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ABSTRACT

In establishing a respiratory infection, vaccinia virus (VACV) initially replicates in airway epithelial cells before spreading to
secondary sites of infection, mainly the draining lymph nodes, spleen, gastrointestinal tract, and reproductive organs. We re-
cently reported that interferon gamma (IFN-�) produced by CD8 T cells ultimately controls this disseminated infection, but the
relative contribution of IFN-� early in infection is unknown. Investigating the role of innate immune cells, we found that the
frequency of natural killer (NK) cells in the lung increased dramatically between days 1 and 4 postinfection with VACV. Lung
NK cells displayed an activated cell surface phenotype and were the primary source of IFN-� prior to the arrival of CD8 T cells.
In the presence of an intact CD8 T cell compartment, depletion of NK cells resulted in increased lung viral load at the time of
peak disease severity but had no effect on eventual viral clearance, disease symptoms, or survival. In sharp contrast, RAG�/�

mice devoid of T cells failed to control VACV and succumbed to infection despite a marked increase in NK cells in the lung. Sup-
porting an innate immune role for NK cell-derived IFN-�, we found that NK cell-depleted or IFN-�-depleted RAG�/� mice dis-
played increased lung VACV titers and dissemination to ovaries and a significantly shorter mean time to death compared to un-
treated NK cell-competent RAG�/� controls. Together, these findings demonstrate a role for IFN-� in aspects of both the innate
and adaptive immune response to VACV and highlight the importance of NK cells in T cell-independent control of VACV in the
respiratory tract.

IMPORTANCE

Herein, we provide the first systematic evaluation of natural killer (NK) cell function in the lung after infection with vaccinia
virus, a member of the Poxviridae family. The respiratory tract is an important mucosal site for entry of many human pathogens,
including poxviruses, but precisely how our immune system defends the lung against these invaders remains unclear. Natural
killer cells are a type of cytotoxic lymphocyte and part of our innate immune system. In recent years, NK cells have received in-
creasing levels of attention following the discovery that different tissues contain specific subsets of NK cells with distinctive phe-
notypes and function. They are abundant in the lung, but their role in defense against respiratory viruses is poorly understood.
What this study demonstrates is that NK cells are recruited, activated, and contribute to protection of the lung during a severe
respiratory infection with vaccinia virus.

Poxviruses are large, brick-shaped, enveloped viruses, each
containing a linear double-stranded DNA genome (1). Unlike

most other DNA viruses, poxviruses encode transcription and
replication machinery that facilitates their life cycle entirely in the
cytoplasm of the infected cell (1). There are several public health
and biological defense reasons to improve our ability to prevent or
treat poxvirus infections. Poxviruses that can cause disease in hu-
mans are variola virus (VARV), the causative agent of smallpox,
monkeypox, cowpox, and vaccinia virus (VACV) (1–3). Notably,
variola and monkeypox viruses are transmitted to humans by the
respiratory route and cause profound local and systemic patho-
logical conditions with high fatality rates (1, 4). Progressive bron-
chiolitis/bronchopneumonia is considered the most frequent and
serious complication of respiratory infection and is often the cause
of death (4). Despite progress in understanding viral determinants
of pathogenicity, we still lack crucial information on the cellular
and molecular mechanisms of host defense against respiratory
poxvirus infections.

Historically, human smallpox and monkeypox have been
modeled in mice using the highly virulent, mouse-adapted West-
ern Reserve strain of VACV (VACV-WR) (5–9). After inhalation,
VACV-WR infects multiple cell types in the lung, including alve-
olar macrophages (10), dendritic cells (DCs) (11), and bronchio-

lar and alveolar epithelial cells (12). Over the next few days, the
virus replicates exponentially in the lung, resulting in perivascular
and peribronchial inflammation, hypertrophy and hyperplasia of
epithelial cells, and diffuse alveolar damage (9). Notably, VACV
has the capacity to enter the bloodstream and disseminate to many
organs, including lymph nodes, brain, liver, kidneys, spleen, gas-
trointestinal tract, and reproductive organs (9). After replicating
in these organs, high levels of VACV are again shed into the blood,
resulting in a secondary viremia that closely mimics human dis-
ease (9). In general, it is believed that recovery from a respiratory
VACV infection requires a tightly coordinated response by both
the innate and adaptive immune systems. In this regard, a limited
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number of studies have shown that pattern recognition receptors
(13–16), alveolar macrophages (10), and dendritic cells direct the
early response to VACV (11, 17, 18). As the adaptive immune
response develops, virus-specific CD8 T cells play a vital role in
restricting lung pathology and virus dissemination to visceral tis-
sues and are necessary for complete clearance of virus and protec-
tion against death (19). CD8 T cells contribute to this protective
immunity via the release of interferon gamma (IFN-�) (20), and
there is evidence that IFN-� is sufficient to protect mice in the
absence of CD4 T cells and B cells (20). In the context of early
infection, IFN-� mRNA and total protein are elevated in the lungs
of immunocompetent animals in the first 72 to 96 h after VACV
infection (20), which is before any virus-specific T cells can be
detected in the lung (19, 20). Although the critical cellular source
of IFN-� in late infection is now recognized as VACV-specific
CD8 T cells (20), the cellular source and relative importance of
early IFN-� in the lung remains unclear.

