VIRAL IMMUNOLOGY
Volume 25, Number 1, 2012
© Mary Ann Liebert, Inc.
Pp. 21-28

DOI: 10.1089/vim.2011.0049

Inhibition of Viral Replication Downregulates
CD4*CD25"9" Regulatory T Cells and Programmed
Death-Ligand 1 in Chronic Hepatitis B

Xue-Ping Nan, Ye Zhang, Hai-Tao Yu/ Rui-Lin Sun? Mei-Juan Peng] Yu Li!
Wen-Jing Su; Jian-Qi Lian; Jiu-Ping Wang! and Xue-Fan Bai'

Abstract

Chronic hepatitis B is characterized by an impaired immune response to hepatitis B virus (HBV). Telbivudine
treatment has significantly improved the clinical outcome of chronic HBV infection. However, the underlying
mechanism behind the antiviral response of patients treated with nucleoside analogs remains unclear. To gather
more evidence about the mechanism responsible for the weak immune response, in this study we analyzed the
effects on HBV viral load of treatment with the nucleoside analogue telbivudine and the percentage of Tregs,
programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) expression, and related cytokine production.
Peripheral blood mononuclear cells (PBMCs) and serum of 28 patients with chronic hepatitis B were collected at
baseline, and 3 mo and 6 mo after therapy was begun. In parallel with the decline in viral load and serum ALT
normalization, we found a decline in circulating CD4 *CD25"8" Tregs, PD-L1 on CD4" T cells, and IL-9 pro-
duction. The expression of PD-1 on CD4" T cells and the production of IFN-y did not increase during therapy.
Our findings suggest that the antiviral effect of the nucleoside analogs may be attributable not only to their direct

effect on virus suppression, but also to their immunoregulatory capabilities.

Introduction

HEPATITIS B virus (HBV) INFECTION IS STILL A GLOBAL
PUBLIC HEALTH PROBLEM, with an estimated 400 million
chronic HBV carriers all over the world (14). Chronic hepatitis
B (CHB) always results in HBV-related liver failure, cirrhosis,
and hepatocellular carcinoma, leading to about 1 million
deaths annually. In China, the hepatitis B surface antigen
(HBsAg) carrier rate was 7.18% based on a seroepidemiological
survey done in 2006. There were approximately 93 million
HBV carriers, and among them 30 million were patients with
CHB (15,29).

In patients with acute self-limited HBV infection, multi-
specific CD4" T helper (Th) cell and CD8" cytotoxic T
lymphocyte (CTL) responses with interferon-y (IFN-y) pro-
duction are important for control of the infection. In contrast,
cellular immune responses are weak or undetectable in CHB
patients, which leads to a state of relative collapse of HBV-
specific adaptive immunity (2,9). However, the precise
mechanism responsible for T-cell hyporesponsiveness or
tolerance in CHB is still not completely understood. In recent
years, negative immunoregulatory cells and molecules have

raised interest in immunological research of HBV infection,
especially CD4*CD25"gh regulatory T cells (Tregs) and the
programmed death-1 (PD-1)/programmed death-ligand 1
(PD-L1) pathway. Patients with chronic HBV infection have
increased percentages of Tregs in their peripheral blood
(25,32) and liver (31,32). HBV specificity of CD4"CD25"
Tregs and CD4*CD25" depletion reveal enhanced prolifer-
ation of the remaining peripheral blood mononuclear cells
(PBMCs) in response to HBV, supporting the role of Tregs in
HBV persistence (8,25,35). PD-1/PD-L1 also represents a
mechanism of T-cell dysfunction in HBV persistence. PD-1 is
upregulated in virus-specific T cells in peripheral blood (21)
and liver (4), leading to the impairment of T cells. Anti-HBV
peripheral and intrahepatic T-cell responses can be restored
by blockade of PD-1/PD-L1 interactions, which may increase
CD8" T-cell proliferation and production of interferon-y
(IFN-y) and interleukin (IL)-2 (7). Moreover, upregulation
of circulating PD-1/PD-L1 is associated with a poor post-
cryoablation prognosis in patients with HBV-related hepato-
cellular carcinoma (33). Our previous work also demonstrated
the increased frequency of CD4*CD25"8" Tregs and PD-1
expression on CD4* T lymphocytes, which may inhibit the
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cellular immune response and affect viral clearance, leading to
chronic HBV infection (18,35).

