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Natural killer (NK) cells are critical for innate regulation of the acute phase of murine cytomegalovirus
(MCMV) infection and have been reported to utilize perforin (Pfp)- and gamma interferon (IFN-vy)-dependent
effector mechanisms in an organ-specific manner to regulate MCMYV infection in the spleen and liver. In this
study, we further examined the roles of NK cells, Pfp, and IFN-v in innate immunity to MCMY infection. With
the recently described NK cell-deficient (NKD) mouse, we confirmed previous findings that NK cells, but not
NKT cells, are required for control of the acute phase of MCMYV infection in spleen and liver cells. Interest-
ingly, we found that Pfp and IFN-vy are each important for regulating MCMYV replication in both the spleen and
the liver. Moreover, NK cells can regulate MCMYV infection in the spleens and livers of Pfp~/~ mice in a
Pfp-independent manner and can use an IFN-y-independent mechanism to control MCMYV infection in
IFN-y~/~ mice. Thus, contrary to previous reports, NK cells utilize both Pfp and IFN-y to control MCMV

infection in the spleen and liver.

Natural killer (NK) cells are important for host innate im-
munity to viral infection prior to the development of a specific
immune response (reviewed in reference 22). NK cell defects
correlate with increased susceptibility to viral infections (7),
and a human patient with NK cell deficiency was reported to
suffer from severe and recurrent infections with herpesviruses
(6). In mice, genetic loci conferring resistance to several vi-
ruses, including herpes simplex virus, ectromelia virus, and
murine cytomegalovirus (MCMYV), have been mapped to the
NK gene complex (9, 17, 21, 38, 45). Moreover, multiple vi-
ruses use strategies for inhibiting NK cell activation and func-
tion (reviewed in reference 34), suggesting a critical role for
NK cells in antiviral immunity.

Regulation of viral infection by NK cells has been most
extensively studied, and most clearly demonstrated, with the
betaherpesvirus cytomegalovirus. Human cytomegalovirus can
establish a chronic infection that persists for the life of the host
(37) and is a significant cause of morbidity and mortality in
immunocompromised individuals. Because of its strict species
specificity, studies of NK cell regulation of cytomegalovirus
infection in vivo have used MCMYV as a small-animal model.
The importance of NK cells in resistance to MCMYV infection
has been demonstrated with a number of experimental sys-
tems, including infection of beige mice (4, 36, 50), in vivo
depletion of NK cells (11, 12, 35, 48, 62), and transfer of NK
cells into susceptible weanling mice (10, 13). In C57BL/6 (B6)
mice, MCMYV infection is regulated by a subset of NK cells
expressing the Ly49H activating receptor (8, 16, 44), which
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recognizes the MCMV m157 protein (2, 52) and mediates
Cmy-1-linked genetic resistance to MCMV (26, 28).

The primary effector mechanisms used by NK cells are cell-
mediated cytotoxicity and cytokine secretion. NK cytotoxicity
utilizes the granule exocytosis pathway consisting of the pore-
forming protein perforin (Pfp) and a family of serine proteases
known as granzymes (Gzms). Pfp~/~ mice have increased sus-
ceptibility to retinitis and increased viral titers following
MCMYV infection (18), and MCMYV replication in the salivary
glands is regulated by Pfp, GzmA, and GzmB (43). Addition-
ally, secretion of IFN-y by NK cells is important during the
acute phase of MCMYV infection (24, 35, 54, 61). IFN-vy inhibits
MCMYV replication in vitro (23, 29, 42, 47) and protects against
MCM V-induced lethality and pathogenesis in vivo (20, 24, 41).
IFN-v is also critical for efficient clearance of persistent viral
replication (30, 41) and suppresses MCMYV reactivation from
latency (39, 41).