Natural killer (NK) cells are large, granular innate lymphocytes
that, in contrast to naive T cells, transcribe and modify the IFN-�
gene during early development in the bone marrow (BM) (21).
Consequently, mature tissue-resident NK cells are poised to re-
lease IFN-� within minutes to hours of infection (21). Among
peripheral tissues, the lung contains the largest percentage of NK
cells, indicating potential crucial involvement of NK cells in respi-
ratory infections (22). Indeed, NK cells have been implicated in
early defense against several viral (respiratory syncytial virus
[RSV] and influenza) and bacterial (Mycobacterium tuberculosis
and Bordetella pertussis) pathogens that cause pneumonia (23–
25). NK cells may participate in defense against respiratory patho-
gens via various mechanisms, including direct lysis of infected
cells, production of chemokines that amplify the host’s inflamma-
tory response, production of antiviral cytokines, such as IFN-�
and tumor necrosis factor alpha (TNF), and activation of DCs that
mediate T cell differentiation and trafficking to the lung (23, 26).
In some instances, particularly during more severe respiratory in-
fections, NK cells can be responsible for acute lung immune injury
and mortality (27–29). While these studies suggest that NK activ-
ities can lead to both beneficial and deleterious outcomes, the role
of NK cells and innate IFN-� and their relationship in early host
defense against respiratory poxvirus infection have not been di-
rectly investigated. In the present study, we performed a thorough
characterization of the NK response induced in the lung microen-
vironment following respiratory VACV-WR infection. We report
that NK cells proliferate and display a highly activated phenotype
in the lung after VACV infection. Early in infection, NK cells are
the main population of innate immune cells in the lung capable of
producing IFN-�. We provide evidence that NK cells can limit
both VACV replication and its spread from the lungs and that
IFN-� is an important mediator in this process.

MATERIALS AND METHODS
Ethics statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the Animal Welfare Act and the National Institutes of Health
guidelines for the care and use of animals in biomedical research. All
animal protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Florida, Gainesville, FL (OLAW
assurance number A3377-01).

Mice. Eight- to 12-week-old female wild-type (WT) C57BL/6J, inter-
feron gamma reporter with endogenous poly(A) transcript (GREAT),

RAG�/�, and RAG�/� common � chain�/� mice were purchased from
Jackson Laboratory, USA.

Vaccinia virus and stock preparation. Vaccinia virus Western Re-
serve (VACV-WR) was purchased from the American Type Culture Col-
lection (ATCC) and grown in HeLa cells, and then the titer was deter-
mined on VeroE6 cells as described previously (30).

Respiratory VACV-WR infection model. Naive mice were anesthe-
tized by isoflurane inhalation and infected intranasally (i.n.) with 1.25 �
104 PFU, with daily measurements of body weight, lung pathology, and
survival as described previously (19, 31). No animals were allowed to die
of natural causes; therefore, the time of death indicated on the survival
curves is the time at which an animal was euthanized due to severe disease
(weight loss of �25%). Body weight was calculated as the percentage of
the weight for each mouse on the day of challenge.

VACV-WR titer assay. After VACV infection, specified tissues from
individual mice were homogenized and sonicated for 1 min, with a pause
every 10 s, using an ultrasonic cleaner (1210 Branson). Serial dilutions
were made, and virus titers were determined by plaque assay on confluent
VeroE6 cells (32).

Peptides and tetramers. We utilized the VACV-WR peptide B8R (po-
sitions 20 to 27; TSYKFESV) to stimulate CD8 T cells (33, 34). Major
histocompatibility complex (MHC)/peptide tetramers containing the
B8R peptide (positions 20 to 27; TSYKFESV)/H-2Kb, conjugated to allo-
phycocyanin (APC), were obtained from the National Institutes of Health
Tetramer Core Facility (Emory University, Atlanta, GA).

Flow cytometric analysis. All tissues were aseptically removed from
euthanized mice, and single-cell suspensions were prepared by mechani-
cally dispersing the tissues through 70-�m cell strainers (Falcon BD Lab-
ware) into Hanks balanced salt solution (HBSS). Lung tissue was treated
for 45 min at 37°C with 200 �g Liberase TL and 100 �g DNase I grade II
(Roche), followed by treatment for 5 min at 4°C with 5 mM EDTA-sup-
plemented medium. Following red blood cell lysis (Sigma-Aldrich), cells
were resuspended in RPMI 1640 medium (Invitrogen) supplemented
with 10% fetal calf serum (FCS; Omega Scientific), 1% l-glutamine (In-
vitrogen), 100 �g/ml streptomycin, 100 U/ml penicillin, and 50 �M
2-mercaptoethanol (2-ME; Sigma-Aldrich) and enumerated using a BD
automated Vicell counter.

NK cell and T cell staining. Cells were washed with fluorescence-
activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS] and
2% FCS) and incubated with anti-Fc II/III receptor monoclonal antibody
2.4G2 for 15 min at 4°C. After an additional FACS buffer wash, the fol-
lowing antibodies were incubated with the cells for 30 min at 4°C: anti-
bodies to CD4 (RM4-5; BD Pharmingen), CD8 (53-6.7; BD Pharmingen),
CD3ε (145-2C11; eBioscience), CD44 (IM7; eBioscience), CD62L (MEL-
14; eBioscience), and B8R tetramer (NIH tetramer facility) were used to
determine T cell subsets. Anti-mouse antibodies to NK1-1 (PK136;
Southern Biotech), CD49b (DX5; eBioscience), NKp46 (29A1.4, fluores-
cein isothiocyanate [FITC]; eBioscience), CD11b (M1/70; eBioscience),
CD27 (LG.7F9; eBioscience), and CD69 (H1.2F3; eBioscience) delineated
NK cell populations. All samples were acquired on a FACSCanto II or
Fortessa (BD Bioscience) and analyzed using FlowJo (Tree Star).

