 on CXCR5+ Tth cells
(representative staining shown in Figure 1a) was enhanced in
active 1gG4-SC/AIP and PSC compared with HCs (median
IgG4-SC/AIP 18% vs PSC 12% vs HC 9%, P = 0.003)
(Figure 1d). PD-1 expression was enhanced on all Tth-cell
subsets in active IgG4-SC/AIP compared with both PSC and
HC: Tthl (IgG4-SC/AIP 23% vs PSC 14% vs HC 12%, P =
0.04), Tth2 (IgG4-SC/AIP 16% vs PSC 10% vs HC 5%, P =
0.0002), and Th17 (IgG4-SC/AIP 14% vs PSC 9% vs HC 4%,

1gG4-SC/AIP inactive (treated) Pvalue
6 NA
4(66.7) 1.0
64.5 (42-80) 0.73
3.25(2.5-7.5) 0.09
3(50.0) 0.26
2(1-4) 0.0001***
13.3(9.8-20.5) 0.06
7.5(5.4-10.1) 0.21
1.07 (0.11-3.62) 0.02*
72.8 (72.0-73.5) 0.13
0.1(0.1-0.2) 0.11
4(66.7) 1.0
2(33.3) 0.32
1(16.7)
1(16.7)
1(16.7)
0
1(16.7)

Demographics and clinical characteristics of the 1gG4-SC/AIP cohort (n = 18). Fisher exact test for categorical variables and Mann-Whitney for unpaired data, where P

values are expressed as NS = 0.05.

AIP, autoimmune pancreatitis; Aza, azathioprine; CyS, cyclophosphamide; IgG4-RI, IgG4-responder index; IgG4-SC, 1gG4-related sclerosing cholangitis; MMF,

mycophenolate mofetil; MTX, methotrexate; NA, not applicable.
*P<0.05, ***P < 0.001.
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Figure 1. Circulating Tfh cells have an activated phenotype in 1IgG4-SC/AIP. Circulating Tfh-cell phenotype was analyzed by flow cytometry. (a) Contour plot
showing CXCR3 and CCR6 expression on CD45RA-CD4+CXCR5+ Tfh cells from a representative donor. Three populations within the Tfh cells were
identified: CXCR3+CCR6— Tfh1 cells, CXCR3—CCR6— Tfh2 cells, and CXCR3—CCR6+ Tfh17 cells. Gating for PD1 high cells shown. (b) Dot plot showing
the percentage of CD4+CXCR5+ cells in active 1gG4-SC/AIP, inactive 1gG4-SC/AIP, disease controls with PSC, and healthy donors (HCs). (c¢) Dot plot
showing the percentage of Tth1, Tfh2, and Tfh17 subsets of blood Tfh cells in the 4 groups. (d) Dot plot showing the percentage of Tth1, Tfh2, and Tfth17
cells expressing PD-1 in the 4 groups. (e) Dot plot showing absolute numbers of Tfh1, Tfh2, and Tfh17 cells expressing PD-1 in active and inactive 1IgG4-SC/
AIP and HC groups. Median shown for all plots, Mann-Whitney and ANOVA with multiple comparisons, Pvalues: NS P= 0.05, *P < 0.05, **P < 0.01,
***P<(0.001,and ****P < 0.0001. AIP, autoimmune pancreatitis; HC, healthy control; 1IgG4-SC, 1gG4-related sclerosing cholangitis; PD-1, programmed
cell death protein 1; PSC, primary sclerosing cholangitis; Tfh, T-follicular helper.

P =0.005) cells (Figure 1d). Absolute numbers of PD-1+ Tfh2 plasmablast number (r = 0.69, P = 0.03) (Figures 2c,d). There was no
cells, but not PD1+ Tthl or Tth17 cells, were also increased association with the other Tth-cell subsets (PD-1 Tth1 P = 0.10; PD-1
(active IgG4-SC/AIP 290 cells vs HC 172 cells per million Tth17 P = 0.33) (data not shown).

PBMCs, P = 0.006) (Figure le).

