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Introduction
Memory CD8+ T cells play a critical role in protection from patho-
gen reexposure. In addition to an increase in precursor frequency, 
memory CD8+ T cells possess various functional advantages that 
enhance their protective capacity compared with their naive coun-
terparts. These include the capacity to rapidly produce effector 
cytokines and kill infected target cells (1–3). In addition, despite 
a similar lag time for cell-cycle entry in vivo (3), memory CD8+ T 
cells divide and accumulate more rapidly than naive CD8+ T cells 
(3–7). A recent report demonstrated that, in the absence of inflam-
matory stimuli, memory CD8+ T cells do not proliferate faster than 
naive cells, but instead exhibit a higher antigen threshold for entry 
into the cell cycle (8). Systemic inflammatory cytokines have pre-
viously been shown to exert a greater influence on the expansion 
of potential of memory CD8+ T cells than naive CD8+ T cells (9). 
Together, these studies strongly suggest that inflammatory cues 
play an important role in regulating the rapid division of memory 
CD8+ T cells observed in vivo over the course of infection.

Recent studies demonstrate that inflammatory cytokines have 
profound effects on the biology of memory CD8+ T cells indepen-
dently of antigen reexposure. These include the capacity to rapidly 
traffic to inflamed tissues independently of antigen recognition as 
well as a transient increase in the antigen sensitivity of memory 
CD8+ T cells (10–12). In addition, several lines of evidence suggest 
that inflammatory cytokines can affect the cell-cycle properties of 
memory CD8+ T cells in a bystander manner (13–16). In particu-
lar, a recent study demonstrated that in vitro treatment with IL-12 
and IL-18 leads to the proliferation of memory CD8+ T cells in an 
IL-2–dependent manner and suggested that this may be impor-
tant in protection from reinfection (15). Additionally, Sprent and 
colleagues showed that infection with viruses (16) or injection of 

adjuvants (17) can stimulate proliferation of memory-phenotype 
CD8+ T cells generated through homeostatic proliferation in 
lymphopenic adult thymectomized mice. However, it remains 
unknown whether or how virus infection stimulates bystander 
proliferation of bona fide antigen-specific memory CD8+ T cells 
in normal mice. More importantly, it is currently unclear whether 
such proliferation is simply a bystander effect or plays an impor-
tant role in the protective capacity of memory cells for rapid divi-
sion following antigen encounter.

IL-15 is critical for the maintenance of memory CD8+ T cells, 
which it achieves by controlling basal proliferation (18–20), and 
it may be involved in the bystander proliferation of memory-like 
CD8+ T cells (17), although this role has not been established for 
bona fide antigen-specific memory CD8+ T cells. Intriguingly, 
recent data have demonstrated that IL-15 produced following 
inflammatory challenges plays an important role in the trafficking 
of memory CD8+ T cells (11). This suggests a novel role for inflam-
matory IL-15 (this term will be used herein to denote IL-15 induced 
following infection and differentiate it from basal levels of IL-15, 
which play a role in homeostatic maintenance of memory CD8+ 
T cells; refs. 20, 21) in optimizing memory CD8+ T cell responses 
over the course of secondary infection. As steady-state levels of 
IL-15 can regulate the basal proliferation of memory CD8+ T cells, 
we asked whether the induction of this cytokine following viral 
infection regulates the rapid proliferative capacity of memory 
CD8+ T cells independently of antigen reencounter.

Results
Exposure to virus-induced inflammation induces the cell-cycle entry 
of memory CD8+ T cells. The milieu induced by virus infection may 
consist of multiple pro- and antiinflammatory cytokines (22). We 
used an unbiased method (microarray) to address the impact 
of virus-induced bystander inflammation on bona fide antigen- 
specific memory CD8+ T cells. To this end, naive P14 cells (Thy1.1, T 
cell receptor Tg CD8+ T cells specific for gp33–41 of lymphocytic cho-
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I IFN (data not shown). However, the most striking finding after 
Database for Annotation, Visualization and Integrated Discovery 
(DAVID) analysis of this gene set (23, 24) was the extensive upregu-
lation of genes involved in the cell cycle (Table 1 and Figure 1C). In 
order to determine whether upregulation of these genes by virus-
driven inflammation affects the cell-cycle properties of memory 
CD8+ T cells, memory P14 cells were enriched, labeled with Cell-
Trace Violet (CTV), and adoptively transferred to naive C57BL/6 
recipients. Recipient mice were mock infected with saline, infected 
with LCMV-Armstrong (LCMV-ARM) to provide both inflamma-
tion and cognate antigen, or infected with PV to provide virus-driv-
en inflammation in the absence of cognate antigen. As expected, 
on day 4 after infection with LCMV-ARM, memory P14 cells had 

riomeningitis virus [LCMV]) were transferred to naive C57BL/6 
mice (Thy1.2) followed by infection with LCMV. Fifty or more days 
later, mice were either mock infected or infected with pichinde 
virus (PV) (an arenavirus related to LCMV that does not express the 
P14 antigen) to provide virus-driven inflammation in the absence 
of cognate antigen. Memory P14 cells from each group were sorted 
from the spleen on day 4 following infection, and genome-wide 
mRNA expression was analyzed by microarray. PV infection sig-
nificantly (P < 0.01 and fold-change > 1.5) altered the expression of 
a large number (>250) of genes in memory CD8+ T cells, the major-
ity of which were upregulated compared with memory CD8+ T 
cells from mock-infected mice (Figure 1, A and B). We found signa-
tures reflecting specific cytokine-response pathways, such as type 

Figure 1. Viral infection induces the expression of cell-cycle genes by memory CD8+ T cells. (A) Number of genes differentially expressed in memory 
P14 cells on day 4 following PV infection compared with mock infection. (B) Heat map of differentially expressed genes. Each vertical lane represents an 
independent RNA pool. Color scale represents relative intensity of expression for each individual gene. (C) Expression levels of the 67 genes identified as 
belonging to the cell-cycle GO term by DAVID analysis in memory P14 cells exposed to virus-driven inflammation compared with saline-treated groups. 
Arrow indicates gene that encodes the Ki-67 protein. Data are from 3 independent RNA pools per group collected from at least 2 mice per pool (1 × 106 puri-
fied memory P14 cells per pool).
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following exposure to viral inflammation in the absence of anti-
genic stimulation (Figure 3). However, the effects of bystander 
inflammation on memory CD8+ T cells were transient, as the per-
centage of Ki-67+ cells decreased by day 7 and returned to below 
baseline by day 15 after infection (Supplemental Figure 2). These 
data demonstrate that exposure to virus-induced inflammation 
rapidly but transiently induces cell-cycle entry (as measured by 
Ki-67 expression) of memory CD8+ T cells. This suggests that 
exposure to inflammatory cytokines may provide a short window 
during which memory CD8+ T cells are primed for rapid division 
if they reencounter cognate antigen.

