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Introduction
Ca2+ signals play an important role in the function of CD4+ and 
CD8+ T cells (1, 2). Intracellular Ca2+ concentrations in T cells 
are predominantly regulated through Ca2+ release–activated Ca2+ 
(CRAC) channels in the plasma membrane (3, 4). CRAC chan-
nels are activated following T cell receptor (TCR) engagement, 
which leads to the activation of phospholipase Cγ, production of 
1,4,5-inositol trisphosphate (IP3), and release of Ca2+ from ER Ca2+ 
stores via the opening of IP3 receptor channels. Ca2+ release, how-
ever, is not sufficient to sustain intracellular Ca2+ levels, cytokine 
production, and T cell activation (1, 5). Instead, Ca2+ release acti-
vates 2 proteins located in the ER membrane, stromal interaction 
molecule 1 (STIM1) and STIM2, which translocate to ER plasma 
membrane junctions (6, 7), where they bind and open ORAI1, the 
pore-forming subunit of the CRAC channel (8–10). Since this form 
of Ca2+ influx is dependent on the Ca2+ filling state of the ER, it is 
referred to as store-operated Ca2+ entry (SOCE) (2, 3, 11, 12).

The importance of CRAC channels for lymphocyte function 
is emphasized by the severe combined immunodeficiency–like 
(SCID-like) disease in patients with mutations in STIM1 and ORAI1 
genes we characterized, whose T cells lack CRAC channel function 
and SOCE (8, 13–15). These patients are susceptible to recurrent 
and chronic viral infections, particularly those involving herpes 
viruses, including EBV, CMV, and human herpes virus 8 (HHV-8), 
which led to the development of virus-associated tumors in some 
patients (13, 14, 16, 17). These findings indicate an important role of 
CRAC channels in T cell–mediated antiviral and antitumor immu-
nity. While T cells develop normally in ORAI1- and STIM1-deficient 

patients and mice, their function is severely impaired. CD4+ and 
CD8+ T cells show reduced antigen-specific proliferation in vitro 
and fail to produce IL-2, IFN-γ, TNF-α, and other cytokines (13,  
18–22). We found that in cytotoxic CD8+ T cells, CRAC channels are 
required for controlling tumor growth in several mouse models of 
cancer and for tumor cell killing (23). Additionally, CRAC channels 
are required for the function of CD4+ T cells in vivo, as mice with  
T cell–specific deletion of Stim1 or Orai1 genes were protected from 
CD4+ T cell–mediated inflammation in animal models of multiple 
sclerosis and colitis (20, 24, 25).

How CRAC channels control antiviral immunity in vivo is 
poorly understood. CD8+ T cells are essential for antiviral immu-
nity by killing virus-infected cells during the acute stages of infec-
tion and by providing long-term protection against viral infection 
through the generation and maintenance of memory CD8+ T cells. 
During an acute viral infection, naive virus–specific CD8+ T cells 
rapidly expand and differentiate into cytotoxic terminal effector 
(Teff) cells whose primary function is to kill virus-infected cells via 
the release of granzyme and perforin and the secretion of cytok-
ines such as IFN-γ and TNF-α. Teff cells are characterized by high 
expression levels of the killer cell lectin-like receptor G1 (KLRG1) 
and the transcription factor T-bet, but low levels of IL-7 receptor 
α chain (IL-7Rα or CD127) (26). Following viral clearance, the Teff 
cell population contracts, whereas a smaller population of antigen- 
specific, long-lived memory CD8+ T cells persists that expresses 
high levels of CD127, but low levels of KLRG1 (26). The devel-
opment, maintenance, and function of memory CD8+ T cells are 
controlled by a number of factors. These include the strength 
and frequency of TCR-antigen interactions (27, 28), costimula-
tory receptors and ligands on T cells and antigen-presenting cells 
(APCs), CD4+ T cell help (29, 30), cytokines (31), virus-neutral-
izing antibodies (32), and CD8+ T cell–intrinsic transcription fac-
tors like Eomesodermin (Eomes) (26, 33, 34). A defining trait of 
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and STIM2 in T cells are critical to provide sterilizing immunity 
during the acute phase of infection and to prevent chronicity of a 
normally acute viral infection.

To investigate the CD8+ T cell response to LCMVARM infection, 
we analyzed the number of LCMV-specific CD8+ T cells using MHC 
class I tetramers against 2 distinct LCMV epitopes, DbNP396–404  
and DbGP33–41. The total numbers of NP396–404- and GP33–41-specific 
CD8+ T cells were comparable in DKO and WT mice 8 and 35 days 
p.i., but were moderately reduced 60 days p.i. (Figure 1, B and C, 
and Supplemental Figure 2). To elucidate the role of STIM1 and 
STIM2 in the differentiation of CD8+ T cells into Teff and memory 
cells, we analyzed the expression of CD127 (IL-7Rα) and KLRG1 
on WT and DKO LCMV-specific CD8+ T cells (26, 35, 42, 43). 
During the acute phase of LCMV infection (8 days p.i.), DKO mice 
showed reduced frequencies and absolute numbers of LCMV-spe-
cific KLRG1+CD127– Teff cells (Figure 1, D and E). By contrast, the 
frequencies and absolute numbers of KLRG1–CD127+ memory 
precursor CD8+ T cells were normal (Figure 1, D and G). During 
the memory phase of the CD8+ T cell response (35–60 days p.i.), 
the numbers of LCMV-specific KLRG1+CD127– Teff cells in DKO 
mice were equivalent to those in WT controls (Figure 1, D and E). 
Importantly, however, we observed a significant approximately 
3-fold reduction in the number of LCMV-specific KLRG1–CD127+ 
and KLRG1+CD127+ memory CD8+ T cells in DKO mice (Figure 1,  
D, F, and G, and Supplemental Figure 2). Taken together, these 
findings suggest an early (8 days p.i.) defect in the differentiation 
of Teff cells and a later (35–60 days p.i.) defect in the maintenance 
of virus-specific memory CD8+ T cells in DKO mice. It is of note 
that reduced numbers of memory CD8+ T cells and viral recrudes-
cence 35–60 days p.i. were only observed in LCMVARM-infected 
DKO mice but not in mice with T cell–specific deletion of Stim1 or 
Stim2 genes alone (Supplemental Figure 3), despite the fact that in 
T cells from Stim2fl/fl Cd4-Cre and Stim1fl/fl Cd4-Cre mice SOCE is 
moderately to severely impaired, respectively (20, 21). These find-
ings indicate that STIM1 and STIM2 in T cells synergize to control 
antiviral immune responses to LCMV.

STIM1 and STIM2 regulate the function and differentiation of 
virus-specific effector CD8+ T cells. To understand whether recru-
descence of LCMV was due to impaired viral clearance during 
acute infection, we analyzed the cytotoxic function of DKO CD8+ 
T cells. CD8+ T cells from WT and DKO P14 mice (which express 
a transgenic LMCV-specific TCR) were cocultured with LCMV 
GP33–41 peptide–pulsed target cells. We observed that DKO CD8+ 
T cells were significantly impaired in their ability to kill target 
cells in vitro (Figure 2A). Furthermore, when we isolated sple-
nocytes from LCMVARM-infected WT and DKO mice and stimu-
lated them with GP33–41 peptide or PMA and ionomycin in vitro, 
we found significantly reduced IFN-γ production in CD8+ T cells 
from DKO mice compared with that in WT controls (Figure 2B). 
Together, these data indicate that STIM1 and STIM2 are required 
for antiviral effector functions of CD8+ T cells, consistent with 
previous reports (23, 44).

In addition, the numbers of KLRG1+CD127– Teff cells were 
reduced by 2.6-fold in DKO mice compared with those in WT litter-
mates 8 days p.i. (Figure 1, D and E), which likely contributes to the 
incomplete viral clearance. This reduction was not due to enhanced 
apoptosis or diminished proliferation of Teff cells (Figure 2C).  

adaptive immunity is the rapid expansion of the long-lived memory 
CD8+ T cells upon secondary infection with virus (35). This recall 
response is controlled by a number of factors including IL-2 secre-
tion by CD8+ or CD4+ T cells (36, 37), costimulatory signals such 
as CD40L (29, 38), and the exhaustion of CD8+ T cells (39). Recall 
responses to viral reinfection result in the proliferation of memory 
CD8+ T cells and their differentiation into effector cells that are able 
to kill virus-infected cells and provide strong protective immunity.

