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Natural killer cells act as rheostats modulating
antiviral T cells
Stephen N. Waggoner1, Markus Cornberg2, Liisa K. Selin1 & Raymond M. Welsh1

Antiviral T cells are thought to regulate whether hepatitis C virus
(HCV) and human immunodeficiency virus (HIV) infections result
in viral control, asymptomaticpersistence or severe disease, although
the reasons for these different outcomes remain unclear. Recent gen-
etic evidence, however, has indicated a correlation between certain
natural killer (NK)-cell receptors and progression of both HIV and
HCV infection1–3, implying that NK cells have a role in these T-cell-
associated diseases. Although direct NK-cell-mediated lysis of virus-
infected cells may contribute to antiviral defence during some virus
infections—especially murine cytomegalovirus (MCMV) infections
in mice and perhaps HIV in humans4,5—NK cells have also been
suspected of having immunoregulatory functions. For instance,
NK cells may indirectly regulate T-cell responses by lysing
MCMV-infected antigen-presenting cells6,7. In contrast to MCMV,
lymphocytic choriomeningitis virus (LCMV) infection in mice
seems to be resistant to any direct antiviral effects of NK cells5,8.
Herewe examine the roles ofNKcells in regulatingT-cell-dependent
viral persistence and immunopathology in mice infected with
LCMV, an established model for HIV and HCV infections in
humans. We describe a three-way interaction, whereby activated
NK cells cytolytically eliminate activated CD4 T cells that affect
CD8 T-cell function and exhaustion. At high virus doses, NK cells
prevented fatal pathology while enabling T-cell exhaustion and viral
persistence, but at medium doses NK cells paradoxically facilitated
lethal T-cell-mediated pathology. Thus,NKcells can act as rheostats,
regulatingCD4T-cell-mediated support for the antiviralCD8Tcells
that control viral pathogenesis and persistence.
Intravenous (i.v.) inoculation of C57BL/6 mice with a low (53 104

plaque-forming units (p.f.u.), medium (23 105 p.f.u.), or high
(23 106 p.f.u.) dose of LCMV, strain clone 13, resulted in different
degrees of pathology, as indicated by weight loss (Fig. 1a) and by
histological analysis of lung sections at day 15 post-infection (p.i.)
(Fig. 1b). The high dose caused a precipitous drop in body weight
during the first week of infection (Fig. 1a, right) but, thereafter, clonal
exhaustion and deletion of LCMV-specific T cells resulted in a per-
sistent infection9,10 associated with minimal lung pathology (Fig. 1b,
right) and 100% (77 of 77) survival (Fig. 1c, top). Selective depletion of
NK cells using 25mg of anti-NK1.1 monoclonal antibodies (Sup-
plementary Fig. 1) 1 day before high-dose infection resulted in 58%
(35 of 65) mortality between days 9 and 13 of infection (Fig. 1c, top)
associated with severe pulmonary oedema (data not shown) and
reduced viral titres by day 7 p.i. (Fig. 1d, right). Under these high-dose
conditions, therefore, the presence of NK cells promoted persistence
and prevented mortality.
In contrast to the beneficial role of NK cells during high-dose infec-

tion, NK-cell depletion prevented the severe weight loss (Fig. 1a,
middle) and tissue pathology (Fig. 1b, middle) associated with the
medium dose of LCMV. Twenty-three per cent (7 of 31) of control-
treated mice succumbed to the medium dose during the second week
of infection, and the lungs of surviving mice exhibited bronchus-
associated lymphoid tissue, pulmonary oedema and interstitial

mononuclear infiltration. Lung pathology was absent in NK-cell-
depleted mice, which uniformly survived medium-dose challenge
(Fig. 1c, bottom). Moreover, although high levels of replicating virus
persisted in surviving control mice at day 15 p.i., NK-cell depletion
resulted in complete viral clearance (Fig. 1d, middle). In this case the
presence of NK cells was detrimental for the host, as they promoted
immune pathology and death.
Irrespective of the presence of NK cells, inoculation with a low dose

