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Abstract

Introduction: The spleen plays an important role in regulating the immune response to infectious pathogens. T-cells
dysfunction and exhaustion have been reported in patients with hepatitis B/C virus (HBV/HCV) infection, which con-
tributes to persistent virus infection. The aims of this study were to investigate spleen-related evidence of immuno-
suppression and immune tolerance in HCV cirrhotic patients with portal hypertension (PH). Methods: The expression of
programmed cell death | (PD-1), T-cell immunoglobulin domain and mucin domain-containing molecule-3 (Tim-3) and its
ligand PD-L1/2, and Galectin-9 in the spleens and livers of HCV cirrhotic patients (n = 15) was analyzed using real-time PCR
and immunohistochemistry. Flow cytometry was used to evaluate the expression of PD-1 and Tim-3 on splenic T-cells and
the peripheral blood T-cells before and after splenectomy (n = 8). Results: Spleens from patients with PH showed
significantly increased mRNA levels of PD-L2, Tim-3, Galectin-9, CD80, and CD86, and decreased levels of CD28
compared to control spleens (spleens removed due to traumatic injury) (all p < 0.05). Additionally, protein expression of
inhibitory signaling molecules was significantly increased in both the spleens and livers of cirrhotic patients compared with
controls (all p < 0.05). Peripheral blood and splenic CD4" and CD8" T-cells also expressed higher protein levels of PD-1,
Tim-3, and CTLA-4 in cirrhotic patients as compared with healthy controls (all p < 0.05). The proportion of PD-
I "CD4"T lymphocytes (26.2% + 7.12% vs. 21.0% + 9.14%, p = 0.0293) and Tim-3"CD8" T lymphocytes (9.4% + 3.04% vs.
6.0% *2.24%, p = 0.0175) in peripheral blood decreased followed splenectomy. Conclusion: The CD4" and CD8" T-cells
in spleen and peripheral blood highly expressed PD-1 and Tim-3 in HCV-infected and cirrhotic patients with portal hypertension.
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Highly expressed PD-1 and Tim-3 in peripheral blood T-lymphocytes can be partly reversed following splenectomy.
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Introduction

Hepeatitis C virus (HCV) has infected up to 70 million people
worldwide, and it is the primary cause of cirrhosis, hepa-
tocellular carcinoma (HCC), and liver-related deaths.' Innate
and adaptive immune responses play a critical role in the
outcome of HCV infection, with HCV-mediated immunocyte
dysfunction preventing 50%—-80% of infected individuals
from spontaneously clearing the infection, leading to the
development of chronic hepatitis C (CHC)."* Direct-acting
antivirals (DAAs) can successfully treat more than 95% of
chronic HCV infections. However, about one-third of HCV
infected patients present with cirrhosis, although there is a
lack of data indicating the rate of portal hypertension (PH) in
cirthotic patients with HCV infection prior to therapy.®* In
addition, the elimination of HCV by DAAs cannot com-
pletely reverse the immunocyte dysfunction, especially in
patients with advance liver fibrosis.”"°

One of the major mechanisms driving the persistence of
HCYV infection is T-cell exhaustion, which results in weak
antigen-specific T-cell responses. Persistent HCV antigen
stimulation leads to exhaustion of virus-specific T-cells,
characterized by changes in the expression of multiple co-
signaling molecules, including programmed cell death 1 (PD-
1), T-cell immunoglobulin domain, mucin domain-containing
molecule-3 (Tim-3), and cytotoxic T-lymphocyte antigen-4
(CTLA-4), which limit proliferative capacity, impair cytokine
secretion, and reduce the elimination of HCV.”"'""' Studies on
the modulation of HCV infection mainly focus on the liver
and peripheral blood. The spleen, as the largest peripheral
lymphoid organ, is often ignored despite its important role in
regulation of the immune response to infectious pathogen.'?
However, studies have shown that the spleen can modulate
cytokine expression and lead to peripheral tolerance and
immunosuppression in cirrhotic patients with hepatitis B virus
(HBV) infection and PH.'*'?

Splenectomy, a common surgical treatment for cirrhotic
patients with PH and hypersplenism, can effectively reduce
portal pressure and the risk of variceal hemorrhage and
improve pancytopenia and liver function, as well as fa-
cilitate the interferon-based therapy for HCV-related cir-
thotic patients with PH before the era of DAAs.'®"
Studies also demonstrated that peripheral tolerance in
HCV-related cirrhosis is promoted by the pathologic
spleen,”” and splenectomy can induce some beneficial
immunological changes®**' and decrease the viral burden
in cirrhotic patients with HCV.>> Nevertheless, patients

with PH in the spleen have immunosuppression and pe-
ripheral immune tolerance that need to be further explored.
The aim of our study was to evaluate the immune function
of the spleen in HCV-related cirrhosis with PH and to
determine possible mechanisms.

Materials and methods

Patients and clinical data collection

A total of 15 HCV-related cirrhosis patients with PH and
hypersplenism who underwent splenectomy were enrolled at
the Second Affiliated Hospital of Xi’an Jiaotong University,
Xi’an, China. This group is designated as the PH group.
Fifteen patients with CHC and 15 sex- and age-matched
healthy individuals who underwent routine health checkups
in our hospital were enrolled as controls. The spleens of 5
patients who underwent splenectomy for trauma (trauma-
spleen group) and the liver tissue of 3 patients who un-
derwent hepatectomy for liver hemangioma were selected as
histopathological controls. The exclusion criteria included
the following: (1) co-infection with HBV or human im-
munodeficiency virus; (2) autoimmune diseases; (3) con-
nective tissue diseases; (4) liver and/or extrahepatic tumors;
and (5) use of significant immunosuppression agents within
3 months of the collection of specimens. Data on clinical
characteristics, including age, sex, blood cell counts, and
liver function, were collected from the hospital’s electronic
medical record database and reviewed retrospectively. The
baseline characteristics of patients and controls are sum-
marized in Table 1.

