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Introduction

Summary

There is increasing interest in the role of T cell exhaustion and it is well
known that the natural history of chronic hepatitis C virus infection (HCV)
is modulated by CD8* T cell immunobiology. There are many pathways that
alter the presence of exhaustive T cells and, in particular, they are function-
ally impaired by inhibitory receptors, such as programmed death-1 (PD-1)
and T cell immunoglobulin and mucin domain-containing protein 3 (Tim-
3). We obtained spleen, liver and peripheral blood (before and after splenec-
tomy) lymphoid cells from 25 patients with HCV-related cirrhosis
undergoing liver transplantation for end-stage disease or splenectomy for
portal hypertension. In all samples we performed an extensive phenotypic
study of exhaustion markers [PD-1, Tim-3, interferon (IFN)-y) and their
ligands (PD-L1, PD-L2, galectin-9] in CD8"* T cell subpopulations (both total
and HCV-specific) and in antigen-presenting cells (APC; monocytes and
dendritic cells). In the spleen, total and HCV-specific CD8" T cells demon-
strated enhanced markers of exhaustion, predominantly in the effector
memory subpopulation. Similarly, splenic APC over-expressed inhibitory
receptor ligands when compared to peripheral blood. Finally, when periph-
eral blood CD8" T cells were compared before and after splenectomy,
markers of exhaustion were reduced in splenic CD8" T cells and APC. Our
data in HCV-related cirrhosis suggest that CD8" T cells in the spleen mani-
fest a significantly higher exhaustion compared to peripheral blood and may
thus contribute to the failure to control HCV. Counteracting this process
may contribute to inducing an effective immune response to HCV.

Keywords: hepatitis C, liver cirrhosis, PD-1, portal hypertension, splenec-
tomy, Tim-3

ticular, the observation that 70% of infected individuals are
unable to clear HCV [8,9]. These observations suggest that

During the course of chronic viral infection, T cells may
undergo both memory and exhaustion as part of the
natural history in the modulation of infection, as well
exemplified by hepatitis C virus (HCV) in both liver and
peripheral blood [1,2]. In this respect, the spleen is often
ignored despite its key role in the regulation of the immune
response to infectious agents [3,4]. Importantly, a signifi-
cant proportion of HCV-infected patients develop
hypersplenism, which is a contributing factor to their
co-morbidities of liver cirrhosis and portal hypertension
[5-7]. We note an increasing role for CD8" T cells in clear-
ing infection, as a mediator in autoimmunity and, in par-
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T cell exhaustion is part of the natural history of HCV.
CD8" T cell exhaustion is co-regulated by multiple inhibi-
tory receptors, and the interaction between cellular recep-
tors and inhibitory receptor ligands on antigen-presenting
cells (APC) regulate virus persistence [2,10-13]. In fact, as
part of the hypersplenic syndrome, the spleen is often
removed in patients with HCV-mediated liver cirrhosis and
portal hypertension with thrombocytopenia because of
their association with thrombocytopenia and the subse-
quent risk of further reductions in platelet counts following
anti-viral therapies; the risk associated with spleen removal
includes an increased risk of infection [14—16]. Our labora-
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tory has demonstrated recently that splenectomy in HCV
patients is followed by an increase of interferon (IFN)-y
production and a reduction of programmed death 1 (PD-1)
expression by CD4" T cells in peripheral blood of patients
with HCV-related cirrhosis [17]. To extend these observa-
tions, we report herein the phenotype of exhausted CD8" T
cells in the spleen of patients with HCV-related cirrhosis
undergoing splenectomy. Our data have significant implica-
tions for understanding the cellular alterations that occur in
HCV-related cirrhosis and the subsequent loss of spleen.

Materials and methods

Subjects

Sixteen patients with HCV-related liver cirrhosis undergo-
ing splenectomy for severe thrombocytopenia were studied.
In all patients, the spleen was removed because of severe
thrombocytopenia that was a contraindication for inter-
feron (IFN)-a therapy. In addition, there were nine patients
with HCV-related liver cirrhosis who underwent liver trans-
plantation. Liver, spleen and peripheral blood mononuclear
cells were isolated from patients. All subjects gave their
written informed consent and experimental protocols were
conducted under the Guidelines of the Research Ethics
Committee of Kyushu University.

