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The natural killer (NK) cell activation receptor Ly49H is required for resistance to murine
cytomegalovirus (MCMV). We show here that NK cell proliferation and production of interferon-γ
(IFN-γ) was not dependent on Ly49H expression during early MCMV infection. During a later phase of
infection, however, Ly49H+ NK cells selectively proliferated and this expansion was blocked by anti-
Ly49H administration. With vaccinia virus infection, neither the early nor late phase of NK cell
proliferation was selective for Ly49H+ NK cells. These findings indicated that Ly49H+ NK cells were
specifically activated by MCMV and that MCMV infection was characterized by nonspecific and
specific phases of NK cell activation in vivo.
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Specific and nonspecific NK cell 
activation during virus infection

Natural killer (NK) cells were originally described based on their
capacity to kill tumor cells1. Advances in NK cell recognition indicate
that NK cells display both activation receptors and major histocom-
patibility complex (MHC) class I–specific inhibitory receptors that
guide the specificity of NK cell activity against tumor targets2.
Engagement of activation receptors leads to directed exocytosis of
granules containing perforin and granzymes that mediate target cell
lysis and cytokine release3. Activation can be blocked by coligation of
the inhibitory receptors that belong to the immunoglobulin or C-type

lectin superfamilies. These receptors contain immunoreceptor tyro-
sine-based inhibitory motifs (ITIMs) that can recruit and activate the
tyrosine phosphatase SHP-1, which is believed to dephosphorylate
molecules in the activation cascade4. Although much is known about
the inhibitory receptors, much less is known about the activation
receptors, particularly their physiological roles in host defense in vivo.

NK cells are major components of the innate immune system, espe-
cially in anti-pathogen defense1,5. Human patients with selective deficien-
cies in NK cells have a propensity towards recurrent severe infections,

Figure 1. Early phase of IFN-γ production and proliferation of Ly49H+ and
Ly49H– NK cell subsets in MCMV infection. (a) IFN-γ production at 36 h after
infection. C57BL/6 mice were infected with 5×104 PFU MCMV injected via the i.p. route;
36 h later, liver and spleen leukocytes were stained for expression of Ly49H, NK1.1, CD3
and intracellular IFN-γ and analyzed by flow cytometry. Representative dot plots from
cells gated on NK1.1+CD3– (NK cell) populations only are shown. The numbers shown
in the upper right corners indicate the percentage of cells in each quadrant. At least
three mice per group were analyzed independently. (b) Proliferation of NK cells on day
2 after infection. Mice were infected as in a, then  2 days later were injected via the i.p.
route with 2 mg of BrdU and killed 3 h later. Liver and splenic leukocytes were stained
as in a, except that IFN-γ staining was replaced with staining for BrdU incorporation.The
percentages of proliferating NK cells are shown. Histograms from analysis of pooled
liver cells from three different mice, gated on the NK1.1+CD3– population; similar results
were obtained for splenocytes (data not shown). (c)  The total number of proliferating
NK cells from b are shown.
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especially from herpesviruses, including cytomegalovirus (CMV)6.
Parallel studies of infections with murine CMV (MCMV) were consistent
with a key role for NK cells. MCMV produced in vivo pathology that was
characterized by cytomegaly of infected cells, with the liver and spleen
being major sites of viral replication7. Antibody depletion of NK cells
before or soon after infection led to enhanced susceptibility to MCMV,
marked mortality and unchecked viral replication; however, when deple-
tion was delayed until several days after infection, no effect was seen8,9.
This indicated that NK cells were involved in early innate control of
MCMV replication.

MCMV infection induces the production of pro-inflammatory
cytokines, such as interleukin 12 (IL-12) and type I interferons (IFNs),
that stimulate NK cell production of other antiviral cytokines5.
Cytokines also seem to induce NK cell proliferation and expression of
activation markers10,11 and enhance NK cell cytotoxicity12. Although IL-
12 stimulation of IFN-γ is important in MCMV control13, several other
NK cell cytokine responses are seen in viral infection that are not con-
trolled by NK cells5, which indicates that these effector responses may
be nonspecific bystander events.

NK cell activation receptors may play a role in specific antiviral
effector responses; this possibility is supported by the susceptibility of
perforin-deficient mice to viral infection14. In addition, certain viruses
exploit evasion strategies that interfere with NK cell cytotoxicity. For

example, human CMV encodes proteins that are ligands for both struc-
tural types of NK cell inhibitory receptors15. NK cell activation recep-
tors may therefore be involved in viral resistance.

