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Obijectives: Liver cirrhosis (LC) is usually accompanied by cirrhosis associated immune
dysfunction (CAID), including reduced naive T cells and memory B cells. However, little
is known regarding on follicular helper T (Tth) cell compartments in cirrhotic patients,
especially in the secondary lymphoid organs such as spleen. This study characterizes
splenic Tfh cells and explores its association with humoral immunity and disease
progression in cirrhotic patients.

Methods: Using flow cytometry and histological staining, we analyzed the frequency
and cytokine production of splenic Tth cells from LC patients and healthy controls (HCs).
Co-culture experiments of sorted Tth and B cells were performed for functional analysis
in vitro. The correlations between Tth cells and disease progression markers as well as
B cell subset perturbations were also examined.

Results: PD-1M9"COSTCXCR5 Tth cells were preferentially enriched in the spleen of
cirrhotic patients, where they expressed higher levels of CXCR3 and produced more
interleukin (IL)-21. Histologically, more splenic Tfh cells occupied the B cell follicular
structure in LC patients where they shaped more active germinal centers (GCs) than
those in HC spleens. In vitro, splenic Tfh cells in cirrhotic patients robustly induce plasma
cell differentiation through IL-21 dependent manner. Finally, increased Tth cell frequency
is positively correlated with the plasma cells and disease severity in LC patients.

Conclusions: We conclude that hyperactive Tfh cells contribute to dysregulated
humoral immunity in patients with liver cirrhosis.
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INTRODUCTION

Liver cirrhosis (LC) is the common outcome of liver
inflammation induced by various etiologies such as hepatitis
B virus (HBV), hepatitis C virus (HCV), alcohol, drug, and fat
(1). While LC impairs the liver physiological function, it also
causes cirrhosis associated immune dysfunction (CAID). CAID
is a complicated process accompanied by the increased systemic
inflammation and immune paralysis and/or immunodeficiency
(2). The mechanisms leading to CAID remains unclear but
possibly associates with the increased bacterial translocation due
to the impaired gut barrier, reduced gut motility, and altered gut
flora (3).

The occurrence of CAID is associated with systemic
inflammation during LC disease progression, which is
reflected by the persistent activation of peripheral immune
cells and the elevated serum pro-inflammatory cytokines (2, 4).
Compromised immune cell function was frequently reported in
LC. For example, neutrophils from LC patients show impaired
phagocytosis of opsonized bacteria (5). Peripheral non-classical
CD147CD16" monocytes are increased in LC patients and
display abnormal functions (6). LC profoundly depletes the
circulating CD27" memory B cells (7, 8). Accompanying this,
hyper-globulinemia and elevated IgG and IgA levels were
observed in advancing cirrhosis, irrespective of the underlying
etiology (9). LC also causes T cell lymphopenia and disrupts T
cell compartments. Particularly, naive T cell depletion is more
pronounced than the memory T compartment (10). Circulating
natural killer (NK) cells are also compromised in liver cirrhosis
and display poor responses to cytokine stimulation in vitro
(11). These data partially define the characteristics of the CAID
in peripheral blood, but little is known about its impact on
the secondary lymph organ (SLO) such as spleen of cirrhotic
patients, especially for T cells and B cell compartments, the two
most important arms in the adaptive immune system.

Spleen is the largest SLO in the body. Spleen sits next to
the liver and its blood was delivered to liver. It is well-known
to play roles in immune defense against blood borne infections
(12). However, spleen blood flow was congested due to portal
hypertension during liver cirrhosis, resulting in splenomegaly
and peripheral cytopenia (13). So far, it is unclear whether
the cellular composition and underlying structure of spleen
have been affected by cirrhosis. It is also debated whether the
spleen plays a detrimental role in the liver pathophysiology
during LC (14). Follicular T helper (Tth) cells are one of main
cell compartments of the spleen, and are usually defined as
PD-1M8bICOST CD4* T cells with the expression of C-X-C
motif chemokine receptor 5 (CXCR5) (15). Splenic Tfh cells
play key roles in T-dependent antibody responses (16). The
interaction between Tfh cells and cognate B cells induces robust
B cell proliferation and instructs them to undergo differentiation
through CD40 engagement and IL-21 supply (17). The persistent
activation of Tth cells is required to promote broadly and
affinity matured neutralizing antibodies throughout chronic viral
infection, and to adapt specificity to emerging viral variants
(18). However, the high levels of Tth cells present in chronic
viral infections can also render the activation of germinal

center (GC) B cells and the selection process less stringent,
thus resulting in aberrant B cell activation, the generation of
non-virus-specific antibodies and even autoimmune reactive
antibodies, hyper-gammaglobulinemia in some cases (18). For
example, in human immunodeficiency virus-1 (HIV-1) and
simian immunodeficiency virus (SIV) infection, the expansion
of Tth cells present in lymph node of infected subjects correlates
with hyper-gammaglobulinemia, polyclonal B cell activation, and
the deletion of peripheral memory B cells (19). Similarly, the
proportion of peripheral Tth cells correlates with the emergence
of autoantibodies in persistent HBV infection (20). Considering
the contribution of Tth cells to dysregulated B cell responses, the
persistent interaction of Tfh cells and GC B cells is one of the
key reasons for the emergence of autoreactive antibodies during
autoimmune diseases (21).

