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Lack of Sprouty 1 and 2 enhances survival of effector
CD8+ T cells and yields more protective memory cells
Hesham M. Shehataa, Shahzada Khana, Elise Chenb,1, Patrick E. Fieldsb,2, Richard A. Flavellb,c,3,
and Shomyseh Sanjabia,d,3

aVirology and Immunology, Gladstone Institutes, San Francisco, CA 94158; bDepartment of Immunobiology, Yale University, New Haven, CT 06520; cHoward
Hughes Medical Institute, New Haven, CT 06520; and dDepartment of Microbiology and Immunology, University of California, San Francisco, CA 94143

Contributed by Richard A. Flavell, July 16, 2018 (sent for review May 15, 2018; reviewed by Hongbo Chi and Ananda W. Goldrath)

Identifying novel pathways that promote robust function and
longevity of cytotoxic T cells has promising potential for immu-
notherapeutic strategies to combat cancer and chronic infections.
We show that sprouty 1 and 2 (Spry1/2) molecules regulate the
survival and function of memory CD8+ T cells. Spry1/2 double-
knockout (DKO) ovalbumin (OVA)-specific CD8+ T cells (OT-I cells)
mounted more vigorous autoimmune diabetes than WT OT-I cells
when transferred to mice expressing OVA in their pancreatic
β-islets. To determine the consequence of Spry1/2 deletion on ef-
fector and memory CD8+ T cell development and function, we used
systemic infection with lymphocytic choriomeningitis virus (LCMV)
Armstrong. Spry1/2 DKO LCMV gp33-specific P14 CD8+ T cells sur-
vive contraction better than WT cells and generate significantly
more polyfunctional memory T cells. The larger number of Spry1/2
DKO memory T cells displayed enhanced infiltration into infected
tissue, demonstrating that absence of Spry1/2 can result in in-
creased recall capacity. Upon adoptive transfer into naive hosts,
Spry1/2 DKO memory T cells controlled Listeria monocytogenes in-
fection better than WT cells. The enhanced formation of more func-
tional Spry1/2 DKOmemory T cells was associated with significantly
reduced mTORC1 activity and glucose uptake. Reduced p-AKT,
p-FoxO1/3a, and T-bet expression was also consistent with enhanced
survival and memory accrual. Collectively, loss of Spry1/2 enhances
the survival of effector CD8+ T cells and results in the formation of
more protective memory cells. Deleting Spry1/2 in antigen-specific
CD8+ T cells may have therapeutic potential for enhancing the sur-
vival and functionality of effector and memory CD8+ T cells in vivo.

CD8 T cells | memory | metabolism | survival | polyfunctional

Immunotherapeutic strategies that enhance cytotoxic T cell
functionality and longevity have the potential to combat cancer

and chronic viral infections (1–3). The defining hallmarks of
long-lived memory CD8+ T cells are their increased numbers,
broader anatomical distribution, and enhanced function compared
with naive cells (4–10). Pharmacologic interventions or genetic
modifications that result in enhanced memory CD8+ T cells lead
to more robust recall responses and better protection against
antigen reexposure (5–7, 11–17). Memory development relies on
the integration of signals arising from T cell receptor (TCR) sig-
naling strength, cytokines, metabolic reprograming, and modular
expression of lineage-specific transcription factors (18, 19).
To become activated, T cells engage via their TCR with MHC

complexes that present their cognate peptide. TCR stimulation
also results in inhibitory signals that restrain excessive T cell
activation to prevent autoimmunity and maintain homeostasis.
Such inhibitory mechanisms may also dampen desirable immune
responses during vaccination or against chronic pathogens and
tumors (20). While targeting inhibitory mechanisms such as
CTLA-4 and PD-1 have been well studied (21–23), less is known
about the intracellular inhibitory molecules that are up-regulated
by TCR signaling (3). Efforts to find novel negative regulators of
T cell signaling identified Sprouty (Spry) molecules (24). Spry
was initially discovered in a genetic screen as an inhibitor of
Drosophila fibroblast growth factor receptor signaling during