Detailed genetic analysis of strain-dependent resistance to MCMV
identified an autosomal dominant genetic locus, termed Cmv1, that
controls survival and resistance16. This locus was genetically mapped to
the NK gene complex (NKC)17,18, a region on mouse chromosome 6 that
contains clusters of NK cell receptors, including members of the Ly49
receptor family. The Ly49 molecules are type II integral membrane
receptors that are C-type lectin-like. They consist of ITIM-containing
inhibitory receptors, such as Ly49A, Ly49C and Ly49G, and the acti-
vation receptors, Ly49D and Ly49H, which associate with killer cell
activating receptor–associated polypeptide (KARAP, also known as
DAP12), an ITAM-containing signaling chain2,19,20. Using a combina-
tion of genetic and immunologic approaches, we and others have
shown that the NK cell activation receptor Ly49H is involved in NK
cell–mediated resistance to MCMV and accounts for the resistance
seen in Cmv1 mice21,22. In the selective genetic absence of Ly49H
expression or in mice that are treated with a nondepleting monoclonal
antibody (mAb) to Ly49H (anti-Ly49H), MCMV infection is uncon-
trolled and leads to marked viral replication in the spleen and death.
These studies suggested that Ly49H+ NK cells are specifically triggered
through Ly49H to mediate protection against MCMV.

Because Ly49H is coupled to KARAP23–25, NK cells may use activa-
tion-receptor complexes that resemble T and B cell antigen receptors
during an immune response. In adaptive immunity, however, T and B
cells undergo clonal expansion after activation through their clonally
restricted antigen-specific receptors26. Whether NK cells undergo a
related clonal expansion during infection is not known and has been
impossible to assess without knowledge of the specific NK cell recep-
tor involved in pathogen control.

We sought to obtain evidence for Ly49H stimulation in vivo. Early in
infection, nonspecific NK cell activation occurred without regard to
Ly49H expression. Subsequently, preferential proliferation of Ly49H+

NK cells occurred that was virus specific and inhibited by anti-Ly49H
treatment, which indicated that Ly49H itself was specifically stimulat-
ed in MCMV infection. Taken together, these studies support a model
whereby NK cells undergo two distinct phases of activation during
MCMV infection: one involving a generic response, presumably to
cytokines, and then a later, specific response triggered through a virus-
specific NK cell receptor.

Figure 2. Determination of the percentage and number of Ly49H+ and Ly49H– NK cell subsets at later timepoints during infection. (a) Percentages of NK
cell subsets on day 6. Groups of C57BL/6 mice were either not infected, mock-infected or infected as in Fig. 1. On day 6 after infection, leukocytes isolated from the liver and
spleen of these mice were stained for expression of Ly49 receptors, NK1.1 and CD3 and assessed by flow cytometric analysis. Representative dot plots from flow cytomet-
ric analysis of cells gated to exclude dead cells (propidium iodide) and T lymphocytes (CD3+ cells) are shown.The numbers in the upper right corners indicate the percentage
of NK cells (NK 1.1+CD3–) that expressed the indicated Ly49 receptor.There were no differences between uninfected (data not shown) and mock-infected mice. (b) Number
of bulk Ly49H+ and Ly49H– NK cells in the liver and spleen on days 0 (mock-infected), 2, 4 and 6. Each timepoint represents the mean data from analysis of at least three mice.

Figure 3. Preferential proliferation of Ly49H+ NK cells. The number of prolif-
erating (BrdU+) Ly49H+ and Ly49H– cells was determined as in Fig. 1 (see Methods).
Data are the mean number of cells from two independent experiments.
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Results
Nonspecific NK cell activation early in MCMV infection
We hypothesized that Ly49H-dependent activation during MCMV
infection may lead to preferential production of IFN-γ, enhanced per-
forin expression or proliferation by Ly49H+ NK cells. Consistent with
published data13,27, intracellular IFN-γ production by splenic NK cells
in MCMV-infected mice peaked at 36 h and had almost disappeared by
48 h (data not shown). However, a comparison of the Ly49H+ and
Ly49H– NK cells showed no profound difference in the percentage
(23.4%±7.9 and 18.8%±6.9, respectively) of cells that contained intra-
cellular IFN-γ (Fig. 1a). Comparable results were obtained in the liver
(31.5%± 4.2 and 31.1%±3.7, respectively, Fig. 1a). At 48 h, there was
no difference between Ly49H subsets in either spleen or liver,
although IFN-γ production had decreased (data not shown). Enhanced
NK cell production of perforin in the spleen and liver also appeared to
be independent of Ly49H expression (data not shown). In addition,
NK cell proliferation increased without apparent selectivity for
Ly49H+ NK cells on day 2 after infection, as determined by in vivo
bromodeoxyuridine (BrdU) incorporation (Fig. 1b,c). Thus, there
were no detectable differences between Ly49H+ and Ly49H– NK cell
responses during the first 2 days of MCMV infection.

