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Blockade of NKG2D on NKT cells prevents hepatitis
and the acute immune response to hepatitis B virus
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Hepatitis B virus (HBV) is a hepadnavirus that is a major cause of acute
and chronic hepatitis in humans. Hepatitis B viral infection itself is
noncytopathic, and it is the immune response to the viral antigens
that is thought to be responsible for hepatic pathology. Previously,
we developed a transgenic mouse model of primary HBV infection
and demonstrated that the acute liver injury is mediated by nonclas-
sical natural killer (NK)T cells, which are CD1d-restricted, but nonre-
active to a-GalCer. We now demonstrate a role for NKG2D and its
ligands in this nonclassical NKT cell-mediated immune response to
hepatitis B virus and in the subsequent acute hepatitis that ensues.
Surface expression of NKG2D and one of its ligands (retinoic acid early
inducible-1 or RAE-1) are modulated in an HBV-dependent manner.
Furthermore, blockade of an NKG2D-ligand interaction com-
pletely prevents the HBV- and CD1d-dependent, nonclassical NKT
cell-mediated acute hepatitis and liver injury. This study has major
implications for understanding activation of NKT cells and identifies
a potential therapeutic target in treating hepatitis B viral infection.

nfection with hepatitis B virus (HBV) is a major cause of liver

disease worldwide. More than 350 million people are persistently
infected with HBV (1, 2). Hepatitis B viral infection itself is
noncytopathic, and it is the immune response to the viral antigens
that is thought to be responsible for the necroinflammatory process
involved in chronic infection, cirrhosis, and hepatocellular carci-
noma (3, 4). Thus, understanding the pathogenesis of acute and
chronic HBV infection mandates understanding the immune re-
sponses underlying these processes. Unfortunately, the study of
HBYV immunopathogenesis has been problematic because natural
hepadnaviral infections occur only in outbred species whose im-
mune systems are difficult to experimentally manipulate.

We have established a transgenic mouse model of primary
HBYV infection that allows the study of mechanisms underlying
the immunopathogenesis of hepatitis B virus-induced disease.
To generate this mouse model of primary HBV infection, we
used either mice that express the small, middle, and large
envelope proteins of HBV as transgenes in the liver by using an
albumin promoter (hereafter designated HBV-Env™*) (5) or mice
that express a terminally redundant HBV DNA construct as a
transgene and display intrahepatic HBV replication (hereafter
designated HBV-Replication™) (6). We ablated the resident
adaptive immune system of these HBV-transgenic mice, in which
the B and T cells are tolerant to HBV, by crossing the HBV-
transgenic mice to mice with mutations in the recombinase
activating genes (RAG-1) (7). We then reconstituted the immune
system in these mice by the adoptive transfer of unimmunized
splenocytes isolated from syngeneic, wild-type mice. In this way,
a liver with HBV-expressing hepatocytes is exposed to a healthy,
untolerized, naive immune system, just as in acute HBV infection
of humans. This system results in a biphasic illness, with a rapid
acute hepatitis, followed by a smoldering chronic hepatitis (8).

In this model of HBV infection, a spontaneous, natural immune
response to hepatitis B virus is generated. Because this experimen-
tal system mimics primary HBV infection, we can uniquely study
innate and adaptive immune responses to HBV. Our previous
results using this model demonstrated that natural killer (NK)T
cells (and not NK cells or conventional a-TcR T cells) alone are
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sufficient to induce hepatitis when adoptively transferred into HBV
transgenic RAG ™~ mice. Furthermore, we demonstrated, using
several different experimental approaches, that this population of
NKT cells that mediates acute hepatitis is nonclassical in that these
cells do not recognize the classic NKT cell ligand, a-galactosyl-
ceramide CD1d and do not express the canonical T cell receptor
Val4; but activation of these cells depends on expression of CD1d
and HBV.

Innate immune effector cells mediate the acute hepatitis in our
model, although the mechanism of activation of these cells in
response to the presence of HBV in liver is unclear. Our previous
data suggest that the presence of HBV leads to alterations in the
class I-like molecule CD1d and, subsequently, to the activation of
nonclassical NKT cells and hepatitis (8). NKT and NK cells share
many of the same activating and inhibitory receptors. One of the
activating receptors is NKG2D, a type II transmembrane-anchored
glycoprotein, which has been shown to be an activating or costimu-
latory receptor expressed on the surface of all NK cells, activated
CD8* T lymphocytes, and most /6 T cells, both in mice and
humans (9-11). Although NKG2D is known to also be expressed
on the surface of NKT cells (12, 13), a role for NKG2D in NKT cell
activation has never been demonstrated.

