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Innate inflammatory events promoting antiviral defense in the liver against murine cytomegalovirus
(MCMV) infection have been characterized. However, the mechanisms that regulate the selective recruitment
of inflammatory T lymphocytes to the liver during MCMYV infection have not been defined. The studies
presented here demonstrate the expression of monokine induced by gamma interferon (IFN-y; Mig/CXCL9)
and IFN-y-inducible protein 10 (IP-10/CXCL10) in liver leukocytes and correlate their production with the
infiltration of MCMYV-specific CD8 T cells into the liver. Antibody-mediated neutralization of CXCL9 and
CXCL10 and studies using mice deficient in CXCR3, the primary known receptor for these chemokines,
revealed that CXCR3-dependent mechanisms promote the infiltration of virus-specific CD8 T cells into the
liver during acute infection with MCMYV. Furthermore, CXCR3 functions augmented the hepatic accumulation
of CD8 T-cell IFN-vy responses to MCMYV. Evaluation of protective functions demonstrated enhanced pathology
that overlapped with transient increases in virus titers in CXCR3-deficient mice. However, ultimate viral
clearance and survival were not compromised. Thus, CXCR3-mediated signals support the accumulation of
MCMV-specific CD8 T cells that contribute to, but are not exclusively required for, protective responses in a

virus-infected tissue site.

Host responses to viral infections involve complex interac-
tions between cytokines and chemokines that provide key com-
munication signals resulting in the effective development of
innate and adaptive immunity. Murine cytomegalovirus
(MCMV) is a herpesvirus with pathogenic potential that can
induce high levels of viral replication in the spleen and liver
with associated loss of liver function during acute infection.
Thus, innate immune responses are critical in limiting viral
spread and averting virus-induced disease (1, 2, 57). These
responses have been well characterized and are centered on
the early activation of natural killer (NK) cells and the delivery
of NK cell-derived gamma interferon (IFN-v) through a MIP-
1a/CCL3-dependent inflammatory response in the liver (1, 2,
4, 35, 37, 40, 41, 43, 50). Nonetheless, restriction of virus-
associated tissue damage and promotion of viral clearance
from MCM V-infected tissues requires T-lymphocyte activation
(reviewed in references 19 and 20).

The protective function of T lymphocytes, particularly the
CD8" T-cell subset, against MCMV infection has been well
documented and includes the production of IFN-y and tumor
necrosis factor alpha during late acute infection, or between 4
and 9 days following MCMYV challenge (5, 8, 11-13, 15, 17-20,
24, 36, 39, 48, 51). In the liver, adoptive transfer of MCMV-
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primed CD8 T cells into +y-irradiated hosts leads to effective
control of viral replication and specifically limits the extent of
liver pathology (38, 39). Additionally, T-cell depletion studies
demonstrated a role for these cells in controlling hepatic dam-
age and promoting host survival (34, 51), suggesting that the
MCM V-infected liver is sensitive to immune control by CD8 T
cells. Furthermore, studies have demonstrated the accumula-
tion and development of an effective CD8 T-cell response in
various tissues that becomes maximally apparent 7 days after
infection with MCMV (12, 20). Thus, it is clear that CD8 T
cells support hepatic immunity; however, the mechanisms pro-
moting the recruitment of activated CD8 T lymphocytes into
the liver during MCMYV infection have not been evaluated.
Chemokines are a superfamily of inflammatory cytokines
that route the migration and localization of immune effector
cells in tissues by binding and signaling them through seven-
transmembrane G-protein-coupled receptors (26, 27, 44, 59).
Tissue-infiltrating T cells and Th1-polarized T cells have been
shown to express the chemokine receptor CXCR3 and respond
to the IFN-vy-inducible CXCR3 ligands monokine induced by
IFN-y (Mig/CXCL9) and IFN-y-inducible protein 10 (IP-10/
CXCLI10) (23, 25, 26, 31, 44, 53). CXCR3 and its ligands have
been shown to function in host resistance to virus infection in
a number of different murine models by regulating the traf-
ficking of activated inflammatory T cells (7, 22, 26, 30, 59).
Moreover, liver production of CXCL9 and CXCL10 has been
associated with the infiltration of CXCR3-expressing T lym-
phocytes in individuals with chronic hepatitis C virus infections
(47). Studies have also shown that CXCR3 activation promotes
the transendothelial migration of effector T cells across hepatic
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endothelium in response to CXCR3 ligands (6). Together,
these observations suggest a functional role for CXCR3 and its
ligands in promoting T-lymphocyte migration into the liver.

Previous studies have shown that NK cell inflammation can
support the expression of CXCL9 in the liver and promote
antiviral effects (41). Nevertheless, a role for CXCL9 in the
recruitment of protective hepatic T lymphocytes has not been
shown. Furthermore, production of CXCL9 and CXCL10 dur-
ing late acute MCMYV infection remains to be determined.
Likewise, the biological responses on the recruitment of acti-
vated T lymphocytes resulting from CXCR3 expression have
not been evaluated during MCMYV infection in the liver.