Ly49H+ NK cell proliferation later in infection
The percentage of splenic and liver NK cells
expressing Ly49H gradually increased during
infection (Fig. 2a). By day 6, a static view of
NK cell subset distribution showed that 80% of
splenic and liver NK cells in infected mice
expressed Ly49H, compared to only 55% in
mock-infected control mice. Although Ly49D
tends to be coexpressed with Ly49H in unin-
fected mice28, the percentage of Ly49D+ NK
cells was not greatly altered. Total NK cell
numbers in the spleen showed an indiscrimi-
nate decline by day 2 after infection that could
have been due to cellular migration or death

(Fig. 2b). In addition, the total Ly49H+ NK cell number ultimately (by
day 6) increased in both liver and spleen; this accounted for most of
the increase in the bulk NK cell populations, given that the change in
Ly49H– cell number was minimal (Fig. 2b).

Although other mechanisms may contribute to these differences,
the accumulation of Ly49H+ NK cells could be due to specific stimu-
lation of Ly49H+ NK cell proliferation, akin to T cell clonal expan-
sion upon antigen exposure26. To evaluate this possibility, we assessed
the total number of proliferating cells after MCMV infection with the
use of in vivo BrdU incorporation and flow cytometry. A comparison
of Ly49H+ and Ly49H– subsets showed no difference in BrdU incor-
poration on day 2 (Figs. 1b and 3). However, Ly49H+ NK cells
showed a marked increase in the number of BrdU+ cells by day 4,
whereas there was little change in the Ly49H– subset (Fig. 3). This
discrepancy reached a peak difference of about tenfold on day 6 and
was observed both in the liver and spleen (Fig. 3). Thereafter, prolif-
eration diminished by day 8. These data demonstrate the preferential
proliferation of Ly49H+ NK cells during infection, which was possi-
bly due to specific activation through the Ly49H receptor itself.

NK subset proliferation related to Ly49H coexpression
We used mAb 12A8, which is specific for Ly49A and Ly49D, to assess
whether the preferential proliferation in Ly49H+ NK cells also occurs in

Figure 4. Coexpression of Ly49H on other NK cell subsets correlates with
increased proliferation. Groups of C57BL/6 mice were infected as in Fig. 1; on day
6 after infection they were injected with 2 mg of BrdU and killed 1 h later. Liver and
splenic leukocytes were stained for incorporated BrdU and expression of CD3, and
the indicated Ly49 receptors with mAbs 3D10 (anti-Ly49H) and 12A8 (specific for
Ly49A and Ly49D). A representative dot plot from the flow cytometric analysis of
CD3– liver cells gated is shown.The boxed areas were then analyzed for BrdU stain-
ing of cells, as indicated by the corresponding histograms, which include the per-
centage of each subset that was BrdU+. Similar results were observed in analyses of
splenocytes (not shown).At least three mice were analyzed independently.

Figure 5. Selective proliferation of Ly49H+ NK cells is virus-specific. Groups
of C57BL/6 mice were infected with (a) 5×104 PFU MCMV or (b) 2×107 PFU vac-
cinia virus. On days 2 and 6 after infection, mice were treated with BrdU and leuko-
cytes were isolated from their liver and spleen as in Fig. 1. Cells were stained for
incorporated BrdU and expression of Ly49H, NK1.1 and CD3. Representative dot
plots from the flow cytometric analysis, gated on the NK1.1+CD3– population, are
shown. The numbers in the upper right corners indicate the percentage of cells in
each quadrant.At least three mice per group were analyzed on each day.