NKG2D binds to a family of ligands with structural homology to
MHC class I molecules. In contrast to classical MHC molecules,
NKG2D ligands do not require association with 3, microglobulin
for expression or function, and do not bind antigenic peptides (14).
In mice, NKG2D ligands include the retinoic acid early-inducible 1
family of proteins (RAE-1e, 3, v, 6, €), H60, and MULT1 (15-17).
The ligands of NKG2D are known to be “stress-inducible” mole-
cules, whose expression is triggered by cellular transformation, viral
infection (9), and/or DNA damage (18).

In this study, we addressed the question of whether NKG2D and
its ligands play a role in the nonclassical NKT cell-mediated
immune response to HBV and the subsequent acute hepatitis that
ensues. Our results demonstrate that NKG2D is modulated on NK
and NKT cells at the time of acute hepatitis; and the presence of
HBYV in the livers of our transgenic mice can lead to an increase in
RAE-1 surface expression on hepatocytes. Furthermore, blockade
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Fig. 1. Modulation of the NKG2D receptor during acute hepatitis. (A and C)
NKG2D expression on the surface of NK1.1" cells from HBV-Env* RAG/~
(heavy black line) and RAG~/~ (dotted line) before (4) and 3 days after (C)
adoptive transfer of 108 splenocytes. (B) Hepatic necrosis in these animals was
assessed by the measurement of ALT in the sera of RAG™/~ (O) or HBV-Env™*
RAG~/~ (®) mice. ALT values are shown as mean *+ SEM. (D) Surface expression
of NKG2D on intrahepatic NKT (heavy black line) and NK cells (dashed line)
from HBV-Env* RAG~/~ mice 3 days after adoptive transfer. The left dot plot
depicts the isotype-matched control Ig staining of TCR on NKT cells. (E) Surface
expression of NKG2D on NKT cells (heavy black line) and NK cells (dashed line)
from the spleen and liver of wild-type mice. The shaded histograms depict
staining using an isotype-matched control rat IgG1. All experiments were
repeated at least three times, and representative data are shown.

of an NKG2D-ligand interaction completely prevents the HBV-
specific and CD1d-dependent, nonclassical NKT cell-mediated
acute hepatitis and liver injury.

Results

NKG2D Expression Is Modulated on Intrahepatic Immune Cells from
HBV-Env* RAG~/~ Mice with Acute Hepatitis. Our previous studies
have demonstrated that activation of nonclassical NKT cells is
necessary for the acute hepatitis to develop and that NK cells or
conventional T cells alone cannot initiate the acute hepatitis (8).
NK1.17 cells from the livers of HBV-Env® RAG™~ and RAG™/~
mice before adoptive transfer of syngeneic naive splenocytes ex-
pressed equivalent amounts of NKG2D on their surface (Fig. 14).
However, when we analyzed the expression of NKG2D on liver
lymphoid cells during the acute immune response and hepatitis seen
in the livers of HBV-expressing mice with reconstituted immunity
(Fig. 1B), we found that NK1.1* cells from HBV-Envt RAG ™/~
mice (which include both resident and donor NK cells and donor
NKT cells) expressed higher levels of NKG2D than the same
population eluted from RAG ™/~ mice that also had reconstituted
immunity (Fig. 1C).

We next analyzed the surface expression of NKG2D on the NKT
and NK populations in the liver at the peak of acute hepatitis. We
found that NK cells eluted from the livers of HBV-Env® RAG ™/~
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mice with acute hepatitis expressed high levels of NKG2D (Fig.
1D), but the majority of activated NKT cells expressed very low
levels of NKG2D on their cell surface (Fig. 1D). Because the
majority of NKT cells in the spleen (the cells adoptively transferred)
and liver of wild-type mice expressed high levels of NKG2D (Fig.
1E), this result suggests that NKT cells eluted from the livers of the
HBV-Envt RAG™/~ mice have down-regulated the surface ex-
pression of NKG2D. This is consistent with the fact that NKG2D
is known to be internalized after interaction with its ligands (8, 14,
19). Taken together, these results suggest that NKG2D expression
is up-regulated on the NK cells, and down-regulated on the NKT
cells, during acute hepatitis.

