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Persistent viral infections are often associated with inefficient T cell responses and sustained high-level expression of
inhibitory receptors, such as the NK cell receptor 2B4 (also known as CD244), on virus-specific T cells. However, the role
of 2B4 in T cell dysfunction is undefined, and it is unknown whether NK cells contribute to regulation of these processes.
We show here that persistent lymphocytic choriomeningitis virus (LCMV) infection of mice lacking 2B4 resulted in
diminished LCMV-specific CD8+ T cell responses, prolonged viral persistence, and spleen and thymic pathologies that
differed from those observed in infected wild-type mice. Surprisingly, these altered phenotypes were not caused by 2B4
deficiency in T cells. Rather, the entire and long-lasting pathology and viral persistence were regulated by 2B4-deficient
NK cells acting early in infection. In the absence of 2B4, NK cells lysed activated (defined as CD44hi) but not naive
(defined as CD44lo) CD8+ T cells in a perforin-dependent manner in vitro and in vivo. These results illustrate the
importance of NK cell self-tolerance to activated CD8+ T cells and demonstrate how an apparent T cell–associated
persistent infection can actually be regulated by NK cells.
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Persistent	viral	infections	are	often	associated	with	inefficient	T	cell	responses	and	sustained	high-level	expres-
sion	of	inhibitory	receptors,	such	as	the	NK	cell	receptor	2B4	(also	known	as	CD244),	on	virus-specific	T	cells.	
However,	the	role	of	2B4	in	T	cell	dysfunction	is	undefined,	and	it	is	unknown	whether	NK	cells	contribute	
to	regulation	of	these	processes.	We	show	here	that	persistent	lymphocytic	choriomeningitis	virus	(LCMV)	
infection	of	mice	lacking	2B4	resulted	in	diminished	LCMV-specific	CD8+	T	cell	responses,	prolonged	viral	
persistence,	and	spleen	and	thymic	pathologies	that	differed	from	those	observed	in	infected	wild-type	mice.	
Surprisingly,	these	altered	phenotypes	were	not	caused	by	2B4	deficiency	in	T	cells.	Rather,	the	entire	and	
long-lasting	pathology	and	viral	persistence	were	regulated	by	2B4-deficient	NK	cells	acting	early	in	infection.	
In	the	absence	of	2B4,	NK	cells	lysed	activated	(defined	as	CD44hi)	but	not	naive	(defined	as	CD44lo)	CD8+	T	
cells	in	a	perforin-dependent	manner	in	vitro	and	in	vivo.	These	results	illustrate	the	importance	of	NK	cell	
self-tolerance	to	activated	CD8+	T	cells	and	demonstrate	how	an	apparent	T	cell–associated	persistent	infection	
can	actually	be	regulated	by	NK	cells.

Introduction
Tolerance of NK cells to self-tissue is predominately maintained 
through inhibitory signals derived from interaction of certain 
NK cell receptors (e.g., Ly49C) with self class I major histocom-
patibility complex (MHC) molecules (e.g., H-2Kb) (1, 2). How-
ever, MHC-independent inhibitory signals may also contribute 
to tolerance,  including inhibitory signals provided via inter-
action of CD244 (2B4) with its ligand on hematopoietic cells, 
CD48 (3). 2B4 is a member of the signaling lymphocyte activa-
tion molecule (SLAM) receptor family (4–6). Expression of 2B4 
is restricted to NK cells, γδ T cells, basophils, monocytes, and a 
subset of CD8+ αβ T cells, where both activating and inhibitory 
signals have been observed upon 2B4 engagement in vitro (7, 
8). The recent generation of 2B4 (CD244)–deficient mice has 
established an inhibitory function for this receptor on NK cells 
both in vitro and in vivo (9, 10).

Expression of 2B4 on CD8+ T cells strongly parallels that of the T 
cell exhaustion marker programmed death 1 (PD-1) and has been 
postulated to contribute to the dysfunction of antiviral CD8+ T 
cells during persistent viral infection of mice with the clone 13 
strain of lymphocytic choriomeningitis virus (LCMV) (11, 12). 
Although expression of 2B4 is limited on naive CD8+ T cells and 
only transiently upregulated during acute virus infections, sus-
tained high-level expression of 2B4 on virus-specific CD8+ T cells 
is characteristic of persistent viral infections in both humans and 
mice (12–14). For example, 2B4 is upregulated on CD8+ T cells 
from patients with persistent HIV infection (15).

In this study, we sought to determine the role of 2B4 in the 
development and functionality of LCMV-specific CD8+ T cell 
responses during LCMV infection of WT and 2B4-KO mice. Per-
sistent LCMV infection of 2B4-KO mice resulted in significantly 
diminished LCMV-specific CD8+ T cell  responses, prolonged 
viral persistence, and altered tissue pathology. Surprisingly, this 
abnormal phenotype of 2B4-KO mice was not directly related to 
2B4 expression by CD8+ T cells but was instead mediated through 
cytolytic targeting of activated CD8+ T cells by activated NK cells 
in a 2B4-regulated and perforin-dependent manner. These results 
identify an important role for 2B4 in maintaining tolerance of 
highly activated NK cells during the early stages of persistent 
infection that is nonredundant with the role of MHC in self-tol-
erance. Moreover, NK cell–mediated killing of highly activated 
virus-specific CD8+ T cells in the absence of 2B4 hampers host 
defenses during persistent viral infection.

Results
Effects of 2B4 deficiency on antiviral T cell responses during persistent 
LCMV infection. 2B4 deficiency had a pronounced effect on CD8+ 
T cell responses during a persistent, highly disseminated infection 
induced by i.v. inoculation with 2 × 106 PFU of the clone 13 vari-
ant of LCMV (Figure 1). The proportion of LCMV-specific, IFN-γ– 
producing CD8+ T cells was reduced in the spleen and peripheral 
blood of 2B4-KO mice at all times analyzed (Figure 1, A and B). 
Likewise, there were reduced total numbers of splenic GP33-41–spe-
cific (Figure 1C), NP396-404–specific (WT: 2.8 ± 0.3 × 105 vs. KO:  
1.9 ± 0.1 × 105, n = 10, P = 0.015), and GP276-286–specific (WT: 2.5 ±  
0.3 × 105 vs. KO: 1.4 ± 0.2 × 105, n = 10, P = 0.0058) IFN-γ+ CD8+  
T cells at day 6 of infection in 2B4-KO mice.
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Despite a diminished magnitude, LCMV-specific CD8+ T cell 
responses  in 2B4-KO mice had a characteristic hierarchy (i.e.,  
GP33 > NP205 > NP396) of partial exhaustion (Figure 1A), including 
clonal deletion of NP396-404–specific T cells (Figure 1D), similar to 
WT mice. Moreover, LCMV-specific IFN-γ–producing CD8+ T cells 
in WT and 2B4-KO mice failed to coproduce either TNF or IL-2 
(data not shown), a hallmark of virus-induced T cell exhaustion 
(16). LCMV-specific CD8+ T cell responses were also reduced in the 
lungs and inguinal lymph nodes (iLNs) of 2B4-KO mice (Figure 1E),  
and the intense foci of infiltrating lymphocytes surrounding the 
portal areas of WT livers were largely absent in 2B4-KO mice (Sup-
plemental Figure 1; supplemental material available online with 
this article; doi:10.1172/JCI41264DS1). LCMV GP61-80–specific 
and anti-CD3–induced CD4+ T cell IFN-γ responses did not differ 
between WT and 2B4-deficient mice (Figure 1A).