of virus was uniformly non-lethal in 18 of 18 (100%) control and 18 of
18 (100%) of NK-cell-depleted mice by .50 days p.i., with minimal
weight loss (Fig. 1a, left) and minimal lung pathology (Fig. 1b, left).
Virus was completely cleared in both groups of mice by day 15 of low-
dose infection (data not shown), but NK-cell depletion resulted in
more rapid elimination of LCMV in liver by day 7 p.i. (Fig. 1d, left).
The weight loss, lung pathology andmortality observed inmedium-

dose-infectedwild-typemice (Fig. 1a, b) did not occur after infection of
ab T-cell-receptor-deficient (Tcrb2/2)mice, and NK-cell depletion of
Tcrb2/2mice did not alter weight loss or viral burden (Supplementary
Fig. 2). Thus, NK cells regulate viral clearance and immunopathology
during LCMV infection through a T-cell-dependent mechanism.
As early as day 6 after medium-dose infection, the proportion and

number of interferon-c (IFN-c)1 LCMV-specific CD8 T cells was
increased two- to sixfold in mice depleted of NK cells (Fig. 2a and
Supplementary Fig. 3), and antiviral T cells from thesemice showed an
enhanced ability to co-produce tumour necrosis factor (TNF)
(Supplementary Fig. 3). The number of LCMV epitope NP396–404
tetramer-binding CD8 T cells in the spleen on day 5 p.i. was increased
4- to 20-fold inNK-cell-depletedmice relative to non-depleted control
mice after infection with all doses of virus (Fig. 2b). The number of
virus-specific IFN-c1 CD4 T cells was also amplified 7- to 20-fold by
NK-cell depletion compared to control mice on different days after
medium-dose infection (Fig. 2c). Moreover, co-production of TNF
and interleukin-2 (IL-2) by antiviral CD4 T cells was augmented by
NK-cell depletion (Fig. 2d and Supplementary Fig. 3). The increased
magnitude of the LCMV-specific T-cell response in the absence of NK
cells during medium-dose infection correlated with rapid viral clear-
ance (Fig. 2e). Depletion of NK cells using a carefully titrated dose of
anti-asialo GM1 antibody, which eliminates NK cells but not CD8 T
cells11, also enhanced antiviral CD4 and CD8 T-cell responses during
medium-dose infection (Supplementary Fig. 4).
The enhanced antiviral T-cell responses suggested that NK-cell

depletion may augment proliferation of LCMV-specific T cells.
Transfer of carboxyfluorescein diacetate succinimidyl ester (CFSE)-
labelled Thy1.11 T cells revealed a larger population of CFSElow donor
CD4 (Fig. 2f) andCD8 (data not shown) T cells inmultiple host tissues
at day 6 p.i. of high-dose infection in the absence ofNK cells. Therewas
also greater specific lysis of viral-peptide-coated target cells as detected
by a conventional in vivo cytotoxicity assay at day 4 of infection (Sup-
plementary Fig. 5). Moreover, LCMV-specific Ly5.11 TCR transgenic
(P14) CD8 T cells (transfer 104) were recovered from tissues of NK-
cell-depleted recipient (Ly5.21) mice at two- to ninefold greater
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numbers than control-treated mice 6 days after low-dose infection
(Supplementary Fig. 5). Together these results indicate that NK1.11

cells repress the size of the antiviral T-cell response during LCMV
infection.
The activities of CD4 T cells are important for maintaining CD8

T-cell function during LCMV infection12–14. To assess whether CD4 T
cells were involved in the NK-cell suppression of LCMV-specific CD8
T cells, mice were treated with antibodies to concurrently deplete both
NK and CD4 T cells. Whereas depletion of NK cells before medium-
dose LCMV infection resulted in a.200-fold reduction in splenic viral
titres at day 7 p.i. relative to control and CD4-depleted (DCD4) mice
(Fig. 3a), depletion of both NK and CD4 T cells (DNKDCD4) had no
effect on viral titres. The increase in thenumber of antiviral CD8T cells
producing more than one cytokine caused by NK-cell depletion was
also prevented by co-depletion of CD4T cells (Fig. 3b). In contrast, co-
depletion ofNKandCD8T cells did not prevent an increase in IFN-c1