Here, we hypothesized that the dysregulated Tth cell responses
might contribute to disruption of B cell compartments in
cirrhosis. Our findings support the notion that the enhanced
Tth cell responses results in the persistent activation of humoral
immunity, potentially depleting memory B cell pools in cirrhotic
patients, and therefore is associated with LC severity.

MATERIALS AND METHODS

Study Subjects

A total of 28 HBV associated LC (HBV-LC) patients and 23
non-HBV associated LC (non-HBV-LC) patients were recruited
for this study in Shenzhen 3rd People’s Hospital and in Beijing
302 Hospital. According to our described criteria previously,
all patients were diagnosed (22, 23) and had not received
immunosuppressive drugs within 6 months before taking
samples. Forty-two age- and gender-matched individuals were
enrolled as healthy controls (HCs). The study protocol was
approved by the ethics committee of our institutions, and
written informed consent was obtained from each subject. The
basic clinical information of the enrolled individuals is listed
in Table 1. Peripheral blood mononuclear cells (PBMCs) were
isolated from all enrolled individuals. Spleen samples were
collected from 28 HBV-LC and 13 non-HBV-LC patients with
portal hypertension who underwent splenectomy. Twenty-two
healthy spleen tissues were obtained from donors whose livers
were used for transplantation.

Fluorescence Antibodies and Flow
Cytometry

All of the fluorescence-conjugated antibodies were purchased
from BD Bioscience or Pharmingen (San Diego, CA), eBioscience
(San Diego, CA), and BioLegend (San Diego, CA). For
T cell subset staining, allophycocyanin-Cy7 (APC-Cy7)-
conjugated anti-CD45, amCyan-conjugated anti-CD3, pacific
blue (PB)-conjugated anti-CD4, fluorescein isothiocyanate
(FITC)-conjugated  anti-CXCR5 (CD185), phycoerythrin
(PE)-conjugated anti-CCR6 (CD196), peridinin chlorophyll
protein-Cy5.5 (PerCP-Cy5.5)-conjugated anti-CXCR3
(CD183), phycoerythrin-Cy7  (PE-Cy7)-conjugated  anti-
PD-1, APC-conjugated anti-ICOS were used. For intracellular
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TABLE 1 | Basic information of enrolled subjects.

HC HBV-LC Non-HBV-LC
Cases 42 28 23
Spleen usage* 22 28 13
Age (years) 48.5 (23-39) 40.3 (18-61) 46 (23-62)
Gender (M/F) 31/11 22/6 15/8
Platelet (x10'2) ND 45.0 (15-97) 49.8 (28-83)
ALT (IU/L) 21.8 (12-60) 19.3 (9-50) 1.9 (10-31)
AST (IU/L) 441 (23-64) 25.4 (14-43) 29.6 (15-56)
Total bilirubin (wmol/L) 16.4 (10.6-29.1) 17.3(7.3-37.9) 15.7 (3.7-29.8)
Albumin (g/L) 291 (22-34.5)  38.0 (32-48) 37.9 (35-42)

Prothrombin time (second) 13.9 (12.1-16.8) 13.0 (11.5-14.7) 12.9 (11.1-16.9)

Prothrombin activity ND 68.2 (54.6-53.2) 70.2 (47.6-87.8)
HBeAg () NA 6/22 NA
Child score (5/6/7) NA 8/15/5 4/13/6

M, male; F, female; HBeAg, hepatitis B e antigen; ND, not determined; NA, not applicable.
"Clinical data in HC subjects were from only donors with spleen usage.

cytokine staining (ICCS), PE-conjugated anti-IL-21, APC-
conjugated anti-IL-17a, and PE-Cy7-conjugated anti-IFN-y were
additionally used. For B cell subset staining, FITC-conjugated
anti-CD19, PE-conjugated anti-IgD, PE-Cy7-conjugated anti-
CD38, and APC-Cy7-conjugated anti-CD27 were used. The
phenotypic analysis were performed at the optimal monoclonal
antibody (mAb) concentrations according to the previously
reported standard protocols (24). For surface marker staining,
PBMCs, or spleen cells were incubated with fluorescence-
conjugated surface antibodies. For intracellular staining, the
cells were stained surface markers first, permeabilized and were
then stained with the corresponding intracellular antibodies.
Aliquots of cells were used for the analysis using FACSCanto II
and FlowJo software (Tristar, San Carlos, CA). At least 50, 000
events were analyzed for per sample.