As T cells can become dysfunctional during persistent LCMV infec-
tion and fail to produce cytokines (16, 17), we also determined antivi-
ral CD8+ T cell frequencies using LCMV peptide–loaded MHC class I 
tetramer staining. The proportion and number of CD8+ T cells stain-
ing positive for H-2Db LCMV NP396-404 (Figure 1F) and H-2Db LCMV 
GP33-41 (Figure 1G) tetramers were significantly reduced in 2B4-KO 
mice at days 6 and 8 of infection, respectively. Despite differences 
in frequency, LCMV-specific CD8+ T cells in WT and 2B4-KO mice 
displayed similar functional avidities in regard to IFN-γ production 
in response to a range of peptide doses (Supplemental Figure 2).

The cytolytic activity of virus-specific CTLs was also assessed 
in LCMV clone 13–infected mice using a conventional in vivo 
cytotoxicity assay (18). Consistent with the reduced frequency of 
LCMV-specific CD8+ T cells in the absence of 2B4 (Figure 1), lysis 
of LCMV GP33-41– (n = 5, P = 0.0025) and NP396-404–labeled (n = 5,  
P = 0.0006) targets was significantly reduced in 2B4-KO mice 
as compared with WT controls (Figure 2A) at postinfection day 
4 (day 4 p.i.). Thus, 2B4 may play a role in regulating activation, 
expansion, or acquisition of effector functions of CD8+ T cells in 
the context of disseminated infection and high viral loads.

Elevated viral loads and prolonged viral persistence in 2B4-KO mice. At 
early time points after infection (e.g., day 4 p.i.), viral loads were 
comparably high in the spleen and liver of WT and 2B4-KO mice 
(Figure 2B). However, an increased viral burden was evident in 

2B4-KO mice, beginning 9 days after infection, when viral loads 
began to slowly decline in WT mice. By day 63, most WT mice  
(3 of 4) but not 2B4-KO mice (0 of 4) had cleared LCMV from these 
tissues. By day 92, all 8 2B4-KO mice had detectable virus within 
the spleen and liver, while 7 of 8 WT mice had cleared LCMV.

Accumulation of naive-phenotype CD8+ T cells and enhanced spleen size 
in LCMV clone 13–infected 2B4-KO mice. In addition to a reduction in 
the frequency of LCMV-specific CD8+ T cells, a large proportion 
(Figure 3A) of 2B4-deficient splenic CD8+ T cells displayed a naive 
phenotype (CD44loCD62Lhi CD127hiPD-1–KLRG1–CD43[1B11]–), 
whereas WT CD8+ T cells had a predominately activated pheno-
type (CD44hiCD62LloCD127loPD-1+KLRG1+CD43[1B11]+) at day 
8 of infection. This discrepancy in activation marker expression 
resulted in a significant accumulation of splenic CD8+ T cells with 
a naive phenotype (CD44lo) and a reduction in the total number 
of activated-phenotype (CD44hi) CD8+ T cells in 2B4-KO mice in 
comparison to WT control mice at day 8 of infection (Figure 3B). 
An enhanced population of naive-phenotype CD8+ T cells was also 
evident in peripheral blood and in iLNs (Figure 3C) and persisted 
into late time points (e.g., day 100 p.i.) after infection (Figure 3D). 
Changes in activation marker expression were not observed on 
CD4+ T cells (Figure 3A).

Spleen size is usually reduced during infection with the immu-
nosuppressive clone 13 strain of LCMV (19), but we observed strik-
ingly greater spleen size and leukocyte cellularity in LCMV clone 
13–infected 2B4-KO mice compared with their infected WT coun-
terparts as early as day 9 after infection, and these were still evi-
dent at 32 weeks after infection (Figure 4). The spleens of infected  
2B4-KO mice were slightly larger than spleens of either uninfected 
WT or 2B4-KO mice. Although the increased numbers (Figure 3B) 
of CD8+ T cells with a naive phenotype (CD44lo) present in 2B4-KO 
mice contributed to the increased spleen size and leukocyte count 
(Figure 4), the frequencies of erythrocytes (WT: 3.7 × 108 ± 0.7 × 108 
vs. KO: 11.1 × 108 ± 3.6 × 108, n = 3), CD11c+ DCs (WT: 1.1 × 105 ± 
0.7 × 105 vs. KO: 3.5 × 105 ± 1.4 × 105, n = 4, P = 0.02), CD11b+ mac-
rophages (WT: 5.4 × 106 ± 3.2 × 106 vs. KO: 17.0 × 106 ± 7.0 × 106,  
n = 4, P = 0.03), CD3+ T cells (WT: 2.9 × 106 ± 1.6 × 106 vs. KO:  
5.3 × 106 ± 2.1 × 106, n = 4, P = 0.07), and CD19+ B cells (WT:  
1.2 × 107 ± 0.6 × 107 vs. KO: 2.3 × 107 ± 0.9 × 107, n = 4, P = 0.08) were 
also increased at day 9 of infection in the spleens of 2B4-KO mice 
relative to WT controls. In contrast, lymphocyte numbers were not 
increased in the iLNs, liver, or lungs (data not shown) of 2B4-KO 
mice relative to WT controls at any time point after infection.

Reduced activation of CD8+ T cells during LCMV infection of 2B4-KO 
mice is not an intrinsic defect of 2B4-deficient CD8+ T cells. To test whether 
a 2B4-associated signaling defect in T cells was responsible for the 
weak T cell response and altered pathogenesis in 2B4-KO mice, we 
isolated bulk splenocytes from WT congenic mice (Thy1.1+) and 
transferred them into either Thy1.2+ WT or Thy1.2+ 2B4-KO mice 
prior to infection of recipient mice with LCMV clone 13. In WT 
recipients, both WT donor (Thy1.1+) and WT host (Thy1.2+) CD8+ 
T cells displayed a primarily activated phenotype (CD44hi) at day 6 
of infection (Figure 5A). In contrast, WT donor CD8+ T cells trans-
ferred into a 2B4-deficient mouse maintained a principally naive 
phenotype (CD44lo), similar to that observed among host 2B4-KO 
CD8+ T cells after infection (Figure 5A). Reciprocal transfers of 
2B4-deficient splenocytes (Ly5.2+) into congenic WT mice (Ly5.1+) 
resulted in both donor 2B4-KO (Ly5.2+) and host WT (Ly5.1+) CD8+ 
T cells at day 6 of infection displaying a predominantly activated 
(CD44hiCD43[1B11]+) phenotype similar to that of WT donor 