The high viral load present in peripheral blood of HBV
patients could provide a stimulus to sustain the function of
Tregs and the PD-1/PD-L1 pathway. To gain further un-
derstanding of the role of Tregs and PD-1/PD-L1 in chronic
HBV infection, we longitudinally investigated the rela-
tionship between Tregs, PD-1/PD-L1 expression, and viral
load in patients with chronic hepatitis B undergoing treat-
ment with telbivudine (f-L-2’-deoxythymidine), which is
an L-nucleoside with potent and specific antiviral activity
against HBV.

Materials and Methods
Patients

Twenty-eight CHB patients (20 males and 8 females;
average age 29.01+1.77y; HBV DNA 7.686+0.285 logo
copies/mL; alanine aminotransferase [ALT] 117.92+10.61 U/L),
including 23 who were HBV envelope antigen (HBeAg)-positive
and 5 were HBeAg-negative, were enrolled in the study. All
patients were followed-up in the Center for Infectious Dis-
eases, Tangdu Hospital. CHB diagnoses were made accord-
ing to the diagnostic standards of the Chinese National
Program for Prevention and Treatment of Viral Hepatitis.
Patients co-infected with human immunodeficiency virus
(HIV) or other hepatitis viruses were excluded from the
study. In addition, patients who were pregnant or had re-
ceived antiviral, immunosuppressive, or immunomodula-
tory treatment during the last year were also excluded. The
study was approved by the ethics committee of Tangdu
Hospital, and all participants gave informed consent before
sampling. All patients took telbivudine 600-mg tablets
(Novartis, Beijing, China) orally once daily in the morning.
There was no restriction regarding food intake. The investi-
gations were focused on three time points, with EDTA an-
ticoagulant blood used for the separation of PBMCs obtained
serially from all patients at baseline and 3 and 6mo after
antiviral treatment was begun.

Virological assessment

HBsAg, HBeAg, and anti-HBe antibody levels of the pa-
tients were determined using commercial enzyme immuno-
assay kits (Kehua Biotech, Shanghai, China). Serum HBV
DNA was quantified by a commercial real-time PCR kit (PG
Biotech, Shenzhen, China) according to the manufacturer’s
instructions. The HBV DNA detection threshold was 291
copies/mL.

Isolation of PBMCs

PBMCs were isolated from 20mL of fresh EDTA antico-
agulant blood by Ficoll-Hypaque density gradient centrifu-
gation (Sigma-Aldrich, St. Louis, MO). After isolation, the
PBMCs were immediately cryopreserved in medium con-
taining 90% heat-inactivated fetal bovine serum (FBS) and
10% dimethylsulfoxide (DMSO).

Flow cytometry analysis

The PBMCs were thawed using a step-by-step gradual
dilution method, and cultured (10°/well) in 24-well plates in
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two different wells at 37°C in a 5% CO, environment over-
night. Cells were harvested by centrifugation at 300x g for
10 min at 4°C and washed with 2mL of phosphate-buffered
saline (PBS) with 1% FBS. The following antibodies were
used for staining: anti-CD4-FITC (eBioscience, San Diego,
CA), anti-CD25-PE-Cy5 (eBioscience), anti-PD-1-APC
(eBioscience), anti-PD-L1-PE (eBioscience); anti-CD14-FITC
(eBioscience), anti-TLR2-APC (eBioscience), and anti-TLR4-
PE (eBioscience). The PBMCs were incubated and stained at
4°C in the dark for 30 min, and then were analyzed with a
four-color FACSCalibur analyzer (BD Biosciences Im-
munocytometry Systems). Acquisitions were performed with
CellQuest Pro software (BD Biosciences Immunocytometry
Systems, San Jose, CA), and analyses were performed with
FlowJo version 5.7.2 for Windows (Tree Star Inc., Ashland,
OR). Isotype control antibodies were used to separate posi-
tive and negative cells in the FITC, PE-Cy5, PE, and APC
fluorescence channels.

Cytokine measurements

Serum concentrations of IFN-y and IL-9 were measured
with a commercial enzyme-linked immunosorbent assay
(ELISA) kit (Genway Biotech, San Diego, CA) according to
the manufacturer’s instructions.

