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Natural killer (NK) cells provide in vivo control of orthopoxvirus
infections in association with their expansion in the draining lymph
node (LN), where they are normally very rare. Themechanism of this
expansion is unclear. Herein, we determined that NK-cell depletion
results in enhanced infection following footpad inoculation of
cowpox virus, a natural pathogen of rodents. Following cowpox
virus infection in normalmice, NK cellswere greatly expanded in the
draining LN, were not replicating, and displayed markers similar to
splenic NK cells, suggesting specific recruitment of splenic NK cells
rather than in situ proliferation. Moreover, NK-cell expansion was
abrogated by prior injection of clodronate-loaded liposomes, in-
dicating a role for subcapsular sinus macrophages. Furthermore,
recruitment of transferred splenic NK cells to the draining LN was
pertussis toxin-sensitive, suggesting involvement of chemokine
receptors. Comprehensive analysis of chemokine mRNA expression
in the draining LN following infection suggested the selective
involvement of CCR2, CCR5, and/or CXCR3. Mice deficient for CCR2
or CCR5 had normal NK-cell recruitment, whereas CXCR3-deficient
mice displayed a major defect, which was NK cell-intrinsic. In-
terestingly, both induction of transcripts for CXCR3 ligands (Cxcl9
and Cxcl10) and NK-cell recruitment required IFN-γ. These data in-
dicate that NK-cell recruitment is mediated by subcapsular sinus
macrophages, IFN-γ, and CXCR3 during orthopoxvirus infection.

Orthopoxvirus infections have caused significant mortality
and morbidity, as exemplified by variola virus, the causa-

tive agent of smallpox, being highly lethal to humans (1). Cross-
protective vaccination efforts with vaccinia virus (VV) by the
World Health Organization successfully removed the threat of
natural smallpox infection, but concerns remain about its use as
a bioterrorism agent. Additionally, other orthopoxviruses cause
emerging zoonotic infections in humans, including monkeypox vi-
rus, which is mainly limited to Africa but caused an outbreak in the
midwestern United States (2, 3). Sporadic but increasing numbers
of zoonotic infections with cowpox virus (CPXV) have recently
been reported in Europe (4–7,) where CPXV is endemic in wild
rodents (8). Inoculation by skin scratch appears to be the pre-
dominant means for zoonotic infections with CPXV. Because
vaccination for orthopoxviruses is no longer routinely recom-
mended for the general public, in part due to significant side effects,
vaccine-unprotected individuals will grow in number, and even
among vaccinated subjects, immunity may wane (9, 10). Moreover,
immunocompromised patients and those with atopic dermatitis are
particularly susceptible to severe infections (11). Therefore, con-
tinued study of primary immune responses to orthopoxviruses is of
interest to provide additional insight into the host immune re-
sponse, which may lead to novel clinical advances to protect against
emerging orthopoxvirus infections.
Innate host immune responses to orthopoxvirus infection are

of particular interest because they occur soon after inoculation.
Natural killer (NK) cells play an important role in the innate
immune response to tumors and infections by causing lysis of
transformed or infected cells and producing cytokines that help
shape other immune responses. Activation of NK-cell function is
mediated through two distinct mechanisms: integration of sig-
naling through inhibitory and activation receptors (12, 13) and

cytokine stimulation (14–16). Down-regulation of MHC class I
molecules on a cellular target, which otherwise mediate strong
signals through inhibitory receptors, renders the cell sensitive to
NK lysis (17). Ligands for activation receptors can either be
pathogen-derived or host-derived and up-regulated on cell stress
(18, 19). Although stimulation with cytokines, including IL-12,
IL-15, and IL-18, has also been shown to be effective at activating
NK cells to produce other cytokines, NK-cell effector functions
are largely determined locally because cell-to-cell contact is re-
quired for NK-cell lysis of infected cells.
To allow productive interactions between NK cells and their

targets, NK cells need to be recruited to the relevant site. In
noninfectious settings, several studies have implicated the che-
mokine receptor CXCR3, whose ligands (CXCL9, CXCL10, and
CXCL11) are induced by IFN-γ following corneal epithelial injury
(20), implantation of tumor cells that endogenously express IFN-γ
(21), and LPS-matured dendritic cell footpad injection (22). By
contrast, in parasitic and viral infections, NK cells have differen-
tial requirements for chemokine receptors, generally not CXCR3.
Following intratracheal inoculation of neutropenic mice with
Aspergillus fumigatus, CCR2 is required (23), whereas CCR5 is
required in Toxoplasma gondii (24) or herpes simplex virus 2
(HSV2) (25) infections, with a higher pathogen burden in CCR5-
deficient mice. However, Aspergillus and HSV2 are not natural
pathogens of rodents. For protection against murine cytomega-
lovirus (MCMV), a natural pathogen of mice, recruitment of NK
cells to the liver is mediated through CCR2 (26, 27). CXCR3 and
CCR5 are also important for NK-cell trafficking from the red pulp
to the T-cell zone in the spleen following injection of polyinosinic:
polycytidylic acid and MCMV (28). Finally, CXCR6 is required
for memory NK cells in the liver, which respond to contact-me-
diated hypersensitivity or viral-like particles (29). Thus, several
chemokine receptors are involved in recruitment of NK cells,
although little is known about NK-cell recruitment to the draining
lymph node (LN) in the context of natural rodent pathogens.
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In terms of orthopoxvirus infections, much has been learned
regarding NK cells during infections in mice with VV (30) and
ectromelia virus (ECTV) (31, 32), although the endemic hosts
for these viruses remain obscure. In the absence of NK cells
either genetically or by anti-NK1.1 depletion, VV and ECTV
infections were uncontrolled. Moreover, during ECTV infec-
tions, the NK-cell receptors, CD94 and NKG2D, are required
for protection and NK cells expand in the draining LN, sug-
gesting that local expansion of NK cells is required for viral
control (32, 33). However, the basis for NK-cell expansion was
not determined.
Because CPXV has coevolved with its rodent hosts, CPXV in-