Constitutive Surface Expression of RAE-1 on Hepatocytes Is Elevated
Specifically on HBV-Env* Hepatocytes. In light of these data, we
examined the expression of NKG2D ligands on wild-type nontrans-
genic hepatocytes and on HBV-Env* hepatocytes. In the genetic
background of the HBV-transgenic mice (B10.D2 and C57BL/6),
the NKG2D ligands expressed are RAE-18, RAE-1e, and MULT1
(14). Although RAE-1 is not expressed in most tissues isolated from
healthy, adult mice, RAE-1 is transcribed preferentially in liver of
healthy, adult mice (http://source.stanford.edu/cgi-bin/source/
sourceSearch). We examined the expression of these NKG2D
ligand proteins on primary hepatocytes and intrahepatic immune
cells of HBV-Envt RAG ™/~ and wild-type nontransgenic RAG ™/~
mice before adoptive transfer. We found constitutive low-level
surface expression of RAE-1 on hepatocytes from RAG ™~ mice,
which was increased specifically on the surface of HBV-Env™*
hepatocytes (Fig. 24). This constitutive expression of RAE-1 on
hepatocytes, and increased expression in the HBV-Env™ transgenic
mice, was also found in wild-type mice that were not crossed to
RAG '~ mice (data not shown). We found no expression of RAE-1
on splenocytes or on intrahepatic immune cells from HBV-Env*
RAG™/~ mice, RAG™/~ mice, or wild-type mice (Fig. 2B and data
not shown). The constitutive surface expression of RAE-1 on
hepatocytes is an interesting finding, because the expression of
RAE-1 family members is strictly regulated in normal cells, and
little expression is found on healthy adult tissue (14). Increased
RAE-1 expression on hepatocytes from HBV-Envt RAG ™~ mice
demonstrates that RAE-1 can be modulated on hepatocytes in an
HBV-specific manner. We did not detect MULT1 expression, or a
change in either MHC class I or CD1d expression, on primary
hepatocytes derived from either HBV-Envt RAG™~ or RAG ™/~
mice or on intrahepatic immune cells (data not shown).
Constitutive expression of RAE-1 on primary hepatocytes from
RAG™/~ mice was confirmed by quantitative PCR of reverse-
transcribed RAE-1 mRNA normalized to the expression of Hprt
transcripts (Fig. 2B). Increased RAE-1 expression on hepatocytes
from HBV-Env® RAG ™/~ mice, as compared with RAG ™~ mice,
was also confirmed by quantitative RT-PCR. There was an almost
7-fold increase in RAE-1 mRNA from HBV-Env™ RAG ™/~ hepa-
tocytes, as compared with RAG ™/~ hepatocytes (Fig. 2B).

Blocking of an NKG2D-Ligand Interaction in Vivo Prevents the Acute
Immune Response to Human HBV. In view of the fact that NKG2D
and one of its ligands are modulated during the acute immune
response to HBV, we studied the effects of blocking this interaction
on the onset of the acute hepatitis by using an anti-mouse NKG2D
monoclonal antibody (CX5), which efficiently blocks the binding of
NKG2D to its ligands and does not deplete NKG2D-bearing cells
in vivo (20). HBV-Env® RAG ™/~ recipient mice were treated with
200 ug of anti-NKG2D mAb (CX5) or control rat IgG the day
before and 4 days after adoptive transfer of syngeneic naive
splenocytes. Blocking the NKG2D receptor completely prevented
acute liver injury in all HBV-Envt RAG™/~ mice, whereas the
control antibody had no effect as all mice showed signs of massive
acute hepatitis, as revealed by the elevated serum ALT values at
days 3 and 4 after adoptive transfer (Fig. 34). Histological analyses
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Fig. 2. Constitutive surface expression of the NKG2D ligand RAE-1 on

hepatocytes is up-regulated specifically on HBV-Env-expressing hepatocytes,
before adoptive transfer. (A) Surface expression of RAE-1 on hepatocytes from
HBV-Env* RAG~/~ (solid line) and RAG/~ (dotted line) mice. Shaded histo-
grams depict staining using the appropriate isotype-matched control Ig. (B)
RAE-1 mRNA expression in hepatocytes from HBV-Env* RAG~/~ (black bar)
and RAG~/~ (white bar) mice and from intrahepatic (IH) immune cells and
splenocytes from RAG~/~ mice in comparison with HPRT expression. All data
are representative of at least three independent experiments.

of liver sections also showed that mice treated with control IgG
developed a severe hepatitis, pathologically characterized by pa-
renchymal inflammation, hepatocellular damage, and portal in-
flammation and necrotic hepatocytes at day 4 after adoptive
transfer (Fig. 3B). These histological abnormalities were absent at
the same time point in all mice treated with anti-NKG2D mAb (Fig.
3B). These results demonstrate a fundamental role played by
NKG2D in the acute immune response to HBV-expressing hepa-
tocytes, and the consequent development of hepatitis and hepatic
necrosis.