Table 1. Percentage of BrdU+ cells among Ly49H+ and Ly49H– NK cell subsets

BrdU+ cells (% of subset)

Virus Time after infection (days) Liver Spleen

Ly49H+ Ly49H– Ly49H+ Ly49H–

No infection <2 <2 <2 <2
MCMV 2 28.4±0.3 30.6±1.2 14.7±2.9 14.8±4.5

6 32.5±6.3 16.6±1.5 18.4±1.7 9.6±0.5
Vaccinia 2 30.8±2.6 32.7±3.6 38.8±4.6 43.2±4.9

6 1.3±0.8 7.3±2.7 2.5±0.7 18.3±5.3
Data represent the means from at least three independently analyzed mice.

a b

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/im

m
u

n
o

l.n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://immunol.nature.com



nature immunology •      volume 2 no 10       •       october 2001       •       http://immunol.nature.com

ARTICLES

954

other NK cell subsets. Cells expressing Ly49H had a higher percentage
of BrdU+ cells regardless of whether they were 12A8+ (Ly49A+Ly49D+)
or 12A8– (Ly49A–Ly49D–) (Fig. 4). In contrast, 12A8+ cells that were
Ly49H– showed a markedly lower percentage of BrdU+ cells.
Comparable results were obtained when Ly49H expression by other
Ly49 subsets was examined (data not shown), which was consistent
with preferential proliferation of Ly49H+ NK cells in the NK cell pop-
ulation as a whole (Fig. 3). These results indicated that the increase in
proliferating cells, even among other NK cell subsets, correlated with
Ly49H expression.

Specificity of selective proliferation of Ly49H+ NK cells
The preferential proliferation of Ly49H+ NK cells in response to
MCMV may have represented a generic NK cell response to viruses or
may have been MCMV-specific. To differentiate between these possi-
bilities, we examined vaccinia virus infection, which also involves NK
cells8,29. As with MCMV, significant NK cell proliferation occurred by
day 2 after vaccinia infection and there were no differences between the
Ly49H+ and Ly49H– subsets (Fig. 5a,b). However, unlike MCMV
infection, preferential proliferation of the Ly49H+ subset was not
observed on day 6. Unexpectedly, most proliferating cells were Ly49H–

(Fig. 5a,b and Table 1). Therefore, preferential proliferation of Ly49H+

NK cells during MCMV infection was not due to a generic NK cell
response to viral infections but instead was a selective response to a
specific virus.

Inhibition of NK cell proliferation by anti-Ly49H 
Ly49H+ NK cells proliferated preferentially during MCMV infection,
which suggested that these cells were triggered through the Ly49H
receptor itself. To test this hypothesis, we assessed whether anti-
Ly49H could block proliferation of Ly49H+ cells by treating mice with
whole or F(ab’)2 fragments of anti-Ly49H before infection. Although
this treatment does not alter the percentage of NK cells or NK cell sub-
set distribution21, anti-Ly49H treatment precluded us from directly
assessing the proliferation of this subset because of the loss of Ly49H
staining from either residual bound mAb or receptor modulation. We
therefore assessed the effect of anti-Ly49H on the proliferation of bulk
NK cells that was due to the Ly49H+ subset on day 6 (Figs. 3 and 4).
We saw a 50% reduction in the percentage and a profound decrease in
the absolute number of proliferating NK cells in anti-Ly49H–treated

compared to untreated mice (Fig. 6). The number of proliferating cells
in anti-Ly49H–treated mice was similar to the number of proliferating
Ly49H– cells in control groups (Fig. 6b). In contrast, there was no
effect when mice were given control mAb 4E4 preparations against
Ly49D, another NK cell activation receptor coupled to KARAP. Thus,
these data were consistent with the hypothesis that preferential prolif-
eration of the Ly49H+ subset follows triggering through Ly49H itself. 

Discussion
One of the hallmarks of the adaptive immune response is clonal expan-
sion. During infection, activation through the clonally restricted antigen
receptors of T and B cells results in proliferation and expansion of spe-
cific cells26. Although NK cells do not express clonally restricted recep-
tors, some NK cell receptors (such as Ly49H) associate with ITAM-
containing signaling molecules and use Syk-family tyrosine kinase
activation pathways in a similar manner to T and B cell receptors30.
Triggering through such receptors on NK cells may have analogous
outcomes. Consistent with this hypothesis, our results showed that trig-
gering through the NK cell activation receptor Ly49H resulted in pref-
erential proliferation and selective expansion of Ly49H+ NK cells,
which, in principle, resembled clonal expansion of antigen-specific T
and B cells.

