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IFN-γ is critical for immunity against infections with intracellular
pathogens, such as Salmonella enterica. However, which of the
many cell types capable of producing IFN-γ controls Salmonella
infections remains unclear. Using amousemodel of systemic Salmo-
nella infection, we observed that only a lack of all lymphocytes or
CD90 (Thy1)+ cells, but not the absence of T cells, Retinoic acid-re-
lated orphan receptor (ROR)-γt–dependent lymphocytes, (NK)1.1+

cells, natural killer T (NKT), and/or B cells alone, replicated the highly
susceptible phenotype of IFN-γ–deficient mice to Salmonella infec-
tion. A combination of antibody depletions and adoptive transfer
experiments revealed that early protective IFN-γ was provided by
Thy1-expressing natural killer (NK) cells and that these cells improved
antibacterial immunity through the provision of IFN-γ. Further analy-
sisofNKcellsproducing IFN-γ in responsetoSalmonella indicated that
less mature NK cells were more efficient at mediating antibacterial
effector function than terminally differentiated NK cells. Inspired
by recent reports of Thy1+ NK cells contributing to immune mem-
ory, we analyzed their role in secondary protection against other-
wise lethal WT Salmonella infections. Notably, we observed that
a newly generated Salmonella vaccine strain not only conferred
superior protection comparedwith conventional regimens but that
this enhanced efficiency of recall immunity was afforded by incor-
porating CD4−CD8−Thy1+ cells into the secondary response. Taken
together, these findings demonstrate that Thy1-expressing NK
cells play an important role in antibacterial immunity.
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Intracellular bacteria like Mycobacterium tuberculosis and Salmo-
nella enterica remain serious causes of infections. S. enterica causes

gastroenteritis, typhoid fever, and generalized infections in immu-
nocompromised individuals (1, 2). Although S. enterica is typically
contracted via oral infection, the critical pathological events that
distinguish systemic disease from localized gastrointestinal Salmo-
nellosis occur after its dissemination (3), highlighting the impor-
tance of systemic immune responses for the control of invasive S.
enterica infections. Reports in humans with genetic defects in the
IFN-γ signaling pathway andmousemodels of typhoid fever using S.
enterica serovar Typhimurium (S. Typhimurium) infections, indicate
that IFN-γ is critical for such systemic control ofS. enterica infections
(4–8). Although it is well established that T cells and natural killer
(NK) cells are important sources of IFN-γ, the relative contribution
of these different lymphocytes to the IFN-γ–dependent control of
S. enterica infections remain poorly characterized (9). The obser-
vations that pathogen-specific CD4+ T cells secrete IFN-γ in re-
sponse to Salmonella (10, 11) and that CD4+ T-cell deficiency
impairs clearance of S. Typhimurium (12) led to the extrapolation
that CD4+T cells are the key producers of IFN-γ during Salmonella
infections (9, 13). However, as CD4+ T-cell deficiency results in
a chronic, nonlethal form of Salmonellosis (12), and mice lacking
IFN-γ rapidly succumb to Salmonella infections (4), it appears that
other cellular sources of IFN-γ, such asNK cells, could be important
in the early response against Salmonella infections.

Although earlier studies have suggested a role for NK cells in
Salmonella infection (14–16), the literature on this topic is in-
consistent (17–20). For example, whereas IL-15−/− mice, which
lack classical NK cells and memory CD8+ T cells (21), had en-
hanced bacterial dissemination and succumbed to oral infections
withWT Salmonella (19), anti-NK1.1 antibody treatment impaired
control of Salmonella replication following oral infections with 105

cfu of WT Salmonella but had no effect on infections with higher
doses (20). It was even suggested that neutrophils and macro-
phages, rather thanNK, natural killer T (NKT), or T cells, were the
dominant sources of IFN-γ during primary infection with Salmo-
nella (22). Thus, given this heterogeneity, the present study was
designed to examine the ability of NK cells and T cells to provide
IFN-γ in response to S. Typhimurium and to determine their
contribution to the control of S. Typhimurium infection in vivo.

