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Brief Definit ive Report

Studies in mice have provided compelling evi-
dence that preexisting memory CD8+ T cells 
specific for bacteria (Smith et al., 2002), para-
sites (Schmidt and Harty, 2011), and especially 
viruses (Selin et al., 1996, 1999; Kim and 
Welsh, 2004) undergo attrition during sequen-
tial heterologous infections. Thus, it has been 
argued that robust CD8+ T cell responses and 
even vaccines specific for one pathogen might 
result in detrimental gaps in the immunological 
compartment, resulting in the inability to con-
trol subsequent reinfections or viral reactiva-
tion with other pathogens. In the context of 
human immunity, in which each individual is 
challenged with a broad variety of pathogens 
and adaptive immunity is required for long-
term protection, deciphering the impact of 
heterologous infections on preexisting memory 
T cells after an acute infection is essential. Stud-
ies that have attempted to do this have come to 
conflicting conclusions (van Leeuwen et al., 
2006; Zhang et al., 2008). Furthermore, one 
group examined this in the transplant setting 
(van Leeuwen et al., 2006), which may not 
mimic normal immunity, and the other only 

examined acute infection and not longer time 
points (Zhang et al., 2008).

To study the impact of acute viral infec-
tion on preexisting CD8+ T cell memory in  
humans, we studied the effect of natural EBV 
infection on preexisting memory CD8+ T cells 
specific for influenza A (Flu) and CMV. EBV is 
a herpes virus that commonly affects children 
and young adults and causes lifelong latent in-
fection (Hislop et al., 2007). It is an interesting 
infection to study in this context for several 
reasons. First, primary infection of young adults 
results in an unusually robust CD8+ T cell ex-
pansion, called infectious mononucleosis when 
severe (Odumade et al., 2011). Thus, it pro-
vides a rigorous test of the passive attrition 
model, which proposes that newly formed 
memory T cells compete with preexisting 
memory T cells for survival niches. Second, it 
is associated with a strong IFN response, which 
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frequency and number of total CD8+ but not CD4+ T cells 
in the blood, which returned to baseline after acute infection 
resolved (Fig. 1). The activation status of bulk CD8+ T cells 
before, during, and after primary EBV infection was assessed 
using the cytolytic marker granzyme B (GrzmB) and human 
T cell activation markers HLA-DR (DR) and CD38 (Fig. 1, 
B and C; Callan et al., 1998; Miller et al., 2008). We ob-
served a mean baseline expression of 3.65 ± 4.35% CD38+/
DR+ and 13.7 ± 8.49% GrzmB+CD8+ T cells before EBV 
infection. During acute infection, activation resulted in a 
mean of 65.4 ± 25.6% CD38+/DR+ and 74.1 ± 25.6% 
GrzmB+CD8+ T cells. In some individuals, almost all (97%) 
of the circulating CD8+ T cells displayed an activated phe
notype via these three markers (Fig. 1 B). CD38, DR, and 
GrzmB expression on total CD8+ T cells returned to baseline 
around 150 d past acute illness (Fig. 1 B and not depicted).

EBV infection increases the overall memory CD8 pool 
slightly but, unlike CMV, does not cause phenotypic changes
Because of the magnitude of the CD8+ T cell response to 
EBV, we wanted to determine whether EBV infection 
changed the size or composition of the memory CD8 pool. 
The percentage of memory CD8+ T cells varied among dif-
ferent individuals, yet increased a mean of 1.13-fold after pri-
mary EBV (from a mean of 46% to 52% memory CD8+  
T cells, with samples analyzed at least 1 yr after; Fig. 2 A). The 
proportion of cells in the central, effector, and effector-RA 
subsets did not change significantly except for a small  
increase in the percentage of effector-RA cells (Fig. 2 B). 

CMV infection was reported to in-
crease the proportion of CD8+ T cells 
with a CD27CD45RA+ phenotype 
(Kuijpers et al., 2003). We observed 
this phenomenon in our cohort as 
well (Fig. 2 C, scatter plot). However, 
primary EBV infection did not change 

was shown to mediate active attrition in animal models (Bahl 
et al., 2006). For these two reasons, EBV presents a likely 
scenario to observe attrition of preexisting memory T cells in 
humans. Finally, transmission of EBV occurs primarily via 
the oral route from an EBV-positive healthy individual to  
an EBV-naive person. Because of this, young adults who are 
EBV naive when they enter an independent and socially  
active era like college often experience a high rate of natural 
infection. This enabled us to study EBV-naive university 
freshmen as they experienced primary infection with EBV.

