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Emerging studies suggest an important role for the innate immune response in replication-defective ade-
novirus (Ad)-mediated acute liver toxicity. Specifically, classical innate immune cells (including NK cells,
neutrophils, and Kupffer cells) have all been implicated in the development of Ad-mediated acute liver toxicity.
The nonclassical innate immune T cell, the ��T cell, has been implicated in the pathophysiology of several viral
infections that predominantly affect the mucosa and brain, but the specific role in the pathology of AdLacZ-
mediated acute liver inflammation and injury as well as accompanying vector clearance is largely unknown. In
the present study, we demonstrated that a CXCL9-CXCR3-dependent mechanism governed the accumulation
of ��T cells in the livers of mice infected with Ad expressing the Escherichia coli LacZ gene (AdLacZ). We also
showed a critical role for ��T cells in initiating acute liver toxicity after AdLacZ administration, driven in part
by the ability of ��T cells to promote the recruitment of the conventional T cell, the CD8� T cell, into the liver.
Furthermore, reduced hepatic injury in AdLacZ-infected ��T-cell-deficient mice was associated with lower
hepatic levels of gamma interferon (IFN-�) and CXCL9, an IFN-�-inducible chemokine. Finally, our study
highlighted a key role for IFN-� and CXCL9 cross talk acting in a feedback loop to drive the proinflammatory
effects of ��T cells during AdLacZ-mediated acute liver toxicity. Specifically, intracellular IFN-� produced by
activated hepatic ��T cells interacts with hepatocytes to mediate hepatic CXCL9 production, with the conse-
quent accumulation of CXCR3-bearing ��T cells in the liver to cause acute liver damage without vector
clearance.

Gene therapy is an innovative and potentially very important
clinical strategy to treat many inherited and acquired human
diseases. In 2007, over 1,100 gene therapy clinical trials were
performed worldwide for the treatment of various ailments
(including cardiovascular diseases, cystic fibrosis, and cancer),
with 66% of these trials being conducted in the United States
(www.wiley.co.uk/genmed/clinical). Of the 28 vectors used in
gene therapy in 2007, replication-deficient adenovirus (Ad)
was the most popular vector, accounting for 25% of all clinical
trials (www.wiley.co.uk/genmed/clinical). However, broad clin-
ical application of Ad vectors in gene therapy is limited by the
induction of a robust immune response against the Ad vector
(25, 39, 40, 75), with associated loss of the Ad transgene and
the induction of liver inflammation and injury in rodents (25,
40, 75), nonhuman primates (45, 61), and humans (56). Vari-
ous approaches to suppress the ability of the host inflammatory
and cellular immune responses to eliminate the Ad vector
initially focused on manipulating the adaptive immune system
(80–83).

The current paradigm suggests that the Ad vector is cleared
from the blood within minutes of systemic administration and
sequestered primarily in the liver (30, 33, 65, 74), where the
viral gene is extensively expressed (30, 33, 45, 78). Specifically,

published reports demonstrate that there is widespread expres-
sion of the viral DNA in the liver within 24 h of systemic Ad
administration, with �90% of the viral DNA being cleared
from the liver by week 3 (46, 78, 82, 83, 87). Initial studies
primarily focused on defining the role of the adaptive immune
response in liver Ad clearance (80–83). However, a decade
ago, Ronald Crystal’s group (76, 78) demonstrated that hepatic
elimination of the Ad vector may also be mediated by the
innate immune response. Moreover, it is widely believed that
the innate immune response to Ad is associated with hepatic
NF-�� activation (37, 48) and subsequent secretion of cyto-
kines/chemokines by transduced liver cells (including hepato-
cytes, Kupffer cells, and endothelial cells) (37, 38, 40, 48),
which in turn promotes the hepatic recruitment and/or activa-
tion of the innate immune cells, neutrophils (17, 36, 48) and
NK cells (43, 52, 59). The accompanying inflammation results
in liver injury/damage and rapid and early elimination of the
administered vector. In view of the evidence implicating NK
cells (43, 52, 59), Kupffer cells (38), and neutrophils (17, 36, 48)
in initiating the early liver injury associated with systemically
administered Ad, the innate immune response against the Ad
vector (rather than that mediated by the adaptive immune
response) and accompanying liver toxicity are widely believed
to be the biggest hurdle to the broad clinical application of Ad
vectors in gene therapy. Therefore, a detailed characterization
of immunological studies governing liver inflammation and
injury mediated by systemically administered Ad is urgently
needed to provide a knowledge base for the development of
therapies that ameliorate early liver toxicity and thus improve
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the efficacy of the Ad vector in gene therapy. Most attention
has been devoted to demonstrating that innate immune cells
such as Kupffer cells, neutrophils, and NK cells promote early
liver injury associated with the Ad vector because these leuko-
cytes are considered to be “classical innate immune cells.”
Therefore, it is not surprising that little is known about the role
that the nonclassical innate immune T cell, the ��T cell (see
below for an overview), may play in mediating early liver tox-
icity associated with systemically administered Ad.

��T cells represent a unique T-cell lineage that possesses a
distinct T-cell receptor (TCR), which is composed of two gly-
coprotein chains called � and � (15, 16, 23, 50). Although, ��T
cells are less widespread in tissues than conventional ��T cells,
they can be found in a number of different anatomical sites,
with the highest frequency in the mucosa (15, 16, 23, 34, 50).
An important feature of ��T cells is their ability to regulate the
innate and adaptive immune systems since these cells can be
polarized to produce Th1- and/or Th2-type cytokines (14–16,
24, 47, 49, 50). In addition to the immunoregulatory effects of
��T cells via cytokine production, these cells can also exert
cytotoxic-mediated killing of a variety of target cells via Fas/
FasL (27, 53). In the last decade, numerous studies have uti-
lized ��T-cell-deficient mice or ��T-cell-depleting antibodies
to provide evidence that demonstrates a crucial role for ��T
cells in the pathophysiology of infectious diseases. For in-
stance, increased numbers of ��T cells in the peripheral blood
and/or localization to sites of infection has been documented
in several human viral infections mediated by human immu-
nodeficiency virus (31), hepatitis C virus (71), Epstein-Barr
virus (58), and cytomegalovirus (18). In addition, a protective
role for ��T cells has been documented in murine models of
viral infection affecting the mucosa (as shown for herpes sim-
plex virus type 1 [62], vaccinia virus [63], and influenza virus
[9]) infections) and brain (as seen for murine West Nile viral
infection [72]). Although ��T cells are relatively few in number
in normal liver (in comparison to other organs), increased
expression of this T-cell subset is observed in the livers of
patients infected with the hepatitis C virus (71). In addition,
the number of ��T cells in the liver is significantly increased
following systemic administration of Ad (32). In view of the
significant evidence implicating ��T cells in the pathophysiol-
ogy of numerous viral infections, the present study specifically
assessed the role of ��T cells in the pathophysiology of acute
liver inflammation and injury in response to systemically ad-
ministered Ad vector.

