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Chronic infection with hepatitis B virus (HBV) is a major risk factor
for the development of hepatocellular carcinoma (HCC). The path-
ogenesis of HBV-associated HCC involves both viral and host factors.
The latter include a functionally inefficient CD8* T-cell response that
fails to clear the infection from the liver but sustains a chronic nec-
roinflammatory process that contributes to the development of
HCC. According to this scenario, amelioration of immune-mediated
chronic liver injury may prevent HCC. Because platelets facilitate
immune-mediated liver injury by promoting the hepatic accumula-
tion of virus-specific CD8" T cells, we evaluated the long-term con-
sequences of antiplatelet therapy in an HBV transgenic mouse model
of chronic immune-mediated necroinflammatory liver disease that
progresses to HCC. Treatment with aspirin and clopidogrel during
the chronic phase of the disease diminished the number of intrahe-
patic HBV-specific CD8" T cells and HBV-nonspecific inflammatory
cells, the severity of liver fibrosis, and the development of HCC. Anti-
platelet therapy improved overall survival without causing signifi-
cant side effects. In contrast, the same antiplatelet regimen had no
antitumor effect when HCC was induced nonimmunologically by
chronic exposure to a hepatotoxic chemical. The unprecedented ob-
servation that antiplatelet therapy inhibits or delays immune-medi-
ated hepatocarcinogenesis suggests that platelets may be key
players in the pathogenesis of HBV-associated liver cancer and sup-
ports the notion that immune-mediated necroinflammatory reac-
tions are an important cause of hepatocellular transformation
during chronic hepatitis.
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epatocellular carcinoma (HCC) is the fifth most frequently

diagnosed cancer and the third most common cause of death
from cancer worldwide (1). Over 50% of HCC cases are attrib-
utable to underlying chronic hepatitis B infection (1). Although
the potential mechanisms whereby the hepatitis B virus (HBV)
causes HCC include viral factors (e.g., insertional mutagenesis,
expression of viral gene products with transforming potential),
host factors associated with the antiviral immune response are
thought to play a significant role (2). Indeed, almost all cases of
HCC occur after decades of immune-mediated chronic hepatitis,
which is characterized by a functionally inefficient virus-specific
CD8™ T-cell response that fails to eliminate HBV from the liver
(3). In this situation, the virus-specific CD8* T-cell response
appears to maintain continuous cycles of low-level hepatocellular
injury both directly [through the killing of hepatocytes expressing
viral antigens (4)] and indirectly [through the hepatic recruitment
of virus-nonspecific inflammatory cells exacerbating pathology
(5, 6)]. This process promotes hepatocellular proliferation and
exposes proliferating hepatocytes to inflammatory mutagens (3).
Over time, repetitive cycles of immune-mediated hepatocellular
necrosis, regeneration, and inflammation are thought to trigger
the multiple genetic alterations that typify HCC (3).
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In mouse models of CD8"* T cell-mediated acute viral hepa-
titis, we have previously shown that platelets are present at sites
of tissue damage and that platelet depletion ameliorates disease
severity by reducing the accumulation of hepatic virus-specific
CD8™ T cells (7). In the ongoing effort to explain mechanistically
why platelets are required to support CD8" T cell-induced liver
pathology, we found that this process is influenced by two specific
inhibitors of platelet activation pathways: aspirin (Asp), which
blocks thromboxane (TX) A, production, and clopidogrel (Clo),
which blocks the P2Y;, ADP receptor (8). Indeed, treating mice
with Asp, Clo, or a combination of the two (Asp/Clo) attenuates
acute liver injury by reducing the hepatic accumulation of virus-
specific CD8™ T cells and virus-nonspecific inflammatory cells (9).

With the expectation that Asp and Clo may also blunt the
hepatic accumulation of pathogenic immune cells under con-
ditions of sustained liver injury, we adapted a mouse model of
chronic immune-mediated hepatitis B that progresses to HCC
(10, 11) to evaluate the impact of these drugs on hep-
atocarcinogenesis. We show here that antiplatelet therapy sup-
presses hepatic immunopathology and prevents or delays the
development of HCC, as well as improving survival.

Results

Study Design and Platelet Response to Asp and/or Clo. The HBV
transgenic mouse model of chronic hepatitis used herein has
been described (10) and is summarized in Materials and Methods
and SI Materials and Methods. Groups of hepatitis B surface
antigen (HBsAg)-expressing transgenic mice (lineage 107-5) that
had been reconstituted ~30 d earlier with an HBsAg-primed WT
immune system and displayed histological evidence of chronic
hepatitis (10) were treated orally (as described in Materials and
Methods) with one of the following: (i) diluents (Vehicle), (ii)
Asp, (iii) Clo, or (iv) the latter two combined (Asp/Clo) (Fig.
S1). Age- and sex-matched lineage 107-5 transgenic mice that
were reconstituted with an HBsAg-tolerant transgenic immune
system (Sham) and unmanipulated control (Ctrl) mice were in-
cluded in the study (Fig. S1); a total of 540 animals were studied,
including 110 (Ctrl), 110 (Vehicle), 110 (Sham), 50 (Asp), 50
(Clo), and 110 Asp/Clo) mice (Fig. S2.A and B). Three days after
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initiation of Asp, Clo, or Asp/Clo treatment (and at monthly
intervals thereafter), Asp-treated mice showed reduced platelet
production of TX-A, (measured as the stable inactive metabolite
TX-B,) and Clo-treated mice displayed impaired ADP-induced
platelet aggregation (Fig. S2C).