Figure 1
Reduced magnitude of the LCMV-specific CD8+ T cell response dur-
ing persistent LCMV clone 13 infection of 2B4-KO mice. (A) Repre-
sentative viral peptide–induced IFN-γ expression by splenic T cells 
9 days after infection with 2 × 106 PFU LCMV clone 13 i.v. Numbers 
represent mean ± SD of the percentage of IFN-γ+ CD4+ or CD8+ T 
cells from all the similarly treated mice in the experiment (n = 4). (B) 
Proportions of LCMV GP33-41–stimulated IFN-γ+ splenic or peripheral 
blood CD8+ T cells are plotted as mean ± SEM (n = 3–8/group) across 
a range of time points during persistent LCMV clone 13 infection. (C) 
Total numbers (mean ± SEM) of GP33-41– and NP396-404–specific IFN-γ+  
splenic CD8+ T cells in WT and 2B4-KO mice (n = 10–15/group) at day 
6 of infection. (D) Representative CD8+ T cell IFN-γ expression (mean 
± SD) in the blood (n = 4) at day 35 of LCMV clone 13 infection. (E) 
IFN-γ responses (mean ± SD) by GP33-41–specific CD8+ T cells in the 
iLNs and lungs of WT and 2B4-KO mice (n = 3–4/group) at days 6 and 
21 of LCMV clone 13 infection. (F and G) Frequencies (mean ± SEM) 
of day 6 (n = 6–11/group) LCMV NP396/Db (F) and day 8 (n = 8/group) 
GP33/Db (G) tetramer-binding CD8+ T cells in the spleen. *P < 0.05, 
**P < 0.01 (2-tailed unpaired Student’s t test). Data are from 1 of 3–4 
experiments with similar results.
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(Ly5.2+) CD8+ T cells transferred into WT (Ly5.1+) host mice (Supple-
mental Figure 3). Together these results indicated that the high fre-
quency of naive phenotype CD8+ T cells in 2B4-KO mice (Figure 3)  
was not an intrinsic defect of 2B4-deficient CD8+ T cells.

In order to assess whether loss of 2B4 affects the activation and 
expansion of virus-specific CTLs, WT Thy1.1+ CD8+ T cells were labeled 
with CFSE and transferred into both WT (Thy1.2+) and 2B4-KO  
(Thy1.2+) mice. Following infection with LCMV clone 13, the pro-
portion of WT donor CD8+ T cells that diluted CFSE was greater 
in WT mice than in 2B4-KO mice at day 6 of infection (Figure 5B). 
Moreover, the proportion of tetramer-defined LCMV NP205-212–spe-
cific WT donor CD8+ T cells was higher in WT hosts than in 2B4-KO 
recipients (WT: 13.7% ± 0.2% vs. KO: 2.0% ± 0.5%, n = 3, P = 0.0001). 
Consistent with the unaltered phenotype of endogenous CD4+ T cells 
in 2B4-KO mice, WT donor CD4+ T cells transferred into 2B4-KO  
mice upregulated CD44 and diluted CFSE in a similar fashion to 
WT CD4+ T cells transferred into WT mice (data not shown).

Role for NK cells in regulating LCMV-specific CD8+ T cell responses. 
As NK cells constitutively express 2B4 (7), we tested whether NK 

cells may regulate CD8+ T cell activation in 2B4-KO mice. Specif-
ic depletion of NK cells was achieved through i.p. administration 
at 1 day before LCMV infection of a single dose of 25 μg anti-
NK1.1, which, because of their lower expression of NK1.1 in com-
parison to NK cells, did not reduce numbers of γδ T cells (data 
not shown) or NK T cells (Supplemental Figure 4). Depletion of 
NK cells in 2B4-KO mice prior to transfer of WT donor spleno-
cytes and subsequent LCMV infection resulted in restoration of 
both host (2B4-KO) and donor (WT) CD44 expression to levels 
observed on CD8+ T cells in WT mice at day 6 p.i. (Figure 5A),  
when most of the cells expressed an activated (CD44hi) pheno-
type. In addition, the dilution of CFSE by donor CD8+ T cells in 
2B4-KO mice was similar to WT levels following depletion of NK 
cells (Figure 5B). Of note, depletion of NK cells in either strain 
of recipient mice appeared to slightly increase the proportion of 
host and donor CD8+ T cells that display high CD44 or low CFSE 
expression (Figure 5, A and B), suggesting that there is also a 
role for WT NK cells in regulating CD8+ T cell responses during 
LCMV clone 13 infection.

Figure 2
Reduced LCMV-specific CTL activity and increased viral burden in the absence of 2B4 in vivo. Splenocytes from uninfected WT donor mice were 
loaded with LCMV peptides (GP33-41 or NP396-404) or no peptide, labeled with various concentrations (2.5, 1, or 0.4 μM) of CFSE, mixed at equal 
ratios, and injected (2 × 106 total targets) i.v. into LCMV clone 13–infected recipients (day 4 p.i.) or uninfected WT or 2B4-KO control mice. After 
20 hours, spleens were harvested from WT and 2B4-KO recipient mice and analyzed for recovery of each CFSE-labeled target population. (A) 
Representative histograms demonstrate recovery of NP396-404–labeled (low CFSE), GP33-41–labeled (middle CFSE), and unlabeled (high CFSE) 
peaks. Numbers represent the percent specific lysis of LCMV peptide–coated targets relative to unlabeled control targets within each experi-
mental mouse. Specific lysis of LCMV peptide–coated targets within individual mice is plotted on the right. Each circle represents an individual 
mouse, and horizontal lines denote the mean. (B) At various time points after infection, organs were harvested from LCMV clone 13–infected 
mice, and infectious virus was quantified by standard plaque assay. Titers are plotted as the arithmetic mean ± SD of the log10 of PFU per organ  
(n = 3–10 mice/group). The y axis lower limit is set at the limit of detection for the liver (log10 2.0) and spleen (log10 1.0) assays. *P < 0.05, **P < 0.01  
(2-tailed unpaired Student’s t test). Data are from 1 of 3 experiments with similar results.
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The enhancement of spleen size and splenocyte number (Figure 6A),  
reduction of LCMV GP33-41–specific IFN-γ responses (Figure 6B), 
and increase in numbers of naive phenotype CD8+ T cells in 2B4-KO  
mice (Figure 5A) were all abrogated by transient depletion of 
NK cells at the time of LCMV clone 13 inoculation. The reduced 
cytolysis of CTL targets in 2B4-KO mice during in vivo cytotoxicity 
assays was also restored to WT levels by NK cell depletion (data 
not shown). Moreover, the prolonged viral persistence evident at 
day 90 of infection in 2B4-KO mice was completely prevented by 
NK cell depletion just prior to infection (Figure 6C). In order to 
confirm the role of NK cells in regulating CD8+ T cell responses 

in 2B4-KO mice, NK cells were selectively depleted with a carefully 
titrated dose of anti-asialo GM1 antibody, as described previously 
(20). Similar to anti-NK1.1 antibody administration, the decreased 
numbers of LCMV GP33-41–specific IFN-γ–producing splenic CD8+ 
T cells (WT: 3.9 × 105 ± 1.3 × 105 vs. KO: 0.7 × 105 ± 0.2 × 105, n = 3) 
at day 6 of infection in 2B4-KO mice were restored to WT levels by 
NK cell depletion using anti-asialo GM1 antibody (WT: 5.8 × 105 ± 
0.4 × 105 vs. KO: 4.6 × 105 ± 0.5 × 105, n = 3).

By day 10 of LCMV clone 13 infection, the thymus underwent 
dramatic involution, with a greater than 90% reduction in total 
thymic cellularity in both WT and 2B4-KO mice (data not shown). 