Definition of T Cell Subsets and Analysis of

Tfh Cells

According to previous studies (15), CD4" and CD8" T cell
subsets were defined by the expression of chemokine receptors
CXCR5, CCR6, and CXCR3. Among CD41 T cells, CXCR5™"
cells were defined Tfh-like cells. Within CXCR5-CD41 T cells,
CCR6TCXCR3™ cells, CCR6TCXCR3™ cells, CCR6~ CXCR3™
cells, CCR67CXCR3™ cells were defined as Th17 cells, Th1/Th17
cells, Thl cells, and Th2 cells, respectively. Similarly, among
CD4~ T cells (most are CD8" T cells), CXCR5T cells were
defined Tfc-like cells, and CCR6TCXCR3~, CCR6TCXCR3™,
CCR6~CXCR3™, CCR6™CXCR3™ CXCR5™ T cells were defined
as Tc17 cells, Tc1/Tcl7 cells, Tcl cells, and Tc2 cells, respectively.
Quantitation of peripheral blood Th and Tc cell subset
percentages was performed in 24 HBV-LC patients, 23 non-HBV-
LC patients, and 42 HCs. Among the available spleens, the splenic
cells were further comprehensively analyzed for the expression of
PD-1 and ICOS among the CXCR5TCD4™" T cells which were
defined Tth cells.

Cell Stimulation

To evaluate the IFN-y, IL-17a, and IL-21 secreting function
of CD4TCXCR5TPD-1M8gh Tfh cells, spleen cells (1 x 10°)
were cultured in a medium alone or with PMA (50 ng/ml)
and ionomycin (1pg/ml) in 96-well plate for 6h. After 6h
incubation, the cells were collected and stained with surface and
intracellular antibodies with anti-IFN-y, anti-IL-17a, or anti-IL-
21. Then the percentages of IFN-y-, IL-17a-, or IL-21-producing
cells were analyzed between HC subjects and HBV-LC patients.

Cell Sorting

Peripheral blood mononuclear cells (1 x 107) were first
used for CD4" T cell enrichment using microbeads (Cat#
130-096-533, Miltenyi Biotec, Germany). Then the isolated
CD4" T cells are stained with optimal concentrations of
AmCyan-conjugated anti-CD3, PerCP-conjugated anti-CD4,
FITC-conjugated anti-CXCR5, and PE-conjugated anti-PD-1
antibodies for 25 min. Alternatively, PBMCs were also stained
with APC-conjugated anti-CD19. A FACS Aria II cell sorter was
used to purify CD4*CXCR51PD-1hgh cells, CD4+ CXCR51PD-
1" cells, CD4TCXCR5"PD-1" cells, and CD4TCXCR5™ cells as
well as CD19" B cells. The purity of the sorted cell subsets was
more than 90%.

The Co-culture of Tfh Cells With B Cells
Similar to previous studies (17), the sorted CD4TCXCR5"PD-
1high cells, CD4+CXCR5TPD-17 cells, CD4+*CXCR5"PD-1~
cells, and CD4TCXCR5™ cells from 4 HBV-LC patients or
4 HC donors were co-cultured with allogeneic or autologous
CD19" B cells at the ratio of 1:1 in RPMI-1640 medium
containing 10% fetal bovine serum (FCS) and staphylococcal
enterotoxin B (SEB) (100 ng/ml). Alternatively, rIL-21R-Fc
chimera (10 pg/mL; R&D Systems, Minneapolis, MN) was added
when the CD4+TCXCR51TPD-1M8h cells co-cultured with B cells
(24). After 7-8 day culture, the cells were collected to assess the
generation of plasma cells.

Enzyme-Linked Immunosorbent Assays
(ELISA)

An ELISA quantitative kit for the detection of human IgG
and IgM (Bethyl Laboratories, Montgomery, TX) was used to
measure the concentrations of total IgG and IgM from culture
supernatants and plasma. The ELISA kits of human fatty acid
binding protein 2 (FABP2, Cat#: DY3078) and CXCL13 (Cat#:
DCX130) were purchased from R&D System Inc (Minneapolis,
MN, USA), and were used measure their concentration in the
plasma from LC and HC subjects.

Immunohistochemistry

Hematoxylin-eosin (HE) and immunohistochemistry staining
were performed using paraffin-embedded 4 pum tissue sections.
The sections were first incubated with optimal concentrations
of primary mAbs, including anti-IL-21 (abcam, ab118510),
anti-CD20 (clone L26), anti-CD4 (clone IF6), and anti-PD-
1 (clone NAT105) (Zhongshan Goldenbridge Biotech, Beijing,
China) for 1h at RT. Then the sections were incubated with
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biotinylated goat-rabbit, goat anti-rat, or biotinylated rabbit anti-
mouse antibodies (Zhongshan Goldenbridge Biotech, Beijing,
China), respectively. The GC was observed independently by two
pathologists from 5 of representative high-power fields (200 x
magnification) (24).