Circulating PD1+ Tfh cells and PD-1+ Tfh2 and Tfh17 subsets
Circulating PD-1+ Tfh2 cells correlate with plasmablasts in correlate with IL4 and IL21 cytokine production in IgG4-SC/AIP
active 1gG4-SC/AIP Cytokines are important in the class switch and proliferation of
As Tth cells are essential for B-cell selection and maturation into ~ I1gG4 (and IgE) antibodies. We therefore investigated the re-
plasmablasts, we examined the relationship of Tth-cell subsets  lationship of Tth cells and cytokine production in patients with
with plasmablasts in patients with active IgG4-AIP/SC. Circulating ~ IgG4-SC/AIP. Cytokines were measured in the supernatants of
CD27+CD38+CD19lowCD20— plasmablasts (representative stain-  cultured PBMCs, using nonspecific stimuli to enhance B-cell
ing Figure 2a) were expanded in patients with active IgG4-AIP/SC ~ memory and plasma cell production. Circulating PD1+ Tth cells
compared with HCs (8.4% vs 2.4%, P = 0.006) (Figure 2b). PD-1+ Tth correlated with the production of IL-4 (r = 0.89, P = 0.02) and
cells, specifically the PD-1 Tth2-cell subset, correlated with circulating IL-21 (r = 0.83, P = 0.03) and to a lesser extent with IL-13 (P =
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Figure 2. Circulating PD-1+ Tfh2 cells correlate with plasmablasts in active I1gG4-SC/AIP. Circulating plasmablasts and Tth cells were analyzed by flow
cytometry. (@) Contour plot showing CD38+ CD20— on CD27+ CD19+(low) cells identifying a plasmablast population from a representative donor. (b) Dot
plot showing the percentage of CD27++CD38++CD20—CD19low plasmablasts in active IgG4-SC/AIP and HC. Median values and Mann-Whitney Pvalues
as in Figure 1. Correlation plots showing (¢) PD-1+ Ttfh cells and (d) PD-1+ Tfh2 cells plotted against the percentage of plasmablasts. Spearman rank
correlation (r) and Pvalues are expressed as NS = 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001. AIP, autoimmune pancreatitis; HC, healthy control;
18G4-SC, IgG4-related sclerosing cholangitis; PD-1, programmed cell death protein 1; Tfh, T-follicular helper.

0.05) and IL-5 (P = 0.06) (see Table S2, Supplementary Digital
Content 3, http://links.Iww.com/CTG/A18). Specifically, PD-1+
Tth2 cells correlated with IL-4 (r = 0.83, P = 0.03) and to a lesser
extent with IL-10 (P = 0.05) and IL-21 (P = 0.06) production
(Figure S2A-C, see Supplementary Digital Content 2, http://links.
Iww.com/CTG/A17), whereas PD-1+ Tfh17 cells correlated with
IL-21 (r = 1.0, P = 0.001) and to a lesser extent with IL-13 (P =
0.05) and IL-5 (P = 0.05) production (Figure S2D-F, see Sup-
plementary Digital Content, http://links.lww.com/CTG/A17).

Circulating PD1+ Tfh cells preferentially help B cells to produce
1gG4 antibodies

To establish whether activated PD-1+ Tth cells have the capacity
to support B-cell differentiation to produce IgG4 antibodies, we
next isolated circulating CD27+ memory B cells from healthy
donors and cocultured them with PD1+ or PD1— CD4+CXCR5+
Tth cells (Figure S3, see Supplementary Digital Content, http://links.
Iww.com/CTG/A17). 1gG4 levels were increased in cell supernatants
harvested at day 7 from cultures containing PD1+ compared with

American College of Gastroenterology

PDI1— Tth cells (15.5 vs 2.62 ng/mL, P = 0.008; Figure 3a), despite no
difference in the number of CD19loCD27+CD38hi antibody-
secreting plasma cells (Figure 3b). Furthermore, levels of IL-4, IL-21,
IL-10, and IL-17A cytokines were increased in supernatants from
cocultures containing PD1+ compared with PD1— Tth cells
(Figure 3c).