All subjects provided written informed consent. The
study was approved by the Ethics Committee of the Second
Affiliated Hospital of Xi’an Jiaotong University in Xi’an
City, Shaanxi Province, China (No. 2018-059).

Quantitative PCR

Total RNA was isolated from spleen tissue using the Trizol
reagent (Invitrogen, Camarillo, CA, USA) and was
quantified using NanoDrop ND-1000 (Thermo Scientific,
Waltham, MA, USA). cDNA was synthesized using a
PrimeScript™ RT reagent kit with gDNA Eraser (Code
No. RR047A; Takara, Shiga, Japan), following the man-
ufacturer’s protocol. Quantitative real-time PCR (qPCR)
was performed using TB green'™ Premix Ex Tag™ 11
(Code No. RRS820A; Takara) according to the
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Table I. Clinical characteristics of the subjects enrolled in the study.

Patient with cirrhosis, n = 15

Trauma patients, n = 5 Healthy controls, n = |5

Age (years) 54+75
Male sex (%) 7 (47%)
TB (umol/L) 227 £ 9.1
Albumin (g/dL) 374 £ 3.1
ALT (IU/L) 55.7 £ 25.9
AST(IU/L) 59.5 £ 20.5
PAT (%) 713 £ 104
PLT (10%/uL) 42.6 + 149
WBC (10%/uL) 233 £0.73

45+8 52 + 47
2 (40%) 8 (53%)
18 + 5.2 19 + 43
413452 421 + 47
37.6 + 225 273 £ 153
32.1 +25.7 312+ 182
839 £ 135 81.6 + 152
187.6 + 62.1 171.3 + 55.7
4.64 + 1.02 532 + 1.24

ALT: alanine transaminase; AST: aspartate aminotransferase; PLT: platelet count; PTA: prothrombin activity; TB: total bilirubin; WBC: white blood cell.

Data are expressed as mean * standard deviation.

manufacturer’s instructions. Primers were designed using
the mRNA sequence of target genes from GenBank (https://
www.ncbi.nlm.nih.gov/genbank/) and Primer 5.0 (http://
www.premierbiosoft.com/primerdesign/). PCR primer se-
quences for these reactions are listed in Table 2. The ex-
pression of each respective gene was normalized to B-actin
RNA as an internal control. The primers were synthesized by
GENEWIZ (South Plainfield, NJ, USA). Data analysis was
performed by using the 2-**Ct method; B-actin served as an
internal control.

Immunohistochemical staining of spleen and
liver specimens

A total of 15 spleen and liver specimens from PH group
patients who underwent splenectomy were paraformaldehyde-
fixed, paraffin-embedded, and sliced into 4-um thick sections
by microtome (RM2235; Leica Microsystems Inc., Wetzlar,
Germany). Deparaffinized and rehydrated sections were
subjected to immunostaining for the molecules PD-I1
(EPR4877(2), 1:250), PD-L1 (EPR1161(2), 1:100), Tim-3
(ab185703, 1:100), Galectin-9 (ab69630, 4 pg/mL), CD28
(ab243228, 1:500), CD80 (ab134120, 1:200) (all from Ab-
cam, Cambridge, MA, USA), PD-L2 (GTX85449, 2.5 ug/mL;
GeneTex, Inc., Irvine, CA, USA), CTLA4 (SC-376016, 1:100;
Santa Cruz Biotechnology, Dallas, TX, USA), and CD86
(13395-1-AP; Proteintech, Rosemont, IL, USA). We mea-
sured the same molecules in 5 spleens that had been removed
due to traumatic injury, serving as controls (trauma-spleen
group). The sections underwent heat-mediated antigen re-
trieval with citrate buffer, pH 6, or Tris-EDTA buffer, pH 9,
followed by incubation with primary antibody overnight at
4 °C. Then, the sections were washed and incubated se-
quentially with biotinylated antibody and peroxidase-labeled
streptavidin, in accordance with the manufacturers’ instruc-
tions. The sections were visualized with diaminobenzidine-
chromogen (DAB) and observed under a light microscope
(E100; Nikon Corp., Tokyo, Japan). Image analysis was
employed for semiquantitative assessment of the

immunostained specimens. Each processed specimen was
evaluated in a blinded fashion. Ten fields per section were
selected randomly and then quantified using Image-Pro
Plus6.0 software (Media Cybernetics Inc, Rockville, MD,
USA) to determine the mean density of the positive stained
area for the respective PD-1, PD-L1, PD-L2, CTLA4, CD28,
CD80, CD86, Tim-3, and Galectin-9. Mean density of the total
fields examined in each specimen was equal to their integrated
optical density (IOD) divided by the area of the positive
stained distribution area (mean density = IOD/area).

Isolation of mononuclear cells

Peripheral blood (before and 2-weeks after splenectomy)
and spleen samples from 8 out of 15 HCV-related cirrhotic
patients with PH, as well as 5 trauma-spleen samples, were
collected for the isolation of mononuclear cells. Peripheral
blood samples from 15 CHC patients and 15 healthy
subjects were also collected for the control groups. Human
peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll-Hypaque (GE Healthcare, Helsinki, Finland)
gradient centrifugation. Single-cell suspensions of freshly
obtained spleen tissues were prepared using a gentle
MACS tissue dissociator (Miltenyibiotec, Bergisch Glad-
bach, Germany) according to the manufacturer’s instruc-
tions. Dissociated cells were filtered through 100 um nylon
mesh and separated by Ficoll-Hypaque gradient centrifu-
gation to obtain spleen mononuclear cells (SMCs). All cells
were washed, cryopreserved in fetal calf serum containing
10% dimethylsulphoxide (commonly referred to as
DMSO), and stored in liquid nitrogen until use.