Interestingly, NK cells have been reported to use Pfp and
IFN-y in an organ-specific manner to regulate acute MCMV
infection. In a study by Tay and Welsh, Pfp~/~ mice had
elevated viral titers in the spleen but not the liver, while IFN-y
depletion resulted in increased titers in the liver but not in the
spleen (53). Moreover, depletion of NK cells in Pfp~/~ mice
effected increased viral titers only in the liver and not in the
spleen. This previous study concluded that NK cells primarily
utilize Pfp to regulate MCMYV infection in the spleen but
control infection in the liver with IFN-y. In the present study,
we further examined the roles of NK cells, Pfp, and IFN-vy in
the regulation of MCMV infection in vivo. With NK cell-
deficient (NKD) mice, which lack peripheral NK cells but
retain normal NKT and T cell function (25), we confirmed the
importance of NK cells, but not NKT cells, in conferring pro-
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FIG. 1. Increased susceptibility of NKD mice to MCMYV infection. NKD mice were generated as previously described (25) and maintained in
a specific-pathogen-free facility at the Washington University School of Medicine in accordance with all federal and university policies. B6 mice
were purchased from Jackson Laboratories. The MCMYV Smith strain was obtained from the American Type Culture Collection (VR-194, lot 10),
and salivary gland-passaged virus stocks were generated and their titers were determined as previously described (24, 40). For all experiments, age-
and sex-matched mice were infected intraperitoneally in Dulbecco modified Eagle medium containing 10% fetal calf serum. All of the data shown
represent a minimum of two independent experiments. As no significant differences were observed between independent experiments, all of the
data were pooled. (A) Mice infected with 10° PFU of MCMV were monitored for survival for 21 dpi. The number of mice analyzed and the P values
are indicated. (B) Mice were infected with various doses of MCMYV, and organs were harvested at 3 dpi and virus titers were determined by plaque
assay as previously described (24). (C) Mice were infected with 5 X 10* PFU of MCMYV, and organs were harvested for titer determination on
various days postinfection. The number of mice analyzed is given above each bar, the limit of detection is denoted by the horizontal line, and
statistically significant differences compared to B6 mice are indicated (*, P < 0.05; #*, P < 0.01; #*x, P < 0.001).

tection against acute MCMYV infection. In contrast to the pre-
vious study (53), however, we did not observe organ specificity
in the utilization of Pfp and IFN-y by NK cells to regulate
MCMV infection. Rather, we found that Pfp and IFN-y were
both important for control of viral replication in the spleen and
liver, and depletion of NK cells from either Pfp~/~ or IFN-
v~/ mice resulted in elevated viral titers in both the spleen
and the liver. Thus, NK cells utilize both Pfp and IFN-y to
regulate the acute phase of MCMYV infection in the spleen and
the liver.

NK cells, but not NKT cells, are critical mediators of innate
immunity to the acute phase of MCMYV infection. NKD mice
generated directly on the B6 background were recently de-
scribed to be deficient in NK cells while retaining NKT and T
cell function (25). NKD mice were the unexpected result of an
attempt to generate Ly49A transgenic mice, and the genetic
mechanism of NK cell deficiency in these mice is unclear.
However, further characterization suggests that the NKD phe-
notype may be linked to insertion of the transgene into a gene
encoding a transcription factor (S. Kim, D. Higuchi, A. R.
French, and W. M. Yokoyama, unpublished data). NK cell
deficiency in NKD mice is evidenced by a marked reduction in
the number of peripheral NK cells, defective in vitro cytolytic
activity, and impaired tumor cell killing in vivo. In contrast,
NKT cells are present in near-normal numbers and retain the
capacity for interleukin-4 and IFN-y production upon anti-
CD3 stimulation. The T cell compartment also appears unaf-
fected, with normal numbers of total T cells or T cell subsets in
lymphoid organs and normal T cell function as assessed by

proliferation following anti-CD3 stimulation, cytotoxic activity,
and skin allograft rejection. Thus, NKD mice have a selective
deficiency in NK cells and have recently been used to examine
the function of NK cells in innate immunity against Ebola virus
(58).

We used NKD mice to examine the effects of genetic defi-
ciency in the NK cell compartment in the acute phase of
MCMYV infection. We found that NKD mice were significantly
more susceptible to MCMYV infection than B6 mice, with death
occurring as early as 3 days postinfection (dpi) and 80% of the
mice dying by 9 dpi. In contrast, B6 mice were completely
resistant to MCMV-induced lethality at this dose (Fig. 1A) and
appeared healthy throughout the course of the study. Addi-
tionally, NKD mice had elevated viral titers in both the spleen
and the liver compared to B6 mice at 3 dpi with various doses
of MCMYV (Fig. 1B). This difference was especially apparent in
the spleen, with more-than-10-fold increases observed in NKD
mice relative to B6 controls at the two highest infecting doses.
To test whether NK cell deficiency altered the kinetics of viral
clearance, we determined the viral titers in the spleens and
livers of infected mice at 2 to 5 dpi. NKD mice had 1- to 2-log
increases in splenic viral titer compared to B6 mice at all of the
time points tested (Fig. 1C). Significant differences in viral titer
from the livers of NKD and B6 mice were only apparent
beginning at 3 dpi, but by 5 dpi B6 mice had largely cleared the
infection in the liver whereas NKD mice retained more than
10* PFU of virus. Thus, NKD mice exhibited heightened sus-
ceptibility to MCMV infection, as well as impaired control of
viral replication following infection.
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FIG. 2. Regulation of the early acute phase of MCMYV infection
does not require T, B, or NKT cells. CD1 /" mice were a kind gift
from Albert Bendelac, and Ragl ™~ mice were purchased from Jack-
son Laboratories. Mice were infected with 5 X 10* PFU of MCMV,
and organs were harvested for titer determination at 3 dpi as described
in the legend to Fig. 1. The number of mice analyzed is given above
each bar, the limit of detection is denoted by the horizontal line, and
statistically significant differences are indicated (x, P < 0.05; #x, P <
0.01; #=xx, P < 0.001).