To better understand how CRAC channels control immunity 
to infection, we used mice with conditional deletion of Stim1 and 
Stim2 genes whose CD4+ and CD8+ T cells completely lack CRAC 
channel function and SOCE (21). We show that STIM1 and STIM2 
contribute to the differentiation and function of effector CD8+  
T cells during acute infection with lymphocytic choriomeningi-
tis virus (LCMV). Importantly, SOCE regulated by STIM1 and 
STIM2 was essential for maintaining virus-specific memory CD8+ 
T cells and their ability to control viral infection. In addition, the 
function of memory CD8+ T cells and their ability to mediate 
recall responses and protection against secondary viral infection 
depended on STIM1 and STIM2. While some Teff cell functions 
were regulated in a CD8+ T cell–intrinsic manner, we observed 
that the maintenance of memory CD8+ T cells as well as their 
expansion and function upon reinfection were largely controlled 
by STIM1 and STIM2 in CD4+ T cells. Analyzing CD4+ T cells 
from STIM1/2-deficient mice and a patient with loss-of-function 
mutation in STIM1, we found that CRAC channels controlled the 
expression of CD40L in CD4+ T cells, which is required for the 
maintenance of memory CD8+ T cells and production of antivi-
ral antibodies. Our findings identify a critical role of STIM1 and 
STIM2 in T cell–mediated antiviral immunity, protection from 
chronic viral infections, and recall responses to infectious patho-
gens, all of which have important implications for understanding 
T cell function during vaccination.

Results
STIM1 and STIM2 in T cells control immunity to acute viral infection 
and the maintenance of memory CD8+ T cells. To examine the role of 
STIM1 and STIM2, and thus CRAC channel–mediated SOCE, in  
T cells during antiviral immune responses, we used mice with con-
ditional T cell–specific deletion of Stim1 and Stim2 genes. Stim1fl/fl  
Stim2fl/fl Cd4-Cre mice (referred to hereafter as DKO mice) lack 
SOCE completely in both CD4+ and CD8+ T cells (21), but not in 
CD4+ DCs (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI76602DS1). Systemic 
exposure of mice to the Armstrong strain of LCMV (LCMVARM) 
causes an acute viral infection and a well-characterized CD8+  
T cell response (40, 41). Despite the complete loss of SOCE in  
T cells from DKO mice, the mice were able to clear LCMVARM from 
the serum below detection levels by day 8 post infection (p.i.), 
similar to the levels detected in their WT littermates (Figure 1A).  
Viral titers were detectable in the livers of WT and DKO mice  
8 days p.i. with only a moderate, nonsignificant elevation of titers 
in DKO mice compared with that detected in WT mice. At later 
time points (35–60 days p.i.), progressively increasing LCMV 
titers were observed in the serum and liver of DKO mice, whereas 
the littermate controls had cleared LCMV from the serum and 
liver (Figure 1A). Collectively, these findings show that STIM1 
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we generated mixed BM chimeric mice to compare the response of 
WT and DKO Teff cells to LCMV infection in the same host (Figure 
2E). In these WT:DKO chimeras, naive WT and DKO CD8+ T cells 
are initially present at a 1:1 ratio (data not shown). Eight days after 
infection of chimeras with LCMVARM, however, only approximately 
11% of LCMV-specific CD8+ T cells were of DKO origin (CD45.1–; 
Figure 2F). Of all virus-specific WT CD8+ T cells, approximately 
half were Teff cells compared with only 17% DKO Teff cells (Figure 2,  
F and G). Accordingly, the absolute numbers of DKO Teff cells 
were strongly reduced (~12-fold) compared with those in WT mice 
(Figure 2H). To confirm these findings, we adoptively transferred 
CD8+ T cells from WT P14 or DKO P14 mice (which express a 
transgenic LCMV GP33–41-specific TCR) into LCMVARM-infected 
congenic CD45.1+ WT mice (Figure 2I). CD8+ T cells from WT 
P14, but not DKO P14, mice greatly expanded within 7 days after 
infection. WT P14 T cells accounted for approximately 90% of 

Rather, we observed altered expression of the transcription factors 
T-bet and Eomes in virus-specific DKO CD8+ T cells (Figure 2D). 
T-bet plays an important role in Teff differentiation, and Eomes 
is required for memory CD8+ T cell differentiation and mainte-
nance (45–47). On day 8 p.i., DKO CD8+ T cells showed decreased 
T-bet expression. Conversely, Eomes expression was elevated in 
DKO CD8+ T cells (Figure 2D). Thus, in the absence of STIM1 and 
STIM2, virus-specific CD8+ T cells are skewed toward a memory-
like phenotype with reduced T-bet and increased Eomes levels, 
likely accounting for the reduction in Teff cells. This STIM1/2- 
dependent polarization occurs in response to LCMV infection, 
as T-bet and Eomes expression levels were comparable in naive 
CD8+ T cells from uninfected WT and DKO mice (Supplemental 
Figure 4, A and B).

To analyze whether STIM1 and STIM2 regulate the function 
and differentiation of Teff cells in a CD8+ T cell–intrinsic manner, 

Figure 1. STIM1 and STIM2 in T cells 
control immunity to acute LCMV 
infection and the maintenance of 
virus-specific memory CD8+ T cells. 
Stim1fl/fl Stim2fl/fl Cd4-Cre (DKO) and 
WT mice were infected with LCMVARM 
(2 × 105 PFU; i.p.). (A) Viral titers in 
the sera and livers of mice. Each dot 
represents 1 mouse; horizontal lines 
show the means of the viral titers. ND, 
not detectable. (B) Representative flow 
cytometric plots of splenic CD8+ T cells 
from WT and DKO mice analyzed 8 
days p.i. using DbNP396–404 and Db-GP33–41 
tetramers. (C) Total numbers of LCM-
V-specific (DbNP396–404 tetramer+) CD8+ T 
cells in the spleens of WT (n = 5–9) and 
DKO (n = 7–9) mice at days 8, 35, and 
60 p.i. (D–G) Expression of KLRG1 and 
CD127 (IL-7Rα) on DbNP396–404 tetramer+ 
splenic CD8+ T cells from WT (n = 5–9) 
and DKO (n = 7–9) mice (D). Total num-
bers of LCMV-specific terminal effector 
(KLRG1+CD127– in E) and memory CD8+ 
T cell populations (KLRG1+CD127+ in 
F, KLRG1–CD127+ in G). Numbers in 
E–G indicate fold change differences 
between WT and DKO mice. Numbers 
in dot plots in B and D represent the 
percentages of cells in gates. Statis-
tical significance was calculated by 
Student’s t test (*P < 0.05; **P < 0.01; 
***P < 0.001).
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Figure 2. STIM1 and STIM2 regulate the function and differentiation of effector CD8+ cells. (A) CD8+ cytotoxic CTLs from DKO P14 or WT P14 mice were 
cocultured with peptide-pulsed EL-4 cells; apoptosis was detected by annexin V staining. (B) Splenic CD8+ T cells from LCMVARM-infected WT (n = 6) 
and DKO (n = 5) mice were stimulated with PMA/ionomycin (iono) or GP33–41 peptide for 6 hours and IFN-γ production determined by flow cytometry. 
(C) Apoptosis and proliferation of LCMV-specific WT (n = 6) and DKO (n = 5) CD8+ T cells analyzed by annexin V and Ki67 staining. (D) T-bet and Eomes 
expression in CD8+ T cells from 3 mice per group. (E–H) Mixed BM chimeras were generated by reconstituting Rag2–/– mice with BM from WT (CD45.1) 
and DKO (CD45.2) mice and infected with LCMVARM (E). Frequency (F and G) and total number (H) of splenic effector CD8+ T cells of WT or DKO origin. 
Each dot in G represents 1 WT:DKO chimera; horizontal lines represent mean cell percentages. (I and J) Congenic CD45.1 WT mice were infected with 
LCMVARM and injected with 5 × 104 CD8+ T cells from DKO P14 and WT P14 mice. (J) Left panels show percentages of DbGP33–41 tetramer+ CD8+ T cells; right 
panels show percentages of transferred versus host cells among LCMV-specific cells. Plots are representative of 4 mice per group. Statistical signifi-
cance was calculated using Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). Bar graphs in A–D and H represent the means ± SEM. Numbers in F 
and J represent the percentage of cells.
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STIM1 and STIM2 regulate CD8 memory in a non-CD8+ T cell–
intrinsic manner. We next investigated the mechanisms underly-
ing impaired memory CD8+ T cell maintenance (Figure 1, D, F, and 
G) and whether this defect, like that of Teff cell differentiation, is 
also CD8+ T cell intrinsic. Expression levels of cytokine receptors 
that are critical for the development and homeostasis of memory 
CD8+ T cells such as IL-7R (CD127), IL-2Rα (CD25), IL-2Rβ, and 