Flow cytometry

This study used the following human antibodies for flow
cytometry to evaluate the expression of PD-1, CTLA-4, and
Tim-3 on splenic T-cells and the peripheral blood T-cells:
FITC-anti-CD4, FITC-anti-CD8, PerCP-Cy™5 5-anti-PD-
1 (CD279), PE-anti-CTLA4 (CD152), and PE-Cy"™7-anti-
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Table 2. Primer sequences of co-signaling molecules and their ligands used for qRT-PCR.

Gene Genbank accession Primer sequences PCR product size, bp

PD-I NM_005018 F: 5- AAGGCGCAGATCAAAGAGAGCC-3’ 124
R: 5’- CAACCACCAGGGTTTGGAACTG-3’

PD-LI NM_014143 F: 5- TGCCGACTACAAGCGAATTACTG-3 150
R: 5’- CTGCTTGTCCAGATGACTTCGG-3’

PD-L2 NM_025239 F: 5- CTCGTTCCACATACCTCAAGTCC-3’ 149
R: 5’- CTGGAACCTTTAGGATGTGAGTG-3’

CTLA4 NM_005214 F: 5- ACGGGACTCTACATCTGCAAGG-3 121
R: 5’- GGAGGAAGTCAGAATCTGGGCA-3’

CD28 NM_006139 F: 5’- GAGAAGAGCAATGGAACCATTATC-3 122
R: 5’- TAGCAAGCCAGGACTCCACCAA-3’

CD80 NM_005191 F: 5- CTCTTGGTGCTGGCTGGTCTTT-3 136
R: 5’- GCCAGTAGATGCGAGTTTGTGC-3’

CD86 NM_175862 F: 5- CCATCAGCTTGTCTGTTTCATTCC-3’ 154
R: 5’- GCTGTAATCCAAGGAATGTGGTC-3’

Tim-3 NM_032782 F: 5- GACTCTAGCAGACAGTGGGATC-3’ 163
R: 5’- GGTGGTAAGCATCCTTGGAAAGG-3’

Galectin-9 NM_009587 F: 5’- ACACCCAGATCGACAACTCCTG-3’ 144

R: 5- CAAACAGGTGCTGACCATCCAC-3’
B-actin NM_001101 F: 5- CACCATTGGCAATGAGCGGTTC-3’ 135
R: 5- AGGTCTTTGCGGATGTCCACGT-3’

CD3, all from BD Biosciences (Franklin Lakes, NJ, USA),
and APC-anti-Tim-3 from eBioscience (San Diego, CA,
USA). The control cells were stained with corresponding
isotype-matched control antibodies. Cryopreserved PBMCs
(0.5-1 x 10° cells) were stained with the above surface
antigen antibodies at 4 °C in the dark for 30 min, washed
twice in 2 mL phosphate-buffered saline (commonly re-
ferred to as PBS) containing 1% bovine serum albumin, and
fixed in 400 pL of 1% paraformaldehyde. The stained cells
were detected using the FACSAria II Flow Cytometer (BD
Biosciences) and analyzed using the accompanying
FACSDiva 7.0 and FlowlJo 7.6 software.

Statistical analysis

All data were analyzed with GraphPad Prism 5.0 soft-
ware (GraphPad Software, La Jolla, CA, USA) and
presented as mean * standard deviation. Differences
between the expression of mRNA and protein in spleen
and liver specimens were analyzed using the Mann-—
Whitney U test. Differences between the expression of
PD-1 and Tim-3 in patients’ peripheral blood and spleen,
and peripheral blood pre- and post-surgery, were ana-
lyzed using the paired 7-test or Mann—Whitney U test. A
two-tailed p < 0.05 was considered statistically
significant.

Results

Upregulated inhibitory signaling molecules mRNA in the
spleens of patients with HCV-related cirrhosis with PH
compared with trauma spleen

Real-time PCR demonstrated an increase in mRNA
expression levels in spleens from patients with HCV-
related cirrhosis with PH (PH group) as compared to
those that experienced traumatic injury (trauma-spleen
group) for PD-1 (3.87 £ 2.96 vs 1.51 £ 0.72, p =
0.027), PD-L2 (3.09 + 1.48 vs 1.02 £ 0.32, p = 0.012),
CD80 (3.98 £2.58 vs 1.9 £ 0.89, p = 0.038), CD86 (5.47 £+
3.08 vs 3.07 £ 1.36, p = 0.015), and Tim-3 (2.37 £ 1.95 vs
1.25+0.42, p =0.038) (Figure 1(a)—(c)), while the mRNA
expression of the co-stimulatory molecule CD28 in the
spleens from patients in the PH group was significantly
lower than that found in the spleens of the trauma-spleen
group (0.99 £0.31 vs 1.59+£0.71, p = 0.035) (Figure 1(c)).
However, the mRNA expression of PD-L1 (2.89 £+ 1.76
vs 1.79 £ 0.85, p = 0.222), CTLA-4 (1.3 £0.75 vs 1.51 £
0.51, p = 0.575), and Galectin-9 (1.15 + 0.48 vs 1.05 £
0.20, p = 0.356) was not different between the two groups
(Figure 1(a)—(c)).

Upregulated expression and distribution of co-signaling
molecules and their ligands in spleens of patients with
HCV-related cirrhosis with PH compared with trauma
spleen

Evaluation of the spleens from patients in the PH group
had fewer splenic follicles, expanded white pulp and
marginal zone areas, and significantly reduced numbers of
CD4, CD8, and HLA-DR cells as compared to the trauma-
spleen group (Figure S1). The spleens from patients in the
PH group also had significantly higher expression of PD-1,
PD-L2, CD80, CD86, Tim-3, and Galectin-9 but signifi-
cantly lower expression of CD28 than those in the trauma-
spleens (all p < 0.05) (Figure 2(a) and (b)). PD-L1 and


https://journals.sagepub.com/doi/suppl/10.1177/20587384211061051

Huang et al.