HBV-Envt RAG™/~ mice have an HBV-dependent increase in
the frequency of IFN-vy- and IL-4-producing cells in their livers 3
days after adoptive transfer (8). Because NKT cells mediate this
cytokine burst detected at the time of acute hepatitis, we investi-
gated the cytokine profile of lymphoid cells in anti-NKG2D or
control IgG-treated HBV-Env' RAG ™/~ mice. We quantified the
number of IFN-+y- and IL-4-producing intrahepatic immune cells by
Elispot at days 3 and 4 after adoptive transfer of syngeneic wild-type
splenocytes. Three days after the adoptive transfer, the number of
IFN-vy- and IL-4-producing cells increased by 8- and 7-fold, respec-
tively, in mice that received control IgG (and developed hepatitis)
as compared with NKG2D-blocked mice (Fig. 3C). A similar
difference was observed on day 4 after adoptive transfer. These
data demonstrate that blocking of NKG2D also severely impaired
the production of cytokines by intrahepatic immune cells in mice
expressing HBV antigens. Flow cytometric analysis of the intrahe-
patic immune cells derived from the anti-NKG2D or control
IgG-treated HBV-Env® RAG ™/~ mice revealed that the absolute
number of NK cells eluted from both groups of mice was similar,
whereas the absolute number of NKT cells was reduced by 2- and
3-fold in the mice that received the anti-NKG2D treatment and did
not develop hepatitis [supporting information (SI) Table 1]. This
specific reduction in the number of NKT cells, but not NK cells, in
the livers of the anti-NKG2D-treated mice suggests that the anti-
body is specifically affecting the NKT cells.

NKG2D Receptor Expression on NKT Cells Is Required for Efficient
Disease Induction. NKG2D is expressed on ~60% of NKT cells in
the spleen (Fig. 1E). To determine whether donor NKT cells
expressing NKG2D are responsible for induction of the acute
hepatitis after transfer into HBV-Envt RAG ™/~ mice, splenocytes
from wild-type mice were depleted of NKG2D™" lymphocytes by
flow cytometric cell sorting. NKG2D-depleted splenocytes were
adoptively transferred into HBV-Env™ RAG ™/~ recipients. In this
way, the transferred donor NKT cells would not express surface
NKG2D, but resident NK cells in the recipient mice would still
express NKG2D. HBV-Env® RAG ™/~ mice received NKG2D-
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Fig.3. Blocking NKG2D in vivo prevents the liver injury caused by the acute
immune response to HBV. (A) Serum ALT levels of HBV-Env® RAG~/~ mice
treated with anti-NKG2D mAb (O) or rat IgG (®@). The ALT values as mean =
SEM are shown. Student’s t test analyses: *, P < 0.02; **, P < 0.01. (B)
Hematoxylin and eosin-stained section (magnification x20) of portal triads
(Upper) and hepatic lobular parenchyma (Lower) from HBV-Env* RAG ™/~ mice
treated with anti-NKG2D mAb (Left) or rat IgG (Right), 4 days after the
adoptive transfer of 108 splenocytes. Arrows point to necrotic hepatocytes,
and asterisks indicate inflammatory infiltrate. (C) Elispot analyses of IFN-y-and
IL4-producing intrahepatic immune cells from HBV-Env™ RAG ~/~ mice treated
with control rat1gG (black bars) or anti-NKG2D mAb (white bars) at days 3 and
4 after adoptive transfer. Representative data are shown as mean =+ SD.
Student'’s t test analyses: *, P < 0.005; **, P < 0.02. All data are representative
of at least three independent experiments.

depleted splenocytes or appropriate controls for the total number
of splenocytes, or total number of NK and NKT cells transferred.
The HBV-Env® RAG™/~ recipient mice received one of three
different populations of donor splenocytes: 50 million NKG2D-
depleted splenocytes (which included 1.25 X 10° NKG2D~ NKT
cells, and no NK cells); 50 million unsorted splenocytes (which
included 2.5 X 10° unsorted NKT cells and 1.25 X 10° NK cells);
or 33 million NK cell-depleted splenocytes (which included 1.25 X
10° unsorted NKT cells, and no NK cells). In this latter group, the
NK cells were depleted from the donor mice by injection of
anti-asialoGM1 antisera, which is known to deplete NK cells, but
not NKT cells (21).