Correlation Analysis of Splenic Tfh Cells
and B Cell Subsets

To analyze the correlation between splenic PD-
1hgh[COSTCXCR5tCD4t  Tfh cells and relevant B-cell
subsets, 28 of HBV-LC patients with available spleen were
studied. The correlations between the percentage of Tth cells and
total B cells or B cell subsets or plasma IgG and IgM levels were
analyzed. CD19tCD10~CD38!° mature B cells were divided
into IgDTCD27~ naive B cells (naive B cells), [gDTCD27"
marginal zone B cells (MZBs), and IgD~CD277" class-switched
memory B cells (¢cMBCs) and IgD~CD27~ atypical memory B
cells (aMBCs). CD19"IgD~CD38"8" phenotype defined the
plasmablasts (24).

Correlation Analysis of Splenic Tfh Cells

and Liver Functions

The correlations between the percentage of spleen Tfh cells and
several clinical biochemical parameters including serum albumin
(ALB), total bilirubin (TBIL), and prothrombin activity (PTA)
and Child-Pugh scores were analyzed in the 28 HBV-LC patients.
In addition, we also evaluated the levels splenic Tth percentages
in HBV-LC patients with various Child-Pugh scores.

Statistical Analysis

All statistics were analyzed using SPSS 16.0 software. The data
are presented as mean values and standard deviations. Multiple
comparisons were first performed among the different groups
using the non-parametric Kruskal-Wallis H-test. Comparisons
between various groups were made using the Mann-Whitney
U-test, whereas comparisons between the same individual were
made using the Wilcoxon’s matched-pairs test. The correlations
between two variables were analyzed using the Spearman rank
correlation test. P < 0.05 at two-sides was considered to be
significant for all analyses.

RESULTS

CXCR5* CD4 Tfh-like Cells Are Enriched in

Spleen and Peripheral Blood in LC Patients
We first analyzed the frequencies of peripheral and splenic CD4*
Th (Figure 1A) and CD8' Tc (Supplemental Figure 1A) cell
subsets using flow cytometry according to the expression of
chemokine receptors CXCR5, CCR6, and CXCR3. As shown in
Figure 1B, among peripheral CD4 T cells, the percentages of
Tth-like cells, Th1/Th17 cells, and Th17 cells in HBV-LC and
non-HBV-LC patients were all significantly higher than those
in HC subjects (P < 0.05). By contrast, Th2 cell percentages
were significantly decreased (P < 0.001) and Thl cells were
comparable between LC patients and HC subjects. Similar
trends were also found among peripheral CD8" Tc subsets
(Supplemental Figure 1B). Notably, when splenic CD4" and

CD8™ T cell subsets were analyzed, it is found that only Tfh-like
cell proportions were significantly increased in LC patients than
those in HC subjects; while other CD4™ and CD8™ T cell subsets
were unchanged (Figure1B and Supplemental Figure 1B).
These data indicate that CXCR5TCD4" Tfh-like cells are
preferentially enriched in both peripheral blood and spleen from
HBV-LC and non-HBV-LC patients.

Tfh Cells Are Significantly Expanded With
High Levels of CXCR3 Expression in the
Spleen of LC Patients

PD-1 and ICOS are recognized as main markers to define
Tfh cells, we therefore analyzed their expression in these
CD4" Th cell and CD8™ Tc cell subsets from both peripheral
blood and spleen (Supplemental Figure 2). PD-1Mgh[COS*
cells formed a distinct population within the splenic Tth-
like cells; their numbers in peripheral Tfh-like cells and
splenic Tfc cells were much fewer and almost absent from
other peripheral and splenic CD4" and CD8' T cell subsets
(Supplemental Figure 2). We then compared the percentages
of PD-1"8"[COSTCXCR5" Tth cells in LC patients and HC
subjects (Figure 2A and Supplemental Figure 3A). We found
that the proportion of PD-1"8"ICOStCXCR51 Tth cells was
significantly increased in both spleen (Figure 2B) and peripheral
blood (Supplemental Figure 3B) from LC patients compared
to HC subjects (both P < 0.01). PD-1"8"[COSTCXCR5' Tfc
cells were also significantly increased in the spleen of LC
patients (Figure 2B) compared to those from HC subjects (P
< 0.01) but not in blood (Supplemental Figure 3B). These
data indicated that PD-1M€"[COSTCXCR5t Tfh cells are
preferentially enriched in the splenic CD4™ T cells, which is
further increased in LC patients.