NK cell IFN-� cytokine production. Briefly, after lysing red blood
cells (RBCs), splenocytes and lung cells from infected mice were plated in
round-bottom 96-well microtiter plates in 200 �l of RPMI 1640 medium
(Invitrogen) supplemented with 10% FCS (Omega Scientific), 1% l-glu-
tamine (Invitrogen), 100 �g/ml streptomycin, 100 U/ml penicillin, and 50
�M 2-ME (Sigma-Aldrich). Cells were then either left unstimulated (me-
dium), or received phorbol 12-myristate 13-acetate (PMA) (100 ng/ml)–
ionomycin (300 ng/ml) or recombinant interleukin-12 (IL-12) (5 ng/ml)
and IL-18 (2.5 ng/ml) and incubated for 1 h at 37°C. GolgiPlug (BD
Biosciences) was then added to the cultures according to the manufactur-
er’s instructions, and the incubation was continued for 4 h. Cells were
then stained with anti-NK1-1 antibody (PK136; eBioscience) or anti-
CD3ε antibody (145-2C11; eBioscience), followed by fixation with Cyto-
fix-Cytoperm (BD Biosciences) for 20 min at 4°C. Fixed cells were sub-
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jected to intracellular cytokine staining in Perm/Wash buffer (BD
Biosciences) for 30 min at 4°C. Cells were stained with anti-IFN-� anti-
body (XMG1.2; eBioscience) for 30 min at 4°C. Samples were analyzed for
their proportion of cytoplasmic cytokines after gating on CD3ε� NK1-1�

cells by using a FACSCalibur flow cytometer and FlowJo software.
In vivo depletion studies. Groups of VACV-WR-infected mice were

depleted of NK1-1� cells with anti-NK1-1 monoclonal antibody (PK136;
BioXcell) (200 �g/mouse) given in one intravenous (i.v.) injection 3 days
before and intraperitoneal (i.p.) injections on day �1 and every 2 days
thereafter until the termination of the experiment. NK cell depletion was
confirmed by flow cytometry of spleen and lung tissues for the presence of
NKp46� CD49b� NK cells.

In vivo IFN-� neutralization. IFN-� was neutralized in VACV-WR-
infected RAG�/� mice by using an anti-IFN-� antibody (clone XMG1.2)
(200 �g/mouse) given in one i.v. injection 3 days before and i.p. injections
on day �1 and every 2 days thereafter until the termination of the exper-
iment.

Immunofluorescence studies. At the times indicated below, VACV-
infected lungs were inflated with 500 �l 50/50 OCT-PBS embedding so-
lution and immediately snap-frozen on dry ice. Six-micrometer-thick
cryosections of OCT-embedded lung and spleen tissues were cut using a
Microtome HM 505E cryostat and prepared on SuperFrost glass slides for
immunofluorescence microscopy. Each cryosection slide was washed
with 1 ml PBS, fixed with 4% paraformaldehyde for 15 min at 4°C, and
subsequently permeabilized with 0.1% Triton X-100 for 5 min at 4°C. The
sections were washed with cold PBS and incubated overnight in the dark
at 4°C with rat anti-mouse NK1.1 phycoerythrin (PE)-conjugated anti-
body and 500 ng/ml DAPI (4=,6-diamidino-2-phenylindole; Calbi-
ochem). Sections were washed three times with PBS, mounted with Cy-
toseal, and covered with glass coverslips. The stained lung and spleen
sections were observed and analyzed at wavelengths of 488 nm for yellow
fluorescent protein (YFP) (green), 543 nm for PE (red), and 405 nm for
DAPI (blue) staining, as described previously (35). Using an EVOS fl
(Advanced Microscopy Group inverted immunofluorescence micro-
scope), images were captured by 20� and 40� objectives, keeping all the
conditions of microscopy and software settings identical for all treatments
and controls.

Statistical analysis. Tests were performed using Prism 5.0 (GraphPad,
San Diego, CA). Statistics were done using the two-tailed, unpaired Stu-
dent’s t test with 95% confidence intervals unless otherwise indicated.
Two-way analysis of variance (ANOVA) was used to determine differ-
ences in weight loss profiles, and the Mantel-Cox test was utilized for
survival analysis. Unless otherwise indicated, data represent the mean
results � standard errors of the means (SEM); a P value of 	0.05 is
considered statistically significant.

RESULTS
VACV-WR infection of the lung elicits a robust NK cell re-
sponse. It is known that vaccinia virus (VACV) is a potent inducer
of IL-12 and IL-18 (36), which can augment NK activity (37). We
were interested in determining whether control of primary respi-
ratory VACV infection in immunocompetent mice correlated
with the presence and/or recruitment of NK cells to the site of
infection. To do this, cohorts of naive, wild-type (WT) C57BL/6
mice were infected intranasally (i.n.) with the highly virulent,
mouse-adapted VACV Western Reserve strain (VACV-WR)
(1.25 � 104 PFU), and the kinetics of NK cell recruitment to the
lung and peripheral tissues were determined.

