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Abstract The complex interplays between cytokines and chemokines are emerging
as key communication signals in the shaping of innate and adaptive immune re-
sponses against foreign pathogens, including viruses. In particular, the virus-induced
expression of cytokine and chemokine profiles drives the recruitment and activation
of immune effector cells to sites of tissue infection. Under the conditions of infection
with murine cytomegalovirus (MCMV), a herpesvirus with pathogenic potential, early
immune functions are essential in the control of virus replication and virus-induced
pathology. The coordinated MCMV-induced cytokine and chemokine responses pro-
mote effective natural killer (NK) cell recruitment and function, and ultimately MCMV
clearance. The studies highlighted in this chapter illustrate in vivo pathways mediated
by innate cytokines in regulating chemokine responses that are vital for localized
antiviral defenses.
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Abbreviations

MCMV Murine cytomegalovirus

NK Natural killer

MIP-1a Macrophage inflammatory protein la
Mig Monokine induced by interferon-y
MCP-1 Monocyte chemoattractant protein-1
rIFN-o Recombinant interferon-a

1

Introduction

The host response to microbial pathogens necessitates the integrated action
of both the innate and adaptive arms of the immune system. Innate immu-
nity is largely dependent on granulocytes, macrophages, dendritic cells, and
natural killer (NK) cells, whereas adaptive immune responses require T and
B lymphocytes. It is becoming increasingly evident that an effective immune
response requires crosstalk among the various immune cells for linkage of
innate and adaptive immunity. This intercellular network of communication
signals is mediated in part by cytokine and chemokine responses generated
against infectious agents, including viruses.

Cytokines constitute a group of low molecular weight soluble proteins that
modulate various immune functions upon induction by various stimuli, such
as bacterial or viral components [10-12, 32, 92]. Virtually all cells produce
these proteins, including leukocytes and infected or activated nonimmune
cells such as fibroblasts, endothelial cells, and a variety of tissue parenchy-
mal cells [10, 11]. Cytokines control the magnitude and kinetics of immune
responses by inducing or inhibiting the activation, proliferation, and/or dif-
ferentiation of various target cells, and they also regulate the production of
antibodies and other cytokines including chemokines [1, 11, 54].

Chemokines are small heparin-binding secreted cytokines that are func-
tionally appearing to be more diverse than used to be thought. Housekeeping
chemokines are generally constitutively expressed under physiological con-
ditions, and they function in development and homeostasis [20, 56, 73, 81,
95, 104]. Inducible inflammatory chemokines function in the directed traf-
ficking and localization of effector leukocytes within tissue compartments
during inflammation, infection, and trauma [5, 58, 73, 82, 91, 95, 104]. There
is considerable evidence highlighting the importance of chemokine-mediated
inflammatory responses to pathogens as being crucial to survival during in-
fections [18, 53-55, 57, 77, 78, 80, 83]. Additionally, it has become evident that
infiltrating leukocytes may sometimes play a role in disease pathogenesis [18,
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54, 55, 83, 98]. Nevertheless, as chemokines are central to the routing of key
immune cells, they have emerged as key players in host defense mechanisms
[54-58, 62,80, 95, 104]. These proteins mediate their biological effects through
selective interactions with seven-transmembrane G protein-coupled recep-
tors on the surface of target cells [7, 9, 59, 74, 90]. Inflammatory chemokines
are selective for a broad range of receptors. Nonetheless, in vivo studies have
demonstrated specific functions for various chemokines [18, 19, 21, 25, 27,
37, 58, 80, 93].

Protective immunity to viruses is dependent on the activation and inter-
play between cytokines and chemokines to enhance or regulate innate or
adaptive (or both) effector functions. Studies have demonstrated that the cy-
tokine milieu induced by pathogens may determine the cellular constituents
that get activated, and thus the nature of the immune response, by selectively
inducing specific chemokines in infected tissue compartments [18, 37, 55,
57, 77, 78, 80]. The murine cytomegalovirus (MCMV) model of infection in
the liver has been used to demonstrate the coordinated effects of activated
cytokine and chemokine responses on the recruitment of NK cells to sites of
infection to maintain early control of virus replication. This chapter presents
a brief overview of the role of NK cells in antiviral defense, the molecular
mechanisms regulating the innate cytokine and chemokine networks pro-
moting NK cell inflammation into liver, and the conceivable role of these
pathways in promoting downstream adaptive responses for effective antiviral
defense.

2
NK Cells and Antiviral Defenses

NK cells are innate effector cells that respond quickly to a variety of pathogens
before the onset of adaptive immunity [11, 96, 103]. These cells originate from
bone marrow precursors and predominate in peripheral blood and spleen.
However, they can be induced to traffic into other compartments including the
liver during infection [77, 99]. Classical NK cells are CD3~ and do not express
rearranged antigen-specific receptors [11, 42, 71, 97, 103]. Instead, it is now
widely accepted that NK cells express a complex repertoire of activating and
major histocompatibility complex (MHC) class I-specific inhibitory receptors
on their surfaces that interact with ligands on target cells [23, 101-103]. En-
gagement of activation receptors with ligands on infected cells permits NK
cell-mediated killing and cytokine production, while the inhibitory recep-
tors restrain NK cell activation [4, 23, 43, 101, 102]. The central role of NK
cells as mediators of antiviral defenses has long been appreciated [11, 96].



32 T. P. Salazar-Mather - K. L. Hokeness

Furthermore, viruses that evade immune detection by restricting the func-
tion of MHC class I T lymphocytes are more susceptible to NK cell-mediated
protective responses [101-103]. These cells are quick to respond and can be
activated to produce high levels of the cytokine interferon (IFN)-y, as well
as additional antiviral and immunoregulatory cytokines [11, 12]. NK cells
have been demonstrated to mediate protection against a number of viral
infections (reviewed in references [11, 12]), most notably is the extensive
data documenting their importance in innate defenses against MCMYV infec-
tion [6, 11, 15, 63, 64, 88].