To confirm that the defects observed in NKD mice are due
specifically to loss of NK cell function, we compared the viral
titers of the spleens and livers of MCM V-infected NKD, Rag-
17/7,CD17/~, and B6 mice. Rag-1~/" mice lack mature T, B,
and NKT cells but have functional NK cells (32), while
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CD17/~ mice are selectively deficient in NKT cells (15, 31). As
expected, NKD mice exhibited increased viral titers in the
spleen and liver compared to B6 mice, whereas both Rag-1~"/~
and CD17/~ mice had viral titers equivalent to those of B6
mice (Fig. 2). Thus, control of this early phase of MCMV
infection does not require T, B, or NKT cells, suggesting that
the impairment of NKD mice in regulating MCMYV infection is
due specifically to loss of NK cell function. These results con-
firm, under our experimental conditions, previous findings on
the importance of NK cells in regulating MCMV infection,
thereby providing a basis for further examination of Pfp- and
IFN-y-dependent effector functions.

Pfp and IFN-y have important and nonredundant roles in
regulating MCMYV infection in both the spleen and the liver.
As Pfp and IFN-y are two primary effector mechanisms uti-
lized by NK cells, we assessed their roles in the regulation of
MCMYV infection with Pfp~/~ and IFN-y~/~ mice. Compari-
son of percent lethality following MCMYV infection of Pfp ™/,
IFN-y /= (41), and B6 (41) mice revealed increased suscepti-
bility to lethality following MCMYV infection in both Pfp ™/~
and IFN-y~/~ mice, although the effect of Pfp deficiency was
much more striking, with an approximately 2-log decrease in
the 50% lethal dose compared to that for B6 mice (Fig. 3A).
Thus, Pfp- and IFN-y-dependent mechanisms are both impor-
tant for protection against lethal MCMYV infection.

To test whether Pfp~/~ and IFN-y ™/~ mice have organ-
specific impairment in control of MCMV replication, we ex-
amined viral titers in the spleens and livers of MCM V-infected
Pfp~/~ and IFN-y~/~ mice at 3 and 6 dpi. We found that
Pfp~/~ mice had significantly higher viral titers in both the
spleen and the liver relative to B6 mice at both time points
(Fig. 3B). Moreover, IFN-y~/~ mice also had significantly in-
creased viral titers in both organs compared to B6 mice, al-
though an increase in splenic viral titers was only observed at
3 dpi (Fig. 3C) and no effect of IFN-y deficiency was observed
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FIG. 3. Pfp and IFN-y are important for protection against lethal MCMYV infection. Pfp~/~ and IFN-y~/~ mice were purchased from Jackson
Laboratories. (A) Pfp™/~ mice were infected with various doses of MCMYV and monitored for survival as described in the legend to Fig. 1.

Previously published data obtained with IFN-y~/~

and B6 mice are shown for comparison (41), and the 50% lethal dose is indicated by dotted lines.

Mice were infected with 1 X 10* (B) or 7.5 X 10* (C) PFU of MCMYV, and organs were harvested for titer determination at 3 or 6 dpi as described
in the legend to Fig. 1. The number of mice analyzed is given above each bar, the limit of detection is denoted by the horizontal line, and statistically
significant differences compared to B6 mice are indicated (*, P < 0.05; =, P < 0.01; #=x, P < 0.001).
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FIG. 4. IFN-y has a function in regulating MCMYV infection that is
independent of Pfp. For IFN-y depletion studies, mice were injected
with an endotoxin-free neutralizing antibody to IFN-y diluted in saline
(H22) (46) as previously described (24). Control mice were injected
with either saline alone or an isotype-matched control antibody. As no
significant differences were observed between mice given saline or the
control antibody, the data from these two groups were pooled. At 2
days postinjection, mice were infected with 5 X 10° PFU of MCMV
and the viral titers of their spleens (A) and livers (B) were determined
at 3 and 6 dpi as described in the legend to Fig. 1. The number of mice
analyzed is given above each bar, the limit of detection is denoted by
the horizontal line, and statistically significant differences compared to
control are indicated (*, P < 0.05; #x, P < 0.01; #*x, P < 0.001).
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with lower infecting doses (data not shown). To test whether
the roles of Pfp and IFN-y are redundant, we depleted IFN-y
in Pfp~/~ mice and determined viral titers following MCMV
infection. We found that depletion of IFN-vy resulted in signif-
icant increases in the viral titers in both the spleens and the
livers of Pfp™/~ mice at 6 dpi, although no effect was observed
at 3 dpi (Fig. 4). Together, these data demonstrate that both
Pfp and IFN-y are important for controlling MCMYV infection
in the spleen and liver and that IFN-y has a regulatory function
that is independent of Pfp.