MATERIALS AND METHODS

Mice. Male C57BL/6J mice, TCR-�-deficient mice (C57BL/6J background),
and gamma interferon (IFN-�)-deficient mice (C57BL/6J background), 6 to 8
weeks old, were all purchased from The Jackson Laboratory (Bar Harbor, ME).
All mice were maintained under specific-pathogen-free conditions and were kept
in a conventional animal facility at the Louisiana State University Health Sci-
ences Center at Shreveport. All procedures in this study were conducted in
accordance with institutional guidelines for animal care and use.

Virus infection and in vivo treatment protocol. Endotoxin-free, replication-
deficient E1- and E3-deleted type 5 Ad vectors expressing the Escherichia coli
LacZ gene (denoted AdLacZ) or green fluorescent protein (GFP) gene (denoted
AdGFP) as reporter genes driven by the cytomegalovirus promoter were pur-
chased from Vector Development Laboratory (Baylor College of Medicine,
Houston, TX). For in vivo experiments, mice were injected intraperitoneally (30,
59, 60) with AdLacZ or AdGFP (1011 virus particles [7, 17, 43, 48, 64–66, 78]) or
an equivalent volume of phosphate-buffered saline (PBS; vehicle). At days 1 and

6 after AdLacZ or AdGFP administration, mice were anesthetized with a mix-
ture of xylazine and ketamine hydrochloride; blood serum was collected, whereas
livers were perfused with ice-cold sterile PBS to remove blood elements.

For the antibody blocking experiment, anti-murine CXCR3 serum, anti-
CXCL9 serum, or control serum (0.5 ml/mouse, intraperitoneally) was adminis-
tered to naive mice 16 h before AdLacZ administration and an additional dose
was given every 48 h until termination of the experiment (13, 69). All mice were
sacrificed 6 days after AdLacZ administration. Anti-murine CXCR3 and anti-
CXCL9 sera were obtained from Robert Strieter (University of Virginia, Char-
lottesville). Control serum was purchased from Sigma Chemical Company (St.
Louis, MO).

�-Galactosidase activity assay. The E. coli LacZ gene is a very common
reporter gene that codes for an active subunit of �-galactosidase. This enzyme is
commonly used to assess transfection/transduction efficiency in cells and tissues
because it is very stable and resistant to proteolytic degradation and can be
conveniently assayed in situ. Specifically, when the �-galactosidase gene is ex-
pressed in transfected cells/tissues, it converts the colorless substrate o-nitrophe-
nyl-�-D-galactopyranoside into a colored reaction product that can be easily
quantified spectrophotometrically. Thus, we used �-galactosidase activity as a
biochemical marker to evaluate AdLacZ transgene expression in the livers of
wild-type (WT) mice and ��T-cell-deficient (knockout [KO]) mice after AdLacZ
administration. Briefly, perfused liver was immediately homogenized in lysis
buffer, and the lysate was assayed for �-galactosidase activity using a �-galacto-
sidase assay kit (OZ Biosciences, France) according to the manufacturer’s in-
structions. Recombinant �-galactosidase was used to construct a standard curve
and also served as a positive control, whereas liver lysate from vehicle-treated
mice was used as a negative control. The final reaction mixture was measured
using a spectrophotometer (Bio-Rad Laboratories Inc., CA), and the results
were calculated as units �-galactosidase per milligram total liver protein. Protein
concentration was determined using bicinchoninic acid protein assay reagent
(Pierce Biotechnology, Rockford, IL).

Evaluation of liver injury. Liver injury was determined by biochemical and
histological means. Biochemical liver damage in control and AdLacZ-infected
mice was determined by measuring serum levels of the liver enzyme alanine
aminotransferase (ALT) using a commercial kit (Thermo Electron, Waltham,
MA) according to the manufacturer’s instructions. For histological evaluation,
perfused liver tissues from control and AdLacZ-infected mice were fixed over-
night in 10% neutral buffered formalin, dehydrated in graded concentrations of
ethanol, and then embedded in paraffin and sectioned. Liver sections (5 	m
thick) were stained with hematoxylin and eosin (H&E) according to standard
protocols and analyzed by light microscopy in a blinded fashion by a pathologist
(P.A.A.). The degrees of inflammation of the liver and hepatocyte damage were
graded as mild, moderate, or severe using a combination of the severity of the
inflammation and the degree of hepatocyte degenerative changes, including
ballooning degeneration, hepatocyte necrosis, and frequency of acidophilic bod-
ies (12, 22).

Immunohistochemical localization of ��T cells. The localization of ��T cells
in the livers of AdLacZ-infected mice was performed on frozen liver sections
using a specific ��T-cell antibody (clone GL3; BD Pharmingen) according to the
manufacturer’s instructions. Liver sections from AdLacZ-infected mice were also
stained with isotype control antibody to demonstrate the specificity of the ��T-
cell antibody.

Isolation of hepatic lymphocytes and flow cytometry. Hepatic lymphocytes
were isolated using our published protocols (2, 3). Briefly, perfused whole livers
were obtained from uninfected (i.e., naive) or AdLacZ- or AdGFP-infected mice
and minced in digestive medium containing 0.05% type 2 collagenase (Worth-
ington Biochemical, NJ) and 0.002% DNase I (Roche Diagnostics, Indianapolis,
IN). Following gentle agitation at 37°C for 30 min, the digest was passed through
a nylon mesh (Small Parts Inc., Miami, FL) and then washed twice with cold
sterile PBS. Cells were then subjected to density gradient centrifugation on
Lympholyte-M (Cedarlane Laboratories, Canada) to isolate the lymphoid cell
population. Isolated hepatic lymphocytes were resuspended in cold sterile PBS,
and cell viability was determined using trypan blue exclusion dye. For the specific
identification of ��T cells, isolated hepatic lymphocytes were preincubated with
anti-mouse CD16/32 monoclonal antibody (MAb; clone 2.4G2; BD Pharmingen)
to block Fc�Rs and then incubated simultaneously with phycoerythrin (PE)- or
fluorescein isothiocyanate-labeled TCR�� antibody (Ab; clone GL3; BD Phar-
mingen) and peridinin chlorophyll protein-labeled CD3ε MAb (clone 145-2C11;
BD Pharmingen). Three-color staining was used to assess intracellular IFN-�
expression by hepatic ��T cells. Briefly, fluorochrome-labeled TCR��-CD3�

double-positive T cells were permeabilized with Cytofix/Cytoperm Plus (BD
Pharmingen) and then stained intracellularly with fluorescein isothiocyanate-
labeled murine IFN-� MAb (clone XMG1.2) according to the manufacturer’s
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instructions (1, 6). Three-color staining was also used to determine cell surface
expression of CXCR3 or FasL on isolated hepatic ��T cells. Specifically, fluo-
rochrome-labeled TCR��-CD3� double-positive T cells were stained extracel-
lularly with a specific murine allophycocyanin-labeled CXCR3 Ab (clone 220803;
R & D Systems, Minneapolis, MN) or PE-labeled FasL Ab (clone Kay-10; BD
Pharmingen).