Ly49H proliferation was specifically induced during the course of
MCMV infection, as indicated by the absence of selective Ly49H+ NK
cell proliferation in vaccinia virus–infected mice, even though NK cells
were involved in control of vaccinia virus replication in vivo8. This
result also indicated that Ly49H was not specific for vaccinia infec-
tions. In addition, administration of a monoclonal anti-Ly49H, which
specifically inhibited the capacity of Ly49H+ NK cells to control
MCMV21, blocked the MCMV proliferative effect. Therefore, as pre-
dicted by MCMV susceptibility in mice with perturbation of Ly49H
expression21,22 or function21, specific triggering through the Ly49H
receptor occurred in response to MCMV infection and resulted in the
selective expansion of Ly49H+ NK cells. Direct evidence for triggering
of Ly49H will be aided by identification of its ligand.

Our data contrast with published findings that suggest Ly49H+ NK
cells selectively produce IFN-γ in response to MCMV and other virus-
es31. There are several possible reasons for this discrepancy, including dif-
ferences in assessment of IFN-γ production, the use of mAb 1F8 and the
kinetics of analysis. The mAb 1F8 reportedly binds Ly49C, Ly49H and

Figure 6. The role of Ly49H receptor in specific NK cell subset proliferation. Groups of
C57BL/6 mice were either not treated or treated with an i.p. injection of affinity-purified mAb 3D10
(anti-Ly49H, 200 µg of whole antibody or 400 µg of F(ab’)2 fragment) or mAb 4E4 (anti-Ly49D, 200 µg
of whole antibody or 400 µg of F(ab’)2 fragment). One day after mAb treatment, mice were infected with
5×104 PFU i.p. MCMV.Three days after infection, mice previously treated with F(ab’)2 were given a sec-
ond dose. On day 6, BrdU treatment was done as in Fig. 1. Liver leukocytes were isolated from these
mice and stained for incorporated BrdU and expression of NK1.1 and CD3. (a) Representative histogram
of BrdU staining in untreated mice and mice treated with F(ab’)2 fragments of mAb 4E4 (anti-Ly49D) and
3D10 (anti-Ly49H). Gates were set to include only NK1.1+CD3– cells.The numbers in the histogram indi-
cate the percentages of NK cells that were BrdU+. Similar results were obtained from mice treated with
whole mAb (data not shown). (b) Absolute number of NK cells that proliferated on day 6.The number
was determined for each indicated group and is shown as the mean from at least two experiments.
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Ly49I. Injection of 1F8 abrogates resistance31, which is compatible with
published data indicating a specific role for Ly49H in resistance to
MCMV21,22 and with other data showing that administration of mAbs spe-
cific for other Ly49 molecules does not have an effect32,33. However, fur-
ther evaluation of the Ly49H+ NK cell response may have been compro-
mised by the cross-reactivity of mAb 1F8. To examine the Ly49H+ sub-
set, Ly49C+ and Ly49I+ cells had to be excluded by mAb 5E6 staining,
even though >50% of Ly49H+ NK cells expressed these receptors. In
addition, mAb 1F8 may bind other molecules, as shown by its reactivity
with naïve NKT cells that do not express activating Ly49D or Ly49H
receptors28,31. In contrast, the mAb 3D10 used here was specific for
Ly49H, as confirmed by extensive analysis of heterologous cells trans-
fected with Ly49 molecules28, absence of binding to NK cells from
KARAP (DAP12)–deficient mice24 and lack of reactivity with NK cells
from BXD-8 mice that have a selective deletion of Ly49h21,22. Finally,
only early NK cell responses were evaluated with mAb 1F831, whereas
our studies indicated that the major Ly49H-specific effect occurs later on.