The studies presented here were undertaken to determine
the functional significance of CXCL9 and CXCL10 production
and CXCR3 expression during late acute MCMYV infection in
the liver. The results demonstrate a correlation between
CXCL9 and CXCLI10 production and the hepatic accumula-
tion of MCMV-specific CD8 T cells that express CXCR3 dur-
ing late acute infection. Antibody neutralization of these
CXCR3-binding chemokines and studies using mice deficient
in the CXCR3 receptor establish that CXCR3-dependent
mechanisms enhance the effective recruitment of inflammatory
and virus-specific IFN-y-secreting CD8 T cells. The results
suggest that the inefficient infiltration of activated virus-specific
CDS8 T cells provides a brief window of opportunity for en-
hanced virus replication and liver pathology. Yet, susceptibility
and viral clearance are not hindered. Collectively, these results
identify chemokine and chemokine receptor responses that
support the localization of selected T lymphocytes that con-
tribute in part to the effectiveness of antiviral responses in
infected tissue sites.

MATERIALS AND METHODS

Mice. Specific-pathogen-free C57BL/6 (H-2") mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). CXCR3-deficient (CXCR3™/7) mice
(Deltagen, San Carlos, CA) backcrossed for at least 10 generations to C57BL/6
(Jackson Laboratory) were used to establish a colony at Brown University. The
genotypes were verified by PCR using genomic tail DNA. All experiments used
male mice between 6 and 8 weeks of age. Mouse handling and experimental
procedures were conducted in accordance with institutional guidelines.

Virus infections and in vivo treatment protocols. Infections were initiated on
day 0 (uninfected) by intraperitoneal injections of 5 X 10* PFU of Smith strain
MCMYV prepared from salivary gland extracts (40-42). For CXCL9 and CXCL10
neutralization, mice were treated with rabbit polyclonal antiserum against
CXCL9 or CXCL10 (22, 49) or with control rabbit serum (Jackson Immunore-
search Laboratories, Inc., West Grove, PA) on days 0, 1, 3, and 5 after infection.

Isolation of hepatic leukocytes. Hepatic leukocytes were prepared using pub-
lished methods (14, 41, 42) with modifications. Briefly, livers were passed
through a 70-pm-pore-size nylon cell strainer (BD Falcon, Franklin Lakes, NJ),
washed three times in 3% phosphate-buffered saline (PBS)-serum, and treated
with ammonium chloride to lyse red blood cells. Cell suspensions were then
layered onto two-step discontinuous Percoll gradients (Pharmacia Fine Chemi-
cals, Piscataway, NJ) for density separation. Hepatic leukocytes were collected
after centrifugation for 30 min at 900 X g. Cell yields and viabilities were
determined by trypan blue exclusion (Invitrogen Life Technologies, Gaithers-
burg, MD).

Generation of conditioned media and cytokine analysis. Liver leukocytes were
plated in flat-bottom microtiter plates at 10° cells/well in RPMI 1640 supple-
mented with 10% heat-inactivated fetal bovine serum (HyClone Laboratories,
Logan, UT). After 24 h of incubation at 37°C, microtiter plates were centrifuged
and cell supernatants were collected. Levels of soluble cytokine proteins in
conditioned media were measured using commercial sandwich enzyme-linked
immunosorbent assay (ELISA) kits or Duoset ELISA development systems
(R&D Systems Inc., Minneapolis, MN) for IFN-y, CXCL9, or CXCLI10, as
recommended by the manufacturer.
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Flow cytometric analysis. Cell surface staining was performed as previously
described (14, 41, 42), using the following fluorochrome-conjugated monoclonal
antibodies: CD8a-fluorescein isothiocyanate (FITC) (clone 53-6.7), CD4-FITC
(clone GK1.5), T-cell receptor B-chain (TCRB)-phycoerythrin (PE) (clone H57-
597), and CXCR3-PE (clone 220803). CD8 T cells were phenotypically identified
as CD8a" CD4~ TCRB " populations. All antibodies were diluted in the pres-
ence of anti-CD16/CD32 monoclonal antibody (clone 2.4G2) to block the non-
specific binding of antibodies to the receptor of the Fc portion of the immuno-
globulin (Ig). Isotype control antibodies were used to correct for background
fluorescence and set analysis gates. At least 20,000 to 40,000 events were
acquired per sample using a FACSCalibur and CellQuest software (BD
Biosciences, San Jose, CA). All monoclonal antibodies were obtained from
BD Biosciences, except for anti-CXCR3, which was purchased from R&D
Systems Inc.

Major histocompatibility complex class I tetramer staining of hepatic leuko-
cytes. In order to quantitate CD8 T-cell responses specific to MCMYV, flow
cytometric analysis was used to determine the direct binding of the TCR with a
class I tetrameric major histocompatibility complex of H-2D" and the immuno-
dominant peptide from the M45 viral protein (11, 12). To enumerate T cells,
hepatic leukocytes were stained with CD8«-FITC monoclonal antibody as de-
scribed above and with the M45-HGIRNASFI-D® tetramer (12), followed by
streptavidin-allophycocyanin or streptavidin-PE (BD Biosciences). Approxi-
mately 100,000 events were collected within a leukocyte acquisition gate using a
FACSCalibur and CellQuest-Pro software.