For the specific identification of NK cells and CD8� T cells, isolated hepatic
lymphocytes were preincubated with anti-mouse CD16/32 MAb (clone 2.4G2;
BD Pharmingen) to block Fc�Rs and then incubated with fluorochrome-labeled
NK1.1 MAb (clone PK136; BD Pharmingen) or fluorochrome-labeled CD8a
MAb (clone 53-6.7; BD Pharmingen).

To determine intracellular IFN-� expression by hepatic NKT cells, isolated
hepatic lymphocytes were preincubated with anti-mouse CD16/32 MAb (clone
2.4G2; BD Pharmingen) to block Fc�Rs and then incubated simultaneously with
allophycocyanin-labeled TCR� MAb (clone H57-597; BD Pharmingen) and PE-
labeled NKT tetramer (CD1d-PBS57; NIH Tetramer Core Facility, Atlanta,
GA). Intracellular IFN-� expression by hepatic NKT cells was determined as
described above for ��T cells. In all experiments, corresponding isotype control
antibodies were used to set analysis gates. In addition, viable lymphocyte popu-
lations were gated using forward and side scatter characteristics and analyzed
using a FACSCalibur and FACScan Diva software (BD Biosciences).

Purification of ��T cells. A single-cell suspension was prepared from the
spleens of naive male C57BL/6 mice by conventional methods under sterile
conditions. Briefly, splenocytes were isolated by grinding the spleen between two
sterile frosted slides, passing it through a 100-	m cell strainer (BD Pharmingen),
and lysing red blood cells with sterile ammonium chloride buffer. The lysed
splenocytes were quickly washed with RPMI 1640 medium (supplemented with
10% fetal calf serum, nonessential amino acids, L-glutamine, 2-mercaptoethanol,
sodium pyruvate, and penicillin-streptomycin). Cell viability was determined
using trypan blue exclusion dye. Next, ��T cells were purified from viable splenic
cells using a mouse TCR�� T-cell isolation kit (Miltenyi Biotec, CA) in accor-
dance with the instructions provided by the manufacturer (44). ��T-cell purifi-
cation was confirmed by flow cytometric analysis, and cell viability was greater
than 95%.

Ad binding and transduction of ��T cells in vitro. The following experiments
were performed to determine whether the Ad vector can directly bind and infect
��T cells. A fluorescence microscopy-based technique was used to determine the
potential binding of Ad to ��T cells. Specifically, purified ��T cells (1 
 105 cells
per well) were incubated with AdGFP particles at a concentration of 104 virus
particles/cell (17, 77, 79, 85, 87) for 60 min at 37°C. After the incubation period,
cells were washed and transferred onto glass slides (by Cytospin), followed by
fixation with 3.7% paraformaldehyde for 15 min at room temperature. The cells
were then treated with propidium iodide (at a final concentration of 2.5 	g/ml in
PBS; Sigma-Aldrich, St. Louis, MO) and 0.1% Triton X-100 for 10 min at room
temperature to stain the nuclei (29, 70). To minimize quenching of fluorescence,
slides were mounted in antifade gel mount medium (Biomeda, CA) and covered
with a coverslip. An Olympus IX70 epifluorescence microscope was used for
imaging of the samples.

To evaluate the transduction of ��T cells by Ad, purified ��T cells (1 
 105

cells per well) were incubated with AdLacZ particles (104 virus particles/cell,
as above) for 24 h at 37°C (77). After this, the cells were lysed in lysis buffer,
supernatant was collected, and the LacZ transgene product, �-galactosidase,
was measured using a �-galactosidase activity assay kit as described previ-
ously (7, 46, 64–66).

Hepatic IFN-� and CXCL9 protein levels. Murine CXCL9 and IFN-� protein
levels in the livers of AdLacZ- or vehicle-treated mice were determined using
the Bio-Plex array system (Bio-Rad Laboratories) (10), which is based on the
Luminex technology, in accordance with the manufacturer’s instructions.
Briefly, perfused livers were homogenized in cold sterile PBS buffer contain-
ing protease cocktail inhibitor (Sigma-Aldrich). Liver homogenates were
processed and stored at �80°C until used for the determination of CXCL9
and IFN-� levels. Total protein levels in liver were determined using the
bicinchoninic acid protein assay reagent (Pierce Biotechnology). Data are
expressed as picograms of chemokine per milligram of total liver protein.

Statistical analysis. All data are shown as means � standard errors of the
means (SEM). For comparisons of means between two experimental groups, a
Student unpaired t test was used. Comparison among three or more experimen-
tal groups was performed using one-way analysis of variance, followed by either
Dunnett’s multiple-comparison test or the Newman-Kuels post hoc test. A P
value of 
0.05 was considered significant.

RESULTS

Kinetics of ��T-cell accumulation in AdLacZ-infected liver.
In agreement with previous reports (42, 43, 46, 52, 66), liver
damage in response to systemically administered AdLacZ was
characterized by a progressive increase in serum ALT levels
beginning at day 1, with a significant increase documented at
day 6 relative to that observed in the uninfected control (i.e.,
day 0), as shown in Fig. 1A. Next, we used flow cytometric
analysis to determine the kinetics of ��T-cell (TCR��-CD3�

double-positive T-cell) accumulation in the liver following the
systemic administration of AdLacZ. We observed that ��T
cells constitute a minor population of T cells in the livers of
uninfected mice (i.e., day 0) since ��T cells were not readily
evident (Fig. 1B and C). With AdLacZ administration, the
frequency (�3.5-fold) and absolute number (�50-fold) of ��T
cells in the liver were significantly increased on day 6 (but not
day 1) compared to values for uninfected mice (Fig. 1B and C).
Immunohistochemical examination of AdLacZ-infected liver
showed that ��T cells were predominantly localized among the
hepatocytes (Fig. 1D). Our observation of increased accumu-
lation of ��T cells in the liver in response to systemically
administered AdLacZ is consistent with a previously reported
study (32).

AdLacZ interaction with ��T cells. It is not known if
AdLacZ could directly interact with ��T cells in vivo. There-
fore, mice were administered AdGFP and hepatic ��T cells
were isolated on days 1 and 6 postinfection. By using AdGFP,
we were able to assess the ability of the vector to directly
interact with ��T cells by screening for the expression of GFP-
positive ��T cells using flow cytometry. As depicted in Fig. 2A,
GFP expression on isolated hepatic ��T cells was observed at
days 1 and 6 after AdGFP administration, showing that Ad
could directly interact with hepatic ��T cells.