In this paper, we report the first study of bystander CD8+ 
T cell activation and attrition in healthy humans from pro-
spective analysis of natural infection. Surprisingly, we did not 
observe attrition of preformed memory CD8+ T cell popula-
tions. Our results suggest that immunological memory is 
generally preserved during heterologous infections.

RESULTS AND DISCUSSION
CD8+ T cells undergo robust expansion and activation 
during acute primary EBV infection
EBV-naive college freshmen were recruited and followed 
prospectively for 4 yr (see Materials and methods). Of 66 
subjects that experienced primary EBV infection during that 
time, we identified 16 who had readily identifiable CMV- 
and/or Flu-specific memory CD8+ T cell responses before 
EBV infection and who had blood samples taken at least 60 d 
before acute infection, during acute infection, and at least 
150 d after. As expected for primary infection with EBV 
(Hislop et al., 2007), we observed a marked increase in the 

Figure 1.  Extensive CD8+ T cell activa-
tion and expansion occur during primary 
EBV infection. PBMCs from each subject 
were stained with antibodies against CD3, 
CD4, CD8, CD38, CD45RA, DR, and GrzmB. 
Panels A–C show sample flow cytometric 
analysis from subject 5036 before, during,  
and after acute infection with EBV. d, day 
relative to symptom onset. (A) CD4 and  
CD8 expression on CD3+ T cells over time.  
(B and C) Dot plots showing activation markers 
CD38, HLA-DR (DR), or GrzmB expression on 
total CD3+CD8+ T cells (B) or total CD3+CD4+  
T cells (C). (D and E) The frequency (D) or num-
ber (E) of CD8+ or CD4+ T cells before (Pre-IM), 
during (At IM), and after (Post-IM) acute pri-
mary EBV infection (infectious mononucleosis) 
is shown. Wilcoxon signed rank test, P < 0.05 
considered statistically significant (n = 14). 
Horizontal bars indicate the mean.
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Kohlmeier et al., 2010). Thus, we considered the possibility 
that activation of CD8+ T cells specific for non-EBV antigens 
also occurred during primary EBV infection.

Preexisting bystander memory CD8+ T cells are activated 
but not expanded during acute primary EBV infection
We used pMHCI tetramers to detect T cells specific for Flu 
and CMV. To ensure we were evaluating preexisting mem-
ory CD8+ T cells and not co-infection, for CMV, we ana-
lyzed individuals who were CMV seropositive before EBV 
infection. For Flu, we selected individuals that had a readily 
detectable population of tetramer-positive cells that displayed 
a memory phenotype in samples taken at least 60 d before 
EBV infection. When we gated on the tetramer+ population 
before EBV infection, we observed relatively low levels  
of activation markers on Flu- and CMV-specific memory  
T cells, as expected (Fig. 3 B). Nonetheless, CMV-specific  
T cells (Fig. 3 C, blue triangles) tended to express more GrzmB 
at baseline than Flu-specific T cells (Fig. 3 C, red circles).

Interestingly, both Flu- and CMV-specific T cells showed 
marked up-regulation of CD38, DR, and GrzmB during 
acute EBV infection (Fig. 3 C). In some cases, this activation 
occurred at levels nearly equivalent to those of EBV-specific 
T cells. It is possible that the activated phenotype of CMV-
specific T cells might reflect alterations in the viral load of 

this proportion (Fig. 2 C, bar graph). Further work will be 
needed to understand why one common herpes virus infec-
tion (CMV) has this effect on CD8+ T cells yet another one 
(EBV) does not.

EBV-specific T cells are highly activated  
during acute primary EBV infection
The robust activation and expansion of total CD8+ T cells 
during acute EBV infection has been suggested to be largely 
or entirely composed of EBV-specific T cells (Hislop et al., 
2007). To test this, we evaluated CD8+ T cells specific to 
EBV and other viruses using peptide–MHCI (pMHCI) tetra-
mers. EBV-specific T cells expressed high levels of CD38, 
DR, and GrzmB during acute infection, as expected (Fig. 3 A). 
This was observed with both lytic and latent antigens and was 
consistent between individuals with different MHC alleles 
(not depicted). The level of expression of activation markers 
on EBV-specific T cells returned to baseline more slowly 
than on total CD8+ T cells (Figs. 1 B and 3 A). This discrep-
ancy might reflect different kinetics between CD8+ T cells 
specific for different viral epitopes. Alternatively, it might  
reflect different kinetics between CD8+ T cells specific for 
EBV versus those specific for non-EBV epitopes (bystander 
CD8+ T cells) because it has been reported that IFN can cause 
T cell activation of bystander T cells (McNally et al., 2001; 