Isolation of mononuclear cells and CD8" T cells

Peripheral blood mononuclear cells (PBMC) were separated
from heparinized fresh blood by gradient centrifugation on
Ficoll-Isopaque, while spleen mononuclear cells (SMC) and
liver mononuclear cells (LMC) were isolated from fresh
explanted tissues using established protocols [18]. Briefly,
spleen tissues were digested mechanically and dissociated
cells filtered through 100-um nylon mesh, while liver speci-
mens were first digested with 1 mg/ml of collagenase type
IV (Sigma-Aldrich, Tokyo, Japan) and filtered through
100-um nylon mesh. Digested spleen and liver cells were
separated by Ficoll-Isopaque gradient centrifugation to
obtain SMC and LMC. CD8" T cells were negatively isolated
using magnetic beads (CDS8 isolation kit II; Miltenyi Biotec,
Auburn, CA, USA) from PBMC, SMC and LMC; >95%
viability by trypan blue dye exclusion and >90% purity by
flow cytometry were considered as acceptable. All cells were
washed and cryopreserved in fetal cow serum containing
10% dimethylsulphoxide (DMSO) and stored in liquid
nitrogen until used.

Mononuclear cell immunophenotyping

PBMC, LMC and SMC (1x10°) were stained for cell
surface antigen expression at 4°C in the dark for 30 min,
washed twice in 2 ml phosphate-buffered saline containing
1% bovine serum albumin and 0-01% sodium azide, and
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fixed in 500 ul of 1% paraformaldehyde. Cells were stained
for CD8, CD14, PD-1, PD-L1, PD-L2 (BD Biosciences, San
Diego, CA, USA), CD45RA, CCR7, CD11c (e-Biosciences,
San Diego, CA, USA), T cell immunoglobulin and mucin
domain-containing protein-3 (Tim-3) (R&D Systems, Min-
neapolis, MN, USA) and galectin-9 (Biolegend, San Diego,
CA, USA). Of note, we stained peripheral blood, liver and
spleen antigen-presenting cells (APC) identified as CD14*
(i.e. monocytes) or CD11c* (i.e. myeloid dendritic cells) for
the PD-1 ligands L1 and L2 and the Tim-3 ligand galectin-9
[19,20]. CD8" T cells in PBMC, LMC and SMC were
arrayed as naive T cells (CCR7*CD45RA"), central memory
T cells (CCR7'CD45RA7), effector memory T cells
(CCR7 CD45RA") and terminal differentiated effector
memory T cells that re-expressed CD45RA-EMRA
(CCR7"CD45RA") [21].

CD8* T cell cytokine staining and tetramers

For intracellular cytokine staining of CD8* T cells, fresh
PBMC, LMC and SMC were cultured in vitro for 6 h in
plates precoated with anti-CD3 (10 ug/ml; R&D Systems)
and anti-CD28 (5 pug/ml; R&D systems) monoclonal anti-
bodies. Cells were washed once with fluorescence activated
cell sorter (FACS) buffer and stained with T cell markers at
4°C in the dark for 30min and then fixed and
permeabilized with the Cytofix/Cytoperm Kit (BD
Biosciences), washed twice with permeabilization buffer,
and stained using anti-IFN-y (BD Biosciences). Multi-
parameter flow cytometry was performed using a
FACSCaliber Flow Cytometer (BD Biosciences) equipped
with FlowJo software (Tree Star, Ashland, OR, USA).

Fluorochrome-labelled HLA-A0201 tetramers for CD8" T
cell staining [Medical and Biological Laboratories (MBL),
Nagoya, Japan] included HCV NS3 1073 (CINGVCWTV),
NS3 1406 (KLVALGINAV) and NS5B 2594 (ALYDVVSKL),
while HLA-A2402 tetramers included HCV E2 717
(EYVLLLFLL), NS3 1292 (TYSTYGKFL) and NS5B 2870
(CYSIEPLDL). After incubation with human Fc receptor
blocking reagent (MBL) at room temperature for 5 min,
cryopreserved mononuclear cells (1 X 10°) were stained for
tetramers at 4°C in the dark for 30 min, and stained for
CD8, PD-1 and Tim-3.

Statistical analysis

All continuous variables were expressed as mean + standard
deviation (s.d.) and compared between groups by Student’s
t-test. All analyses were two-tailed and P-values < 0-05 were
considered statistically significant.

Results

Subjects

The characteristics of patients undergoing splenectomy for
portal hypertension or during liver transplantation are

© 2013 British Society for Immunology, Clinical and Experimental Inmunology, 174: 172-178 173



K. Sumida et al.

Table 1. Clinical characteristics of patients with hepatitis C virus
(HCV)-related liver cirrhosis undergoing splenectomy for portal
hypertension and thrombocytopenia or during liver transplantation.