To confirm direct interaction of the Ad vector with ��T cells,
purified splenic ��T cells from naive mice were cultured in
vitro with AdGFP and the cells were analyzed by fluorescence
microscopy. Immunofluorescence imaging of the ��T cells re-
vealed that green fluorescence associated with Ad particle was
observed in the nuclei, specifically around the nuclear enve-
lopes, of ��T cells (Fig. 2B), a confirmation that the Ad vector
is capable of interacting with ��T cells. Next, we assessed the
ability of AdLacZ to transduce ��T cells. Purified splenic ��T
cells from naive mice were cultured in vitro with AdLacZ, and
�-galactosidase activity was determined (see Materials and
Methods). �-Galactosidase activity in AdLacZ-treated ��T
cells in vitro was similar to that seen in vehicle-treated cells
(data not shown). These results show that ��T cells can directly
interact with the Ad vector but are not transduced by the
vector.

Effects of ��T-cell deficiency on AdLacZ-mediated acute
liver inflammation and injury. To specifically define the func-
tional role of ��T cells in the development of acute liver
inflammation and injury associated with systemically adminis-
tered AdLacZ, we used ��T-cell-deficient mice (i.e., ��T-cell
KO mice). For our functional study, a time point of day 6 was
chosen due to considerable liver damage, as shown by in-
creased serum ALT levels (42, 43, 46, 52). WT and ��T-cell
KO mice that received vehicle had comparable baseline levels
of serum ALT (Fig. 3A). As shown in Fig. 3A, a significant
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increase in serum ALT level was observed in WT mice follow-
ing AdLacZ administration (relative to that for vehicle-treated
WT mice). In contrast, ��T-cell KO mice were highly resistant
to liver injury, as shown by significantly lower (80% reduction)
serum ALT levels in these mice after AdLacZ administration
than in WT mice infected with AdLacZ (Fig. 3A). It is note-
worthy that serum ALT levels in AdLacZ-infected ��T-cell
KO mice did not significantly differ from the levels observed in
vehicle-treated ��T-cell KO mice (Fig. 3A). In parallel with
the biochemical finding, liver sections from WT mice exhibited
extensive hepatocyte damage following AdLacZ administra-
tion (Fig. 3B) whereas liver sections from ��T-cell KO mice
displayed reduced inflammatory cell infiltrates (such as CD8�

T cells; see Fig. 6) and little or no hepatocyte damage in
response to systemically administered AdLacZ (Fig. 3B). Fur-
thermore, the hepatic level of IFN-� was also significantly
reduced by ��T-cell deficiency at day 6 after AdLacZ admin-
istration (hepatic IFN-�: 0.372 � 0.02 mg/pg total protein in
WT mice versus 0.24 � 0.03 mg/pg total protein in ��T-cell KO
mice; P 
 0.05). In summary, our data demonstrate an impor-
tant proinflammatory role for ��T cells in promoting the de-

velopment of acute hepatic inflammation and injury in mice
systemically challenged with AdLacZ.

Mechanism(s) of ��T-cell induced acute liver inflammation
and injury in AdLacZ-infected mice. Next, we evaluated the
specific mechanisms underlying the proinflammatory effects of
��T cells during acute liver inflammation and injury in mice
systemically challenged with AdLacZ.

It is well established that activated ��T cells may secrete the
Th1 cytokine IFN-� during viral infections to modulate the
ongoing inflammatory response (49, 54, 63, 72, 84). Moreover,
IFN-� is a cytokine that has been implicated in liver damage
associated with experimental autoimmune (35) and toxin (41)
liver diseases. Since IFN-� level is increased in the livers and
circulation of AdLacZ-infected mice (43, 59), we determined
by intracellular staining and flow cytometric analysis whether
hepatic ��T cells represent an important cellular source of
IFN-� after AdLacZ administration. As depicted in a repre-
sentative fluorescence-activated cell sorter (FACS) histogram
in Fig. 4A, increased intracellular IFN-� expression by isolated
hepatic ��T cells was observed at days 1 and 6 after AdLacZ
administration compared to that seen in uninfected mice (i.e.,

FIG. 1. Kinetics of acute liver damage and hepatic ��T-cell accumulation following AdLacZ administration. (A) C57BL/6 mice were given
vehicle or infected with AdLacZ. Serum was collected at the indicated times and used to measure ALT levels (as described in Materials and
Methods). Data are shown as means � SEM (n � 5 to 8 mice per group; *, P � 0.05 versus uninfected group, i.e., day 0). (B and C) To determine
��T-cell accumulation in the livers of C57BL/6 mice systemically challenged with AdLacZ or vehicle, hepatic lymphoid cells were isolated at the
indicated times, stained with specific fluorochrome-labeled TCR�� and CD3 MAbs, and then analyzed by flow cytometry to reveal the percentages
(B) and absolute numbers (C) of ��T cells (i.e., TCR��-CD3 double-positive T cells) per liver. Data are presented as means � SEM (n � 5 or
6 mice per group; *, P � 0.05 versus uninfected group, i.e., day 0). (D) To reveal the localization of ��T cells in the liver, frozen liver sections were
obtained from AdLacZ-infected C57BL/6 mice 6 days after infectivity and immunohistochemical localization of ��T cells was performed. Liver
sections were stained with isotype control Ab or anti-��T-cell Ab. ��T cells (white arrows) and hepatocytes (red arrows) are shown. Original
magnification, 
400.
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day 0). The preceding results demonstrate that activated he-
patic ��T cells are a source of IFN-� in mice systemically
challenged with AdLacZ (Fig. 4A), so we hypothesized that
��T cells may be an essential participant in liver inflammation
and injury after AdLacZ administration via IFN-� release. It is
noteworthy that hepatic NK cells (43) and NKT cells (Fig. 4B)
are also important producers of IFN-� during AdLacZ-medi-
ated liver toxicity.

To this effect, we evaluated the role of IFN-� in promoting
acute liver injury during AdLacZ infection. Vehicle-treated
WT and IFN-� KO mice had comparable baseline levels of
serum ALT (Fig. 4C). Infection of WT mice with AdLacZ
caused a significant increase in serum ALT level in comparison
to that in vehicle-treated WT mice, an effect that was signifi-
cantly attenuated (�60% decrease) by IFN-� deficiency (Fig.
4C). Of note, the serum ALT level in AdLacZ-infected IFN-�
KO mice was not statistically different from the level docu-
mented in vehicle-treated IFN-� KO mice (Fig. 4C). In agree-
ment with the biochemical findings, liver sections from
AdLacZ-infected IFN-� KO mice (Fig. 4D) showed essentially
normal histology, with no noticeable hepatocellular damage in
comparison to prominent liver damage in liver sections ob-
tained from WT mice after AdLacZ administration (Fig. 4D).
A similar finding was documented in studies that utilized anti-
murine IFN-� antibody (data not shown). Overall, these results
identify the potential of ��T cells to initiate acute liver inflam-

mation and injury after AdLacZ administration via IFN-� re-
lease.