2.1
NK Cell Responses in MCMV Infection

Resistance to MCMYV infection is critically dependent on the activation of
NK cells for early control of viral replication in target organs such as spleen
and liver [11, 12, 14, 63, 77, 94], although T lymphocyte responses do get
activated and contribute to viral clearance late in infection [35, 39, 69, 70].
The profound antiviral effects of NK cells against acute MCMYV infection have
been exemplified with a variety of experimental systems, including in vivo
depletion of NK cells [14, 15, 63, 86], infection of beige mutant mice [66, 88],
and most recently infection of mice deficient in NK cell, but not NKT or
T cell, functions [50]. Together, these studies have demonstrated increased
viral titers, liver pathology, and enhanced mortality upon elimination of
functional NK cell responses. Conversely, resistance to MCMYV infection has
been demonstrated when NK cells were adoptively transferred into susceptible
mice [16].

The mechanisms of NK cell-mediated defenses against MCMV infection in
vivo have not been completely elucidated, although there is evidence that
disparate NK cell responses are used in the spleen and liver for protec-
tion against MCMYV infection. In the spleen, resistance seems to be mainly
through perforin-dependent mechanisms, suggesting that NK cell-mediated
cytotoxicity [94] and NK cell surface expression of an activating recep-
tor [4, 23,43, 101, 102], found on resistant strains of mice [4, 101], is required.
In contrast, there is evidence that NK cell effector function in the liver is
mediated through production of IEN-y [52, 64, 77, 78, 94].

2.2
NK Cell Inflammatory Responses in Liver During MCMV Infection

The liver is a common target organ of MCMV infection [29, 61, 65, 87], and
the rapid control of virus-induced disease is essential for survival [64, 65,
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78, 80, 87]. As shown in Fig. 1a, the liver responds to MCMYV infection by in-
ducing a profound accumulation of inflammatory cells into the parenchyma
that peaks between 48 and 72 h after infection of C57BL/6, 129SvEV, and T- and
B cell-deficient C57BL/6-SCID mice [65, 77, 79]. Studies have identified NK
cells as the major cellular constituents of the inflammatory foci [3, 22, 77]. As
NK cells surround and sequester sites of MCMV antigen expression (Fig. 1b),
it is highly conceivable that the inflammatory response limits the spread of
infection to neighboring hepatocytes, thus minimizing virus-induced pathol-
ogy. The precise effector mechanism used by inflammatory NK cells remains
to be elucidated, although localization of IFN-y within inflammatory sites
([77] and Sect.3) is critical to antiviral defense.

In vivo cell trafficking studies using fluorescently labeled bone marrow
cells from either C57BL/6 or C57BL/6-SCID donor mice have demonstrated
the rapid deployment and collective mobilization of NK cells between por-
tal areas and central hepatic veins in MCMV-infected recipient mice [77].
Transfer studies using bone marrow donor cells from mice depleted of NK
cell subsets using specific antibodies or from mice genetically deficient in NK
cells and T lymphocytes demonstrated the accumulation of cells only in the
liver sinusoids [77]. Thus, in vivo, NK cells are induced to migrate to sites
in a pattern similar to the inflammatory foci observed in histological liver
sections (see Fig. 1a).

Fig. 1a—c Characterization of liver inflammatory foci during MCMYV infection. a and b
Paraffin-embedded or frozen livers sections were prepared from C57BL/6 mice infected
with MCMYV for 48 h and (a) stained with hematoxylin and eosin or (b) stained with
immune serum antibodies to MCMV. Bound antibodies were detected with NBT/BCIP,
followed by methyl green counterstain to highlightlocalization of inflammatory nuclei.
Arrowhead denotes focus of inflammatory cells. ¢ Paraffin-embedded liver sections
were prepared from C57BL/6-MIP-1a deficient mice infected with MCMYV for 48 h and
stained with hematoxylin and eosin. Arrow denotes cytomegalic inclusion bodies
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3
CCL3/MIP-1c:: Primary Mediator of NK Cell Inflammation

To understand the key mechanisms governing the in vivo recruitment of
NK cells to liver during MCMYV infection, it is important to appreciate the
chemokine expression profile. Of particular interest is the inflammatory
chemokine CCL3 or macrophage inflammatory protein-la (MIP-1ax). Mice
rendered genetically deficient in MIP-la (MIP-1a knockouts) have been
shown to exhibit reduced lung inflammation and delayed clearance of in-
fluenza virus when compared to control animals [19]. Moreover, MIP-1« pro-
moted pulmonary inflammation and antiviral defense in a model of paramyx-
ovirus infection [24]. During MCMYV infection, MIP-1a messenger (m)RNA
and protein can be detected in liver at times consistent with peak NK cell
inflammation (48 h after infection) [77, 78]. Results obtained from in vivo
cell trafficking studies demonstrated that the induction of NK cell inflam-
mation in liver during MCMYV infection was dependent on MIP-1«, as NK
cell trafficking is dramatically impaired in MIP-1a knockout mice [77]. It is
notable that monocyte and macrophage trafficking to liver is not affected
in MIP-1a knockout mice, suggesting that although other chemokines are
induced in these mice, MIP-1a responses are required for NK cell recruit-
ment. Furthermore, MIP-1a knockout mice lacked detectable inflammatory
foci in liver sections by histological evaluation, and displayed a profound
increase in the number of cytomegalic inclusion bodies, or MCMV-infected
cells (Fig. 1c) [77]. Flow cytometric analysis demonstrated that in the absence
of MIP-1a function the absolute numbers of NK cells become significantly
elevated in the blood but are dramatically reduced in the liver when compared
to control mice [78]. These results imply that although NK cells get activated
in response to infection, the communication signals directing their migration
to tissue sites of virus replication are impaired in the absence of MIP-1a.
Collectively, these studies define a prominent and unique role for MIP-1a in
the initial influx of NK cells into the liver during MCMYV infection.