LCMV epitope GP61–80-specific CD4 T cells (control: 3.86 0.5%
versus DNK: 9.86 0.7% versus DNK/DCD8: 10.76 1.6%, n5 3,
P, 0.05 versus control) at day 12 of medium-dose infection.
Paradoxically, at the high virus dose, co-depletion of NK andCD4T

cells prevented the severe pulmonary oedema (Fig. 3c) and increased
mortality (Fig. 3d) associated with depletion of NK cells alone. In this
experiment, mice were harvested on day 12 p.i., when three surviving
NK-cell-depleted mice were moribund and required euthanasia,
whereas all double-depleted mice showed relatively normal vigour.
The livers of NK/CD4 double-depleted mice contained 25-fold more
p.f.u. than livers from mice depleted of NK cells alone (NK: 5.76 0.2
p.f.u. versusDNK/DCD4: 7.16 0.1p.f.u.,n5 5,P, 0.0001). Enhance-
ment of LCMV-specific CD8 T cells in the absence of NK cells was
also abrogated by concurrent depletion of CD4 T cells (Supplementary
Fig. 6). Together these data indicate that CD4 T cells are needed for
NK-cell modulation of antiviral CD8 T-cell responses associated with
viral clearance, persistence and immunopathology.
We used a modified in vivo cytotoxicity assay by injecting

splenocytes from medium-dose-infected NK-cell-depleted mice

(Ly5.11, day 4 p.i.) into medium-dose-infected NK-cell-depleted
(DNK) or isotype IgG2a-treated (control) recipient mice (Ly5.21,
day 3 p.i.). After 5 h, similar proportions of total donor T (control:
0.166 0.03% versusDNK: 0.156 0.02%, n5 21, P5 0.80) and B cells
(control: 1.86 0.2% versus DNK: 1.76 0.2%, n5 21, P5 0.88) were
recovered from infected recipients, regardless of NK-cell depletion.
Likewise, recovery of activated (CD44hi CD43(1B11)1) donor CD8
T cells was similar from spleens of control and DNK mice, with min-
imal loss relative to uninfected controlmice (Fig. 4a). In contrast, there
was a substantial loss of activated donor CD4T cells in infected relative
to uninfected recipients, and this loss was prevented by depletion of
NK cells (Fig. 4a). The magnitude of NK-cell-dependent loss of
activated donor CD4 T cells was similar in low-, medium- and high-
dose-infected recipients (Fig. 4b). More activated CD4 T cells, both
donor and host derived, in infected (control) mice stained positively
for the apoptosis indicator annexin V in comparison to naive donor
CD4 T cells or to activated donor CD4 T cells in medium-dose-
infected DNK recipient mice (Fig. 4c). In contrast to activated donor
CD4 T cells, the recoveries of naive (CD44low) phenotype CD4 and
CD8 donor T cells were not altered by NK-cell depletion (data not
shown). These data indicate that NK cells in wild-type mice selectively
and rapidly target activated CD4 T cells for elimination during LCMV
infection.
We next examined the involvement of NK-cell cytolytic mediators