The depletion of NKG2D™* NKT cells, but not the depletion of
NKG2D-bearing NK cells, from donor splenocytes significantly
diminished the acute liver injury and cytokine burst seen in the

PNAS | November 13,2007 | vol. 104 | no.46 | 18189

IMMUNOLOGY


http://www.pnas.org/cgi/content/full/0708968104/DC1

Lo L

P

1\

BN AN PNAS D

A = .
7000 °
6000 -
5000 -
4000 o
3000 . o
2000 Donor splenocytes
.
S .
2 6w 33 million NK cell-dep leted
: ° splenocytes (1.25x10° NKT cells)
< 50
400 . ° 50 million wild type .
. splenocytes (2.5x10° NKT cells)
300 -
° o> 50 million NKG2D-dep leted
200 -'. . splenocytes (1.25x10° NKT cells)
] &
100 mmmgnn o % ° %
anfin | Sedes °§>§88 . S8
o
Day 0 Day 4

after adoptive transfer

IFN-gamma
* Donor splenocytes

w

2.56+03
33 million NK cell-dep leted

2.0E+03 splenocytes (1.25x10° NKT cells)

1.5E+03 Il 50 million wild type
splenocytes (2.5x10° NKT cells)
1.0E+03
[ 50 million NKG2D-dep leted
5.0E+02 splenocytes (1.25x10° NKT cells)

IFNgamma producing cells/ million of
intra-hepatic immune cells

0.0E+00 Day4

Fig. 4. NKG2D" NKT cells are required for efficient disease induction and
cytokine production during the acute immune response to HBV. (A) Hepatic
injury of HBV-Env* RAG '~ mice at day 4 after adoptive transfer of 50 x 10°
NKG2D-depleted splenocytes (which included 1.25 X 105 NKG2D~ NKT cells,
and no NK cells) (open diamonds) was compared with hepatic injury in
HBV-Env* RAG~/~ mice that received the same total number of unsorted
wild-type splenocytes (50 X 10, which included 2.5 X 105 unsorted NKT cells,
and 1.25 X 108 NK) (filled circles) (Mann-Whitney test analyses: P < 0.02) or
that received the same total number of unsorted NKT cells and NK cells (33 X
108, which included 1.25 X 10> unsorted NKT cells, and no NK cells) (filled
squares). (Mann-Whitney test analyses: P < 0.03). (B) Elispot analyses of IFN-y
producing intrahepaticimmune cells from HBV-Env* RAG~/~ mice depicted in
A. Representative data are shown as mean =+ SD. Student'’s t test analyses: *,
P < 0.001.

HBV-Envt RAG™/~ mice as compared with either control group
(Fig. 4 A and B). Thus, NKG2D receptor expression on NKT cells
and not on NK cells is required for efficient disease induction. The
finding that depletion of NKG2D-bearing cells did not completely
eliminate all disease in all recipient mice could be accounted for the
fact that the NKG2D~ NKT cells to begin to express surface
NKG2D after adoptive transfer (data not shown). Further evidence
that NKG2D expression only on NKT cells is necessary for disease
induction comes from the finding that depletion of NKG2D* NKT
cells from donor splenocytes completely prevented induction of
acute hepatitis in the HBV-Envt RAG ™~ mice (SI Fig. 6). Thus,
NKG2D expression on NKT cells, and not on any other cell types,
is necessary for induction of hepatitis.

NKG2D Blockade Prevents Acute Hepatitis and the Cytokine Burst Seen
in HBV-Replication* RAG~/~ Transgenic Mice. To assess the relevance
of our observations to responses to authentic human HBV infec-
tion, we characterized the role of NKG2D in the acute immune
response developed in HBV-Replicationt RAG™/~ mice, which
display intrahepatic HBV replication and produce infectious virions
(6). Reminiscent of the usual initial presentation of human HBV
infection, these mice develop a mild, subclinical hepatitis after
adoptive transfer of naive splenocytes. Analogous to our observa-
tions in the HBV-Env™ RAG ™/~ mice, this hepatitis is mediated by
nonclassical NKT cells in an HBV-specific and CD1d-dependent
manner, leading to cytokine production (ref. 8 and unpublished
data). Although the severity of hepatitis seen in the two lines of
HBV-transgenic mice is different, owing to an increase in hepato-
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Fig. 5. Blocking an NKG2D-ligand interaction in HBV-Replication®™ RAG ™/~
mice prevents liver injury and cytokine production mediated by the acute
immune response to HBV. (A) Serum ALT levels of HBV-Replication®™ RAG™/~
mice treated with anti-NKG2D mAb (O) or rat IgG (®) at 2, 3, and 4 days after
adoptive transfer of 1 X 108 syngeneic splenocytes are shown as mean + SEM.
(B) NKG2D surface expression on intrahepatic NK1.1" cells from HBV-
Replication* RAG~/~ mice (heavy black line) as compared with RAG™~ mice
(dotted line) at day 3 after the adoptive transfer of syngeneic naive spleno-
cytes. Shaded histogram depicts staining using the appropriate isotype-
matched control Ig (rat1gG1). (C) Surface expression of NKG2D on intrahepatic
NKT (heavy black line) and NK cells (lighter black line) from HBV-Replication™*
RAG~/~ mice 3 days after adoptive transfer. The left dot plot depicts the
isotype-matched control Ig staining of TCR on NKT cells. (D and E) Elispot
analyses of IFN-y (D) and IL-4-producing (E) intrahepatic immune cells from
HBV-Replication™ RAG ™~ mice treated with rat IgG (black bars) or anti-
NKG2D mAb (white bars) at day 3 after adoptive transfer. Representative data
are shown as mean = SD. Student’s t test analyses: *, P < 0.001. All data are
representative of at least two independent experiments.