The temporal relationship of selective Ly49H expansion to NK cell
control of MCMV may be revealing. Earlier studies on the effect of
Cmv1r (that is, Ly49h) indicated that replication of MCMV is already
markedly attenuated in the spleen by day 2 after infection in resistant
mice compared to susceptible (Cmv1s) mice16. At that timepoint, we
found no difference in proliferation between the Ly49H+ and Ly49H–

NK cells, even though the cells should have been triggered through
Ly49H. Instead, preferential proliferation occurred later, which indicat-
ed that selective expansion of Ly49H+ NK cells was not a prerequisite
for splenic control of MCMV. An early, sizeable increase in the
MCMV-specific NK cell subset in the spleen may not have been
required because NK cells were relatively abundant and a large propor-
tion (>50%) already expressed Ly49H. This theory is consistent with a
model in which large overlapping subsets of NK cells expressing mul-
tiple receptors can mediate relatively early antiviral effects28 that may
be critical for preventing systemic viral dissemination in the spleen.

Compared to the spleen, analyses of MCMV infection in the liver
revealed different kinetics of the control of viral titers. Unlike in the
spleen, nearly equivalent amounts of viral replication were observed in
the liver of resistant and susceptible strains alike during the early phase
(days 2–3) of MCMV infection21,34. It was not until later that differences
in the viral titers were revealed so that by day 6 after infection, suscep-
tible (Ly49H–, Cmv1s) mice showed about a 1000-fold higher titer than
resistant (Ly49H+, Cmv1r) mice34. Similar observations were made with
anti-Ly49H–treated C57BL/6 mice compared to controls (unpublished
data). This temporal relationship may have been related to the time
required for the CCL3-dependent recruitment of NK cells into the
infected liver parenchyma35 where there are few resident NK cells in
naïve mice, and most naïve liver NK cells are probably in the blood vas-
culature (A. O. Dokun and W. M. Yokoyama, unpublished data). The
preferential proliferation of the Ly49H+ NK cell subset therefore bears
a closer correlation with the control of viral replication in the liver,
where this expansion may be important; in contrast, “selective expan-
sion” may contribute little to immediate NK cell function in the spleen.
Future studies that address the role of virus-specific NK cell expansion
will be important.

Although clonal expansion is characteristic of adaptive immune
responses, bystander proliferation of T cells also occurs during infec-
tion36, although its size and relative contribution are controversial37.
Nevertheless, this antigen-nonspecific proliferation does not appear to
require T cell receptor signaling and is apparently dependent on type I
IFNs, probably through stimulation of IL-15 production38. Similarly,
NK cells undergo blastogenesis and proliferation soon after MCMV

infection39,40. NK cells also proliferate early during the course of other
viral infections5. Although many of these effects may represent other,
unknown, specific receptor-ligand interactions that may contribute to
control of MCMV infection, most of these effects appear to be non-
specific with respect to Ly49H. The response to LCMV infection is
especially noteworthy in this context because it is dependent on type I
IFNs even though NK cells are not required for LCMV control9.
Inasmuch as our data showed that preferential expansion of an NK cell
subset was not detectable early after vaccinia virus infection, this early
stage of NK cell response to vaccinia also appeared to be generally
nonspecific. Of course, there should be concomitant specific activation
of Ly49H+ NK cells during the early phase of MCMV infection, as
control of this virus is Ly49H-dependent21. Nevertheless, our data indi-
cated that the early phase of MCMV infection was dominated by a
proliferation of NK cells that was nonspecific with regard to Ly49H
expression and that as the infection progressed, there was a preferen-
tial expansion of virus-specific Ly49H+ NK cells as “nonspecific” pro-
liferation of NK cells diminished.

Consistent with this model of a dominant nonspecific early phase
of NK cell proliferation in response to viruses, our analysis of early
IFN-γ secretion also showed no difference between the Ly49H+ and
Ly49H– NK cell subsets. In addition, treatment with anti-Ly49H
before infection did not block NK cell IFN-γ secretion (data not
shown). Unlike in T cells, in which IFN-γ secretion is antigen-specif-
ic37, IFN-γ secretion by NK cells occurred among MCMV-responsive
(Ly49H+) and -unresponsive (Ly49H–) subsets alike. This was not
unexpected, as NK cell IFN-γ secretion during MCMV infection is
dependent primarily on IL-1213. Our studies also indicated that there
should be no apparent difference in IL-12 responsiveness with respect
to expression of Ly49H. Previous studies have shown no differences
between Cmv1r and Cmv1s mice with respect to serum IFN concen-
trations34. Thus, the early secretion of IFN-γ most likely reflected a
more global NK cell response to inflammatory cytokines.