all virus-specific cells in the host mice compared with DKO P14 
T cells, which accounted for only approximately 6% (Figure 2J). 
Since host mice have an intact immune system that can support 
Teff development of transferred DKO P14 T cells, these data show, 
together with those from WT:DKO chimeras, that STIM1 and 
STIM2 play a CD8+ T cell–intrinsic role in the differentiation of  
Teff cells during acute LCMV infection.

Figure 3. STIM1 and STIM2 regulate CD8 memory in a non-CD8+ T cell–intrinsic manner. (A–E) Increased expression of cell death, proliferation, exhaus-
tion, and memory differentiation markers in DKO CD8+ T cells after LCMVARM infection. WT and DKO mice were analyzed for the frequencies of apoptotic 
(annexin V+ in A), proliferating (Ki67+ in B), and exhausted (Tim-3+, PD-1+ in C) splenic CD8+ T cells. Line graphs show the mean ± SEM of all DbNP396–404 
tetramer+ CD8+ T cells over the course of LCMV infection in WT and DKO mice (3–6 per group). (D) Impaired IL-2 and IFN-γ production by splenic DKO CD8+  
T cells after in vitro stimulation with GP33–41 peptide for 6 hours. Representative dot plots (left) and mean percentages (right) of IL-2+ cells among IFN-γ+ 
CD8+ T cells. (E) T-bet and Eomes expression (ratio of MFI values) in DbNP396–404 tetramer+ CD8+ T cells from 3 WT and 3 DKO mice analyzed by flow cytom-
etry. (F–K) Frequencies (F) and total numbers (G) of DbNP396–404 tetramer+ CD8+ T cells in 5 WT:DKO chimeras. Green boxes highlight memory CD8+ T cells. 
(H–J) Frequencies of apoptotic (annexin V+ in H), proliferating (Ki67+ in I), and exhausted (Tim-3+, PD-1+ in J) splenic memory CD8+ T cells of WT and DKO 
origin. (K) T-bet/Eomes ratio in memory CD8+ T cells from 5 WT:DKO chimeras. Statistical significance was calculated using Student’s t test (*P < 0.05;  
**P < 0.01; ***P < 0.001). Bar graphs show the means ± SEM. Numbers in D and F represent the percentages of cells in gates.
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Figure 4. STIM1 and STIM2 are required for CD4+ T cell help to maintain memory CD8+ T cells. (A–D) WT CD4+ T cells restore the maintenance of DKO 
memory CD8+ T cells. (A) Generation of WT:Cd8a–/– and DKO:Cd8a–/– chimeras. (B–D) Chimeras were infected with LCMVARM and analyzed 60 days p.i. for 
the frequencies (B) and absolute numbers (C) of LCMV-specific CD8+ T cells (mean ± SEM of cells from 6 WT and 6 DKO chimeras). (D) Intracellular cytokine 
staining for IL-2 and IFN-γ in splenic CD8+ T cells isolated from chimeras 60 days p.i. and restimulated with GP33–41 peptide for 5 hours in vitro. (E–L) WT 
CD8+ T cells require STIM1/2-dependent CD4+ T cell help for memory maintenance. (E) 5 × 104 WT P14 T cells (Thy1.1) were adoptively transferred into con-
genic WT or DKO mice and simultaneously infected with LCMVARM. (F–H) Frequencies of Thy1.1+KLRG1–CD127+ memory P14 T cells in the blood 8–60 days p.i. 
Bar graphs show the means ± SEM. (I and J) Frequencies (I) and total numbers (J) of splenic effector and memory subsets of Thy1.1+ WT P14 T cells 60 days 
p.i. (K) Serum LCMV titers. Each circle represents 1 mouse; horizontal lines represent the mean viral titers. (L) Tim-3 and PD-1 expression on splenic P14  
T cells. Data in F–L are from 6 WT and 5 DKO mice. Statistical significance was calculated by Student’s t test (**P < 0.01; ***P < 0.001). Numbers in FACS 
plots represent percentages. Green boxes in B and F–H highlight memory CD8+ T cell populations.
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IL-15R (48–50) were normal or elevated in virus-specific CD8+ T 
cells from DKO mice 8 and 35 days p.i. (Figure 1D and Supplemen-
tal Figure 4, C and D). Next, we asked whether the selective loss 
of memory CD8+ T cells in DKO mice is due to enhanced apopto-
sis. The number of virus-specific annexin V+ CD8+ T cells was sig-
nificantly increased in DKO memory CD8+ T cells compared with 
that in WT littermates at days 35 and 60 p.i. (Figure 3A) (a similar 
increase was also observed in the Teff population; data not shown). 
While DKO memory CD8+ T cells proliferated more vigorously 
than did WT controls 35 days p.i., they stopped proliferating at day 
60 p.i. (Figure 3B), suggesting that reduced numbers of memory 
CD8+ T cells in DKO mice at late time points after infection may be 
due to increased cell death in the absence of proliferation.

During chronic infection, CD8+ T cells become exhausted, 
gradually losing their ability to proliferate as well as some effector 
functions such as IL-2 and IFN-γ secretion (51, 52). We investigated 
whether the loss of memory CD8+ T cells and viral recrudescence in 
DKO mice are due to CD8+ T cell exhaustion. We found that expres-
sion levels of molecules associated with T cell exhaustion such as 
T cell immunoglobulin mucin 3 (Tim-3) and programmed death 1 
(PD-1) progressively increased with time p.i. in virus-specific CD8+ 
T cells from DKO, but not WT, mice (Figure 3C) and that DKO CD8+ 
T cells showed impaired IL-2 and IFN-γ production (Figure 3D). 
Viral titers at day 60 p.i. correlated negatively with IFN-γ production 
after in vitro restimulation with LCMV GP33–41 peptide and positively 
with the frequency of LCMV-specific CD8+ T cells expressing Tim-3  
and PD-1 when both WT and DKO mice were included in a correla-
tion analysis performed in analogy to that by Wherry et al. (ref. 53 
and Supplemental Figure 5, A–E). However, viral titers did not cor-
relate with Tim-3/PD-1 expression or with IFN-γ levels at day 60 
p.i. when analyzed within the cohort of DKO mice alone, as would 
have been expected if the viral load determined the degree of CD8+ 
T cell exhaustion in DKO mice (Supplemental Figure 5, A–D, and 
F). Importantly, we observed that IFN-γ production by DKO CD8+ 
T cells was already severely impaired on day 8 p.i. when viral titers 
were low and comparable in WT and DKO mice (Supplemental Fig-
ure 5C). Furthermore, IFN-γ production was decreased and PD-1 
levels were increased in Stim1fl/fl Cd4-Cre single-knockout mice in 
which LCMVARM infection did not become chronic and memory 
CD8+ T cell maintenance was normal (Supplemental Figure 3 and 
data not shown). Taken together, these data are consistent with the 
known role of Ca2+/NFAT in the transcriptional regulation of IFN-γ 
and argue against an important role for CD8+ T cell exhaustion in 
impaired antiviral immunity in DKO mice.