3.1
MIP-1c and Antiviral Defenses: The Cytokine and Chemokine Networks

As discussed above, NK cells are an essential source of IFN-y production
that is required for early antiviral defense in liver. During MCMV infection,
this cytokine is maximally elevated in spleen and serum within 40 h but
subsides by 48 h after viral challenge [75, 78]. It has been established that an
essential function of the MIP-1a-dependent NK cell inflammatory response
is to sustain IFN-y production in liver beyond the systemic kinetics of
the cytokine, or further than 48 h [78]. MIP-1a knockout mice, with their
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inability to mount an effective NK cell inflammatory response, do not sustain
sufficient levels of IFN-y in the liver. The result is a profound elevation in
spleen and liver viral titers followed by death on day 5 of MCMYV infection.
Interestingly, mice genetically deficient in interleukin (IL)-18 do not succumb
to MCMYV infection, although they are severely compromised in systemic,
but not hepatic, IFN-y responses [68]. Thus, MIP-1a functions promote viral
resistance by mediating the recruitment of NK cells and the delivery of IFN-y
in a localized site of infection.

3.2
The Type 1 Interferons (IFN-o./p) Association

Early infection with MCMYV induces production of multiple innate cytokines
including the type 1 interferons, IFN-a/f [1, 11, 12]. These cytokines are
potent activators of antiviral pathways [12, 36, 46, 84, 50] as well as media-
tors of multiple immunomodulatory functions, including induction of MHC
class I expression, activation of NK cell cytotoxicity, and modulation of cy-
tokines and cytokine receptors, including regulation of other type 1 interferon
genes [12, 84]. IFN-a/p expression has also been shown to affect leukocyte
trafficking [33, 38, 76, 79]. During MCMV infection, bone marrow-derived
macrophages and NK cells have been shown to migrate to secondary sites in
response to IFN-a/p production [76]. Recent studies have demonstrated pro-
duction of IFN-a/f in MCM V-infected livers [79]. Histological analysis of liver
sections in mice unable to respond to functions induced by IFN-a/p as a result
of mutation in the receptor for the cytokines (IFN-a/BR knockouts) illustrated
the lack of inflammatory foci but the presence of extensive virus-induced
pathology in liver [79]. Moreover, IFN-a/BR knockout mice had reduced lev-
els of MIP-1a protein in liver. Accordingly, IFN-a/BR knockout mice exhibit
profound decreases in the accumulation of NK cells in liver. Furthermore,
these mice exhibit mortality by day 5 of MCMV infection [79]. It is notable
that NK cell accumulation is not significantly affected when uninfected MIP-
la knockout mice are treated with recombinant IFN-a (rIFN-a), indicating
that IFN-a/p mediate immunoregulatory events upstream of MIP-1a.

In vivo cell trafficking studies demonstrated that leukocyte migration to
the liver is dependent upon the effects of IFN-a/f3, as only donor-derived
fluorescent-labeled cells from immunocompetent—but not IFN-o/BR
knockouts—accumulated extensively in liver [79]. Additionally, IFN-ot/f
mediated the recruitment of macrophage populations that were identified as
a major source of MIP-1a production [79]. Altogether, these studies identify
IFN-a/f as key mediators in the production of MIP-1a, and they define
a cellular delivery mechanism driven by innate cytokines and chemokines
for regulation of NK cell inflammation.
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3.3
The CXCL9/Mig Association

One downstream consequence of the MIP-la-dependent NK cell in-
flammatory response is induction of the IFN-y-inducible chemokine
CXCL9/monokine-induced by interferon (Mig), a potent T cell chemoattrac-
tant 2, 47, 49, 100]. Mig production is severely reduced in MIP-1a knockout
mice when compared to control mice [78]. Furthermore, treatment of
immunocompetent mice with immune serum against Mig resulted in highly
significant increases in viral titers in both spleen and liver [78]. Consistent
with results obtained using mice deficient in IFN-a/f and MIP-1a functions,
Mig was required for survival, as neutralization of the chemokine led to death
by day 5 of infection [78]. Studies have identified a prominent T cell response
in liver by day 5 after MCMV challenge [28, 39]. It is therefore plausible
that early expression of MIP-la by MCMV-induced IFN-a/f} recruits NK
cells into the liver, and through localization of IFN-y and subsequent Mig
induction, these cytokine and chemokine networks provide an important
link of innate and adaptive immune responses for overall antiviral defenses
in tissue compartments. Ongoing studies in our laboratory are evaluating
this likely scenario under the conditions of MCMYV infection in the liver.