Statistical analysis

All data were analyzed using SPSS version 13.0 for Win-
dows. The Wilcoxon matched pairs test was used to perform
the comparison between groups. Pearson correlation tests
were performed for correlation analysis. All tests were two-
tailed, and p values <0.05 were considered significant.

Results

HBV DNA decreased and ALT levels normalized
during telbivudine treatment

Serum HBV DNA and ALT levels were determined at
baseline, as well as after 3 and 6 mo of telbivudine treatment.
The reduction in serum HBV DNA from baseline to 6 mo was
5.1 logyo (baseline, 7.69+0.29 log,, copies/mL; 3 months,
3.71+0.25 logy copies/mL; 6 months, 2.54+0.31 log;, copies/
mL; Fig. 1A). After 3mo of therapy, 4 patients achieved HBV
DNA levels below the limit of detection. After 6 mo of treat-
ment, HBV DNA was undetectable in 10 (35.71%) patients,
and surprisingly, ALT levels were normalized in all 28 (100%)
patients (baseline, 117.90+10.61 U/L; 3mo, 69.61+11.87U/L;
6mo, 33.07+3.562 U/L; Fig. 1B). Two patients had serocon-
version from HBeAg to anti-HBe during treatment. No pa-
tients exhibited loss of serum HBsAg.

The percentage of peripheral CD4* CD25"9"
Tregs decreased during telbivudine-induced
viral load reduction

To assess the effect of treatment with telbivudine on the
immune response, we first determined the percentage of
Tregs from cells that stained positive for CD4. Tregs were
defined as the percentage of cells positive for CD4 and
CD25Me" divided by the proportion of CD4-positive cells
(Fig. 2A). There was a rapid reduction in CD4*CD25Ms"
Tregs after 3mo of treatment. Also, we found a notable
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FIG.1. HBV DNA decreased and ALT levels normalized during telbivudine treatment. (A) The serum HBV DNA levels of
the 28 patients at baseline, after 3 mo, and after 6 mo of telbivudine therapy. (B) The serum ALT levels of the 28 patients at
baseline, after 3mo, and after 6 mo of telbivudine therapy. HBV DNA and ALT levels were significantly lower at 3 and 6 mo

compared to baseline (p <0.05).

10" o
W a3
24.29 510 3 2068
w 0.00
P
S 1024
¥
3
10! '
0.00
10°
10 10° 10" 10
FL1-H:: CO4 FITC
6 months
P=0.368
! p=0.0689 p=0.135 !

A 10"
wy
w 3 5
51074 3
& 0.00 &
B S
S 10° - ¥
£ 3
& 1 @
t-h' LTS
10"
0.00
1° A s L
10° 10 102 10° 10}
FL1-H: CD4 FITC FL1-H= CD4 FITC
baseline 3 months
P=0.0001
- l | 50-
g p=0.0001 2
= o
2 204 2
3 3 47
- -
s 154 =
m] Q 304
9 o
o —
2 10 s
) [a]
8 O 204
O 5- b
-I;Q a
a8 Q
o 0 . ' 10

months of telbivudine treatment

months of telbivudine treatment

FIG. 2. The frequency of peripheral CD4+CD25h1g}T regulatory T cells (Tregs) during telbivudine-induced viral load re-
duction. (A) CD4" T cells were separated into CD25"8", CD25'°", and CD25~ T-cell subsets, as defined by the fluorescence
intensity of CD25 obtained using isotypic control antibody. Typical PBMC samples from one of the patients were analyzed
with flow cytometry at baseline, and after 3mo and 6 mo of telbivudine treatment. The percentages of CD4*CD25"5" Tregs
(B) and CD4"CD25" Tregs (C) in the 28 CHB patients are shown.
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decrease in the percentage of Tregs after 3 and 6 mo of
therapy compared to baseline (p <0.0001), but there was no
significant difference in Treg proportions between 3 and
6mo (baseline, 10.43%0.45%; 3mo, 7.31+£0.40%; 6mo,
7.09+0.40%; Fig. 2B). Moreover, the frequency of CD4"
CD25" Tregs in CD4" T cells was 27.95+1.55% at baseline,
24.03+1.50% at 3mo, and 25.69£1.43% at 6 mo. No changes
were seen in the CD4"CD25™ Treg population in response to
antiviral therapy (Fig. 2C). Furthermore, no correlation was
observed between the decrease in HBV DNA and the pro-
portion of CD4*CD25"8" Tregs (data not shown).