(a)

(b)

o
O
A

3 Traumatic spleen
PH-spleen [ Traumatic spleen
6 81 - g c 5. PH-spleen
» * § .
& 2
& 6- . o 4
= n.s. a
< S 3
E £ 21 n.s.
L A
: nl B ]
L
€ o : : € o : :
N N D b
i &
L o o < &
Q Q P
(© 7 o
£ 10- 3 Traumatic spleen
o @l PH-spleen "
w
w
2 8
a
>
< ©
i
E Y
4 1.8,
s 2
©
2 [l |l|
X o . g ' :
> & &
4 & &

Figure 1. mRNA expression of co-signaling molecules and their ligands in the spleens of HCV-related cirrhotic patients. (a) The PH-
spleen showed significantly increased mRNA expression of PD-| and PD-L2. The mRNA levels of inhibitory receptors PD- | and its
ligands PD-L1/L2 in PH-spleens and traumatic spleens. (b) The PH-spleen showed significantly increased mRNA expression of Tim-3
and its ligand Galectin-9. (c) The PH-spleen showed significantly increased mRNA expression of CD80 and CD86 but significantly
decreased mRNA expression of CD28. *p < 0.05; n.s., not significant (p > 0.05). Trauma-spleen (n = 5); PH-spleen, portal

hypertension-spleen (n = |5).

CTLA-4 expression levels were not significantly different
between the two groups (Figure 2(a) and (b)).

As shown in Figure 2(a), PD-1 was primarily found in
the marginal and red pulp zones of the spleen, and pre-
dominantly localized to the cellular membrane rather than
in the cytoplasm. PD-L1 and PD-L2 were primarily found
in T-cell zone dendritic cells, the red pulp, the capillary
endothelium of periarterial lymphatic sheath (known as
PALS), and the arteriolar and sinusoidal endothelium, and
mainly localized within cellular membranes and the en-
domembrane system. Tim-3 was mainly found in the
cellular membranes within the red pulp zone of the spleen,
while Galectin-9 was mainly expressed in cytoplasm of the
red pulp zone and marginal zone but less so in the white
pulp (Figure 2(a)).

In the spleens of the trauma-spleen group, CD28 was
present to a greater extent in the white pulp than in the red pulp,
and mainly localized in the cellular membrane and cytoplasm.
However, only a few CD28-positive cells were seen in the PH-

spleen. CTLA-4 and CD80 were widely distributed in the
cellular membrane and cytoplasm of the spleen, while CD86
was mainly localized in the cellular membrane of red pulp but
absent in the white pulp (Figure 2(b)).

Upregulated expression and distribution of co-signaling
molecules and their ligands in the liver compared with the
control liver

Liver specimens from patients in the PH group had
significantly more cells that expressed PD-1, PD-L1, PD-L2,
Tim-3, Galectin-9, CTLA-4, CD28, CD86, and CDS80
compared with control livers (all p < 0.05) (Figure 3(a) and
(b)). Increased PD-1-, PD-L1-, and PD-L2-positive cells in
the livers of HCV-related cirrhosis patients with PH were
mainly distributed in liver-infiltrating lymphocytes centered
on portal tracts and the periportal area or extending to he-
patic parenchyma, and the expression intensity of PD-L2
was higher than that of PD-L1. A few scattered PD-1-, PD-
L1-, and PD-L2-positive cells could be observed in normal
livers. Tim-3-, Galectin-9-, CTLA-4-, and CD80-positive
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Figure 2. Immunohistochemical staining for the expression and distribution of co-signaling molecules and their ligands in the spleens of
HCV-related cirrhotic patients with portal hypertension. (a) The PH-spleen had significantly higher expression of PD-1, PD L2, Tim-3,
and Galectin-9; (b) The PH-spleen had higher expression of CD80 and CD86 but lower expression of CD28. *p < 0.05; **p < 0.01; n.s.,
not significant (p > 0.05). Trauma-spleen (n = 5); PH-spleen, portal hypertension-spleen (n = |5).

cells were also increased in the livers of HCV-related cir- 3-, Galectin-9-, CTLA-4-, and CD80-positive cells could be
rhosis patients with PH, and they were mainly distributed in ~ observed in normal control livers, albeit in fewer numbers.
the liver parenchymal cells and infiltrating inflammatory =~ CD28- and CD86-positive cells were rarely seen in control
cells. These positive cells were mainly located in hepatic ~ liver parenchymal cells, but primarily found in infiltrating
lobules and portal area (Figure 3(a) and (b)). Similarly, Tim- inflammatory cells of portal area (Figure 3(b)).
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Figure 2. Continued.

Upregulated inhibitory signaling molecules in the PH-
splenic T-cells compared with trauma spleen

As seen in Figure 4, compared with the peripheral
blood, the frequency of splenic CD8 T-cells that also
expressed PD-1 (PD-1"CD8 T-cell: spleen 20.7% + 3.27%
vs. PBMC 15.6% + 4.19%, p = 0.0084) and Tim-3 (Tim-
3'CD8 T-cell: spleen 13.5% + 2.44% vs. PBMC 9.4% =+
3.04%, p = 0.0289) was significantly higher in cirrhosis
patients. However, the frequency of spleen and peripheral
blood CD4 T-cells that expressed PD-1 (PD-1"CD4'T-
cell: spleen 30.3% + 9.77% vs. PBMC 26.2% + 7.12%,
p = 0.14) and Tim-3 (Tim-3"CD4 T-cell: spleen 7.5% +
1.52% vs. PBMC 8.4% + 4.56%, p = 0.77) is not different
in cirrhosis patients (Figure 4).