Circulating PD-1+ Tth cells and PD-1+ Tfh1 and Tfh2 subsets
correlate with serum IgG4 and IgE levels in 1gG4-SC/AIP

Given the elevated serum IgG4 and IgE titers found in most
patients with IgG4-SC/AIP, we next examined the relationship
of Tth cells with serum immunoglobulin levels. Circulating
PD-1+ Tth cells correlated with the serum 1gG4 level (r = 0.67,
P =0.01) and IgE level (r = 0.70, P = 0.01) in IgG4-SC/AIP,
but not IgG (P = 0.47) or IgG1 (P = 0.09) (Figure S4A-D, see
Supplementary Digital Content, http://links.lww.com/CTG/
A17). Both PD-1+ Tfh1- and Tth2-cell subsets correlated with
serum IgG4 (Tthl r=0.61, P=0.03; Tth2 r=0.72, P=0.007) and
IgE (Tfthl r = 0.65, P = 0.02; Tth2 r = 0.66, P = 0.02) levels

Clinical and Translational Gastroenterology
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Figure 3. Circulating PD1+ Tth cells preferentially help B cells to produce 1gG4. Circulating CD27+ memory B cells and PD-1+ or PD-1— Tth cells from
healthy donors were isolated and cocultured in the presence of staphylococcal enterotoxin B (SEB). (a) IgG4 concentration (log'® ng/mL) detected in cell
culture supernatant after day 7 of coculture by IgG4 ELISA (3 values are not shown on the logarithmic scale). Data from 9 donors. (b) CD27+ CD38hi

antibody-secreting cells as a log™® percentage of CD19lo cells after days 6 and 7 of the coculture. (¢) IL-10, IL-21, IL-17A, and IL-4 cytokine concentration in
pg/mL detected in cell culture supernatant after days 6 and 7 of the coculture. **Median values and Mann Whitney Pvalues < 0.01. Data from 10 donors.

PD-1, programmed cell death protein 1; Tfh, T-follicular helper.

(Figure 4a,b,d,e), but not Tth17 cells (IgG4 P = 0.30; IgE P =
0.22) (Figure 4c,f).

Circulating PD-1+ Tfh cells and PD-1+ Tfh2 and Tfh17 subsets
negatively correlate with the eosinophil count in 1gG4-SC/AIP
Peripheral eosinophilia and a clinical history of allergy/atopy
have been described in a proportion of patients with IgG4-SC/
AIP (3). We thus looked for a relationship of Tth cells with
eosinophils and a history of atopy. There was a negative correlation
of PD1+ Tth cells with the peripheral eosinophil count (r = —0.61,
P =0.02) (Figure S5A, see Supplementary Digital Content 2, http://
links.Iww.com/CTG/A17), specifically the PD-1+ Tth2 (r = —0.65,
P=0.01)and Tth17 (r= —0.60, P = 0.02) subsets (Figure S5B-C, see
Supplementary Digital Content 2, Figure S5B-C, http://links.Iww.
com/CTG/A17). However, there was no relationship of the eo-
sinophil count with PD-1 Tth1 cells (P = 0.12) (Figure S5D, see
Supplementary Digital Content 2, http://linksIww.com/CTG/
A17) and no association of PD-1+ Tth cells or Tth2 cells with
a clinical history of atopy/allergy (Figure S5E-F, see Supplementary
Digital Content 2, http://links.Iww.com/CTG/A17).

Clinical and Translational Gastroenterology

Circulating PD-1+ Tfh cells and PD-1+ Tfh2 and Tfh17 subsets
correlate with disease activity in 1gG4-SC/AIP

Disease activity, as measured by the IgG4-R], is an important
clinical outcome measure in IgG4-SC/AIP. In patients with
IgG4-SC/AIP (n = 18), circulating CD4+CXCR5+ Tth cells (r =
—0.73, P = 0.0003) negatively correlated with the IgG4-RI
(Figure 5a). However, Tth2 cells (r = 0.64, P = 0.002), PD-1+
Tth cells (r = 0.43, P = 0.04), and specifically PD-1+ Tfh2 (r =
0.63, P = 0.003) and PD-1+ Tfh17 (r = 0.72, P = 0.0004) cell
subsets correlated with the IgG4-RI disease activity score
(Figure 5b-f). There was no association with organ damage
(data not shown).