Virus-driven inflammation preferentially induces the cell-cycle 
entry of memory CD8+ T cells. To address whether the capacity of 
inflammatory cytokines to induce cell-cycle entry by CD8+ T cells 
was limited to the memory subset, memory and naive P14 Tg CD8+ 
T cells were enriched and adoptively transferred to naive C57BL/6 
recipients. Mice were then either mock-infected or infected with 
PV to provide inflammatory cytokines in the absence of antigen 
stimulation. While the majority (86.6% ± 0.7%) of memory P14 
cells became Ki-67+, only a small fraction (12.1% ± 1.8%) of naive 
P14 cells became Ki-67+ on day 4 following PV infection (Figure 4). 
This demonstrates that the capacity of viral-driven inflammation 
to drive CD8+ T cell entry into the cell cycle occurs preferentially 
within the memory subset.

Type I IFN–driven IL-15 induces cell-cycle entry of memory CD8+ 
T cells independently of antigenic reencounter. In order to mecha-
nistically determine how bystander viral infection regulates the 
cell-cycle entry by memory CD8+ T cells, we next asked whether 
specific inflammatory cytokines were directly involved in this phe-
nomenon. We observed that both PV and LCMV-ARM (Figure 2) 
infection led to the cell-cycle entry (as measured by Ki-67 expres-
sion) of the majority of memory CD8+ T cells independently of 
antigen reexposure. These related arenaviruses both drive a strong 
inflammatory response that is dominated by the production of type 
I IFNs (26). Additionally, previous studies have linked type I IFNs 
to the proliferation of “memory-like” CD8+ T cells (16). Therefore, 
we asked whether type I IFN signaling is involved in regulating cell-
cycle entry of bona fide antigen-specific memory CD8+ T cells. WT 
memory P14 cells were enriched from the spleens of donor mice 
and adoptively transferred to either WT mice or mice lacking the 
type I IFN receptor (Ifnar1–/–). Type I IFN receptor deficiency did 
not substantially alter the percentage of Ki-67+ memory CD8+ T 
cells at steady state (Figure 5, A and B). However, on day 4 following 
infection with PV, we observed a significant (P < 0.001) reduction 
in the percentage of memory P14 cells that were induced to express 
Ki-67 in Ifnar1–/– recipients compared with memory P14 cells in WT 
recipients (Figure 5, A and B). As cells from Ifnar1-deficient mice 
are unable to respond to type I IFNs, this suggests a role for type I 
IFN signaling in regulating the cell-cycle entry of memory CD8+ T 
cells following bystander viral infection.

The preceding experiments did not allow us to determine 
whether the regulation of the cell-cycle entry resulted from a direct 
effect of type I IFN signaling on memory CD8+ T cells or rather 
from other indirect effects of reduced type I IFN signaling on other 
cell types. To address this, WT mice with populations of congeni-
cally marked WT or Ifnar1–/– memory OT-I cells were infected with 
LCMV-ARM and Ki-67 expression was measured on day 4 follow-

undergone 8 or more rounds of division and all cells had high 
expression of Ki-67 (a marker that identifies cells that have entered 
any of the active phase of the cell cycle) (ref. 25, Figure 2A, and 
Supplemental Figure 1, A and B; supplemental material available 
online with this article; doi:10.1172/JCI81261DS1), leading to a sig-
nificant (P < 0.001) increase in the number of P14 cells recovered 
from the spleen of infected mice (Figure 2B).

The mock-infection group exhibited a small percentage of 
memory P14 cells undergoing 1 or 2 divisions, representing the 
steady-state homeostatic proliferation of memory CD8+ T cells 
(Figure 2A) and significantly (P < 0.001) lower expression of Ki-67 
on a per-cell basis compared with LCMV-infected mice (Supple-
mental Figure 1, A and B). Exposure to inflammation driven by 
PV induced a low level of bystander proliferation, as previously 
described (less than 4 divisions) (13, 14, 16), but did not lead to any 
increase in the numbers of memory P14 cells recovered (Figure 2B) 
and was also coupled with lower expression of Ki-67 on a per-cell 
basis compared with P14 cells in LCMV-infected mice (Figure 2A 
and Supplemental Figure 1, A and B). This suggests that bystander 
infection induces memory CD8+ T cell proliferation that may be 
more similar to homeostatic proliferation than antigen-driven pro-
liferation, as it is coupled with lower expression of Ki-67 and does 
not result in expansion in numbers of the population.

Although the extent of bystander division of memory P14 after 
PV infection was modest (<4 division), the vast majority of memo-
ry P14 cells became positive for Ki-67 staining (Figure 2, C and D). 
This observation validated our microarray findings demonstrating 
upregulation of the Mki67 gene following exposure to virus-driven 
inflammation (>5-fold upregulation, Figure 1C). In addition, this 
observation was not limited to P14 cells or to PV infection, as the 
majority of memory OT-I Tg CD8+ T cells (specific for OVA257–264 
and generated by listeria-ova infection) also became positive for 
Ki-67 on day 4 following LCMV-ARM infection (Figure 2, E and F). 
Similarly, a large proportion of endogenous memory CD8+ T cells 
specific for LCMV-gp33 or -gp276 (as identified by MHC-tetramer 
staining) expressed Ki-67 on day 4 following bystander infection 
with PV (Figure 2, G–J). These data demonstrate that exposure to 
viral-driven inflammation induces the cell-cycle entry of the major-
ity of memory CD8+ T cells regardless of their antigenic specificity.

Entry into the active phase of the cell cycle by memory CD8+ 
T cells occurred rapidly, as we observed a significant (P < 0.001) 
increase in Ki-67+ memory P14 cells on day 2 following infec-
tion in both the spleen and inguinal lymph nodes (Figure 3). The 
majority of memory CD8+ T cells expressed Ki-67 within 3 days 

Table 1. DAVID analysis of differentially expressed genes in 
memory P14 T cells following mock infection or infection with PV