Portal Liver
hypertension transplantation

(n=16) (n=9)
Age (years) 61+83 60+63
Male sex (%) 8 (50%) 4 (44%)
Platelet count (/mm?) 5000 %+ 1900 7300 = 1900*
ALT (IU/1) 53430 53 +54
Total bilirubin (mg/dl) 1:3+04 3.1+2:3*%
Albumin (g/dl) 3-5+0-3 2:81+0-7F
Prothrombin activity (%) 74+ 10 58 £ 16*
Child-Pugh class A-B 16 (100%) 3 (33%)*

Variables are expressed as mean * standard deviation. *P < 0-05.
ALT: alanine aminotransferase.

summarized in Table 1. As expected, patients undergoing
splenectomy during the course of liver transplantation had
signs of more advanced disease represented by higher bili-
rubin levels, lower prothrombin activity and Child Pugh
class C. Conversely, patients undergoing splenectomy for
portal hypertension had significantly lower platelet counts.

Exhaustion markers in CD8* T cells and APC in
different organs

CD8" T cells were positive for exhaustion markers (i.e.
expressing both PD-1 and Tim-3) more frequently in the
spleen (8:8 = 5-8%) and the liver (17-2 £ 15-3%) compared
to the peripheral blood (3-9 % 5-0%, P < 0-01 versus the liver
and the spleen) of patients with HCV-related liver cirrhosis
(Fig. 1a). Upon stimulation with anti-CD3/CD28, IFN-y
expression was lower in spleen- and liver-derived cells
(122+6:3 and 10-1%5-8%, respectively) compared to
peripheral blood-derived cells (19:6 £9-2%; P < 0-05, for
both comparisons) (Fig. 1a).

The frequency of CD14" monocytes expressing PD-1
ligands (PD-L1, PD-L2) and Tim-3 ligand (galectin-9) was
higher in the spleen (PD-L1; 69-9%14-8%, PD-L2;
71-5% 15:1%, galectin-9; 83-4 £ 13-9%) and liver (PD-L1;
87-7+12:3%, PD-L2; 85-8+13-3%, galectin-9; 934+
5:3%) compared to peripheral blood (PD-L1; 24-7 + 6:3%,
PD-L2; 89 + 7-1%, galectin-9; 54-0 + 22-1%, P < 0-01 for all
comparisons) (Fig. 1b). Similar differences were observed in
ligand expression on CD11c" dendritic cells from the spleen
(PD-L1; 37-0+£15-1%, PD-L2; 43-5+14-8%, galectin-9;
6541+ 15:1%), liver (PD-L1; 77-7 £ 14-6%, PD-L2; 74-6 £
14-8%, galectin-9; 82-7 & 8-4%) and peripheral blood (PD-
L1; 13-5+15:6%, PD-L2; 54+4-1%, galectin-9; 34-2 %
12:6%; P < 0-01 for all comparisons) (Fig. 1¢).

CD8* T cell differentiation markers

The frequency of naive T cells in peripheral blood
(22-8 £15-7%) and spleen (16:9 £ 16:1%) was significantly
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Fig. 1. Phenotype of CD8" T cells and antigen-presenting cells (APC)
in different tissues from patients with hepatitis C virus (HCV)-related
cirrhosis. (a) Expression of exhaustion markers programmed death 1
(PD-1) and T cell immunoglobulin and mucin domain-containing
protein-3 (Tim-3) on CD8" T cells from spleen, liver and peripheral
blood, and interferon (IFN)-y production from CD8* T cells upon
CD3 and CD28 stimulation. The frequency of dual PD-1* and Tim-3*
(i.e. exhausted) T cells in the spleen and the liver are significantly
higher compared to the peripheral blood, while the IFN-y production
from CD8" T cells in the spleen and the liver are decreased. *P < 0-01
and **P < 0-05. (b) Expression of the PD-L1, PD-L2 and galectin-9
ligands on CD14" monocytes from different organs. The frequency of
PD-L1%, PD-L2" and galectin-97 cells in the spleen and the liver is
higher compared to the peripheral blood. (c) Expression of the PD-L1,
PD-L2 and galectin-9 ligands on CD11c" dendritic cells from different
organs. The frequency of PD-L1%, PD-L2" and galectin-9" cells in the
spleen and the liver is higher compared to the peripheral blood.