To test whether impaired memory CD8+ T cell maintenance 
could be due to altered expression of transcription factors that 
determine effector and memory fates of CD8+ T cells, we ana-
lyzed the levels of T-bet and Eomes in Teff and memory CD8+  
T cell subsets of WT and DKO mice. Thirty-five and 60 days p.i., we 
observed that expression of T-bet was decreased and that of Eomes 
increased in DKO memory CD8+ T cells compared with expres-
sion levels in WT controls, resulting in a decreased T-bet/Eomes 
ratio (Figure 3E), which suggests that DKO CD8+ T cells are biased 
toward memory cells. These data indicate, together with normal 
numbers of KLRG1–CD127+ memory precursor cells 8 days p.i. 
(Figure 1G), that STIM1 and STIM2 do not control the initial devel-
opment of memory CD8+ T cells but regulate their maintenance.

To understand whether the role of STIM1 and STIM2 in the 
maintenance of memory cells is intrinsic to CD8+ T cells, we ana-
lyzed LCMVARM-infected WT:DKO chimeric mice (Figure 3, F–K). 
The frequencies and absolute numbers of all LCMV-specific DKO 
CD8+ T cells were moderately reduced compared with those in WT 
controls 35 and 60 days p.i. (Figure 3, F and G). This was due to a 
selective approximately 33-fold decrease in the number of DKO 
Teff cells, consistent with the CD8+ T cell–intrinsic role of STIM1 
and STIM2 in Teff cell differentiation (described in Figure 2). By 
contrast, the numbers of KLRG1+CD127+ and KLRG1–CD127+ 
memory CD8+ T cells as well as their apoptosis and proliferation 
rates were comparable between WT and DKO cells in the chi-
meric mice (Figure 3, G–I), indicating that STIM1 and STIM2 are 
not required for the maintenance of antiviral memory in a CD8+ 
T cell–intrinsic manner. DKO memory CD8+ T cells were main-
tained in the WT:DKO chimeras, although the expression level of 
Tim-3 remained high (Figure 3J), similar to that observed in DKO 
mice (Figure 3C). Likewise, T-bet/Eomes ratios were significantly 
decreased in DKO memory CD8+ T cell populations compared 
with those in WT cells (Figure 3K), similar to our observations in 
DKO mice (Figure 3E). Collectively, these data demonstrate that 
the maintenance of memory CD8+ T cells is restored in the pres-
ence of WT T cells (in WT:DKO chimeric mice) and is therefore 
not a CD8+ T cell–intrinsic function of STIM1 and STIM2.

STIM1 and STIM2 in CD4+ T cells are required for the mainte-
nance of memory CD8+ T cells. Since the maintenance of DKO 
memory CD8+ T cells was restored in WT:DKO chimeras and 
CD4+ T cell help is known to be required to support memory CD8+ 
T cell responses (43, 54–56), we tested whether STIM1 and STIM2 
in CD4+ T cells are critical for the maintenance of memory CD8+ 
T cells. We generated mixed BM chimeras with CD8a–/– mice in 
which greater than or equal to 90% of CD4+ T cells were of WT 
origin and CD8+ T cells of DKO or WT origin (Figure 4A and ref. 
31). The resulting DKO:Cd8a–/– and WT:Cd8a–/– chimeras that have 
an essentially normal CD4+ T cell compartment were infected 
with LCMVARM. Sixty days p.i., the numbers of total virus–specific 
DKO CD8+ T cells and memory DKO CD8+ T cells in DKO:Cd8a–/– 
chimeras were comparable to those in WT:Cd8a–/– mice (Figure 4,  
B and C), indicating that the maintenance of DKO memory CD8+ 
T cells is restored in the presence of WT CD4+ T cells. Impor-
tantly, DKO:Cd8–/– chimeric mice were able to control viral infec-
tion completely, as LCMVARM titers were undetectable at days 8 
and 60 p.i. (data not shown). Efficient control of LCMV infection 
in DKO:Cd8a–/– chimeras was achieved despite absent IL-2 and 
reduced IFN-γ production in DKO CD8+ T cells (Figure 4D).

To confirm the essential role of STIM1 and STIM2 in CD4+ T 
cells for memory CD8+ T cell maintenance, we transferred CD8+ T 
cells from WT P14 mice into congenic WT or DKO mice that were 
subsequently infected with LCMVARM (Figure 4, E–L). Similar fre-
quencies of KLRG1–CD127+ P14 memory precursor cells were pres-
ent 8 days p.i. in both WT and DKO host mice (Figure 4F). At later 
time points, memory P14 cells were almost completely absent in 
the blood (30 and 60 days p.i., Figure 4, G and H) and spleen (60 
days p.i., Figure 4, I and J) of DKO mice compared with WT mice. 
By contrast, the numbers of effector P14 T cells in DKO mice 60 
days p.i. were normal (Figure 4, I and J). The lack of memory P14 
CD8+ T cells was associated with viral recrudescence in the serum 
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viral titers and IFN-γ production or PD-1/Tim-3 expression within 
the cohort of DKO recipient mice (Supplemental Figure 6, A–C, 
and E). Taken together, our data show that STIM1 and STIM2 reg-
ulate memory CD8+ T cell maintenance and antiviral immunity in 
a CD8+ T cell–extrinsic manner and do so largely independently of 
CD8+ T cell exhaustion.

STIM1 and STIM2 control CD40L expression and CD4+ T cell 
help to memory CD8+ T cells. The absence of CD4+ T cells during 
LCMV infection is known to result in a “helpless” CD8+ T cell 

of DKO, but not WT, mice (Figure 4K). Despite viral recrudescence 
in DKO mice, there was no increased expression of the exhaustion 
markers Tim-3 or PD-1 by transferred P14 cells in DKO mice com-
pared with expression levels in WT mice (Figure 4L), and viral 
titers did not correlate with Tim-3 and PD-1 levels (Supplemental 
Figure 6, A and D). IFN-γ production by transferred WT P14 cells 
was moderately impaired in DKO mice compared with that in WT 
mice and correlated negatively with increased viral titers (Supple-
mental Figure 6, B and D). No such correlation was found between 

Figure 5. STIM1 and STIM2 control the maintenance of CD8 memory and generation of LCMV-specific antibodies by regulating CD40L expression on 
CD4+ T cells. (A and B) Impaired CD40L expression on DKO CD4+ T cells from LCMVARM-infected mice. (A) Total cellular CD40L in unstimulated splenic 
CD4+CD44+ T cells 8 days p.i. Bar graphs represent the mean MFI ± SEM of CD40L expression (5 mice per group). (B) Surface expression of CD40L on splenic 
CD4+ T cells 8 days p.i. and following stimulation with GP61–80 peptide in vitro. Bar graphs represent the means ± SEM of 3 repeat experiments. (C) MHC 
class II expression on splenic CD11c+ DCs 8 days p.i. Each dot represents 1 mouse; horizontal lines show the mean MFI. (D) Generation of WT:Cd40l–/– and 
DKO:Cd40l–/– chimeras used in E–H. (E and F) Frequencies (E) and absolute numbers (F) of LCMV-specific KLRG1–CD127+ memory CD8+ T cells 80 days p.i. 
with LCMVARM. Bar graphs in F show the mean ± SEM of cell numbers from 4 WT:Cd40l–/– and 4 DKO:Cd40l–/– chimeras. (G) Relative levels of LCMV-specific 
serum IgG (means ± SEM; 4–5 mice per group). (H) Impaired plasma membrane expression of CD40L on CD4+ T cells from a STIM1-deficient patient (PAT) 
(13) compared with that in a healthy donor (HD). CD4+ T cells were left unstimulated or stimulated with PMA/ionomycin for 5 hours. Representative histo-
grams and mean MFI ± SEM from 3 experiments. Statistical significance was calculated by Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). Numbers 
in FACS plots represent percentages.
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memory CD8+ T cells we observed in Cd40l–/– mice after LCMV 
infection (Supplemental Figure 8).