NK cells use more than one effector mechanism to regulate
MCMY infection in both the spleen and the liver. As our data
suggested that both Pfp- and IFN-y-dependent mechanisms
regulate MCMYV infection in the spleen and liver, we tested
whether NK cells utilize more than one effector mechanism to
control infection in these organs. To determine whether NK
cells control MCMYV infection with a Pfp-independent mech-
anism, we examined the effect of NK cell depletion on viral
titers in Pfp ™/~ mice at 3 dpi. We found that NK cell depletion
in Pfp~/~ mice resulted in small, but statistically significant,
increases in splenic and liver viral titers compared to those of
mice treated with an isotype-matched control antibody (Fig.
5A). Additionally, we tested whether NK cells can regulate
MCMYV infection with an IFN-y-independent mechanism by
examining the effect of NK cell depletion on viral titers in
IFN-y~/~ mice at 3 dpi. We found that NK cell depletion in
IFN-y~/~ mice also resulted in significant increases in viral
titers in both the spleen and the liver (Fig. 5B). These data
demonstrate that NK cell regulation of MCMYV infection in
either the spleen or the liver does not rely upon a single
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FIG. 5. NK cells utilize more than one effector mechanism to control MCMYV infection in the spleen and liver. For NK cell depletion, mice were
intraperitoneally injected with either 300 g of antibody to NK1.1 (PK136; ATCC HB-191) or an isotype-matched control antibody (MAR 18.5;
ATCC TIB-216). Depletion of NK cells was confirmed by *'Cr release assay as previously described (25). At 2 days postinjection, mice were
infected with 5 X 10° PFU of MCMV and the viral titers of Pfp~/~ (A) and IFN-y '~ (B) mice were determined at 3 dpi as described in the legend
to Fig. 1. The number of mice analyzed is given above each bar, the limit of detection is denoted by the horizontal line, and statistically significant
differences compared to control are indicated (*, P < 0.05; #x, P < 0.01; #xx, P < 0.001).
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effector mechanism and that Pfp and IFN-y are not exclusively
utilized in the spleen and liver, respectively.

Discussion. In this study, we examined the roles of NK cells,
Pfp, and IFN-v in the regulation of the acute phase of MCMV
infection in vivo. We found that NKD mice, which are specif-
ically deficient in NK cells, have increased susceptibility to
lethal MCMYV infection, have elevated viral titers in the spleen
and liver, and exhibit delayed clearance of the acute phase of
infection. We further showed that control of the acute phase of
MCMY infection does not require T, B, or NKT cells, which is
consistent with the defect in NKD mice being due specifically
to loss of NK cell function. Studies with Pfp '~ and IFN-y~/~
mice demonstrated that both Pfp and IFN-y are important for
control of MCMYV infection in the spleen and liver and that
IFN-v has a function that is independent of Pfp. Moreover, we
found that NK cells utilized more than one effector mechanism
to regulate MCMYV infection in the spleen and liver, which is
contrary to previous reports that NK cells use Pfp and IFN-v in
an organ-specific manner. Cumulatively, our data indicate that
NK cells utilize both Pfp- and IFN-y-dependent mechanisms
to regulate the acute phase of MCMYV infection in the spleen
and liver.