In mice, NK cell-committed progenitors have a CD122� CD3�

phenotype and differentiate into mature NK cells through the
sequential acquisition of cell surface receptors such as NKp46
(also known as CD335), NK1.1 (a C-type lectin, also called NKR-
P1C), CD11b (Mac-1 
; integrin 
M chain), and CD49b (
2 in-
tegrin; recognized by DX5 monoclonal antibody) (38). Our gating

strategy for identifying NK cells in the lung and spleen is shown in
Fig. 1A. Dead and doublet cells were excluded through the acqui-
sition of Live/Dead violet dye and forward and side scatter char-
acteristics. Initially, we identified NK cells as CD3� NKp46� cells,
because NKp46 has been found to be the most useful inclusive
marker for NK cells for mice (39). In uninfected mice, a sizeable
fraction of CD3� cells recovered from the lung (Fig. 1B, top) and
spleen (Fig. 1C, top) expressed NKp46. The majority (�90%)
of CD3� NKp46� cells coexpressed markers, including
CD11bhigh/bright, associated with developmentally mature cells
(40) (Fig. 1B and C, top), NK1.1, and DX5 (Fig. 1B and C, bottom)
(41, 42). As the VACV-WR infection proceeded, the relative fre-
quency of NKp46� cells recovered from the lung increased be-
tween days 1 and 4, peaked between days 4 and 6, and contracted
by day 8 (Fig. 1B), a time point that correlated well with virus
clearance (19). In contrast, the frequency of splenic NK cells did
not change significantly over the course of VACV infection (Fig.
1C). Translating these frequencies into total numbers, we ob-
served that the absolute number of NK cells recovered from the
lung increased by approximately 6- to 7-fold, compared to 2- to
3-fold in the spleen (Fig. 1D and E).

To extend our flow cytometry data, we also evaluated how
VACV infection alters the frequency and localization of NK cells
within the lung tissue. In naive WT mice, few NK cells were spo-
radically dispersed in the lung parenchyma (Fig. 2A, day 0). In
striking contrast, on day 4 p.i., high numbers of NK1.1� cells
could be readily visualized in the lamina propria of bronchioles, in
the surrounding connective tissue, and in the interalveolar septa
(Fig. 2B). These cells were seen as both scattered and in clusters.
Thus, a nonlethal respiratory VACV-WR infection triggered a vig-
orous NK response within the parenchymal and peribronchiolar
regions of the lung.

NK cells proliferate and become activated during respiratory
VACV-WR infection. Next, we assessed whether the accumula-
tion of NK cells in the lung and spleen was due to an increase in
total numbers of NK cells or reflected an increase in a specific stage
of maturation in response to respiratory VACV infection. To do
this, CD3� NK1.1� NK cells were examined for cell surface ex-
pression of CD27, a TNF receptor superfamily member that de-
fines distinct maturation and functional NK cell subsets when
combined with CD11b (43, 44). When these two markers are an-
alyzed in combination, three major NK cell subsets can be identi-
fied: an early mature population characterized as CD11blow

CD27high (Fig. 3A, upper left quadrants); an intermediate popu-
lation defined as CD11bhigh CD27high (Fig. 3A, upper right quad-
rants); and finally, a terminally differentiated CD11bhigh CD27low

NK cell population (Fig. 3A, lower right quadrants). At steady
state, the terminally differentiated CD11bhigh CD27low population
comprised more than 90% of total lung-resident NK cells, which
was a substantially higher fraction than was found in spleen tissues
(�70%) or bone marrow (BM) (10 to 15%) (Fig. 3A, day 0).
Interestingly, approximately 10% to 25% of tissue (lung, spleen,
and BM)-resident NK cells were undergoing homeostatic prolif-
eration, as shown by costaining for the cell cycle-specific protein
Ki67 (Fig. 3B, day 0). VACV infection did not substantially alter
the proportions of CD27high and CD27low NK cell subsets within
the lung, spleen, or BM but did induce extensive proliferation of
both CD27high and CD27low cells as early as day 4 postinfection
(p.i.). Strikingly, by day 6 of infection, the majority (80 to 90%) of
NK cells trafficking to or within each tissue were actively prolifer-
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ating. These data imply that VACV-induced cell proliferation is in
part responsible for the increase in total numbers of NK cells ob-
served in each tissue.

To further assess the activation status of NK cells in VACV-
infected tissues, we monitored the expression of the early activa-
tion marker CD69. At the peak of the NK response to VACV, a
large proportion of NK cells present in the lung had upregulated
CD69 (Fig. 3C). Furthermore, NK cells from VACV-infected mice
displayed high expression levels of the key activation molecules
CD44, CD43, and KLRG-1. Thus, NK cells responding to an acute
respiratory VACV infection display signs of phenotypic activa-
tion.

Functional activity of NK cells during primary VACV infec-
tion. To assess the relationship between maturation and cytolytic
function, we assessed whether the expression of cytolytic effector
molecules by NK cells was affected by VACV. As expected, low
percentages of NK cells obtained directly from uninfected lungs
and spleen were positive for granzyme B (Fig. 4A, day 0), CD107a
(Fig. 4B, day 0), and perforin (not shown). In sharp contrast,
without in vitro restimulation, NK cells from infected mice ex-

pressed high levels of intracellular granzyme B (Fig. 4A, day 4),
CD107a (Fig. 4B, day 4), and perforin (not shown). Most signifi-
cantly, freshly isolated lung NK cells but not spleen NK cells
showed signs of extensive degranulation (as measured by cell sur-
face expression of CD107a) on day 4 (�25% of total NK cells)
(Fig. 4B, day 4) and day 7 of infection (�75% of total NK cells)
(not shown).