The FasL/Fas death pathway has been implicated in the
effector function of ��T cells in vivo (27, 53). In support, we
have evidence that ��T-cell KO mice resist acute liver failure
compared to WT mice at 3.5 h after the intraperitoneal ad-
ministration of agonistic anti-Fas antibody (clone Jo2; BD
Pharmingen; at a dose of 0.5 	g/g of body weight). Figure 5A
and B show a significant attenuation (58% reduction) of serum
ALT level and a marked improvement in hepatic histology in
��T-cell KO mice treated with Jo2, relative to the finding for
Jo2-treated WT mice. Thus, hepatic ��T cells are capable of
contributing to Fas-mediated acute liver apoptosis. Next, we
assessed if the FasL/Fas-mediated death pathway may be an
additional potential mechanism through which ��T cells pro-
mote acute liver damage in mice systemically challenged with
AdLacZ. A previous study has demonstrated that mice defi-
cient in FasL or Fas ameliorate liver inflammation and injury
associated with systemically administered AdLacZ (42). Spe-
cifically, we assessed by flow cytometric analysis whether he-

FIG. 2. Ad interacts with ��T cells. (A) Male C57BL/6 mice were
injected with AdGFP, and isolated hepatic fluorochrome-labeled ��T
cells were screened for the presence of GFP by flow cytometry. The
median fluorescence intensity (MFI) values for GFP-positive hepatic
��T cells are shown. Data are reported as means � SEM (n � 4 mice
per group). (B) To determine if Ad could interact with ��T cells,
splenocytes were isolated from naive C57BL/6 mice and ��T cells were
purified using a mouse ��T-cell isolation kit. Purified splenic ��T cells
were then incubated in vitro with GFP-labeled Ad (104 virus particles)
for 60 min. A fluorescence microscopic technique was used to evaluate
Ad interaction with splenic ��T cells. Ad-GFP is shown in green,
whereas ��T-cell nuclei counterstained with propidium iodide are
shown in red.

FIG. 3. Effects of ��T-cell deficiency on acute liver inflammation
and injury in AdLacZ-infected mice. WT and ��T-cell KO mice were
infected with AdLacZ or vehicle for 6 days. (A) Serum samples were
obtained for the determination of ALT levels. All results are presented
as means � SEM (n � 6 mice per group; �, P � 0.05 versus all
vehicle-treated controls; #, P � 0.05 versus AdLacZ-infected WT
mice). (B) Photomicrograph of H&E-stained representative liver sec-
tions depicting diffuse and severe acute hepatic injury with swelling of
the hepatocytes, obliteration of the sinusoid spaces, hepatocellular
necrosis, and numerous acidophilic bodies in AdLacZ-infected WT
mice compared to the minimal distortion of lobular architecture and
absence of inflammatory cell infiltrates in liver sections from ��T-cell
KO mice after 6 days of AdLacZ infection. Original magnification,

200. In contrast, H&E-stained liver sections from vehicle-treated
WT and ��T-cell KO mice were normal.
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patic ��T cells express FasL during AdLacZ liver infection.
The results show that FasL cell surface expression on ��T cells
was increased by AdLacZ administration relative to that seen
in uninfected mice (Fig. 5C). In addition, the absolute number
of extracellular FasL-expressing ��T cells in the liver was sig-
nificantly increased at day 6 after AdLacZ infection of mice:
9.97 
 103 � 1.21 
 103 cells versus 0.56 
 103 � 0.04 
 103

cells in uninfected mice.
In addition to the aforementioned mechanisms, we evalu-

ated if the proinflammatory effects of ��T cells during acute
liver inflammation and injury following AdLacZ administra-
tion may also be attributed to the recruitment of functional

effector NK cells as well as CD8� T cells into the liver. Figure
6 revealed that ��T-cell deficiency was associated with a sig-
nificant decrease (41% reduction) in the number of CD8�

T-cell infiltrates in the livers of AdLacZ-infected ��T-cell KO
mice relative to the number in WT mice after AdLacZ admin-
istration. In contrast, ��T-cell deficiency did not alter the num-
ber of NK cells accumulating in the liver after AdLacZ admin-
istration. Collectively, these results demonstrate that the
recruitment of ��T cells is paramount for the development of
acute liver inflammation and injury and that ��T cells are an
essential mediator for the recruitment of CD8� T cells (but not
NK cells) into the livers of AdLacZ-infected mice.

FIG. 4. Role of IFN-� in the development of acute liver inflammation and injury in mice systemically challenged with AdLacZ. (A) To
determine if ��T cells are a source of hepatic IFN-� after AdLacZ infectivity, C57BL/6 mice were systemically challenged with AdLacZ or vehicle
and hepatic lymphoid cells were isolated at the indicated times. Isolated hepatic lymphoid cells were first stained with specific fluorochrome-labeled
TCR�� and CD3 MAbs to identify ��T cells, and the cells were then permeabilized prior to staining with fluorochrome-labeled IFN-� MAb to
determine ��T-cell intracellular IFN-� after flow cytometric analysis. A representative FACS histogram demonstrating intracellular IFN-�
expression by isolated hepatic ��T cells after AdLacZ administration is shown. (B) Next, we determined if hepatic NKT cells are also an early
source of intracellular IFN-� after AdLacZ administration. C57BL/6 mice were systemically challenged with AdLacZ or vehicle, and hepatic
lymphoid cells were isolated 24 h later. Isolated hepatic lymphoid cells were first stained with specific fluorochrome-labeled TCR� MAb and the
NKT cell tetramer CD1d-PBS57 to identify NKT cells (see Materials and Methods), and the cells were then permeabilized prior to staining with
fluorochrome-labeled IFN-� MAb. A representative FACS histogram demonstrating intracellular IFN-� expression by isolated hepatic NKT cells
after AdLacZ or vehicle administration at day 1 posttreatment is shown. (C) To determine the specific contribution of IFN-� to acute liver injury
mediated by systemically administered AdLacZ, WT and IFN-� KO mice were infected with AdLacZ for 6 days. Serum samples were obtained
for the determination of ALT levels. All results are presented as means � SEM (n � 5 or 6 mice per group; *, P � 0.05 versus all vehicle-treated
controls; #, P � 0.05 versus AdLacZ-infected WT mice). (D) Photomicrograph of H&E-stained representative liver sections depicting diffuse and
severe acute hepatic injury (inflammation and hepatocellular necrosis with numerous acidophilic bodies) in AdLacZ-infected WT mice compared
with essentially normal liver histology in AdLacZ-infected IFN-� KO mice. Original magnification, 
200.