Finally, the specific proliferation of Ly49H+ NK cells in response to
MCMV infection may require different cytokine signals from those that
drive nonspecific proliferation. Alternatively, specific NK cell proliferation
may proceed in a cytokine-independent manner, as a direct consequence of
Ly49H stimulation. In either case, it remains to be determined whether spe-
cific activation leads to other attributes, such as immunological memory.
Therefore, specific NK cell activation receptor triggering may induce other
effects that contribute to NK cell–mediated eradication of infection.

Methods
Mice. C57BL/6 mice were from Jackson Laboratory (Bar Harbor, ME) and housed in a specif-
ic pathogen–free vivarium supervised by the Division of Comparative Medicine and overseen by
the Animal Use Committee at Washington University. This committee approved all studies.

Antibodies. mAbs 3D10 (anti-Ly49H)28 and 4E4 (anti-Ly49D)41 were generated and purified
by us and either conjugated to fluorescein isothiocyanate (FITC) or biotin (Pierce Chemical,
Rockford, IL) following standard protocols. The following fluorochrome-conjugated
reagents were from PharMingen (La Jolla, CA): phycoerythrin (PE)-12A8 (anti-Ly49A and
Ly49D), PE-streptavidin, allophycocyanin-PK136 (anti-NK1.1), peridinin chlorophyll pro-
tein (PerCP)–145-2C11 (anti-CD3) and FITC-XMG1.2 (anti-IFN-γ). The 2.4G2 hybridoma
(anti-FcγRII/III) was from the American Type Culture Collection (Rockville, MD).

Viruses and infections. Stocks of Smith strain MCMV (ATCC no. VR-194, lot 10) were
from mouse salivary glands and titered as described42. Stocks of Western Reserve (WR)
strain vaccinia virus were prepared and titered as described41. Mice were infected on day 0
with 5×104 PFU of MCMV or 2×107 PFU of vaccinia virus diluted in Dulbecco’s modified
Eagle medium with 10% FBS via intraperitoneal (i.p.) injection. Mock-infected mice were
given the same volume of medium without virus.

Leukocyte isolation and determination of NK cell numbers. Leukocytes were isolated from
liver and spleen as described43. The number of cells isolated from each tissue was determined
by counting live cells detected by trypan blue exclusion. The percentages of NK cells among
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liver or splenic leukocytes were determined by flow cytometric analysis. The percentages of
NK cells that were proliferating were determined by flow cytometric detection of incorporated
BrdU in the NK1.1+CD3– population. The total number of NK cells was calculated by multi-
plying the percentage of NK cells by the number of leukocytes. Similarly, the total number of
a given NK subset or the number of proliferating NK cells was determined by multiplying the
percentage of the cells of interest by the total number of NK cells.

Detection of proliferating cells in vivo. Mice were infected as described above, injected
with 2 mg of BrdU (BrdU Flow kit, PharMingen) on the indicated days (Table 1) and killed
1–3 h later. Single-cell suspensions were prepared from their spleen and liver in cold PBS
containing 1% fetal calf serum (FCS) and 0.09% NaN3. Cell preparations were depleted of
red blood cells and incubated for 10 min with 2.4G2 culture supernatant to block nonspe-
cific binding of antibodies. For the staining of incorporated BrdU, cells were first surface
stained with either biotinylated 3D10 or biotinylated 4E4 and then stained with PE-strepta-
vidin and allophycocyanin-PK136. Where indicated, cells were first stained with biotiny-
lated 3D10 and then stained with PE-12A8 and allophycocyanin-streptavidin. Cells were
fixed, permeabilized, treated with DNase and stained with FITC–anti-BrdU with the use of
the BrdU Flow kit, according to the manufacturer’s instructions. To exclude NKT cells from
analysis, PerCP–145-2C11 was also added during the staining of incorporated BrdU.

Staining of intracellular IFN-γ. Thirty-six hours after infection, single-cell suspensions of
liver and splenic leukocytes were prepared and incubated with 2.4G2 culture supernatant as
described above. Without in vitro culture, the isolated cells were immediately stained. Cells
were first surface stained with biotinylated 3D10 and then stained with PE-streptavidin and
allophycocyanin-PK136. Cells were fixed and permeabilized with the Cytofix/Cytoperm kit
(PharMingen), according to the manufacturer’s instructions. Intracellular IFN-γ was stained
with FITC-XMG1.2 in the permeabilization buffer. To distinguish NK cells from NKT cells,
PerCP–145-2C11 was also added during the staining of intracellular antigens.
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