Figure 3
Elevated frequency of naive-phenotype (CD44lo) CD8+ T cells in LCMV clone 13–infected 2B4-KO mice. (A) Representative histograms demon-
strate the expression of various activation receptors by CD8+ and CD4+ T cells at day 8 of LCMV clone 13 infection in WT (shaded histograms) 
and 2B4-KO (solid line) mice. The y axis represents percent of maximum. Numbers are mean proportion ± SD of WT (non-bold type) and 2B4-KO 
(bold type) T cells (n = 4 mice/group) falling with the gated expression range of each activation marker. (B) The mean ± SEM total number of 
naive (CD44lo) or activated (CD44hi) phenotype CD8+ T cells in the spleen of uninfected (n = 4/group) or day 8 clone 13–infected (n = 8/group) 
is plotted. (C) Histograms demonstrating reduced expression of CD44 by CD8+ T cells in the iLNs and lungs of 2B4-KO mice (n = 3–4/group, 
mean ± SD) at days 8 and 14 p.i. (D) Representative plots demonstrating a reduced frequency of CD44hi activated phenotype CD8+ T cells in 
2B4-KO mice (n = 4/group, mean ± SD) at later time points of LCMV clone 13 infection. *P < 0.05, **P < 0.01 (2-tailed unpaired Student’s t test). 
Data are from 1 of 3 experiments with similar results.
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Nevertheless, the frequency of CD4/CD8 double-positive (DP) thy-
mocytes was higher in 2B4-deficient mice (Figure 6D). The num-
bers of DP thymocytes were restored to infected WT levels after 
NK cell depletion of 2B4-KO mice (Figure 6D). Thus, NK cells 
appear to play a critical role in all of the phenotypes of 2B4-KO 
mice described in this article.

Time requirements for NK cell depletion. Administration of anti-
NK1.1 depleting mAbs at 0, 1, or 2 days after infection converted 
the day 10 phenotype of CD8+ T cells in 2B4-deficient hosts to 
the WT infection phenotype (Figure 6E); however, this treatment 
began to lose its efficacy when anti-NK1.1 antibody was adminis-
tered at 3 or 4 days after infection. Figure 6E shows the enhanced 
naive CD44lo phenotype and reappearance of large spleens charac-
teristic of 2B4-KO mice when NK cells were depleted from these 
mice at day 3 or 4. Taken together, these data suggest that 2B4-
deficient NK cells have an inhibitory effect on CD8+ T cell activa-
tion in the first few days of persistent infection.

2B4-deficient NK cells cytolytically target activated CD8+ T cells. In order 
to determine whether reduced CD8+ T cell responses in 2B4-KO  
mice were a result of NK cell targeting of CD8+ T cells directly or 
through disruption of antigen presentation by NK cell targeting 
of DCs, we determined the frequencies of various DC subpopula-
tions as well as the expression of T cell activation markers on CD8+ 
T cells in WT and 2B4-KO mice at early time points after infec-
tion. At very early stages of infection (day 4 p.i.), we began to see 
accumulation of highly activated CD8+ T cells (CD3+Thy1.2+CD8
αβ+CD44hi) in the spleen (Figure 7, A and B) and iLN (Figure 7C) 
of WT mice. These activated CD8+ T cells were characterized by 
upregulated expression of both the activation-associated isoform 
(1B11) of CD43 (21) and the DC marker CD11c (22) (Figure 7A).

The frequency of these highly activated CD8+ T cells (CD3+Thy1.2+ 

CD8αβ+CD44hiCD43[1B11]+CD11c+) was significantly reduced in 
both the spleen (Figure 7, A and B) and iLNs (Figure 7C) of 2B4-KO 

mice. Depletion of NK cells prior to infection restored the frequen-
cy of these highly activated CD8+ T cells in 2B4-KO mice to WT 
levels (Figure 7, B and C). In addition, the frequencies of several DC 
subsets were decreased in the spleens of both WT and 2B4-KO mice 
after LCMV infection (Supplemental Figure 5), but in contrast to 
frequencies of activated CD8+ T cells, DC loss at this time point was 
not prevented by NK cell depletion (data not shown).

We previously demonstrated that 2B4-deficient NK cells kill other 
NK cells upon activation with IL-2 in vitro and CpG DNA in vivo, 
resulting in reduced peripheral NK cell numbers (23). However, 
splenic NK cell frequencies (WT: 1.8 × 106 ± 0.9 × 106 [3.3% ± 0.2%]  
vs. KO: 1.4 × 106 ± 0.8 × 106 [3.2% ± 0.3%], n = 15, P = 0.3) were 
not significantly reduced in the spleen of 2B4-KO mice at day 4 
of LCMV clone 13 infection. NK cell frequencies were also similar 
in the spleens of WT and 2B4-KO mice at day 3 (WT: 9.0 × 105 ± 
1.9 × 105 [1.5% ± 0.3%] vs. KO: 8.6 × 105 ± 1.8 × 105 [1.4% ± 0.3%],  
n = 11, P = 0.9) and day 6 (WT: 1.3 × 106 ± 0.4 × 106 [2.0% ± 0.3%] vs. 
KO: 1.0 × 106 ± 0.1 × 106 [2.4% ± 0.1%], n = 3) of infection. Thus, the 
importance of NK cell fratricide in the absence of 2B4 (23) may be 
dependent upon the context of NK cell activation.

In order to determine whether NK cells may directly target activat-
ed CD8+ T cells for cytolysis, perforin-deficient (Prf1-KO) and 2B4/
perforin double-KO (2B4/Prf1-KO) mice were infected with LCMV 
clone 13. At day 4 p.i., the two strains of mice displayed similar num-
bers (Figure 7D) and proportions (Supplemental Figure 6) of highly 
activated (CD44hiCD11c+) CD8+ T cells. Importantly, depletion of 
NK cells in Prf1-KO and of 2B4/Prf1-KO mice had minimal impact 
on the frequency of activated CD8+ T cells at day 4 (Figure 7D).

In order to determine whether NK cell killing accounts for the 
decrease of the virus-specific T cell responses, we first assessed 
the activity of WT and 2B4-KO NK cells against activated CD8+ 
T cells in vitro. WT lymphokine-activated killer (LAK) cells dis-
played low levels of cytolytic activity against WT concanavalin A–

Figure 4
Splenomegaly during persistent 
LCMV clone 13 infection of 2B4-KO  
mice. At various time points after 
LCMV clone 13 infection, spleens 
were photographed and the total 
number of splenic leukocytes 
determined after red blood cell 
lysis. Mean splenocyte counts 
(±SEM) are plotted for WT and KO 
mice (n = 4–10/group) throughout 
the course of infection. *P < 0.05,  
**P < 0.01 (2-tailed unpaired Stu-
dent’s t test).
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activated (ConA-activated) syngeneic CD8+ T cells, but 2B4-defi-
cient LAK cells readily lysed these activated CD8+ T cell targets 
(Figure 8A). Likewise, WT LAK cells mediated killing of activated 
CD8+ T cells when these targets were derived from Cd48-KO mice, 
which lack the ligand for 2B4 (Figure 8B). The killing of Cd48-KO  
target  cells  was  abrogated  by  perforin  deficiency  within  the 
effector cell population (Figure 8B). Importantly, the ability of 
2B4-deficient NK cells to kill CD8+ T cells was dependent upon 
activation of these T cells, as very little killing of nonactivated 
(0 μg/ml ConA) T cells occurred (Figure 8A). These experiments 
directly demonstrate a perforin-dependent killing of activated T 
cells by activated 2B4-KO NK cells in vitro.