Treatment with Asp, Clo, or Asp/Clo Suppresses Hepatic Inmunopa-
thology. By 90 or 180 d after spleen transfer (ST) (i.e., before the
appearance of HCC), mice that had been treated with Asp, Clo, or
Asp/Clo displayed serum alanine aminotransferase (ALT) activity
lower than that observed in Vehicle-treated mice (Fig. 14); these
differences were reflected in histological differences in the cor-
responding livers. Livers harvested from Vehicle-treated mice at
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Fig. 1. Treatment with Asp, Clo, or Asp/Clo suppresses hepatic immuno-
pathology. (A) Mean serum ALT activity (U/L + SD, 20 mice per group per
time point) was measured at the indicated time points in groups of mice that
received the indicated treatment. Vehicle-treated mice showed serum ALT
activity approximately threefold above that detected in Ctrl or Sham-treated
mice. Compared with the former, mice treated with Asp, Clo, or Asp/Clo
showed a reduction in serum ALT activity of ~25%, ~30%, and ~65%, re-
spectively. (B) Micrographs of representative histological liver preparations
from the indicated groups of mice at day 90 after ST are shown. H&E
staining. (Scale bar = 150 pm.) (C) Livers from the indicated groups of mice
were graded histologically (Materials and Methods) at the indicated time
points (20 livers per group per time point) to express the relative number of
mice per group that had severe, moderate, or mild liver disease. The number
of mice displaying signs of severe liver injury at days 90 and 180, respectively,
was as follows: 0 of 20 (0%) and 0 of 20 (0%) Ctrl, Sham-treated, or Asp/Clo-
treated mice; 7 of 20 (35%) and 12 of 20 (60%) Vehicle-treated mice; and
1 of 20 (5%) and 6 of 20 (30%) Asp- or Clo-treated mice. The statistical
significance of differences in the assays shown in A and Cis indicated (**P <
0.001; ***P < 0.0001).
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day 90 revealed abundant portal inflammatory infiltrates, which
were much less prominent in antiplatelet-treated mice, particu-
larly in animals receiving Asp/Clo (Fig. 1B). Portal inflammation
and other parameters of chronic hepatitis were used to produce
an Ishak-based (12) scoring system that cumulatively graded liver
necroinflammatory activity (Materials and Methods). The analysis
indicated that the number of Vehicle-treated mice displaying
signs of severe liver injury increased with time and significantly
exceeded that of animals receiving dual antiplatelet therapy (Fig.
1C). Of note, neither Vehicle-treated mice nor Asp-, Clo-, or Asp/
Clo-treated mice showed evidence of liver infarction, and the
detection of platelet aggregates in these livers was confined within
necroinflammatory foci.

Next, we asked whether antiplatelet treatment could influence
the pathogenic potential of the HBsAg-specific CD8* T cells
that trigger liver disease in this model (10, 11). At both day 90
and day 180, the absolute number of hepatic HBsAg-specific
CD8* T cells (Fig. 24) and antigen-nonspecific inflammatory
cells they recruit (Fig. S3) was lower in mice that received
antiplatelet drugs compared with Vehicle-treated mice, and the
relative values reflected the serum ALT activity in those animals
(compare with Fig. 14). In contrast, the capacity of the CD8* T
cells to kill target cells in vivo (SI Materials and Methods) was
comparable in the different groups of mice (Fig. 2B); that is, it
paralleled the serum ALT activity (Fig. 14) and the number of
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Fig. 2. Treatment with Asp, Clo, or Asp/Clo reduces the number but not the
killing function of hepatic HBsAg-specific CD8* T cells. (A) Assessment by
dimer staining (S/ Materials and Methods) of the absolute number of HBsAg-
specific CD8* T cells recovered from the liver of the same mice described in
Fig. 1 (20 mice per group per time point). (B) Hepatic in vivo cytotoxicity
assay of five mice from the indicated groups at the indicated time points (S/
Materials and Methods). (C) Mean percentage (+SD) of Ki67* hepatocytes
detected in the liver of the same mice described in A (10 mice per group per
time point). The statistical significance of differences in the assays shown in
A and Cis indicated (**P < 0.001). nd, not detectable.
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intrahepatic CD8* T cells (Fig. 24) in each group. Importantly,
virtually no HBsAg-specific CD8" T cells were detected in the
spleen or in liver-draining (portal) lymph nodes (13) of mice
receiving vehicle or antiplatelet drugs, suggesting that the re-
jection of target cells in these animals occurred within the liver.
In accordance with the diminished number of hepatic HBsAg-
specific CD8" T cells and the diminished liver injury, the mag-
nitude of compensatory hepatocellular regeneration (quantified
by counting Ki67-labeled hepatocytes) was reduced in mice
receiving antiplatelet treatment (Fig. 2C). Collectively, these
results suggest that antiplatelet treatment reduced the number of
HBsAg-specific CD8" T cells and nonspecific inflammatory cells
that accumulate in the liver but that it had no impact on their
cytolytic activity. Because mice receiving Asp/Clo consistently
showed the greatest difference in serum ALT activity, liver dis-
ease severity, liver CD8" T-cell accumulation, and hepatocellu-
lar regeneration compared with Vehicle-treated mice, beyond
the 180-d time point, we studied only the effect of Asp/
Clo treatment.