VOL. 82, 2008 CYTOKINE-CHEMOKINE CROSS TALK IN Ad-INFECTED LIVER 9569

 at LS
U

 H
lth S

ci C
tr-S

hrevepo on January 8, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


Molecular determinant of ��T-cell accumulation in AdLacZ-
infected liver. In Fig. 4A, we demonstrated that ��T cells are an
important source of hepatic IFN-� during AdLacZ infection. A
previous study provided evidence implicating the IFN-�-induc-
ible chemokine CXCL9 in the recruitment of CD8� T cells
into the liver following AdLacZ administration (7). Based on
that report (7), we initially confirmed that AdLacZ liver infec-
tion is associated with significant increases in the hepatic level
of CXCL9 at days 1 and 6 after AdLacZ administration (Fig.
7A). In contrast, CXCL10, another CXCR3 ligand, was signif-
icantly increased in the liver only at day 6 (not at day 1) after
AdLacZ administration (M. N. Ajuebor, unpublished observa-
tion). Furthermore, we found that hepatic CXCL9 production
in response to AdLacZ administration was significantly im-
paired by ��T-cell depletion as well as by IFN-� deficiency
(Fig. 7A). Next, we postulated that CXCL9 via its specific
receptor, CXCR3, may play an important role in promoting
the accumulation of ��T cells in the liver after AdLacZ ad-

ministration since the frequency and absolute number of he-
patic ��T cells expressing CXCR3 receptors were significantly
increased in AdLacZ-infected mice (Fig. 7B and C). In line
with this supposition, we observed that anti-CXCR3 serum and
anti-CXCL9 serum treatments were both associated with sig-
nificant decreases in hepatic ��T-cell accumulation after
AdLacZ administration relative to that in AdLacZ-infected
mice given control serum (Fig. 7D). Furthermore, liver CD8�

T-cell (but not NK cell) accumulation was significantly inhib-
ited by both treatments (Fig. 7D). Additional studies demon-
strated that blockade of the CXCL9-CXCR3 axis was also
associated with improved hepatic injury as shown by lower
ALT levels (�75% reduction) compared to that for AdLacZ-
infected mice given control serum (Fig. 7E). In agreement with
the biochemical finding, liver sections from mice given control
serum exhibited extensive hepatocyte damage at day 6 after
AdLacZ infection (Fig. 7F). In comparison, liver sections from
mice that received anti-CXCR3 serum or anti-CXCL9 serum

FIG. 5. Role of the Fas/FasL-mediated death pathway in the proinflammatory effect of ��T cells. (A and B) Agonistic anti-Fas antibody was
used to specifically determine if ��T cells are capable of promoting acute liver damage via the Fas-mediated death pathway. WT and ��T-cell KO
mice were administered the agonistic anti-Fas antibody Jo2 (0.5 	g/g body weight; intraperitoneally), and acute liver injury (i.e., ALT levels and
histology) was assessed 3.5 h later. Data are presented as means � SEM (n � 4 to 7 mice per group; �, P � 0.05 versus WT mice). Photomicrograph
of H&E-stained representative liver sections depicting diffuse and severe acute liver failure (inflammation and widespread hepatocellular necrosis
with numerous apoptosis) in Jo2-treated WT mice compared with patchy necrosis and reduced inflammation in a liver sections from ��T-cell KO
mice administered Jo2. Original magnification, 
200. (C) C57BL/6 mice were administered vehicle or AdLacZ, and hepatic lymphoid cells were
isolated from these mice 6 days after infectivity. Isolated hepatic lymphoid cells were initially stained with fluorochrome-labeled TCR�� and CD3
MAbs to identify ��T cells and then stained with fluorochrome-labeled FasL MAb to determine FasL cell surface expression on hepatic ��T cells.
A representative FACS histogram demonstrating extracellular FasL expression on ��T cells after AdLacZ administration is depicted.

9570 AJUEBOR ET AL. J. VIROL.

 at LS
U

 H
lth S

ci C
tr-S

hrevepo on January 8, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


displayed little or no hepatocyte damage and had no significant
hepatocellular necrosis or inflammatory-cell infiltrates follow-
ing AdLacZ administration (Fig. 7F). Overall, these studies
suggest that IFN-�-inducible CXCL9 drives the accumulation
of CXCR3-expressing ��T cells in the liver, an effect that
promotes acute liver inflammation and injury via multiple
mechanisms including increased IFN-� production and the
recruitment of effector CD8� T cells.

Effect of ��T-cell deficiency on AdLacZ expression. �-Ga-
lactosidase activity was used to determine the role of ��T cells
in AdLacZ clearance. Hepatic �-galactosidase activity in ��T-
cell KO mice did not significantly differ from that seen in WT
mice at day 6 after AdLacZ liver infection. For AdLacZ-in-
fected WT mice and ��T-cell KO mice, �-galactosidase activ-
ities (means � SEM; n � 4 to 6 mice per group) were 21.4 �
8.0 and 15.4 � 6.9 units of �-galactosidase activity/mg of total
liver protein, respectively.

DISCUSSION

The ��T cell is an innate immune T cell that has been shown
to exert a protective response in viral diseases that predomi-
nantly affect the mucosa and brain (15, 16, 23, 34, 50). How-
ever, ��T cells may also promote a pathogenic effect during
autoimmune diseases by initiating tissue injury in experimental
arthritis (57) and multiple sclerosis (55, 68). Although in-
creased ��T-cell infiltrates are observed during AdLacZ liver
infection (32), the mechanisms underlying increased ��T-cell
accumulation in the liver in response to systemically adminis-
tered AdLacZ are unknown. Besides, the functional role of
��T cells in the development of acute liver inflammation and
injury associated with systemically administered AdLacZ is not
defined. Our study demonstrates a novel, unique, and central
effector role for ��T cells in promoting acute inflammation and
injury during AdLacZ-induced liver infection without altering
AdLacZ transgene expression.

Using flow cytometry-based techniques, we observed that
the progressive increase in acute liver damage in response to
AdLacZ administration was also associated with increased
��T-cell accumulation in the liver. However, significant accu-
mulation of ��T cells in the livers of AdLacZ-infected mice
was a delayed event (occurring at day 6 but not day 1). In
contrast, we established that hepatic ��T-cell activation fol-
lowing AdLacZ administration was an early event since in-
creased intracellular IFN-� expression by hepatic ��T cells was
observed initially at day 1, a time point before a significant
accumulation of ��T cells in the liver. Despite our evidence
that hepatic ��T cells are activated prior to a significant accu-
mulation of ��T cells in the livers of AdLacZ-infected mice, we
found (by immunofluorescence imaging) that ��T cells can
directly interact with the Ad vector but are not transduced by
the vector based on our in vitro �-galactosidase assay that
utilized purified splenic ��T cells. This may be due to the
potential deficiency or low levels of the Ad receptor CAR on
��T cells, as documented for dendritic cells (77) and neutro-
phils (17). Nonetheless, our study provided compelling evi-
dence that hepatic ��T cells played a critical role in the devel-
opment of acute liver damage since the dramatic increase in
acute liver injury in WT mice in response to AdLacZ admin-
istration was almost completely abolished by ��T-cell defi-
ciency. The mechanism(s) responsible for early activation but
delayed accumulation of hepatic ��T cells during AdLacZ-
induced acute liver toxicity was further investigated (discussed
below).