We next asked whether a similar NK cell–mediated elimination 
of activated CD8+ T cells would occur in vivo. In a modified in vivo 
cytotoxicity assay, mixed populations of naive and activated CD8+ 
T cells from LCMV-infected congenic (Ly5.1+) WT mice (day 4  
p.i.) were labeled with CFSE and transferred into WT or 2B4-KO 
mice at day 4 of LCMV clone 13 infection. The survival of donor 
(Ly5.1+CFSE+) CD8+ T cells with an activated (CD44hiCD43+) or 
naive (CD44loCD43–) phenotype was examined 5 hours after trans-
fer (Figure 8, C and D). Over the course of this 5-hour assay, there 
was no detectable target cell division (i.e., dilution of CFSE) among 
the donor CD8+ T cell populations (data not shown). Importantly, 
the frequencies of activated but not naive phenotype donor CD8+ 

Figure 5
Reduced activation of CD8+ T cells in 2B4-KO mice is caused by NK cells rather than defects in CD8-intrinsic 2B4 signaling. WT congenic 
(Thy1.1+) splenocytes (3 × 107) were i.v. transferred into WT and 2B4-KO mice (Thy1.2+ host) 1 day before infection with LCMV clone 13. Two 
days before transfer, some groups of recipient mice received 25 μg of either isotype (IgG2a) control or anti-NK1.1 mAb. (A) Representative 
gating of Thy1.1+ (donor, red) and Thy1.1– (host, blue) CD8+ T cells in WT and 2B4-KO recipient mice at day 6 p.i. is shown at left. Expression 
of CD44 on donor (red histograms) and host (blue histograms) CD8+ T cells is shown, with numbers representing mean ± SD of CD44hi CD8+ T 
cells. (B) CFSE dilution (mean ± SD CFSElo) is shown for Thy1.1+ (donor) CD8+ T cells in the spleen, iLN, and blood of recipient mice. *P < 0.05, 
**P < 0.01 (2-tailed unpaired Student’s t test). Data are from 1 of 3 experiments with similar results.
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Figure 6
Depletion of NK cells restores LCMV-specific CD8+ T cell responses and viral clearance in 2B4-KO mice to WT levels. (A–D) One day prior 
to infection, WT and 2B4-KO mice (n = 4–8/group) were treated with 25 μg isotype (IgG2a) or anti-NK1.1 mAb i.p. (A) Splenic leukocytes 
(mean ± SD) were enumerated on day 9 p.i. in WT and 2B4-KO mice. (B) Mean proportion (±SD) of IFN-γ+ CD8+ T cells in spleen after GP33-41 
stimulation. (C) Viral titers at day 90 p.i. (n = 7–8/group) are displayed as log10 PFU/liver. The horizontal line represents the limit of detection 
for the plaque assay (log10 2.0). (D) Mean (±SD) fraction of DP thymocytes within thymus of uninfected or day 9 p.i. WT and 2B4-KO mice. 
(E) A single injection of anti-NK1.1 mAb was administered at various time points (day 0 to day 4) relative to the time of infection with LCMV 
clone 13. Representative spleen size (photo) and CD44 expression (y axis represents percent of maximum) on splenic CD8+ T cells was 
determined at day 10 of infection (n = 2 mice/group, mean ± SD). *P < 0.05, **P < 0.01 (2-tailed unpaired Student’s t test). Data are from  
1 of 3 experiments with similar results.
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T cells were reduced in 2B4-KO host mice (Figure 8, C and D),  
and  this  loss  was  abrogated  by  NK  cell  depletion  of  2B4-KO  
recipient mice prior to infection (Figure 8D). Similar transfers of 
activated CD8+ T cell–containing populations were conducted in 
Prf1-KO and 2B4/Prf1-KO mice, with comparable survival of acti-
vated donor CD8+ T cells in both strains (Figure 8D). T cell targets 
from LCMV-infected Cd48-KO mice were not tested in this system 
because Cd48-KO mice have a defect in T cell activation (24). Taken 
together, these results suggest that activated 2B4-deficient NK 
cells kill activated CD8+ T cells in a perforin-dependent manner 
in vitro and in vivo.

Discussion
Here we demonstrate that a long-term persistent viral infection 
associated with altered T cell activation may actually be regulated 
by NK cells acting during the first few days of infection. This NK 
cell–mediated regulation of T cell responses is itself regulated by 
2B4 on the NK cells, not the T cells, which also can express 2B4. 
In the absence of 2B4-mediated inhibition, activated NK cells 
cytolytically targeted highly activated CD8+ T cells, resulting in a 
significant culling of these LCMV-specific effectors. This loss of 

virus-specific CD8+ T cells impaired control of virus replication, 
causing delayed viral clearance and altered immune pathologies. 
Therefore, our results suggest that 2B4-mediated regulation of NK 
cell activity within a highly inflammatory lymphoid environment 
is both crucial for antiviral defense and nonredundant with the 
role of MHC in maintaining self-tolerance of NK cells.

Recently, much emphasis has been placed on the role of inhibi-
tory receptors such as PD-1 in CD8+ T cell exhaustion during 
chronic virus infections in mice (LCMV clone 13) (25) and humans 
(HIV, HCV) (26–28). Blockade of PD-1 in vitro and in vivo results 
in “rescue” of the proliferation and effector functions of exhausted 
virus-specific CD8+ T cells, thereby leading to enhanced control 
of virus (25, 26, 29–31). However, exhausted CD8+ T cells express 
a number of different inhibitory receptors, including 2B4, which 
have been suggested to synergistically contribute to the severity 
of T cell dysfunction (11, 12). We demonstrate here that 2B4-defi-
cient LCMV-specific CD8+ T cells underwent clonal exhaustion 
and were deleted (e.g., NP396-404) similarly to 2B4-sufficient T cells 
in WT mice. However, the magnitude of the total LCMV-specific 
CTL response was reduced by NK cells lacking 2B4. Although 2B4 
expressed on CD8+ T cells has been suggested to both augment 

Figure 7
NK cells mediate early loss of highly activated CD8+ T cells in 2B4-KO mice in a perforin-dependent manner. (A) At day 4 of LCMV clone 13 infec-
tion, splenocytes (n = 4/group) were gated on Thy 1.2-expressing cells, and the proportion of CD8α+ T cells expressing CD11c was determined. 
The Thy1.2+CD8α+CD11c+ events were uniformly CD8β+, CD3ε-expressing, and CD44hi. Right: Proportion of CD44hiCD43(1B11)+ events among 
gated CD8αβ+ T cells. Numbers represent mean (±SD) proportion of gated events. Total numbers (mean ± SEM) of Thy1.2+CD11c+CD8α+ cells 
were determined in the spleens (B) as well as iLNs (C) of isotype-treated or anti-NK1.1–treated WT and 2B4-KO mice (n = 5/group), as well as 
in the spleens (D) of similarly treated Prf1-KO and 2B4/Prf1-KO (n = 3–4/group) mice. **P < 0.01 (2-tailed unpaired Student’s t test). Data are 
from 1 of 3 experiments with similar results.
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(13) and inhibit (11) T cell activation, our adoptive transfers of WT 
as well as 2B4-KO lymphocytes into 2B4-deficient and 2B4-suffi-
cient environments demonstrated that deficiencies in CD8+ T cell 
activation associated with genetic ablation of 2B4 were CD8+ T cell 
extrinsic and regulated by NK cells. In fact, WT and 2B4-KO CD8+ 
T cells from infected mice were phenotypically indistinguishable 
in the absence of NK cells. These experiments demonstrate that 
despite similar expression patterns of 2B4 and PD-1 on LCMV-
specific T cells, it is the inhibition of NK cell cytolytic activity by 
2B4 expressed on NK cells that regulates antiviral T cell responses 
during persistent infection. Therefore, the effect of 2B4 blockade 
on NK cell activity should be considered when designing therapies 
for persistent virus infection that are based on antibody blockade 
of 2B4 expressed on exhausted CD8+ T cells.