trachea development (25). Four mammalian homologs (Spry1–4)
have been identified, and their inhibitory effects are mainly as-
cribed to their ability to inhibit Ras–MAPK signaling (26, 27).
Upon TCR engagement, Spry1 is highly induced (24), translo-

cates to the immune synapse, and interacts with and inhibits the
activation of linker for activated T cells (LAT) and phospholipase
C-γ (PLC-γ) (28, 29). Spry2 is present in naive T cells, is further in-
duced upon TCR stimulation (24), and also inhibits PLC-γ (29). By
inhibiting these key adaptors downstream of TCR signaling, Spry
1 and Spry 2 inhibit activation of MAPK signaling and NFκB, NFAT,
and AP-1 transcription factors and limit T cell activation and pro-
liferation and IL-2 production in cell lines and primary T cells in vitro
(24, 28, 29). Conditional deletion of Spry1 in mouse CD4+ and CD8+

T cells did not influence their thymic development but enhanced IL-
2 and IFN-γ production and boosted their capacity to clear EL4
lymphoma cells and lung B16 melanoma tumor nodules in vivo (30).
Additionally, Spry2 mRNA and protein levels are up-regulated in
HIV-specific CD8+ T cells and contribute to the exhaustion of these
cells (31). Collectively, these studies suggest that Spry 1 and Spry
2 molecules may act as negative regulators of TCR signaling.
In this study, we examined the role of Spry 1 together with

Spry 2 deficiency in the formation and function of effector and
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memory CD8+ T cells. Spry1/2 double-knockout (DKO) T cells
formed larger numbers of functional memory CD8+ T cells, which
was associated with significantly reduced mTORC1 activity and
glucose uptake. As the increased number of memory CD8+ T cells
strongly correlates with enhanced protection against tumors and
pathogenic infections (5, 7, 11–16), our findings suggest that tar-
geting both Spry1/2 molecules may be beneficial for boosting the
number of antigen-specific memory CD8+ T cells in vivo.

Results
Spry1/2 Are Induced upon TCR Stimulation. To determine which
Spry members are expressed in CD8+ T cells, we measured relative
steady-state mRNA expression of Spry1–4 in mouse naive CD8+

T cells. Similar to published results (24, 30), we detected higher
mRNA expression of Spry2 and Spry4 than of Spry1 and Spry3 (SI
Appendix, Fig. S1A). Upon TCR stimulation using anti-CD3 and
anti-CD28 mAbs, only Spry1 and Spry2 mRNA were induced (SI
Appendix, Fig. S1B). Furthermore, the steady-state expression of
Spry1 and Spry2 was three- to fourfold higher in central memory
cells than in naive CD8+ T cells (SI Appendix, Fig. S1B, 0 time
points), suggesting that Spry1/2 may be important for the develop-
ment and/or function of memory T cells. High induction of Spry1
(50- to 80-fold) and moderate induction of Spry2 (1.5- to threefold)
in all T cell subsets after TCR stimulation is consistent with their
proposed roles as regulators of TCR signaling (24, 28, 29). How-
ever, we reasoned that the unaltered expression of Spry3–4 during
T cell maturation and upon TCR stimulation suggests that they may
not play a role in modulating TCR signaling.
Spry1 and Spry2 share many structural and functional features

(32–34). To eliminate any compensatory effects of Spry1 in the
absence of Spry2 (and vice versa), we generated mice that are
floxed for Spry1 and Spry2 genes (SI Appendix, Fig. S2 A and B)
and crossed them to each other and to CD8-Cre mice (Cre being
expressed in peripheral CD8+ T cells) (35) to generate DKO
animals. The DKO animals crossed to OTI-I or P14 TCR
transgenic T cell mice on a Rag1−/− background maintained a
naive phenotype under steady-state conditions (SI Appendix, Fig.
S2C) and failed to express Spry1/2 mRNA upon TCR stimulation
with anti-CD3 and anti-CD28 (SI Appendix, Fig. S2D). Thus, we
have created a system in which we can unambiguously determine
the consequence of the absence of both Spry1 and Spry2 in antigen-
specific CD8 T cells in response to their cognate antigen in vivo.