The expression of PD-1 in splenic CD4 T-cells (PD-
1"CD4 " T-cell: 30.3% + 9.77% vs. 12.9% + 4.54%, p =
0.0031) and CD8'T-cells (PD-1"CD8 T-cell: 20.7% =+
3.27% vs. 13.4% + 2.89%, p = 0.0016) was significantly
higher in spleens from patients in the pH group as com-
pared with trauma-spleen group. Similarly, the splenic
CD4 "T-cells (Tim-3"CD4 T-cell: 7.5%+ 1.52% vs. 4.9% +
1.04%, p = 0.0186) and CD8 T-cells (Tim-3"CD8 T-cell:
13.5% +2.44% vs. 6.4% + 2.36%, p = 0.0016) in cirrhotic
patients with HCV infection have a higher expression of
Tim-3 compared with those from patients with a traumatic
spleen injury (Figure 4).

Expression of inhibitory signaling molecules in pe-
ripheral blood T-lymphocytes before and after splenectomy
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Figure 3. Immunohistochemical staining for the expression and distribution of co-signaling molecules and their ligands in the livers of
HCV-related cirrhotic patients with portal hypertension. (a) The cirrhotic liver had significantly higher expression of PD-1, PD LI, PD
L2, Tim-3, and Galectin-9. (b) The cirrhotic liver had higher expression of CTLA-4, CD80, and CD86 but lower expression of CD28. *p
< 0.05; ¥*p < 0.01; *¥*p < 0.001; n.s., not significant (p > 0.05). Normal-liver (n = 3); LC-Liver, liver cirrhosis-liver (n = I5).

As seen in Figure 5(a), the proportion of PD-1"CD4" T-
lymphocytes was significantly higher in patients in the PH
group than that in either the CHC group (26.2% + 7.12%
vs. 15.0% =+ 5.09%, p = 0.0027) or the healthy control
group (26.2% = 7.12% vs. 9.4% + 4.45%, p = 0.0003) in

peripheral blood. Patients in the PH also showed signifi-
cantly higher proportion of PD-1"CD8" T-lymphocytes
than that either the CHC group (15.6% + 4.19% vs.
9.3% + 2.86%, p = 0.0014) or the healthy control group
(15.6% + 4.19% vs. 6.6% + 2.73%, p = 0.0003) in
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Figure 3. Continued.

peripheral blood. The proportion of PD-1'CD4" T-
lymphocytes in peripheral blood decreased following
splenectomy (21.0% =+ 9.14% vs. 26.2% = 7.12%, p =
0.0293); however, the percentage of PD-1"CD8" T-cells
was not statistically different in patients in the PH group
before and after having a splenectomy (p > 0.05).
Patients in the PH group had a significantly higher
proportion of Tim-3"CD4" T-lymphocytes than either the
CHC group (8.4% + 4.56% vs. 4.9% = 2.0%, p = 0.049) or
the healthy control group (8.4% £4.56% vs. 3.7% £ 1.26%,
p = 0.0074) in peripheral blood (Figure 5(b)). Patients in
the PH group also showed significantly higher proportion
of Tim-3"CD8" T-lymphocytes than that either the CHC
group (9.4% + 3.04% vs. 6.9% £ 2.16%, p = 0.042) or the
healthy control group (9.4% £3.04% vs. 6.0% =+ 1.88%, p=
0.0089) in peripheral blood. The proportion of Tim-

3°CD8" T-lymphocytes in peripheral blood decreased
following splenectomy (9.4% + 3.04% vs. 6.0% + 2.24%,
p = 0.0175). However, the percentage of Tim-3'CD4 T-
cells was not different pre- and post-splenectomy in HCV-
related cirrhotic patients (p > 0.05) (Figure 5(b)).

Expression of PD-1" Tim-3" T-cells in HCV-related
cirrhotic patients

As seen in Figure 6(a), patients in the PH group had a
significantly higher proportion of PD-1"Tim-3"CD4'T-
lymphocytes in the spleen (6.88% + 1.34% vs. 3.52% +
0.87%, p = 0.0016) and in their peripheral blood CD4"
T-lymphocytes (6.88 = 1.34% vs. 4.11 + 1.87%, p = 0.01)
than in the patients in the trauma-spleen group. The pro-
portion of PD-1/Tim-3-double-positive CD4 T-lymphocytes
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Figure 4. The expression of inhibitory receptors PD-1 and Tim-3 in splenic CD4" and CD8" T-cells. (a) The frequency of splenic CD4"
and CD8" T-cells with PD-1". (b) The frequency of splenic CD4" and CD8" T-cells with Tim-3". LC-B, liver cirrhosis-blood (n = 8);
LC-S, liver cirrhosis-spleen (n = 8); Con-S, control-spleen (n = 5). * p < 0.05; **p < 0.01; n.s., not significant (p > 0.05).

in peripheral blood decreased following splenectomy
(before vs. after: 4.11% + 1.87% vs. 3.11% + 1.82%, p =
0.0264). Similarly, patients in the PH group had a sig-
nificantly higher proportion of PD-1"Tim-3"'CD8" T-
lymphocytes in their spleens (6.04% % 3.1% vs. 2.58%
+ 1.2%, p = 0.019) and peripheral blood CDS8'T-
lymphocytes (6.04% =+ 3.1% vs. 3.18% + 1.82%, p =
0.046) than the trauma-spleen group. The proportion of
PD-1/Tim-3-double-positive CD8 T-lymphocytes in pe-
ripheral blood decreased following splenectomy (before vs.
after: 3.12% + 1.82% vs. 2.28% = 1.31%, p = 0.013)
(Figure 6(b)).

Discussion

The spleen is a secondary lymphatic organ of sophisticated
histological structure and multifunction that is mainly
engaged in immune surveillance of the blood."* The
present study was therefore aimed to clarify the relationship
between spleens from patients with PH and T-cell ex-
haustion in HCV-related cirrhosis. Our results demonstrate
that higher expression of inhibitory signaling molecule

markers in the liver, spleen, and PBMCs, especially the
splenic CD4" and CD8" T-cells, have higher levels ex-
pression of PD-1 and Tim-3, and PH-spleens have higher
levels of PD-L2 and Galectin-9-expressing cells. Of note,
T-cell function improves following splenectomy, as indi-
cated by decreased expression of PD-1 and/or Tim-3 in
peripheral blood CD4 " and CD8 T-cells. We speculate that
the spleen acts as a reservoir of exhausted T-cells, and
splenectomy may reduce the efflux of exhausted T-cells.