4
CCL2/MCP-1: The First Link

As discussed above, IFN-ot/p clearly plays a role in promoting the recruit-
ment of MIP-1a-producing macrophages into liver, but the primary molecular
mechanisms guiding this process have only recently been examined during
MCMYV infection. Studies have identified CCL2, or monocyte chemoattractant
protein-1 (MCP-1), as a key intermediate of IFN-a/p activity for regulation
of inflammatory responses in liver [30]. MCP-1 production can be induced at
this site as early as 24 h after MCMYV infection. Furthermore, MCP-1 produc-
tion precedes that of MIP-1a in a temporal fashion (Fig. 2) [30]. IFN-a/fR
knockout mice show dramatic decreases in the levels of MCP-1 protein when
compared to immunocompetent mice. In addition, the treatment of unin-
fected immunocompetent mice with rIFN-« results in a significant release of
MCP-1 protein [30]. In vitro stimulation of naive liver leukocytes obtained
from immunocompetent mice with rIFN-a was shown to generate a dose-
dependent induction of MCP-1. Together, these studies clearly establish that
the induction of MCP-1 protein in liver is dependent on IFN-a/B-mediated
functions.
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Fig. 2a, b Kinetics of MCP-1 and MIP-1a during MCMYV infection in liver. Infected
intraperitoneally with 5x10* plaque-forming units (pfu) MCMV were 129 mice. Livers
were harvested from uninfected (0 h) or infected mice at the indicated time points.
MCP-1 (a) and MIP-1a (b) protein levels in liver homogenates were determined by
sandwich enzyme-linked immunosorbent assay (ELISA) [30]. The levels of detection
were 0.08-0.2 and 0.02-0.05 ng/g liver for MCP-1 and MIP-1a, respectively. Data are
the means+SE (n=3 mice tested individually for each time point). (Figure used with
permission from [30]. Copyright 2005. The American Association of Immunologists)

4.1
Resident Macrophages: MCP-1 Producers

In multiple models of hepatic injury, resident macrophages have been shown
to contribute to MCP-1 production [8, 44, 72]. The experiments highlighted
in Sect. 4) strongly suggest that naive liver leukocytes can be stimulated to
release MCP-1 in the presence of IFN-ot/p. Additional studies using enriched
F4/80-positive and F4/80-negative cell populations—F4/80 being a mouse
macrophage-restricted marker [45]—from uninfected immunocompetent
mice demonstrated a clear induction of MCP-1 protein following stimulation
with r-IFNa [30]. A similar induction of MCP-1 protein was observed
with enriched F4/80-positive, but not F4/80-negative, cell populations from
immunocompetent mice infected with MCMYV for 24 h [30]. Thus, resident
macrophages are early responders to the effects of IFN-a/f and are major
producers of MCP-1 protein in liver.



38 T. P. Salazar-Mather - K. L. Hokeness

5
MCP-1 and Macrophage Recruitment

It has been clearly established that MCP-1 effectively promotes the mobiliza-
tion of inflammatory macrophages to sites of tissue damage [17, 26, 31, 51, 72]
by preferential binding to the chemokine receptor CCR2 [13, 34, 40, 41, 67].
Recent studies have shown a dynamic impairment in liver macrophage and
NK cell accumulation in mice deficient in MCP-1 (MCP-1 knockout) or CCR2
(CCR2 knockouts)—when compared to control mice—during infection with
MCMV. Furthermore, MCP-1 and CCR2 knockout mice have decreased lev-
els of both MIP-1a and IFN-y proteins [30]. These results establish a central
role for MCP-1 in promoting the recruitment of macrophages and NK cells.
Moreover, they agree with previous observations that trafficking macrophages
contribute to the initial release of MIP-1a, and subsequently the delivery of
NK cell-derived IFN-y in the liver [79, 80]. As CCR2 knockout mice displayed
comparable responses, the results define MCP-1 as a key factor in initiating
critical innate inflammatory events.

5.1
MCP-1 and Antiviral Defenses

Itis clear from previous studies that MCP-1 is an important innate chemokine
because it is uniquely necessary for monocyte and macrophage migration
and the establishment of host defense against various pathogens [13, 18,
51, 31, 34, 40, 41, 85]. During MCMYV infection, MCP-1 knockouts exhibit
a marked elevation in spleen and liver viral titers by day 4 that remains
prominent into day 5 of infection [30]. Comparable results were evident in
CCR2 knockout mice. Increased viral burden was associated with increases in
the circulating levels of the liver enzyme alanine aminotransferase, indicating
liver damage. Accordingly, histological evaluation of liver sections prepared
from uninfected control, MCP-1 and CCR2 knockout mice, did not show
variability in appearance within the groups of mice (Fig. 3a-c). In contrast,
on day 5 post-MCMYV infection, MCP-1 or CCR2 knockout mice revealed large
areas of necrosis as well as numerous cytomegalicinclusion bodies (Fig. 3e and
f). Mortality in these mice coincided with virus-induced liver disease, as they
succumbed to infection by day 5. This marked pathology was not evident in
control mice. Instead, control mice displayed evidence of intermittent clusters
of inflammatory foci, viral clearance, and were remarkably similar to the liver
sections from the uninfected mice (Fig. 3a and d). These studies define a role
for MCP-1, through interactions with CCR2, in promoting antiviral defense
and protection from virus-induced liver disease.
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WT MCP-1" CCR2"

Fig. 3a—f Characterization of MCMV-induced liver damage in MCP-1- and CCR2-
deficient mice. C57BL/6 (WT) (a and d) or mice genetically deficient in MCP-1
(MCP-17) (b and e) or CCR2 (CCR2") (c and f) were either uninfected (a-c) or
infected with MCMV (5x10* PFU) for 5 days (d-f). Livers were harvested, paraffin
was embedded, and they were sectioned for hematoxylin and eosin staining. Bar
represents 100 pm. Arrows indicate necrotic lesions. Arrows within insets indicate
cytomegalic inclusion bodies. Figure was used with permission from reference [30].
Copyright 2005. The American Association of Immunologists