Fasl, TNF and perforin (Prf1) in this process. The loss of activated
wild-type donor CD4 T cells in infected wild-type recipient mice
(Fig. 4a, d) was seen when activated Faslpr (Fas mutant) mouse donor
cells were transferred into wild-type recipient mice or when wild-type
donor cells were transferred into Tnf2/2 recipient mice (Fig. 4d). In
contrast, there was relatively little loss of activated wild-type donor
CD4 T cells in Prf12/2 hosts (Fig. 4d), whose retention of activated
donor CD4 cells was not significantly different (P. 0.1) from that in
NK-cell-depleted wild-type or Prf12/2 hosts. Thus, NK-cell elimina-
tion of activatedCD4T cells ismediated through a perforin-dependent
pathway that does not require Fas or TNF.
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Figure 1 | NK cells influence T-cell-dependent
pathology and viral persistence during LCMV
infection. a–d, C57BL/6 mice treated with IgG2a
(Control) or anti-NK1.1 (DNK) were infected with
low (53 104 p.f.u.), medium (23 105 p.f.u.), or
high (23 106 p.f.u.) doses of LCMV. a, Weight loss
(mean6 s.e.m.) during infection (n5 3–43 per
group per day), *P, 0.05, **P, 0.01.
b, Haematoxylin & eosin (H&E) staining of lung
(3400) at day 15 p.i. c, Survival after high- or
medium-dose infection. d, Viral titres
(mean6 s.e.m.) after low (day 7, n5 3 per group),
medium (day 15,n5 9–15 per group), or high (day
8, n5 3 per group) dose infection. Dotted line
represents limit of detection.
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Previous work has implicated NKG2D (also known as Klrk1) in
targeting of activated T cells by murine NK cells in vitro15–17, but we
observedno differences in activatedwild-type donorCD4T-cell survival
in wild-type versusNkg2d2/2 recipients (Fig. 4d) or in wild-type mice
treated with a blocking monoclonal antibody to NKG2D18 (data not
shown). Of note is that we did not observe the expression of ligands for
activatingNK-cell receptors includingNKG2D,NKp46 (also knownas
NCR1), DNAM-1 (also known as CD226) and TRAIL (also known as
TNFSF10) on these early activated CD4 T cells, and NK-cell-mediated
elimination of activated donor CD4 T cells also occurred in antibody-
deficient (mMT2/2) mice (data not shown), precluding a role for anti-
body-dependent mechanisms. Activated CD4 T cells did, however,
express much higher levels of adhesion molecules than naive cells,
and these molecules have previously been shown to trigger NK-cell
cytotoxicity via LFA-119,20. Somewhat surprising was the observation
that the activated CD4 T cells were far more susceptible than activated
CD8 T cells to direct killing by the NK cells, even though both
expressed high levels of adhesionmolecules.We previously had shown
that the presence of the negatively signalling receptor CD244 (2B4) on
NK cells prevented NK-cell-mediated lysis of activated CD8 T cells21.
We found here that although expression of the CD244 ligand CD48

was upregulated on T cells after medium-dose LCMV infection,
expression levels of CD48 were much higher on activated CD8 than
on activated CD4 cells (mean fluorescence intensity (MFI) of CD48:
activated CD4, 3,4236 147; activated CD8, 6,1806 166; n5 9,
P, 0.0001) (Supplementary Fig. 7).
To assess whether NK-cell-mediated lysis of activated CD4T cells is

a general principle of virus infections, we examined the loss of LCMV-
activated CD4 T cells after transfer into mice inoculated with an un-
related Arenavirus, Pichinde virus (PV), the Coronavirus mouse
hepatitis virus (MHV), or the interferon inducer andNK-cell activator
polyinosinic:polycytidylic acid (polyI:C). All three stimuli induced
measureable loss of activated donor CD4 T cells that was dependent
upon the presence ofNK cells (Fig. 4e). In reciprocal experiments, CD4
T cells activated during infection with PV, MHV, vaccinia virus (VV)
or MCMV were lost upon transfer into mice infected with medium-
dose LCMV when NK cells were present (Fig. 4f).
An analysis, by in vivo cytotoxicity assays after transfer into NK-

cell-sufficient mice, of the window of time during which NK-cell regu-
lation of T cells occurred in the LCMV medium-dose model showed
reduced frequencies of activated donor CD4 T cells relative to unin-
fected recipients 1 (43%), 2 (32%), 3 (26%), 4 (4%) and 5 (8%) days
after infection (Supplementary Fig. 8). The frequencies of activated
donor CD4 T cells were increased by NK-cell depletion in recipient
mice only at day 2 and day 3 p.i. These results indicate that NK cells
target activated CD4 T cells mainly on the second and third day of
infection, when the cytolytic activity of NK cells is at its peak22.
These results show that NK cells can have a crucial role in control-

ling virus-associated morbidity, mortality and persistence in the
absence of direct NK-cell-mediated control of virus replication, and
they do so by altering the numbers and polyfunctionality of virus-
specific T cells. Their effect on activated CD4 T cells was presumably
due todirect cytotoxicity, as demonstratedby rapid perforin-dependent
elimination of activated CD4 T cells by NK cells in short-term in vivo
cytotoxicity assays and the observation of enhanced annexin reactivity
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of CD4 T cells in the presence of NK cells. The effect of activated NK
cells on CD8 T cells and virus clearance seemed to be indirect, and
depended on the presence of CD4 T cells, which are known to produce
factors that preserve CD8 T-cell viability and functionality12,13,23–25.
This suggests a three-way interaction, whereby NK cells suppress the
CD4 T-cell response, thereby preventing augmentation of the CD8
T-cell response, which, in turn, directly regulates viral clearance and
immunopathology in this system (Fig. 4f).
Our observation of direct NK-cell-mediated lysis of T cells during

