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Abstract

We found that platelet depletion reduces intrahepatic accumulation of virus-specific cytotoxic T

lymphocytes (CTLs) and organ damage in mouse models of acute viral hepatitis. Transfusion of

normal but not activation-blocked platelets in platelet-depleted mice restored accumulation of

CTLs and severity of disease. In contrast, anticoagulant treatment that prevented intrahepatic

fibrin deposition without reducing platelet counts did not avert liver injury. Thus, activated

platelets contribute to CTL-mediated liver immunopathology independently of procoagulant

function.

Hepatic damage resulting from infection by nonlytic viruses, such as hepatitis B virus

(HBV) and replication-deficient adenoviruses, is a consequence of the antigen-specific CTL

response1,2 aimed at viral clearance. We show here that platelets, which participate with

leukocytes in inflammatory reactions3,4, are involved in CTL-induced immunopathology

and antiviral activity.

We initially observed that HBV transgenic mice injected with HBV-specific CTLs and

C57BL/6J mice infected with a replication-deficient adenovirus expressing lacZ (RAd35)

showed platelet aggregates in the liver alongside apoptotic hepatocytes and inflammatory

cells (Supplementary Fig. 1 online). To verify whether platelets contribute to the

development of these lesions, we injected mice with antibodies (α-PLT) against mouse

glycoprotein (GP) Ibα (Supplementary Methods online) that caused a >97.5% reduction in

platelet count within 30 min and for up to 6 d (Supplementary Table 1 online). Platelet

counts remained normal (8–10 × 105/μl of blood) in mice that received saline (NaCl)

solution or an irrelevant antibody (α-Irr). We then evaluated liver disease severity in

Thy-1.2+ HBV transgenic mice injected with α-PLT or α-Irr before transfer of Thy-1.1+

HBV-specific CTLs. In agreement with previous results5–8, the liver of α-Irr–treated mice
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killed at the peak of serum alanine aminotransferase (sALT) elevation showed scattered

necroinflammatory foci, in which loss of hepatocytes (hepatocellular dropout) was readily

detectable (Fig. 1a). The degree of hepatocellular dropout as well as the size of necro-

inflammatory foci (mean size, 1,245 μm2 versus 6,724 μm2; Fig. 1b) was smaller in

thrombocytopenic mice, which also showed 80% lower sALT levels (Fig. 1c) and ~40% (P

< 0.01) and 30% (P < 0.01) fewer intrahepatic Thy-1.1+ HBV-specific CTLs at days 1 and 2

after transfer, respectively (Fig. 1d). CTL function was unaffected by the low platelet count,

as Thy-1.1+ HBV-specific CTLs recovered from the liver of normal or thrombocytopenic

mice had identical cytotoxic activity against target cells that express hepatitis B surface

antigen (Fig. 1e) and identical interferon (IFN)-γ (encoded by Ifng) production ex vivo (data

not shown). In thrombocytopenic mice, intrahepatic Ifng mRNA (a marker of antigen

recognition by CTL6,9) was reduced (Supplementary Fig. 2 online) in proportion to the

number of CTLs in the liver (Fig. 1d), but probably yielded sufficient levels of this antiviral

cytokine6,9 to abolish viral replication (Supplementary Fig. 2 online).

To investigate further the role of platelets in CTL-induced liver disease, we transfused

thrombocytopenic mice with washed mouse platelets lacking endogenous but expressing

human GP-Ibα (Supplementary Methods online). These platelets (TKK-PLT) are not

recognized by α-PLT (Supplementary Fig. 3 online) and function normally in mice10.

Transfusion of 6 × 108 TKK-PLTs into C57BL/6J mice treated with α-PLT 1 d earlier

caused platelet counts of ~40% (at 0.5, 3 and 24 h) and ~22% (at 48 h) of NaCl-injected

mice, whereas the same number of C57BL/6J-derived platelets yielded counts <3% of

control as early as 0.5 h after transfusion (Supplementary Fig. 3 online). TKK-PLT

transfusion restored severity of liver disease, intra-hepatic accumulation of CTL and levels

of Ifng mRNA (Supplementary Fig. 4 online), unless TKK-PLTs were treated with the

activation inhibitor prostaglandin (PG) E1 before transfusion (Fig. 1f and data not shown).