Downregulation of PD-L1, but not PD-1, expression
on CD4™ T cells during telbivudine-induced
viral load reduction

CD4"PD-1" and CD4"PD-L1" cells were determined at
baseline, and after 3 and 6 mo of therapy. A representative
PBMC sample analyzed by flow cytometry is shown in
Fig. 3A. There were significant differences in the percentages
of PD-1 in CD4™ T cells at baseline (42.25+4.39%), and after
3 (33.67£3.35%), and 6mo (43.50+11.93%) of telbivudine
treatment (Fig. 3B). Surprisingly, there was a consistent trend
toward downregulated PD-L1 levels after therapy (baseline,
0.93+0.22%; 3mo, 0.53+0.09%; 6mo, 0.48+0.09%), and
these differences achieved statistical significance compared
with baseline (p=0.0463, p=0.029; Fig. 3C).

Longitudinal analysis of TLR2/4 on monocytes
in response to telbivudine therapy

We gated CD14-positive populations as monocytes, and
the levels of TLR2/4 expression were measured in these cells
as we did previously (35). The values of mean fluorescence
intensity (MFI) of TLR2/4 on monocytes of CHB patients
were tested before and after treatment. There was slightly
increased TLR2 expression after 6mo of therapy
(102.93£6.63) compared to baseline (89.07+6.09; p=0.041),
but not after 3 mo of treatment (96.12+8.80, p <0.05; Fig. 4A).
However, the MFI values corresponding to TLR4 were not
affected (baseline, 41.17+2.39; 3mo, 38.20+2.12; 6mo
40.48+2.37, p>0.05; Fig. 4B).

The serum concentrations of IFN-y and IL-9
in response to telbivudine therapy

The IFN-y and IL-9 levels in serum were tested at base-
line, as well as after 3 and 6 mo of treatment. The concen-
trations of IFN-y were 24.49+3.86pg/mL at baseline,
21.86+2.87 pg/mL at 3mo, and 27.28+6.58 pg/mL at 6 mo,
and there was no notable difference among the three groups
(Fig. 5A). In addition, IL-9 concentrations were significantly
reduced after 6 mo of treatment (12.76 £2.52 pg/mL), com-
pared with both baseline (30.89+5.28 pg/mL; p=0.013) and
3mo post-therapy (25.80+4.16 pg/mL, p=0.013; Fig. 5B).

Discussion

Standard antiviral treatment with nucleoside analogs has
remarkably ameliorated the clinical management of chronic
hepatitis B, which is one of the major health problems in
China. Clinical trials in China and globally in both HBeAg-
positive and HBeAg-negative chronic hepatitis B patients
have demonstrated that telbivudine therapy, which provi-

NAN ET AL.

des greater antiviral and clinical efficacy with less viral
resistance, is superior to lamivudine treatment (10,13). In
this study, we examined telbivudine treatment of chronic
HBV patients in China and showed that after 6 mo of
therapy, 32.41% (9/28) of patients demonstrated sero-
clearance of HBV DNA, and 100% (28/28) had normaliza-
tion of serum ALT levels. These results are consistent with
earlier reports (10,13), and further prove that telbivudine
is a safe and effective therapeutic agent against chronic
hepatitis B.

Tregs are of the utmost importance in maintaining im-
mune homeostasis and a strong immunological inhibitory
effect (17). Ours and many other groups have demonstrated
that Tregs are elevated in CHB patients, and that they con-
tribute to the dysfunction of HBV-specific CTL, causing im-
munotolerance, viral persistence, and chronic infection
(1,8,11,12,18,20,25,31,32,35). Herein our findings show that
telbivudine-induced suppression of HBV DNA replication
resulted in a decrease in the frequency of circulating Tregs
within 3mo, and consistently inhibited them after 6 mo of
therapy. Although we failed to observe any correlation be-
tween the decrease in viral loads and Tregs, the results are
still consistent with previously published data indicating
that anti-HBV treatment with nucleoside analogs or pegy-
lated IFN-a can cause a decrease in Tregs (24,26,34). Due to
the mechanism of action of telbivudine, which suppresses
the activity of HBV DNA polymerase and directly inhibits
viral replication, it seems likely that treatment results in a
notable decline in HBV DNA levels, which in turn leads to a
change in the cytokine and chemokine environment, which
may result in a decrease in Tregs.