virus infection is distinct from published accounts of NK-cell regu-
lation of antiviral T cells during MCMV infection, in which NK-
cell-mediated lysis of virus-infected cells contributes to control of
viral burden and persistence of MCMV-infected dendritic cells that
in turn regulate activity of antiviral T cells6,7,26. Moreover, we found no
NK-cell-dependent changes in the number and antigen-presenting
function of splenic dendritic cells during LCMV infection (Sup-
plementary Fig. 9), consistent with our finding that NK cells directly
regulated the T cells. A possible concern was that in vivo cellular
depletion with antibodies against NK1.1 and CD4 have the potential
to affect frequencies of NKT, cd T and regulatory T cells, but the
frequencies of these lymphocytes in the spleen of LCMV-infectedmice
were not altered after 3 to 4 days of infection by the low concentration
of anti-NK1.1 used in these studies (Supplementary Figs 1 and 10).

Moreover, depletion of NK cells in cd T-cell-deficient (Tcrd2/2) and
NK T-cell-deficient (Cd1d2/2) mice during medium-dose infection
enhanced LCMV-specific T-cell responses and reduced viral loads
(Supplementary Fig. 9), similar to that in wild-type mice. Therefore,
these lymphocyte lineages seem to be dispensable forNK-cell immuno-
regulatory function during LCMV infection.
By adjusting the dose of the LCMV inocula, it is possible to generate

diverse patterns of CD8 T-cell-regulated pathogenesis, similar to the
variety of pathogenic patterns a human HCV infection can take,
including rapid viral clearance, severe T-cell-dependent immuno-
pathology and long-termpersistence.We show here that at a high dose
of LCMV, NK cells act beneficially by suppressing T-cell responses,
thereby preventing severe pathology and mortality while enabling the
development of a persistent infection from which mice eventually
recover and clear the virus27. At the medium-dose inoculum, NK-cell
suppression of T cells is detrimental to the host, as virus clearance is
impaired due to the limited number and functionality of T cells.
However, a medium dose of virus is not sufficient for complete clonal
exhaustion of T cells, ultimately resulting in severe T-cell-dependent
immunopathology that can lead to death of the host.
These results indicate that NK cells can serve as rheostats, or master

regulators, of antiviral T-cell responses. Consistent with the fact that
many virus infections induce cytokines that potently activate NK
cells28, we found that NK-cell lysis of activated CD4 T cells was
triggered by several viruses as well as after inoculation with polyI:C,
which induces interferon and activates NK cells. Although a previous
study found that NK-cell depletion did not alter the magnitude of
antiviral T-cell responses during infection with the Armstrong strain
of LCMV29, we have observed enhanced antiviral T-cell responses and
improved viral control at early time points after infection of NK-cell-
depleted mice with both LCMV Armstrong and Pichinde virus
(S.N.W., unpublished observations). Thus, the timing and the type
of evaluation may be important to detect detrimental effects of NK
cells on T cells during more benign viral infections.