Treatment with Asp/Clo Reduces the Severity of Liver Fibrosis. At day
270, serum ALT activity in Ctrl, Sham-, Vehicle-, and Asp/Clo-
treated mice was similar to that detected at earlier time points
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Fig. 3. Treatment with Asp/Clo suppresses hepatic immunopathology and
reduces the severity of liver fibrosis. (A) Mean serum ALT activity (U/L + SD,
20 mice per group per time point) was measured at the indicated time points
in mice that received the indicated treatment. (B) Relative number of mice
per group displaying varying degrees of liver necroinflammatory activity is
indicated. (C) Livers from the indicated groups (20 livers per group per time
point) were staged histologically (Materials and Methods) at the indicated
time points to express the number of mice per group with the following
degrees of liver fibrosis: FO, no fibrosis; F1, fibrous expansion of some portal
areas with or without short fibrous septa; F2, fibrous expansion of most
portal areas with or without short fibrous septa; F3, bridging fibrosis with-
out cirrhosis; and F4, cirrhosis with architectural distortion. This analysis
revealed that 8 of 20 (40%) and 12 of 20 (60%) Vehicle-treated mice dis-
played signs of bridging fibrosis (F3) at day 270 or day 450, respectively.
Bridging fibrosis was never detected in Ctrl or Sham-treated mice, and only
2 of 20 (10%) Asp/Clo-treated mice reached this stage at the later time point.
The statistical significance of differences in the assays shown in A-C is in-
dicated (**P < 0.001; ***P < 0.0001).
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(compare Figs. 34 and 14). At day 450, serum ALT activity was
approximately eightfold higher in Vehicle-treated compared with
Sham-treated mice (Fig. 34), likely reflecting the presence of
tumors compressing normal liver parenchyma and/or becoming
partly necrotic. The percentage of mice displaying signs of severe
chronic hepatitis increased further on days 270 and 450 in Ve-
hicle-treated mice but not in Asp/Clo-treated mice (Fig. 3B).
Persistence of severe hepatitis in Vehicle-treated mice resulted
in abundant liver deposition of collagen, which often formed fi-
brous septa bridging portal areas (Fig. S4). Treatment with Asp/
Clo reduced collagen deposition, which, at worst, was associated
with the appearance of short fibrous septa (Fig. S4). Staging liver
fibrosis in all animals at both time points (SI Materials and
Methods) indicated that none of the mice became cirrhotic (F4),
but the percentage of Vehicle-treated mice progressing to
bridging fibrosis (F3) was significantly higher than that of Asp/
Clo-treated mice (Fig. 3C).

Treatment with Asp/Clo Prevents or Delays the Development of HCC.
Shortly before being killed, mice from the Ctrl group as well as
Sham-, Vehicle-, and Asp/Clo-treated groups were subjected to
7-T MRI (SI Materials and Methods). Regions of interest were
identified (a representative example is shown in Fig. 44 and
Movies S1 and S2) and serially sectioned at times of autopsy. In
virtually all cases, MRI detected liver tumors (hepatomas) that,
at autopsy, displayed the classic histological features of well-
differentiated HCCs associated with chronic HBV infection (14),
consistent with what has been previously described by Nakamoto
et al. (10) in this experimental system. The hepatomas detected
in both Vehicle- and Asp/Clo-treated groups were characterized
by trabecular cords composed of several layers of neoplastic
hepatocytes (Fig. S54) usually expressing no HBsAg (Fig. S5B).
Large HCCs (>7 mm in diameter), frequently detected in the
liver of Vehicle-treated mice, also displayed neoplastic hep-
atocytes that were highly mitotic (Ki67") and covered by a thin
lining of CD34™ endothelial cells (Fig. S5 C and D). As men-
tioned earlier, the hepatomas compressed the adjacent hepatic
parenchyma and often contained small areas of necrosis.