cyte sensitivity to cytotoxic effects of IFN-vy in the HBV-Env* mice
(22), a similar disease pattern is seen in both lines of HBV-
transgenic mice. Specifically, a biphasic ALT rise that is seen in the
HBV-Envt RAG™/~ mice is also observed in the HBV-
Replication™ RAG ™~ mice, but, as expected, the ALT rise is much
more modest than that seen in the HBV-Env* mice, typically,
serum transaminases were elevated no more than 2-fold above
background, which is a clinically significant finding in human HBV
disease.

HBV-Replication™ RAG™'~ mice were treated the day before
the adoptive transfer of syngeneic naive splenocytes with 200 ug of
anti-NKG2D or control IgG, and we monitored the serum ALT
levels. We found that the modest rise in the serum ALT in the
HBV-Replication™ RAG ™/~ mice treated with control IgG was not
evident in mice treated with anti-NKG2D (Fig. 54). Together with
this modest rise of ALTs, we observed that 3 days after the adoptive
transfer, the number of IFN-vy- and IL-4-producing cells increased
by 3- and 6-fold, respectively, in mice that received control IgG as
compared with NKG2D-blocked mice (Fig. 5 D and E). To evaluate
the role of NKG2D in acute hepatitis developed in HBV-
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Replication* mice, we examined the expression of NKG2D on
NKI1.17 cells from HBV-Replicationt RAG™/~ mice 3 days after
adoptive transfer. Just as we observed in the HBV-Env™ RAG™/~
mice, NK cells from the livers of HBV-Replicationt RAG ™/~ mice
had increased expression of NKG2D during acute hepatitis, as
compared with RAG™~ mice; and the NKT cells had down-
regulated NKG2D (Fig. 5 B and C).

Discussion

Collectively, our findings clearly establish a role for NKG2D in the
HBV-specific, CD1d-restricted nonclassical NKT cell-mediated
acute hepatitis and cytokine production seen in both the HBV-
Envt RAG™/~ and HBV-Replication® RAG™/~ mice. These re-
sults demonstrate a role for an NKG2D-ligand interaction in NKT
cell activation. NKG2D is expressed on several cell types in the liver.
However, NKG2D-bearing NK cells alone, or splenocytes depleted
only of NKG2D* NKT cells do not induce acute hepatitis in the
HBV-Env® RAG™~ and HBV-Replication* RAG ™~ mice (ref. 8
and SI Fig. 6).

A direct effect of NKG2D blockade on NKT cell activation in our
studies is suggested by several lines of evidence. First, anti-NKG2D
mADb treatment efficiently prevented production of IL-4, which is
expressed by the HBV-activated NKT cells but not NK cells.
Second, anti-NKG2D mAbD treatment decreased the number of
NKT cells, but not the number of NK cells, in the livers of mice with
hepatitis. Finally, NKG2D receptor expression on NKT cells, and
not on other cells types, is required for efficient disease induction
in our transgenic model of primary HBV infection.

For these reasons, we propose a model in which nonclassical
NKT cells are first activated in a HBV-specific, CD1d-restricted and
NKG2D-dependent manner, leading to production of cytokines,
which in turn activate NK cells. NKG2D ligand interaction can
function to directly activate cells or function as a costimulatory
molecule (9-11). That the activation of nonclassical NKT cells in
our mouse model of HBV infection requires expression of HBV
and CD1d, in addition to an NKG2D-ligand interaction, suggests
that nonclassical NKT cell activation requires a CD1d-dependent
signal through its T cell receptor and that NKG2D may function as
a costimulatory molecule. Further studies will be required to
address whether NKG2D is also important in the subsequent NK
cell activation. While our studies were under review, Chen et al. (23)
reported the ability of NKG2D blockade to diminish hepatitis in
HBV-transgenic mice; however, in these experiments, induction of
the disease required the injection of the mitogen Con A, which
polyclonally activates all T cells and possibly other cell types such as
NK cells in the host.