6
Conclusions

The studies highlighted in this chapter define a network of cytokine and
chemokine pathways that promote the activation, coordination, and shap-
ing of the most effective immune response directed against a virus infection
establishing itself in tissues. Specifically, the response elicits the migration
of macrophages and NK cells by the selective induction of inflammatory
chemokines (Fig. 4). The importance of chemokines to antiviral defense is
underscored by the exploitation of the chemokine system by various human
and mouse viruses, including herpesviruses, poxviruses, adenoviruses, and
cytomegaloviruses [48, 53, 56, 60, 89]. Future in vivo studies dissecting the
complex interactions between cytokines, chemokines, immune cell popula-
tions, and viruses will add to our understanding of immune regulation and
perhaps the development of new therapeutic strategies for defense mecha-
nisms against viral infections.
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%} Trafficking Macrophages
(F4/80+CD11b+)

@D Trafficking NK cells
(NK1.1+TCR)
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Fig. 4 Model of cytokine and chemokine interactions critical to antiviral defense
during MCMYV infection in liver. (1) The expression of the cytokine IFN-a/p is lo-
cally induced in response to MCMYV challenge and (2) promotes the early release of
MCP-1 from resident (F4/80+) macrophage populations. (3) MCP-1 initiates the re-
cruitment of MIP-1a-producing macrophages from the periphery to the liver. (4) Sub-
sequently, MIP-1ot promotes the initial mobilization of NK cells from the periphery to
the liver where they surround and sequester MCM V-infected cells to form character-
istic clusters of inflammatory foci. (5) These events localize production of IFN-y and
(6) promote the induction of the IFN-y-inducible chemokine Mig, a known potent
chemoattractant of T lymphocytes. Together, these innate cytokine and chemokine
interactions provide vital antiviral defenses in liver, and conceivably play a role in
linkage of innate and adaptive immune responses

Acknowledgements Research in the authors’ laboratory is supported by National In-
stitute of Health Grant CA-102708.

References

1. Ahmed R, Biron CA (1998) Immunity to viruses. In: Paul WE (ed) Fundamental
immunology, 4th edn. Lippincott-Raven, Philadelphia, pp 1295-1334

2. Amichay D, Gazzinelli RT, Karupiah G, Moench TR, Sher A, Farber JM (1996)
Genes for chemokines mumig and crg-2 are induced in protozoan and viral
infections in response to IFN-y with patterns of tissue expression that suggest
nonredundant roles in vivo. ] Immunol 157:4511-4520

3. Andrews DM, Farrell HE, Densley EH, Scalzo AA, Shellam GR, Degli-Esposti MA
(2001) NK1.1+ cells and murine cytomegalovirus infection: what happens in situ?
J Immunol 166:1796-1803



Cytokine and Chemokine Networks: Pathways to Antiviral Defense 41

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Arase H, Mocarski ES, Campbell AE, Hill AB, Lanier LL (2002) Direct recogni-
tion of cytomegalovirus by activating and inhibitory NK cell receptors. Science
296:1323-1326

Baggiolini M (1998) Chemokines and leukocyte traffic. Nature 392:565-568
Bancroft GJ, Shellam GR, Chalmer JE (1981) Genetic influences on the aug-
mentation of natural killer (NK) cells during murine cytomegalovirus infection:
correlation with patterns of resistance. ] Immunol 126:988-994

Bargatze RFE, Butcher EC (1993) Rapid G protein-regulated activation event in-
volved in lymphocyte binding to high endothelial venules. ] Exp Med 178:367-372
Bautista AP (2002) Chronic alcohol intoxication primes Kupffer cells and endothe-
lial cells for enhanced CC-chemokine production and concomitantly suppresses
phagocytosis and chemotaxis. Front Biosci 7:117-121

Ben-Baruch A, Michiel DE, Oppenheim JJ (1995) Signals and receptors involved
in recruitment of inflammatory cells. ] Biol Chem 270:11703-11706

Biron CA, Cousens LP, Ruzek MC, Su HC, Salazar-Mather TP (1998) Early cytokine
responses to viral infections and their roles in shaping endogenous cellular im-
munity. Adv Exp Med Biol 452:143-149

Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP (1999) Natural
killer cells in antiviral defense: function and regulation by innate cytokines. Annu
Rev Immunol 17:189-220

Biron CA, Dalod M, Salazar-Mather TP (2002) Innate immunity and viral in-
fections. In: Kaufmann SHE, Sher A, Ahmed R (eds) Immunology of infectious
diseases. ASM Press, Washington, pp 139-160

Boring L, Gosling J, Chensue SW, Kunkel SL, Farese SR Jr, Broxmeyer HE, Charo IF
(1997) Impaired monocyte migration and reduced type 1 (Thl) cytokine re-
sponses in C-C chemokine receptor 2 knockout mice. J Clin Invest 100:255
Bukowski JE, Woda BA, Habu S, Okumura K, Welsh RM (1983) Natural killer cell
depletion enhances virus synthesis and virus-induced hepatitis in vivo. ] Immunol
131:1531-1538

Bukowski JF, Woda BA, Welsh RM (1984) Pathogenesis of murine cytomegalovirus
infection in natural killer cell-depleted mice. J Virol 52:119-128

Bukowski JE, Warner JE, Dennert G, Welsh RM (1985) Adoptive transfer studies
demonstrating the antiviral effect of natural killer cells in vivo. ] Exp Med 161:40-
52

Chae P, Im M, Gibson E, Jiang Y, Graves DT (2002) Mice lacking monocyte
chemoattractant protein 1 have enhanced susceptibility to an interstitial polymi-
crobial infection due to impaired monocyte recruitment. Infect Immun 70:3164-
3169

Chensue SW (2001) Molecular machinations: chemokine signals in host-pathogen
interactions. Clin Microbiol Rev 14:821-835

Cook DN, Beck MA, Coffman TM, Kirby SL, Sheridan JF, Pragnell IB, Smithies O
(1995) Requirement of MIP-1a for an inflammatory response to viral infection.
Science 269:1583-1585

Cyster JG (1999) Chemokines and cell migration in secondary lymphoid organs.
Science 286:2098-2102