Results
Thy1+ CD4−CD8− Cells Are Required for Early Control of Salmonella
Infections.To explore the relative contribution of IFN-γ–producing
lymphocytes to early in vivo Salmonella control, we studied the
infection in a range of gene-targeted mouse strains with selective
deficiencies (Table S1). Given our focus on systemic immune
responses, we infected mice i.v. with a low dose of a growth-at-
tenuated ΔaroA ΔaroD S. Typhimurium mutant strain (BRD509)
that closely resembles the course of infection in untreated typhoid
fever patients (9). Rag2−/−γc−/− mice and IFN-γ−/− mice infected
with BRD509 succumbed to the infection within ∼30 d and had
greatly elevated bacterial burden (Fig. 1 A and B), confirming that
lymphocytes and IFN-γ were critically required for early control of
the infection. Consistent with previous reports (23, 24), B cells
were not required since μMTmice had comparable bacterial loads
as B6mice (Fig. 1A andB).While it has been suggested that T cells
play the dominant role in mediating early IFN-γ–dependent con-
trol of Salmonella infection (9, 13), we observed that mice lacking
CD4+T cells (GK1.5Tg), CD4+ andCD8+T cells (GK1.5/2.43Tg),
all T and B cells (Rag1/Je−/−), or NKT cells (CD1d−/−) controlled
Salmonella replication at similar levels to B6mice (Fig. 1A and B).
Moreover, mice lacking the transcriptional regulator ROR-γt,
which is required for the development of IL-17–producing CD4+T
cells and several populations of innate lymphocytes (25), con-
trolled Salmonella replication equally well as B6 mice (Fig. 1B).
Although T cells secreted IFN-γ in response to Salmonella (Fig.
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S1A), these findings indicate that none of these IFN-γ–producing
cells were essential for early control of Salmonella replication.
Given that NK cells were preserved in all of the mice studied, we
surmised that NK cell–derived IFN-γwas sufficient to control early
bacterial replication.
To bypass the potential caveat of unforeseen effects of gene

targeting, we confirmed our findings by antibody depletion studies.
Depleting CD4+ cells in B6 mice by injecting anti-CD4 antibody

(GK1.5) did not affect bacterial counts (Fig. 1B). Similarly, anti-
CD8 treatment of GK1.5Tg mice did not alter bacterial load (Fig.
1C), replicating our observations in GK1.5/2.43Tg mice (Fig. 1B).
However, treatment of GK1.5Tg and GK1.5/2.43Tg mice with
anti-Thy1 antibody significantly impaired Salmonella control, as
shown by increased bacterial counts (Fig. 1C andE) and decreased
serum IFN-γ levels (Fig. 1 D and F). Given that Rag1/Je−/− mice
controlled the infection as efficiently as B6 mice (Fig. 1 A and B),
these results are compatible with Thy1+ non-T and non-B cells
providing IFN-γ to control Salmonella infections.

NK Cell Precursors and Immature NK Cells Express Thy1. Because
Thy1 is expressed on some NK cells (26, 27), it was possible that
Thy1-expressing NK cells were required for early control of
S. Typhimurium in both the GK1.5Tg and GK1.5/2.43Tg mice.
Consistent with this, we found that depletion of Thy1+ cells evoked
a significant reduction in NK cell numbers in both mouse strains
(Fig. 2 A and B). Because little is known about the expression of
Thy1 on NK cells, we examined whether Thy1 expression was as-
sociated with distinct developmental stages of NK cells. For this,
NK cells were segregated into CD27hi CD11blo NK cells (imma-
ture), CD27hi CD11bhi NK cells (mature), and CD27lo CD11bhi