fection of rodents is appropriate for study of orthopoxvirus–host
interactions, but the role of NK cells in CPXV infection has not
been investigated. CPXV has the largest genome in the ortho-
poxvirus genus (34) and contains several ORFs not found in either
the VV or ECTV genome. This includes twoORFs, CPXV012 and
CPXV203, that potently down-regulate the expression of MHC
class I (35–38). Although this might render the infected cell sen-
sitive to NK cell-mediated lysis, CPXV also encodes another ORF,
CPXV018, that binds in vitro with high affinity to the NKG2D
activation receptor and blocks its recognition of ligands on target
cells (39). Additionally, all orthopoxviruses, including CPXV, en-
code a number of cytokine binding proteins, which could also limit
the activation of NK cells, such as one specifically targeting IL-18
(40, 41), a well-known mediator of NK-cell activation. Given the
potential for CPXV to encode a larger repertoire of genes for
evasion of immune responses, possibly including NK cells, it was of
interest to determine whether NK cells could control CPXV in-
fection, if NK cells are recruited to the site of infection, and the
basis for this potential recruitment.
In this study, we determined the role of NK cells following

footpad inoculation of CPXV infection that mimics natural
viral transmission within the rodent population as well as zoo-
notic spread. We found that NK cells inhibited early viral re-
plication and prevented dissemination of CPXV to other organs.
NK cells expanded in the draining LN due to recruitment of
splenic NK cells. Full NK-cell recruitment was dependent on
subcapsular sinus (SCS) macrophages, mediated by IFN-γ, and
required the intrinsic expression of the CXCR3 chemokine re-
ceptor on NK cells.

Results
NK Cells Limit Viral Replication Following CPXV Footpad Infection.
Following footpad inoculation of C57BL/6 mice, we observed that
CPXV was predominantly found in the draining popliteal LN,
with peak titers occurring between 3 and 6 d postinfection (dpi)
(Fig. 1A). Furthermore, at 3 dpi, CPXV was barely detectable
in the spleen (Fig. 1B) and could not be detected in the liver by
traditional plaque assay. Although plaques were detected at low
levels on 3 and 6 dpi in the spleen, the relative absence of active
replication contrasts with other orthopoxviruses, such as VV,
which resulted in readily detectable plaques in the spleen as early
as 2 dpi following footpad inoculation (Fig. S1). When we used
quantitative PCR as a sensitive measure of viral genome copies,
we were able to detect CPXV at relatively higher levels in the foot
and draining LN and at lower levels in spleen, lungs, liver, kidney,
and uterus and ovaries at 3 dpi, with an increase in these copy
numbers at 6 dpi, except in the spleen (Fig. 1 and Fig. S2). Thus,
early following footpad inoculation, CPXV infection is generally
limited to the draining LN and the site of inoculation.
Although NK cells are important for resistance to several

orthopoxvirus infections (30–32), their role in controlling CPXV
infection was unknown. To address this issue, we used PK136
antibody (anti-NK1.1) to deplete NK cells systemically (31, 42)
before infection with CPXV (Fig. S2A). Although systemic
depletion of NK cells did not lead to increased mortality, we
observed that viral replication was substantially increased in the

draining popliteal LN (Fig. 1C). Additionally, there was a trend
for increased viral replication in the spleen and the lungs of NK
cell-depleted mice at both 3 and 6 dpi, which was statistically
significant in the lungs at 6 dpi (Fig. 1 D and E). However, NK-
cell depletion did not affect all organs, because an increase in
viral replication was not found in the foot, liver, kidney, or uterus
and ovaries (Fig. S2 B–E). These data suggest that NK cells limit
early viral replication in the draining LN and, in doing so, pre-
vent early dissemination of virus to certain distant sites.

NK-Cell Expansion Following CPXV Infection. The aforementioned
experiments indicated local control of CPXV by NK cells in the
draining LN even though NK cells are rare in LNs of naive mice
(43). Following CPXV infection, however, there was a statistically
significant increase in both the percentage and total cell number
of NK cells, detectable as early as 18 h postinfection (hpi) (Fig. 2
A and B, Inset). By 48 hpi, there was a substantial 10-fold increase
in total NK cells in the draining LN in comparison to the non-
draining LN. The NK-cell population was still increased up to 6
dpi and had contracted at 9 dpi in line with resolution of CPXV
titers in the draining LN (Fig. 1A). Few NK cells in the draining
LN stained for Ki67, a marker of cell cycle (Fig. 2C). These data
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Fig. 1. NK cells limit viral replication and spread following footpad in-
fection. C57BL/6 mice were infected with 1.5 × 106 pfu of CPXV in the
footpad; at the indicated time points, organs were removed and viral titers
were assessed in the draining LN (A) and spleen (B) by plaque assay. Dotted
lines indicate the limit of detection by the assay. Symbols indicate individual
mice, and lines indicate the mean. n = 4–5 mice per group were analyzed for
each time point. (C–E) C57BL/6 mice were injected i.p. with 200 μg of control
antibody (mAR) or PK136 antibody 2 d before infection and 4 dpi. At 3 and 6
dpi, organs were removed and DNA was isolated. Quantitative PCR was used
to assess viral burden in the LN (C), spleen (D), and lung (E). CPXV copy
number was normalized to β-actin copy number and then multiplied by
1,000. Symbols indicate individual mice, and lines indicate the mean. n = 4–5
mice per group were analyzed for each time point. Data are representative
of three independent experiments.
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suggest that NK-cell expansion was not due to in situ proliferation
but to active recruitment.
Because there are several subsets of NK cells that reside in dif-