42

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

T. P. Salazar-Mather - K. L. Hokeness

Dieu MC, Vanbervliet B, Vicari A, Bridon JM, Oldham E, Ait-Yahia S, Briere F,
Zlotnik A, Lebecque S, Caux C (1998) Selective recruitment of immature and
mature dendritic cells by distinct chemokines expressed in different anatomic
sites. ] Exp Med 188:373-386

Dokun AO, Chu DT, Yang L, Bendelac AS, Yokoyama WM (2001) Analysis of in
situ NK cell responses during viral infection. ] Immunol 167:5286-5293

Dokun AO, Kim S, Smith HRC, Kang HS, Chu DT, Yokoyama WM (2001) Specific
and nonspecific NK cell activation during virus infection. Nat Immunol 2:951-956
Domachowske JB, Bonville CA, Gao JL, Murphy PM, Easton AJ, Rosenberg HF
(2000) The chemokine macrophage-inflammatory protein-1 alpha and its receptor
CCR1 control pulmonary inflammation and antiviral host defense in paramyx-
ovirus infection. ] Immunol 165:2677-2682

Dufour JH, Dziejman M, Liu MT, Leung J, Lane TE, Luster AD (2002) IFN-y-
inducible protein 10 (IP-10;CXCL10)-deficient mice reveal a role for IP-10 in
effector T cell generation and trafficking. ] Immunol 168:3195-3204

Fuentes ME, Durham SK, Swerdel MR, Lewin AC, Barton DS, Megill JR, Bravo R,
Lira S (1995) Controlled recruitment of monocytes and macrophages to specific
organs through transgenic expression of monocyte chemoattractant protein-1.
J Immunol 155:5769

Gao JL, Wynn TA, Chang Y, Lee EJ, Broxmeyer HE, Cooper S, Tiffany HL, West-
phal H, Kwon-Chang J, Murphy P (1997) Impaired host defense, hematopoiesis,
granulomatous inflammation and typel-type2 cytokine balance in mice lacking
CC chemokine receptor 1. ] Exp Med 185:1959-1968

Gold MC, Munks MW, Wagner M, McMahon CW, Kelly A, Kavanagh DG,
Slifka MK, Koszinowski UH, Raulet DH, Hill AB (2004) Murine cytomegalovirus
interference with antigen presentation has little effect on the size or the effector
memory phenotype of the CD8 T cell response. ] Immunol 172:6944-6953
Henson D, Smith RD, Gehrke J (1966) Non-fatal mouse cytomegalovirus hepatitis:
combined morphologic virologic and immunologic observations. Am ] Pathol
49:871-888

Hokeness KL, Kuziel WA, Biron CA, Salazar-Mather TP (2005) Monocyte chemoat-
tractant protein-1 and CCR2 interactions are required for IFN-a/fB-induced in-
flammatory responses and antiviral defense in liver. ] Immunol 174:1549-1556
Huang D R, Wang J, Kivisakk P, Rollins BJ, Ransohoff RM (2001) Absence of
monocyte chemoattractant protein 1 in mice leads to decreased local macrophage
recruitment and antigen-specific T helper cell type 1 immune response in exper-
imental autoimmune encephalomyelitis. ] Exp Med 193:713

Ihle J (1995) Cytokine receptor signaling. Nature 377:591-594

Ishikawa R, Biron CA (1993) IFN induction and associated changes in splenic
leukocyte distribution. ] Immunol 150:3713-3727

Izikson L, Klein RS, Charo IF, Weiner HL, Luster AD (2000) Resistance to ex-
perimental autoimmune encephalomyelitis in mice lacking the CC chemokine
receptor (CCR)2. ] Exp Med 192:1075

Jonjic S, Mutter W, Wieland F, Reddehase M], Koszinowski UH (1989) Site-
restricted persistent cytomegalovirus infection after selective long-term depletion
of CD4+ T lymphocytes. ] Exp Med 169:1199-1212



Cytokine and Chemokine Networks: Pathways to Antiviral Defense 43

36.

37.

38.

39.

40.

41.

42.

43,
44,

45.

46.

47.

48.

49.

50.

51.

52.

Katze MG, Gale Jr M (2002) Viruses and interferons: a fight for supremacy. Nat
Immunol 2:675-687

Khan IA, Maclean JA, Lee F, Casciotti L, Dehaan E, Schwartzman JD, Luster AD
(2000) IP-10 is critical for effector T cell trafficking and host survival in Toxo-
plasma gondii infection. Immunity 12:483-494

Korngold R, Blank KJ, Murasko DM (1983) Effect of interferon on thoracic duct
lymphocyte output: induction with either polyl:C or vaccinia virus. ] Immunol
130:2236-2243

Koszinowski UH, Del Val M, Reddehase MJ (1990) Cellular and molecular basis of
the protective immune response to cytomegalovirus infection. Curr Top Microbiol
Immunol 154:189-220

Kurihara T, Warr G, Loy J, Bravo R (1997) Defects in macrophage recruitment and
host defense in mice lacking the CCR2 chemokine receptor. ] Exp Med 186:1757-
1762

Kuziel WA, Morgan SJ, Dawson TC, Griffin S, Smithies O, Ley K, Maeda N (1997)
Severe reduction in leukocyte adhesion and monocyte extravasation in mice
deficient in CC chemokine receptor 2. Proc Natl Acad Sci U S A 94:12053

Lanier LL, Cwirla S, Federspiel N, Phillips JH (1986) Human natural killer cells
isolated from peripheral blood do not rearrange T cell antigen receptor B chain.
J Exp Med 163:209-214