Peptide-specific in vitro stimulations and intracellular IFN-y staining. To
evaluate IFN-y-producing T cells in the liver upon MCMV-specific activation,
liver leukocytes from uninfected or MCM V-infected mice were plated in tripli-
cate at 10° cells/well with 10% fetal calf serum-RPMI 1640 or medium supple-
mented with 100 ng/ml of peptide in the presence of brefeldin A (Sigma-Al-
drich). After 5 h of incubation, leukocytes were stained with FITC-labeled CD8«
(clone 53-6.7), fixed with 4% formaldehyde in PBS, and then treated with per-
meabilization buffer before being stained with PE-conjugated rat anti-mouse
IFN-y (clone XMG1.2) or isotype control rat IgG1 (BD Biosciences). Isotype
control antibodies were used to correct for background fluorescence and set
analysis gates. Approximately 100,000 events were collected within a leukocyte
acquisition gate using a FACSCalibur and CellQuest-Pro software.

Immunofluorescence. After removal, liver samples were embedded and frozen
in liquid nitrogen. Sections were cut at a thickness of 5 pm using a Leica CM
30508 cryostat (Leica Microsystems, Deerfield, IL), fixed in cold acetone, rehy-
drated in PBS, and blocked for nonspecific staining with 10% normal fetal bovine
serum in PBS. For dual fluorescent detection of cellular antigens, the following
monoclonal antibodies were used: rat anti-mouse CD4 (clone GK1.5), rat anti-
mouse CDS (clone 53-6.7), and rabbit anti-mouse CXCR3 (clone 220803), all
from R&D Systems, Inc. For detection of CD4 and CD8 primary antibodies, a
tetramethyl rhodamine-conjugated F(ab’), fragment against rat IgG was used.
For detection of CXCR3 primary antibodies, a FITC-conjugated F(ab'), frag-
ment against rabbit IgG was used. Both secondary antibodies were from Jackson
ImmunoResearch (West Grove, PA). Equivalent concentrations of rat or rabbit
IgG were used as control antibodies (Sigma Chemical Co., St. Louis, MO).
Staining specificity was documented by lack of reaction with control antibodies in
the absence of primary antibody. Dual-stained slides were then subjected to
fluorescence microscopy using an Olympus CX41RF microscope equipped with
a fluorescence illuminator (Optical Analysis Corporation, Nashua, NH). Images
were photographed with a DP70 digital camera and software (Optical Analysis
Corporation).

Enzyme analyses. Liver damage was determined by measuring alanine ami-
notransferase (ALT) levels in serum samples using an ALT colorimetric kit
according to the manufacturer’s instructions (Biotron Diagnostics, Hemet, CA).

Viral titers. Viral titers were assessed with plaque assays on NIH 3T3 fibro-
blasts (ATCC CRL 1658; Manassas, VA) by methods previously described (14,
40-42). To enumerate plaques, cells were fixed with 10% buffered formalin and
stained with 0.1% crystal violet. Titers were quantitated as log,, PFU/gram of
tissue.

Statistical analyses. The statistical significance of the experimental results was
analyzed by the two-tailed Student ¢ test where indicated.

RESULTS

Kinetics of CD8 T-cell responses in the liver during acute
MCMV infection. Several studies have demonstrated the ac-
cumulation and development of effective CD8 T-cell responses
in various tissues during acute infections with MCMV that
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FIG. 1. Kinetics of CD8 T-cell responses in the liver following MCMYV infection. Samples were prepared from C57BL/6 mice that were
uninfected (day 0) or infected with MCMYV after the indicated numbers of days. Total liver leukocytes were harvested and analyzed by flow
cytometry. The percentages (A) and numbers (B) of CD8 T cells (CD8«" CD4~ TCRB™) per liver are shown. To characterize the accumulation
of virus-specific CD8 T cells, liver leukocytes were labeled with CD8« and the M45-H-2D" tetramer and examined by flow cytometry. The
percentages (C) and total numbers (D) of virus-specific CD8 T cells were identified by analysis of M45 tetramer-positive expression after gating
on the CD8a-positive cells. Data shown are the means * standard errors for five or six mice. Results shown are representative of two experiments.

become maximally apparent by day 7 postinfection (12, 20). To
evaluate the kinetics of CD8 T-cell accumulation in the liver,
flow cytometric analyses were used to document the expression
of cell surface markers for CD8 T cells (CD8«" CD4~
TCRB™) in liver leukocytes from uninfected and MCMV-in-
fected C57BL/6 mice. Concurrent with previous observations,
CDS8 T cells were not readily evident on days 3 and 4 postin-
fection, but the frequencies and absolute numbers were prom-
inently elevated by day 5, with maximal responses peaking on
day 7 of infection (Fig. 1A and B). By day 9 of infection, there
was a significant 50% reduction in the total number of CD8 T
cells compared to the results on day 7, although the propor-
tions were marginally reduced.

To assess the accumulation of CDS8 T cells responding spe-
cifically to virus infection, liver leukocytes isolated from unin-
fected or MCMV-infected C57BL/6 mice were subjected to
flow cytometric analysis using H-2D" tetramers binding an
immunodominant MCMYV peptide, M45, and cell surface
markers for CD8 T cells. The results show that 8% *+ 1% of the
T cells accumulating in the liver on day 5 of infection were
recognizing M45 on H-2D" (Fig. 1C). By day 7 of infection,
there was an additional twofold increase in the frequency of
M45-specific CD8 T cells. The response was still present but
marginally diminished on day 9 of infection. In contrast, the
CD8 T-cell responses to M45 on days 3 and 4 remained com-
parable to the basal levels observed in uninfected mice. As