ferent tissues (44–46), we stained NK cells for cell surface mole-
cules that distinguished between conventionally studied splenic NK
cells and alternatively differentiated thymic NK cells (44, 45). NK
cells isolated from the draining LN displayed high levels of Mac-1
(CD11b), Ly49 molecules (ADCIFH), L-selectin (CD62L), DX5
(CD49b), NKG2D (CX5), andCD94 (Fig. S3A–F). The expression
levels of these markers were the same on both NK cells isolated
from the draining LN and from the spleen. In contrast, NK cells
isolated from the thymus had lower expression of these molecules.
We also examined a specific thymic NK-cell marker, the IL-7 re-
ceptor α-chain (IL-7Rα, CD127) and found that NK cells in the
draining LN and spleen had little to no expression of this marker
(Fig. S3G). When we examined the surface expression of these
markers on NK cells isolated from the nondraining LN, we found
that these NK cells expressed an intermediate level of Mac-1,
L-selectin, and IL-7Rα. This intermediate expression level could be
due to the small numbers of NK cells in the naive LN representing
a unique LN subset of NK cells or a mixture of both splenic and
thymic NK cells present at steady state. Regardless, NK cells re-
sembling the splenic NK-cell subset were enriched in the draining
LN following CPXV infection.

Macrophage Depletion Leads to Diminished NK-Cell Expansion. We
previously showed that i.p. infection with CPXV, which expresses
GFP in the place of CPXV203, showed virus colocalization with
SCS macrophages in the draining mediastinal LN, indicating that
SCSmacrophages are infected in the draining LN followingCPXV
inoculation (47). Similarly, others have shown that macrophages
are infected in the draining LN in cutaneous infection with VV,
and, more recently, the colocalization of CD169-expressing SCS
macrophages and NK cells has been noted following vesicular
stomatitis virus, modified vaccinia Ankara (MVA), T. gondii, and
Pseudomonas aeruginosa infection in draining LN (48–52). These
data suggested that SCS macrophages may play a role in the re-
cruitment of NK cells following CPXV infection. To investigate
this possibility, 5 d before CPXV infection, we used clodronate-
loaded liposomes to deplete SCS macrophages selectively, as
others have done (48–53), in the draining LN. Following clodro-
nate-loaded liposome treatment, we observed the expected de-
crease in the macrophage population in the draining LN following
infection (Fig. 3A). There was also a corresponding significant
decrease in the NK-cell population in the draining LN following
CPXV infection (Fig. 3B) but not in percentage of NK cells (Fig.
3C). Thus, SCS macrophages appear to be required for NK-cell
expansion following CPXV infection.

NK-Cell Expansion Can Be Attributed to Recruitment to Draining LN.
Given the rapid kinetics of the NK-cell population increase, the
minimal number of NK cells expressing a specific cell cycle
marker, the splenic marker profile of the NK cells isolated from
the draining LN, and the dependence on SCS macrophages, we
examined the possibility that NK cells were being recruited to
the draining LN. We isolated splenocytes from Ly5.1 and Ly5.2
congenic mice and pretreated them in vitro for 2 h with either
PBS or pertussis toxin. Following pretreatment, the cells were
washed extensively, labeled with carboxyfluorescein succinimidyl
ester (CFSE), and mixed together before adoptive transfer into
congenic C57BL/6 (Ly5.2)mice.We found that donor splenic NK
cells treated with PBS specifically increased in the draining LN
following adoptive transfer and CPXV infection (Fig. 4). The
increase in the transferred PBS-treated NK cells was similar to the
kinetics of host NK-cell increase following CPXV infection, sup-
porting the hypothesis that splenic NK cells are being recruited to
the draining LN following CPXV infection.

A

B

C

Fig. 2. CPXV causes an expansion of NK cells in the draining LN. C57BL/6
mice were infected as before and at the indicated time points, and cells
from the draining and nondraining LN were isolated and stained. The
percentages of (A) and total (B) NK cells were determined by staining for
NK1.1+CD3−CD19− cells. Cell numbers were ascertained using trypan blue
exclusion and then multiplied by the percentage of population found by
FACS analysis. The graphs depict average NK-cell populations in the non-
draining popliteal (NDP) or draining popliteal (DP) LN of n = 6 independent
experiments (18 hpi): n = 14 independent experiments (1 dpi), n = 3 in-
dependent experiments (36 hpi), n = 8 independent experiments (2 and 3
dpi), and n = 2 independent experiments (6 and 9 dpi). Paired Student’s
t test: *P < 0.05; **P < 0.005; ***P < 0.0005. (C) Following extracellular
staining, cells were fixed, permeabilized, and intracellularly stained for
Ki67. Data are representative of three independent experiments.
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These findings led us to consider chemokine receptor-de-
pendent NK-cell recruitment into the draining LN. As with other
G protein-coupled receptors, chemokine receptors signal via
guanine nucleotide binding proteins (G proteins); these signals
are blocked by pertussis toxin (54, 55). We thus used pertussis
toxin to test whether chemokine receptors were important for
the NK-cell increase in the draining LN. Pertussis toxin-pre-
treated splenic NK cells were never found in the draining LN at
any time point observed following CPXV infection (Fig. 4B).
Although the cells were viable before transfer, as determined by
trypan blue exclusion, it is difficult to control fully for off-target
effects of pertussis toxin treatment. Despite these concerns,
these data further suggested the possibility that splenic NK cells
are being recruited to the draining LN following CPXV infection
and additionally suggested that NK-cell recruitment occurs via
chemokine receptors.