Figure 2.  Primary EBV infection results in a slight increase in effector memory RA+, but not CD27RA+, CD8+ T cells. PBMCs from each  
subject were stained with antibodies against CD3, CD4, CD8, CD11a, CD45RA, CCR7, CD62L, and CD27. All panels show analysis of CD3+CD8+ T cells.  
(A) Memory phenotype CD8+ T cells were defined as CD11ahi. The percentage of cells in this gate was analyzed in 14 subjects before (Pre-IM) or at least 
350 d after primary EBV infection (Post-IM). The mean day after infection was 750 (the p-value was determined using a paired Student’s t test). (B) CCR7 
and CD45RA expression was examined on CD8+ T cells from subjects before or at least 350 d after primary EBV infection. Central memory (CM), effector 
memory (EM), and effector memory RA (EMRA) subsets were defined as shown. Statistically significant changes are indicated with an asterisk (paired 
Student’s t test: *, P < 0.05). Error bars indicate standard deviation. (C) CD27 and CD45RA expression was examined on CD8+ T cells in 16 subjects.  
Eight of these were CMV seropositive at enrollment, and the other eight were CMV seronegative and remained negative during the duration of the study. 
Scatter plot compares the percentage of CD27 negative, CD45RA+ (CD27RA) CD8+ T cells in CMV seropositive or seronegative individuals (n = 8/group; 
unpaired Student’s t test, significant). The bar graph shows the mean and standard deviation of CD27RA CD8+ T cells before versus after primary EBV 
infection (n = 6/group; paired Student’s t test, not significant for either). (A and C) Horizontal bars indicate the mean.
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not all activated CD8+ T cells observed in peripheral blood 
during acute viral infection are virus specific.

Both IFN and IL-15 have been suggested to mediate  
bystander activation in mouse studies (McNally et al., 2001; 
Kohlmeier et al., 2010; Marshall et al., 2010). Furthermore, 
both cytokines were also shown to up-regulate activation mark-
ers on human memory CD8+ T cells when given alone at high 
concentrations in vitro (Kohlmeier et al., 2010; Sandalova et al., 
2010). Type I IFNs up-regulated GrzmB in Flu-specific T cells 
(Kohlmeier et al., 2010), and IL-15 up-regulated DR and 
CD38 on Flu, CMV, and EBV memory T cells (Sandalova  
et al., 2010). Therefore, the contribution of each cytokine to 
the bystander T cell activation observed in this study may not 
be exclusive. To determine whether elevated cytokine levels 
were associated with bystander activation, we measured IFN-, 
IFN-, and IFN- levels in the plasma. Similar to previous 
studies, we detected elevated levels of IFN- and IFN-  
(Linde et al., 1992; Schuster et al., 1993; Hornef et al., 1995; 
Biglino et al., 1996; Prabhu et al., 1996; Corsi et al., 2004;  
Williams et al., 2005); however, the levels of each were not sig-
nificantly correlated with the level of bystander activation  
(not depicted). We did not measure IL-15 serum levels because 
it has been observed to be stable during acute infectious mono-
nucleosis (Williams et al., 2005) and the properties of IL-15 make 
ex vivo detection difficult. Therefore, the mechanism of by-
stander T cell activation in humans remains to be determined.

Flu- and CMV-specific CD8+ T cell numbers 
were unchanged or increased slightly 
during acute EBV infection
Fig. 3 C shows that T cells specific for other 
viruses became activated during EBV infec-
tion. However, it was unclear whether such 
cells expanded and contributed to the CD8+ 

CMV (i.e., viral reactivation) during primary EBV infec-
tion, such as was observed in primary Hantavirus infection  
(Tuuminen et al., 2007). This would be particularly likely if by-
stander activation were to be associated with impaired func-
tion, as proposed based on in vitro experiments (Zhang et al., 
2008). However, we did not detect CMV DNA in the blood by 
PCR during acute infection with any of the subjects in this 
study. Furthermore, alterations in viral load cannot explain  
the activated phenotype of Flu-specific T cells. The fact that 
97–99% of total blood CD8+ T cells expressed an activated 
phenotype in some individuals implies that even naive T cells 
may be subject to bystander activation, as shown in the mouse 
(Kohlmeier et al., 2010). Put together, these data suggest that 
the presence of cognate antigen is not necessary for bystander 
activation of T cells during an acute viral infection. By day 
150, the proportion of activated Flu- and CMV-specific 
CD8+ T cells had returned to baseline (Fig. 3 C).