shown in Fig. 1D, the absolute number of virus-specific CD8 T
cells was also profoundly increased from 0.01 X 10° + 0 X 10°
cells in uninfected mice to 0.3 X 10° = 0.05 X 10° and 1.1 X
10° = 0.3 X 10° cells on days 5 and 7 following infection,
respectively. Thus, there was a 30-fold increase in the absolute
number of CD8 T cells recognizing M45 on H-2D on day 5
and a 110-fold increase in this population at the maximal peak
of CD8 T-cell accumulation on day 7 following MCMYV infec-
tion. By day 9, the absolute number of virus-specific CD8 T
cells declined by 56% compared to the value at day 7 after
infection. The M45-specific CD8 T-cell numbers on days 3 and
4 of infection remained relatively unchanged compared to
those observed in uninfected mice. Taken together, the results
demonstrate that CD8 T cells, and a subset of infiltrating CDS8
T cells responding specifically to MCMV, accumulate in the
liver during late acute infection.

Kinetics of IFN-y, CXCL9, and CXCL10 responses to
MCMY infection in the liver. As activated CD8 T cells are
known to secrete high levels of IFN-vy, the levels of cytokine
production were measured in liver leukocyte-conditioned me-
dia prepared from uninfected or MCMV-infected mice at the
indicated time points. As shown in Fig. 2A, IFN-y production
was detected at low levels on day 3 and increased steadily
thereafter, reaching maximal levels on day 7 following infec-
tion. By day 9 postinfection, IFN-y production was significantly
reduced by 90%. These studies demonstrate the kinetics of
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FIG. 2. Kinetics of IFN-y, CXCL9, and CXCL10 in the liver during MCMYV infection. Liver leukocyte-conditioned media were prepared from
C57BL/6 mice that were uninfected (day 0) or infected with MCMYV after the indicated numbers of days. IFN-y (A), CXCL9 (B), and CXCL10
(C) proteins were measured by ELISA. Data shown are the means * standard errors for four to six mice tested individually. Results shown are

representative of at least two experiments.

IFN-y during late acute MCMYV infection in the liver and
establish a correlation between cytokine production and CDS8
T-cell responses.

To evaluate whether CDS8 T-cell infiltration was associated
with the chemokines CXCL9 and CXCL10, potent chemoat-
tractants for activated T cells (23, 31, 44, 59), their levels of
production were examined. CXCL9 protein was profoundly
elevated and peaked on day 4 in response to MCMYV infection
(Fig. 2B). These levels declined by 33% and 78% on days 5 and
7 of infection, respectively. On day 9 following infection,
CXCL9 levels were comparable to levels measured in unin-
fected mice. By contrast, CXCL10 exhibited a biphasic re-
sponse, with maximal levels observed 3 and 7 days after
MCMYV challenge (Fig. 2C). Both peaks were followed by 55%
declines in CXCLI10 protein levels, but production was main-
tained and remained above the levels detected in uninfected
mice. Collectively, these results demonstrate that MCMYV in-
duces significant levels of CXCL9 and CXCLI10 in the liver.
Furthermore, the maximal expression of these chemokines
precedes peak IFN-y and CD8 T-cell responses to infection.

Effects of CXCL9 and CXCL10 on MCMV-specific CD8
T-cell responses in the liver. To ascertain whether CXCL9 and
CXCL10 are essential participants in the recruitment of CD8 T
cells into infected livers, uninfected or day 7 MCM V-infected
mice were left untreated, treated with control serum, or
treated with neutralizing polyclonal antibodies against CXCL9
and CXCL10. Flow cytometric analysis revealed that adminis-
tration of anti-CXCL9 and anti-CXCL10 to MCMV-infected
mice resulted in a 50% reduction in the frequency (Fig. 3A)
and total number (Fig. 3B) of CD8 T cells accumulating in the
liver compared with the levels observed in infected mice
treated with control serum. Furthermore, neutralization of
CXCL9 and CXCL10 resulted in a 50% decrease in the fre-
quency (Fig. 3C) and a 79% decrease in the total number (Fig.
3D) of M45-specific CD8 T cells, compared with the levels
observed in infected mice administered control serum (Fig. 3C
and D). Also, treatment of mice with anti-CXCL9 or anti-
CXCLI10 individually resulted in a 36% or 42% decrease in the
frequency of accumulating CD8 T cells, respectively (data not

shown). Hence, these studies identify CXCL9 and CXCL10 as
key factors in promoting the recruitment of CD8 T cells re-
sponding to the presence of MCMYV in the liver.

Characterization of CXCR3 expression on CD8 T cells dur-
ing MCMYV infection in the liver. Because CXCLY9 and
CXCL10 were found to be produced in the liver and exhibited
an effect on CD8 T-cell accumulation at this site, experiments
were conducted to determine whether CXCR3, the common
receptor for CXCL9 and CXCL10, was detectable on CD8 T
cells infiltrating the livers of mice infected with MCMV. Liver
sections prepared from mice that were uninfected or infected
with MCMYV for 7 days were examined for CD8 and CXCR3
expression by immunohistochemistry. In uninfected mice, few
cells within the liver parenchyma stained positive for CD8 (Fig.
4A), whereas CDS expression was readily detected throughout
the liver following infection (Fig. 4B). The presence of CXCR3
was not detected in liver sections prepared from uninfected
mice (Fig. 4C). However, cells expressing CXCR3 were easily
observed in MCM V-infected tissues (Fig. 4D), and the results
show that a significant majority of the localized CDS8 T cells
expressed CXCR3 (Fig. 4E). Flow cytometric analysis demon-
strated an increase in the accumulation of the total number of
CXCR3-expressing CD8 T cells on day 5, with maximal ex-
pression observed on day 7 following infection (Fig. 4F). Fur-
thermore, the results show that at least 82% of CDS8 T cells
recognizing M45 tetramers display CXCR3 on day 7 postin-
fection, when maximal CD8 T-cell accumulation is detected
(Fig. 4G). Collectively, these findings indicate that CXCR3 is
expressed on the surfaces of CD8 T cells and a subset of
MCMV-specific CD8 T cells accumulating in the liver during
infection. Moreover, the results suggest that the infiltrating
CDS8 T cells are responding to the CXCR3 ligands CXCL9 and
CXCLI10.