Next, we determined the potential mechanisms by which
��T cells could initiate and sustain hepatic inflammation and
damage following AdLacZ administration. The first mecha-
nism assessed was the role of IFN-�. We have discussed pre-
viously that IFN-�, a major cytokine produced by ��T cells in
several viral disease model systems (49, 54, 63, 72, 84), is
capable of promoting acute liver damage during experimental
autoimmune and toxin liver injuries (35, 41), possibly by di-
rectly exerting a cytotoxic effect on hepatocytes which express
the IFN-� receptor on their cell surfaces (11). As a result, we
hypothesized that ��T cells can be induced to express intra-
cellular IFN-�, which subsequently promotes the development
of acute liver inflammation and injury following AdLacZ ad-
ministration. Indeed, we have provided several lines of evi-
dence suggesting an important role for endogenous IFN-� in
contributing to the proinflammatory effects of ��T cells during
AdLacZ-induced acute liver injury. Specifically, we have dem-
onstrated that (i) a significant increase in intracellular IFN-�
expression by hepatic ��T cells is seen following AdLacZ ad-
ministration and (ii) a reduction in hepatic level of IFN-� in
AdLacZ-infected ��T-cell KO mice (compared to WT mice)
correlated with reduced hepatic injury. Finally, we reported
that IFN-�-deficient mice were resistant to acute liver injury
following AdLacZ administration in comparison to infected
WT mice. Collectively, these data strongly support an impor-
tant role for IFN-� in the proinflammatory effects of ��T cells
in the development of acute liver injury associated with sys-
temically administered AdLacZ. While ��T cells may produce
interleukin-4 (IL-4) (21, 73) and interleukin-17 (44) in vivo,
these cytokines were not increased in the livers of AdLacZ-
infected mice (M. N. Ajuebor, unpublished observation), thus
excluding a potential role for the aforementioned cytokines in

FIG. 6. Effects of ��T-cell deficiency on NK cell and CD8� T-cell
accumulation in the livers of AdLacZ-infected mice. WT and ��T-cell
KO mice were infected with AdLacZ, and hepatic lymphoid cells were
isolated 6 days later. Isolated hepatic lymphoid cells were then stained
with fluorochrome-labeled NK1.1 MAb and fluorochrome-labeled
CD8a MAb and analyzed by flow cytometry to identify accumulation of
hepatic NK and CD8� T cells, respectively. The absolute numbers of
NK cells and CD8� T cells are shown. All results are presented as
means � SEM (n � 5 or 6 mice per group; �, P � 0.05 versus
AdLacZ-infected WT mice).
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FIG. 7. Role of the CXCR3-CXCL9 pathway in the effector function of ��T cells during AdLacZ-induced liver inflammation and injury.
(A) Kinetics of hepatic CXCL9 production during AdLacZ-mediated liver toxicity was evaluated using a Bioplex array system (see Materials and
Methods). The effects of ��T-cell deficiency and IFN-� deficiency on hepatic CXCL9 production after AdLacZ administration were also evaluated.
Results are presented as means � SEM (n � 5 or 6 mice per group; �, P � 0.05 versus uninfected group, i.e., day 0; #, P � 0.05 versus
AdLacZ-infected WT mice; ��, P � 0.05 versus AdLacZ-infected WT mice). (B and C) Flow cytometric analysis was used to determine the kinetics
of CXCR3 expression on hepatic ��T cells during AdLacZ infection. C57BL/6 mice were uninfected (day 0) or infected with AdLacZ, and hepatic
lymphoid cells were isolated at the indicated times. Isolated cells were then stained with specific fluorochrome-labeled TCR��, CD3, and CXCR3
MAbs to reveal the percentage (B) and absolute number (C) of hepatic ��T cells expressing CXCR3 receptors. Data are presented as means �
SEM (n � 5 or 6 mice per group; *, P � 0.05 versus uninfected group, i.e., day 0). (D) To determine the functional role of CXCR3 and CXCL9
in the recruitment of ��T cells, NK cells, and CD8� T cells to the liver following AdLacZ administration, anti-CXCR3 serum and anti-CXCL9
serum were used. C57BL/6 mice were given control serum, anti-CXCR3 serum, or anti-CXCL9 serum intraperitoneally 16 h before AdLacZ
infection, with additional doses given every 48 h until termination of the experiment. All mice were sacrificed at day 6 after AdLacZ administration
for the determination of hepatic ��T-cell, NK cell, and CD8� T-cell accumulation by flow cytometry. Data are presented as means � SEM (n �
5 or 6 mice per group; �, P � 0.05 versus control serum; #, P � 0.05 versus control serum). (E and F) The effects of anti-CXCR3 serum and
anti-CXCL9 serum treatment on liver injury 6 days after AdLacZ infection were also determined biochemically by measuring ALT levels (E) and
by histology (F). ALT values are depicted as means � SEM (n � 6 to 8 mice per group; *, P � 0.05 versus control serum). Panel F shows a
representative photomicrograph of liver section from AdLacZ-infected mice treated with control serum, which was characterized by diffuse and
severe acute hepatic injury, whereas liver sections from anti-CXCR3 serum-treated and anti-CXCL9-treated mice were characterized by nearly
normal liver histology with no hepatocellular injury following the administration of AdLacZ. Original magnification, 
200.
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the pathogenic effect of ��T cells after AdLacZ liver infection.
However, it is unlikely that IFN-� is the sole mediator contrib-
uting to the proinflammatory effect of ��T cells since the acute
liver damage in IFN-� KO mice following AdLacZ adminis-
tration was not completely attenuated. For this reason, we also
assessed the role of the Fas/FasL-mediated death pathway in
the pathogenic effects of hepatic ��T cells in AdLacZ-infected
mice.

The Fas-mediated death pathway is activated by binding
FasL or agonistic anti-Fas antibody to Fas, triggering trimer-
ization and intracellular signaling. The seminal concept that
the liver is highly sensitive to Fas-mediated apoptosis was ini-
tially demonstrated by Ogasawara and colleagues in 1993 (51).
Specifically, systemic administration of agonistic anti-Fas anti-
body (Jo2) was associated with acute liver failure and mouse
death within a few hours due to diffuse hemorrhage and mas-
sive apoptosis of hepatocytes (51). This finding has been con-
firmed by numerous studies (19, 20, 67, 86). As mentioned
previously, there are reports implicating the Fas/FasL-medi-
ated death pathway in the effector function of ��T cells during
tissue injury affecting the brain and heart (27, 53). Moreover,
we have observed that ��T cells do kill hepatocytes by a Fas-
mediated apoptotic mechanism since ��T-cell KO mice were
less susceptible to acute liver failure following agonistic anti-
Fas antibody (i.e., Jo2) treatment than Jo2-treated WT mice.
The Fas/FasL-mediated death pathway has been shown to pro-
mote acute liver injury after AdLacZ administration (42), and
we observed increased FasL cell surface expression on hepatic
��T cells following AdLacZ administration. Therefore, we
proposed that FasL/Fas-mediated killing of hepatocytes is the
second potential mechanism by which ��T cells may promote
the development of acute liver injury after AdLacZ adminis-
tration.