Our results are consistent with data from two other stud-
ies showing bystander activation during HIV (Doisne et al., 
2004) and Hepatitis B (Sandalova et al., 2010) infection in 
humans. In those studies, the small numbers of patients were 
not directly compared with controls (Sandalova et al., 2010) 
or to samples taken before infection (Doisne et al., 2004). 
Nonetheless, collectively with our study, it would seem that 
bystander activation of T cells is a common occurrence dur-
ing acute infection in humans and clearly demonstrates that 

Figure 3.  Both EBV-specific and bystander 
(CMV and Flu specific) CD8+ T cells were acti-
vated during acute EBV infection. PBMCs from 
each subject were stained with antibodies against 
CD3, CD4, CD8, CD38, CD45RA, DR, and GrzmB, as 
well as pMHCI tetramers. Panels A and B show sam-
ple flow cytometric analysis of PBMCs from subject 
5036 before, during, and after acute infection with 
EBV. (A) HLA-A2/YVL (EBV) tetramer staining on CD8+ 
T cells. (B) HLA-A2/NLV (CMV) tetramer staining on 
CD8+ T cells. (A and B) Lower dot plots show CD38, 
HLA-DR (DR), and GrzmB staining of tetramer+ cells. 
(C) Percentage of tetramer+CD8+ T cells that ex-
pressed CD38 (top), DR (middle), or GrzmB (bottom) 
before (>40 d prior), during (0–30 d), and after (>150 d) 
acute primary EBV infection. EBV-specific CD8+  
T cells were identified with HLA-A2/YVL, A3/RVR,  
or B8/RAK tetramers; Flu-specific CD8+ T cells were 
identified with HLA-A2/GIL tetramers; and CMV-
specific CD8+ T cells were identified with HLA-A2/
NLV, B7/TPR, B8/ELR, or B35/IPS tetramers (n = 6–19 
per virus-specific T cell; ANOVA: *, P < 0.05;  
**, P < 0.001). Horizontal bars indicate the mean.
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increase in total numbers of bystander memory CD8+ T cells 
in peripheral blood (Fig. 5 B). These data suggest that mem-
ory CD8+ T cells undergoing bystander activation do not 
necessarily undergo apoptosis and may even contribute to the 
increase in CD8+ T cell numbers in the blood, albeit slightly. 
During acute Hepatitis B infection, it is possible that other 
factors besides those driving bystander T cell activation cause 
apoptosis of CMV-specific T cells.

Persistence of preexisting memory CD8 T cells
Finally, we compared both the frequency and the numbers  
of Flu- and CMV-specific T cells before EBV infection  
with those after resolution of the acute phase of infection.  
Although acute EBV infection transiently alters the CD8+  
T cell compartment, both the frequency and total numbers of 
CD8+ and CD4+ T cells >150 d after acute infection are 
similar to baseline (Fig. 1, D and E), indicating that homeo-
stasis of the peripheral immune compartment is not grossly 
altered by infectious mononucleosis. Consistent with this, there 
was no significant loss of either CMV- or Flu- specific memory 
T cells at later time points after EBV infection (Fig. 5 C). Alto-
gether, these data suggest there is no attrition of peripheral 
blood memory CD8+ T cells during or after heterologous  
infections in young adults.

This was surprising because studies in animal models 
showed attrition of preexisting memory CD8+ T cells in 
many infections (Selin et al., 1996, 1999; Varga et al., 2001; 
Smith et al., 2002; Liu et al., 2003; Kim and Welsh, 2004; 
Dudani et al., 2008; Schmidt and Harty, 2011). Theoreti-
cally, attrition could be mediated by competition for cellular 
resources (passive model). EBV represents an extremely rig-
orous test of this model in humans, as acute infection with 
this virus causes an extraordinary expansion in the total num-
bers of CD8+ T cells (increasing 12 times above baseline in 
one of our subjects). Nonetheless, we did not observe the loss 
of T cells specific for heterologous infections in this context. 
These results are consistent with Vezys et al. (2009), who 
used a prime-boost immunization model in mice to demon-
strate that the CD8+ T cell compartment could expand sub-
stantially without depleting preexisting memory T cells.