Chemokines Up-Regulated in Draining LN Following CPXV Infection.
Because the data suggested a role for chemokines and chemo-
kine receptor-mediated recruitment of NK cells following CPXV
infection, we determined specifically which of these were re-
quired. To examine chemokine expression in the draining LN,
we assessed transcript levels over time following CPXV infection
by the use of a comprehensive bead-based array. In both draining
and nondraining LN over time, we examined 33 transcripts si-
multaneously: Ccl1, Ccl2, Ccl3, Ccl4, Ccl5, Ccl6, Ccl7, Ccl8, Ccl9,
Ccl11, Ccl12, Ccl17, Ccl19, Ccl20, Ccl21a, Ccl22, Ccl24, Ccl25,
Ccl27a, Ccl28, Cxcl1, Cxcl2, Cxcl3, Cxcl5, Cxcl9, Cxcl10, Cxcl11,
Cxcl12, Cxcl13, Cxcl14, Cxcl15, Cxcl16, and Xcl1 (Fig. S4).
Our analysis of these data was then informed by gene ex-

pression microarray data from a previously published study (56)
and confirmed by our laboratory, indicating that NK cells express
transcripts for Ccr2, Ccr5, Cxcr3, Cxcr4, and Cxcr6. We found
that transcripts of ligands for CCR2 and CCR5, including Ccl2,
Ccl3, and Ccl7, were up-regulated approximately threefold
to ninefold relative to the nondraining LN transcripts (Fig. 5).

Additionally, the ligands for CXCR3, namely, IFN-γ–inducible
transcripts Cxcl9, Cxcl10, and Cxcl11, were up-regulated from
fivefold to 19-fold relative to transcript levels in the nondraining
LN. Although transcripts forCxcl11 were the most highly induced,
CXCL11 protein is not expressed in C57BL/6 mice due to a point
mutation (57). Finally, we did not find increased transcripts for
CXCR4 and CXCR6 ligands (Cxcl12 and Cxcl16, respectively)
(Fig. S4). Nonetheless, CPXV infection induces up-regulation of
chemokine ligands for chemokine receptors expressed onNK cells.

Specific Chemokine Receptor-Dependent Recruitment of NK Cells
Following CPXV Infection. Our analysis of chemokine up-regula-
tion following CPXV infection and NK-cell expression of specific
chemokine receptors suggested selective involvement of CCR2,
CCR5, or CXCR3 in the recruitment of NK cells. To analyze these
possibilities further, we examined NK-cell recruitment in chemo-
kine receptor-deficient mice. Despite up-regulation of transcripts
for Ccl2, Ccl3, and Ccl7, there were little to no defects in the re-
cruitment of NK cells inmice lacking either CCR2 or CCR5 (Fig. 6
A and B). Thus, CCR2 and CCR5 individually do not contribute to
NK-cell recruitment following CPXV footpad infection.
We next studied NK-cell trafficking to the draining LN in

CXCR3-deficient mice. In these mice, we found that there was
a substantial defect at 3 dpi, resulting in a marked decrease in
trafficking ofNKcells followingCPXV infection, althoughNK-cell
recruitment at earlier times was relatively unaffected (Fig. 6C). To
determine whether these CXCR3-dependent trafficking defects
were intrinsic or extrinsic to NK cells, we adoptively transferred
a mixture of enriched splenic NK cells from WT and CXCR3-de-
ficient mice into congenic C57BL/6 mice (Fig. 6D). We found that
the fold change of recruited donor-derived NK cells for the
adoptively transferred CXCR3-deficient NK cells was lower than
for the adoptively transferredWTNK cells, especially at later time
points, as observed directly in theCXCR3-deficientmice (Fig. 6C).
These results indicate that NK cells intrinsically require CXCR3
expression for maximal recruitment.

A B

C

Fig. 3. Macrophage depletion leads to decreased NK-cell recruitment. Mice were injected in both rear footpads with either PBS- or clodronate-loaded
liposomes 5 d before infection. The macrophage population (A; F4/80+CD11b+) and the total (B) and percentage of the (C) NK-cell population
(NK1.1+CD3−CD19−) were observed by flow cytometry 3 dpi in the nondraining popliteal (NDP) or draining popliteal (DP) LN. Representative results from two
independent experiments are shown.
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To determine if CXCR3-dependent recruitment of the NK
cells was required to limit viral replication and/or spread, we
examined viral replication in C57BL/6 or CXCR3-deficient mice
treated with a control or NK cell-depleting antibody (Fig. S5A).
Regardless of NK-cell depletion, viral loads in the draining LN
in the CXCR3-deficient mice were comparable to those found in
C57BL/6 mice (Fig. S5B). Similarly, viral load was unaffected in
a distant site, such as the lung (Fig. S5C). All together, these data
indicate that CPXV can be controlled in the absence of CXCR3,
even though NK-cell recruitment, especially at later time points,
is affected.