Lanier LL (2000) Turning on natural killer cells. ] Exp Med 191:1259-1262
Leifeld L, Dumoulin FL, Purr I, Janberg K, Trautwein C, Wolff M, Manns MP,
Sauerbruch T, Spengler U (2003) Early up-regulation of chemokine expression in
fulminant hepatic failure. J Pathol 199:335-342

Lepay DA, Steinman RM, Nathan CE, Murray HW, Cohn ZA (1985) Liver
macrophages in murine listeriosis. ] Exp Med 161:1503-1512

Levy DE, Garcia-Sastre A (2001) The virus battles: IFN induction of the antiviral
state and mechanisms of viral evasion. Cytokine Growth Factor Rev 12:143-156
Liu MT, Armstrong D, Hamilton TA, Lane TE (2001) Expression of Mig (monokine
induced by interferon-y) is important in T lymphocyte recruitment and host de-
fense following viral infection of the central nervous system. ] Immunol 166:1790-
1795

Locata M, Murphy PM (1999) Chemokines and chemokine receptors: biology and
clinical relevance in inflammation and AIDS. Annu Rev Med 50:425-440
Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, Clark-Lewis I, Baggiolini M,
Moser B (1996) Chemokine receptor specific for IP10 and Mig: structure, function,
and expression in activated T-lymphocytes. ] Exp Med 184:963-969

Loh ], Chu DT, O’Guin AK, Yokoyama WM, Virgin IV HW (2005) Natural killer cells
utilize both perforin and gamma interferon to regulate murine cytomegalovirus
infection in the spleen and liver. ] Virol 79:661-667

Lu B, Rutledge BJ, Gu L, Fiorillo J, Lukacs NW, Kunkel SL, North R, Gerard C,
Rollins BJ (1998) Abnormalities in monocyte recruitment and cytokine expres-
sion in monocyte chemoattractant protein 1-deficient mice. ] Exp Med 187:601
Lucin P, Pavic I, Polic B, Jonjic S, Koszinowski UH (1992) Gamma interferon-
dependent clearance of cytomegalovirus infection in salivary glands. J Virol
66:1977-1984



44

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T. P. Salazar-Mather - K. L. Hokeness

Lusso P (2000) Chemokines and viruses: the dearest enemies. Virology 273:228-
240

Luster AD (1998) Chemokines-chemotactic cytokines that mediate inflammation.
N Engl ] Med 338:436-445

Luster AD (2002) Role of chemokines in linking innate and adaptive immunity.
Curr Opin Immunol 14:129-135

Mackay CR (2001) Chemokines: immunology’s high impact factors. Nat Immunol
2:95-101

Matsukawa J, Hogaboam CM, Lukacs NW, Kunkel SL (2000) Chemokines and
innate immunity. Rev Immunogenet 2:339-358

Moser B, Wolf M, Walz A, Loetscher P (2004) Chemokines: multiple levels of
leukocyte migration and control. Trends Immunol 25:75-84

Murphy PM (1994) The molecular biology of leukocyte chemoattractant recep-
tors. Annu Rev Immunol 12:593-633

Murphy PM (2001) Viral exploitation and subversion of the immune system
through chemokine mimicry. Nat Immunol 2:116-122

Olver SD, Price P, Shellam GR (1994) Cytomegalovirus hepatitis: characterization
of the inflammatory infiltrate in resistant and susceptible mice. Clin Exp Immunol
98:375-381

Oppenheim JJ, Zachariae COC, Mukaida N, Matsushima K (1991) Properties of
the novel proinflammatory supergene “intercrine” cytokine family. Annu Rev
Immunol 9:617-648

Orange JS, Wang B, Terhorst C, Biron CA (1995) Requirement for natural killer
cell-produced interferon y in defense against murine cytomegalovirus infection
and enhancement of this pathway by interleukin 12 administration. ] Exp Med
182:1045-1056

Orange JS, Biron CA (1996) An absolute and restricted requirement for IL-12 in
natural killer cell IFN-y production and antiviral defense. ] Immunol 156:1138-
1142

Orange JS, Salazar-Mather TP, Biron CA (1997) Mechanisms for virus-induced
liver disease: a TNF-mediated pathology independent of NK and T cells during
murine cytomegalovirus infection. J Virol 171:9248-9258

Papadimitriou JM, Shellam GR, Allan JE (1982) The effect of the beige mutation on
the infection with murine cytomegalovirus: histopathologic studies. Am J Pathol
108:299-309

Peters W, Dupuis M, Charo IF (2000) A mechanism for the impaired IFN-y pro-
duction in C-C chemokine receptor 2 (CCR2) knockout mice: role of CCR2 in
linking the innate and adaptive immune responses. ] Immunol 165:7072-7077
Pien GC, Satoskar AR, Takeda K, Akira S, Biron CA (2000) Cutting edge: selective
IL-18 requirements for induction of compartmental IFN-y responses during viral
infection. ] Immunol 165:4787-4791

Quinnan GV, Manischewitz JE, Ennis FA (1980) Role of cytotoxic T lymphocytes
in murine cytomegalovirus infection. ] Gen Virol 47:503-508

Reddehase MJ, Mutter W, Munch K, Buhring HJ, Koszinowski UH (1987) CD8-
positive T lymphocytes specific for murine cytomegalovirus immediate-early
antigens mediate protective immunity. ] Virol 61:3102-3108



Cytokine and Chemokine Networks: Pathways to Antiviral Defense 45

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ritz J, Campen TJ, Schmidt RE, Royer HD, Hercend T, Hussey RE, Reinhertz EL
(1985) Analysis of T-cell receptor gene rearrangement and expression in human
natural killer clones. Science 228:1540-1543

Rollins BJ (1996) Monocyte chemoattractant protein 1: a potential regulator of
monocyte recruitment in inflammatory disease. Mol Med Today 2:198