Circulating PD1+ Tfh2 cells compared with other biomarkers of
disease activity in 1gG4-SC/AIP

Clinical markers of active disease include measurements of
serum IgG4 and IgE levels, the IgG4-RI disease activity score,
and expansion of plasmablasts in peripheral blood. We
therefore performed nonlinear multiple regression analysis to
compare these biomarkers with PD1+ Tfh2 cells in our IgG4-
SC/AIP cohort. The model fit for PD1+ Tth2 cells, serum IgG4
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Figure 4. Circulating PD-1+ Tfh1 and Tfh2 subsets correlate with serum IgG4 and IgE levels in 1gG4-SC/AIP. Serum 1gG4 and IgE levels were measured by
nephelometry and automated ImmunoCAP, respectively. Correlation plots showing serum 1gG4 (g/L) plotted against (a) PD-1+ Tfh1 cells, (b) PD1+ Tfth2
cells,and (c) PD1+ Tfh17 cells, and serum IgE (kIU/L) plotted against (d) PD-1+ Tfh1 cells, (e) PD1+ Tfh2 cells, and (f) PD1+ Tfh17 cells. Spearman rank
correlation and *P < 0.05, **P < 0.01. AIP, autoimmune pancreatitis; 1gG4-SC, IgG4-related sclerosing cholangitis; PD-1, programmed cell death

protein 1; Tfh, T-follicular helper.

and IgG4-RI score (R* = 0.22) was superior to that of plas-
mablasts, serum 1gG4 and IgG4-RI score (R* = 0.11). Simi-
larly, the model fit for PD1+ Tfh2 cells, serum IgG4 and IgE
levels (R? = 0.56) were superior to that of plasmablasts, serum
IgG4 and IgE levels (R? = 0.24). Lastly, the combination of
PD1+ Tfh2 cells, plasmablasts, and serum IgG4 (R* = 0.36)
was superior to PD1+ Tth2 cells, plasmablasts, and IgG4-RI
score (R? = 0.24).

Circulating PD-1+ Tfh cells and plasmablasts decrease after
treatment of 1gG4-SC/AIP

To assess the effect of treatment on Tfh-cell subsets, we
compared patients with IgG4-SC/AIP with active (n =12) and
inactive treated (n = 6) disease. Serum IgG4 (P = 0.02) and the
IgG4-RI (P = 0.0001) were lower in those with treated disease
(Table 1). The proportion of PD1+ Tth cells and plasmablasts
decreased after treatment in paired samples pre- and post-
treatment (n = 6, P = 0.03) (Figure S6, see , Supplementary
Digital Content 4, http://links.lww.com/CTG/A19). There
was lower expression of PD-1+ Tth cells (18.0% vs 4.9%, P =
0.009) and specifically PD-1+ Tth2-cell (16.4% vs 5.8%, P =
0.002) and Tth17-cell (Tth17 13.8% vs 2.4%, P=0.009) subsets
in inactive treated compared with active IgG4-SC/AIP
(Figure 1d).

American College of Gastroenterology

Tissue CD4+CXCR5+ Tfh cells in active 1gG4-RD

To confirm whether Tth cells were also present in the tissue, we
assessed Tth-cell markers in involved lesions of patients with
active IgG4-SC/AIP (n = 12). Representative staining is shown in
Figure 6a, top. CD4+CXCR5+ Tth cells were present in all (100%)
IgG4-RD tissue specimens compared with 4 of 10 DC specimens
(40%) from other pancreatic and biliary diseases (P = 0.003) (see
Table S3, see Supplementary Digital Content 3, http://links.Iww.
com/CTG/A18). CXCR5+ staining was defined as “moderate” or
“abundant” in 5 of 12 IgG4-RD specimens (41.7%) compared with 2
of 10 DC specimens (20%) (see Table S4, Supplementary Digital
Content 3, http://links.lww.com/CTG/A18).