Unlike untreated TKK-PLTs, circulating PGE1-treated TKK-PLTs isolated at autopsy did

not aggregate in response to collagen stimulation in vitro (data not shown). Thus, activated

platelets contribute to CTL-mediated immunopathological responses. Accordingly, we

found that CTLs adhere to platelets activated on a model-reactive surface ex vivo

(Supplementary Video 1 online).

Livers from HBV transgenic mice that received HBV-specific CTLs after injection of α-Irr

showed abundant fibrin deposition as compared to NaCl-injected mice; fibrin deposits were

reduced in mice rendered thrombocytopenic before CTL injection, but restored in

thrombocytopenic mice that received TKK-PLT transfusion before CTL injection

(Supplementary Fig. 5 online). This indicates that platelets are required for fibrin deposition.

Treatment with the anticoagulant warfarin at a dose that caused a tenfold increase in whole-

blood clotting time before CTL transfer also prevented liver fibrin deposition but had no

impact on liver damage (Fig. 1g), CTL accumulation or intrahepatic Ifng mRNA levels (data

not shown). Fibrin deposition, therefore, is a consequence and not a cause of CTL-induced

liver injury.

To confirm our findings in a different model of acute viral hepatitis, we immunized C57BL/

6J mice with a plasmid expressing lacZ before infecting them with RAd35. This allowed us

to measure the pathogenic lacZ-specific CTL response and define the role of platelets

independently of CTL priming. Mice with normal platelet counts killed at the peak of sALT

elevation showed an overwhelming disease resembling fulminant hepatitis in humans (Fig.

2a). Thrombocyto-penia markedly improved this picture, with most hepatocytes retaining

normal cytological appearance (Fig. 2b), paralleled by a ~90% reduction in sALT activity

(Fig. 2c), and an 88% (P < 0.01) and 66% (P < 0.01) reduction in the intrahepatic

accumulation of lacZ-specific CTLs at days 3 and 4 after infection, respectively (Fig. 2d).

The ability of CTLs recovered from the liver of thrombocytopenic mice to express granzyme
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B or to produce IFN-γ ex vivo was not impaired (data not shown). Accordingly, intrahepatic

Ifng mRNA levels in thrombocytopenic and control mice (Fig. 2e) paralleled the number of

intrahepatic CTLs at the same time points (Fig. 2d). By day 5, thrombocytopenic mice

showed a more abundant expression of lacZ RNA (Fig. 2f) and higher percentage of β-

galactosidase–positive hepatocytes (Fig. 2g), an indication that RAd35 was not readily

cleared. This suggests that, in the absence of platelets, the number of functionally normal

lacZ-specific CTLs that had accumulated in the liver was not sufficient for viral clearance

within the time frame of our experiments. As occurred in HBV transgenic mice, TKK-PLT

transfusion in RAd35-infected thrombocytopenic mice restored severity of liver disease,

intrahepatic accumulation of CTLs, levels of Ifng mRNA (Supplementary Fig. 4 online) and

deposition of fibrin (Supplementary Fig. 5 online).

In conclusion, our findings show that platelet activation is necessary to accumulate virus-

specific CTLs at the site of inflammation, thus mediating immunopathogenic responses.

Events of this kind may occur during liver infections caused by noncytopathic viruses (such

as hepatitis B and C viruses), in which CTLs have a crucial role in the progression of organ

damage1,11,12. The experiments described in this report were approved by the Animal

Research Committee of The Scripps Research Institute.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We are grateful to S. Wieland for providing the pCMV-lacZ plasmid and for discussions. We also thank S.

Medrano and M. Chadwell for technical assistance. This work was supported by US National Institutes of Health

grants HL31950, HL42846, HL78784 (to Z.M.R.), CA40489 (to F.V.C.) and AI40696 (to L.G.G.). Work in the

Board of Governors Gene Therapy Research Institute is funded by the Board of Governors at Cedars-Sinai Medical

Center, the US National Institutes of Health and the Bram and Elaine Goldsmith Chair in Gene Therapeutics. This

is manuscript number 16807-MEM from the Scripps Research Institute.