We detected the NKG2D ligand, RAE-1, on the surface of all
hepatocytes in normal, wild-type as well as HBV transgenic mice.
This constitutive expression of RAE-1 was increased on hepato-
cytes from the HBV-Env" RAG~/~ mice. Unlike the HBV-Env*
RAG™~ mice, the amount of RAE-1 on hepatocytes from the
HBV-Replication™ RAG ™/~ mice was not elevated compared with
nontransgenic hepatocytes (data not shown). NKG2D is nonethe-
less necessary for the nonclassical NKT cell activation and onset of
hepatitis in both the HBV-Envt RAG™/~ mice and HBV-
Replication™ RAG ™~ mice because disease was completely pre-
vented and cytokine production was greatly diminished by anti-
NKG2D blockade. Therefore, we hypothesize that the constitutive,
basal levels of RAE-1 on the hepatocytes are sufficient to trigger
the HBV-specific, CD1d-restricted, NKG2D-dependent, nonclas-
sical NKT cell-mediated hepatitis. This constitutive surface expres-
sion of RAE-1 on hepatocytes is also an interesting finding, because
the expression of RAE-1 family members is strictly regulated in
normal cells, and little expression is found on healthy adult tissue.

Because the HBV-Envt RAG ™/~ mice have increased expres-
sion of one of the three isoforms of HBV envelope protein (large
or L protein) that is retained in the endoplasmic reticulum, these
mice display increased sensitivity to the cytotoxic effects of IFN-y
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(22). The up-regulation of RAE-1 in the liver of these mice may be
a direct or indirect consequence of increased large envelope
expression. Increased expression and accumulation of envelope
proteins is also one of the pathophysiologic consequences of HBV
infection in humans (24). Because expression of HBV large enve-
lope genes is zonal (6, 25), it is possible that RAE-1 is increased on
some hepatocytes that have higher expression of envelope protein,
but we cannot detect the increased expression of RAE-1 because
these cells are a minority of the total hepatocyte population.

Our present findings reveal a mechanism by which human
HBYV activates the innate immune system and sets up the
cytokine milieu in which the subsequent adaptive immune
response develops. The question of whether HBV alerts the
innate immune system and what role the innate immune system
plays in HBV pathogenesis is controversial. Studies of acute
HBYV infection in primates and humans reveal an initial quies-
cent phase of ~4-7 weeks before HBV starts to replicate
vigorously, reaching levels of 10° to 10 copies per milliliter
(26-28). Activation of components of the innate immune system
are likely to play a central role in control of this initial HBV burst
because HBV-DNA quantity decreases by almost 90% well in
advance of the appearance of an antigen-specific CD8* T cell
response and hepatopathology (27-31). However, identification
of the individual components of the innate immune system
responsible for this rapid down-regulation of viral replication,
and the mechanism of activation, has been elusive. NK cells have
been implicated in this process, because there is an increase in
the number of peripheral NK cells before the peak of viral
replication (31). However, Northern blot and gene expression
analysis of total liver RNA derived from core liver biopsies
during this period have failed to reveal evidence of activation of
innate immune effector pathways, leading to the hypothesis that
HBYV does not alert the innate immune system (32, 33).

Our current data demonstrating that nonclassical NKT cells are
activated to produce cytokines in an HBV-specific, CD1d-
restricted, and NKG2D-dependent manner is consistent with a role
for these cells in the initial response to HBV. The finding that
activation of these nonclassical NKT cells leads to a cytokine burst
in the absence of overt hepatocellular injury in the HBV-
Replication® mice is consistent with the usual initial subclinical
presentation of HBV infection. Using real-time PCR analysis on
whole liver biopsies, we, like others, cannot detect an innate
immune response (the presence of T cell receptor, IL-4, or IFN-y
transcripts) in the HBV-transgenic RAG™~ mice 3 days after
adoptive transfer of syngeneic splenocytes (SI Fig. 7). In contrast,
we clearly demonstrate the presence of NKT cells (using flow
cytometry) and the production of IL-4 and IFN-vy (using ELispot
assays) in the eluted lymphocytes from the same livers used in the
real-time PCR experiments, as depicted in Figs. 1, 3, and 5 (data not
shown). Thus, our data suggest that innate immune responses to
HBYV infection exist, and likely have been previously unappreciated
because NKT cells represent only a small fraction of the total cell
mass of the liver; thus, any NKT cell transcripts are diluted by the
overwhelming abundance of hepatocyte RNA.

These mouse models of HBV infection lay the foundation for
directed studies analyzing the role of NKT cells, NK cells, NKG2D,
and its ligands in human HBYV infection. In addition, because the
activation of innate effector cells has also been implicated in hepatic
flares in chronic HBV infection (34), our models offer the oppor-
tunity to examine the role of NKG2D and its ligands in chronic
HBYV infection, and suggest possible new strategies for therapeutic
intervention in this disease.