Activated CXCR5+ Tfh cells home to lymphoid follicles

in IgG4-RD

To evaluate the phenotype and localization of the CXCR5+ Tth
cells, we next stained tissues with the Tth-cell activation marker
inducable T cell costimulator (ICOS) and the lymphoid homing
chemokine CXCL13. Representative staining is shown in
Figure 6a, bottom. ICOS+ Tth cells were present in 11 of 12 IgG4-
RD tissue specimens (92%) compared with 2 of 10 DC specimens
(20%) (P=0.002) (see Table S3, Supplementary Digital Content 3,
http://links.lww.com/CTG/A18). ICOS+ staining was defined as
“moderate” or “abundant” in 6 of 12 IgG4-RD specimens (50%)

Clinical and Translational Gastroenterology
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Figure 5. Circulating PD-1+ Tfh2 and Tfh17 subsets correlate with disease activity in 1gG4-SC/AIP. Disease activity was measured using the IgG4-RI.
Correlation plots showing disease activity (DA) (log 10) plotted against the percentage of (a) CXCR5+ Tfh cells, (b) Tfh2 cells, (c) PD-1+ Tfh cells, (d)
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pancreatitis; 1gG4-R1, IgG4-responder index; 1gG4-SC, 1gG4-related sclerosing cholangitis; PD-1, programmed cell death protein 1; Tth, T-follicular

helper.

compared with 2 of 10 DC specimens (20%) (see Table S4,
Supplementary Digital Content 3, http://links.lww.com/CTG/
A18). CXCL13+ cells were observed in 11 of 12 IgG4-RD
specimens (92%) and 2 of 10 DC specimens (20%) (P = 0.002)
(see Table S3, Supplementary Digital Content 3, http://links.
Iww.com/CTG/A18), and were more abundant in number in
IgG4-RD than DC (median 17 cells/high power field vs 4 cells/
high power field; P = 0.008). The most pronounced CXCR5+I-
COS+ staining occurred in lymphoid aggregates, pre-
dominantly in salivary glands and lymph nodes, and to a lesser
extent in the liver and pancreatic specimens of patients with
1gG4-SC/AIP.

DISCUSSION

In this study, we observe Tth cells in both the circulation and
inflammatory lesions in patients with IgG4-SC/AIP. Tth cells
play an important role in T cell-dependent immune
responses and are necessary for B-cell differentiation and
class switch in GCs (7). The activation marker PD-1 is es-
sential for B-cell selection, survival, and maturation (8). Our
data show that patients with IgG4-SC/AIP with active, but not
inactive disease, have expanded populations of circulating
PD1+ Tth cells, with expansion of all PD1+ Tfh1-, Tth2-, and

Clinical and Translational Gastroenterology

Tth17-cell subsets. Furthermore, we show that the PD-1+
Tth2-cell subset was the most prominent, supported by in
vitro studies showing the Tfh2 subtype as the most effective in
providing B-cell help through direct interaction and cytokine
production (8). Our data support observations of expanded
activated Tth cells in patients with IgG4-related dacryoade-
nitis and sialadenitis (12,21) (IgG4-DS) and in systemic IgG4-
RD (22).

The identification of appropriate biomarkers that are linked
to disease activity in 1gG4-SC/AIP is important. Elevated se-
rum IgG4 and IgE levels are not sufficiently sensitive or specific
for this purpose (3,4); however, increased numbers of circu-
lating plasmablasts seem to coincide with both active disease
and disease relapse (5). Furthermore, dominant IgG4+ BCR
clones have been identified in patients with IgG4-SC/AIP, and
aquantitative PCR protocol analyzing the IgG4/IgG RNA ratio
in blood may be helpful in monitoring response to cortico-
steroid therapy (23). Here, we show an increase in the pro-
portion of plasmablasts in active IgG4-SC/AIP and
demonstrate a correlation between the PD-1+ Tth2-cell subset
and plasmablast population. Furthermore, we show that cir-
culating PD-1+ Tfh2 cells correlate with serum levels of IgG4
and IgE, the IgG4-RI disease activity score, and are reduced
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after treatment in line with clinical remission of disease. In-
deed, PD1+ Tth2 cells provide added value to the other clinical
markers of active disease and perform better than circulating
plasmablast expansion on multiple regression analysis in our
cohort. In support of this, Tth2 cells have been reported to best
mirror disease activity in IgG4-DS (14,24). This supports a role
for activated circulating PD-1+ Tth2 cells as a biomarker of
disease activity in IgG4-SC/AIP, complementary to other
clinical markers, and highlights a role for the Tfh2-plasmablast
axis in active IgG4-RD.