References

1. Guidotti LG, Chisari FV. Annu Rev Immunol 2001;19:65–91. [PubMed: 11244031]

2. Wilson JM. Adv Drug Deliv Rev 2001;46:205–209. [PubMed: 11259841]

3. Weyrich AS, Lindemann S, Zimmerman GA. J Thromb Haemost 2003;1:1897–1905. [PubMed:

12941029]

4. Weyrich AS, Zimmerman GA. Trends Immunol 2004;25:489–495. [PubMed: 15324742]

5. Ando K, et al. J Immunol 1994;152:3245–3253. [PubMed: 8144915]

6. Guidotti LG, et al. Immunity 1996;4:25–36. [PubMed: 8574849]

7. Kakimi K, et al. J Exp Med 2001;194:1755–1766. [PubMed: 11748277]

8. Sitia G, et al. J Clin Invest 2004;113:1158–1167. [PubMed: 15085195]

9. McClary H, Koch R, Chisari FV, Guidotti LG. J Virol 2000;74:2255–2264. [PubMed: 10666256]

10. Ware J, Russell S, Ruggeri ZM. Proc Natl Acad Sci USA 2000;97:2803–2808. [PubMed:

10706630]

11. Chisari FV, Ferrari C. Annu Rev Immunol 1995;13:29–60. [PubMed: 7612225]

12. Shoukry NH, Cawthon AG, Walker CM. Annu Rev Microbiol 2004;58:391–424. [PubMed:

15487943]

Iannacone et al. Page 3

Nat Med. Author manuscript; available in PMC 2010 July 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 1.

Activated platelets enhance intrahepatic accumulation of CTLs and severity of liver disease

in HBV transgenic mice independently of fibrin deposition. Histological analysis of

representative HBV transgenic mice injected with either irrelevant antibody (α-Irr; a) or

antibody against mouse GPIbα (α-PLT; b) and killed 2 d after transfer of HBV-specific

CTLs. Apoptotic hepatocytes are indicated by arrowheads. Scale bars, 50 μm. (c) Mean

sALT activity (U/L ± s.d.) measured at the indicated days after CTL transfer in groups of

mice (n = 6) that received α-Irr (open triangles), α-PLT (filled squares) or NaCl (gray

circles). (d) Absolute number (mean ± s.d.) and (e) in vitro cytotoxicity (mean ± s.d. at

different effector-to-target (E:T) ratios) of intrahepatic HBV-specific CTLs recovered from
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the same mice. (f) sALT values (mean ± s.d.) measured at the time of autopsy (day 1 after

CTL transfer) in groups (n = 4) of HBV transgenic mice injected either with α-Irr (white

bars) or α-PLT (black, red and blue bars) 24 h before injection of HBV-specific CTLs. Four

hours after CTL transfer, one group (red bars) also received TKK-PLTs and one group (blue

bars) received TKK-PLTs pretreated with PGE1. Mice receiving NaCl (dark gray bars) or α-

PLT and TKK-PLTs but no CTLs (light gray bars) served as controls. (g)

Immunohistochemical analysis of fibrin in the liver of representative HBV transgenic mice

treated with warfarin (right) or left untreated (left) and killed at day 1 after CTL transfer.

Insets show mean sALT levels at the time of autopsy. Scale bars, 150 μm.
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Figure 2.

Platelet depletion ameliorates liver disease in adenovirus-infected mice and reduces the

intrahepatic accumulation of virus-specific CTLs. Histological analysis of representative

lacZ-immunized C57BL/6J mice injected with either α-Irr (a) or α-PLT (b) and killed 4 d

after RAd35 infection. Scale bars, 150 μm. (c) Mean sALT activity (U/L ± s.d.) measured at

the indicated days after RAd35 infection in mice that received α-Irr (open triangles), α-PLT

(filled squares) or NaCl (gray circles). (d) Absolute number (mean ± s.d.) of intrahepatic

lacZ-specific CTLs recovered from the same mice killed at days 3, 4 and 5 after RAd35

infection. (e) Total hepatic RNA derived from the same mice was analyzed for the

expression of IFN-γ by RNAse protection assay. (f) The same total hepatic RNA was
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analyzed for lacZ RNA (day 5 after RAd35) by northern blot (lower part) and quantified by

phosphorimaging analysis (upper part). (g) Fresh frozen liver sections from mice killed at

day 5 after RAd35 infection were stained for β-galactosidase activity, and the mean

percentage of lacZ+ cells in each section is indicated. Scale bars, 300 μm.
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