Methods

Mice and Disease Model. HBV-Env™ transgenic mice: mouse lineage
107-5D [official designation Tg (Alb-1.HBV) Bri66; inbred B10.D2,
H-2%) (5) and HBV-Replication™ mice: lineage 1.3.46 [official
designation, Tg (HBV 1.3 genome) chi46; inbred C57BL/6H-2°] (6)
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crossed to RAG-1 /= mice. HBV-Tg X Rag-1"/~ mice (8-to
10-week-old) were intravenously injected with donor splenocytes
from 6- to 10-week-old wild-type B10.D2 or C57BL/6 male mice
(The Jackson Laboratory, Bar Harbor, ME), respectively. Mice
were bled by tail vein at the described intervals, and sera were
collected. Other mice were killed at the indicated time points, and
livers were perfused or collected for histology. All mice were kept
in a pathogen-free facility at University of California (San Fran-
cisco, CA).

Alanine Aminotransferase (ALT). Serum ALT was measured by the
standard photometric method by using a COBAS MIRA plus
autoanalyzer.

Isolation of Hepatocytes and Intrahepatic Immune Cells. To obtain
hepatocytes, livers were perfused via the thoracic portion of the
inferior vein cava with a commercial liver perfusion medium
(GIBCO, Carlsbad, CA) for 5 min, followed by incubation in a
digestion media (DMEM Low Glucose 50%/F-12 50% mixture
and 0.12-0.2 mg/ml collagenase) for 8 min. Livers were cut into
small pieces and filtered through a 70-um nylon cell strainer and
centrifuged at 30 X g for 3 min. Immune cells were obtained as
described (8).

Flow Cytometry. Fc-block (2.4G2 anti-CD16/32 mAb) and fluoro-
chrome-conjugated antibodies against TCRB (H57), NK1.1
(PK136), CD1d (1B1), H-2KY (SF1-1.1), or the appropriate iso-
type-matched control Ig were purchased from BD (Franklin Lakes,
NJ). PE-labeled anti-NKG2D (CX5) antibody (rat IgG1 isotype)
was purchased from eBioscience (San Diego, CA). Purified anti-
bodies against RAE-1, which recognizes all known RAE-1 proteins
(rat 1gG2a isotype), and MULT1 were purchased from R & D
Systems (Minneapolis, MN) (35). Cells were analyzed on a LSR II
(BD) by using FlowJo software.

Cell Sorting. Splenocytes were stained with anti-NKG2D mAb CX5
and the negative lymphocytes isolated. In some experiments,
splenocytes were costained with anti-NKG2D (CX5), anti-TCRp
(H57), and anti-NK1.1 (PK136). Cells expressing all three cell
surface markers (NKG2D* NKT cells) were depleted. All flow
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cytometry sorting experiments showed >98% purity by using a
FACS Aria cell sorter (BD).

TaqgMan Quantitative RT-PCR. Quantitative (real-time) RT-PCR was
carried out by using an ABI 7300 according to the manufacture’s
instructions. Specific primers and probes were used for HPRT (19),
pan-RAE-1 (20), IFN+y, TCRB, and IL-4.

In Vivo Antibodies. A neutralizing, nondepleting rat anti-mouse
NKG2D mAb, clone CX5 (rat IgGl), generated as described
(19), recognizes the NKG2D extracellular domain and blocks the
binding of NKG2D to its ligands. We injected i.p. 200 ug of CXS5
or control rat IgG (Sigma, St. Louis, MO) per recipient mouse
the day before and 4 days after the adoptive transfer of syngeneic
naive splenocytes. To deplete NK cells, but not NKT cells, from
donor splenocytes, we used a depleting rabbit anti-mouse/rat
asialo GM1 polyclonal antibody purchased from Cedarlane
Laboratories (21). Depletion of NK cells (<0.1%) was verified
by flow cytometry before the adoptive transfer was performed.

ELISpot Assay. Intrahepatic immune cells were eluted from mice at
day 3 and/or day 4 after adoptive transfer. Cells were counted and
immediately plated in an anti-cytokine mAb-coated 96-well micro-
plate (ELISpot mouse IFN-vy and IL-4 kits; BD). Eight serial 2- or
3-fold dilutions were done in duplicate, per condition. Spots were
counted automatically by using an AID ELISpot Reader.

Histology. Liver was fixed, embedded in paraffin, and stained with
hematoxylin and eosin. Liver sections were scored by an unbiased
pathologist, according to the histopathologic standard scale for
assessing viral hepatitis (36).
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