None of the Ctrl or Sham-treated mice displayed evidence of
HCC at days 270 and 450. In contrast, at the same time points, as
many as 30% and 65% of Vehicle-treated mice had one or more
hepatomas, which were detectable in only 5% and 20% of Asp/
Clo-treated mice, respectively (Fig. 4C), indicating that hepato-
mas developed in significantly fewer antiplatelet-treated mice
than Vehicle-treated mice. We also compared the overall mass
of the hepatomas (a parameter encompassing both the number
and the size of tumors per liver) in Vehicle- and Asp/Clo-treated
mice with cancerous lesions. By calculating the volume of lesions
diagnosed histologically as bona fide HCCs at days 270 and 450,
we found that the tumor mass in Asp/Clo-treated mice (expressed
as percentage of total liver mass) was significantly lower than in
Vehicle-treated mice (Fig. 4D), suggesting that tumor de-
velopment was delayed in those animals. An example of 3D liver
reconstructions depicting number and size of HCCs in repre-
sentative 450-d Vehicle- or Asp/Clo-treated mice is provided in
Fig. 4B and Movies S3 and S4.

Treatment with Asp/Clo Improves Survival. Within 510 d of ST, 75%
of Vehicle-treated mice (15 of 20) were found dead (Fig. 5 and
Table 1). In 7 of those animals, liver tissue was harvested before
advanced autolysis occurred. Postmortem examination revealed
that 100% of these animals showed the presence of numerous
large HCCs (Fig. S6 A-D and Table 1). The same was observed
in the remaining 5 live animals that were euthanized at day 520
for ethical reasons, because they all showed signs of cachexia. At
this time point, only 20% of the Asp/Clo-treated mice (4 of 20)
had died (Fig. 5 and Table 1) and none of the survivors appeared
cachectic. With the exception of a single Asp/Clo-treated mouse
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Fig. 4. Treatment with Asp/Clo diminishes the incidence/mass of HCCs. (A)
Contrast-enhanced liver MRI scans of representative tumor-bearing mice
from the indicated groups at day 450 after ST are shown. Red arrows in-
dicate hypointense regions identifying HCCs after i.v. administration of
gadoxetic acid (Primovist; S/ Materials and Methods). (Scale bar = 500 pm.)
(B) Three-dimensional liver reconstructions from the same animals illustrate
lesions (in orange-red) that were diagnosed (by MRI and histology) as bona
fide HCCs. (C) Percentage of mice from the indicated groups bearing one or
more HCCs at the indicated time points (a total of 20 mice per group per
time point were analyzed) is shown. nd, not detectable. The percentage of
mice bearing one or more HCCs at days 270 and 450 was 30% and 65%,
respectively, in Vehicle-treated mice and 5% and 20%, respectively, in Asp/
Clo-treated mice. (D) Mean percentage of the total HCC mass (calculated as
% of the total liver mass + SD) in all the Vehicle- or Asp/Clo-treated mice
that bore one or more HCCs at day 270 (6 mice and 1 mouse, respectively) or
day 450 (13 and 4 mice, respectively) after ST is shown. On average, the
total HCC mass detected in Asp/Clo-treated mice was 3.8-fold and 5.4-fold
smaller than that detected in Vehicle-treated mice on days 270 and 540,
respectively. The statistical significance of differences between Vehicle- and
Asp/Clo-treated mice in C and D is indicated (**P < 0.001; ***P < 0.0001).
nd, not detectable.

that died by day 550 (Table 1), the remaining 15 Asp/Clo-treated
animals survived until day 600 (Fig. 5 and Table 1), when they
were euthanized. Two-thirds of these animals (10 of 15) were
free of HCC (Table 1), and the remaining mice (5 of 15) had
relatively few small HCCs (Fig. S6 C and D and Table 1).

Treatment with Asp/Clo Does Not Induce Bleeding Complications.
Blood and fecal samples were collected monthly from Ctrl mice as
well as from Sham-, Vehicle-, and Asp/Clo-treated mice. He-
matocrit values and platelet counts remained within the re-
spective normal range in all groups at all time points, consistent
with the absence of fecal occult blood (FOB) (Fig. 6 4 and B). In
addition, there was no evidence of cutaneous petechiae (through-
out the body) or hemorrhagic lesions (throughout the head, neck,
and thoracic or abdominal cavities) in Asp/Clo-treated mice ex-
amined at autopsy, indicating that antiplatelet treatment did not
lead to bleeding side effects in these animals.
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Fig. 5. Treatment with Asp/Clo improves survival. Kaplan-Meier survival
curves of the indicated groups of mice (20 mice per group) are shown. The
statistical significance of differences between Vehicle- and Asp/Clo-treated
mice is indicated. At day 520, five surviving Vehicle-treated mice showing
severe cachexia and lethargy were killed for humanitarian reasons. At day
600, Asp/Clo-treated mice were euthanized to avoid age-related deaths (by
this time, the animals were about 2 y old).