Spry1/2 DKO CD8+ T Cells Accelerate the Onset of Type I Diabetes in
Rat Insulin Promoter–Membrane-Bound Ovalbumin Mice. To deter-
mine if the absence of Spry1/2 enhances cytotoxicity, we used rat
insulin promoter (RIP)–membrane-bound ovalbumin (mOVA)
transgenic mice that express mOVA in the pancreas under the
control of the RIP (36). In this system, adoptive transfer of

5 × 106 naive OT-I T cells is sufficient to cause diabetes in 100% of
the mice within 4 wk (37). We adoptively transferred 1 × 106 OT-I
DKO or OT-I WT T cells into either RIP-mOVA transgenic mice
or WT mice (Fig. 1A). The onset of diabetes was determined by
measuring blood and urine glucose over a 3-wk period after OT-I
T cell transfer. At 2 wk, 12.5% of RIP-mOVA animals that received
DKO cells remained nondiabetic compared 67% of animals that
received WT cells (Fig. 1B). By 3 wk, all the RIP-mOVA animals
that received DKO OT-I T cells became diabetic, compared with
only a fraction of WT OT-I T cell recipients (Fig. 1B). In con-
trast, neither WT nor DKO OT-I T cells induced hyperglycemia
in WT recipients (Fig. 1B). These data suggest that in the absence
of Spry1/2, naive CD8+ T cells gain the ability to induce hypergly-
cemia more quickly in the RIP-mOVA mouse model of type
I diabetes.

Spry1/2 Limit Early Effector Differentiation During Acute Viral
Infection. To determine if Spry1/2 limit T cell activation, pro-
liferation, and effector differentiation under virally induced in-
flammatory conditions, we coadoptively transferred carboxyfluorescein
succinimidyl ester (CFSE)-labeled DKO P14 (CD45.1.1) andWT P14
(CD45.1.2) T cells at a 1:1 ratio into CD45.2.2 WT recipients (Fig.
2A). These chimeric animals were infected with lymphocytic chorio-
meningitis virus (LCMV) Armstrong (LCMVARM), and T cell acti-
vation and CFSE dilution of DKO and WT P14 T cells in each WT
host was measured 3 d postinfection (d.p.i.). In the peritoneal-draining
mediastinal lymph nodes (Med LNs) (38), WT and DKO P14 T cells
up-regulated CD69 and CD25 and similarly diluted CFSE upon
priming (SI Appendix, Fig. S3 A–D) in the same host. However, a
larger fraction of DKO P14 T cells in the spleen expressed CD43 by
3 d.p.i., as measured by anti-CD43 mAb staining that recognizes
CD43 carrying core 2 O-glycan branches (Fig. 2B), which are critical
for the migration of effector T cells into tissues (39). Consistent with
this, at day 6 postinfection (p.i.), a higher fraction of DKO cells
expressed KLRG-1, and they expressed it at a higher mean fluo-
rescent intensity (MFI) than the WT cells (Fig. 2C). Our data show
that the absence of Spry1/2 accelerates the expression of CD43 and
KLRG-1 on effector CD8+ T cells under virally induced inflam-
matory conditions, suggesting that absence of Spry1/2 molecules
leads to faster effector CD8+ T cell differentiation.

Absence of Spry1/2 Limits CD8+ T Cell Contraction and Promotes the
Formation of a Larger Quantity of Memory CD8+ T Cells. To determine
the role of Spry1/2 in regulating clonal expansion and contraction of
T cells, we compared the number of DKO and WT P14 T cells
during early activation (day 3), clonal expansion (day 6), peak (day
8), contraction (day 13), and memory phase (day 50). We generated
chimeric mice containing coadoptively transferred congenically
markedWT and DKO P14 T cells followed by LCMVARM infection
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(Fig. 2A). Frequencies and absolute numbers of each expanded
population were enumerated in the spleen and the Med LNs (Fig. 2
D and E). While the absence of Spry1/2 did not alter the fre-
quencies or numbers of P14 T cells during clonal expansion or alter
the peak of the response, significantly higher numbers of DKO
effector CD8+ T cells remained during contraction (Fig. 2E), and
more memory cells were formed (Fig. 2 E and F).