IFN-γ Is Required for Full NK-Cell Recruitment. Inasmuch as che-
mokine ligands for CXCR3 are IFN-γ–inducible, we investigated
NK-cell recruitment in mice deficient for the IFN-γ receptor.
These mice displayed an impairment of NK-cell recruitment (Fig.
7A). These results were recapitulated in C57BL/6 mice that were
pretreated with IFN-γ neutralizing antibody but not with a con-
trol antibody (Fig. 7B). When we examined expression of Cxcl9
and Cxcl10 transcripts by quantitative PCR, we found they were
not induced in the draining LN following CPXV infection in mice
treated with the IFN-γ neutralizing antibody (Fig. 7C). For con-
trols, we examined transcripts for Ccl19 and Ccl21, chemokines
responsible for homeostatic trafficking of lymphocytes to second-
ary lymphoid organs, which were unaffected in mice treated with
IFN-γ neutralizing antibody (Fig. 7C). These data indicate that
IFN-γ is required for the induction of CXCR3 ligands, and thus
full recruitment of NK cells during CPXV infection.
Because macrophages are capable of producing many in-

flammatory chemokines, including CXCL9 and CXCL10 (58,
59), it seemed likely that they might be responsible for the

CXCR3-mediated NK-cell recruitment. Surprisingly, however,
when we examined chemokine expression in the draining LN of
mice treated with either control PBS-loaded liposomes or
clodronate-loaded liposomes, we found no decrease in tran-
scripts for Cxcl9 or Cxcl10 (Fig. 7D). As controls for liposome
injection, we examined transcripts for Ccl19 and Ccl21 in the
nondraining and draining LNs and found little to no change.
These data suggest that NK cells are being recruited through two
independent mechanisms.

Discussion
Here, we determined that NK cells were required for control of
viral replication and spread following CPXV footpad inoculation.
However, in contrast to ECTV, there was no increase in mortality
or morbidity following systemic NK-cell depletion (31). Some of
these differences may be due to the larger repertoire of immune
evasion genes inCPXV, includingCPXV018, which binds with high
affinity to the NK-cell activation receptor NKG2D in vitro (39).
Nonetheless, our studies revealed NK-cell expansion in the drain-
ing LN, consistent with previous studies showingNK-cell expansion
without early BrdU incorporation following ECTV infection (32),
providing an opportunity to dissect the mechanisms behind this
expansion. Here, we further showed that expansion following
CPXV infection requires SCS macrophages and is largely due to
recruitment of NK cells from the spleen because the expanded
NK cells resemble splenic NK cells. Additionally, transferred
splenic NK cells are recruited in a pertussis toxin-dependent
manner, chemokine ligands for NK-cell chemokine receptors are
expressed in the infected LN, and full recruitment is dependent
on NK-cell expression of CXCR3 as well as on IFN-γ.

A

B

Fig. 4. NK expansion in the draining LN is due to pertussis toxin-sensitive recruitment. Splenocytes isolated from congenic CD45.1 and CD45.2 B6 mice were
pretreated in vivo with PBS or pertussis toxin for 2 h at 37 °C on 5% CO2 before being washed, CFSE-labeled, mixed, and coinjected i.v. into C56BL/6 mice.
Immediately following adoptive transfer, the mice were infected with 1.5 × 106 pfu of CPXV in the footpad. At the indicated time points, LNs were harvested
and NK cells (NK1.1+CD3−CD19−) were identified in the nondraining popliteal (NDP) and draining popliteal (DP) LN. Host NK-cell recruitment (A; CFSE−) or
donor NK-cell recruitment (B; CFSE+) is shown over time. Data are representative of two independent experiments.
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In the LN, murine NK cells represent a very small population
under homeostatic conditions (43). It is thought that this is due
to their lack of expression of CCR7, the chemokine receptor
that responds to the homeostatic expression of CCL19 and
CCL21 by high endothelial venules in secondary lymphoid
organs (43). We found that early following footpad infection,
the NK-cell population in the draining popliteal LN dramati-
cally expanded. The resolution of the expanded NK-cell pop-
ulation corresponded to the resolution of CPXV titers in the
draining LN. In contrast to studies using other pathogens and
NK-cell recruitment to other organs (23–27), we found no role
for CCR2 or CCR5 individually in recruitment of NK cells to
the draining LN following CPXV inoculation. However, it is still
possible that they function redundantly in the individually de-
ficient mice, because CCR2 and CCR5 share several of the same
ligands (54). To determine formally if CCR2 and CCR5 are
required, a mouse lacking both CCR2 and CCR5 would have to
be generated and tested. This will likely require the production

of a single targeting construct containing deletions of both
CCR2 and CCR5 because their genes are located within about
15 kb of each other (www.genome.ucsc.edu), making it unlikely

Fig. 5. Inflammatory chemokine transcripts are up-regulated following
CPXV infection. RNA transcript levels were assessed in C57BL/6 mice infected
with 1.5 × 106 pfu of CPXV in the footpad at the indicated time points by
multiplex gene expression analysis. LNs from three independently infected
mice were isolated. Lysates from either the nondraining or draining LN were
generated and run in triplicate, and chemokine transcripts were normalized
to the control Hprt1 transcript for each sample. The fold change located in
each square depicts the average transcript level in the draining LN relative to
the nondraining LN. Here, we show transcript levels for chemokines whose
receptors are expressed on NK cells. The results for other chemokines are
illustrated in Fig. S4.

A

B

C

D

Fig. 6. CXCR3, but not CCR2 or CCR5, is required for full NK recruitment.
CCR2−/− (A), CCR5−/− (B), or CXCR3−/− (C) mice and age-matched control C57BL/
6 mice were infected as before, and NK-cell recruitment was monitored at the
indicated time points in the nondraining popliteal (NDP) or draining popliteal
(DP) LN. The graph depicts the average of three independent experiments for
each chemokine-deficient strain. (D) C57BL/6 (CD45.1) and CXCR3−/− (CD45.2)
splenocytes were isolated and enriched by negative selection before being
CFSE-labeled, mixed, and cotransferred i.v. into C57BL/6 mice. Eighteen hours
after the transfer, mice were infected as before, and NK-cell populations were
examined at the indicated time points. To analyze the recruitment in this
system, the total number of recruited WT or chemokine KO NK cells at 2 and 3
dpi were compared relative to the initial time point at 1 dpi in the NDP and DP
LN. A representative result of three independent experiments is shown.
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that a double KO can be readily generated by mating the CCR2-
and CCR5-deficient mice.
On the other hand, we found that CXCR3 was intrinsically re-