Treatment with Asp/Clo Does Not Inhibit Carbon Tetrachloride-
Induced Cancer Progression in Immunologically Unmanipulated
Lineage 107-5 HBsAg Transgenic Mice. To evaluate whether Asp/
Clo treatment might have antitumor effects unrelated to its im-
pact on CD8" T cell-induced hepatic immunopathology, we
studied its impact in a model of chemical hepatocarcinogenesis
(15, 16). Starting when they were 8 wk old, male mice from
lineage 107-5 were treated with vehicle or Asp/Clo as described
above and gavaged (twice weekly for 16 wk) with the hepatotoxic
agent carbon tetrachloride (CCly) (SI Materials and Methods). By
day 330 (~30 wk after CCly cessation), the incidence and number
of HCC:s and the extent of fibrosis were comparable between the
two groups of mice (Fig. 7), indicating that antiplatelet therapy
was not protective in this setting.

Discussion

We demonstrate here a hitherto unrecognized role of platelets in
the immunopathogenesis of HCC, a life-threatening complication
of chronic HBV infection (1, 2). The pathogenesis of chronic
HBV infection involves functionally inefficient HBV-specific
CDS8" T cells that do not eradicate the infection but sustain re-
petitive cycles of immune-mediated hepatocellular necrosis, he-
patocellular regeneration, and inflammation that are thought to
precipitate random genetic damage and promote HCC de-
velopment (3). Direct evidence linking CD8* T cell-mediated
liver immunopathology to hepatocellular transformation is pro-
vided by previous studies in which HBV transgenic mice that do
not spontaneously develop liver injury develop HCC after many
months of HBV-specific CD8* T cell-induced chronic hepatitis
(10, 11).

Although virus-specific CD8* T cells appear to mediate most
of the hepatocellular injury associated with HBV infection (17),
other cells may participate in the process. The accumulation of
virus-nonspecific CD8* T cells in the liver of chronically infected
patients has been linked to signs of active organ damage (6, 18,
19), and inhibiting the hepatic accumulation of virus-nonspecific
CDS8™ T cells and other virus-nonspecific inflammatory cells [i..,
CD4* T cells, neutrophils, dendritic cells, monocytes, natural
killer (NK) cells, NKT cells] in mouse models of acute viral
hepatitis has been shown to reduce liver disease severity (5, 20—
23). Of note, the recruitment process of virus-nonspecific in-
flammatory cells into the liver of these animals is different from
that of virus-specific CD8" T cells. The former largely relies on
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Table 1.

Incidence, number, and histology of liver tumors in mice followed for survival

Group Mouse ID no. Days after ST Liver tumor No. of tumors Largest tumor, mm Tumor histology

Ctrl 1-20 600 -
Sham 1-20 600 -
Vehicle 1-8 445-499* Unev.
9 510* +
10 510* +
11 510* +
12 510* +
13 510* +
14 510* +
15 510* +
16 520 +
17 520 +
18 520 +
19 520 +
20 520 +
Asp/Clo 1 499* Unev.
2 498* Unev.
3 498* Unev.
4 499* Unev.
5 550* Unev.
6 600 -
7 600 -
8 600 -
9 600 -
10 600 +
1 600 -
12 600 -
13 600 +
14 600 -
15 600 +
16 600 -
17 600 -
18 600 +
19 600 +
20 600 -

>10 8 HCC
>10 1 HCC
>10 21 HCC
>10 18 HCC
>10 14 HCC
>10 23 HCC
>10 1 HCC
>10 9 HCC
>10 14 HCC
>10 8 HCC
>10 19 HCC
>10 10 HCC

2 3 HCC

3 4 HCC

1 3 HCC

3 2 HCC

1 2 HCC

Unev., unevaluable.
*Found dead.

chemokines and damage-associated molecular pattern molecules
whose hepatic expression/release follows hepatocellular antigen
recognition by the virus-specific CD8* T cells (5, 20-23), and the
latter significantly depends on platelets. Indeed, using HBV
transgenic mice as recipients of HBV-specific CD8" T cells and
mice acutely infected with adenovirus, we recently showed that
platelets are detectable within CD8" T cell-containing hepatic
necroinflammatory foci and that their selective depletion pro-
foundly ameliorates the severity of liver disease (7). This re-
duction in liver disease severity is associated with a proportional
reduction in the hepatic accumulation of virus-specific CD8* T
cells, both of which are restored on reconstitution with normal
platelets but not with platelets treated with inhibitors of platelet
activation (7). The mechanisms by which platelets get recruited
into the liver and facilitate the hepatic accumulation of virus-
specific CD8™ T cells are poorly understood. One hypothesis is
that an initial inflammatory response within the liver may result
in changes of the vessel wall that promote platelet adhesion,
platelet activation, and activation-dependent events, resulting in
interaction with virus-specific CD8" T cells; this interaction may
facilitate virus-specific CD8" T cells to egress from the blood-
stream, enter the liver parenchyma, and perform pathogenic
functions. Another nonmutually exclusive hypothesis is that ac-
tivated platelets may favor CD8* T-cell division. Along these
lines, we have proposed that the activation-dependent expression