In addition to their direct cytotoxic effector function, NK cells
have been considered to be an important early source of IFN-� in
antiviral immune responses. The production of IFN-� by NK cells
in the lung may be highly relevant, as IFN-� is known to limit
VACV replication in the lung and prevent virus dissemination to
visceral tissues (20). Therefore, we analyzed NK cells for their
capacity to produce IFN-� in response to a respiratory VACV
infection. On day 3 or 7 of infection, total lung and spleen cells
were harvested and stimulated directly ex vivo for 5 h with phorbol
12-myristate 13-acetate (PMA) and ionomycin or left unstimu-
lated. As IL-12 and IL-18 can directly induce NK cells to produce
IFN-� (45, 46), we also stimulated lung and spleen cells with both
cytokines. Without ex vivo stimulation, few IFN-�-expressing NK
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FIG 1 Lung and splenic NK cell responses to a respiratory VACV-WR infection. Wild-type C57BL/6J mice were infected intranasally with 1 � 104 PFU of
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cells (	1%) could be detected in either the lung (Fig. 4C) or spleen
(Fig. 4D). In contrast, PMA-ionomycin or IL-12 plus IL-18 readily
induced IFN-� production in lung and splenic NK cells; however,
the combination of IL-12 plus IL-18 was far superior to treatment
with PMA-ionomycin (Fig. 4C and D). This was reflected in both
the percentages (Fig. 4C and D) and absolute numbers (not
shown) of IFN-�-positive NK cells present in the lung and spleen
of VACV-infected mice. Compared with spleen cells, a greater
percentage of lung NK cells were capable of producing IFN-�,
which is consistent with the respiratory nature of the infection.
Taken together, these results demonstrate that the large number
of NK cells that accumulate in the lung prior to viral clearance
display many of the phenotypic and functional markers that
would be consistent with an ability to mediate direct cytolytic
activity and to produce IFN-� when the appropriate signals were
presented.

IFN-� expression in natural killer cells precedes lung CD4
and CD8 T cell recruitment in response to VACV infection. To
determine directly whether NK cells were producing IFN-� within
the lung microenvironment, we utilized the interferon gamma
reporter with endogenous poly(A) transcript (GREAT) mouse.
These mice possess an internal ribosome entry site-enhanced yel-
low fluorescent protein (IRES-eYFP) reporter cassette inserted
between the translational stop codon and 3= untranslated region
(UTR)/poly(A) tail of the interferon gamma gene (Ifng) (47). This
allows precise identification of cells that have transcribed Ifng in
vivo in response to VACV-WR infection without the need for in
vitro restimulation. As expected, very few eYFP-positive (eYFP�)
(i.e., IFN-��) CD4 or CD8 T cells were detectable in the lungs
of naive mice. In striking contrast, in GREAT (B6.129S4-
Ifngtm3.1Lky/J) mice, approximately 50% of lung- and spleen-resi-
dent NK cells were eYFP� (Fig. 5A, day 0). In response to VACV
infection, the numbers of eYFP� NK cells in the lung and spleen
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increased, peaking between day 3 and day 6 and then declining
nearly to background levels over the next 7 days (Fig. 5A and B).
eYFP� NK cells were readily visualized in lung parenchyma (Fig.
5E) and in splenic red pulp, white pulp, and bridging channels
(Fig. 5F). The numbers of eYFP� CD8 T cells increased �56-fold
between day 3 and day 6 and peaked during the resolution of
infection (days 6 to 9) (Fig. 5C). Recruitment of eYFP�CD4 T cells
to the lung followed kinetics similar to those of eYFP� CD8 T cells
(Fig. 5D). Of note, despite similar proportions of eYFP� cells be-
tween CD4 and CD8 T cell populations at the acute stage of infec-
tion, the total number of eYFP� CD8 T cells was approximately
10-fold higher than the number of eYFP� CD4 T cells (Fig. 5C and
D). We did not detect any eYFP� B cells, inflammatory mono-
cytes, macrophages, eosinophils, neutrophils, or dendritic cells in
the lung at any time points analyzed (Fig. 6). Thus, these data
provide compelling evidence that NK1.1� cells in the lung ex-
pressed IFN-� before CD4 or CD8 T cells did, consistent with the

idea that NK cells are among the early effectors activated in the
lung after respiratory VACV infection.

Depletion of NK cells leads to an increase in VACV replica-
tion in the lung but does not alter eventual viral clearance. To
determine whether the emergence of highly activated NK cells in
lung tissue and their secretion of IFN-� in these sites contributed
to virus control and recovery, groups of WT mice were depleted of
NK cells using a previously well characterized monoclonal anti-
body (MAb) to NK1.1 (PK136) (48). We injected anti-NK1.1
MAb 1 day before and every 48 h after intranasal infection with
VACV-WR, which resulted in robust elimination of NK cells in
the lung and spleen (Fig. 7A). Contrary to our expectations, NK
depletion did not modify the kinetics of the initial weight loss (Fig.
7B, days 0 to 7), recovery (Fig. 7B, days 7 to 14), or survival profiles
of VACV-infected mice (Fig. 7C).

Although we did not see any role for NK cells in the recovery
phase of infection, we reasoned that they might be crucial for early
control of VACV in the lung and that weight loss measurements
may not accurately reflect subtle changes in viral titers during this
phase of the response. In immunocompetent hosts, viral titers in
the lung increase 1 to 2 days postinfection, reach a maximum at 3
to 5 days, start to decline at day 7, and are cleared between day 9
and day 14 (19). Early (day 2) p.i., the viral titers in the lungs of
WT and NK cell-depleted mice were identical (not shown). As
viral replication reached more significant levels at day 4 p.i., there
was a trend toward increased viral loads in NK cell-depleted ani-
mals, but these did not reach statistical significance (Fig. 7D). At
day 6 p.i., a time point at which peak numbers of IFN-�� NK cells
occur in the lung, a significant increase in VACV titer was ob-
served in anti-NK1.1 antibody-treated mice, and this high titer
continued in some animals through to day 9. Despite this, both
NK cell-depleted and untreated, NK cell-sufficient WT controls
cleared VACV between day 9 and day 11, directly correlating with
the kinetics of weight loss recovery. To further assess the antiviral
activities of NK cells, we investigated the dissemination of VACV
from the lung to peripheral tissues. At day 4 p.i., there was an
increase in VACV titers in ovaries isolated from 5 of 13 NK cell-
depleted mice (Fig. 7E). Again, VACV titers continued to increase
over the next 2 days but were minimally detectable by day 9 (Fig.
7E). Notably, NK depletion did not affect all organs, because an
increase in infectious virus was not found in the liver, spleen,
heart, or kidneys (not shown). These data suggest that NK cells
provide a temporary barrier limiting VACV replication and dis-
semination during the acute phase of infection.