T-cell exhaustion contributes to the persistence of
chronic virus infections, and is maintained by negative
immune regulators, such as PD-1, Tim-3, and CTLA-4.
The negative immune regulators on T-cells bind to their
cognate ligand to deliver inhibitory signaling, which then
inhibit T-cell reactions and cytokine production. Stud-
ies have reported that pathologic spleen may contribute
to the failure to control HCV and promote peripheral
tolerance.”*!

Inhibitory signals through the PD-1 pathway regulate T-
cell activation, T-cell tolerance, and T-cell exhaustion.
Studies of PD-1 function which have focused primarily on
effector T-cells showed PD-1 promotes immune exhaustion
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Figure 5. Effect of splenectomy on the expression of inhibitory receptors (PD-| and Tim-3) in peripheral blood T-lymphocytes. (a) The
frequencies of PD-1-expressing CD4" and CD8" T-cells were significantly decreased in peripheral blood after splenectomy. (b) The
frequencies of Tim-3-expressing CD8" T-cells were significantly decreased in peripheral blood after splenectomy. H-control, healthy-
control (n = 15); CHC, chronic hepatitis C (n = 15); Pre-surgery (n = 8); Post-surgery (n = 8). *p <0.05; **p < 0.01; ***p < 0.001; n.s., not
significant (p > 0.05).
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Figure 6. Effect of splenectomy on the expression of PD-1"Tim-3"T-cells in in HCV-related cirrhotic patients. (a) The frequencies of
PD-1"Tim-3"T-cells-expressing CD4" cells were significantly decreased in peripheral blood after splenectomy. (b) The frequencies of
PD-1"Tim-3"T-cell-expressing CD8" T-cells were significantly decreased in peripheral blood after splenectomy. Con-S, control-spleen
(n = 5); LC-S, liver cirrhosis-spleen (n = 8); Pre-surgery (n = 8); Post-surgery (n = 8). *p < 0.05; **p < 0.01; n.s., not significant (p > 0.05).
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by inducing antiviral T-cell motility paralysis in the splenic
marginal zone/red pulp zone, prolongs states of negative
immune regulation, and directly inhibits T-cell receptor
signaling by recruiting phosphatase SHP2.%*** We found
higher expression of PD-1 and its ligands, especially PD-
L2, in the marginal zone and red pulp zone of spleens taken
from patients with PH than that in the spleens from pa-
tients who had received trauma to the spleen. The fre-
quency of PD-1 expression in splenic CD4" and CD8"
T-cells was significantly higher in the PH-spleen than
those in the trauma-spleen. In addition, the livers from
HCV-related cirrhosis patients overexpress PD-1 in the
liver-infiltrating lymphocytes, while the ligands, PD-L1
and PD-L2, were found to be overexpressed in Kupffer
cells, liver sinusoidal endothelial cells, and leukocytes in
our study. However, only a few scattered PD-1/PD-L1/PD-
L2-positive cells were observed in control livers. These
findings are consistent with previous reports.”> Moreover,
expression of PD-1 was significantly upregulated in CD4"
and CD8" T-cells in the peripheral blood of cirrhotic pa-
tients before splenectomy compared with those from
healthy controls, but these levels were significantly reduced
after splenectomy. These results support the possibility that
activation of the PD-1 pathway induced by HCV infection
in the PH-spleen contributes to peripheral immunotol-
erance in cirrhotic patients with HCV infection. However,
splenectomy may partially improve T-cell impaired func-
tion and immune tolerance via reduction of exhaustion
markers in our study.

The Tim-3/Galectin-9 pathway also contributes to T-
cells exhaustion, playing important roles in persistent viral
infection. Upregulation and immunomodulatory function
of Tim-3 in viral specific CD4" and CD8" T-cells have been
shown to contribute to viral persistence during chronic
HBV/HCYV infection,?**’, and the blockade of the Tim-3/
Galectin-9 pathway restored T-cell proliferation and cy-
tokine production in response to viral antigen stimulation.
In line with these results, our data found significantly in-
creased numbers of Tim-3/Galectin-9-double-positive cells
in both the spleens and livers of patients with HCV-related
cirrhosis, and the frequency of Tim-3-expressing CD4" and
CD8" T-cells was increased in the PH-spleen compared to
those in the trauma-spleen. These data suggest that upre-
gulated Tim-3/Galectin-9 signaling in the PH-spleen is at
least one of the probable causes of the prolonged immu-
nosuppressive status of the spleen and may mediate T-cells
immune exhaustion.

Furthermore, studies showed interferon-free DAA
therapy-mediated HCV clearance does not fully restore the
exhausted phenotype of HCV-specific CD4" and CD8"T-
cells during chronic HCV infection,”™®'? and the reversal of
immune exhaustion phenotype is absent in patients with
cirrhosis and advanced liver fibrosis.*'® Our data found
that splenectomy decreased the expression of PD-1 and/or

Tim-3 in peripheral blood CD4" and CDS8'T-cells, sug-
gesting the PH-spleen in cirrhotic patients with HCV in-
fection may induce immune tolerance by upregulating the
expression of the immunosuppressive molecules in splenic
CD4" and CD8" T-cells.