Several recent studies have also suggested that NK cells indirect-
ly regulate antiviral T cell responses during murine cytomegalo-

virus (MCMV) infection through interactions with DCs (32–34). 
However, interpretation of these results is hampered because NK 
cells are vital to control of MCMV replication (35, 36), and high 
viral loads in the absence of NK cells may adversely affect virus-
specific CD8+ T cell responses (37). In the case of LCMV, NK cells 
do not play a role in direct control of early viral loads (38, 39). 
In our study, the NK cell–independent reduction of DC numbers 
in both WT and 2B4-KO mice suggested that NK cell–mediated 
regulation of CD8+ T cells was not a result of NK cell–DC interac-
tions. Moreover, CD4+ T cell frequencies were not altered after NK 
cell depletion, indicating that they were getting sufficient stimu-
lation from antigen-presenting cells. These data indicate that NK 
cells did not control activated CD8+ T cell responses through a 
DC intermediary in this system, though they do not rule out NK 
cell–mediated regulation of immune responses via interaction 
with DCs in other circumstances.

Figure 8
NK cells mediate specific lysis of activated CD8+ T cells in the absence of 2B4 in vitro and in vivo. (A) WT (black bars) or 2B4-KO (white bars) 
LAK cell killing (mean ± SD) of WT CD8+ T cell targets, activated in vitro with various doses of ConA. (B) Specific lysis (mean ± SD) of WT or 
CD48-KO ConA-activated CD8+ T cells by WT (left) or by Prf1-KO (right) LAK cells is shown at various effector to target (E/T) ratios. (C and D) A 
modified in vivo cytotoxicity assay was done by injecting CFSE-labeled splenocytes (3 × 107) from LCMV-infected (day 4 p.i.) congenic (Ly5.1+) 
WT mice into uninfected or LCMV-infected (day 4 p.i.) WT and 2B4-KO mice (Ly5.2+, n = 5–6/group), some of which were depleted of NK cells 
1 day prior to infection. Five hours after transfer, the proportion of activated (CD44hiCD43[1B11]+) donor (Ly5.1+CFSE+) cells was determined 
in each mouse. (C) Representative CD44 and CD43(1B11) expression by donor Ly5.1+CFSE+ CD8+ T cells. Numbers are the percentage of 
donor (Ly5.1+CFSE+) CD8+ T cells that are CD44hiCD43(1B11)+ for the representative sample shown. (D) Top graphs depict the percentage of 
activated CD44hiCD43(1B11)+ donor (Ly5.1+CFSE+) CD8+ T cells in isotype- (left) or anti-NK1.1–treated (right) WT and 2B4-KO mice. Lower left 
plot demonstrates the proportion of naive phenotype (CD44loCD43[1B11]–) donor (Ly5.1+CFSE+) CD8+ T cells in isotype-treated WT and 2B4-KO 
mice. Lower right plot depicts the percentage of activated CD44hiCD43(1B11)+ donor (Ly5.1+CFSE+) CD8+ T cells in Prf1-KO and 2B4/Prf1-KO 
mice. Results are presented as mean ± SD. **P < 0.01 (2-tailed unpaired Student’s t test). Data are from 1 of 3 similar experiments.
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Activated CD8+ T cells transferred into LCMV-infected 2B4-KO 
mice were rapidly (within 5 hours) lost in an NK cell– and perfo-
rin-dependent manner. This rapid loss of CD8+ T cells without evi-
dence of cellular division (e.g., CFSE dilution) argues for a direct 
mechanism whereby NK cells eliminate activated CD8+ T cells. In 
mice with a combined genetic deficiency of perforin and 2B4, NK 
cells did not mediate a reduction of highly activated CD8+ T cells 
within lymphoid tissues. NK cell depletion did not further augment 
the number of activated CD8+ T cells present in lymphoid organs of 
2B4/Prf1-KO mice, suggesting that perforin is a crucial component 
of the NK cell–mediated regulation of CD8+ T cell activation. Of 
note, the frequencies of activated CD8+ T cells were also marginally 
increased in perforin-deficient and NK cell–depleted WT mice rela-
tive to nondepleted WT controls. Indeed, we have found that under 
certain conditions of infection, NK cells may shape the kinetics and 
functionality of antiviral CD8+ T cell responses in WT mice (S.N. 
Waggoner and R.M. Welsh, unpublished observations).

In contrast to the reduced spleen size typically observed dur-
ing infection of WT C57BL/6 mice with the immunosuppressive 
clone 13 strain of LCMV (19), we observed an increase in both the 
size and leukocyte cellularity of the spleen during LCMV clone 
13 infection of 2B4-deficient mice. Increased frequencies of mul-
tiple lymphocyte lineages contributed to the enhanced splenic 
leukocyte counts in 2B4-KO mice, including T cells, B cells, mac-
rophages, and DCs. Acute infection of WT mice with the Arm-
strong strain of LCMV characteristically results in splenomegaly 
associated with the accumulation of large numbers of activated, 
LCMV-specific T cells (40, 41). In contrast, the majority of CD8+ T 
cells in the enlarged spleens of LCMV clone 13–infected 2B4-KO 
mice displayed a naive phenotype (CD44lo), and these naive cells 
accumulated in 2B4-KO mice to 3-fold-higher levels than in their 
infected WT counterparts. The enhanced frequency of CD4/CD8-
DP thymocytes in 2B4-KO mice may be indicative of increased 
thymic output of naive CD8-single-positive lymphocytes dur-
ing LCMV infection of 2B4-KO mice, which could contribute to 
increased numbers of peripheral CD8+ T cells with a naive pheno-
type. However, the frequency of naive-phenotype 2B4-KO CD4+ T 
cells was not increased in a similar fashion. Through depletion of 
NK cells, we established that NK cells play an important role in 
regulating both the altered splenic and thymic compositions of 
2B4-KO mice, although the exact mechanism driving augmented 
naive CD8+ T cell as well as total lymphocyte accumulation in the 
spleen remains to be determined.