GO TERM (top 5) No. of genes P value
Cell cycle 67 5.60 × 10–42

Cell-cycle process 56 1.30 × 10–40

M phase 49 2.50 × 10–39

M phase of the mitotic cell cycle 42 1.30 × 10–37

Cell-cycle phase 50 2.00 × 10–37
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involved in the antigen-independent regulation of memory CD8+ 
T cell function, such as trafficking to inflamed tissues (11) and the 
proliferation of “memory-like” CD8+ T cells (17). Therefore, we 
determined whether arenavirus infection induces IL-15 produc-
tion in a type I IFN–dependent manner. Both WT and Ifnar–/– mice 
expressed similarly low but detectable basal amounts of IL-15 in 
the spleen prior to infection (Figure 5E). PV infection induced a 
significant (P < 0.001) increase in IL-15 expression in the spleen 
on day 2 after infection, and this was associated with a significant 
(P = 0.0002) increase in Il15 mRNA expression, suggesting that 
the increased IL-15 protein resulted from changes in transcription 
(Supplemental Figure 3A). This was, at least partially, regulated 
by type I IFN signaling, as Ifnar1–/– mice expressed significantly  

ing infection. As described above (Figure 2), LCMV-ARM infection 
resulted in a significant (P < 0.001) increase in the percentage of 
memory CD8+ T cells having entered the cell cycle (as marked by 
Ki-67 expression) (Figure 5, C and D). Strikingly, type I IFN recep-
tor deficiency on memory CD8+ T cells did not reduce their capac-
ity to enter the cell cycle following exposure to virus-driven inflam-
matory cytokines (Figure 5, C and D). Collectively, these data 
demonstrate that type I IFNs play an important but indirect role in 
regulating the cell-cycle entry of memory CD8+ T cells.

Next, we asked which factors were regulated by type I IFNs 
to control the antigen-independent cell-cycle entry of memory 
CD8+ T cells. Type I IFNs regulate the expression of several pro-
teins including IL-15 (27), a cytokine that has been suggested to be 

Figure 2. Viral infection induces 
cell-cycle entry of the majority 
of memory CD8+ T cells indepen-
dently of antigen reexposure. (A) 
Representative plots of cellular 
division and Ki-67 expression of 
adoptively transferred CTV-labeled 
memory P14 cells on day 4 fol-
lowing indicated treatment. (B) 
Total numbers of memory P14 cells 
recovered from the spleen on day 
4 following the indicated treat-
ment. (C) Representative plots of 
Ki-67 expression by memory P14 
cells on day 4 following indicated 
treatment. Shaded histograms 
represent isotype controls. (D) 
Cumulative data (mean ± SEM) of 
Ki-67 expression by memory P14 
cells on day 4 following indicated 
treatment. (E and F) Same experi-
mental design shown in C and D 
for memory OT-I on day 4 following 
LCMV infection. (G and H) Same 
experimental design shown in C 
and D for endogenous gp33-spe-
cific memory CD8+ T cells as identi-
fied by tetramer staining. (I and J) 
Same experimental design shown 
in C and D for endogenous gp276-
specific memory CD8+ T cells as 
identified by tetramer staining. 
Data are from at least 3 mice per 
group and are representative of at 
least 2 independent experiments. 
Data in B were analyzed by 1-way 
ANOVA with Tukey’s post-test of 
multiple comparisons, and data 
in D, F, H, and J were analyzed by 
2-tailed, unpaired Student’s t test.
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and Table 1) were induced downstream of CD122 signaling, as dem-
onstrated by reduced expression of these genes following CD122 
blockade (Supplemental Figure 3, B and C, and Supplemental Table 
1). The relative contribution of IL-15 and IL-2 was addressed by 
adoptively transferring WT memory P14 Tg CD8+ T cells into either 
WT or Il15–/– hosts or with in vivo blockade using antibodies directed 
at IL-2. While induction of cell-cycle entry of WT memory CD8+ T 
cells by viral infection was completely abrogated in IL-15–deficient 
hosts (Figure 6, C and D), blockade of IL-2 had no effect (Supple-
mental Figure 4). Further, we addressed which cell population is 
responsible for the production of IL-15 following viral infection. Bio-
logically active IL-15 is presented on the cell surface as a complex 
with the IL-15Rα chain (CD215), usually on macrophage/monocytes 
or dendritic cells (28, 29). Therefore, we measured the induction of 
CD215 on antigen-presenting cell populations to determine which 
cell populations are responsible for the enhanced transpresenta-

(P < 0.001) reduced IL-15 levels following PV infection (Figure 
5E). This demonstrates that type I IFN induction following viral 
infection is a major regulator of IL-15 expression.

In order to directly examine a role for IL-15 in the regulation of 
the cell-cycle entry of bona fide antigen-specific memory CD8+ T 
cells, WT mice with a population of memory P14 cells were infected 
with PV and treated daily with either control IgG or a blocking anti-
body directed at CD122 (IL-2/IL15Rβ, a signaling component for 
both IL-2 and IL-15). While PV infection significantly (P < 0.001) 
increased the percentage of memory CD8+ T cells entering the cell 
cycle (as marked by Ki-67 expression) in control IgG-treated mice, 
this was completely abrogated in mice treated with anti-CD122 
antibody (Figure 6, A and B), suggesting an important role for IL-2 
or IL-15 signaling in regulating cell-cycle entry of memory CD8+ T 
cells over the course of infection. Importantly, a large proportion of 
the cell-cycle genes upregulated following PV infection (Figure 1 

Figure 3. Viral infection rapidly induces cell-cycle entry of memory CD8+ T cells 
independently of antigen reexposure. (A) Representative plots of Ki-67 expression 
by memory P14 cells in the spleen on the indicated day following PV infection or mock 
infection. Shaded histograms represent isotype controls. (B) Cumulative data (mean 
± SEM) of Ki-67 expression by memory P14 cells on the indicated day following PV 
infection (black bars) or mock infection (gray bar). (C and D) Same experimental design 
shown in A and B for memory P14 cells in the inguinal lymph node. Data are from 3 mice 
per group and are representative of 2 independent experiments. Data in B and D were 
analyzed by 1-way ANOVA with Tukey’s post-test of multiple comparisons.
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tion of IL-15. We observed a significant increase in IL-15Rα on den-
dritic cells following PV infection, suggesting that, as previously 
described (28, 29), dendritic cells play an important role in the pro-
duction of IL-15 (Supplemental Figure 5). We also observed a quite 
modest, but statistically significant increase in IL-15Rα expression 
on macrophage/monocyte and B cells, suggesting that other cell 
types may make a minor contribution to IL-15 production following 
viral infection (Supplemental Figure 5). Taken together, these data 
demonstrate that induction of IL-15, but not IL-2, following viral 
infection allows memory cells to enter the cell cycle regardless of 
their antigenic specificity.