CXCR3-dependent effects on MCMYV-specific CD8 T-cell re-
sponses in the liver. For an independent and more complete
evaluation of the role of CXCR3 in CD8 T-cell migration into
the liver during MCMV infection, liver leukocytes were iso-
lated from C57BL/6 immunocompetent (CXCR3*'*) or
C57BL/6 CXCR3-deficient (CXCR3~/~) mice that were unin-
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FIG. 3. Effects of CXCL9 and CXCL10 on MCMV-specific CD8 T-cell responses. Samples were prepared from C57BL/6 mice that were not
treated (NT), treated with control serum, or treated with immune serum containing antibodies against CXCL9 and CXCL10 and that were either
uninfected or infected with MCMYV for 7 days, the maximal peak for CD8 T-cell infiltration. Total liver leukocytes were harvested and analyzed
by flow cytometry. The percentages (A) and numbers (B) of CD8 T cells (CD8a" CD4~ TCRB™) per liver are shown. As described in Materials
and Methods and in the legend to Fig. 2, the percentages (C) and total numbers (D) of virus-specific CD8 T cells were identified by analysis of
M45 tetramer-positive expression after gating on the CD8a-positive cells. Data shown are the means * standard errors for three mice per
treatment. Differences between values for infected control and anti-CXCL9/CXCL10-treated mice are significant at P values of =0.03 (*) and P

values of =0.001 (*%).

fected or infected with MCMYV for 7 days. As shown in Fig. 5A,
the total number of CD8 T cells accumulating in the livers of
infected CXCR3™/~ mice was decreased by 56% (4 X 10°
1 X 10° cells) compared with that in CXCR3™/" mice (9 X
10° + 1.4 X 10° cells). In addition, CXCR3/~ mice had a
significant 70% decrease (0.4 X 10° = 0.8 X 10° cells) in the
total number of CD8 T cells binding the M45 tetramer com-
pared with CXCR3*/* mice (1.4 X 10° = 0.2 X 10° cells) (Fig.
5B). Thus, CXCR3 promotes the accumulation of CD8 T cells
responding to MCMYV infection in the liver.

To directly address the effects of CXCR3 in the recruitment
of functional effector CD8 T cells, liver leukocytes were pre-
pared from CXCR3"/" and CXCR3 ™/~ mice that were unin-
fected or infected with MCMYV for 5 or 7 days. The frequency
and total number of antigen-specific, IFN-y-producing CD8 T
cells were determined by intracellular expression of IFN-vy
after restimulation with the H-2D® M45 viral peptide. The
results show expression of IFN-vy in both groups of mice during
infection (Fig. 6A and B). However, CXCR3 ™/~ mice had 21%
and 50% reductions in the frequency of CD8 T cells respond-
ing to the M45 viral peptide compared with CXCR3*'* mice
on days 5 and 7 of infection, respectively (Fig. 6A). In terms of
total leukocyte numbers, CXCR3 /™ mice had a 65% decline

in the accumulation of activated CDS8 T cells 5 and 7 days after
viral challenge (Fig. 6B). Both groups demonstrated <0.4%
IFN-y expression in uninfected mice. Taken together, these
results define a role for CXCR3 in promoting the recruitment
of activated virus-specific CD8 T cells into the liver.

Effects of CXCR3 on virus-induced liver disease and host
survival. Previous studies have demonstrated that immuno-
competent C57BL/6 mice establish viral clearance and resolu-
tion of virus-induced liver disease between 5 and 7 days of
MCMYV infection (12, 14, 41, 42, 51). To specifically evaluate
the effects of CXCR3 responses on overall liver function, ex-
pression of the liver enzyme ALT was measured in serum
samples from CXCR3"* and CXCR3 /" mice that were un-
infected or infected with MCMYV for 5 or 7 days. Uninfected
mice had comparable baseline levels of the circulating enzyme
(Fig. 7). By day 5 after infection, significant elevations in ALT
levels above baseline levels were detected in both groups of
mice (Fig. 7). However, the levels observed in CXCR3 ™/~ mice
reached values of 105 = 15 Ulliter and were twofold higher
than the ALT levels evident in CXCR3"'* mice (54 * 12
Ulliter), indicating augmented liver pathology in the absence
of the CXCR3 receptor. On day 7 of infection, ALT levels
declined to values of 26 = 8 Ulliter and 20 * 5 Ulliter in
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by tetramethyl rhodamine- or FITC-conjugated secondary antibody, respectively, as described in Materials and Methods. Stain results shown are
representative of the livers of mice stained for CDS alone (A and B) (red cells), stained for CXCR3 alone (C and D) (green cells), or dual stained
with CD8 and CXCR3 (E) (yellow cells). Magnification, X40. Results are representative of one of three experiments with similar results. To
quantitate the total number of CD8 T cells expressing CXCR3, samples were prepared from mice that were uninfected or infected with MCMV
for the indicated numbers of days following infection. Total liver leukocytes were harvested and analyzed by flow cytometry. (F) The numbers of
CD8a* TCRB" CXCR3™ cells per liver are shown. Data are the means =+ standard errors for six mice. To characterize the accumulation of
virus-specific CD8 T cells expressing CXCR3, liver leukocytes were labeled with CD8«, CXCR3, and the M45-H-2D" tetramer and examined by
flow cytometry. (G) The frequency of virus-specific CD8 T cells expressing CXCR3 was identified by analysis of M45 tetramer-positive expression
after gating on the CD8a-positive cells, followed by gating of CXCR3-positive cells. Data shown are the means =+ standard errors for three mice.