An alternative model suggests that attrition is mediated by 
type I or type II IFNs (active model). During bacterial infec-
tion of mice, attrition was dependent on IFN- (Dudani  
et al., 2008), whereas in viral studies, bystander activation was 
dependent on type I IFN and accompanied by apoptosis 
(McNally et al., 2001; Jiang et al., 2005; Bahl et al., 2006). 
Interestingly, elevations in type I IFN (Linde et al., 1992; 
Hornef et al., 1995; Prabhu et al., 1996; Williams et al., 2005) 
and in IFN- (Linde et al., 1992; Schuster et al., 1993;  
Hornef et al., 1995; Biglino et al., 1996; Corsi et al., 2004; 
Williams et al., 2005) have been well documented during 
acute EBV infection. Additionally, microarray data demon-
strated both strong type I IFN and IFN- gene signatures 
during acute EBV infection in these subjects (unpublished 
data), suggesting again that EBV should be a prime candidate 
for active attrition. The fact that we did not observe attrition 

lymphocytosis that characterizes acute EBV infection or un-
derwent apoptosis, as occurs in some animal models. To ad-
dress this, we calculated the total numbers of Flu- and CMV 
antigen–specific CD8+ T cells per milliliter of blood before, 
during, and after acute EBV infection. We observed a sig-
nificantly reduced frequency of both Flu- and CMV-specific 
T cells during acute EBV (Fig. 4). The frequency of CD8+  
T cells that bind a given tetramer is what is typically reported 
in the human immunology literature. However, because the 
total CD8+ T cell numbers increase dramatically during pri-
mary EBV infection (Fig. 1 E), it was essential to determine 
the total number of CMV- and Flu-specific T cells. Interest-
ingly, these remained steady or slightly increased (Fig. 5,  
A and B). An increase in the number of Flu-specific T cells 
(Fig. 5 A, subject 5342) was observed in 4 of 15 individuals 
and of CMV-specific T cells (Fig. 5 A, subject 5001) in 2 of 
12 individuals studied. The other individuals typically showed 
no increase or decrease of Flu-specific (Fig. 5 A, subject 
5048) or CMV-specific (Fig. 5 A, subject 5621) CD8 T cells 
during after primary EBV infection.

To determine whether the cells that underwent the most 
extreme bystander activation also underwent apoptosis, as 
suggested for CMV-specific cells during Hepatitis B infection 
(Zhang et al., 2008), we examined the relationship between 
bystander activation and T cell numbers. The number of Flu- 
or CMV-specific T cells per milliliter of blood during acute 
EBV infection was normalized relative to the preexisting  
virus-specific cell numbers (set to 1) for each individual, and 
this value was designated as fold expansion (Fig. 5 B). When 
we separated the subjects into two groups based on whether 
Flu/CMV-specific T cells underwent more (>30% CD38/
DR+) or less (<30% CD38/DR+) bystander activation, we 
found that the cells that underwent a greater extent of by-
stander activation showed, if anything, a modest (1.6-fold) 

Figure 4.  There is a transient reduction in the frequency of  
Flu- and CMV-specific T cells during primary EBV infection. PBMCs 
were stained with antibodies against CD3, CD4, CD8, and pMHCI tetra-
mers. The graph represents the frequency of Flu (left) and CMV (right) 
tetramer+CD3+CD8+ T cells before (squares), during (triangles), and after 
(inverted triangles) acute primary EBV infection (n = 10 for Flu and n = 11 
for CMV; paired Student’s t test, P > 0.05 was considered not significant). 
Horizontal bars indicate the mean.
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for EBV infection, was shown to result 
in partial depletion of preexisting Flu-
specific T cells (Liu et al., 2003). There 
is some evidence that central memory 
T cells (more likely to reside in lym-
phoid organs) are more sensitive to 
IFN-induced apoptosis than effector 
memory T cells (more likely to circu-
late in blood; Wang et al., 2003). This 
is one potential reason the findings de-
scribed here may be at odds with animal 
studies. Although there are studies that 
indicate attrition is a comprehensive 

process that occurs in both lymphoid and peripheral tissues in 
mice, in this human study, we measured T cell numbers in the 
blood, in contrast to most animal studies, which focus on sec-
ondary lymphoid organs (Kim and Welsh, 2004; Dudani et al., 
2008; Schmidt and Harty, 2011). An alternative explanation 
for why our findings may be at odds with animal studies has to 
do with time. Multiple studies have shown that attrition medi-
ated by infection or type I IFN is less pronounced in older 
mice than younger mice (Jiang et al., 2003, 2005). We studied 
young adults, which might be considered developmentally 
equivalent to young mice. However, it is possible that when it 
comes to immunity, age in real time (4–6 wk vs. 18 yr) may 
be more important than developmental age. Overall, these 
results emphasize the importance of studying immunity in 
humans, as well as in animal models (Davis, 2008).