METHODS SUMMARY
Infection model. One day before infection, male C57BL/6 mice were selectively
depleted of NK cells through a single intraperitoneal (i.p.) injection of 25mg anti-
NK1.1monoclonal antibody (PK136) or a controlmouse IgG2a (both fromBio-X-
Cell), as previously described21 (Supplementary Fig. 1). In some cases, mice were
also depleted of CD4 T cells by i.p. injection of 100mg anti-CD4 (GK1.5) at days
21 and 13 of infection. Mice were then infected i.v. with 53 104 (low dose),
23 105 (medium dose) or 23 106 (high dose) p.f.u. of the clone 13 variant of
LCMV. Virus was titrated by plaque assay on Vero cells. In some experiments,
mice were inoculated i.p. with 1.53 107 p.f.u. of PV, 83 105 p.f.u. of MHV strain
A59, 13 106 p.f.u. of VV strain Western Reserve, 13 106 p.f.u. of Smith strain
MCMV, or 200mg of polyI:C (Invivogen).
Immune assays. The number of LCMV-specific T cells was measured by H-2Db-
NP396–404 tetramer staining or by intracellular cytokine staining after 5 h ex vivo
stimulation with 1mM viral peptide in the presence of brefeldin A. T-cell cytolytic
activity was measured in vivo as described previously21.
In vivo NK-cell assay. An unconventional in vivo cytotoxicity assay was previ-
ously established to determineNK-cell killing of lymphocyte populations21. Donor
mice were depleted of NK cells and then infected i.v. or i.p. with different viruses.
At day 4 p.i., single-cell splenocyte suspensions were prepared from these mice,
labelledwith 2mMCFSE, and transferred (23 107) into various strains ofNK-cell-
depleted or control recipientmice that were either uninfected or had been infected
with virus 1–5 days previously. Spleens of recipient mice were harvested 5 h after
transfer and assessed for survival of donor T cells.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Mice. C57BL/6, Thy1.11, Tcrd2/2, Tcrb2/2, Faslpr, Prf12/2 and mMT2/2 mice
were purchased from The Jackson Laboratories. Ly5.11 mice were from Taconic
Farms. Nkg2d2/2 and Cd1d2/2 mice on a C57BL/6 background were obtained
from B. Polić30 and M. Exley31, respectively. Congenic (Ly5.11) TCR transgenic
P14 (ref. 32) mice and Tnf2/2 mice on a C57BL/6 background were bred at the
University ofMassachusettsMedical School (UMMS).Malemice at 6–16weeks of
age were routinely used in experiments. Mice were maintained under specific
pathogen-free conditions, and experiments were performed in compliance with
institutional guidelines as approved by the Institutional Animal Care and Use
Committee of UMMS.
Virus infections and in vivo cell depletions. The clone 13 variant of LCMV was
propagated in baby hamster kidney BHK21 cells9 and titrated by plaque assay on
Vero cells.Mice were infected i.v. with 53 104 (lowdose), 23 105 (mediumdose),
or 23 106 (high dose) p.f.u. of LCMV. Selective depletion ofNK cells was achieved
through a single i.p. injection of 25 mg anti-NK1.1monoclonal antibodies (PK136)
or a control mouse IgG2a produced by Bio-X-Cell, as previously described21

(Supplementary Fig. 1). Alternatively, mice received a carefully titrated dose of
10ml of anti-asialoGM1antibody (WakoBiochemicals) diluted in 200ml PBS i.p. 1
day before virus infection. Anti-NKG2Dmonoclonal antibody (CX5) was a gift of
L. Lanier, and 200mg was injected i.p. at the time of infection. Mice were depleted
of T cells by i.p. injection of either 100mg anti-CD4 (GK1.5) or 50mg anti-CD8
(2.43) produced by Bio-X-Cell at day 21 and day 13 of infection. In some
experiments, mice were inoculated i.p. with 1.53 107 p.f.u. of PV, 83 105 p.f.u.
of MHV strain A59, 13 106 p.f.u. of VV strain Western Reserve, 13 106 p.f.u. of
Smith strain MCMV, or 200mg of polyI:C (Invivogen).
Tetramers and peptides. T-cell epitopes encoded by LCMV include NP396–404
(FQPQNGQFI), GP33–41 (KAVYNFATC) and GP61–80 (GLKGPDIYKGVYQF
KSVEFD)33–35. Peptides were purchased from 21st Century Biochemicals and puri-
fied by reverse phase-HPLC to 90% purity. H-2Db-NP396–404 tetramers were pre-
pared as described36. CD1d-PBS57-allophycocyanin tetramers provided by NIAID
Tetramer Facility were a gift from L. Berg.
Antibodies and FACS analysis. Fluorescently labelled antibodies and reagents
were purchased from BD Biosciences, eBioscience, BioLegend and R&D
Biosystems. Flow cytometric analyses of cells were performed on a LSR II
cytometer (BD Biosciences) equipped with FACSDiva software and data were
analysed using FlowJo software (Tree Star).
CFSE labelling and adoptive transfer. Spleens fromdonormiceweremechanically
disrupted, and erythrocytes were lysed using a 0.84% NH4Cl solution in order to
generate single-cell leukocyte suspensions.Cellswere labelled for 15minat 37 uCwith
the 2mM fluorescent dye CFSE (CFDA-SE, Molecular probes), washed, and trans-
ferred i.v. (33 107 cells) to recipient mice.
In vivo cytotoxicity assays. T-cell cytolytic activity was measured in vivo as
described previously21. Briefly, single-cell suspensions were prepared from spleens
of uninfected mice, and separate fractions of cells were then loaded with LCMV
peptides (1mM) for 45min at 37 uC before labelling with CFSE (2.5, 1 or 0.4mM,
Molecular Probes) for 15min at 37 uC. After washing, these populations were
combined at equal ratios and transferred i.v. into eithernaive or infected recipients.
Survival of each transferred population in the spleens of recipient mice was
assessed 16 h after transfer. Specific lysis was calculated as follows: 1002 ((%
LCMV target population in infected experimental/% unlabelled population in
infected experimental)4 (% LCMV target population in naive control/%
unlabelled population in naive control))3 100).
An unconventional in vivo cytotoxicity assay was previously established to