CD40L is essential for the generation of virus-neutralizing 
antibodies, and LCMV-specific antibodies were shown to contrib-
ute to the maintenance of CD8+ T cell memory in LCMV-infected 
mice (32). Consistent with impaired CD40L expression on DKO 
CD4+ T cells, the levels of LCMV-specific IgG antibodies in DKO 
mice were significantly reduced 60 days p.i. compared with those 
in WT mice (Figure 5G). We next analyzed antibody titers in the 
WT:Cd40l–/– and DKO:Cd40l–/– chimeric mice. DKO:Cd40l–/– chi-
meras had significantly reduced LCMV-specific antibody titers 
compared with those in WT:Cd40l–/– chimeras (Figure 5G). As 
expected, we observed no reduction in LCMV-specific IgG anti-
body titers in DKO:Cd8a–/– chimeras (compared with WT:Cd8a–/– 
chimeras), as these mice have a WT CD4+ T cell compartment 
(Figure 5G). Collectively, these data demonstrate that impaired 
CD40L expression by DKO CD4+ T cells interferes with the pro-
duction of LCMV-specific IgG antibodies and therefore very likely 
contributes to the impaired memory CD8+ T cell response in DKO 
mice. It is noteworthy that only partial defects in CD40L expres-
sion were observed on CD4+ T cells from Stim2fl/fl Cd4-Cre and 
Stim1fl/fl Cd4-Cre single-knockout mice (Supplemental Figure 9), 
consistent with their normal maintenance of memory CD8+ T cells 
after LCMVARM infection (Supplemental Figure 3).

To evaluate whether Ca2+ influx via STIM1 and STIM2 also 
regulates CD40L expression in human CD4+ T cells, we compared 
CD40L surface expression on primary human CD4+ T cells from 
a healthy donor and a patient with a loss-of-function mutation 
in STIM1 that abolishes Ca2+ influx (13). We found that CD40L 
expression on the surface of nonstimulated STIM1-deficient 
CD4+ T cells was already significantly lower than that in control  
T cells (Figure 5H). Stimulation with PMA-ionomycin led to robust 
CD40L mobilization in control cells, but not in STIM1-deficient 
CD4+ T cells. These results show that STIM1 is required for the 
expression of CD40L on human CD4+ T cells.

STIM1 and STIM2 are essential for memory CD8+ T cell function 
and recall responses to reinfection. Although residual memory CD8+ 
T cells are present in LCMV-infected DKO mice (Figure 1, D–G), 
we hypothesized that they are functionally impaired, given their 
exhausted phenotype, and abolished IL-2 production and the viral 
recrudescence in DKO mice. To investigate whether STIM1 and 
STIM2 are required for memory CD8+ T cell function and recall 
responses, we infected WT and DKO mice with LCMVARM and 60 
days later rechallenged them with the clone 13 strain of LCMV 
(LCMVCL13). Seven days post reinfection (p.r.i.), we observed a 
severe defect in the expansion of LCMV-specific CD8+ T cells in 
DKO mice compared with that in WT mice (Figure 6, A and B). 
Accordingly, DKO mice failed to control reinfection with LCMVCL13, 
which was apparent in very high viral titers 7 days p.r.i. (Figure 6C), 
representing a 55-fold titer increase compared with the viral titers 
detected on day 60 after primary LCMVARM infection (Figure 1A). 
By contrast, WT mice completely cleared LCMVCL13. To determine 
whether the requirement for STIM1 and STIM2 signaling in recall 
responses by memory CD8+ T cells is intrinsic to CD8+ or CD4+ T 
cells, we used the WT and WT:Cd8a–/– and DKO:Cd8a–/– chimeric 
mice described above. Chimeric mice were infected with LCMVARM 
followed by reinfection with LCMVCL13 60 days later. Seven days 

response (29). We confirmed that while memory CD8+ T cells are 
initially present in Cd4–/– mice 8 days p.i. with LCMV, they are not 
maintained at later time points (days 80–100 p.i.; Supplemental 
Figure 7A), similar to our findings in DKO mice. To exclude the 
possibility that impaired memory CD8+ T cell maintenance in 
DKO mice is due to the absence of LCMV-specific CD4+ T cells, 
we analyzed the total numbers of virus-specific (I-Ab-GP66–77 
tetramer+) CD4+ T cells in LCMVARM-infected WT and DKO mice 
and found that the numbers did not significantly differ between 
WT and DKO mice 8 and 35 days p.i. (Supplemental Figure 7, B 
and C). These findings indicated that STIM1 and STIM2 may be 
required for the function of CD4+ T cells and their ability to help 
memory CD8+ T cells. However, the Ca2+ dependent mechanisms 
regulating CD4+ T cell help are not well understood. One way in 
which CD4+ T cells provide help is the “licensing” of DCs through 
CD40L-CD40 interactions (29). We found that the total levels of 
CD40L protein in CD4+ T cells from the spleens of LCMV-infected 
DKO mice were significantly reduced 8 days p.i. compared with 
those in WT CD4+ T cells (Figure 5A). Since CD40L cycles exten-
sively between the cell surface and intracellular compartments, 
we measured the expression of CD40L at the plasma membrane 
of CD4+ T cells following stimulation with LCMV GP61–80 peptide 
(57). CD4+ T cell activation resulted in a mobilization of CD40L to 
the plasma membrane of WT CD4+ T cells that was almost com-
pletely absent in DKO CD4+ T cells (Figure 5B). Consistent with 
the role of CD40L in DC licensing (29) and impaired CD40L sur-
face expression on DKO CD4+ T cells, we found that the expres-
sion of MHC class II on CD11c+ DCs was significantly impaired in 
DKO mice 8 days p.i. (Figure 5C).

We next investigated whether impaired CD40L expression 
on DKO CD4+ T cells is responsible for defective maintenance of 
memory CD8+ T cells. Stimulation of APCs with an agonistic anti-
CD40 antibody was shown to enhance immune response against 
herpes virus (58), other infectious pathogens (59, 60), and tumors 
(61, 62) in the absence of CD4+ T cells. However, when we tested 
whether anti-CD40 injection of WT mice enhances the CD8+ T 
cell response to LCMVARM, we observed a significant loss, rather 
than an increase, of LCMV-specific memory CD8+ T cells (data not 
shown), consistent with a previous report (63). To be able to inves-
tigate the role of STIM1 and STIM2 in CD40L expression in the 
context of a memory CD8+ T cell response to LCMV infection in 
vivo, we generated DKO:Cd40l–/– and WT:Cd40l–/– chimeric mice 
(Figure 5, D–G). In these mice, half of the CD4+ T cells lack CD40L 
(Cd40l–/), and the other half is either DKO or WT. We hypothe-
sized that if STIM1 and STIM2 are required for upregulation of 
CD40L on CD4+ T cells after LCMV infection in vivo, memory 
CD8+ T cell responses should be impaired in DKO:Cd40l–/– chi-
meras (all CD4+ T cells lack CD40L) but not in WT:Cd40l–/– chi-
meras (WT-derived CD4+ T cells [50%] express CD40L). Indeed,  
80 days p.i. with LCMVARM, the frequencies (Figure 5E) and abso-
lute numbers (Figure 5F) of LCMV-specific KLRG1–CD127+ mem-
ory CD8+ T cells were significantly reduced in DKO:Cd40l–/– chi-
meric mice compared with those in WT:Cd40l–/– chimeras. These 
data show that impaired CD40L expression on STIM1/2-deficient 
CD4+ T cells is responsible, at least in part, for the defective mem-
ory CD8+ T cell response in DKO mice. These findings are further 
supported by the impaired maintenance of CD127+ and CD62L+ 
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immunity. CD8+ T cell–intrinsic functions of STIM1 and STIM2 
include cytolytic effector functions and the differentiation of naive 
CD8+ T cells into virus-specific Teff cells. In addition, STIM1 and 
STIM2 in CD4+ T cells are essential to mediate antiviral CD8+ T 
cell responses by supporting (a) the maintenance of virus-spe-
cific memory CD8+ T cells, (b) memory CD8+ T cell function and 
effective recall responses to reinfection, and (c) the generation of 
virus-specific antibodies. We demonstrate an important role of 
STIM1 and STIM2 in the expression of CD40L on CD4+ T cells 
that was shown to be critical for the licensing of DCs (29) and the 
production of virus-specific antibodies, which in turn are required 
for the maintenance of memory CD8+ T cell responses. Accord-
ingly, lack of STIM1 and STIM2 in T cells results in impaired CD4+ 
and CD8+ T cell immunity to primary and secondary viral chal-
lenge and chronification of a normally acute viral infection.