Recent studies have demonstrated that there is over-
expression of PD-1 and PD-L1 in both HBV-specific T cells
and PBMCs (3,18), and that blocking the PD-1/PD-L1
pathway can increase HBV-specific T-cell cytokine secretion
and cell proliferation (3). Similarly, in an HBV transgenic
mice model, in vivo blocking of the PD-1/PD-L1 interaction
resulted in an increase in the absolute number of IFN-y-
producing CTLs in the liver (16). In the current study, we
found that there was a trend toward PD-L1 suppression,
but not PD-1 suppression, in CD4* T cells in response to
telbivudine therapy. This may indicate that inhibition of
viral replication may block the PD-1/PD-L1 inhibitory
pathway. Previous studies have demonstrated that block-
ade of the PD-1/PD-L1 interaction may improve the func-
tion of circulating HBV-specific CD8" T cells, which may
partially reverse T-cell depletion and cause a restoration
of T-cell function (3,7,16). It is well known that persistent
exposure to high antigen concentrations promotes HBV-
specific T-cell dysfunction. Telbivudine directly inhibits
viral replication and concomitantly downregulates the lev-
els of HBsAg and HBeAg, and thus may activate antiviral
T-cell functioning. Suppression of the PD-1/PD-L1 pathway
may further improve T-cell function. However, in natural
infection, peripheral cells may only partially reflect their
intrahepatic counterparts. Others also found that upregu-
lation of intrahepatic PD-1/PD-L1 was significantly asso-
ciated with hepatic inflammation and ALT elevations in
patients with chronic HBV infection (5,30). Moreover, the
function of liver-infiltrating HBV-specific T cells can be
ameliorated by PD-1/PD-L1 inhibition (7). Taken together,
these findings indicate that T-cell exhaustion by high



TREGS AND PD-L1 DURING ANTI-HBV THERAPY 25
A 10" 10 10"
o !Da'; 103'-31 303'3
® 1 o 65.61 4 1 000 2113 2 1 o 41.06
v a - = -
(] o' wz 9 ‘ICI2 E ‘02
: : : ]
1 1 1
10 = 10 10'
i o000 B 7 o000 1 o000
10° ’ st — ; 10° . ; 10° . ’
10° 10! 10° 10° 10* 10° 10’ 10* 10° 10! 10*
FL1-H: CD4 FITC FL1-H: CD4 FITC FLI-H:; CD4 FITC
"3 107 1 1079
w 10°1 w 10° - Y 10
- = 7 o0 1.46 = 1 o000 0.39 & 9 00 0.27
- 3 2 2 ]
[ 2 I3 2 a 2
m] £ 1074 I 10" 210
o & E tj z -i
3 3 5
10' 10' 10'
1 ooo 1 o000 1 000
. ]
10 s iy ST o y . { 10 . Y
10 10 1 10° 10! 10° 10° 10 10° 10" 10 10
FLI-H: CD4 FITC FL1-H: CD4 FITC FL1-H: CD4 FITC
baseline 3 months 6 months
B C
P=0.641 P=0.029
100- Mp=0.0635  p=0.118 | 6 Mp=0.0463 |
| 1] | Ly
—
X 804 =
o <
'Il3 0 4_
[5] GO' ‘.__0‘
o <
2 o
o 40- 2
by -
Q 20 £
c L] L] ] c

months of telbivudine treatment

months of telbivudine treatment

FIG. 3. PD-1 and PD-L1 expression in circulating CD4™ T cells in patients with chronic hepatitis B during telbivudine
therapy. (A) Surface expression of PD-1 and PD-L1 on CD4 " T cells in a representative chronic hepatitis B patient at baseline,
and after 3 and 6 mo of telbivudine treatment. (B) Percentage of CD4"PD-1" T cells within CD4" T cells in patients during
telbivudine therapy. (C) Percentage of CD4*PD-L1" T cells in CD4" T cells in CHB patients during telbivudine therapy.

antigen concentrations promotes HBV-specific T-cell dys-
function by affecting both the phenotype and function of
peripheral and intrahepatic T cells.