According to the missing self hypothesis, loss or reduction of 
MHC class I molecule expression renders cells susceptible to NK 
cell–mediated killing (42). We found that the highly activated 
CD8+ T cells susceptible to NK cell–mediated killing in LCMV-
infected 2B4-KO mice actually expressed increased levels of class I  
MHC molecules (S.N. Waggoner and R.M. Welsh, unpublished 
observations), indicating that the protective effect of MHC class 
I molecule expression is insufficient for self-tolerance to activated 
NK cells in the absence of 2B4. Thus, as described elsewhere (3), 
the protective effect of MHC class I and CD48 on control of self-
killing are nonredundant. Of interest is that the numbers and 
phenotype of LCMV-specific CD4+ T cells were not altered in 2B4-
deficient mice. This suggests that the features of activated CD8+ 
T cells that target them for NK cell–mediated cytolysis may not 
be shared by activated CD4+ T cells, or that the kinetic delay of 
LCMV-specific CD4+ T cells responses previously described (43, 
44) may temporally separate activated NK and CD4+ T cells.

We demonstrate that, in the absence of 2B4, NK cells cytolytical-
ly targeted activated (CD44hi) but not naive (CD44lo) CD8+ T cells 
during persistent LCMV infection. This suggests that although 
2B4 can both enhance and suppress NK cell activation (7, 8), 2B4-
mediated inhibitory signals are of greater significance in the reg-
ulation of antiviral immune responses during virus infection in 
vivo. Furthermore, the specificity of NK cell–dependent killing of 
activated CD8+ T cells but not other 2B4 ligand (CD48)–express-
ing lymphocytes in 2B4-KO mice suggested that additional NK 
cell receptor ligands must be present on activated CD8+ T cells 
that distinguish these cells for killing. A previous report suggested 
that ligands of the activating NK cell receptor NKG2D are tran-
siently upregulated during in vitro activation of CD8+ T cells (45). 
To date, our investigation of CD8+ T cells (WT and 2B4-KO) acti-
vated during LCMV infection in vivo has failed to detect expres-
sion of NKG2D ligands by these activated lymphocytes, regardless 
of the presence or absence of NK cells (S.N. Waggoner and R.M. 
Welsh, unpublished observations). In addition, our vivo blockade 
of NKG2D by i.p. anti-NKG2D antibody (CX5) administration did 
not restore CD8+ T cell activation in 2B4-KO mice to WT levels 
(data not shown). Further study is required to identify the features 
of activated CD8+ T cells that distinguish these lymphocytes from 
naive lymphocytes as targets for NK cell killing.

We further sought to examine whether NK cell regulation of 
antiviral CD8+ T cell responses in the absence of 2B4 is restricted 
to persistent LCMV clone 13 infection or is a characteristic of mul-
tiple virus infections. Our preliminary data demonstrated an NK 
cell–dependent 50% reduction in the frequency of LCMV-specific 
splenic CD8+ T cells in 2B4-KO mice relative to WT controls at day 
6 of acute LCMV Armstrong infection (S.N. Waggoner and R.M. 
Welsh, unpublished observations). However, both strains of mice 
mediated clearance of replicating virus by day 9 of infection, and 
2B4-KO mice established LCMV-specific T cell memory popula-
tions that were similar to those present in immune WT mice. Our 
preliminary experiments also revealed that 2B4 deficiency altered 
T cell responses to Pichinde virus, MCMV, and mouse hepatitis 
virus infections. Therefore, although NK cell regulation of T cell 
responses in the absence of 2B4 is characteristic of numerous virus 
infections, the impact of this regulation on antiviral immunity 
may be virus strain–dependent.

Signaling in NK or CD8+ T cells following 2B4 engagement 
depends in part upon association of 2B4 with the SLAM-asso-
ciated protein (SAP/SH2D1A) (46, 47). In patients with the rare 
genetic  immunodeficiency X-linked  lymphoproliferative syn-
drome (XLP), the SH2D1A (SAP) gene is altered or absent (48), 
resulting in a cytolytic defect of NK cells and CTLs. Frequent 
childhood fatality in XLP patients is associated with uncontrolled 
virus  infections  and  activated  CD8+  T  cell–mediated  hepatic 
necrosis (49). Persistent, but not acute, LCMV or herpesvirus 
infections of SAP-deficient (Sh2d1a–/–) mice recapitulate many 
facets of XLP disease (50, 51). Recently, we demonstrated that 
low expression levels of SAP result in strong suppression of NK 
cell activation following 2B4 engagement (52). Although 2B4 has 
not been directly implicated in the phenotypes of XLP patients or 
SAP-deficient mice, 2B4-induced inhibitory signals in the absence 
of SAP may contribute to the cytolytic defects of NK and CD8+ 
T cells. Moreover, 2B4-mediated inhibitory signals may prevent 
NK cells from restraining the activated antiviral CTLs responsible 
for tissue destruction. Of note, polymorphisms associated with 
increased expression of 2B4 correlate with increased incidence of 
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autoimmune diseases (53). The importance of 2B4 in restricting 
NK cell killing of activated lymphocytes during pathogenesis of 
human disease remains to be determined.

Our results therefore demonstrate that NK cells acting early in 
infection can alter the magnitude and duration of viral persis-
tence through regulation of developing antiviral T cell responses. 
The two persistent human infections with greatest similarity to 
that of LCMV in the mouse are HIV, whose infections are char-
acterized by distinct antigen load set points per individual (54), 
and HCV, whose infections are characterized by wide variations in 
timing of clearance. We suggest that NK cells acting early in these 
infections should be considered as possible contributors to these 
T cell–regulated events.

Methods
Mice. WT C57BL/6, B6.PL Thy-1a/Cy (Thy1.1), and perforin-deficient mice 
(10) were obtained from The Jackson Laboratory. Ly5.1 congenic mice on 
a C57BL/6 background (B6.SJL-Ptprc<a>) were purchased from Taconic 
Farms. 2B4-deficient mice were generated in C57BL/6-derived embryonic 
stem cells as previously described (10). 2B4-deficient mice were bred and 
maintained at the University of Massachusetts Medical School (UMMS). 
Perforin- and 2B4-deficient (2B4/Prf1-KO) mice were bred and maintained 
at the University of Chicago. CD48-deficient mice were provided by Arlene 
Sharpe (Harvard University, Cambridge, Massachusetts, USA) (24). Experi-
ments were routinely done using male mice at 6–12 weeks of age. All mice 
were maintained under specific pathogen–free conditions within either the 
Department of Animal Medicine at UMMS or at the University of Chicago. 
All experiments were performed according to a protocol approved by the 
Institutional Animal Care and Use Committee of UMMS.

Virus infections and in vivo NK cell depletion. The highly disseminating clone 
13 variant of LCMV was propagated in baby hamster kidney BHK21 cells 
(55, 56). Virus was titrated by plaque assay on Vero cells. Persistent infec-
tions were initiated by infecting mice i.v. with 2 × 106 PFU of the clone 
13 strain of LCMV. In order to specifically deplete NK cells, mice received 
a single i.p. injection of 25 μg anti-NK1.1 (PK136) or control rat IgG2a 
produced by Bio-X-Cell, 1 day before virus infection. Alternatively, mice 
received 10 μl of anti-asialo GM1 antibody (Wako Pure Chemical) diluted 
in 200 μl PBS i.p. 1 day prior to virus infection.