CXCR37/~ and CXCR3™* mice, respectively. Thus, both
groups of mice had ALT levels comparable to uninfected base-
line levels by day 7 of MCMYV infection.

To assess the contribution of CXCR3 responses to antiviral
defense, liver and spleen samples were prepared from
CXCR3*"* and CXCR3 ™/~ mice. Mice were infected with 5 X
10* PFU of MCMV for 5 or 7 days, and viral burdens were
evaluated. Compared with those in CXCR3*'" mice, viral
titers in the liver and spleen were increased by 1 log,, on day
5 after infection in CXCR3 ™/~ mice (Table 1). However, the
viral burden on day 7 of MCMYV infection was below the limit
of detection in both compartments of CXCR3™* and
CXCR3™'~ mice (Table 1). These results show a significant
but transient increase in viral burden in CXCR3™/~ mice,
although viral clearance was not compromised. Moreover, in
host survival studies wherein mice were challenged with 10°
PFU of MCMV, both groups of mice survived beyond 30 days
of infection at this virus dose. Altogether, these studies suggest
that CXCR3 functions promote resolution of hepatic damage

and contribute in part to the control of virus replication and
MCMYV resistance during acute infection.

DISCUSSION

In this study, the functional importance of CXCR3-depen-
dent mechanisms in the liver during late acute MCMYV infec-
tion was investigated. The results show that the production of
the chemokines CXCL9 and CXCL10, two known CXCR3
ligands, correlated with the migration of CD8 T cells and a
subset of CD8 T cells recognizing the M45 MCMYV peptide on
H-2DP. Infiltration of these virus-specific CD8 T cells was
dramatically reduced in infected mice treated with neutralizing
antibodies to CXCL9 and CXCL10. The studies also demon-
strate the expression of CXCR3 on trafficking CD8 T cells and
clearly establish a function for CXCR3 in promoting the ac-
cumulation of virus-specific and IFN-y-secreting CD8 T cells
into the liver. Furthermore, as CXCR3-deficient mice exhib-
ited a temporary elevation in viral burden and enhanced
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FIG. 5. Effects of CXCR3 on virus-specific CD8 T-cell responses.
Total liver leukocytes were prepared from C57BL/6 immunocompe-
tent (CXCR3"/*) or C57BL/6 CXCR3-deficient (CXCR3 /") mice
that were uninfected or infected with MCMYV for 7 days. The numbers
of CD8 T cells (A) and virus-specific CD8 T cells (B) were determined
as described in Materials and Methods and in the legend to Fig. 4.
Data shown are the means * standard errors for three mice. Differ-
ences between values for infected CXCR3"™/* and CXCR3™/~ mice
are significant at P values of =0.05 (*) and P values of =0.01 (*%).

liver pathology, the effects mediated by CXCR3-dependent
signaling contribute to the development of effective hepatic
immunity.

Additional studies have demonstrated that CD8 T cells ac-
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cumulate in the liver following infection with MCMV (12, 19,
20, 48, 51); however, this is the first report documenting the
mechanisms required for promoting their recruitment and that
of MCMV-specific CD8 T cells. Our results show a clear in-
duction of CXCL9 and CXCL10 protein in the liver during
MCMYV infection. CXCL9 protein rose sharply and was de-
tected at higher levels than CXCL10, reaching utmost expres-
sion immediately before the initial influx of CDS8 T cells. In-
terestingly, the peak accumulation of virus-specific CD8 T cells
and maximal levels of IFN-y production were accompanied by
profound reductions in the levels of CXCL9 detected in the
liver. One plausible proposal for this observation is that CD8 T
cells were consuming CXCL9 in the multistep process of mi-
gration. In support of this suggestion, studies have provided
evidence demonstrating that trafficking cells downregulate lo-
cal chemokine levels in an effort to control the magnitude of an
inflammatory response and promote tissue homeostasis (29,
52, 58). In a recent report, endotoxin-induced alveolar mono-
cyte recruitment was shown to be associated with consumption
of MCP-1/CCL2 chemokine levels in the lung (29). The main
determinant of this response was the expression of the CCL2
binding chemokine receptor CCR2 on the alveolar monocytes.
In another study, inflammatory T cells responding to alloge-
neic implants were regulated by the utilization of CCL2 at the
inflammatory site (52). Ongoing studies are determining
whether trafficking CD8 T cells contribute to the resolution of
inflammation during MCMYV infection by disrupting the local
chemokine environment.