Patients with advanced liver fibrosis have an increased risk
of developing HCC, and this may be associated with the co-
expression of multiple inhibitory receptors.”® How the
increased expression of the negative regulators of immune
activation in the liver and spleen of patients with PH, including
PD-1/Tim-3 and their ligands, as well as CD80 and CDS6,
may affect susceptibility to HCC remains to be clarified. Our
previous study showed that the modulation of cytokine ex-
pression following splenectomy may reduce the risk of HCC
development in HBV-related cirrhotic patients with PH."> In
another study that included a large cohort of 2678 patients, PH
and hypersplenism were found to be correlated with increased
risk of HCC and splenectomy was identified as a protective
factor in HCC development.” Thus, splenectomy to partly
restore T-cell exhaustion in HCV-related cirrhotic patients with
PH may be a potential therapeutic strategy to reduce the risk of
HCC and improve prognosis.

There are some limitations in our study. (1) This study
had a small sample size (z = 15), and only 8 out of the 15
patients have complete spleen and peripheral blood samples
for evaluating the expression of PD-1, CTLA-4, and Tim-3
on splenic T-cells and the peripheral blood T-cells in baseline
and/or 2-weeks post-splenectomy. (2) Due to HCV-related
cirrhosis patients without PH not requiring a splenectomy,
this study lacked spleens from this group. To minimize
potential bias from this important group, traumatic spleens
and peripheral blood of CHC patients without cirrhosis and
healthy people were included as controls. However, we have
not designed to access the expression of immune tolerance
molecules in peripheral CD4" and CD8" T-cells in these
cirrhosis patients without PH, further study to access the
peripheral T cells function is needed. (3) We did not detect
other T-cell exhaustion markers, for example, LAG-3 and
TIGIT, on T-cells. (4) We did not measure the phenotype
change of B-cells, which play critical roles on regulating
immune response to infectious pathogens. (5) We had not
assessed the effect of T-cell phenotype change on the clinical
outcome of HCV cirrhotic patients. (6) We did not inves-
tigate the possible role that the spleen may play in the
regulation of the expression of PD-L1/2, Tim-3, and
Galectin-9 on non-immune cells in the liver.

Conclusions

We performed a detailed investigation of T-cell phenotypes in
the spleen, liver, and peripheral blood of HCV-related cirrhosis
patients with PH, and identified markers of T-cell exhaustion in
the spleen and liver in this population. The CD4" and CDS" T-
cells in the spleen and peripheral blood highly expressed
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immune tolerance molecules, such as PD-1 and Tim-3, and
these highly expressed immune tolerance molecules in pe-
ripheral blood T-lymphocytes can be partly reversed following
splenectomy. Mechanisms underlying these phenotypes need
further study to provide a better understanding of immune
dysregulation and will lead to the development of targeted
therapies to improve their immune function.

Author contributions

FP Ji and ZF Li participated in the design of the manuscript; N
Huang, R Zhou, HY Chen, S Zhang, J Li, W Wei, J Sun, and BH
Li performed the experiments; N Huang and R Zhou analyzed the
data and drafted the manuscript; S Zhang, H Deng, J Yang, and FP
Ji analyzed the data and participated the discussion on the
manuscript. FP Ji and ZF Li revised the manuscript. All authors
have read and approved the final version of the manuscript.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with re-
spect to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
study was supported by the National Natural Science Foundation
of China (N0.30901268, 81300322). National Natural Science
Foundation of Shaanxi Province (N0.2021SF-228, 2017JM8092,
2020JM-406, 2017SF-123).

Ethics approval

Ethical approval for this study was obtained from the Ethics
Committee of the Second Affiliated Hospital of Xi’an Jiaotong
University in Xi’an City, Shaanxi Province, China (No. 2018-059).

Informed consent

Written informed consent was obtained from all subjects before
the study.

Trial registration

Not applicable.

ORCID iD

Fanpu Ji @ https://orcid.org/0000-0002-1463-8035

Supplementary Material

Supplementary material for this article is available online.

References

1. Thrift AP, El-Serag HB and Kanwal F. (2017) Global epi-
demiology and burden of HCV infection and HCV-related

10.

I1.

12.

disease. Nature Reviews Gastroenterology & Hepatology
14(2): 122-132.

Heim MH and Thimme R. (2014) Innate and adaptive im-
mune responses in HCV infection. Journal of Hepatology
2014, 61(1 Suppl): S14-S25.

. JIF, LiJ, Liu L, et al. (2021) High hepatitis C virus cure rates

with approved interferon-free direct-acting antivirals among
diverse mainland Chinese patients including genotypes 3a
and 3b. Journal of Gastroenterology and Hepatology 36(3):
767-774.

Ji F, Wei B, Yeo YH, et al. (2018) Systematic review with
meta-analysis: effectiveness and tolerability of interferon-
free direct-acting antiviral regimens for chronic hepatitis C
genotype 1 in routine clinical practice in Asia. Alimentary
pharmacology & therapeutics 47(5): 550-562.

. Hensel N, Gu Z, Sagar, et al. (2021) Memory-like HCV-

specific CD8+ T cells retain a molecular scar after cure of
chronic HCV infection. Nature Immunology 22(2): 229-239.

. Hartnell F, Esposito I, Swadling L, et al. (2020) Charac-

terizing hepatitis C virus-specific CD4+ T cells following
viral-vectored vaccination, directly acting antivirals, and
spontaneous viral cure. Hepatology 72(5): 1541-1555.
Aregay A, Owusu Sekyere S, Deterding K, et al. (2019)
Elimination of hepatitis C virus has limited impact on the
functional and mitochondrial impairment of HCV-specific
CD8+ T cell responses. Journal of Hepatology 71(5):
889-899.

Perpiiian E, Pérez-Del-Pulgar S, Londofio MC, et al. (2020)
Chronic genotype 1 hepatitis C along with cirrhosis drives a
persistent imprint in virus-specific CD8+ T cells after direct-
acting antiviral therapies. Journal of Viral Hepatitis 27(12):
1408-1418.

Perpifian E, Pérez-Del-Pulgar S, Londofio MC, et al. (2020)
Cirrhosis hampers early and rapid normalization of natural
killer cell phenotype and function in hepatitis C patients
undergoing interferon-free therapy. Frontiers in Immunology
11: 129.