Inflammatory IL-15 induces cell-cycle entry of memory CD8+ T 
cells via a pathway dependent on the mTOR complex-1 pathway. We 
next wanted to determine the signaling pathway involved in induc-
ing cell-cycle entry of memory CD8+ T cells following exposure to 
inflammatory IL-15. The metabolic checkpoint kinase mTOR has 
been well described as integrating various stimulatory cues and 
regulating multiple cell processes, including cell-cycle progres-
sion (30, 31). In addition, recent data have shown an essential 
role for the mTOR complex-1 (mTORC1) downstream of IL-15 in 
NK cell function (32). Therefore, we directly examined the role of 
mTOR in the induction of cell-cycle entry of memory CD8+ T cells 
following exposure to inflammatory IL-15. Mice with a population 
of memory P14 cells were infected with PV and treated daily with 
either saline or the mTORC1-specific inhibitor rapamycin (33). 
While PV infection significantly (P < 0.001) increased the percent-
age of memory CD8+ T cells entering the cell cycle (as marked by 
Ki-67 expression) in control-treated mice compared with mock-
infected mice, this increase in Ki-67 was completely abrogated 
in mice treated with rapamycin (Figure 6, E and F). Importantly, 
rapamycin treatment did not reduce the antigen-independent 

enhancement of granzyme B in memory CD8+ T cells exposed to 
inflammation, in which granzyme B enhancement is dependent 
on direct type I IFN signaling (ref. 34 and Supplemental Figure 6). 
These data demonstrate that exposure to inflammatory IL-15 acti-
vates the mTORC1-signaling pathway to induce cell-cycle entry of 
memory CD8+ T cells and that this pathway is independent of the 
type I IFN–mediated effect on CD8+ T cell effector function.

The preceding experiments did not allow us to determine 
whether rapamycin had a direct effect on CD8+ T cells. Therefore, 
to address a direct link among IL-15 receptor signaling (large-
ly STAT5 dependent), mTOR, and a relevant target of mTOR 
involved in cell-cycle progression, memory P14 cells were enriched 
and stimulated ex vivo with IL-15 alone or together with either a 
STAT5 inhibitor or rapamycin. We investigated activation of a well-
described target of mTOR involved in cell-cycle progression, p70 
S6 kinase (35, 36). Activation of p70 S6 kinase activity is regulated 
by several phosphorylation events, including phosphorylation of 
threonine 389 by mTORC1. Stimulation of memory P14 cells with 
IL-15 resulted in the phosphorylation of p70 S6 kinase (Figure 6G). 
Importantly, inhibition of either STAT5 signaling or mTORC1 
activity (with rapamycin) completely abrogated phosphorylation 
of p70 S6 kinase. Taken together, these results demonstrate that 
IL-15 stimulation of memory CD8+ T cells leads to the activation of 
the mTOR pathway in a STAT5-dependent manner, leading to the 
phosphorylation of p70 S6 kinase. Therefore, these data provide a 
mechanistic link between exposure to inflammatory IL-15 and the 
regulation of the cell-cycling capacity of memory CD8+ T cells.

Exposure to IL-15 prepares mouse and human CD8+ T cells for 
rapid division. Our data demonstrated that exposure to IL-15 
induced following infection allows bona fide antigen-specific 
memory CD8+ T cells to enter the cell cycle independently of 

Figure 4. The capacity of virus-driven inflammation to induce cell-cycle entry is largely restricted to memory CD8+ T cells. (A) Representative plots 
of Ki-67 expression by adoptively transferred memory or naive P14 cells on day 4 following PV infection or mock infection. Shaded histograms represent 
isotype controls. (B) Cumulative data (mean ± SEM) of Ki-67 expression in adoptively transferred memory or naive P14 cells on day 4 following PV infection 
or mock infection. Data are from at least 3 mice per group and are representative of 2 independent experiments. Data in B were analyzed by 1-way ANOVA 
with Tukey’s post-test of multiple comparisons.
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antigen reexposure. We next determined whether this simply 
represents a bystander effect with no biological significance or 
whether it actually prepares memory CD8+ T cells for rapid divi-
sion upon antigen encounter. Memory P14 cells were enriched 
and cultured with or without low doses of recombinant murine 
IL-15 for 4 days. This pretreatment was not sufficient to induce 
cell division (as measured by CTV dilution) in the majority of 
the cultured memory CD8+ T cells (Figure 7A). While the condi-
tions used in the in vitro assay were more stringent than those in 

the in vivo (where low levels of proliferation did occur following 
bystander infection), they were still sufficient to induce Ki-67 
expression (Supplemental Figure 7A). Cells were then washed to 
remove any remaining IL-15 and stimulated with cognate GP33–41 
peptide. Strikingly, despite the stringent conditions employed, 
IL-15 pretreatment led to faster division of memory CD8+ T cells 
following peptide stimulation (Figure 7A and Supplemental Table 
2). These data demonstrate that exposure of memory CD8+ T cells 
to IL-15 prepares the cells for faster division following cognate 