Sitia et al.

of platelet CD40 ligand contributes to the expansion phase of
virus-specific CD8" T cells, resulting in their accumulation at
sites of infection (24); this effect may reflect direct interaction of
activated platelets with CD8™ T cells that express CD40 (25, 26).
Others have indicated that platelet CD40 ligand has the poten-
tial to enhance virus-specific CD8* T-cell responses indirectly,
mostly by promoting the maturation of dendritic cells (27, 28).
That activated platelets contribute to acute hepatocellular injury
by enhancing the accumulation of virus-specific CD8* T cells
and, secondarily, virus-nonspecific inflammatory cells into the
liver is further supported by experimental evidence indicating
that these events are attenuated by the administration of two
specific inhibitors of platelet activation (Asp and Clo) (9). Based
on these observations, we reasoned that platelets might also
contribute to liver immunopathology under conditions of sus-
tained hepatocellular injury, and we took advantage of the pre-
viously mentioned HBV transgenic mouse model of chronic
hepatitis that progresses to HCC to evaluate the long-term
consequences of Asp and Clo administration (10, 11).

Our results demonstrate that clinically achievable doses of
these drugs (8) administered continuously after the onset of
chronic immune-mediated hepatitis could prevent or delay
hepatocarcinogenesis and greatly improved overall survival in
HBV transgenic mice. These outcomes were preceded by and
associated with reduced hepatic accumulation of virus-specific
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45 20 mice/group/time point

~ 40
‘°-E
235
30
ol
0 90 180 270 360 450
Days after ST
PLT (10%w)  PLT (10%u])  FOB FOB
d. 270 d. 450 d. 270 d. 450
Ctrl 1,045 £ 82 1,145 £ 86 neg neg
Sham 1,036 £ 95 1,044 + 46 neg neg
Vehicle 1,000 + 98 914 + 67 neg neg
Asp/Clo 1,047 + 87 981 + 102 neg neg

Fig. 6. Treatment with Asp/Clo does not cause bleeding complications. He-
matocrit (Hct) values (mean % =+ SD) (A) and platelet counts (mean + SD) and
FOB (B) were assessed individually in the indicated groups of mice at the in-
dicated time points (20 mice per group per time point). d., day; neg, negative.

CDS8" T cells and virus-nonspecific inflammatory cells, reduced
hepatocellular injury and hepatocellular proliferation, and re-
duced severity of liver fibrosis. The results support the notion
that a sustained immune-mediated necroinflammatory liver dis-
ease involving platelets is responsible for the development of
HCC in this HBV transgenic mouse model, and they suggest that
similar events may be responsible for the development of HCC
in chronically infected patients as well.

The ability of Asp/Clo to inhibit the hepatic accumulation of
HBV-specific CD8™ T cells in this model, as it does in models of
acute viral hepatitis, may be sufficient to explain the results
reported herein. Whether this effect depends on reduced hepatic
recruitment of HBV-specific CD8* T cells from lymphoid tissues
and blood or whether it depends on other processes (e.g., T-cell
expansion within or outside the liver) potentially affecting the
overall accumulation of antigen-specific T cells into the liver is
unclear. Of note, HBV-specific CD8* T cells accumulated at
detectable levels only in the liver (where the cognate antigen is
easily measurable) and they were not detected in the spleen or in
liver-draining lymph nodes (where the cognate antigen is not
measurable) of mice receiving either Vehicle or Asp/Clo.

The observation that the liver of Vehicle-, Asp-, Clo-, or Asp/
Clo-treated mice showed the presence of small platelet aggre-
gates only within hepatic necroinflammatory foci and the ab-
sence of infarction contradicts the possibility that antiplatelet
therapy suppresses liver disease by inhibiting the formation of
vessel-occluding clots. This is consistent with what is observed in
models of acute hepatitis, where vessel-occluding clots do not
develop and warfarin-based anticoagulant therapy (preventing
fibrin deposition) does not affect the capacity of virus-specific
CD8" T cells to cause liver damage (7).