NK cells (terminally differentiated) (28, 29). Although all subsets
contained Thy1-expressing cells, CD27hi NK cells expressed the
highest level of Thy1 (Fig. 2C). Interestingly, this higher expression
of Thy1 also rendered CD27hi NK cells preferentially susceptible
to Thy1 depletion (Fig. 2C). We excluded contamination with
conventional T cells through the use of Rag1/Je−/− mice and T-cell
receptor (TCR)/CD3 staining (Fig. S1C andD). Of note, Thy1 was
also highly expressed on committed NK cell precursors, which can
be identified among CD3−CD4−CD19−β-TCR− cells by the ex-
pression of CD122 (28, 30, 31) and the absence of DX5 and/or
NK1.1 expression (28, 32) (Fig. 2D). Consequently, anti-Thy1
treatment of B6 or GK1.5/2.43Tgmice depleted almost all NK cell
precursors within 48 h (Fig. 2D). Despite their lower Thy1 ex-
pression profile (Fig. 2C), the pool of CD122+DX5+NK1.1+ NK
cells was eventually depleted by anti-Thy1 injections. Because this
was only observed after 2 wk of antibody treatment, these findings
suggest that this was due to impaired replenishment of the termi-
nally differentiated NK cell pool (Fig. 2E). These results provide
unique insights into the dynamics of NK cell turnover and suggest
that Thy1 expression by NK cells is inversely correlated with their
maturation status.
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Fig. 1. Thy1-expressing CD3−CD4−CD8− cells are required for early con-
trol of S. Typhimurium infection. (A and B) C57BL/6, Rag1/Je−/−, Rag2−/−γc−/−,
IFN-γ−/−, CD1d−/−, μMT, ROR-γt−/−, GK1.5Tg, GK1.5/2.43Tg mice were infected
i.v. with 200 cfu S. Typhimurium BRD509. Survival was assessed (A) and/or bac-
terial numbers in the spleenwere determinedon day 21 after infection (B). (C–F)
GK1.5Tg (C andD) andGK1.5/2.43Tg (E and F) micewere injected i.p. with PBS or
antibodies against mouse CD8 (2.43), Thy1 (30-H12), or IFN-γ (HB-170-15). Forty-
eight hours later mice were infected i.v. with 200 cfu S. Typhimurium BRD509.
Injection of depleting antibodies was continued twice weekly for 3 wk. Mice
were culled onday 21after infection, andbacterial numbers (C and E) and serum
IFN-γ (D and F) were assessed. Data are representative of at least two pooled
independent experiments. Individual data points (C–F) and mean ± SEM of at
least six mice per group (B) and at least seven mice per group (A) are shown.
Statistical analyses: pairedStudent t test (E and F) and one-wayANOVA followed
by Bonferroni multiple comparison test (B–D). ***P < 0.001, **P < 0.01.
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Thy1+ NK Cells Produce IFN-γ and Contribute to Salmonella Control in
Vivo. To address whether Thy1-expressing NK cells secreted IFN-γ
in response to S. Typhimurium in vivo, we injected heat-killed
S. Typhimurium into naïve mice to evoke IFN-γ secretion (33).
Approximately two thirds of all splenic NK cells in B6 mice rapidly
produced IFN-γ, which again was not due to T-cell contamination,
becauseRag1/Je−/−mice yielded similar results (Fig. 3A andB). All
IFN-γ–producing NK cells in both B6 and Rag1/Je−/− mice
expressed higher levels of Thy1 relative to IFN-γ− NK cells (Fig.
3B; Fig. S1B), indicating that IFN-γ secretion by NK cells in re-
sponse to Salmonella resided largely with the Thy1+ NK cells. To
assess the contribution of Thy1+ NK cells under circumstances
where Thy1-mediated T-cell depletion could be excluded, we
infected Rag1/Je−/− mice with S. Typhimurium and treated these
mice with anti-Thy1 antibody. Thy1 depletion not only reduced
total NK cell numbers (Fig. 3C) but, critically, also increased
bacterial burden (Fig. 3 E and F) and reduced serum IFN-γ (Fig.
3D). Collectively, these findings support the view that Thy1+ NK
cells are highly efficient at mediating IFN-γ–dependent control of
S. Typhimurium.