Figure 5. Type I IFN indirectly regulates cell-cycle entry of memory CD8+ T cells. (A) Representative plots of Ki-67 expression by memory P14 cells adop-
tively transferred to WT or Ifnar1–/– hosts on day 4 following PV infection or mock infection. Shaded histograms represent isotype controls. (B) Cumula-
tive data (mean ± SEM) of Ki-67 expression by memory P14 cells adoptively transferred to WT or Ifnar1–/– hosts on day 4 following PV infection or mock 
infection. (C) Representative plots of Ki-67 expression by WT or Ifnar1–/– memory OT-I cells on day 4 following LCMV-ARM infection or mock infection. (D) 
Cumulative data (mean ± SEM) of Ki-67 expression by WT or Ifnar1–/– memory OT-I cells on day 4 following LCMV-ARM infection or mock infection. (E) 
Cumulative data (mean ± SEM) of IL-15 expression in the spleen of WT or Ifnar1–/– mice on day 2 following infection with PV or mock infection. Data are 
from 3 mice per group and are representative of 2 independent experiments. Data in B, D, and E were analyzed by 1-way ANOVA with Tukey’s post-test of 
multiple comparisons.
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Figure 6. Inflammatory IL-15 induced following viral infection regulates cell-cycle entry of memory CD8+ T cells via a signaling pathway dependent 
on mTORC1. (A) Representative plots of Ki-67 expression by memory P14 cells on day 4 following mock infection or infection with PV followed by daily 
treatment with either rat IgG or anti-CD122 (clone TM-β1) antibody as indicated. Shaded histograms represent isotype controls. (B) Cumulative data 
(mean ± SEM) of Ki-67 expression by memory P14 cells on day 4 following indicated treatment. (C) Representative plots of Ki-67 expression by memory 
P14 cells adoptively transferred to WT or Il15–/– hosts on day 4 following PV infection or mock infection. Shaded histograms represent isotype controls. 
(D) Cumulative data (mean ± SEM) of Ki-67 expression by memory P14 cells adoptively transferred to WT or Il15–/– hosts on day 4 following PV infec-
tion or mock infection. (E) Representative plots of Ki-67 expression by memory P14 cells on day 4 following mock infection or infection with PV with 
daily treatment with either saline or rapamycin as indicated. Shaded histograms represent isotype controls. (F) Cumulative data (mean ± SEM) of Ki-67 
expression by memory P14 cells on day 4 following indicated treatment. (G) Immunoblot analysis of cell lysates from enriched memory P14 cells for the 
indicated protein after indicated treatment. Data in A–F are from 3 mice per group and are representative of at least 2 independent experiments. Data in 
G are from at least 15 pooled mice and are representative of 2 independent experiments. Data in B, D, and F were analyzed by 1-way ANOVA with Tukey’s 
post-test of multiple comparisons.
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Figure 7. Exposure to IL-15 prepares memory CD8+ T cells for rapid division following T cell receptor triggering and is required for optimal proliferation 
and protective capacity. (A) Proliferation profiles (CTV dilution) of enriched memory P14 cells with (blue lines) or without (red lines) pretreatment with 
recombinant murine IL-15. Cells were then stimulated with cognate peptide (gp33–41) as indicated. (B) Same experimental design shown in A for antigen-
experienced (CD8+ CD45RO+) human CD8+ T cells with (blue lines) or without (red lines) pretreatment with recombinant human IL-15 and stimulation with 
plate-bound anti-CD3. (C) Proliferation of naive P14 Tg CD8+ T cells transferred into WT hosts (green line) or memory P14 cells transferred into WT (blue 
line) or Il15–/– hosts (red line) was measured by CFSE dilution on day 3 following LCMV-ARM infection. (D) Cumulative data (mean ± SEM) of the percentage 
of naive or memory P14 cells transferred to WT or Il15–/– hosts (as indicated) having undergone greater than 5 divisions on day 3 following infection with 
LCMV-ARM. (E) Viral burden in the inguinal lymph node on day 3 following LCMV clone 13 infection of mice receiving either no adoptive transfer (green 
squares) or an adoptive transfer of memory P14 cells with daily treatment with either rat IgG (blue triangles) or anti-CD122 (clone TM-β1) (red inverted 
triangles). Data in A are from more than 3 pooled mice and are representative of 2 independent experiments. Data in B are from 1 human donor and are 
representative of 2 experiments with different individual donors. Data in C–E are from at least 3 mice per group and are representative of at least 2 inde-
pendent experiments. Data in D and E were analyzed by 1-way ANOVA with Tukey’s post-test of multiple comparisons.
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ity of inflammatory cytokines to enhance the antigen sensitivity of 
memory CD8+ T cells (Supplemental Figure 8, A and B), demon-
strating that CD122 blockade does not affect the effector capac-
ity of these cells. Importantly, CD122 blockade did not affect the 
capacity of naive mice (without adoptive transfer of memory CD8+ 
T cells) to control viral infection, demonstrating that blockade did 
not affect the innate immune responses to infection (Supplemen-
tal Figure 8C). Collectively, our results indicate that the decreased 
protection is due to the reduction in the proliferative capacity of 
memory CD8+ T cells. Taken together, our data demonstrate what 
we believe is a novel role for inflammatory IL-15 induced following 
viral infection. Type I IFN–dependent induction of IL-15 allows 
activation of the mTOR pathway, causing memory cells to enter 
the cell cycle regardless of their antigenic specificity. This repre-
sents more than a bystander effect, as it primes memory CD8+ T 
cells for faster cell division after encountering their cognate anti-
gen. This, in turn, yields an increase in the protective capacity of 
memory CD8+ T cells.

Discussion
Memory CD8+ T cells mediate increased protection from rein-
fection due to having several functional advantages over naive 
CD8+ T cells. Among these advantages is a well-described capac-
ity for rapid proliferation of memory CD8+ T cells compared with 
their naive counterparts (3–7). Of note, proliferation of memory- 
phenotype CD8+ T cells generated in lymphopenic hosts has been 
observed after virus infection; however, these early studies did not 
distinguish between the responding virus-specific CD8+ T cells 
and preexisting memory-phenotype CD8+ T cells (16). Further 
studies showed that injection of adjuvants could stimulate prolif-
eration of lymphopenia-driven memory-phenotype CD8+ T cells 
through type I IFN– and IL-15–dependent processes (17). Howev-
er, it remained unknown whether bona fide memory CD8+ T cells 
generated in lympho-replete hosts undergo similar bystander pro-
liferation and, more importantly, whether this bystander prolifera-
tion influences the response of bona fide memory CD8+ T cells if 
they encounter their cognate antigen.

A recent study suggested that under noninflamed conditions, 
memory CD8+ T cells do not possess a proliferative advantage, but 
may in fact have a higher antigenic threshold for cell-cycle entry 
than naive cells (8). Similarly, while the per-cell capacity for over-
all accumulation is greater for naive cells, systemic inflammation 
has a greater effect on the proliferative capacity of memory CD8+ 
T cells (9). These studies suggested an important role for inflam-
matory cytokines in regulating the rapid proliferation of memory 
CD8+ T cells. Herein, we demonstrate that exposure to inflamma-
tory cytokines prepares bona fide memory CD8+ T cells for rapid 
division independently of antigen reencounter. Our data clearly 
establish a key role for the type I IFN–dependent induction of 
IL-15 in regulating the cell-cycle entry of memory CD8+ T cells 
via the activation of the mTORC1-signaling pathway, leading to 
the activation of p70 S6 kinase. This, in turn, leads to an increase 
in the proliferative capacity of memory CD8+ T cells, resulting in 
heightened protection from chronic infection with LCMV clone 
13, a model in which the proliferation of memory CD8+ T cells is 
important for the control of viral load within the lymph nodes (37). 
Therefore, we demonstrate that the antigen-independent cell-

peptide encounter. Similarly, we observed that pretreatment with 
low doses of recombinant human IL-15 did not induce cell divi-
sion in the majority of antigen-experienced (CD45RO+) human 
CD8+ T cells while inducing the expression of Ki-67 (Figure 7B 
and Supplemental Figure 7B). Importantly, pretreatment with 
IL-15 also led to an increase in the proliferative capacity of these 
cells following stimulation with plate-bound anti-CD3 compared 
with the same population of cells that had not been pretreated 
(Figure 7B and Supplemental Table 2). Taken together, these data 
suggest that the capacity of memory CD8+ T cells to sense IL-15 
following viral infection represents an important conserved regu-
latory mechanism that allows for the rapid proliferation of memo-
ry CD8+ T cells upon antigen encounter.