Delayed clearance of VACV from the lungs of NK cell-de-
pleted mice is not due to impaired CD8 T cell responses. In ad-
dition to their direct cytolytic activity, NK cells also provide helper
signals for CD8 T cells by inducing DC maturation and cytokine
production (26). Because both NK cells and CD8 T cells are re-
quired during the acute phase of VACV infection (19), it was
possible that the increased viral titers observed in NK cell-depleted
mice were related to impaired activation and/or recruitment of
CD8 T cells to the lungs. Thus, we performed a number of pheno-
typic and functional analyses to quantitate the extent of CD8 T cell
priming in the absence of NK cells. Analysis of virus-induced total
CD8 and CD4 T cells in NK cell-depleted mice showed no signif-
icant differences from untreated control mice (Fig. 8A and B). To
assess the induction of virus-specific CD8 T cells, the immuno-
dominant VACV-reactive population was tracked with a tetramer
containing the B8R (positions 20 to 27; TSYKFESV) peptide (33,
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34) (Fig. 8C and D) and by IFN-� production following stimula-
tion with the B8R peptide epitope (not shown). Again, we found
that the percentages and total numbers of B8R-reactive CD8 T
cells in the lung (Fig. 8C) and spleen (Fig. 8D) were comparable
between NK cell-depleted and control mice. This showed that NK
cell help was not required for the generation and migration of
VACV-reactive CD8 effector T cells to the lungs.

NK cells and innate IFN-� are required for virus control and
prolong survival of VACV-infected T cell-deficient mice. We
next asked whether NK cells and IFN-� contribute to the host
immune response to respiratory VACV infection in the absence of
T lymphocytes. To do so, we examined RAG�/� mice that contain
NK cells but lack T and B cells due to the deletion of the recombi-
nation activation gene. We first determined the magnitude and
quality of the NK cell response in RAG�/� mice. Utilizing the
same gating strategy as described in the legend to Fig. 1, we ob-
served that following high- (1.25 � 104 PFU) or low-dose (1.25 �
103 PFU) VACV infection, greater frequencies and absolute num-

bers of lung NK cells were found in RAG�/� mice than in WT
controls (Fig. 9A). Importantly, lung NK cells proliferated
(Fig. 9B), displayed an activated phenotype (Fig. 9B), and rapidly
expressed intracellular IFN-� following ex vivo stimulation with
either PMA-ionomycin or IL-12 plus IL-18 (Fig. 9C). The effect of
T and B cell deficiency on the induction of total lung IFN-�
mRNA levels was also examined by real-time reverse transcription
(RT)-PCR. At day 9 p.i., a time point at which peak IFN-� mRNA
expression and protein levels are seen in WT mice (20), compara-
ble IFN-� mRNA levels were observed in the lungs of RAG�/�

mice (Fig. 9D). Enhanced IFN-� mRNA expression in RAG�/�

mice correlated with a marked influx or proliferation of NK cells
within lung tissue seen at day 9 p.i. (Fig. 9A), suggesting that NK
cells are the major cellular source of IFN-� in RAG�/� mice. As
expected, no IFN-� mRNA expression was detected in lungs iso-
lated from VACV-infected RAG-2�/� IL-2 receptor � common
chain�/� (�c

�/�) mice, which are deficient in NK cells, as well as T
and B cells (Fig. 9D).
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WT mice infected with 1.5 � 103 PFU of VACV-WR experi-
enced moderate weight loss (10 to 15%) but quickly recovered and
went on to maintain normal weight after day 11 p.i. (Fig. 10A). In
sharp contrast, RAG�/� mice were found to be highly susceptible
to infection (Fig. 10A). By day 9 p.i., RAG�/� mice exhibited
severe cachexia and immobility, which resulted in 100% mortality
by day 17 postinfection (Fig. 10B), despite the presence of sub-
stantially higher NK cell numbers than in WT mice (Fig. 9A).
Correlating with increased susceptibility, RAG�/� mice exhibited
elevated titers of infectious virus in their lungs (Fig. 10C) and
ovaries (Fig. 10D) compared with the levels in WT controls. These
results clearly demonstrate that lymphocytes are required to clear
VACV from the lung and complement our recent studies showing
that CD8 T cells are the lymphocyte subset required for protection
against respiratory VACV infection.