Transfer of IFN-γ–Competent NK Cells Improves Salmonella Control in
Rag2−/−γc−/− Mice. Previous suggestions for a role of NK cells were
derived from antibody depletions (16, 17). Considering that some of
these treatments alsodeplete activatedT cells (20, 34), it is difficult to
gauge to what extent the depletion of non-NK cells contributed
to these observations. Similarly, the above experiments cannot ex-
clude a role of other Thy1-expressing cells. We therefore performed
transfer studies to conclusively examine whether NK cells alone
couldmediate Salmonella control.Weused a systemwhereby in vitro
activated NK cells were adoptively transferred into Rag2−/−γc−/−

mice (35). These in vitro activated NK cells expressed CD122, DX5,
andNK1.1 (Fig. S1E) and, upon adoptive transfer, secreted IFN-γ in
response to heat killed S. Typhimurium (Fig. S1F). Remarkably,
Rag2−/−γc−/− mice receiving NK cells contained ∼100-fold fewer
bacteria in the spleen and liver on day 23 after infection (Fig. 4A and
B). The transfer of activated NK cells restored serum IFN-γ levels
(Fig. 4C) and significantly prolonged the survival of Rag2−/−γc−/−

mice (Fig. 4D). Transfer of IFN-γ–deficient NK cells yielded no such
improvement, demonstrating that the protective role of NK cells in
S. Typhimurium infections depended on their provision of IFN-γ.
Together with the observation that protection could also be achieved
by transferring NK cells from Rag1/Je−/− mice, these findings con-
clusively demonstrate thatNK cells improved antibacterial immunity
via the provision of IFN-γ. The observation that the transferred NK
cells expressed bimodal levels of Thy1 (Fig. S1G) also provided an
opportunity to assess whether Thy1+ and Thy1− NK cells played
differential roles in controlling Salmonella infection. Interestingly,
Rag2−/−γc−/− mice transferred with NK cells and subsequently trea-
ted with anti-Thy1 antibodies twice weekly were no longer able to
control the infection (Fig. 4A andB), indicating that protection from
Salmonella infection was critically dependent on Thy1+NK cells but
not Thy1− NK cells. To also address whether NK cells are not only
capable (Fig. 4), but also essential, for controlling Salmonella infec-
tions in WT mice, we infected B6 mice and CD1d−/− mice that
were treatedwith anti-NK1.1 antibodieswithBRD509.Twiceweekly
administrations of anti-NK1.1 antibodies efficiently depleted NK
cells in both mouse strains (Fig. 5A). The depletion of NK1.1+ cells
had no effect on the ability of these mice to control Salmonella
infections (Fig. 5 B andC), suggesting that, although Thy1+NK cells
can potently control Salmonella replication in vivo, other IFN-
γ–producing lymphocytes can compensate for their absence.

Thy1+ NK Cells Are Required for Optimal Vaccine-Mediated Protection.
Given the importance of IFN-γ in recall responses against Sal-
monella (36) and recent reports that Thy1+ NK cells can confer
specific immune memory (27), we assessed whether Thy1+ NK
cells also contributed to protection against secondary Salmonella
infection. Although it is well established that prior infection with
growth-attenuated Salmonella strains, such as BRD509, improves
subsequent control of otherwise lethal WT S. Typhimurium
infections, the degree of such protection is variable (23, 37–39).
Indeed, we observed that only ∼50% of BRD509-infected B6 mice
survived secondary infections with WT S. Typhimurium beyond
10 to 20 d (Fig. 6A). Considering this limited vaccine efficiency of
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BRD509 and that of other growth-attenuated Salmonella strains
with single mutations in a single metabolic pathway (40), we tested
whether manipulations of two or more metabolic pathways might
improve the potential of vaccine strains to confer secondary pro-
tection. We therefore manipulated several metabolic pathways in
Salmonella (Fig. S2) and found that prior infection with Salmo-
nellae carrying mutations in both the Entner-Doudoroff and
Embden-Meyerhoff-Parnas metabolic pathways (Δedd ΔpfkA
ΔpfkB Salmonella) enabled ∼80–90% of B6 mice to survive sec-
ondary WT Salmonella challenges for more than 100 d (P < 0.05;
Fig. 6A). To dissect whether this superior protection afforded by