Inflammatory IL-15 regulates the proliferation and protective 
capacity of memory CD8+ T cells over the course of infection. Our 
data strongly suggest that IL-15 plays an important role in regu-
lating the capacity of memory CD8+ T cells to proliferate more 
rapidly than naive cells over the course of an infection. In order 
to directly investigate the effect of IL-15 on the proliferation and 
protective capacity of memory CD8+ T cells, naive and memory 
P14 cells were enriched, CFSE labeled, and adoptively trans-
ferred to either WT or IL-15–deficient recipients. On day 3 fol-
lowing infection with LCMV-ARM (which expresses the cognate 
antigen for P14 cells and induces inflammatory cytokines), we 
observed that memory CD8+ T cells divided more rapidly than 
their naive counterparts (Figure 7C) in WT recipients. Strikingly, 
WT memory CD8+ T cells transferred into IL-15–deficient hosts 
exhibited a reduced proliferative rate compared with the same 
population of cells transferred into WT hosts. In fact, the per-
centage of memory CD8+ T cells having undergone greater than 
5 divisions in IL-15–deficient hosts was similar to that observed 
in responding naive CD8+ T cells. In contrast, the percentage of 
memory CD8+ T cells undergoing greater than 5 divisions was 
significantly (P < 0.001) greater following transfer into WT hosts 
compared with IL-15–deficient hosts (Figure 7D). These data 
confirmed our in vitro results (Figure 7, A and B) and, together, 
demonstrate that the capacity of memory CD8+ T cells to respond 
to IL-15 is integral to the capacity of these cells to undergo rapid 
division over the course of an infection.

Since our data demonstrate an important role for IL-15 in the 
proliferative capacity of memory CD8+ T cells, we determined 
whether exposure to this cytokine is important for antiviral pro-
tection. A previous report from our laboratory demonstrated that 
control of LCMV clone 13 in the lymph node is dependent on the 
proliferation of memory CD8+ T cells (37). Importantly, protec-
tion is not dependent on CD8+ T cell trafficking and thus, this 
model avoids the complication of the role of IL-15 in trafficking to 
inflamed tissues (11, 37). Therefore, we asked whether the inabil-
ity to sense IL-15 following viral infection would affect patho-
gen control in the lymph nodes. Enriched WT memory P14 cells 
were adoptively transferred to WT recipients. Mice were chal-
lenged with LCMV clone 13 and treated daily with either control 
rat IgG or anti-CD122. On day 3 following infection, we observed 
that, while transfer of memory P14 cells significantly (P < 0.001) 
reduced viral burden in the lymph nodes, CD122 blockade com-
pletely abrogated the protective capacity of memory CD8+ T cells 
(Figure 7E). Furthermore, this treatment did not affect the capac-
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remains to be fully investigated. Conversely, the proper regulation 
of these mechanisms is likely to be critical to prevent crossreactive 
responses of memory CD8+ T cells to self antigens, and it will be 
of interest to determine whether some of these mechanisms are 
dysregulated in the development of autoimmunity.

In addition, our data clearly demonstrate that regulation of 
the cell-cycle entry of memory CD8+ T cells by inflammatory cyto-
kines is more than a simple bystander effect. Rather, this repre-
sents an important component of the enhanced protective capac-
ity of memory CD8+ T cells. Interestingly, different functions of 
memory CD8+ T cells are controlled by different cytokines, as 
we have previously demonstrated that type I IFN directly regu-
lated the antigen sensitivity of CD8+ T cells (12) while it indirectly 
regulated the rapid proliferative capacity of memory CD8+ T cells 
through the induction of IL-15. In addition, other cytokines may be 
involved in regulating the proliferative capacity of memory CD8+ 
T cells, as recent in vitro data have demonstrated a role for IL-12 
and IL-18 in the induction of memory CD8+ T cell proliferation. 
The mechanism regulating proliferation of memory CD8+ T cells 
following IL-12/IL-18 stimulation in vitro was dependent on IL-2 
production by CD4+ T cells (15). Our data, obtained with several 
experimental approaches, clearly demonstrate that, while IL-15 is 
involved in regulating memory CD8+ T cell proliferation over the 
course of viral infection in vivo, blocking IL-2 had no effect on the 
capacity of bystander viral infection to induce cell-cycle entry of 
memory CD8+ T cells. While the regulation of cell-cycle entry was 
entirely regulated by IL-15 following bystander infection with the 
viral model used in this study, it remains possible that other infec-
tions induce similar responses through mechanisms involving oth-
er cytokines (15). This suggests that specific inflammatory milieux 
induced over the course of different infections may regulate the 
proliferation of memory CD8+ T cells through different mecha-
nisms. This concept warrants further investigation.

Furthermore, our data indicate a positive role for the mTOR 
pathway in the IL-15–driven proliferation of memory CD8+ T cells, 
which leads to enhanced antiviral protection. These data are in 
direct contrast to the currently accepted dogma that targeting the 
mTOR pathway with inhibitors such as rapamycin represents an 
effective strategy to improve memory CD8+ T cell responses (42). 
While inhibition of the mTOR pathway alters the course of CD8+ T 
cell differentiation, our data clearly demonstrate that inhibition of 
this pathway has a detrimental effect on the function of preexist-
ing memory CD8+ T cell populations.

In conclusion, our data demonstrate that induction of inflam-
matory IL-15 following viral infection plays a critical role in the 
rapid proliferation and protective capacity of memory CD8+ T 
cells. Specifically, this allows memory CD8+ T cells to enter the 
cell cycle independently of antigen reencounter via the mTORC1 
pathway. In turn, this primes memory CD8+ T cells for faster divi-
sion upon antigenic encounter and is coupled with increased pro-
tective capacity from reinfection. Our data further highlight the 
importance of inflammatory cytokines in preparing memory CD8+ 
T cells and the intricate interplay between inflammatory cytokines 
and antigenic stimulation resulting in optimal responses. This will 
likely have an impact on vaccine design approaches, as expression 
of specific cytokine receptors such as CD122 (IL-2/IL15Rβ) might 
be critical for optimal responses to specific infections.

cycle entry of memory CD8+ T cells following exposure to inflam-
matory cytokines represents more than a simple bystander effect. 
Instead, it prepares the whole memory CD8+ T cell population for 
rapid division upon cognate antigen encounter.