To formally test whether NK cells are required for T cell-inde-
pendent resistance to VACV infection, we compared the degrees
of susceptibility of anti-NK1.1 MAb-treated and untreated
RAG�/� mice to VACV infection. We found that RAG�/� mice
depleted of NK cells developed accelerated clinical manifestations
and succumbed more rapidly to infection than did untreated NK
cell-sufficient RAG�/� controls (Fig. 10A and B). No NK cell-
depleted RAG�/� mice survived past day 12 after infection (Fig.
10B). Again correlating with our weight loss and survival data, the
VACV titers in the lungs (Fig. 10C) and ovaries (Fig. 10D) were
significantly higher in NK cell-depleted RAG�/� mice than in NK-
competent WT and RAG�/� controls. Likewise, IFN-�-depleted
RAG�/� mice failed to control VACV replication in the lungs and
ovaries, developed clinical symptoms similar to those observed in
NK cell-depleted RAG�/� mice, and succumbed to infection by
day 10 (Fig. 10A to D). Together, these results provide compelling
evidence that NK cells in the absence of T and B cells can partici-
pate in the innate immune response to respiratory VACV infec-
tion and indicate that IFN-� is an important mediator in this
process.

DISCUSSION

In the present study, we have identified an NK cell- and innate-
IFN-�-mediated mechanism of host resistance to respiratory

VACV infection. Previous studies of the host adaptive immune
response to respiratory VACV infection have indicated that traf-
ficking of virus-specific CD8 T cells into the lung tissue and their
secretion of IFN-� in these sites is necessary for complete clear-
ance of virus from the lungs of infected mice and for protection
against death (19, 20). VACV-specific CD8 T cells begin entering
the lung at day 4.5, increase significantly by day 6 postinfection,
and reach peak numbers by day 10 (19, 20). In contrast, we found
that the frequency of NK cells in the infected lung tissue increased
over the first 2 days postinfection, peaked between days 4 and 6,
and decreased thereafter. Proliferation of NK cells trafficking to or
within the lung was associated with increased expression of acti-
vation and maturation markers. Moreover, lung-resident NK cells
expressed high levels of cytolytic effector molecules (perforin and
granzyme B) and were the main source of innate IFN-� before the
arrival of CD8 T cells. We show that the prominent role of local
IFN-� release by NK cells is to limit VACV replication during the
time needed for optimal expansion and migration of virus-specific
CD8 T cells to the lung, where there are few resident CD8 T cells in
naive mice. Together, our observations indicate that recovery
from a highly virulent respiratory poxvirus infection requires a
coordinated response by both NK cells and cytotoxic CD8 T lym-
phocytes.

The majority of what we know about the role of NK cells in
recovery from primary infection with poxviruses has been drawn
from footpad or i.v. inoculation of mice with ectromelia virus
(ECTV; mousepox) (49–54). In the footpad model, ECTV rapidly
spreads from the initial site of infection through the draining pop-
liteal lymph nodes and the lymphatics to reach the spleen and liver
(9, 55). Depletion of NK cells before or soon after infection leads
to an increase in viral titers in both liver and spleen as early as day
4 and eventual death of the animals by day 7 to 10 (52, 53, 56).
Notably, the antiviral activity of NK cells appears to be essential
only in the first 5 days of infection (56), as depletion of NK cells
after this time has little impact on disease outcome (56). These
results and others (reviewed by Burshtyn [54]) obtained after sys-
temic (i.v. or i.p) infection with relatively high infectious doses of
VACV (106 to 107 PFU) support the view that NK cells are gener-
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ally required in the early phase of poxvirus infection to limit viral
spread from the initial site of infection and to prevent death.

The data presented in the current study indicate different out-
comes when VACV enters the host via the respiratory tract. We
found that VACV infection in the lung of NK cell-depleted mice
exhibited different kinetics of viral clearance than ECTV or sys-
temic VACV infection. Unlike ECTV and systemic VACV infec-
tion, nearly equivalent titers of VACV were observed in the lungs
of NK cell-depleted and control mice during the early phase (days

2 to 4) of infection. It was not until day 6 or day 9 postinfection
that NK cell-depleted mice showed much higher titers than NK
cell-competent control animals. Despite this, NK cell deficiency
appeared to have no impact upon viral clearance or survival. A
similar conclusion was recently made following footpad infection
with cowpox, where systemic depletion of NK cells resulted in
substantially higher viral titers in the draining popliteal lymph
nodes but had no effect on morbidity and mortality (57). The
overall influence of NK cells on host survival as a consequence of
poxvirus infections is not known for certain, but there are data to
suggest it might be related to the impact of NK cells on adaptive
immunity. For example, following ECTV infection, virus-specific
CD4 and CD8 T cell proliferation and cytokine production are
dramatically reduced in the absence of NK cells (56). Similarly, it
has been well documented in influenza virus infection that deple-
tion of NK cells results in defective CD8 T cell responses, with a
concomitant increase in morbidity and mortality (58). In con-
trast, we found no evidence for this being the case in the context of
a respiratory VACV infection. Indeed, many features of VACV-
specific T cell responses, including activation, expansion, effector
function, and migratory capacity, were completely intact in the
absence of NK cells. Whether NK cells influence the development
of cowpox-specific CD8 T cells is not known; however, following
a respiratory murine gammaherpesvirus-68 (MHV-68) (59) in-
fection—another model where NK cells are not required for anti-
viral T cell responses— depletion of NK cells did not have any
effect on recovery and survival. These studies suggest that there are
markedly different roles for NK cells following infection with dis-
tinct viruses.