Δedd ΔpfkA ΔpfkB Salmonella relative to BRD509 was due to
effects on T and/or NK cells, we treated vaccinated and naïve mice
with anti-CD4/CD8, anti-NK1.1, or anti-Thy1 antibodies (Fig. 6 B–
D). As expected, antibody administration had no effect on naïve
mice challenged with WT Salmonella (Fig. 6B). The partial pro-
tection after BRD509 vaccination required CD4+ and/or CD8+ T
cells, because treatment with anti-CD4/CD8 was similarly efficient
as anti-Thy1 antibody in impairing secondary protection (Fig. 6C).
Depletion of NK1.1+ cells alone did not affect the ability of vacci-
nated mice to control the secondary infection (Fig. 6C). In contrast,
however, anti-Thy1 antibody treatment had a much more detri-
mental effect on the survival of Δedd ΔpfkA ΔpfkB Salmonella–
vaccinated mice compared with anti-CD4/CD8 antibody–treated
mice (P < 0.05; Fig. 6D). Together with our observations that anti-
Thy1 treatment impacted NK cell–mediated control of primary
Salmonella infections (Figs. 1–3), these results are compatible with
the view that the superior capacity of Δedd ΔpfkA ΔpfkB Salmonella
to provide secondary protection against virulent Salmonellae was
due to its engagement of Thy1+NKcells in addition to conventional
T cells, although potential contributions by other Thy1-expressing
cells cannot be excluded.

Discussion
Our analysis into the functional role of NK cells and other
lymphocytes during S. Typhimurium infections was driven by
results showing a significant survival advantage of Rag1/Je−/−

over Rag2−/−γc−/− mice. Although previous reports provided
conflicting results on a potential contribution of NK cells to
immunity against Salmonella infections, our adoptive transfer
studies provide clear evidence that NK cells can actively control
Salmonella replication in vivo. The fact that this protection was
dependent on NK cells providing IFN-γ furthermore demon-
strates that IFN-γ–independent cytotoxic mechanisms, medi-
ated by granzymes or perforin (41), were not sufficient for NK
cell–mediated limitation of bacterial replication. These obser-
vations together with the fact that anti-Thy1 antibody treatment
efficiently depleted NK cells call into question previous conclu-
sions regarding a protective role of CD4−CD8− T cells during in-
tracellular infections that were derived from Thy1 depletion
studies (42–45). It was also intriguing to observe that antibody-
mediated depletion of NK1.1+ cells did not impair primary or
secondary Salmonella control in WT mice. Bearing in mind the
absolute requirement for IFN-γ–producing lymphocytes, and our
previous observation that memory CD8+ T cells can also confer
protection (33), the most likely explanation as to why Thy1+ NK
cells were highly potent, but not irreplaceable in immunity against
Salmonella infections, is that one population of IFN-γ–producing
lymphocytes can compensate for the absence of another, as pre-
viously suggested inmodels ofListeriamonocytogenes infection (46,
47). It is tempting to speculate that this flexibility in the functional
contribution of different IFN-γ–producing lymphocytes (NK cells,
T cells) serves to provide a sophisticated host response system with
inbuilt multilayered safeguards.
Thy1-mediated NK cell depletion appeared to be largely the

consequence of the elimination of Thy1-expressing NK cell pre-
cursors and less mature NK cells. Although Thy1loCD27loCD11bhi