Antibodies and FACS analysis. Fluorescently labeled mAbs purchased from 
BD Biosciences were the following: CD3 (145-2C11), CD4 (RM4-5), CD8α 
(clone 53-6.7), CD8β (clone 53-5.8), CD48 (HM48-1), H-2Kb (AF6-88.5), 
CD90.2 (clone 53-2.1), CD45.2 (1D4), I-Ab (AF6-120.1), CD11c (HL3), 
CD11b (M1/70), NK1.1 (PK136), CD44 (IM7), CD62L (MEL-14), CD69 
(H1.2F3), IL-2 (3C7), IFN-γ (XMG1.2), TNF (MP6-XT22), CD107a (1D4B), 
CD107b (ABL-93), B220 (RA3-6B2), CD19 (1D3), and CD49b (DX5). mAbs 
purchased from eBioscience were the following: CD90.1 (OX-7), PD-1 
(J43), CD127 (A7R34), CD45.1 (A20), KLRG1 (2F1), PDCA-1 (eBio927), 
2B4 (eBio244F4), and granzyme B (16G6). Antibodies purchased from Bio-
Legend include F4/80 (BM8), CD43 (1B11), and CD44 (IM7). Antibodies 
purchased from R&D Systems included anti-NKp46. For flow cytometric 
analysis, cells were analyzed on an LSR II cytometer (BD Biosciences), and 
data were analyzed using FlowJo software (Tree Star).

Tetramers and peptides. Several previously defined T cell epitopes encoded 
by LCMV were used in this study (57, 58). LCMV-specific epitopes includ-
ed NP396-404 (FQPQNGQFI), GP33-41 (KAVYNFATC), GP276-286 (SGVEN-
PGGYCL), NP205-212 (YTVKYPNL), GP118-125 (ISHNFCNL), and GP61-80 
(GLKGPDIYKGVYQFKSVEFD). All peptides listed were purchased from 
21st Century Biochemicals and were purified with reverse-phase HPLC to 
90% purity. MHC class I peptide tetramers specific for LCMV NP205/Kb, 
LCMV NP396/Db, and LCMV GP33/Db were generated as described previ-

ously (59). CD1d-PBS57-allophycocyanin tetramers were provided by the 
National Institute of Allergy and Infectious Diseases Tetramer Facility 
and were a gift of Leslie J. Berg (UMMS).

CFSE labeling and adoptive transfer. Single-cell suspensions were prepared 
from spleens of congenic (Thy1.1+ or Ly5.1+) WT mice or 2B4-KO and WT 
mice (Thy1.2+Ly5.2+), and erythrocytes were removed by lysis using a 0.84% 
NH4Cl solution. Splenocytes were labeled with the 2 μM fluorescent dye 
CFSE (CFDA-SE, Molecular Probes, Invitrogen) for 15 minutes at 37°C, 
washed, and transferred i.v. (107 donor cells) to recipient mice.

In vitro cytotoxicity assay. NK LAK cells were prepared by culturing sple-
nocytes for 4 days in 1,000 U/ml recombinant human IL-2 (rhIL-2) (60). 
CD8+ T cells used as targets were enriched from spleen by coating sple-
nocytes with FITC anti-CD8α mAb and using the EasySep FITC Selec-
tion Kit from StemCell Technologies. Enriched CD8+ T cells (75%–90% 
CD8+) were incubated for 24–48 hours in 4 μg/ml ConA from Sigma-
Aldrich, unless otherwise described.

Target cells were labeled with 100 μC of sodium chromate (51Cr) for 
1 hour at 37°C, washed, and then plated at 2,000 cells per well. Effector 
NK LAK cells were added at the indicated ratios to triplicate wells. After  
5 hours of incubation at 37°C, supernatants were collected for analysis, 
and percent specific lysis was calculated using standard methods.

In vivo cytotoxicity assays. Assays to measure T cell cytolytic activity in vivo 
were done as described previously (18). Briefly, spleens were harvested from 
uninfected WT mice, and single-cell suspensions were prepared. Separate 
populations of splenocytes were then loaded with LCMV peptides (1 μM) 
for 10 minutes at 37°C before labeling with different concentrations of 
CFSE (2.5, 1, or 0.4 μM, Molecular Probes, Invitrogen) for 15 minutes at 
37°C. These populations were then washed and combined at equal ratios 
and adoptively transferred i.v. into naive or infected recipients. Spleens 
from recipient mice were harvested 4–20 hours later, and the survival 
of each transferred population was assessed by flow cytometry. Specific 
lysis was calculated using the following equation: 100 – ([% LCMV target 
population in infected experimental/% unlabeled population in infected 
experimental) ÷ (% LCMV target population in naive control/% unlabeled 
population in naive control)] × 100).

An unconventional in vivo cytotoxicity assay was adapted to determine 
NK cell killing of lymphocyte populations in vivo as follows. Congenic 
(Ly5.1) WT mice were infected with 2 × 106 PFU LCMV clone 13 i.v., and 
at day 4 p.i., single-cell suspensions were made from the spleens of these 
infected donor mice. These cells were then labeled, for ease of detection, 
with CFSE, and 2 × 107 bulk splenocytes containing both activated- and 
naive-phenotype populations of CD8+ T cells were transferred into experi-
mental recipient mice on day 4 of LCMV clone 13 infection. The recipient 
mice were WT (Ly5.2), 2B4-KO (Ly5.2), Prf1-KO (Ly5.2), or 2B4/Prf1-KO 
(Ly5.2) mice that were administered anti-NK1.1 or isotype control antibod-
ies 1 day prior to infection with 2 × 106 PFU LCMV clone 13 i.v. Some recip-
ient mice were uninfected and served as controls. CFSE-labeled target cells 
were transferred at day 4 of infection, and after 5 hours, spleens of recipient 
mice were harvested for analysis of survival of donor CD8+ T cells.

Lymphocyte preparation and intracellular cytokine assay. Single-cell leukocyte 
suspensions were prepared from spleens, iLNs, and peripheral blood by 
lysing erythrocytes using a 0.84% NH4Cl solution. Lung and liver lympho-
cytes were harvested by mechanical and enzymatic digestion of tissues, as 
described previously (61, 62). Briefly, livers were homogenized and then 
digested for 10 minutes at 37°C in HBSS containing 10 U/ml DNase I and 
0.5 mg/ml collagenase type II (Sigma-Aldrich), and 10% fetal bovine serum. 
These homogenates were washed and leukocytes isolated by centrifugation 
on a Lympholyte M (Cedarlane Laboratories) gradient. Prepared single-cell 
suspensions from various tissues were plated at 2 × 106 cells per well in 
96-well plates and stimulated for 5 hours at 37°C with either 1 μM viral 
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peptide or 2.5 μg/ml anti-CD3 mAb in the presence of brefeldin A and  
0.2 U/ml rhIL-2. Following stimulation, cells were preincubated with a 
1:200 dilution of Fc Block (2.4G2) in FACS buffer (HBBS, 2% FCS, 0.1% 
NaN3) and then stained for 20 minutes at 4°C with various combinations 
of fluorescently tagged mAbs. After washing, cells were permeabilized 
using BD Cytofix/Cytoperm solution and then stained in BD Perm/Wash 
using mAbs specific for various cytokines.

Statistics. Results are displayed as mean ± SD (for variation within indi-
vidual experiments) or SEM (for variation between experiments), with 
statistical differences between experimental groups determined using 
a 2-tailed unpaired Student’s t test, where a P value less than 0.05 was 
considered significant.
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