In summary, we studied natural infection with a common 
virus that induces robust innate and adaptive immune re-
sponses in humans. Our findings provide definitive data that 
bystander activation of preexisting memory T cells occurs in 
this context but does not result in attrition. Thus, we propose 
that the preservation of immunological memory through 
heterologous infections in humans is the rule, although attri-
tion may occur under as yet undefined circumstances.

suggests that potent induction of an IFN response by itself 
may not be sufficient to cause apoptosis of bystander memory 
CD8+ T cells.

We considered the possibility that CMV-specific memory 
T cells may be retained by reactivation of the latent virus.  
Although we did not detect CMV DNA in the blood of any 
of the subjects during acute EBV infection (unpublished data), 
this possibility cannot be ruled out. Nonetheless, this should 
not be the case with influenza infection, which is cleared. 
None of the subjects in this study displayed symptoms of influ-
enza infection during the time period between acute EBV and 
when postinfection samples were taken for analysis. Another 
possible explanation was suggested by the report that rare Flu-
specific CD8+ T cells can cross-react with EBV (Clute et al., 
2005). Thus, EBV might expand a minor population of dual 
reactive T cells, masking an overall decline in the broad Flu-
specific CD8+ population. However, we did not detect dual 
tetramer-binding T cells (GIL/GLC or GIL/YVL) after EBV 
infection in any of the 12 A2+ subjects in this study (unpub-
lished data), suggesting that this is an unlikely explanation for 
the persistence of Flu-specific memory.

It is interesting that infection with MHV-68 (mouse 
gammaherpesvirus 68), considered the closest mouse model 

Figure 5.  There is no attrition of pre
existing memory CD8+ T cells after primary 
EBV infection. (A) Panels show data from 
four individual subjects depicting the total 
number of CD8+ T cells per milliliter of blood 
that stained with the indicated tetramers for 
EBV (black diamond), Flu (red circle), or CMV 
(blue inverted triangle) over time. Dotted lines 
indicate that EBV-specific T cells were not 
detectable before primary infection. (B) The 
fold expansion of CMV- and Flu-specific CD8+ 
T cells in subjects that displayed a more acti-
vated phenotype (based on >30% expression 
of CD38 and DR) or less activated phenotype 
(1–30% expression of CD38 and DR). Student’s 
t test, P < 0.05 (n = 26). Horizontal bars indi-
cate the mean. (C) Flu- and CMV-specific CD8+ 
T cell numbers before and >150 d after pri-
mary EBV infection. Paired Student’s t test,  
P > 0.05 (n = 10 for Flu and n = 11 for CMV). 
Error bars indicate standard deviation.
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samples were tested for virus-specific IgG antibody responses using an ELISA 
(Diamedix). For influenza, we limited analysis to only individuals who were 
HLA-A2 positive to use available pMHCI tetramers (defined in the previous 
section). A2+ individuals with a detectable population of Flu-specific, mem-
ory phenotype T cells in samples taken before EBV infection were selected 
(16/17 individuals tested).

Flow cytometry analysis. PBMCs from each subject were stained with 
antibodies (e-Bioscience, BioLegend, or Invitrogen) against CD3, CD4, 
CD8, CD56, CD38, HLA-DR, CD11a, CD45RA, CCR7, or CD27 and 
pMHCI tetramers (NIH tetramer facility or Beckman Coulter), washed, 
permeabilized, and then stained with an antibody to GrzmB using the Cyto-
fix/Cytoperm kit according to the manufacturer’s instructions (BD). Sam-
ples were analyzed on an LSR II (BD), and all data were processed using 
FlowJo software (Tree Star). For each analysis, more than four independent 
experiments were performed.

Statistical analysis. All statistical analysis was performed using Prism soft-
ware (GraphPad Software) or Excel (Microsoft). Comparisons between 
groups were performed with an unpaired two-tailed Student’s t test, a paired 
two-tailed Student’s t test, or a one-way ANOVA (analysis of variance; as 
indicated in the figure legend) with a p-value <0.05 as the cutoff for statisti-
cal significance.
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