NK cells were initially not affected by anti-Thy1 treatment,
these cells were eventually also depleted, most likely because
their replenishment from earlier developmental stages was
blocked. As IFN-γ production by NK cells resided mostly with
Thy1hiCD27hiCD11blo NK cells, our work suggests that termi-
nally differentiated NK cells do not necessarily confer the most
efficient antibacterial activity.
Given that Thy1+ NK cells have been associated with memory

responses to viral infections and haptens (27, 48, 49), we also in-
vestigatedwhether targeting these cells through anti-Thy1 antibody
affected the outcome of secondary responses to Salmonella. Using
different vaccination regimens with growth-attenuated mutants of
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S. Typhimurium, we made several important observations. First,
BRD509-affordedprotection fromWT infectionwas not as striking
as reported by others (37, 38). In fact, our data are consistent with
a study showing that BRD509 infection provided long-term pro-
tection to only∼50%ofmice (23). Secondly, the fact that anti-Thy1
antibody depletion impaired BRD509-induced protection as effi-
ciently as a combination of anti-CD4/CD8 antibodies confirmed
that this protection was largely dependent on T cells (36). Quite
intriguingly however, protection studies with our unique Δedd
ΔpfkAΔpfkB vaccine strain not only revealed its superior capacity to
induce secondary protection compared with BRD509, but also
showed thatThy1-expressing cells weremore important for this type
of protection than CD4- or CD8-expressing cells alone. In con-
junction with our characterization of the functional role of Thy1+

NK cells in primary responses against Salmonella, these findings are
compatible with the view that our unique vaccine strain protects
mice with greater efficiency over conventional vaccine strains be-
cause the secondary immune response involves both T cells and
Thy1+NK cells, although our data cannot exclude a contribution by
other Thy1-expressing cell types. With secondary protection re-
quiring Salmonella-specific Th1 responses (50), it is possible that the
greater efficiency of the unique vaccine strain is mediated through
Thy1+ NK cells optimizing the ensuing Th1 response, as has been
demonstrated in the context of other immune responses (51).
Clearly, more studies are required to further delineate the precise
nature of the interaction between T cells and other Thy1-expressing
cells, such as the NK cells characterized in the present study, during
immune responses to Salmonella infection.
Our observations have important implications for future

vaccination strategies. Given that IFN-γ secretion in responses
to Salmonella was less efficient in terminally differentiated
NK cells, attempts at improving antibacterial immunity through
potent immune activation might not necessarily lead to the
most effective NK cell responses. Such insights might be par-
ticularly relevant for the choice of adjuvants in future vaccines.
Furthermore, bearing in mind that Salmonellae are among the
major causes of fulminant infections in HIV/AIDS patients (2,
52), the potent antibacterial effects of Thy1+ NK cells un-
covered here might lead to new therapeutic strategies to im-
prove immunity against Salmonella in situations where T cells
are unlikely to contribute.

Materials and Methods
Mice. C57BL/6, CD45.1, IFN-γ−/−, GK1.5Tg, GK1.5/2.43Tg, μMT, CD1d−/−, Rag1/
Je−/−, and Rag2−/−γc−/− mice were bred and maintained at the University of
Melbourne animal facility. ROR-γt−/− mice were bred at the Walter and Eliza
Hall Institute of Medical Research, Melbourne. All mice were age and sex
matched, and experiments were approved by the University of Melbourne
Animal Ethics Committee. Accordingly, for survival studies, mice were killed
at a weight loss of more than 15%.