*P <0-01 and **P < 0-05.
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Fig. 2. Differentiation of CD8" T cells in different organs. (a) CD8" T
cells are classified as naive (N: CCR7*CD45RA"), central memory
(CM: CCR7*CD45RA"), effector memory (EM: CCR7~ CD45RA™) and
terminal effectors with CD45 RA-positive (EMRA: CCR7- CD45RA™).
(b) The frequency of naive T cells in the peripheral blood and the
spleen are higher in comparison with the liver. *P < 0-01 and

**P < 0-05.

higher compared to the liver (2-4 + 2-4%; P < 0-05 for LMC
versus SMC, P<0-01 for LMC versus PBMC) (Fig. 2b).
Exhausted effector memory CD8" T cells identified by
PD-1*Tim-3" co-expression were represented significantly
more in spleen (7-5+7:3%) and liver (10-8 £7-9%) com-
pared to peripheral blood (27 +2:9%; P <0-05 for both
comparisons), and the same tendency was observed for
central memory cells (liver; 5:8 £ 5-5%, spleen; 2-5 + 2:5%,
peripheral blood; 0-6 £ 0-8%). For both EMRA and naive T
cells, the frequency of exhausted cells was similar in the
three tissues (Fig. 3).

HCV-specific spleen CD8" T cells

HCV-specific tetramer positive T cells were represented
more significantly in the spleen (0-60 £ 0-15%) compared to
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the peripheral blood (0-20 = 0-11%, P < 0-05) and the latter
tissue also had lower expression of exhaustion markers
(82-5+9-5 wversus 583 +21-6% in peripheral blood;
P <0-05) (Fig. 4).

Effect of splenectomy on CD8" T cells and APC

Following splenectomy, the frequency of exhausted periph-
eral blood CD8" T cells was reduced significantly (2:6 £+ 1-5
versus 1-7 = 1-2%; P <0-05), while the IFN-y production
was increased (157 %£7-8 wversus 20-9£9:3%; P<0-05)
(Fig. 5a). Similarly, splenectomy was associated with a
reduced expression of PD-L2 (2:5+2-2 versus 7-4 £ 5-4%
before; P<0-05) and galectin-9 (29-7+21-2 versus
60-5+20-1% before; P<0-01) on CDI4" monocytes
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Fig. 3. Exhaustion and differentiation markers in CD8" T cells from
different organs. The frequency of dual programmed death 1 (PD-1)*
and T cell immunoglobulin and mucin domain-containing protein-3
(Tim-3)* effector memory T cells in the spleen and liver are higher in
comparison with the peripheral blood. **P < 0-05.
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Fig. 4. Hepatitis C virus (HCV)-specific T cells from different organs
are studied with human leucocyte antigen (HLA) class I tetramers. (a)
HCV-specific CD8" T cells are enriched in the spleen compared to
peripheral blood. (b) Dual programmed death 1 (PD-1)"and T cell
immunoglobulin and mucin domain-containing protein-3 (Tim-3)
expression was increased in the spleen compared to peripheral blood.
P < 0-05.
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Fig. 5. CD8" T cell exhaustion and function markers are studied
before and after splenectomy. (a) Dual programmed death 1 (PD-1)*
and T cell immunoglobulin and mucin domain-containing protein-3
(Tim-3) expression is decreased following splenectomy, while
interferon (IFN)-y production is increased compared to
pre-splenectomy. (b) The frequency of the ligands PD-L2 and
galectin-9-expressing monocytes (CD14%) is decreased following
splenectomy compared to pre-splenectomy. (c) The frequency of
PD-L2 and galectin-9 on dendritic cells (CD11c") is decreased
following splenectomy. *P < 0-01 and **P < 0-05.

(Fig. 5b) and CDI1l1c¢" dendritic cells (PD-L2: 1-6%0-8
versus 43 +2:8% before; P <0-05; galectin-9: 20-7 £+ 14-4
versus 39-9 £ 12:2% before; P < 0-01) (Fig. 5¢).

Discussion

The factors impairing HCV clearance and allowing chronic
infection remain largely enigmatic, despite enormous
research efforts to dissect potential therapeutic targets.
Indeed, virus-mediated T cell exhaustion limits T cell func-

tion, thus promoting chronic disease, and we report for the
first time that spleen effector memory T cells manifest sig-
nificant exhaustion while spleen APC over-express inhibi-
tory receptor ligands when compared to peripheral blood in
patients with HCV-related cirrhosis. Further, splenectomy
leads to a reduction of exhaustion markers and an increase
of IFN-y production along with a reduced APC expression
of inhibitory receptor ligands.