quired for full recruitment following CPXV infection. Expression
of CXCR3 on NK cells has been shown to be important for the
recruitment NK cells to tumor sites (21) and to the draining LN
following deliberate LPS-matured dendritic cell footpad injection
(22). Ligands for CXCR3 (CXCL9, CXCL10, and CXCL11) can
be induced by IFN-γ, as we show here for Cxcl9 and Cxcl10 tran-
scripts, consistent with prior studies on systemic VV infection
(60). Expression of Cxcl9 and Cxcl10 transcripts has been corre-
latedwith expression of CXCL9 andCXCL10 protein inmicroglial
cells following HSV2 infection, suggesting that protein expression
of these chemokines in response to viral infection is regulated at
the transcriptional level (61). The kinetics of up-regulation of these
inflammatory chemokine transcripts also corresponded to the
importance of CXCR3 onNK cells at 3 dpi. In addition, whenmice
could not respond to IFN-γ, as in the IFN-γ receptor-deficientmice
or C57BL/6 mice treated with an IFN-γ neutralizing antibody, NK
cells were not recruited and the mice also lacked expression of
transcripts for Cxcl9 and Cxcl10. Additionally, although CPXV
encodes an IFN-γ binding protein, it does not bind murine IFN-γ,
suggesting that it is not playing a role inmodulating IFN-γ–induced
chemokine expression (62). Thus, CXCR3 and its IFN-γ–induced
ligands are required for full recruitment of NK cells to the draining
LN during CPXV infection.
During the preparation of this paper, several studies reported

the colocalization of NK cells in the SCS macrophage region of
the draining LN following infection with several pathogens, in-
cluding a highly attenuated orthopoxvirus, MVA (48–50). SCS
macrophages, which express CD169, are ideally placed to sense
infection when viral particles arrive in the LN from draining
lymphatics. Indeed, we previously found that when CPXV was
injected i.p., GFP-expressing CPXV lacking CPXV203 was found
to infect CD169-expressing cells in the draining mediastinal LN
(47), consistent with other studies indicating that macrophages
are the predominant infected cell type in the LN following s.c.
VV infection (63). When administered in the footpad, clodro-
nate-loaded liposomes specifically deplete the macrophages that
line the SCS of the LN and partially deplete macrophages in the
medulla (64). We showed that clodronate-loaded liposome in-
jection before CPXV infection abrogates NK-cell recruitment.
Thus, consistent with and extending recently published reports,
we show that SCS macrophages are required for NK-cell re-
cruitment to the draining LN in CPXV infection.
These data suggest a framework model in which SCS macro-

phages are initially infected in the draining LN by CPXV. An
IFN-γ–dependent pathway is set off for inducing chemokine
production, allowing NK-cell recruitment by CXCR3. As such,
these findings provide unique molecular insight into how NK
cells are recruited to the draining LN during infection.
Although there are many details yet to be discovered to fill out

this model, such as the source of IFN-γ and chemokines, our
data suggest that this framework model is likely to be more
complex. The recruitment defect in the CXCR3-deficient mice
or in mice unable to respond to IFN-γ is primarily evident at 3
dpi when the largest increase in NK cells normally occurs. Earlier
time points are less affected, suggesting that there is at least one
other mechanism for NK-cell recruitment that is independent of
CXCR3 and IFN-γ. This mechanism may allow early CXCR3-
independent recruitment of sufficient numbers of NK cells for
viral control. This could be CCR2/CCR5-dependent or due to
another chemokine receptor that is up-regulated on NK cells

Days Post Infection

slle
C

K
Nl at oT

C57BL/6 - NDP
C57BL/6 - DP
IFNγR-/- - NDP
IFNγR-/- - DP

1 2 3

600

0

400

200

slle
C

K
NlatoT

10000

0

20000

30000

40000

50000

1 2 3
Days Post Infection

PIP - NDP
PIP - DP
H22 - NDP
H22 - DP

*

0.0

0.1

0.2

0.3

0.4

PIP H22
DPNDP DPNDP

/9lcx
C

seipoc
β

nitca-

****ns

0.00
0.01
0.02
0.03
0.04
0.05

PIP H22
DPNDP DPNDP

/01lcx
C

seipoc
β−

nitca

***ns

0.0

0.1

0.2

0.3

0.4

PIP H22
DPNDP DPNDP

/91lc
C

seipoc
β

nitca-

nsns

0.0

0.5

1.0

1.5

2.0

PIP H22
DPNDP DPNDP

/12lc
C

seipoc
β

nitca-

nsns

0

0.2

0.4

0.6

/9lcx
C

seipoc
β-

nitca

NDP DP NDP DP
PBS

liposomes
clodronate
liposomes

ns
ns

0

1

2

3

/91lc
C

seipoc
β-

nitca

NDP DP NDP DP
PBS

liposomes
clodronate
liposomes

ns

*

NDP DP NDP DP
PBS

liposomes
clodronate
liposomes

0

2

4

6

/12lc
C

seipoc
β-

nitca ns

ns

ns
ns

0.0

0.1

0.2

0.3

0.4

/01L
C

X
C

seipoc
β−

nitca

NDP DP NDP DP
PBS

liposomes
clodronate
liposomes

A

B

C D

Fig. 7. Full NK-cell recruitment requires IFN-γ. (A) Mice deficient for IFN-γ
receptor or age-matched control C57BL/6 mice were infected as before,
and NK-cell recruitment was monitored at the indicated time points in the
nondraining popliteal (NDP) or draining popliteal (DP) LN. A representa-
tive result of two independent experiments is shown. (B and C ) C57BL/6
mice were pretreated with 250 μg per mouse of control (PIP) or IFN-γ
neutralizing (H22) antibody 2 d before infection. (B) NK-cell recruitment
was monitored as previously described at the indicated time points. (D)
C57BL/6 mice were injected in both rear footpads with either PBS- or
clodronate-loaded liposomes 5 d before infection. (C and D) Transcript
analysis of Cxcl9, Cxcl10, Ccl19, and Ccl21 was analyzed by quantitative
PCR. Data were pooled from two independent experiments with two (C ) or