Inhibition of Tregs and/or the PD-1/PD-L1 pathway may
also lead to changes in the expression profile of cytokines
and chemokines. Depletion of Tregs led to an increase in
IFN-y production by HBV-Ag-stimulated PBMCs (31). In
addition, PD-1/PD-L1 blockade increased CD8™ cell prolif-
eration and IFN-y and IL-2 production by intrahepatic lym-
phocytes, and induced variable levels of functional T-cell
restoration both in the liver and in peripheral blood, with

functional improvement of intrahepatic T cells (7,16). Our
findings of the slightly increased expression of IFN-y 6 mo
after therapy, with no statistically significant difference
compared with baseline, may indicate that the impaired
immune responses of CHB patients are not restored by tel-
bivudine therapy. Surprisingly, the levels of IL-9, which
plays an important role in inflammatory diseases (19,27),
were decreased in serum by telbivudine therapy. As we learn
more about the role of FoxP3™ Tregs in apoptosis-induced
liver inflammation (23), it is likely that the changes seen in
Tregs and PD-L1 expression in peripheral blood after
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FIG. 4. TLR2 and TLR4 expression on monocytes in response to telbivudine therapy. (A) The expression of TLR2 in the 28
patients at baseline, and after 3 and 6 mo of telbivudine therapy. (B) The expression of TLR4 in the 28 patients at baseline, and

after 3 and 6 mo of telbivudine therapy.

antiviral treatment with telbivudine reflect improvements in
liver inflammation.

We also investigated the changes in TLR2/4, which are
essential pathogen-associated molecular elements of the in-
nate immune response, during telbivudine treatment. In-
creasing evidence suggests that TLR2/4 may play a key role
in the recognition and initiation of HBV infection (6,28,35).
However, controversy remains about the numbers and
functions of TLR2/4 in the immune response to HBV infec-
tion. We found that TLR2 expression on CD14 " monocytes
was slightly increased during telbivudine therapy. Due to
the high efficacy of anti-HBV function and e antigen sero-
conversion caused by telbivudine, we presume that the up-
regulation of TLR2 may be correlated with the reductions
seen in HBeAg during treatment. Further studies are needed
to clarify the mechanisms underlying the immune functions
of these molecules.
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Ribeiro ef al. (22) demonstrated that the clearance of HBV
DNA and infected hepatocytes was significantly faster in
HBeAg-negative than in HBeAg-positive patients. Also, in
HBeAg-negative patients, the baseline levels of HBV DNA
showed a negative correlation with the half-life of infected
cells. This advances the notion that HBeAg-positive and
HBeAg-negative chronic HBV infections are very different in
terms of immune status, hepatocyte turnover, and viral ki-
netics under antiviral treatment. Thus our findings of the
reductions in HBV DNA and ALT normalization, as well as
downregulation of Tregs and PD-L1, may also be different in
these two populations. Thus we analyzed the changes in
HBV DNA, ALT, IL-9, Tregs, PD-1, and PD-L1 in 23 HBeAg-
positive patients after telbivudine treatment. The results
were similar for the mixed population of HBeAg-positive
and HBeAg-negative patients (data not shown), and re-
vealed that these negative immunomodulatory factors may
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IFN-y and IL-9 concentrations in the serum during telbivudine treatment. (A) Serum IFN-y concentrations in the 28

patients at baseline, and after 3 and 6 mo of telbivudine therapy. (B) Serum IL-9 concentrations in the 28 patients at baseline,

and after 3 and 6 mo of telbivudine therapy.



TREGS AND PD-L1 DURING ANTI-HBV THERAPY

have identical functions in both HBeAg-positive and HBeAg-
negative infections. However, as the sample size in our study
was small, further studies are needed to confirm these results
in larger study samples.

Conclusion

In summary, the HBV viral load reduction and serum ALT
normalization induced by treatment with telbivudine results
in a partial restoration of the impaired immune response, as
shown by significant reductions in the percentages of CD4"
CD25Msh Tregs, PD-L1 expression on CD4 ™ T cells, and IL-9
production. Our findings suggest that the antiviral effects of
the nucleoside analogs may be attributable not only to their
direct effect on viral suppression, but also to their immuno-
regulatory capabilities.
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