Osuch S, Laskus T, Berak H, et al. (2020) Decrease of T-cells
exhaustion markers programmed cell death-1 and T-cell
immunoglobulin and mucin domain-containing protein 3
and plasma IL-10 levels after successful treatment of chronic
hepatitis C. Scientific Reports 10(1): 16060.

Owusu Sekyere S, Suneetha PV, Kraft AR, et al. (2015) A
heterogeneous hierarchy of co-regulatory receptors regulates
exhaustion of HCV-specific CD8 T cells in patients with
chronic hepatitis C. Journal of Hepatology 62(1): 31-40.
Caraballo Cortés K, Osuch S, Perlejewski K, et al. (2019)
Expression of programmed cell death protein 1 and T-cell
immunoglobulin- and mucin-domain-containing molecule-3
on peripheral blood CD4+CD8+ double positive T cells in
patients with chronic hepatitis C virus infection and in
subjects who spontaneously cleared the virus. Journal of
Viral Hepatitis 26(8): 942-950.


https://orcid.org/0000-0002-1463-8035
https://orcid.org/0000-0002-1463-8035

International Journal of Immunopathology and Pharmacology

13.

14.

15.

16.

17.

18.

19.

20.

21.

Li L, Duan M, Chen W, et al. (2017) The spleen in liver
cirrhosis: revisiting an old enemy with novel targets. Journal
of Translational Medicine 15(1): 111.

Huang N, Ji FP, Zhang S, et al. (2019) Spleen-associated
effects on immunity in hepatitis B virus-related cirrhosis with
portal hypertension. Journal of Interferon and Cytokine
Research 39: 95-105.

Huang N, Ji F, Zhang S, et al. (2018) Effect of splenectomy
on serum cytokine profiles in hepatitis B virus-related cir-
rhosis patients with portal hypertension. Viral Immunology
31: 371-378.

Nomura Y, Kage M, Ogata T, et al. (2014) Influence of
splenectomy in patients with liver cirrhosis and hyper-
splenism. Hepatology Research 44(10): E100-E109.
Yamamoto N, Okano K, Oshima M, et al. (2015) Laparo-
scopic splenectomy for patients with liver cirrhosis: im-
provement of liver function in patients with Child-Pugh class
B. Surgery 158(6): 1538-1544.

Tamai H, Mori Y, Shingaki N, et al. (2015) Prognostic effect
of response to interferon therapy after laparoscopic sple-
nectomy among patients with marked thrombocytopenia and
hepatitis C virus-related cirrhosis. Hepatology International
9(1): 67-75.

Ji F, Zhang S, Huang N, et al. (2013) Splenectomy prior to
antiviral therapy in patients with hepatitis C virus related
decompensated cirrhosis. The Brazilian Journal of Infectious
Diseases 17(5): 601-605.

Hashimoto N, Shimoda S, Kawanaka H, et al. (2011)
Modulation of CD4+ T cell responses following splenectomy
in hepatitis C virus-related liver cirrhosis. Clinical & Ex-
perimental Immunology 165: 243-250.

Sumida K, Shimoda S, Iwasaka S, et al. (2013) Characteristics
of splenic CD8+ T cell exhaustion in patients with hepatitis C.
Clinical & Experimental Immunology 174: 172-178.

22.

23.

24.

25.

26.

27.

28.

29.

Sekiguchi T, Nagamine T, Takagi H, et al. (2006) Reduction
of virus burden-induced splenectomy in patients with liver
cirrhosis related to hepatitis C virus infection. World Journal
of Gastroenterology 12(13): 2089-2094.

Zinselmeyer BH, Heydari S, Sacristan C, et al. (2013) PD-1
promotes immune exhaustion by inducing antiviral T cell
motility paralysis. Journal of Experimental Medicine 210(4):
757-774.

Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, et al.
(2012) Programmed cell death 1 forms negative cos-
timulatory microclusters that directly inhibit T cell receptor
signaling by recruiting phosphatase SHP2. Journal of Ex-
perimental Medicine 209(6): 1201-1217.

Kassel R, Cruise MW, lezzoni JC, et al. (2009) Chronically
inflamed livers up-regulate expression of inhibitory B7
family members. Hepatology 50(5): 1625-1637.

Dong J, Yang XF, Wang LX, et al. (2017) Modulation of
Tim-3 expression by antigen-dependent and -independent
factors on T cells from patients with chronic hepatitis B virus
infection. Frontiers in Cellular and Infection Microbiology
7: 98.

Golden-Mason L, Palmer BE, Kassam N, et al. (2009)
Negative immune regulator Tim-3 is overexpressed on
T cells in hepatitis C virus infection and its blockade rescues
dysfunctional CD4+ and CD8+ T cells. Journal of Virology
83(18): 9122-9130.

Okwor CIA, Oh JS, Crawley AM, et al. (2020) Expression of
inhibitory receptors on T and NK cells defines immuno-
logical phenotypes of HCV patients with advanced liver
fibrosis. iScience 23(9): 101513.

Lv X, Yang F, Guo X, et al. (2016) Hypersplenism is cor-
related with increased risk of hepatocellular carcinoma in
patients with post-hepatitis cirrhosis. Tumour Biology 37:
8889-8900.



	Splenic CD4+ and CD8+ T-cells highly expressed PD-1 and Tim-3 in cirrhotic patients with HCV infection and portal hypertension
	Introduction
	Materials and methods
	Patients and clinical data collection
	Quantitative PCR
	Immunohistochemical staining of spleen and liver specimens
	Isolation of mononuclear cells
	Flow cytometry
	Statistical analysis

	Results
	Expression of PD-1+ Tim-3+ T-cells in HCV-related cirrhotic patients

	Discussion
	Conclusions
	Author contributions
	Declaration of conflicting interests
	Funding
	Ethics approval
	Informed consent
	Trial registration
	ORCID iD
	Supplementary Material
	References