Together with previous work (11), our data define what we 
believe is a novel role for IL-15 in optimal responses to cognate 
antigen by memory CD8+ T cells. Previously, it was shown that 
exposure to inflammatory IL-15 regulated the de novo synthesis of 
core 2 O-glycans on memory CD8+ T cells to allow for the rapid 
trafficking of these cells to inflamed organs (11). In addition, we 
now demonstrate that exposure to IL-15 following viral infection 
leads to the cell-cycle entry of the majority of memory CD8+ T 
cells independently of antigenic encounter via activation of the 
mTOR pathway. Importantly, transient exposure to low concen-
trations of IL-15 is sufficient to increase the rate of proliferation 
of both mouse and human memory CD8+ T cells following TCR 
triggering. Furthermore, over the course of LCMV infection (when 
both cognate antigen and inflammatory cytokines are present), the 
proliferative rate of memory CD8+ T cells in the absence of IL-15 
signaling was reduced compared with the same population of cells 
receiving IL-15–mediated signals. Thus, the proliferative advan-
tage observed for memory CD8+ T cells is likely due in part to their 
heightened capacity to respond to inflammatory IL-15 and may be 
linked to their well-documented increased expression of CD122 
(IL-2/IL15Rβ) compared with naive CD8+ T cells (38). This may 
be of particular interest when designing vaccine strategies that 
involve repeated boosting, as CD122 (IL-2/IL15Rβ) expression is 
reduced on memory CD8+ T cells following repeated antigenic 
stimulation (39). To this effect, multiply stimulated memory CD8+ 
T cells have been demonstrated to exhibit poor recall responses 
and to be deficient in their protective capacity against chronic 
infection with LCMV clone 13 (37). This suggests that vaccination 
strategies leading to reduced CD122 (IL-2/IL15Rβ) expression 
may have detrimental consequences on the protective function of 
memory CD8+ T cells in response to at least some pathogens.

Thus, our data demonstrate another important role for 
inflammatory cytokines in the biology of memory CD8+ T cells. 
It is becoming increasingly clear that exposure to inflammatory 
cytokines prepares the whole memory CD8+ T cell population for 
optimal responses regardless of their antigenic specificity. This 
includes rapid migration to inflamed tissues (10, 11), regulation 
of T cell–intrinsic antigen sensitivity (12), and the capacity for 
rapid proliferation (as demonstrated in this study). This likely rep-
resents a set of important regulatory mechanisms that allow for 
optimal responses during infection while preventing the induction 
of immunopathology/autoimmunity at steady state. In support 
of this, both the proliferative capacity and the antigen sensitivity 
of memory CD8+ T cells are blunted in the absence of inflamma-
tory stimuli (8, 12). Thus, sensing of inflammatory cytokines by 
memory CD8+ T cells serves as an early warning system resulting 
in a transient increase in the functionality of the whole population 
of memory CD8+ T cells, which returns to steady state unless cog-
nate antigen is encountered. This may also play an important role 
in the capacity of memory CD8+ T cells to provide protection to 
some heterologous infection by increasing their capacity to rapidly 
respond to even weakly crossreactive antigens (12, 40, 41). How-
ever, the role of inflammatory cytokines in heterologous immunity 
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scanned with the Affymetrix Model 3000 scanner with 7G upgrade. 
Data were collected using GeneChip operating software (GCOS) v1.4. 
Data were imported into Partek GS v. 6.12. Normalized log2 data were 
compared using an ANOVA model. Individual comparisons were done 
using a linear model function. Genes with a P value less than 0.01 and 
a fold-change greater than 1.5 were analyzed further. DAVID analysis 
was performed as previously described (23, 24). All original micro-
array data were deposited in the NCBI’s Gene Expression Omnibus 
(GEO GSE69791).

Blocking antibody and rapamycin treatments. Where indicated, 
mice were treated with daily injections of anti-CD122 (clone TM-β1, 
200 μg, i.p., BioXCell), anti–IL-2 (clone JES6-1A12, 200 μg, i.p., puri-
fied from hybridomas purchased from ATCC; ref. 47), or rat IgG con-
trol (200 μg, i.p., Sigma-Aldrich). Where indicated, mice were treated 
with daily injections of rapamycin (1.5 mg/kg, i.p., Calbiochem).

ELISA. IL-15 protein was quantified with a mouse IL-15R/IL-15 
Complex ELISA Ready-SET-Go Kit from eBioscience according to 
the manufacturer’s instructions. Spleens were harvested on day 2 fol-
lowing infection and homogenized in 1 ml RIPA buffer (50 mM Tris 
[pH 7.4], 1% NP-40, 0.1% SDS, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 1 mM EDTA, and protease inhibitors).

RNA isolation and quantitative RT-PCR analysis. RNA was iso-
lated from total spleens on day 2 following infection with PV or mock 
infection using an RNeasy kit (QIAGEN) according to the manufac-
turer’s instructions. Quantitative real-time–PCR (RT-PCR) was per-
formed using an iTaq Universal SYBR Green One-Step Kit (Bio-Rad), 
and data were acquired using the Applied Biosystems Model 7900HT 
real-time PCR system. Fold-changes were calculated using the ΔΔCt 
method normalizing to tata-binding protein (TBP) expression. Prim-
ers used were as follows: Il15 sense: 5′-CATATGGAATCCAACTG-
GATAGATGTAAGATA-3′; Il15 anti-sense: 5′-CATATGCTCGAG 
GGACGTGTTGATGAACAT-3′; Tbp sense: 5′-TGGAATTGTACCG-
CAGCTTCA-3′; Tbp antisense: 5′-ACTGCAGCAAATCGCTTGGG-3′ 
(Integrated DNA Technologies).

In vitro stimulation. Memory P14 cells were enriched as described 
above, labeled with CTV, and cultured in FCS-supplemented RPMI 
for 4 days. Recombinant murine IL-15 (0.5–1 ng/ml; Peprotech) was 
added to cultures daily. On day 4, cells were washed to remove IL-15 
and were stimulated with 0.5 μM of gp33–41 peptide and analyzed daily 
by flow cytometry for cell division based on CTV dilution (memory 
P14 cells were gated based on CD8α and Thy1.1 expression). Human 
CD8+ T cells were enriched as described above, labeled with CTV, and 
cultured as described above. Recombinant human IL-15 (0.5–2 ng/ml; 
Peprotech) was added to cultures daily. On day 4, cells were washed to 
remove IL-15 and stimulated with 0.5 μg/ml of plate-bound anti-CD3 
antibody (clone OKT3, eBioscience) and analyzed daily for cell divi-
sion based on CTV dilution (antigen-experienced CD8+ T cells were 
gated based on CD8α, CD3, and CD45RO expression).