Although the suppression of CD8% T cell-induced hepatic
immunopathology provides strong mechanistic evidence for the
antitumor effect of antiplatelet therapy, other Asp/Clo-de-
pendent processes might have been operative in our system, and
they include the inhibition of platelet-derived factors that could
support tumor growth independent of CD8* T cells. Platelet
factors, as such, are contained in both a-granules [e.g., FGF,
EFG, hepatocyte growth factor, insulin-like growth factor,
VEGF, PDGF (29)] and dense granules [e.g., serotonin (30)].
Dissecting the effect of Asp/Clo on all these factors in our system

E2170 | www.pnas.org/cgi/doi/10.1073/pnas.1209182109
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HCC-bearing mice (%)
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Sirius red* area (%)

0 0 0
Day 330 after CCl, (30 mice/group)

Fig. 7. Treatment with Asp/Clo does not inhibit cancer progression in
immunotolerant 107-5 mice exposed to CCl,. (A) Micrographs of represen-
tative livers from the indicated groups of mice that were killed at day 330
after CCl, treatment initiation (S/ Materials and Methods) are shown. Sirius
Red staining is shown in red. (Scale bar = 150 um.) (B) Photographs of repre-
sentative livers (visceral view) from the same groups of mice described in A are
shown. (C) Quantification of liver Sirius Red staining (Left; mean % of positive
area + SD), percentage of HCC-bearing mice (Center), and number of HCCs
per liver (Right; mean number + SD) in the same groups of mice described
above (30 mice per group). The statistical significance of differences between
Vehicle- and Asp/Clo-treated mice is indicated. ns, not significant.

is beyond the scope of this report. It is worth mentioning, how-
ever, that PDGF and serotonin have been reported to support
HCC development in mice exposed to diethylnitrosamine (31) or
to CCly (32), respectively, two situations in which carcinogenesis
is independent of adaptive immune responses and, as shown here
for CCly-treated mice, might not be influenced by antiplatelet
therapy. Although indirectly, this may argue against the hy-
pothesis that Asp/Clo-dependent amelioration of HCC in mice
with immune-mediated chronic hepatitis reflects inhibition of
PDGF- and serotonin-dependent pathways. The lack of efficacy
of antiplatelet therapy in CCl,-treated mice is also an argument
against the possibility that other platelet-derived factors poten-
tially involved in HCC development may be targets of Asp/Clo
treatment. These considerations should be taken cautiously,
however, because the process of hepatocarcinogenesis in mice
undergoing immune-mediated liver disease and in mice treated
with CCly differs substantially, possibly beyond the role of
adaptive immune responses.

As per the possibility that antiplatelet therapy might have
prevented/delayed HCC development by inhibiting inflammatory
events that are independent of platelets, it is relevant to note that
although Clo is highly specific for platelets [i.e., it inactivates the
ADP-receptor P2Y,, which is present on these cells and meg-
akaryocytes (8)], Asp is not [i.e., it inhibits TX production by
altering the activity of both COX-1 and COX-2 (8), with the
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latter enzyme being absent in platelets but present and inducible
in a variety of cell types (33)]. When administered at the low
dose used herein, however, Asp has almost exclusively platelet-
specific effects with minimal antiinflammatory or analgesic/an-
tipyretic properties (8); in keeping with this, we found that he-
patic COX-2 expression and its relative activity were not altered
in mice treated with dual antiplatelet therapy.

It is also relevant to note that Asp alone, at a dosage known to
inhibit the release of serotonin and other small molecules mark-
edly from dense granules, has no effect on the release of a-granule
content, where proteins and peptides are stored (34). This is
relevant in relation to the potential role of platelet-derived pro-
teins in the functional cross-talk with lymphocytes; for example,
CD40 ligand translocates to the platelet membrane surface in
association with the activation-induced a-granule release reaction
(35). Unlike Asp, Clo has been found by different investigators to
down-regulate the expression of markers of inflammation, in-
cluding CD40 ligand, on the surface of activated platelets (36), an
effect through which it inhibits heterotypic platelet-leukocyte
interactions linking vascular injury to inflammation (37). There-
fore, the beneficial effect of dual antiplatelet therapy in amelio-
rating the course of immune-mediated chronic hepatitis may
involve distinct pharmacological effects of the two administered
drugs (8). In synergy, they may reduce platelet contribution to
a complex pathogenic mechanism in which multiple pathways
modulate virus-specific CD8" T-cell accumulation in the liver.

In conclusion, we show here that the antiplatelet drugs Asp and
Clo effectively prevent or delay HCC and improve survival in
a mouse model of chronic immune-mediated hepatitis B. These
results identify platelets as potentially key players in the patho-
genesis of HBV-associated liver cancer, and they reinforce the
hypothesis that the cellular immune response is sufficient to in-
duce liver cancer during chronic viral hepatitis. With the limita-
tion that our study could not assess the impact of antiplatelet
therapy on viral replication, the results also suggest that drugs
targeting platelet function may be a therapeutic option in patients
with chronic HBV infection. A concern about such a treatment
could be increasing bleeding risk in individuals with compromised
coagulation associated with impaired liver function. However, as
pointed out in a recent review (38), excessive bleeding that is
prevalent in the advanced stage of liver cirrhosis could be a lesser
risk than thrombosis in some patients with chronic liver disease.
Of note, at present, no relevant information is available on the
possibility that cardiovascular patients chronically infected with
HBV and receiving long-term antiplatelet therapy (either Asp
monotherapy or dual therapy with Asp and Clo) are protected
against HCC development. Future epidemiological studies aimed
at assessing whether antiplatelet therapy prevents HCC are
certainly warranted.