three (D) mice per group for each experiment. Unpaired Student’s t test:
*P < 0.05; ***P < 0.0005; ****P < 0.0001; ns, not significant.
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during active infection. We did not evaluate the latter possibility
because of the low numbers of NK cells in the draining LN and
the procedural concern over FACS sorting of CPXV-infected
samples. Regardless, our preliminary data indicate that LN viral
titers are not affected by the absence of CXCR3. Taken together,
these data suggest that CXCR3 and at least one other chemokine
receptor, such as CCR2/CCR5, may function to recruit NK cells
to the draining LN and limit viral replication following footpad
infection with CPXV.
Another surprising finding suggests additional complexity to our

framework model. Despite the smaller NK-cell population in the
draining LN following treatment with clodronate-loaded lip-
osomes, there was no reduction in the transcript levels of Cxcl9 or
Cxcl10, suggesting that macrophages are not responsible, either
directly or indirectly, for induction of these CXCR3 ligands.
Furthermore, despite continued Cxcl9 and Cxcl10 transcript ex-
pression, NK cells were not recruited in the absence of macro-
phages, suggesting that expression of these chemokines alone is
not sufficient for NK-cell recruitment.
It is possible that the SCS macrophages provide a second signal

required for NK-cell recruitment. For example, because SCS
macrophages are preferentially infected following VV and CPXV
infection, the lack of this population in clodronate-loaded, lipo-
some-treated mice may lead to a lack of pathogen sensing, via
pattern recognition receptors or nuclei acid sensors, for example,
which would otherwise induce production of other mediators that
affect NK-cell recruitment. These mediators could include other
chemokines that are initially required, such as the ligands for
CCR2/5, or proinflammatory factors, such as IL-12 and IL-18
(65). However, CPXV encodes an IL-18 binding protein that
binds with high affinity to murine IL-18, which could potentially
inhibit stimulation of SCS macrophages; thus, it is possible that
SCS macrophage stimulation may occur through an alternate
pathway (41, 65). All together, these results suggest that although
macrophages play an important role following both parasitic and
viral infection, their precise role in poxvirus infection will require
further investigation.
One additional complexity is that viruses encode molecules

that affect chemokine–chemokine receptor interactions and
functions (66). Viral molecules include chemokine receptors,
chemokinemimics, and chemokine binding proteins (CKBPs) that
can bind a wide variety of chemokines andmodulate inflammation.
The poxvirus CKBPs are especially relevant to our studies because
CPXV conserves these molecules. CPXV can bind to chemokines
through their smallpox virus-encoded chemokine receptor (SE-
CRET) domain localized in CrmB and CrmD (67). The CrmB
SECRET domain from variola virus has been shown to bind
with high affinity to human CCL20, CCL25, CCL28, CXCL12b,
CXCL13, CXCL14, and CXL1. Only transcripts for Ccl20 were
found to be up-regulated in our chemokine expression screen, but
the expression of its chemokine receptor, CCR6, was not found on
murine splenic NK cells. Mucosal NKp44+ and IL-2 or IL-15 in
vitro-activated human NK cells do express CCR6, which could
affect NK-cell recruitment following zoonotic CPXV infection of
certain tissues in humans (46). Additionally, CPXV encodes
a protein (vCCI, 35-kDa CKBP) that can bind to the CC family of
chemokines, including both CCL2 and CCL3, with high affinity
(68), which may also explain why we failed to find a defect in NK-
cell recruitment inCCR2- andCCR5-deficientmice.Despite these
complexities, our studies suggest a framework for further study of
NK-cell recruitment in poxvirus infections.
Finally, our studies are likely to be relevant to human infec-

tions. Our footpad inoculation of CPXV mimics contact-medi-
ated spread, the most likely form of viral dissemination for
zoonotic infections both within the rodent host reservoir as well
as to other mammals, including humans. Indeed, zoonotic
CPXV human infection is thought to be mediated through skin
abrasions and is commonly manifested as localized pustular

lesions at the site of inoculation and lymphadenopathy (4–6),
similar to what we observed here after deliberate footpad in-
oculation of mice. Thus, the mechanisms uncovered in this and
future studies may be applicable to humans.

Materials and Methods
Mice. Mice were maintained according to institutional guidelines under
specific pathogen-free conditions. C57BL/6NCr mice and B6-LY5.2/Cr mice
were obtained from the National Cancer Institute. CCR2-deficient (B6.129S4-
Ccr2tm1Ifc/J), CXCR3-deficient (B6.129P2-Cxcr3tm1Dgen/J), and IFN-γ receptor
1-deficient (Ifngr1tm1Agt) mice were obtained from the Jackson Laboratory
and bred in our facility. CCR5 (B6.129P2-Ccr5tm1Kuz N10) KO and C57BL/6
control mice were obtained from Taconic Farms. All mice were on the C57BL/
6 genetic background and were used between 6 and 10 wk of age. Animal
studies were approved by the Animal Study Committee at Washington
University in St. Louis.