Bacterial Strains and Infection. For primary infections, S. Typhimurium BRD509
was grown statically at 37 °C in Luria-Bertani (LB) broth for 16–18 h and di-
luted in PBS, and 200 cfu was injected into the tail vein in a volume of 200 μL.
For secondary protection studies, mice were pretreated with 10% (wt/vol)
sodium bicarbonate, orally infected with 5 × 109 cfu of BRD509 or SL1344
Δedd ΔpfkA ΔpfkB, and challenged orally with 1 × 107 cfu of WT SL1344 12 wk
later. The number of replicating bacteria was determined by homogenizing

organs from infected mice in 5 mL of sterile PBS. The homogenate was serially
diluted and plated onto LB agar plates supplemented with 25 μg/mL strep-
tomycin. Plates were incubated at 37 °C for 24 h.

Antibody-Mediated Depletion of Lymphocyte Subsets and Assessment of
Depletion. Lymphocyte subsets were depleted from B6, CD1d−/−, GK1.5,
and GK1.5/2.43 mice by i.p. injections of monoclonal antibodies against
CD4, CD8, Thy1, NK1.1, and IFN-γ (HB-170-15). Timing, antibody clones,
and doses are listed in Table S2.

Construction of S. Typhimurium Mutants. Mutants of S. Typhimurium SL1344
were constructed by replacing target genes with an antibiotic resistance
cassette as previously described (53). Briefly, ∼0.5-kb regions up and
downstream of the chromosomal sequence targeted for deletion were
amplified from S. Typhimurium SL1344 genomic DNA and joined to a kan
resistance gene (Table S3). Resulting PCR products were flanked by I-SceI
sites, ligated into pGEM-T Easy (Promega), and transformed into S. Typhi-
murium SL1344 carrying the mutagenesis plasmid pACBSR (54). The I-SceI
endonuclease and λ Red recombinase genes carried on pACBSR were in-
duced by growth with L-arabinose, promoting homologous recombination
of the construct with the targeted chromosomal sequence. All mutations
were confirmed by sequencing of chromosomal DNA in the deleted region.

Assessment of ex Vivo IFN-γ Secretion and Serum IFN-γ. Ex vivo IFN-γ secretion
by distinct lymphocyte subsets was assessed as previously described (33).
Briefly, mice were injected i.v. with 1 × 108 cfu of heat-inactivated Salmonella.
Two hours later, 1 × 106 splenocytes were stained with the Mouse IFN-γ se-
cretion assay detection kit (Miltenyi Biotec) and analyzed by flow cytometry.
Serum concentrations of IFN-γ were analyzed using the BD Cytometric Bead
Array (BD Biosciences) according to the manufacturer’s instructions.

Flow Cytometry. To assess depletion of distinct lymphocyte subsets and
expression of surface antigens, splenocytes were stained with monoclonal
antibodies (BD Pharmingen) against CD4 (GK1.5), CD8α (53-6.7), CD3 (145-
2C11), CD19 (ID3), CD11b (M1/70), CD27 (LG-3A10), CD122 (TM-β1), β-TCR
(H57-597), CD49b (DX5), NK1.1 (PK136), Thy1.2 (53-2.1), and CD122 (TM-β1)
as described elsewhere. Samples were analyzed using a FACSCantoII or LSRII
(BD Biosciences). Propidium iodide (2 μg/mL) was added to exclude
dead cells.

Isolation, Enrichment, and In Vitro Activation of NK Cells. Spleen and lymph
nodes from donor mice were harvested. Non-NK cells were depleted using
a NK cell enrichment kit and MACS technology (Miltenyi Biotec). Isolated
and purified NK cells were cultured in RPMI-1640 medium supplemented
with 10% (vol/vol) FCS, 2 mM L-glutamine, 5 × 10−5 mM β-mercaptoethanol,
100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM Hepes, and 1,000 IU/mL
recombinant human IL-2 (Peprotech) for 5 and 6 d at a density of ∼5 × 105

cells/mL. NK cells (1 × 106) were adoptively transferred i.v. into naïve
Rag2−/−γc−/− mice on day 5 and 6 after culture.

Data Analysis. Flow cytometry data were analyzed using FlowJo software
(Treestar), and statistical analysis was performed using GraphPad Prism
version 5.0.
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