IL-15 stimulation and immunoblot analysis. Memory P14 CD8+ T 
cells were generated as described above and enriched following stan-
dard autoMACS purification protocols. From 5 to 10 × 106 cells were 
either left untreated or stimulated with 250 ng/ml murine IL-15 (Pep-
rotech) alone or in the presence of either 100 μM of STAT5 inhibitor 
(N′-[(4-oxo-4H-chromen-3-yl)methylene]nicotinohydrazide, Calbio-
chem) or 200 nM rapamycin (Calbiochem) for 30 minutes at 37°C. 
Cells were washed in ice-cold PBS and lysed in NP-40 buffer (20 mM 
HEPES [pH 7.9], 100 mM NaCl, 5 mM EDTA, 0.5 mM CaCl2, 1% Non-

Methods
Mice and pathogens. C57BL/6 mice were purchased from the National 
Cancer Institute or bred at The University of Iowa. TCR Tg OT-I and 
P14 mice were previously described (43, 44). Ifnar–/– mice were provid-
ed by M. Mescher (University of Minnesota, Minneapolis, Minnesota, 
USA), and Ifnar–/– OT-I mice were generated by appropriate breeding. 
Il15–/– mice were purchased from Taconic and bred at the University 
of Iowa. Infected mice were housed at the appropriate biosafety lev-
el. LCMV-ARM and clone 13 were propagated as described (45) and 
injected i.p. or i.v. (2 × 105 PFU or 2 × 106 PFU, respectively). PV was 
propagated as described (46) and injected i.p. (1 × 106 PFU).

Human cells. Human CD8+ T cells were enriched from leukocyte 
reduction cones using a RosetteSep CD8+ T cells Enrichment Kit 
(StemCell Technologies) according to the manufacturer’s instructions.

Antibodies and flow cytometry staining. The following antibodies 
were used in an appropriate combination of fluorochromes: CD8α 
(clone 53-6.7, BioLegend), CD11b (clone M1/70, eBioscience), CD11c 
(clone N418, eBioscience), CD19 (clone eBio1D3, eBioscience), CD44 
(clone IM7, BioLegend), CD62L (clone MEL-14, eBioscience), CD215 
(clone DNT15Ra, eBioscience), F4/80 (clone BMB, BioLegend), 
granzyme B (clone GB11, Life Technologies), IFN-γ (clone XMG1.2, 
BioLegend), Ki-67 (clone B56, BD Bioscience), MHC class II (clone 
M5/114.15.2, BioLegend), Thy 1.1 (clone OX-7, eBioscience), Thy1.2 
(clone 30H12, BioLegend), human CD8α (clone HIT8a, BioLegend), 
human CD3 (clone HIT3a, BioLegend), human CD45RO (clone 
UCHL1, BioLegend), and appropriate isotype controls. Spleens and/
or lymph nodes were isolated and mechanically disrupted to gener-
ate single-cell suspensions. Erythrocytes were lysed with ACK buffer, 
cells were stained with the indicated antibodies, and samples were 
fixed using BD Cytofix/Cytoperm. Intracellular staining for Ki-67 
was performed using the FoxP3 staining buffer set (eBioscience) 
according to the manufacturer’s instructions. Samples were analyzed 
with a BD LSRFortessa flow cytometer (BD Biosciences) and FlowJo 
software (Tree Star).

Generation of memory cells and adoptive transfers. For generation 
of primary memory cells, naive Thy1.1 OT-I (1 × 103) or P14 CD8+ T 
cells (1–5 × 104) were injected i.v. into naive Thy1.2 WT recipients that 
were infected with either Acta–/– LM-OVA (5 × 106 CFU) or LCMV-
ARM (2 × 105 PFU), respectively. Mice were rested at least 50 days 
before use. Where indicated, naive or memory CD8+ Tg T cells were 
enriched following standard autoMACS purification protocols and 
transferred (2 × 106) into congenic naive recipients. Where indicated, 
enriched memory or naive CD8+ T cells were labeled with 1 μM CFSE 
or 2 μM CTV (Life Technologies) prior to transfer.

Microarray analysis. Memory P14 cells were flow sorted on day 
4 following mock infection with saline or infection with PV with or 
without daily i.p. injection of anti-CD122 (clone TM-β1, 200 μg, i.p., 
BioXCell). At least 1 × 106 memory P14 cells were sorted per pool. RNA 
was extracted from 3 independent pools of memory P14 cells from all 
groups using an RNeasy kit (QIAGEN) according to the manufactur-
er’s instructions. Microarray analysis was performed at the DNA Core 
facility at the University of Iowa. RNA quality was assessed using the 
Agilent Model 2100 Bioanalyzer along with the NanoDrop ND-1000. 
Fifty nanograms total RNA was converted to SPIA-amplified cDNA 
using the WT-Ovation Pico RNA Amplification System, v2 (NuGEN 
Technologies), according to the manufacturer’s instructions. Sam-
ples were hybridized onto Affymetrix Mouse Exon 1.0 ST arrays and 
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The University of Iowa who had consented for blood donation. The Uni-
versity of Iowa’s Institutional Review Board approved all consent forms.
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idet P-40, 1 mM PMSF, 10 μg/ml leupeptin, 10 μg/ml pepstatin, 1 mM 
Na3VO4). Protein (10 μg) was resolved by SDS-PAGE transferred to 
PVDF membranes and probed with the indicated antibodies (phospho–
p70 S6 kinase [Thr389, clone 108D2] rabbit mAb and p70 S6 kinase 
[clone 49D7] rabbit mAb, Cell Signaling). Antibodies were detected 
with HRP-conjugated goat anti-rabbit secondary antibodies (Santa 
Cruz Biotechnology Inc.) and WestPico Supersignal chemiluminescent 
substrate (Thermo Scientific).

Ex vivo cytokine analysis. Ex vivo cytokine analysis was performed 
as previously described (12). Briefly, splenocytes were incubated for 5 
hours with the indicated concentrations of stimulating peptide in the 
presence of Brefeldin A (BioLegend). Cells were subsequently surface 
stained for the appropriate markers, permeabilized, and stained for 
the cytokine of interest and analyzed by flow cytometry.

Analysis of viral burden. Memory P14 cells were enriched as 
described and adoptively transferred (2 × 106 cells/mouse) as indi-
cated. Mice were infected 1 day later with LCMV clone 13 (2 × 106 
PFU, i.v.). Mice were treated with daily injections of either anti-CD122 
(TM-β1, 200 μg, i.p., BioXCell) or rat IgG control (200 μg, i.p., Sigma-
Aldrich). On day 3 after infection, inguinal lymph nodes were homog-
enized and viral titers were measured by standard plaque assay proce-
dures as previously described (37).

Statistics. Data were analyzed with GraphPad Prism 4 software. 
Specific tests (either 2-tailed unpaired Student’s t test or 1-way ANOVA 
with Tukey’s post-test of multiple comparisons) for determining statis-
tical significance are indicated in the figure legends. P < 0.05 was con-
sidered significant.

Study approval. The University of Iowa Animal Care and Use Com-
mittee approved all animal experiments. Human blood leukocytes were 
acquired from anonymous donors from the DeGowin Blood Center at 
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