In contrast to CXCL9 production, CXCL10 production re-
mained sustained in the liver. It is speculated that CXCL9
induction reflects the innate NK cell-mediated IFN-vy effects
(37, 40, 41, 43, 50), as this chemokine is highly dependent on
IFN-vy for production (53, 56). However, CXCL10 can be in-
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FIG. 6. Effects of CXCR3 on intracellular IFN-y expression in MCMYV infection-primed CD8 T cells. Liver leukocytes were prepared from
CXCR3*/* or CXCR3™/~ mice that were uninfected or infected with MCMYV for 5 or 7 days. As described in Materials and Methods, cells were
cultured for 5 h with 100 ng/ml of M45 viral peptide. Leukocytes were then harvested and stained for surface expression of CDS, fixed,
permeabilized, and stained for intracellular IFN-y. Results show the percentages (A) and total numbers (B) of CD8 T cells expressing IFN-vy after
infection as indicated. Data shown are the means * standard errors for three mice. Similar results were obtained in an additional experiment.
Differences between values for infected CXCR3™* and CXCR3™/~ mice are significant at P values of <0.01 (x*).
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FIG. 7. Effects of CXCR3 on susceptibility to liver disease.
CXCR3"*" and CXCR3/~ mice were infected with 5 X 10* PFU of
MCMV for 5 or 7 days. Serum samples were collected and used to
measure ALT levels as described in Materials and Methods. Means =
standard errors for three mice are shown. Differences between values
for CXCR3™* and CXCR3™/~ mice are significant at P values of
=0.05 (*). Data are representative of at least two experiments.

duced by IFN-vy in addition to other molecules, including tu-
mor necrosis factor alpha, which is found in the liver during
MCMYV infection (20, 33, 36, 51). In addition, as antibody
neutralization of these CXCR3 ligands reduced the propor-
tions and total numbers of hepatic MCMV-specific CD8 T
cells, it is probable that the combined effects of these chemo-
kines initiate the CD8 T-cell inflammatory response but
CXCL10 may exert distinct functions during late acute MCMV
infection in the liver that remain to be determined.

The studies presented here demonstrate the expression of
CXCR3 on CD8 T cells and on the majority of CD8 T cells
responding to M45 in the liver, suggesting that CXCR3 signif-
icantly contributes to the recruitment of virus-specific CD8 T
cells. In concurrence with this conclusion, mice genetically
deficient in CXCR3 exhibited markedly reduced abilities to
accumulate M45-specific CD8 T cells. Collectively, our results
directly indicate that the CD8 T-cell inflammatory response
mounted against MCMYV is largely dependent on the biological
function of CXCR3 and its ligands CXCL9 and CXCLI10.
Although not measured in the studies presented here, the
similar decreases in CDS8 T-cell infiltration observed in
CXCR3™/~ mice and in our neutralization studies suggest that
IFN-inducible T-cell a-chemoattractant (ITAC/CXCLI11),
which also acts through CXCR3 binding (59), is not involved
under the conditions of MCMYV infection. These results are
consistent with reports indicating that the expression of
CXCR3 on activated T lymphocytes infiltrating hepatitis C
virus-infected livers is a response to the localized production of
CXCR3 ligands at this site (47). Furthermore, the accumula-
tion of NK cells, dendritic cells, and CD4™ T-lymphocyte sub-
sets is not affected in CXCR3-deficient mice during MCMV
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infection in the liver (data not shown). Thus, it appears that the
effects of CXCR3 are predominately on CDS8 T cells, perhaps
reflecting the sensitivity of the liver to immune responses me-
diated by this selective subset of T-lymphocyte effector cells
during late acute MCMYV infection (48).

In concurrence with other reports (11, 12, 48, 51), our results
show that an effective CD8 T-cell response begins to develop at
day 5 and peaks at day 7 following infection with MCMV. The
studies presented here also demonstrate a significant reduction
in the recruitment of activated antigen-specific CD8 T cells, as
measured by the release of IFN-y upon restimulation with the
MCMYV M45 peptide, in CXCR3-deficient mice infected with
MCMYV for 5 or 7 days. The observed reduction in activated
antigen-specific CD8 T cells on day 5 postinfection was asso-
ciated with significant increases in viral replication and eleva-
tions in the levels of the circulating liver enzyme ALT, indic-
ative of generalized liver cell damage. However, it was
unforeseen that despite these outcomes, by day 7 of infection,
viral titers were below the level of detection and ALT values
were profoundly reduced, comparable to the effects observed
in CXCR3"" mice. Furthermore, the rates of survival of
CXCR3"* and CXCR3 ™/~ mice were similar at the virus dose
used in the studies.