We further analyzed the proportion of CXCR3- and
CCR6-expressing cells in splenic Tfh cells from LC and HC
subjects (Figure2C). It is found that CXCR3" cells and
CCR6™ cells account for nearly 80 and 10% of splenic PD-
1Mgh[COST Tfh cells, respectively, regardless of disease status
(Figure 2C). The proportion of CXCR3~CCR6~ Tfh2 cells
was higher among CXCR5™ Tth-like cells in both spleen and
blood from HC donors vs. LC patients. The CXCR3*CCR6™
Tfhl cells was significantly expanded in the spleen of LC
patients. While in peripheral blood, the proportion of CCR6™
cells (including both CXCR3*TCCR6'Tth1l/Tthl7 cells and
CXCR3“CCR6™ Tthl7 cells) were significantly increased in
LC patients (Supplemental Figures 4A,B). These data indicated
that splenic Tfh-like cells expressed higher levels of CXCR3 in
LC patients.

Splenic Tfh Cells From LC Patients

Produced Higher Levels of IL-21

Next, we analyzed cytokine production by splenic Tth
cells including IL-21, IFN-y, and IL-17a in responses to
PMA/ionomycin in vitro (Figure 3A). As shown in Figure 3B,
the levels of IL-21 produced by splenic Tfh cells in HBV-LC
patients were significantly higher than those in HCs (P < 0.05).
IFN-y production by splenic Tth cells was significantly reduced
in HBV-LC patients as compared to HC subjects. There is no
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HBV-LC (n = 24), and Non-HBV-LC groups (n = 23) and in the spleen from HC (n = 22), HBV-LC (n = 27), and Non-HBV-LC groups (n = 13). Each dot represents
one subject, and line represents mean value. *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney U-test.
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significant difference for IL-17a production by splenic Tth cells
in LC patients as compared to those in HC subjects. These
data indicated the splenic Tfh cells produced more IL-21 in
LC patients, which may shape the specific microenvironment
promoting humoral immunity when liver disease progresses into
cirrhotic phases.

More Splenic Tfh Cells Moved Into B Cell
Zone and Shaped Active Germinal Centers
(GCs) in LC Patients

We investigated the distribution of splenic Tfh cells using
immunohistochemical staining. More follicle-like structure
showing larger active GCs was present in the spleen of LC
patients than that in HC spleen where the GCs were mostly
degenerative. Outside of the GCs, a ring-like layer densely
populated by smaller-sized cells (likely the reported mantle zone
formed mostly by naive B cells) was present in LC spleen and

absent from HC spleen (Figure 4A). We further stained several
classical markers for Tth cells and B cells in spleen including CD4,
PD-1, and IL-21 as well as CD20 using continuous section so as
to observe the localization of Tth cells and B cells in-situ from LC
patients vs. HC subjects. CD20 staining indicated that the follicles
were indeed splenic B cell zones. It is found that less CD4™,
PD-17, and IL-21" Tth cells were present in healthy spleen. By
contrast, more PD-1" and IL-217 cells were accumulated within
the GC area in LC patients (Figure 4B). Consistent with the role
of Tth cells in promoting GC responses, we observed significantly
increased follicular Ki671 B cells in LC spleens as compared to
HCs (Figure 4C). Plasma CXCL13, a B cell attracting cytokine,
has been considered as a marker indicating GC activity (25). We
measured the CXCL13 levels in the plasma of HBV-LC and HC
subjects, and found that plasma CXCL13 levels was significantly
higher in HBV-LC patients than that in HC subjects (Figure 4D).
Simultaneously, the levels of plasma FABP2, a marker indicating
active bacterial translocation, were also increased in HBV-LC
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cell subset. (B) Summarized data show the percentages of PD-1"9NICOS* CXCR5CD4T T cells and PD-1"9NCOS* CXCR5TCD8™ T cells in the spleen from HC
(n = 22), HBV-LC (n = 27), and Non-HBV-LC groups (n = 13). (C) CCR6 and CXCR3 expression within splenic PD-1hghCOs+CD185+CD4T Tth cells.
Representative dot plots show the expression of CCR6 and CXCR3 when gated on splenic PD-1 high|cOS+CXCR5+CD4+ cells in spleen from a LC patient (Left).
Values in the quadrants represent the percentages of each subset. Summarized data (Right) show the percentages of Tth cell subsets in the spleen from HC (n = 22),
HBV-LC (n = 27), and Non-HBV-LC groups (n = 13). (B,C) Each dot represents one subject, and line represents mean value. *P < 0.05, **P < 0.01, **P < 0.001,
Mann-Whitney U-test.

patients than that in HC subjects (Figure 4D). These data clearly
indicated that more splenic Tfh cells moved into B cell zone in
the spleen and shaped more active GCs in LC patients.