Materials and Methods

Disease Models. The mouse models of immune-mediated or CCls-induced
chronic hepatitis have been reported previously (10, 39), and they are
summarized in S/ Materials and Methods. Twice a week, all mice from both
groups were subjected to clinical examination by a board-certified veteri-
narian (M.M.); according to the approved Permit No. 358 from the Animal

1. Nguyen VT, Law MG, Dore GJ (2009) Hepatitis B-related hepatocellular carcinoma:
Epidemiological characteristics and disease burden. J Viral Hepat 16:453-463.

2. Ganem D, Prince AM (2004) Hepatitis B virus infection—Natural history and clinical
consequences. N Engl J Med 350:1118-1129.

3. Guidotti LG, Chisari FV (2006) Immunobiology and pathogenesis of viral hepatitis.
Annu Rev Pathol 1:23-61.

4. Ando K, et al. (1994) Class I-restricted cytotoxic T lymphocytes are directly cytopathic
for their target cells in vivo. J Immunol 152:3245-3253.

. Kakimi K, et al. (2001) Blocking chemokine responsive to gamma-2/interferon (IFN)-
gamma inducible protein and monokine induced by IFN-gamma activity in vivo
reduces the pathogenetic but not the antiviral potential of hepatitis B virus-specific
cytotoxic T lymphocytes. J Exp Med 194:1755-1766.
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Review Board of the San Raffaele Scientific Institute, they were removed
from the study when signs of excessive pain/distress (i.e., cachexia charac-
terized by weigh loss and lethargy) became apparent.

Treatments with Asp, Clo, Asp/Clo, or Diluents. Mice that were transferred with
HBsAg-primed spleen cells and that showed comparable serum ALT profiles
during the initial 30-d flare of hepatitis were assigned to receive Asp, Clo, Asp/
Clo, or diluents (Vehicle). Asp (Sigma-Aldrich) was administered (alone or in
combination with Clo) through food pellets containing 5 mg of the drug per
kilogram of food (Mucedola S.R.L.). This dose was chosen based on the ac-
tual food intake of our animals (~6 g/d for a 30-g mouse), such that the
cumulative daily dose of Asp was ~1 mg/kg of body weight. Clo bisulfate
(Sanofi-Aventis) was dissolved in 0.003% HCl and administered (alone or in
combination with Asp) through drinking water containing 10 pug of the drug
per milliliter of water. This dose was chosen based on the actual water in-
take of our animals (~3 mL/d for a 30-g mouse), such that the cumulative
daily dose of Clo was ~1 mg/kg of body weight. Vehicle-treated mice re-
ceived identical food pellets not containing Asp (Mucedola S.R.L.) and
drinking water supplemented with identical amounts of the Clo-related
diluent (0.003% HCI).

Blood Analyses and Liver Histopathology. Blood analyses (e.g., serum ALT
activity, complete cell counts, platelet aggregation, platelet TX release) and
liver histopathology are described in S/ Materials and Methods.

Analyses of the Cellular Inmune Response. Analyses of hepatic and splenic
cellular immune responses are summarized in S/ Materials and Methods.

Liver RNA Analyses. Total liver RNA was isolated and analyzed by real-time
PCR for the expression of COX-2 and GAPDH as described (23).

COX Activity Assays. COX-1 and COX-2 activities were measured on liver
extracts that were prepared and processed according to the instructions of
the manufacturer of the COX Fluorescent Activity assay Kit (Cayman
Chemical Company).

FOB. FOB tests were performed using a Hemoccult Kit (Hemoccult SENSA;
Beckman Coulter) according to the manufacturer’s instruction.

Statistical Analysis. In all experiments, values are expressed as mean + SD.
Means between two groups were compared using a two-tailed t test. Means
between three or more groups were compared using one-way ANOVA.
Categorical variables were compared using a > test. Bonferroni correction
was applied to counteract the effect of multiple comparisons. Comparing
four groups (Vehicle, Asp, Clo, and Asp/Clo) involved six different assess-
ments; in this case, P values less than 0.0083 (0.05/6) were considered sta-
tistically significant. Kaplan-Meier survival curves were compared using the
log-rank (Mantel-Cox) test. All statistical analyses were performed with
Prism (version 5.0a; GraphPad Software).
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