Reduced Contraction of Effector T Cells and the Accrual of Memory
Cells in the Absence of Spry1/2 Are Associated with Enhanced Survival.
The majority of effector T cells die by apoptosis during contraction

after viral clearance (40, 41). Lack of Spry1/2 may limit the con-
traction of effector T cells by enhancing either their proliferation
or their survival. As a measure of proliferative potential, we
measured the expression of the nuclear proliferation antigen Ki-
67 during contraction. No significant difference was observed in
the proportion of the Ki-67+ cells between paired DKO and WT
P14 T cells (Fig. 2G). To test whether the higher number of DKO
effector and memory T cells was due to enhanced survival, we
cultured splenocytes containing DKO and WT P14 effector or
memory T cells from chimeric mice ex vivo for 24 h and measured
the percentage of live cells. In the absence of Spry1/2, effector
T cells (Fig. 2 H and I) and memory T cells (Fig. 2J) had a survival
advantage compared with WT T cells. Thus, in the absence of
Spry1/2, more effector CD8+ T cells survive the contraction
phase and continue to differentiate to form a larger number of
memory cells.

Absence of Spry1/2 Promotes the Development of a Larger Number of
Memory T Cell Precursors.After clonal expansion, a heterogeneous
population of effector T cells is generated. The most terminally
differentiated effectors, known as “terminal effector” (TE) cells,
express high amounts of KLRG1 and low amounts of IL-7Rα
(CD127) (42–44). Most of these TE cells die by apoptosis during
contraction, but some persist as circulating memory T cells (42–
46). The remaining smaller fraction of effector T cells that are
memory precursor (MP) cells survive the contraction and form the
long-lived pool of memory T cells. MP cells are among the
CD127hi KLRG1low population, which is long-lived and has mul-
tipotent characteristics that allow them to self-renew and re-
generate new clonal bursts of effectors upon rechallenge (43, 44).
To determine whether the absence of Spry1/2 alters the

commitment of effector T cells to either TE or MP cells, we
measured the proportions and absolute numbers of these effec-
tor subsets as well as the double-positive (CD127hi KLRG1hi)
(DP) and early effector (CD127low KLRG1low) (EE) T cells (43,
44). At contraction, the absolute numbers of all effector subsets
were increased, and the DP and MP fractions, in particular, were
significantly increased in the absence of Spry1/2 (Fig. 3A). When
comparing the ratios of the various WT and DKO effector
T cells, the DKO population contained a slightly higher fraction
of MP cells, which was accompanied by a slight reduction in the
proportion of TE cells during contraction (Fig. 3B).
We also examined whether the absence of Spry1/2 alters the

ability of effector T cells to produce effector molecules. WT and
DKO P14 T cells isolated 8 and 13 d after LCMVARM infection
were stimulated ex vivo with gp33 peptide (Fig. 3 C and D). At
day 8 p.i., a similar fraction and number of WT and DKO P14
T cells produced IFN-γ, TNF-α, and CD107a (Fig. 3C). How-
ever, when we enumerated the number of P14 T cells producing
different combinations of effector molecules at day 13 p.i., we ob-
served a marked increase in the number of polyfunctional DKO
T cells compared with their WT counterparts in the same host (Fig.
3D). Thus, these data suggest that the absence of Spry1/2 does not
impair cytolytic function or cytokine production and that fully
functional effectors can better survive the contraction phase.
To determine if the absence of Spry1/2 alters the in vivo