The Levels of Tfh Cells Were Positively
Correlated With Increased Plasma Cells in
the Spleen of HBV-LC Patients

To further explore the relationships between the increased Tfh
cells and perturbated B cells, we analyzed the proportion of
splenic B cell subsets in LC patients and HC subjects. CD19" B
cells include IgD~CD38M8" plasma cells, IgD~CD27" cMBCs,
IgDTCD27" MZBs, [gDTCD27 ™~ naive B cells, and IgD~CD27~
aMBCs (Figure 5A). Pooled data indicated that the percentages
of plasma cells and naive B cells are significantly increased in the
spleen of LC patients as compared to those in HC subjects. In
contrast, the percentages of MZBs and cMBCs were significantly
decreased in the LC patients (Figure 5B), indicating that splenic
B cell subsets were perturbed in LC patients.

We then investigated whether the disturbed B cell proportion
was associated with the increased Tfh cells in these HBV-
LC patients. It is found that the levels of splenic Tfh

cells were positively associated with plasma cells (defined as
IgD~CD38M"CD19" B cells) in LC patients (r = 0.7053, P =
0.0005, n = 20; Figure 5C). Although, splenic cMBC and MZB
cell percentages were decreased in HBV-LC patients, there was
no significant correlation between the percentages of splenic Tth
cells and the percentages of most of B cell subsets including
MZBs, aMBCs, cMBCs, naive B cells,and CXCR5TCD4™" T cells.
In addition, we also found that splenic Tth cell proportion was
correlated with plasma total IgG (r = 0.4158, P = 0.0346, n =
20) but not IgM levels (Figure 5C). These data suggested that
splenic B cell subsets were disturbed in LC patients, particularly
the increased plasma cells were found to be positively associated
with increased Tth cells in the spleen of HBV-LC patients.

Splenic Tfh Cells Promote Plasma Cell
Differentiation Dependent on IL-21 in LC
Patients

The immunological outcome of functionally increased splenic
Tth cells remains unclear in LC patients. Tth cells moved to
the B-cell follicles in LC patients where Tfh cells may interact
with GC-B cells. A significantly positive correlation between
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FIGURE 3 | Increased IL-21 production by splenic PD-1 high|cOS+CXCR5TCD4+ Tth cells in LC patients. (A) Representative histograms from 3 HBV-LC and 3 HC
subjects reflect IL-21, IFN-y, and IL-17a production by splenic PD-1 hiicOS+CXCR5+CD4+ Thh cells in responses to PMA/ionomycin. (B) Pool data indicated that
splenic PD-1MICOSTCXCR5TCD4 Tih cells release more IL-21, less IFN-y, and similar levels of IL-17a in HBV-LC (n = 18) than in HCs (n = 10) when stimulated
with PMA/ionomycin. Each dot represents one subject, and line represents mean value. **P < 0.01, Mann-Whitney U-test.

splenic Tth cells with plasma cells and serum IgG levels also
indicated that splenic Tfh cells have potentials to induce naive
B cells to differentiate into plasmablasts in HBV-LC patients.
We therefore investigated the influence of expanded splenic Tth
cells on B cells in LC patients. Splenic CXCR5CD4T cells,
CXCR5TPD-1" CD4T cells, CXCR5"PD-1~ CD4T cells, and
CXCR5+PD-1"8" Tfh cells were co-cultured with allogeneic or
autologous CD19" B cells from LC or HC donors for 7 days,
respectively (Figure 6A). rIL-21R-Fc fusion protein was added
in CXCR5+PD-1"8" Tfh cells co-culturing wells to block IL-
21 signal. As shown in Figure 6B, plasma cell proportion was
significantly increased in both CXCR5TPD-1" CD4™" T cell and
Tth cell co-culture systems compared to CXCR5-CD4" T cell
and CXCR5TPD-1~ CD4™ T cell with autologous (Figure 6B)
and allogeneic (Figure 6C) B cells. Blocking IL-21 signaling
using rIL-21R-Fc led to the decreased proportion of plasma
cells in both autologous and allogeneic B cell co-cultures in
vitro (Figures 6B,C). Compared to HC subjects, we noted that
splenic Tth cells from LC patients induced more plasma cells

differentiation in both autologous and allogeneic co-culture
systems than that from healthy subjects (P < 0.05, Figure 6D).
Similar data were also found when splenic CXCR5" CD4 Tfh-like
cells from LC or HC subjects were co-cultured with autologous
or allogeneic B cells (Figure 6E). These data suggest that splenic
Tth cells from LC patients could promote more plasma cell
differentiation dependent on IL-21.