We were surprised to find that T cell–specific deletion of STIM1 
and STIM2 had relatively little effect on the acute phase of the 
antiviral immune response, because the expansion of virus-spe-
cific CD4+ and CD8+ T cells and their ability to control viral rep-
lication in the first 8 days p.i. was largely normal. The numbers of 
LCMV-specific CD4+ and CD8+ T cells were similar and viral titers 
undetectable in the sera of WT and DKO mice, with only a mod-

after rechallenge, the numbers of LCMV-specific CD8+ T cells in 
DKO:Cd8a–/– chimeras increased by approximately 4-fold (com-
pared with the numbers detected on day 60 p.i.), whereas those in 
WT:Cd8a–/– chimeras increased by approximately 10-fold (Figure 
6D). Importantly, this partially restored recall response by DKO 
CD8+ T cells in the chimeric mice was sufficient to completely pro-
tect them against reinfection with LCMVCL13, as viral titers were 
undetectable in their sera 7 days p.r.i. (data not shown). This effi-
cient recall response occurred despite the failure of DKO CD8+ T 
cells in DKO:Cd8a–/– chimeras to differentiate into KLRG1+CD127– 
effector cells (Figure 6E). The latter was associated with decreased 
T-bet and increased Eomes expression levels in DKO CD8+ T cells 
compared with those in WT cells (Figure 6F). Collectively, our data 
demonstrate that the expansion and function of memory CD8+  
T cells during recall responses are critically dependent on STIM1 
and STIM2 in CD4+ T cells.

Discussion
We identified Ca2+ influx in T cells mediated by STIM1 and STIM2 
as a critical signaling pathway required for CD8+ T cell immu-
nity to viral infection. Together, STIM1 and STIM2 play distinct 
but synergistic roles in CD4+ and CD8+ T cells during antiviral 

Figure 6. STIM1 and STIM2 in CD4+  
T cells are essential for recall 
responses to viral reinfection. WT 
and DKO mice (A–C) or Cd8a–/– chime-
ras (D–F) were infected with LCMVARM 
for 60 days, then reinfected with  
LCMVCL13, and analyzed 7 days p.r.i. 
(A–C) Impaired recall response in DKO 
mice. Representative contour plots 
(A) and total number (mean ± SEM in 
B) of LCMV-specific CD8+ T cells per 
spleen before and 7 days p.r.i. with 
LCMVCL13. Numbers in B indicate fold 
increase in LCMV-specific CD8+ T cells 
p.r.i. (C) Serum LCMV titers in WT 
(n = 7) and DKO (n = 6) mice 7 days 
p.r.i. Each dot represents 1 mouse; 
horizontal lines show the mean viral 
titers. (D–F) The presence of WT CD4+ 
T cells in chimeric mice restored recall 
responses by DKO CD8+ T cells. (D) 
Total number of LCMV-specific WT 
and DKO CD8+ T cells in the spleens of 
WT:Cd8a–/– (n = 4) and DKO:Cd8a–/–  
(n = 4) chimeras analyzed before and 
p.r.i. with LCMVCL13. Numbers indicate 
the fold increase of cell numbers 7 days 
p.r.i. (E and F) Expression of KLRG1 and 
CD127 (E) and T-bet and Eomes (F) on 
splenic LCMV-specific CD8+ T cells of 
WT or DKO origin in chimeras 7 days 
p.r.i. Line and bar graphs in D and E 
show the mean ± SEM of LCMV-spe-
cific CD8+ T cells from 4 mice per group. 
Statistical significance was calculated 
by Student’s t test (*P < 0.05;  
**P < 0.01; ***P < 0.001). Numbers 
in dot plots in A and E represent the 
percentages of cells in gates.
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(b) WT P14 T cells transferred into DKO mice failed to maintain 
their memory phenotype despite absent signs of exhaustion; (c)  
T cell–specific deletion of STIM1 alone does not impair the main-
tenance of memory CD8+ T cells or cause chronic LCMV infection 
despite increased expression levels of PD-1 and impaired IFN-γ 
production by CD8+ T cells.

CD4+ T cells are necessary to maintain virus-specific mem-
ory CD8+ T cells (66), and we show that this process is highly 
dependent on STIM1 and STIM2 in CD4+ T cells. This conclusion 
is based on normal numbers of LCMV-specific memory CD8+  
T cells in WT:DKO and DKO:Cd8a–/– chimeric mice, which have 
a largely normal CD4+ T cell compartment in contrast to DKO 
mice. Conversely, we observed that adoptive transfer of LCMV- 
specific WT P14 T cells into DKO mice, whose CD4+ T cells lack 
STIM1 and STIM2, resulted in impaired maintenance of memory 
WT P14 T cells 35–60 days p.i. Although the numbers of LCMV- 
specific CD4+ T cells were comparable in WT and DKO littermate 
mice, STIM1- and STIM2-deficient CD4+ T cells were function-
ally impaired in their ability to provide T cell help. However, the 
molecular mechanisms by which STIM1 and STIM2 regulate CD4+ 
T cell function are unknown.

CD4+ T cells provide help to CD8+ T cells through a number 
of different mechanisms (29). Ligation of CD40 on DCs with 
CD40L expressed on CD4+ T cells has been shown to be criti-
cal for the maintenance of memory CD8+ T cells (32, 67–69), as 
CD40-CD40L interaction licenses DCs to prime CD8+ T cell 
responses (70, 71). We found that CD40L expression is tightly 
regulated by STIM1 and STIM2, since DKO CD4+ T cells have 
strongly reduced levels of CD40L at their cell surface before and 
after activation. Regulation of CD40L by STIM1 and STIM2 is 
consistent with the role of the Ca2+-dependent transcription factor 
NFAT in CD40L expression in murine and human T cells (72–74) 
and inhibition of de novo expression of CD40L by cyclosporine A,  
a calcineurin inhibitor (75). The important role of STIM1 and 
STIM2 in CD40L-dependent CD4+ T cell help for memory CD8+ 
T cell responses to LCMV is supported by the reduced numbers of 
memory CD8+ T cells in DKO:Cd40l–/– compared with WT:Cd40l–/– 
chimeras and the reduced MHC class II expression levels on DCs 
isolated from DKO mice, indicating that STIM1/2-dependent 
CD40L expression is required for DC licensing.

Furthermore, CD4+ T cell help for the production of LCMV- 
specific antibodies depends on CD40L (76). We found markedly 
reduced titers of LCMV-specific IgG antibodies in DKO mice and 
DKO:Cd40l–/– chimeras compared with those in WT mice and 
WT:Cd40l–/– chimeras, respectively. Since LCMV-specific anti-
bodies support the maintenance of memory CD8+ T cells (32), the 
reduced production of antibodies against LCMV in DKO mice likely 
contributes to their memory CD8+ T cell defect. In addition, human 
CD4+ T cells from a STIM1-deficient patient had a profound defect 
in CD40L expression, likely explaining the chronic viral infections 
and impaired antibody responses to recall antigens observed in this 
and other CRAC channel–deficient patients (13, 77).