In the final mechanism, we evaluated the role of the immune
cells, NK and CD8� T cells, in the effector function of ��T
cells during acute liver toxicity associated with systemically
administered AdLacZ. Due to the fact that NK and CD8� T
cells contribute to the liver toxicity associated with systemically
administered AdLacZ (43, 46, 52), we examined the effect of
��T-cell deficiency on NK and CD8� T-cell recruitment into
the liver after AdLacZ administration. Flow cytometry-based
evaluation of inflammatory cell infiltrates in the liver after
AdLacZ administration revealed that CD8� T-cell (but not
NK cell) accumulation in the liver was severely impaired by
��T-cell deficiency. In summary, our data demonstrate that
��T cells play an important and a previously unrecognized role
in governing AdLacZ-induced CD8� T-cell recruitment to the
liver and the subsequent development of acute liver toxicity.

We then turned our attention to the role of ��T cells in
AdLacZ gene expression. A �-galactosidase activity assay (a
marker for AdLacZ gene expression) revealed that ��T cells
do not promote AdLacZ clearance since hepatic �-galactosi-
dase activity in ��T-cell KO mice did not significantly differ
from that detected in WT mice after AdLacZ administration.
Our observation indicates that, unlike classical innate immune
cells (i.e., NK and Kupffer cells), hepatic ��T cells do not
contribute to AdLacZ clearance. Thus, ��T cells do not affect
the transduction efficiency of the AdLacZ vector during the
acute hepatic inflammatory response.

An important finding that was addressed in our study was

the mechanism underlying increased ��T-cell accumulation in
the liver at day 6 (but not at day 1) in AdLacZ-infected mice.
Chemokines are well-defined chemoattractants for leukocytes
(4, 5). Furthermore, a previous study reports that the CXCR3
ligands CXCL9 and CXCL10 are induced by IFN-� acting on
hepatocytes during AdLacZ-induced acute liver toxicity (7)
and that these chemokines promote the recruitment of CD8�

T cells into the livers of AdLacZ-infected mice (7). Accord-
ingly, we initially confirmed that the CXCL9 level in the liver
is increased following AdLacZ administration. In addition, we
also confirmed that hepatic CXCL9 production was IFN-�
dependent by demonstrating that CXCL9 production in the
liver is severely impaired by IFN-� deficiency after AdLacZ
administration. Since hepatic ��T cells are enriched in intra-
cellular IFN-� after AdLacZ administration and ��T-cell de-
ficiency is associated with lower hepatic levels of IFN-�, we
hypothesized that hepatic ��T cells (via intracellular IFN-�)
may play an essential role in the induction of hepatic CXCL9
after AdLacZ administration. Indeed, we observed that he-
patic CXCL9 production was also significantly suppressed by
��T-cell deficiency at days 1 and 6 after AdLacZ infection.
However, the nearly complete inhibition of hepatic CXCL9
levels at day 6 (i.e., late phase) in AdLacZ-treated ��T-cell KO
mice but partial and significant decrease in CXCL9 hepatic
level in ��T-cell KO mice at day 1 (i.e., early phase) after
AdLacZ administration may suggest that IFN-� from other
innate immune cells (such as NK and NKT cells) may also
contribute to early hepatic CXCL9 production. Taken to-
gether, our data identify a key role for intracellular IFN-�
specifically expressed by activated hepatic ��T cells in posi-
tively regulating early-phase (day 1) and late-phase (day 6)
CXCL9 production in the liver during AdLacZ-induced acute
liver toxicity.

The role of CXCR3, the cognate receptor for CXCL9, in the
recruitment of immune cells, including T-cell subsets and NK
cells, during inflammation is well documented (8, 13, 26, 28).
In this study, we observed that CXCR3 cell surface expression
on ��T cells accumulating in the livers of AdLacZ-infected
mice is significantly increased. However, our observation that
hepatic ��T cells are activated at day 1 after AdLacZ admin-
istration may suggest that CXCR3-expressing ��T cells in the
liver are activated (at day 1) prior to expansion (at day 6)
following the systemic administration of AdLacZ. Next, we
hypothesized that CXCL9, via interaction with CXCR3, may
promote the accumulation of ��T cells in the liver following
AdLacZ administration. Indeed, we provided direct evidence
that hepatic CXCL9 drives increased accumulation of CXCR3-
expressing ��T cells in the livers of mice systemically chal-
lenged with AdLacZ since pretreatment of mice with a specific
anti-CXCL9 serum or anti-CXCR3 serum markedly attenu-
ated the accumulation of ��T cells in the liver, an effect that
also reduced hepatic injury since biochemical and histological
liver damage was almost completely abolished. Although we
cannot completely exclude a role for other CXCR3 ligands
(i.e., CXCL10 and CXCL11) in hepatic ��T-cell accumulation,
our observation that anti-CXCL9 and anti-CXCR3 serum
treatments caused comparable reductions in both ��T-cell ac-
cumulation and liver injury may suggest that the effect of
CXCL9 during AdLacZ-mediated acute liver toxicity is not
redundant. Of note, anti-CXCL9 and anti-CXCR3 serum
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treatments also suppressed CD8� T-cell accumulation in the
liver, a response that could be attributed to reduced accumu-
lation of ��T cells in the liver since ��T-cell deficiency is
associated with reduced hepatic CD8� T-cell accumulation. In
summary, our results directly indicate that the ��T-cell inflam-
matory response mounted against AdLacZ is to a large extent
dependent on the biological function of the CXCL9-CXCR3
axis.

This study characterized a key molecular mechanism that
governs the accumulation of ��T cells in the livers of AdLacZ-
infected mice. We also showed a critical role for ��T cells in
initiating acute liver toxicity after AdLacZ administration,
driven in part by the ability of ��T cells to promote the re-
cruitment of CD8� T cells, an event that occurs without vector
clearance. Our study also highlighted a key role for cytokine-
chemokine cross talk in driving the pathogenic function of ��T
cells during AdLacZ-mediated acute liver toxicity. Thus, we
proposed that the combined events schematized in Fig. 8 play
a crucial role in the effector function of ��T cells during
AdLacZ liver infection. Specifically, we propose that (i)
AdLacZ directly interacts with resident hepatic ��T cells lo-
calized among the hepatocytes; (ii) intracellular IFN-� pro-
duced by activated ��T cells (and possibly NKT and NK cells)
then act on hepatocytes to mediate early hepatic CXCL9 pro-
duction observed at day 1; (iii) early hepatic CXCL9 subse-
quently drives the accumulation of CXCR3-bearing ��T cells
into the liver at day 6; (iv) CXCR3-bearing ��T cells are
enriched in intracellular IFN-�, so this cytokine may directly
exert acute liver damage and may also act on hepatocytes to
induce late (i.e., day 6) hepatic CXCL9 production; (v) CXCL9
consequently initiates acute liver damage and also sustains the
continuous accumulation of IFN-�-enriched CXCR3-express-
ing ��T cells in the liver; and (vi) CXCR3-bearing ��T cells
may also sustain or contribute to acute liver damage by recruit-
ing effector CD8� T cells. In addition, a direct interaction
between activated hepatic ��T cells expressing high levels of
FasL and hepatocytes enriched in Fas (67) could result in
further acute liver damage in AdLacZ-infected mice.
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