The Increased Splenic Tfh Cells Are
Correlated With Disease Severity in
HBV-LC Patients

We finally analyzed the correlations between splenic Tth
cell proportion and several clinical markers reflecting disease
severity such as Child-Pugh score, ALB, PTA, TBIL, et al. We
found that HBV-LC patients with higher Child-Pugh scores
displayed more splenic Tfh cell proportion than those with
lower scores (Figure 7A), although there were no significant
correlations between splenic Tth cell proportion and the levels
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FIGURE 4 | More splenic Tfh cells are migrated in the MZ region in LC patients. (A) Representative HE staining indicated obvious follicular-like structure in the spleen
of 2 LC patients as compared to 2 HC subjects. (B) Immunohistochemical staining detected the expression of CD4, PD-1, IL-21, and CD20 in the continuous tissue
sections from an HC subject and an HBV-LC patient (magnification, 200 x). Obvious CD4 1, PD-11, and IL-217 cells infiltrated into B cell MZ region in LC patients.
Similar data were also found in more LC patients (n = 19) and HC donors (n = 8). (C) Representative Ki67 staining indicated obvious proliferation of GC B cells in the
spleen of 2 LC patients as compared to 2 HC subjects. (D) Plasma CXCL13 and FABP2 concentrations in HBV-LC (n = 27) and HC subjects (n = 22). The data are
shown as means and standard deviations. **P < 0.01, **P < 0.001, Mann-Whitney U-test.

of ALB, PTA, and TBIL (Figures 7B-D). These data indicated
that expanded splenic Tfh cells are positively correlated with
cirrhotic-complications in HBV-LC patients.

DISCUSSION

Little is known about the immune characteristics of CAID in the
SLO such as spleen in cirrhotic patients, especially for Tth and B
cells acting as two important arms in the human immune system.
Here, we demonstrated that splenic Tth cells were expanded in B
cell follicular region of cirrhotic patients, where they expressed
higher levels CXCR3 and produced more IL-21. Thus, splenic
Tth cells induced B cells to robustly differentiate into plasma
cells through IL-21, and correlated with cirrhotic severity in LC
patients. This study revealed novel immune properties of CAID

and highlighted the immune consequences of the interaction
between Tfh and B cells in LC patients.

Our data provides novel insights to the splenic Tth cell
compartments in cirrhosis. We examined the splenic and
peripheral CD4 and CD8 T cell subsets based on CXCR5, CXCR3,
and CCR6 expression from LC and HC subjects. In the spleen,
CXCR5TCD4™ Tth-like cells were significantly increased in LC
patients as compared to those in HC subjects. More important,
PD-1Mgh[COST Tth cells are specifically accumulated within the
splenic Tfh-like cell subset rather than other Th and Tc subsets
including the CXCR5" CDS8T cells which play antiviral roles
in SLOs (26). Although these splenic PD-1high[COST Trh cells
showed substantial heterogeneity, they preferentially expressed
higher levels of CXCR3. In addition, these splenic Tfth cells
are largely expanded and produced more IL-21 in LC patients
than those from HC subjects regardless of cirrhosis-associated
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FIGURE 5 | Disruption of B cell subset distribution in LC patients. (A) Representative dot plots show the gating strategy of B cell subsets in spleen from an LC patient.
Values in the quadrants represent the percentages of each subset. Within CD3~CD19F B cells, IgD~CD38M9N plasma cells, IgD~CD27+ cMBC cells, IgDTCD27+
MZB cells, IgD*TCD27~ naive B cells, and IgD~CD27~ aMBC cells were defined, respectively. (B) Summarized data show the percentages of B cell subsets in the
spleen from HC (n = 15) and HBV-LC groups (n = 20). Each dot represents one subject, and line represents mean value. “P < 0.05, “**P < 0.001, ***P < 0.0001,
Mann-Whitney U-test. (C) Correlation analysis between splenic Tfh cells and B cell subsets. The percentages of splenic Tfh cells were significantly positively with
plasma cell proportion and plasma IgG levels but not with MZB, aMBC, cMBC, naive B, splenic CXCR5" CD4 T cell subsets, and plasma IgM levels in HBV-LC
patients (n = 20). Each dot represents one subject. Spearman rank correlation test was used: r, correlation coefficient; P-values are shown.

etiology. This comprehensive analysis highlights splenic Tth cells
from LC patients are expanded and hyper-activated.

The immunological consequences of the increased splenic
Tth cells remained unclear in LC patients. Previous studies have
indicated that the decreased T cell immunity was generally
accompanied by enhanced humoral immune responses in
various chronic inflammatory conditions (18). Here, our data
support the notion that the expanded splenic Tfh cells may
promote B cell differentiation in LC patients. We provide
several evidences including the extensive co-localization and
the significant positive correlation between splenic Tth cells
and plasma cell subsets as well as the potential of Tth cells
inducing B cell differentiation in vitro. The contribution of
hyperactive Tfh cells to plasma cell differentiation may lead to
the increased levels of non-specific antibodies and autoimmune
antibodies during cirrhosis. It is reported that cirrhotic patients
manifested hyper-immunoglobnemia (9) and had more anti-
microbial antibodies than control subjects (27). Therefore, the