In contrast to the results observed in CXCR3*/* mice, our
results show that only a small fraction of the antigen-specific
CD8 T cells accumulated in the livers of CXCR3 ™/~ mice,
suggesting that the liver can indeed be sensitive to immune
control by a limited number of activated CD8 T cells. This is in
contrast to reports for mice that are more susceptible to
MCMYV infection and therefore highly dependent on a more
pronounced CD8 T-cell response for viral clearance from tis-
sues (19, 20, 34, 51). It has been clearly established that resis-
tance to MCMV s strongly correlated with the ability of the
host genotype to elicit an effective innate NK cell response that
provides immune defense by killing infected cells and produc-
ing cytokines (1, 2, 4, 21, 35, 40, 41, 43, 45, 46, 57). The studies
presented here utilized CXCR3-deficient mice with a C57BL/6
background, an MCMV-resistant strain. These mice exhibited
NK cell inflammation and the production of systemic and he-
patic IFN-y during early (40 to 72 h) infection with MCMV (K. L.
Hokeness and T. P. Salazar-Mather, unpublished results).
Therefore, the observed transient elevation in viral titers and
delay in liver disease resolution may reflect the lingering pro-
tective abilities of innate immune responses in the presence of
compromised CD8 T-cell function, highlighting the important

TABLE 1. Effect of CXCR3 on MCMYV replication
and susceptibility

Viral titer (log,, PFU/g) for indicated site and day”

. Mortality
Strain Day 5 Day 7 rate?
Liver Spleen Liver  Spleen
CXCR3"* 223 +0.04 263 £0.01 BLD BLD 0/6

CXCR3™/~ 3.04=029° 342+02 BLD BLD 0/6

“ Data shown represent the means * standard errors for three mice. BLD,
below the level of detection, or =2.0 log,, PFU/g.

® The average survival time for all mice was >30 days.

¢ This number compared with that for the control is significant (P = 0.05).
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interplay and/or compensatory functions between innate and
adaptive immunity against a cytopathic virus.

In addition, the reduced accumulation of activated virus-
specific CD8 T cells may provide a brief window of opportunity
for elevated virus replication and enhanced liver pathology as
the host responds to the virus through activation of alternative
chemokine pathways. Hence, while CXCR3 critically affects
the accumulation of CD8 T cells in the MCM V-infected liver,
other signaling receptors that could serve a compensatory
function in the recruitment of activated T cells during a virus
infection include CCRS and CCR2 (10, 32). Ongoing studies
have identified a role for CCR2, but not CCRS5, in the addi-
tional promotion of CD8 T-cell recruitment into the liver dur-
ing infection (K. L. Hokeness and T. P. Salazar-Mather, un-
published results). Therefore, it is likely that in the absence of
CXCR3, CD8 T cells respond to other chemokines produced
in the liver as a consequence of MCMYV infection by activation
of functionally redundant chemokine receptors.

In contrast to the results observed in CXCR3-deficient mice,
previous studies have demonstrated profound increases in both
viral titers and mortality in the presence of neutralizing anti-
bodies against CXCL9 during MCMV infection of immuno-
competent mice (41). Moreover, unlike that of CXCR3-defi-
cient mice, antibody neutralization of CXCL9 and/or CXCL10
resulted in increased and sustained ALT levels at days 5 and 7
of MCMYV infection (data not shown). Collectively, these re-
sults suggest that mice genetically deficient in the CXCR3
receptor are conditioned to upregulate alternative chemokine
pathways to compensate for the loss of this integral signaling
component. In contrast, antibody neutralization of chemokines
in immunocompetent mice may not result in the upregulation
of these compensatory mechanisms.

In addition, our studies do not eliminate a potential role for
CXCR3, CXCL9, and/or CXCL10 in promoting ancillary func-
tions independent of their relevance in recruiting lymphocytes
to inflammatory sites. It is still plausible that CXCL9 and/or
CXCLI10 could affect the activation of other cell subsets, in-
cluding NK cells, by enhancing cytolytic activity as a result of
augmented IFN-y production or enhanced proliferation, ulti-
mately leading to increased antiviral activity (28, 54, 55). Con-
versely, CXCL9 and/or CXCL10 could play a role in limiting
cytokine-mediated liver immunopathology.

These hypotheses are supported by an expanding list of
biological activities being determined for chemokines. Recent
studies have demonstrated that elevations in circulating
CXCL9 levels as a result of induced IFN-y production can
incite the mobilization of NK cells from the bone marrow into
the circulation (54), suggesting a function for CXCL9 in the
augmentation of innate and adaptive immune responses. Ad-
ditional findings describe a role for CXCL9 (55) and CXCL10
(7) in stimulating the effector functions of CXCR3-expressing
leukocytes, cytokine production, and promotion of T-cell pro-
liferation, suggesting that chemokines can function in a man-
ner similar to that of T-lymphocyte costimulatory molecules.
Furthermore, CXCL10 has been shown to modulate cytokine
release from peripheral blood mononuclear cell cultures fol-
lowing stimulation with environmental antigens (9). In the
liver, elevated levels of CXCL10 have been associated with
reductions in liver injury and tissue regeneration (3, 16). Fur-
ther functions of CXCL9 and/or CXCL10 independent of CD§
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T-lymphocyte recruitment during MCMYV infection in the liver
have yet to be defined. Hence, numerous questions regarding
the methods employed by IFN-y-inducible chemokines to pro-
mote effective antiviral immunity in infected tissue sites re-
main, and further investigations are aimed at dissecting these
mechanisms.

In summary, this work characterizes a key molecular mech-
anism governing the recruitment of cells for adaptive immune
responses against a virus infection in the liver. Our results show
that CXCR3-dependent functions are involved in promoting
the accumulation of activated virus-specific CD8 T lympho-
cytes that contribute to effective hepatic immunity. The studies
presented here emphasize the relative importance of chemo-
kine/chemokine receptor functions in the selective recruitment
of lymphocytes responding to a virus infection in tissue sites.
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