Although studies of NK cell regulation of MCMV infection
have used several experimental systems, interpretation of these
studies has been complicated by the fact that none of these
models are specifically and completely deficient in NK cell
function. For example, CD3¢ transgenic mice are impaired in
both the NK and T cell compartments (57), whereas beige
mice, which lack NK cytolytic function, also have defects in
cytolysis in other cells and may retain other NK cell functions
(3, 5). Furthermore, depletion of NK cells may additionally
deplete other cell populations that express NK cell surface
markers. Our observations that NKD mice are, as expected,
highly susceptible to MCMYV infection and lethality suggests
that they can be an additional useful system for in vivo studies
of NK cell regulation of MCMYV infection. Although the mo-
lecular mechanism for NK cell deficiency in NKD mice is not
clear, T and NKT cells from NKD mice appear normal by
multiple assays (25). NKD mice are therefore a more specific
experimental model for NK cell deficiency than has previously
been described. The use of NKD mice in this study confirmed
previous findings that NK cells have a critical regulatory role
during the acute phase of MCMYV infection in the spleen and
liver. Our studies also corroborate, with a different experimen-
tal system, previous reports that NKT cells are not required for
regulation of the acute phase of MCMYV infection (56). How-
ever, as NKT cells are involved in the regulation of infection
with multiple viruses (reviewed in reference 51), secrete cyto-
kines that activate NK cells (14, 19), and can indirectly inhibit
MCMYV replication through potentiation of NK cell antiviral
function (56), NKT cells may contribute to NK cell regulation
of MCMYV infection by modulating NK cell activity.

Although Tay and Welsh have reported that NK cells regu-
late MCMYV infection with Pfp in the spleen and IFN-vy in the
liver (53), our studies demonstrated increased viral titers in
both the spleen and the liver in Pfp~/~ and IFN-y ™/~ mice,
indicating that both Pfp and IFN-vy regulate MCMYV replica-
tion in each organ. Moreover, depletion of NK cells from
either Pfp~/~ or IFN-y~/~ mice resulted in increased viral
titers in both the spleen and the liver, suggesting that NK cells
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use more than one effector mechanism to control MCMV
infection in each organ. Other studies examining the role of
these effector mechanisms in controlling MCMYV infection
have also produced conflicting results—a study by Orange and
Biron found that Pfp deficiency has no effect on viral titers in
the liver (33), while studies by van Dommelen et al. reveal an
IFN-y-independent mechanism for regulating MCMYV infec-
tion in the liver and suggest the importance of Pfp in that organ
(56).

One possible explanation for these disparities are differences
in experimental parameters. Notably, the studies by Tay et al.
and Orange et al. both utilized Pfp~/~ mice on a mixed B6/129
background, whereas van Dommelen et al. used Pfp '~ and
IFN-y~/~ mice on the BALB/c background and our studies
used mice on the B6 background. The background strain is an
important factor, as the NK cell-mediated regulation of
MCMYV infection differs significantly between mice of different
genetic backgrounds (reviewed in reference 27). Additionally,
we found that IFN-y deficiency resulted in increased viral titers
in the liver, but not in the spleen, at 6 dpi with 7.5 X 10* PFU
of MCMV. Although this appears to reflect tissue-specific reg-
ulation of MCMYV infection by IFN-v, viral titers increased in
both the spleens and the livers of IFN-y~/~ mice at 3 dpi,
suggesting instead that these differences in regulation are ki-
netic rather than tissue specific. Thus, the effects of Pfp and
IFN-y on MCMYV replication in the spleen and liver may vary
depending on the mouse strain, the infecting dose, and the
time of assay. Nonetheless, the data presented here clearly
demonstrate that NK-mediated regulation of MCMYV infection
does not exclusively utilize Pfp in the spleen and IFN-vy in the
liver and that both effector mechanisms are important for
control of MCMYV infection in each organ.

As IFN-y has been reported to enhance NK cell cytotoxic
activity (59, 60), it is possible that the roles of IFN-y and Pfp
in regulating MCMV infection are linked. The observation
that depletion of IFN-vy resulted in increased viral titers in the
spleens and livers of Pfp~/~ mice does not preclude a role for
IFN-y in potentiating NK cell killing but demonstrates that
IFN-y has a function in controlling MCMYV infection that is
independent of Pfp. This Pfp-independent function of IFN-y
may involve direct antiviral activity and/or modulation of the
inflammatory response. Although Pfp and IFN-y are clearly
important for NK cell regulation of MCMYV infection, other
cytokines secreted by NK cells, such as tumor necrosis factor
alpha (TNF-a), may also be involved in regulating MCMV
infection. TNF-a can directly, or synergistically with IFN-y,
inhibit MCMYV replication in vitro (29, 55). TNF-a has also
been reported to limit MCMYV replication and pathology (24,
33) and enhance the protective effects of IFN-y against lethal
infection (1). However, other studies have found no effect of
TNF-a on the acute phase of MCMYV infection in vivo (49, 55)
and NK cells are not required for production of TNF-a during
MCMYV infection (33, 35). It is therefore unclear whether
TNF-a secretion constitutes a significant mechanism for NK-
mediated regulation of MCMYV infection.
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