Cells and Viruses. CV-1 and Vero cells were obtained from the American Type
Culture Collection (ATCC) and maintained in recommended media. Cowpox
strain Brighton Red and VV Western Reserve were plaque-purified three
times on CV-1 tissue culture cells from laboratory stocks initially obtained
from the ATCC. Viral stocks were amplified in Vero cells and isolated fol-
lowing cell lysis by centrifugation through 36% (g/vol) sucrose solution. Viral
titers of these stocks were assessed by standard plaque assays on confluent
CV-1 monolayers.

Infection. Mice under anesthesia were infected in the right rear footpad with
1.5 × 106 pfu in a 25-μL volume of virus diluted in PBS. At 1, 2, 3, 6, 9, or 12 dpi,
the LN, spleen, kidneys, lungs, liver, feet, and uterus and ovaries were isolated.
Organs that were used to determine viral titers were frozen at −80 °C until
processing, and organs that were used to assess viral genome copies were
frozen at −20 °C until DNA extraction.

Flow Cytometry. For samples analyzed by flow cytometry, LNs and spleens
were crushed in R10 (RPMI, 10% FCS, L-glutamine, and penicillin/strepto-
mycin) through a 70-mm cell strainer. When macrophages were stained,
spleens and LNs were diced and incubated in liberase TL (Roche) for 45 min
at 37 °C at 5% CO2 before being crushed. RBCs in splenocytes were lysed
before staining for flow cytometry. Before extracellular staining, the cells
were stained with cell fixable viability dye (eBioscience).

For flow cytometry analysis, the following antibodies were purchased from
BD Pharmingen: NK1.1 (PK136), NKp46 (29A1.4), CD19 (1d3), CD45.1 (Ly5.1,
clone A20), CD45.2 (Ly5.2, clone104), and CD62L (MEL-14). The following
antibodies were purchased from eBioscience: CD3 (145-2C11), CD11b (M1/70),
F4/80 (BM8), CD49b (DX5), Ly49CIFH (14B11), Ly49AD (12A8), NKG2D (CX5),
CD94 (18d3), and CD127 (A7R34). Surface staining of cells was performed on
ice in staining buffer (3% FBS and 0.1%NaN3 in PBS) with 2.4G2 (anti-FcγRII/III)
to prevent nonspecific antibody binding. Ki67 (B56; BD Pharmingen) was
intracellularly stained with the Mouse FoxP3 Buffer Set (BD Pharmingen).
Flow cytometry data were collected on a FACSCanto using FACSDiva soft-
ware (both from Becton Dickinson) and analyzed using FlowJo software
(TreeStar).

Viral Titers. Traditional plaque assays were done using organ lysates gener-
ated by beat beading three times in 1mL of RPMI. Serial dilutions were plated
in duplicate on confluent CV-1 monolayers grown using minimal FCS. Cells
were stained at 2 dpi using a crystal violet solution, and plaques were
counted. Quantitative PCR was used as a more sensitive measurement of viral
genome copy numbers. DNA was generated from organs and was then
amplified using StepOnePlus (Applied Biosystems) in a 10-μL volume con-
taining 2× Universal PCR Master Mix and No AmpErase UNG (Roche).
Quantitative PCR DNA probes are nonextendable oligonucleotides labeled
with 5′ 6-FAM reporter and 3′ Zen/Iowa Black FQ quencher dyes. Primer/
probe sets were obtained from IDT DNA, and sequences are indicated in
Table S1. Samples were run in duplicate, genome copy number was nor-
malized to β-actin copy number, and numerical values obtained were mul-
tiplied by 1,000.

Depletion. To deplete NK cells systemically, 200 μg of NK1.1 antibody (PK136)
or control antibody (mAR) was injected i.p. 2 d before infection and 4 dpi.
For neutralization of IFN-γ, 250 μg per mouse of H22 antibody or control (PIP)
antibody, a kind gift from the laboratory of Robert Schreiber (Washington
University), was injected 2 d before infection. To deplete macrophages, 50 μL
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of commercially available liposomes (Encapsula) that encapsulated clodronate
or PBS was injected in the footpad 5 d before infection.

Adoptive Transfers. For adoptive transfer experiments, donor splenocytes
were purified from C57BL/6 (CD45.1) or CXCR3 (CD45.2) KO mice and
RBC-lysed. For the pertussis toxin or PBS pretreatment, cells were plated at
a density of 3 × 107 cells/mL in R10 with either 100 ng/mL pertussis toxin or
PBS, incubated at 37 °C in 5% CO2 for 2 h, and then washed four times with
PBS. Before adoptive transfer, cells were labeled with 2.5 μM CFSE (CellTrace;
Invitrogen), washed, and passed through a 40-μm cell strainer; viability
was confirmed by trypan blue exclusion before animals were injected with
a 200-μL volume.

Chemokine RNA Expression. Draining and nondraining LNs were isolated, and
RNA was extracted using TRIzol following the manufacturer’s instructions
(Invitrogen). cDNA was then generated using 500 ng of the isolated
RNA utilizing SuperScript III Reverse Transcriptase according to the manu-
facturer’s protocol (Invitrogen). Quantitative PCR was then performed as
described for viral genome copies, except values were only normalized to

β-actin and were otherwise unmanipulated. Primer/probe set sequences are
indicated in Table S1.

Multiplex Gene Expression Analysis. LNs from CPXV-infected mice were iso-
lated, homogenized in QuantiGene sample processing buffer (Affymetrix),
and then incubated at 65 °C for 30 min before being stored at −80 °C.
Samples were further processed and run using a custom multiplex set of
beads (Affymetrix) for controls and all listed chemokines (Fig. S4) by the
Genome Technology Access Center (Washington University). Chemokine
expression was normalized first to Hprt1 transcripts, and fold change was
assessed by normalizing to the appropriate nondraining LN control. Heat
maps were generated using Jcolorgrid (University of California, San
Francisco) (69).
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