determine NK-cell killing of lymphocyte populations in vivo21. Wild-type or
Faslpr donor mice were depleted of NK cells and then infected with VV,

MCMV, MHV, PV, or a medium dose of LCMV clone 13. At day 4 p.i., single
cell splenocyte suspensions were prepared from these mice, labelled with CFSE,
and then transferred (2 3 107) into experimental recipient mice on day 3 of
medium dose LCMV infection, unless otherwise noted. Recipients included
WT, Prf12/2, Tnf2/2, or Nkg2d2/2 mice that were administered anti-NK1.1 or
isotype control antibodies one day before inoculation with PV, MHC, polyI:C, or
various doses of LCMV clone 13. Some recipientmice were uninfected and served
as controls. Spleens of recipientmice were harvested 5 h after transfer and assessed
for survival of donor T cells.
In vitro antigen presentation assay. Stimulator cells were prepared by isolation
of single-cell suspensions from the spleens of uninfected as well as isotype-treated
or anti-NK1.1-treated mice infected 3 days previously with a medium dose of
LCMV i.v. Following irradiation, stimulator cells (53 104) were plated at a 1:10
ratio with CFSE-labelled Ly5.11 LCMV-specific P14 CD8 T cells (5 3 105) in
T-cell stimulation medium (RPMI supplemented with 100Uml21 penicillin G,
100mgml21 streptomycin sulphate, 2mM L-glutamine, 10mM HEPES, 1mM
sodiumpyruvate, 0.1mMnon-essential amino acids, 0.05mM2-mercaptoethanol
and 10% heat-inactivated (56 uC, 30min) FBS), which was refreshed every 2 days.
P14 cells were enumerated and analysed for dilution of CFSE as a measure of
proliferation every 24 h after initiation of co-culture.
Lymphocyte preparation and intracellular cytokine assay. Single-cell leukocyte
suspensions from spleens, inguinal lymph nodes, lung and liver were prepared as
described previously21 and were plated at 23 106 cells per well in 96-well plates.
Cells were stimulated for 5 h at 37 uCwith either 1mMviral peptide or 2.5mgml21

anti-CD3 monoclonal antibody in the presence of brefeldin A and 0.2Uml21

rhIL-2. Stimulated cells were then pre-incubated with a 1:200 dilution of Fc
Block (2.4G2) in FACS buffer (HBBS, 2% FCS, 0.1% NaN3) and stained for
20min at 4 uC with various combinations of fluorescently tagged monoclonal
antibodies. After washing, cells were permeabilized using BD Cytofix/Cytoperm
solution and then stained in BD Permwash using monoclonal antibodies specific
for various cytokines. AnnexinV stainingwas performed in azide-free FACS buffer
directly ex vivo according to manufacturer’s instructions (BD Biosciences).
Statistical analysis.Results are routinely displayed asmean6 s.e.m.,with statistical
differences between experimental groups determined using a two-tailed unpaired
Student’s t-test, where a P value of,0.05 was deemed significant. Statistical differ-
ences in survival were determined by log rank (Mantel–Cox) analysis. Graphs were
produced and statistical analyses were performed using GraphPad Prism.
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