The involvement of Th2 and regulatory cells in IgG4-SC/AIP
has been the topic of much debate (25-27), with evidence sug-
gesting that circulating Th2 memory cells are restricted to
a defined subset of patients with atopy (28). Importantly, Th2-
derived cytokines IL-4, IL-5, and IL-13, believed to drive IgG4
(and IgE) class switch, can also be produced by mast cells and
Tfh-cell subsets (3,12,14,29,30). Here, we show increased pro-
duction of IL-4 and IL-21 cytokines and to a lesser extent IL-13,
IL-5, and IL-10 from stimulated cells of patients with active
IgG4-SC/AIP. The concentrations of IL-4 and IL-21 correlated
with PD-1+ Tfh2 (r = 0.89, P = 0.02) and PD-1+ Tfh17 (r= 0.83,
P=0.03) subsets, respectively. IL4+ Tth cells have been shown to
be expanded in salivary gland lesions and draining lymph nodes
of patients with IgG4-RD and have been linked to IgG4 class
switching in vivo, transcriptionally distinct from Th2 and IL4—
Tth cells (12).

In this study, we demonstrate ex vivo that PD-1+ Tth cells can
support B cells to produce 1gG4 antibody, supporting the hy-
pothesis that the expanded population of circulating PD1+ Tth
cells support B-cell differentiation toward IgG4+ plasma cells.
Tth cells have been shown to be more efficient in inducing au-
tologous naive B cells to differentiate into plasmablasts with
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increased IgG4 secretion, facilitating B-cell proliferation, and
inhibiting B-cell apoptosis in patients with IgG4-DS compared
with HCs, suggesting a functional role of these cells in the disease
(21,31).

We have previously shown that elevated serum IgE levels,
peripheral eosinophilia, and a clinical history of allergy and/or
atopy are prominent in a subset of patients with IgG4-SC/AIP
(3). Here, we show for the first time, a correlation of activated
PD-1 Tth2 subsets with serum IgE levels (positive) and pe-
ripheral eosinophilia (negative), independent of a history of
allergy and/or atopy. IL-5 is a key cytokine for the de-
velopment, recruitment to inflammatory sites, and activation
of eosinophils (32). Local inflammation can cause recruitment
of eosinophils with inflammatory features (33) and fibrotic
potential (34). It is plausible that eosinophils migrate into the
involved tissue in patients with IgG4-SC/AIP, as evidenced by
the presence of abundant tissue eosinophils in disease lesions
(3,35), similar to eosinophilic airway diseases (33,34). How-
ever, the exact role of these cells in the disease is yet to be
defined.

Ectopic GCs are frequently observed in tissue lesions of
patients with systemic IgG4-RD, indicating aberrant activa-
tion of humoral immune responses (6). Tth cells are essential
for GC formation in lymphoid follicles, B-cell maturation and
differentiation, and immunoglobulin class switch. Here, we
show the presence of CD4+CXCR5+ Tth cells, which were
localized in lymphoid follicles in GC of disease lesions. The
presence of an activated phenotype (ICOS+) in inflammatory
lesions supports the theory that these cells orchestrate local B-
cell differentiation into IgG4 plasma cells. Indeed, CXCR5+
cells characterized by expression of BCL6 and ICOS infiltrated
submandibular glands in IgG4-DS and had a higher capacity
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than controls to help B cells produce IgG4 (31). CXCL13,
produced in abundance by follicular stromal cells within B-
cell follicles, is necessary for Tth-cell migration to the center of
follicles to establish GC, and circulating Tfh cells respond to
CLCX13 and migrate back to GC (8,36). We demonstrated
a reduction in circulating CXCR5+ Tth cells in active IgG4-
SC/AIP and an abundance of tissue CXCL13 in follicles,
suggesting the migration of these cells to sites of tissue in-
flammation in disease. It is plausible that chronic antigenic
stimulation, such as repeated occupational or environmental
exposures (37,38), may polarize and activate CD4+ Tth2 cells,
leading to the development of GC within lymphoid follicles of
affected organs, and the subsequent production and pro-
liferation of IgG4-switched cells. Our findings agree with re-
cent evidence that IL-4+ Tfh cells orchestrate IgG4 class
switch in IgG4— lesions (12).