There is a relative paucity of data on the issue of T cell
exhaustion, and the majority of studies focus on patients
with viral infections. There are significant data on the clini-
cal significance of CD8" cells and their subsets, including
the related issue of epitope spreading [22-30]. T cell
exhaustion has been characterized as over-expression of
several inhibitory receptors, including PD-1 [2,31] and
Tim-3 [11,12]. The expression of both Tim-3 and PD-1 on
CD8" T cells is thus the established marker for exhaustion
and may contribute to the perpetuation of HCV infection
[13]. During HCV chronic hepatitis, splenomegaly occurs
following portal hypertension [7], and splenectomy may
reduce portal hypertension and increase the number of
white blood cells and platelets [14,32], along with an estab-
lished risk of overwhelming post-splenectomy infections
(OPSI) by encapsulated bacteria such as Streptococcus pneu-
monia [15]. Most recently, new therapeutic approaches
limited the need for surgery in these cases, as represented by
the use of eltrombopag before anti-viral induction [33], and
make the present study design unlikely to be recapitulated
in the future. We performed a detailed investigation of T
cell phenotypes in the spleen, liver and peripheral blood of
patients with HCV-related cirrhosis and portal hyperten-
sion, and clarified that spleen T cell phenotypes are not so
different despite the observation that peripheral naive T
cells are decreased and peripheral effector memory T cells
are increased when compared to healthy subjects [34].

The surgical removal of lymphoid compartments, as in
the case of tonsillectomy, improves autoimmune disease
based on T cell changes [35], but it remains to be deter-
mined whether lymphoid compartments regulate T cell
exhaustion, and only a few studies have investigated spleen
CD8" T cells in HCV-related liver cirrhosis. In HCV chronic
infection, exhaustion markers are expressed highly in liver
HCV-specific CD8" T cells [2] and we have reported previ-
ously that spleen CD4" T cells become exhausted and func-
tionally impaired [17]. HCV-specific T cells within the liver
over-express PD-1 [2] and we report herein a similar obser-
vation in the spleen. Further, effector and memory T cells
heterogeneity includes separate models of precursors,
decreasing potential, signal strength and asymmetric cell
fate [36], but we could not identify differences in exhaus-
tion markers. Indeed, we report that PD-1 and Tim-3
double-positive naive T cells are found in the spleen and
liver but not in peripheral blood, thus suggesting that this
specific homing may contribute to chronic infection estab-
lishment. Indeed, HCV antigens are over-expressed in liver,
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and thus our data that exhausted T cells are expressed more
frequently in liver and spleen, compared to peripheral
blood, is consistent with a local immune response. Future
studies should focus on whether such CD8" T cells are viral
specific.

We should also note that we studied APC ligands inter-
acting with exhaustion markers on T cells to regulate the T
cell response [19,20], as represented by the effects of both
PD-1 and Tim-3 ligands. Myeloid dendritic (CD11c") cells
in the peripheral blood from patients with chronic HCV
infection over-express the PD-1 ligands (PD-L1, PD-L2)
and induce the proliferation of regulatory T cells [37,38],
while the Tim-3 ligand galectin-9 is well represented in the
serum and liver (particularly Kupffer cells) during chronic
HCV infection [39]. We report that both myeloid dendritic
cells and monocytes in the spleen express all three ligands
significantly more compared to peripheral blood and
hypothesize that this may contribute to CD8" T cell dys-
function in the spleen. We are particularly intrigued by the
possibility that antibodies against PD-1 and Tim-3 ligands
may restore the in-vitro cytotoxicity of virus antigen-
specific T cells [2,13], thus counteracting exhaustion, but
the anti-viral efficacy of this approach remains inconclusive
[40]. In a similar fashion, transcription factors such as T-bet
or eomesdermin (Eomes) [41] may control T cell exhaus-
tion, and the resulting poor effector function and gene
therapy may target this pathway [42,43] or the cytokine sig-
nalling 3 suppressor (SOCS3) through interleukin (IL)-7
[44].

Lastly, we investigated whether or not T cell exhaustion
could be modified by splenectomy performed to allow anti-
viral treatment by increasing the platelet count [14]. Of
note, T cell function improves following splenectomy, as
represented by the decrease in CD8" T cell exhaustion
markers and APC PD-1 and Tim-3 ligands in peripheral
blood and we speculate that splenectomy may reduce the
efflux of exhaustion ligands to T cells. In conclusion, this is
the first study aimed at identifying markers of T cell
exhaustion in the spleen of patients with HCV-related cir-
rhosis and portal hypertension and our data suggest cumu-
latively that the spleen may act as a rheostat for modulating
this phenomenon impairing T cell functions. Based on the
consistent lines of evidence reported, we suggest that this
pathway constitutes an optimal therapeutic target in
chronic HCV infection, particularly at advanced stages.
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