Rollins BJ (1997) Chemokines. Blood 90:909-928

Rossi D, Zlotnik A (2000) The biology of chemokines and their receptors. Annu
Rev Immunol 18:621-648

Ruzek MC, Miller AH, Opal SM, Pearce BD, Biron CA (1997) Characterization of
early cytokine responses and an interleukin (IL)-6-dependent pathway of endoge-
nous glucocorticoid induction during murine cytomegalovirus infection. J Exp
Med 185:1185-1192

Salazar-Mather TP, Biron CA (1996) NK cell trafficking and cytokine expression
in splenic compartments after IFN induction and viral infection. ] Immunol
157:3054-3064

Salazar-Mather TP, Orange JS, Biron CA (1998) Early murine cytomegalovirus
(MCMV) infection induces liver natural killer (NK) cell inflammation and pro-
tection through macrophage inflammatory protein 1 (MIP-1x)-dependent path-
ways. ] Exp Med 187:1-14

Salazar-Mather TP, Hamilton TA, Biron CA (2000) A chemokine-to-cytokine-
chemokine cascade critical in antiviral defense. J Clin Invest 105:985-993
Salazar-Mather TP, Lewis CA, Biron CA (2002) Type I interferons regulate inflam-
matory cell trafficking and macrophage inflammatory protein 1« delivery to the
liver. J Clin Invest 110:321-330

Salazar-Mather TP, Hokeness KL (2003) Calling in the troops: regulation of in-
flammatory cell trafficking through innate cytokine/chemokine networks. Viral
Immunol 16:291

Sallusto E, Mackay CR, Lanzavecchia A (2000) The role of chemokine receptors in
primary, effector, and memory immune responses. Annu Rev Immunol 18:593-
620

Schall TJ, Bacon KB (1994) Chemokines, leukocyte trafficking, and inflammation.
Curr Opin Immunol 6:865-873

Schluger NW, Rom WN (1997) Early response to infection: chemokines as medi-
ators of inflammation. Curr Opin Immunol 9:504-508

Sen GC, Ransohoff RM (1993) Interferon-induced antiviral actions and their
regulation. Adv Virus Res 42:57-59

Serbina NV, Kuziel W, Flavell R, Akira S, Rollins B, Pamer EG (2003) Sequential
MyD88-independent and -dependent activation of innate immune responses to
intracellular bacterial infection. Immunity 19:891-898

Shanley JD (1990) In vivo administration of monoclonal antibody to the NK1.1
antigen of natural killer cells: effect on acute murine cytomegalovirus infection.
] Med Virol 30:58-60

Shanley JD, Biczak L, Forman SJ (1993) Acute murine cytomegalovirus infection
induces lethal hepatitis. J Infect Dis 167:264-269

Shellam GR, Allan JE, Papadimitriou JM, Bancroft GJ (1981) Increased suscepti-
bility to cytomegalovirus infection in beige mutant mice. Proc Natl Acad Sci USA
78:5104-5108



46

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

T. P. Salazar-Mather - K. L. Hokeness

Smith GL (1996) Virus proteins that bind cytokines, chemokines or interferons.
Curr Opin Immunol 8:467-471

Springer T (1994) Traffic signals for lymphocyte recirculation and leukocyte
emigration: the multistep paradigm. Cell 76:301-314

Streiter RM, Standiford T, Huffnagle GB, Colletti LM, Lukacs NW, Kunkel SL
(1996) “The good, the bad, and the ugly”: The role of chemokines in models of
human disease. ] Immunol 156:3583-3586

Taniguchi T (1995) Cytokine receptor signaling through nonreceptor protein
tyrosine kinases. Science 268:251-255

Taub DD, Conlon K, Lloyd AR, Oppenheim JJ, Kelvin DJ (1993) Preferential
migration of activated CD4+ and CD8+ T cells in response to MIP-1a and MIP-
1PB. Science 260:355-358

Tay CH, Welsh RM (1997) Distinct organ-dependent mechanisms for the control
of murine cytomegalovirus infection by natural killer cells. J Virol 71:267-275
Thelan M (2001) Dancing to the tune of chemokines. Nat Immunol 2:129 134
Trinchieri G (1989) Biology of natural killer cells. Adv Immunol 47:187-376

Tutt MM, Kuziel WA, Hackett J Jr, Bennett M, Tucker PW, Kumar V (1986) Murine
natural killer cells do not express functional transcripts of the o, p or y-chain
genes of the T cell receptor. ] Immunol 137:2998-3001

Wang J, Deng W Gong X, Su S (1998) Chemokines and their role in tumor cell
growth and metastasis. ] Immunol Methods 220:1-17

Wiltrout RH, Mathieson BJ, Talmadge JE, Reynolds CW, Zhang S, Herberman RB,
Ortaldo JR (1984) Augmentation of organ-associated natural killer cell activity
by biological response modifiers: isolation and characterization of large granular
lymphocytes from the liver. ] Exp Med 160:1431-1435

Wong P, Severns CW, Guyer NB, Wright TM (1994) A unique palindromic element
mediates gamma interferon induction of mig gene expression. Mol Cell Biol
14:914-922

Yokoyama WM (1993) The Ly-49 and NKR-PI gene families encoding lectin-
like receptors on natural killer cells: the NK gene complex. Annu Rev Immunol
11:613-644

Yokoyama WM (2000) Now you see it, now you don’t. Nat Immunol 1:95-97
Yokoyama WM, Kim S, French AR (2004) The dynamic life of natural killer cells.
Annu Rev Immunol 22:405-429

Zlotnik A, Yoshie O (2000) Chemokines: a new classification system and their role
in immunity. Immunity 12:121-127