Convincing evidence of the importance of NK cells in innate
immunity to respiratory VACV infection was provided by the ob-
servation that NK depletion in lymphopenic RAG�/� mice re-
sulted in substantially higher lung viral titers, as well as increased
dissemination of VACV to the ovaries, compared with the lung
viral titers and viral dissemination in NK cell-competent RAG�/�

mice. Of significance, we found that NK cell-depleted RAG�/�

mice succumbed more rapidly to infection than NK cell-compe-
tent RAG�/� controls. These results establish the existence of an
NK cell-mediated, T and B cell-independent mechanism of host
defense against respiratory VACV infection. NK cells mediate
their antiviral effects through the release of cytolytic granules, the
induction of target cell death through cell surface receptors, or the
production of antiviral cytokines (60). Following respiratory
VACV infection, we found considerable increases in intracellular
granzyme and perforin expression and cell surface CD107a. The
expression of CD107a by NK cells indicates a recent release of
cytolytic granules (61), suggesting that they may have used perfo-
rin/granzyme B-mediated killing to limit VACV replication in the
lungs. However, in our earlier study, we found no difference in the
course of respiratory VACV infection in mice deficient in perforin
(20). Complete recovery was also seen in the absence of FAS-,
FASL-, or TRAIL-mediated lysis (20). In striking contrast, mice
deficient in or depleted of IFN-� at the time of VACV infection
were highly susceptible to a respiratory infection by VACV-WR
(20). Consistent with this, we found that neutralization of IFN-�
in VACV-infected RAG�/� mice abolished the resistance of con-
trol mice to this virus, closely mirroring the response observed in
NK cell-depleted RAG�/� mice. Using IFN-� eYFP reporter
and NK cell-deficient RAG�/� (RAG�/� �c

�/�) mice, we found
that NK cells were the main source of innate IFN-� in lungs of
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infected animals. These results point toward the release of IFN-�
as the critical nonredundant component of NK cell-mediated host
resistance to respiratory VACV infection. Interestingly, NK cells
limit ECTV spread from the popliteal lymph nodes to the liver
using both perforin-mediated killing of infected cells and release
of IFN-� (53, 56). Thus, the relative importance of these alterna-
tive antiviral pathways appears to depend on the poxvirus infec-
tion model being studied, which is likely a reflection of key differ-
ences in virus-specific (virulence mechanisms) and host-specific
(genetic background, cytokine microenvironment, and inhibi-
tory/stimulatory receptors) factors in distinct target tissues.

Of importance in the current study is the observation that in-
tranasal inoculation with as few as 103 PFU of VACV in RAG�/�

mice resulted in widespread and persistent infection and eventual
death by day 17. Remarkably, this occurred despite the presence of
substantially higher (�10-fold) numbers of IFN-�-producing NK
cells in the lung than in WT controls. These results demonstrate
that the NK response alone was not sufficient to resolve a highly
virulent respiratory VACV infection without the help of T cell-
mediated host defense mechanisms. Consistent with this, selective
engraftment of RAG�/� mice with naive polyclonal CD8 T cells
afforded protection against death, closely mirroring the recovery
observed in WT mice (19). In marked contrast, RAG�/� mice that
received CD8 T cells from IFN-��/� mice failed to clear the virus,
and all succumbed to infection (20). Considered collectively, these
results provide compelling evidence that CD8 T cell-derived
IFN-� cannot be functionally compensated for by IFN-� released
by NK cells. Paradoxically, when CD8 T cells from WT mice were
transferred into naive IFN-��/� hosts (20) or, as shown here,
when WT mice were depleted of NK cells, all mice were fully
protected from death, indicating that CD8 T cells are capable of
clearing VACV from the lungs of infected mice in the absence of
either host- or NK cell-derived IFN-�.

We do not know why IFN-� produced by NK cells is not suf-

ficient for recovery from a highly virulent respiratory VACV in-
fection. Of potential interest here are some older studies by Ram-
shaw et al. that suggest that this phenomenon might be related to
the respiratory nature of VACV infection. Accordingly, insertion
of the IFN-� gene into the VACV genome allowed both T cell-
deficient athymic nude and sublethally irradiated euthymic mice
to survive a systemic (i.v.) infection (62, 63). Moreover, NK cell-
derived IFN-�, triggered by recombinant VACV expressing IL-2,
contributed to rapid clearance of infection in nude mice (64–66).
In considering these studies, the simplest explanation for our re-
sults may be that in the absence of T cells, IFN-� levels in the
infected lungs never reach the threshold necessary to completely
eliminate VACV. Although we cannot rule out this possibility, our
observation that IFN-� mRNA is equally induced in the presence
or absence of T cells argues (at least in the context of a respiratory
VACV infection) that IFN-� levels alone do not account for the
failure of NK cells to clear virus. The finding that RAG�/� mice
had greatly increased numbers of IFN-�-producing NK cells com-
pared to the numbers in WT controls also argues against the ab-
solute numbers of lung-resident NK cells as being the major lim-
iting factor of NK function. A more likely explanation for our
results is that restricted accessibility of infectious foci in the lung to
NK cells is responsible for their failure to completely clear virus.
This hypothesis is consistent with a previous report demonstrat-
ing that IFN-� must act in a highly localized manner to prevent
further virus replication in infected cells (64). It will be important
to address the means by which NK cells and T cells reach and
infiltrate lung cells that could function as a reservoir for VACV
replication and to determine why some types of virus infections
are more accessible for NK cells than others.

In conclusion, our studies help to define the precise immune
mechanisms that mediate viral clearance and recovery from pri-
mary poxvirus respiratory tract infection. In addition to the estab-
lished role of CD8 T cell-derived IFN-� in protection against re-
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spiratory VACV infection (20), our findings suggest that IFN-�
production by NK cells limits VACV replication and prolongs
survival but does not eliminate the virus without the help of CD8
T cells. Future studies to define the precise mechanism of this
response will be important for the design of therapeutic interven-
tions against existing and emerging respiratory poxvirus infec-
tions.
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