functionality of effector T cells to control viral infection, we used
our LCMV intrarectal (i.rec.) infection model (47). In the i.rec.
model CD8+ T cell priming is delayed by about 48 h compared
with i.p. infection (48). We delivered LCMVARM i.rec. to
B6 chimeric animals that were generated after independent
transfer of either WT or DKO P14 T cells and measured colonic
viral clearance at day 12 p.i. (SI Appendix, Fig. S4). Consistent
with our findings that WT and DKO effector T cells produce
similar amounts of effector molecules ex vivo, these results
demonstrate that WT and DKO effector T cells have similar
functionality in vivo at a time when similar numbers of effector
T cells are present in each host.
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Fig. 2. The absence of Spry1/2 enhances early differentiation and the sur-
vival of effector and memory CD8+ T cells. (A) WT and Spry1/2 DKO P14
T cells were cotransferred at 1:1 ratio into WT hosts. Chimeric mice were
infected with 2 × 105 pfu LCMVARM, and Med LN, spleens, and pLNs were
harvested. (B–J) Two hundred fifty thousand each (B) or 20,000 each (C–J) of
WT (black) and Spry1/2 DKO (red) P14 T cells were cotransferred into WT
hosts. (B) The proportion of CD43hi (1B11) cells among the P14 T cells 3 d.p.i.
(C) The frequency (Left) and geometric MFI (Geo MFI) (Right) of KLRG1 in
splenic P14 T cells. (D) The frequency of transferred WT and Spry1/2 DKO P14
T cells within total CD8+ T cells in the spleen (Upper) and Med LN (Lower). (E)
Log10 absolute number of P14 T cells from each genotype in the spleen over
the course of infection. (F) The absolute number of memory P14 T cells in
the spleen at 50 d after LCMVARM infection. (G) The percentage of Ki-67+

effector P14 T cells during the contraction phase. NS, not significant.
(H–J) Spry1/2 DKO and WT effector cell (H and I) and memory CD8+ T cell (J)
survival was determined ex vivo by quantifying the percent of 7ADD-
negative cells after 24 h in culture. Data are representative of two inde-
pendent experiments with n = 4–5 mice per group. Each point represents
one individual mouse. The P values represent the difference between WT
and DKO P14 T cells (paired t test): *P < 0.05, **P < 0.009, and ***P < 0.0005.
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Enhanced Number of Polyfunctional Memory CD8+ T Cells in the
Absence of Spry1/2 Results in Faster Recall Capacity. A principle
characteristic of immunological memory is the capacity to mount
accelerated recall responses with higher magnitude upon antigen
reexposure. To determine if the absence of Spry1/2 alters
memory recall responses, B6 chimeric memory animals con-
taining both WT and DKO P14 memory T cells were rechal-
lenged with LCMVARM intranasally (i.n.), and the recall responses
of WT and DKO P14 T cells were measured 2 d later. DKO P14
T cells displayed enhanced recall responses in the lungs of rechal-
lenged animals (Fig. 4A). We reasoned that the more robust recall
response may be due to the larger number of DKO memory T cells
that are generated in the lung upon systemic infection. To de-
termine whether the absence of Spry1/2 enhances the capacity of
memory CD8+ T cells to migrate into infected tissues, we purified
DKO and WT memory P14 T cells, mixed them at a 1:1 ratio, and
retransferred them into naive hosts that were subsequently in-
fected i.n. with LCMVARM. When memory T cells were present
at a 1:1 ratio, the DKO memory T cells showed no significant

enhancement in their ability to migrate into the infected lungs
(Fig. 4B). These data suggest that DKO memory T cells have
enhanced recall capacity due to the presence of larger numbers of
memory cells before rechallenge.
To determine if the absence of Spry1/2 enhances memory

CD8+ T cell polyfunctionality in response to their cognate antigen,
splenocytes isolated on day 50 were stimulated with gp33 peptide
ex vivo, and effector cytokines and granzyme B (GZB) production
from P14 T cells were measured. While the fraction of mem-
ory T cells producing these cytokines was generally unaltered, a

A

C

D

B

Fig. 3. The absence of Spry1/2 in T cells promotes the formation of func-
tional effectors that are skewed toward memory precursors. (A and B) The
absolute numbers (A) and frequencies (B) of Spry1/2 DKO and WT
P14 effector T cell subsets during contraction at day 13 p.i. (C and D) Sple-
nocytes isolated on day 8 (C) and day 13 (D) were stimulated with
gp33 peptide ex vivo, and effector cytokines and degranulation from P14
T cells were measured. (Left) Gating strategy for cytokine production anal-
yses. (Right) The absolute numbers of P14 T cells producing different com-
binations of cytokines and CD107a (Lamp-1). Data are representative of two
independent experiments with n = 4–5 mice per group. Each point repre-
sents one individual mouse. The P values in A–D represent the difference
between WT and DKO P14 T cells using a paired t test: *P < 0.05 and **P <
0.009. NS, not significant.