A defining hallmark of adaptive immunity is the ability 
to mount recall responses to reinfection. We show that recall 
responses by memory CD8+ T cells and their ability to control a 
secondary infection are critically dependent on STIM1 and STIM2 
in CD4+ and, though to a lesser degree, CD8+, T cells. Not only 

erate increase in LCMV titers in the livers of infected DKO mice. 
In vitro studies on the role of Ca2+ influx in cytotoxic lymphocytes 
had demonstrated that CRAC channels are important for the per-
forin-dependent cytolytic function of CD8+ T cells (44) and NK 
cells (64). This is consistent with our findings in this and a previ-
ous study that deletion of STIM1 and STIM2 impairs the ability of 
CD8+ Teff cells to release cytolytic granules and to kill target cells 
in vitro (23). Compromised cytotoxicity in the absence of STIM1 
and STIM2 explains the lack of sterilizing immunity in DKO mice, 
resulting in viral recrudescence at days 35 and 60 p.i. The defect in 
cytotoxic effector function is compounded by reduced numbers of 
virus-specific KLRG1+CD127– Teff cells in DKO mice. This pheno-
type is substantially more pronounced in WT:DKO mixed BM chi-
meric mice and upon transfer of DKO P14 T cells into WT hosts, as 
DKO CD8+ Teff cells fail to expand and are strongly outcompeted 
by WT CD8+ Teff cells. A potential explanation for this differenti-
ation defect is the significantly reduced level of T-bet in Teff cells, 
since T-bet regulates the differentiation of naive CD8+ T cells into 
Teff cells (46, 65). Collectively, our data demonstrate a CD8+ T cell–
intrinsic role of STIM1 and STIM2 in the function, expansion, and 
differentiation of virus-specific Teff cells.

In contrast to moderate defects in acute antiviral immunity, 
we found that the memory T cell response to LCMV was severely 
impaired in DKO mice. The numbers of virus-specific KLRG1–

CD127+ memory CD8+ T cells were markedly reduced in DKO 
mice 35 and 60 days p.i. However, the numbers of KLRG1–CD127+ 
memory CD8+ T cells were normal or increased in DKO mice  
8 days p.i., suggesting that STIM1 and STIM2 are dispensable for 
their initial differentiation. Consistent with this conclusion, we 
found that protein levels of Eomes, a transcription factor essen-
tial for memory CD8+ T cell development, were increased and 
T-bet/Eomes ratios decreased in CD8+ T cells from DKO mice 
compared with levels in WT controls after LCMV infection. The 
apparent discrepancy between elevated Eomes expression and 
reduced numbers of memory CD8+ T cells at later stages of infec-
tion suggests that the Eomes-regulated developmental program 
from naive CD8+ T cells to memory CD8+ T cells is independent of 
STIM1 and STIM2, which is consistent with the normal numbers 
of KLRG1–CD127+ memory precursor CD8+ T cells we observed at 
day 8 p.i. Once developed, memory CD8+ T cells depend on STIM1 
and STIM2 in CD4+ T cells for their maintenance, whereas Eomes 
expression in CD8+ T cells is not sufficient to sustain CD8 memory.

The maintenance of memory CD8+ T cells can be compro-
mised by a number of factors, including CD8+ T cell exhaustion, 
a functional state characterized by impaired proliferation and 
production of IFN-γ, TNF-α, and IL-2 during chronic viral infec-
tion (52, 53). IL-2 and IFN-γ production was strongly impaired in 
DKO CD8+ T cells, which correlated with elevated viral titers in 
DKO mice. IFN-γ and IL-2 levels, however, are not suitable indi-
cators of exhaustion in DKO mice, as their transcription is directly 
regulated by the Ca2+/calcineurin/NFAT pathway and is already 
impaired in DKO CD8+ T cells of noninfected mice (21). In fact, 
several lines of evidence indicate that CD8+ T cell exhaustion is not 
the primary cause of failed memory CD8+ T cell maintenance in 
the absence of STIM1 and STIM2: (a) the maintenance of LCMV- 
specific DKO memory CD8+ T cells was normal in WT:DKO chi-
meras despite their exhausted phenotype (high Tim-3 expression); 
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The dependence of memory CD8+ T cell responses on STIM1 
and STIM2 has important implications for the development of 
CRAC channel inhibitors as therapeutics for the treatment of 
autoimmune diseases, inflammation, and cancer. Our findings 
caution that CRAC channel inhibition may result in chronification 
of (viral) infections and interfere with vaccination of infants and 
adults. In this context, it is important to note, however, that we 
observed impaired antiviral immunity against LCMV only in DKO 
mice, but not in mice lacking STIM1 or STIM2 individually. Since 
CD4+ T cells deficient for either STIM1 or STIM2 alone do not lack 
CRAC channel function completely, it is likely that their residual 
Ca2+ influx is sufficient to provide CD4+ T cell help for antiviral 
immunity. By contrast, partial reduction of Ca2+ influx in CD4+ T 
cells with individual deletion of STIM1, STIM2, or ORAI1 is suffi-
cient to significantly attenuate proinflammatory CD4+ T cell func-
tion in murine models of autoimmune diseases (24). These differ-
ent quantitative requirements for Ca2+ influx in antiviral immunity 
versus autoimmunity may provide a therapeutic window for CRAC 
channel inhibition in autoimmune and inflammatory disorders.

Methods
Mice. Stim1fl/fl Cd4-Cre, Stim2fl/fl Cd4-Cre, and Stim1fl/fl Stim2fl/fl Cd4-Cre 
(DKO) mice have been described previously (21). Unless otherwise 
stated, Cre-negative floxed littermates were used as WT controls. WT 
and DKO mice were further crossed with Tcra–/– and P14 TCR trans-
genic mice (Taconic) for more than 5 generations to generate WT P14 
and DKO P14 mice. CD45.1, Cd8a–/–, Rag2–/–, and Cd40l–/– mice were 
purchased from The Jackson Laboratory. The WT P14 TCR transgenic 
mice used for adoptive transfer to congenic WT and DKO mice were a 
gift of R. Ahmed (Emory University, Atlanta, Georgia, USA).

Generation of mixed BM chimeras. To generate WT:DKO mixed BM 
chimeras, BM from DKO (CD45.2) and congenic WT (CD45.1) mice 
were mixed at a 1:1 ratio. To generate WT:Cd8a–/– and DKO:Cd8a–/– 
mixed BM chimeras, BM from Cd8a–/– mice was mixed with BM from 
either WT or DKO mice at a 9:1 ratio. To generate WT:Cd40l–/– and 
DKO:Cd40l–/– mixed BM chimeras, BM from Cd40l–/– mice was mixed 
with BM from either WT or DKO mice at a 1:1 ratio. In all cases, mixed 
BM was injected into congenic Rag2–/– mice lethally irradiated (11 Gy), 
and chimeras were used for experiments 6–8 weeks after reconstitution.

LCMV infection and analysis of viral titers. Stocks of the LCMVARM  
and LCMV clone 13 (LCMVCL13) strains were a gift of R. Ahmed. 
LCMVARM and LCMVCL13 were grown in BHK-21 cells and viral super-
natant harvested as described (82). For primary infection, mice were 
injected i.p. with 2 × 105 PFU of LCMVARM. For secondary infections, 
mice previously infected with LCMVARM were injected i.v. with 2 × 106 
PFU of LCMVCL13. Viral titers in serum or liver of infected mice as well 
as LCMV stocks were measured by viral plaque assays using Vero 76 
cells as previously described (82). Briefly, confluent monolayers of 
Vero 76 cells were incubated with dilutions of samples for 1 hour. The 
sample solution was removed and replaced with a 1% agarose solu-
tion. Viral plaques were visualized 4 days later by neutral red solution.