enhanced systemic inflammation and Tfh cell immunity in
cirrhotic patients may break the barrier tolerance and facilitate
the induction of anti-microbial antibodies, which consequently
affect the normal symbiosis of gut flora and lead to the increased
microbial translocation. The reported dominant elevation of
IgA type antibodies over IgG and IgM also suggested that
compromised mucosal immunity could play roles in inducing
anti-microbial antibodies during cirrhosis (27). Enhanced Tth
cell responses may also result in increased autoantibodies
production, and HBV-infected patients with autoantibodies
also showed more activated Tfh cell phenotypes than the
patients without autoantibodies (20). Whether the increased
non-specific and autoantibodies have detrimental impact on
cirrhosis associated pathophysiology needs future studies.
Enhanced Tth immune responses may deplete memory B
cell pool through inducing more B cells differentiating into
plasma cells. Recently, extra-follicular Tfh-like cells located at
the border of the T cell zone and B cell follicle in human
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FIGURE 6 | Splenic Tfh cells from HBV-LC patients have more potential to induce B cell differentiation into plasma cells in vitro. (A) Flowchart indicated that splenic
CXCR5~CD4™ T cells, CXCR5TPD-1+CD4™ T cells, CXCR5FPD-1-CD4* T cells, and CXCR5+PD-1M9N" Tfh cells were sorted and co-cultured with allogeneic or
autologous CD197T B cells at the ratio of 1:1 for 7 days, respectively. Then the percentage of C1 g+tcpashigh plasma cells was detected. (B,C) Summary data
indicated that the proportion of plasma cells induced by each type of CD4™ T cell subsets from HBV-LC patients (n = 5) and HC subjects (n = 4) in autologous (B) or
allogeneic (C) CD19T B cell co-culture. *P < 0.05, **P < 0.01, Wilcoxon’s matched-pairs test. (D,E) Pool data showed that the proportion of plasma cells induced by
Tth cells (D) and CXCR51CD4 Tih-like cells (E) and in autologous or allogeneic CD19% B cell co-culture in HBV-LC patients (1 = 5) and HC subjects (n = 4). The data
are shown as means and standard deviations. *P < 0.05, Mann-Whitney U-test.

tonsils were reported to promote memory B cells to produce The factors leading to functional activation of Tfh cells
antibodies via CD40L and IL-21 (17). Here, we observed that in cirrhotic spleen are unclear, however, it likely relates to
Tth cells in both follicular and extra-follicular regions in spleen  systemic inflammatory responses in LC. Recently, the bacterial
from cirrhotic patients are significantly expanded and may hasten ~ mRNA recognition is reported to increase Tfh cell differentiation,
the B cell differentiation process. This finding was reminiscent  and enhances antibody responses (30, 31). The activation of
with the observations in other chronic autoimmune diseases. For ~ the MyD88-dependent TLR8 signaling on human monocytes
instance, patients with primary Sjogren’s syndrome and systemic initializes the expression of IL-12, a main cytokine inducing Tth
lupus erythermatosus had an expansion of peripheral Tfh-like  cell differentiation. Human IL-1f is produced in response to
cells with the increased IL-21 production, along with decreased  bacteria and affects Tth differentiation (32). Therefore, sensing
CD27" memory B cells and increased plasma cells, indicating  viable bacteria by monocytes may serve as a trigger to induce
prominent role of Tth cells in aberrant distribution of B cell — Tth cell differentiation, subsequent class-switch of B cells and
subsets (28, 29). These data suggest that splenic functionally  antibody production. During cirrhosis, there is episodic bacterial
enhanced Tth cells may expedite memory B cell differentiating  translocation and persistent immune cell activation, as indicated
into plasma cells, deplete memory B cell pool, and induce non- by the increased FABP2 and CXCL13 levels in our study. In
specific antibody production. addition, the expansion of the Tfth cells could also be driven
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by IL-6 signaling derived from follicular dendritic cells and the
persistent viral antigen in the host environment (33). Thus, the
activation of innate immune cells including activated dendritic
cells, increased inflammatory cytokines and viable microbes are
all present during liver cirrhosis. We think that these combined
effects may eventually promote an enhanced Tth cell response in
LC patients, especially during advanced diseases.

This study is limited by several aspects. First, we have not
performed the functional and clinical analysis of splenic Tfth
cells from non-HBV-LC patients although splenic Tfh cells
were significantly increased in both HBV-LC patients and non-
HBV-LC patients. Second, it is unclear whether the increased
Tfh cells correlated with the levels of autoantibodies in LC
patients, which may generate a novel understanding on CAID.
Third, clinical significance has not been fully addressed in the
study. Nonetheless, we reported that the hyperactive Tth cells
contribute to dysregulated humoral immunity in LC patients.
Our study indicated that targeting Tth cells may provide a way
to ameliorate CAID.
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