Therapeutic application of our findings requires careful
consideration. Treatment of patients with IgG4-RD with rit-
uximab (CD20 B-cell depletion) leads to temporary resolution
of disease as in other immune-mediated conditions. Ritux-
imab depletes somatically hypermutated plasmablasts, fol-
lowed by the reappearance of clonally divergent oligoclonal
plasmablast populations. If activated Tth cells are pathogenic;
they may engage with remaining and/or recovering B cells and
reactivate the disease. In theory, anti-PD-1 could control Tth-
cell activation, and these agents are approved for the treat-
ment of solid tumors (39). However, conversely, blockade of
the PD-1 pathway has been shown to expand Tth cells and
boost the humoral immune response (40,41). Given the im-
portance of IL-21 production by Tth cells in the formation of
GCs, both IL-21 receptor antagonists and IL-21 blocking
antibodies have the potential to modulate the Tth-mediated
immune response (42). The efficiency and safety of this ap-
proach is unknown. Targeting CXCL13 to inhibit the homing
and trafficking of Tth cells might be a more efficient strategy to
prevent accumulation of Tth in disease lesions (36). Sup-
pression of both Tth-GC formation and Tfh cell migration
using a combined approach (e.g., IL-21 and CXCLI13 in-
hibition) could provide a more robust control of humoral
immunity.

Although thisis the largest study to date to explore Tth-cell
subsets in patients with pancreatic and biliary IgG4-RD, the
numbers in this study are relatively small. Our observations
should be confirmed in larger cohorts, such as in the EASL-
funded European Repository of patients with IgG4-RD with
clinical data linked to biobanked samples, to further explore
disease biomarkers and understand pathogenesis. Further-
more, correlations do not necessarily reflect disease causa-
tion, and expansions of circulating, lesional or lymph node
Tth cells that reflect the prominent class switching to IgG4
may not necessarily be linked to the process of pathogenesis.
Prospective studies that evaluate the sequence in which spe-
cific IgG4-RD biomarkers evolve, in addition to further
insights into Tfh biology, will help to progress our un-
derstanding of the impact on Tfh phenotype on IgG4-RD
pathogenesis.

In conclusion, this study reports the expansion of circulating
and tissue-infiltrating activated Tth-cell subsets and correlation
of these with markers of disease activity. It also demonstrates
that PD-1+ Tth cells were more efficient at inducing I1gG4
production and related cytokines than PD-1— cells. Together,
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these findings suggest that Tth cells are important in orches-
trating the proliferation and differentiation of IgG4-committed
B cells in IgG-SC/AIP. This is the first study to phenotype Tth
subsets specifically in patients with biliary and pancreatic
manifestations of IgG4-RD, and all patients had biopsy-
proven disease and were part of a prospectively recruited
cohort. Circulating PD1+ Tfh2 cells can be considered as
a biomarker of disease activity. Further studies to determine
the specificity of these Tth cells and drivers of Tth-cell activity
in IgG4-RD are warranted for the purpose of therapeutic
application.
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Study Highlights

WHAT IS KNOWN

/ Activated circulating Tfh cells have been reported in patients
with 1gG4-DS.

WHAT IS NEW HERE

/ This is the first study to phenotype Tfh subsets in the
peripheral blood and tissue, specifically in patients with biliary
and pancreatic 1gG4-RD.

Expansion of circulating and tissue-infiltrating activated Tfh-
cell subsets is found in active 1gG4-SC/AIP, but not inactive
disease.

\/ Circulating activated PD1+ Tfh2-cell subset correlates with
markers of disease activity including expansion of
plasmablasts, serum IgG4 and IgE titers, and the IgG4-Rl in
1gG4-SC/AIP, and reduces after treatment in line with clinical
remission of disease.

/ Activated CXCR5+ Tfh cells homed to lymphoid follicles in
|gG4-SC/AIP tissues.

/ PD-1+ Tfh cells can support B cells to produce 1gG4 antibody
and type 2 cytokines ex vivo, supporting a role of Tth cells in
disease pathogeneisis.

TRANSLATIONAL IMPACT

/ We show that circulating and lesional Tfh cells are activated in
IgG4-AlP and 1gG4-SC. Circulating PD1+ Tfh2 cells could be
a biomarker of disease activity and a potential target for
immunotherapy.
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