Flow cytometry, antibodies, and tetramers. The following antibodies 
(clone number) for flow cytometry were purchased from eBioscience: 
CD4 (GK1.5), CD8 (53-6.7), CD44 (IM7), KLRG1 (2F1), CD127 (A7R34), 
IL-2Rα (PC61.5), IL-2Rβ (TM-b1), IL-15R (FAB551C), TRAIL (N2B2), 
CXCR4 (2B11), CXCR3 (CXCR3-173), T-bet (ebio4B10), Eomes  
(Dan11mag), Tim-3 (8B.2C12), PD-1 (J43), CD45.2 (104), CD45.1 (A20), 

were the numbers of virus-specific memory CD8+ T cells reduced 
in DKO mice, but the residual memory cells also failed to expand 
after reinfection with LCMV to become KLRG1+CD127– effec-
tor cells and to control viral replication. The expansion of mem-
ory CD8+ T cells and suppression of virus infection were largely 
restored in the presence of WT CD4+ T cells in DKO:Cd8a–/– chi-
meras, demonstrating that recall responses to virus infection are 
controlled predominantly by STIM1 and STIM2 in CD4+ T cells. 
It is noteworthy, however, that even in the presence of WT CD4+ 
T cells, DKO memory CD8+ T cells did not expand as efficiently 
as did WT CD8+ T cells and failed to become KLRG1+CD127– 
effector cells after reinfection. This may be due to the inability of 
STIM1/2-deficient memory CD8+ T cells in DKO:Cd8a–/– chime-
ras to produce IL-2. The transcription of IL-2 is regulated by the 
Ca2+-dependent transcription factor NFAT, and impaired SOCE 
diminishes NFAT activation and IL-2 production (21, 78, 79). 
While IL-2 does not modulate the number of virus-specific mem-
ory CD8+ T cells, it was shown to be essential for robust CD8+ T 
cell recall responses to reinfection with LCMV (37). A similar role 
of IL-2, albeit that produced by CD8+ T cells in an autocrine man-
ner, in recall responses was reported by Feau et al. (36). A require-
ment for autocrine IL-2 produced by CD8+ T cells may explain the 
incomplete rescue of recall responses by LCMV-specific CD8+ T 
cells in DKO:Cd8a–/– chimeric mice. An additional explanation 
for an impaired, CD8+ T cell–intrinsic recall response may be the 
increased expression of the inhibitory receptors PD-1 and Tim-3  
on DKO CD8+ T cells. Both proteins are associated with T cell 
exhaustion and impaired recall responses by CD8+ T cells (39, 51). 
While PD-1 expression was shown to be regulated by NFATc1 in 
vitro (80), in our studies, PD-1 levels were increased on LCMV- 
specific DKO CD8+ T cells. It is important to point out, however, 
that DKO memory CD8+ T cells in DKO:Cd8a–/– chimeras mounted 
a recall response that was sufficient to control reinfection with 
LCMVCL13, despite signs of exhaustion and failed differentiation 
into KLRG1+CD127– effector cells.

Our findings are clinically relevant because (a) they explain why 
STIM1- and ORAI1-deficient patients suffer from severe, chronic 
infections, and (b) they assess the benefits and risks of therapeu-
tic CRAC channel inhibition, which is currently being explored 
for the treatment of autoimmune diseases. CRAC channelopathy 
in human patients due to mutations in STIM1 and ORAI1 genes is 
characterized by recurrent and chronic infections with CMV, EBV, 
HHV8, and other viruses, despite the presence of detectable EBV- 
and CMV-specific T cells (13–15, 77). In some of these patients, 
chronic infections caused the development of EBV-associated 
B cell lymphoma and HHV8- associated Kaposi sarcoma (13, 16, 
17). The defective maintenance of memory CD8+ T cells, anti-
body production, and recall response to LCMV infection in DKO 
mice is reminiscent of the chronic viral infections in STIM1- and 
ORAI1-deficient patients and their lack of antigen-specific cellular 
and humoral immune responses (81). Surprisingly, and not pre-
dicted from in vitro experiments that showed defective function of 
cytotoxic effector CD8+ T cells in the absence of STIM1 and STIM2 
(23), antiviral immunity is critically dependent on STIM1 and 
STIM2 function in CD4+ T cells. Both proteins synergize to enable 
CD4+ T cells to maintain memory CD8+ T cells through expression 
of CD40L and to facilitate recall responses to reinfection.
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cated, and analyzed by flow cytometry. A similar protocol and anti-
CD40L antibody (clone 24-31; eBioscience) were used for detection 
of CD40L at the surface of human CD4+ T cells.

Human T cell culture. T cells from healthy donors and a patient 
homozygous for a loss-of-function missense mutation (R429C) in 
STIM1 (13) were cultured as previously described (19). Briefly, 1 × 106 
peripheral blood lymphocytes (PBLs) isolated by Ficoll gradient were 
stimulated with 1 μg/ml phytohemagglutinin (PHA-P) and allogenic 
feeder cells (1 × 106 irradiated PBLs and 1 × 105 irradiated B cells) and 
cultured in the presence of 20 U/ml rhIL-2 for 2 weeks. PBLs from the 
STIM1-deficient patient were provided by S. Ehl (Centre of Chronic 
Immunodeficiency, University Hospital Freiburg, Freiburg, Germany).

Statistics. P values were calculated using a 2-tailed, unpaired Stu-
dent’s t test and Prism6 (GraphPad Software). Error bars show the 
mean SEM. P values less than 0.05 were considered statistically sig-
nificant. For correlation analysis, SPSS software (IBM) was used, and 
statistics were calculated using Spearman’s Rho test.

Study approval. All animal experiments were conducted in accor-
dance with protocols approved by the IACUC of New York University 
Langone Medical Center and Yale University. For experiments using 
primary human cells, informed consent for the studies was obtained 
from the patient’s family in accordance with the Declaration of Hel-
sinki and IRB approval of the New York University School of Medicine.
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IL-2 (JES6-5H4), IFN-γ (XMG1.2), CD40L (MR1), BrdU (Bu20a), 
human CD4 (OKT-4), human CD40L (24-31), CD11c (N418), and 
MHC class II (M5/114.15.2). Anti–IL-15R and annexin V were obtained 
from BD Biosciences. Class I MHC tetramers (H-2Db) complexed with 
peptides from LCMV glycoprotein (GP) 33-41 (KAVYNFATM) and 
LCMV nucleoprotein (NP) 396-404 (FQPQNGAFI), as well as class II  
tetramers (I-Ab) complexed with a peptide from LCMV GP 66–77 
(DIYKGVYQFKSV) were generated by the NIH Tetramer Facility and 
conjugated with allophycocyanin (APC) and phycoerythrin (PE) fluoro-
phores. Controls included CD8+ T cells from LCMV-infected mice 
left unstained, tetramer-stained CD8+ T cells from uninfected mice, 
or CD4+ T cells stained with APC-conjugated I-Ab tetramers loaded 
with CLIP peptide. Antibody and tetramer staining of CD4+ and CD8+  
T cells was detected using an LSR II flow cytometer (BD Biosciences) 
and analyzed with FlowJo software (Tree Star Inc.).

In vitro killing assay. CD8+ T cells from WT P14 and DKO P14 mice 
expressing a transgenic LCMV GP33–41–specific TCR were isolated 
from the spleen by negative selection (STEMCELL Technologies), 
stimulated with plate-bound anti-CD3/anti-CD28 antibodies for 48 
hours, and differentiated into cytotoxic lymphocytes (CTLs) for 6 to 
7 days in the presence of 100 U/ml rhIL-2. CTLs were cocultured with 
EL-4 lymphoma cells that were labeled with 5 μM CFSE and coated 
with 10 μg/ml GP33–41 peptide at 1:1 and 5:1 ratios. After 90 minutes, 
CD8+ T cells and EL-4 cells were incubated with 4 μg/ml annexin V to 
measure apoptosis of EL-4 target cells.

LCMV-specific antibody measurements. Levels of LCMV-specific 
IgG antibodies in the serum of mice were measured by ELISA as 
described previously (83). Briefly, ELISA plates were coated over-
night with lysates from LCMV-infected BHK-21 cells. LCMV-spe-
cific IgG was detected in serial dilutions of mouse serum using 
HRP goat anti-mouse IgG (Invitrogen), followed by the addition of 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate (BioLegend). Absor-
bance was measured at 450 nm using a SpectraMax M5 microplate 
reader (Molecular Devices).

CD40L measurements. Total CD40L expression was measured in 
murine CD4+ T cells permeabilized with 0.1% saponin. Plasma mem-
brane expression of CD40L was measured as described previously 
(57). Briefly, splenocytes were isolated from LCMVARM-infected mice 
at day 8 p.i. and either left untreated or stimulated with LCMV GP61–80 
peptide (30 μg/ml) or PMA (20 nM) plus ionomycin (1 μM) for 2 hours 
at 37°C in the presence of 1 μg/ml anti-CD40L antibody (clone MR1; 
eBioscience) to capture CD40L at the cell surface. Cells were washed, 
stained with additional antibodies against surface markers as indi-
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