A B

C

D E F

Fig. 4. The absence of Spry1/2 promotes the formation of larger numbers of
polyfunctional memory CD8+ T cells with superior protective capacity. (A)
Chimeric animals generated by transferring WT and DKO P14 T cells were
immunized i.p. with 2 × 105 pfu LCMVARM and 50 d later were rechallenged i.n.
with 8 × 105 pfu of LCMVARM. Recall responses of WT and DKO P14 T cells were
measured 2 d later in the spleen and lung. (B) Memory P14 T cells fromWT and
DKO chimeric animals were purified by flow cytometry, mixed at a 1:1 ratio,
and adoptively transferred into naive mice. Chimeric mice were then chal-
lenged i.n. with 8 × 105 pfu of LCMVARM, and the proportion of P14 T cells
infiltrating the lungs was measured. (C) The frequency (Left) and number
(Right) of polyfunctional memory P14 T cells after ex vivo stimulation with
gp33 peptide. (D) WT and Spry1/2 DKO memory P14 T cells were purified from
the spleen and pLNs of donor chimeric animals by flow cytometry and were
retransferred into naive hosts that were then challenged with recombinant L.
monocytogenes expressing LCMV gp33 (LM-gp33). (E and F) The absolute
number (E) and fraction of each memory T cell subset (F) was measured based
on differential surface expression of CD27 and CD43 on memory P14 T cells in
the spleen at day 50 after LCMVARM infection. Data are representative of two
independent experiments. Each point represents one individual mouse. The P
values represent the difference between WT and DKO P14 T cells (paired t test):
*P < 0.05, **P < 0.009, and ***P < 0.0005. NS, not significant.
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significantly larger number of polyfunctional DKO P14 memory
T cells was present in these chimeric animals (Fig. 4C). To test
the functional sensitivity to low-dose peptide–MHC ligand, we
stimulated the cells with a titration of gp33 peptide and found
that DKO and WT memory P14 T cells have a similar dose re-
sponse (SI Appendix, Fig. S5 A–C). Taken together, our data
suggest that in the absence of Spry1/2 a larger number of poly-
functional memory cells is generated.

Memory CD8+ T Cells Display Better Protective Capacity in the
Absence of Spry1/2. To determine whether bona fide memory
T cells from a DKO origin have an enhanced protective capacity
on a per-cell basis in vivo, WT and DKO memory P14 T cells
were purified by flow cytometry from donor chimeric animals.
Thirty thousand cells of each population were retransferred into
uninfected hosts that were then challenged with recombinant
Listeria monocytogenes expressing gp33 (LM-gp33). At 2 d.p.i.
the recipients of DKO memory P14 T cells had significantly
lower bacterial burden (Fig. 4D). These results highlight that
deleting Spry1/2 can enhance the protective functionality of
memory CD8+ T cells.
The memory CD8+ T cell pool comprises distinct subsets with

unique characteristics, including tissue trafficking, effector
function, and recall responses. Memory T cells characterized
based on CD27 and CD43 expression differ in recall and protective
responses (45, 49). The CD27hi CD43lo memory cells are main-
tained long term and demonstrate superior cellular expansion upon
antigen reencounter (49). In contrast, CD27lo CD43lo memory cells
do not expand as much but display superior protective immunity
against Listeria and vaccinia virus infection (45). We sought to de-
termine if the enhanced protective functionality against Listeria in
the absence of Spry1/2 was associated with the development of
larger numbers of CD27lo CD43lo memory T cells. Absolute num-
bers of all memory subsets were increased in the absence of Spry1/2
(Fig. 4 E and F). However, we did indeed identify a significantly
higher proportion of CD27lo CD43lo T cells among DKO cells than
in WT P14 T cells (Fig. 4F), which correlated with enhanced pro-
tection against Listeria (45). These data suggest that the absence of
Spry1/2 results in altered memory subsets, which may provide a
protective advantage under certain infection conditions.

Absence of Spry1/2 Is Associated with Reduced Activity of the
mTORC1–AKT–FoxO1 Signaling Axis. To address how DKO CD8+

T cells form more memory cells, we reasoned that Spry1/2 may
regulate the activity of the metabolic checkpoint kinase, mech-
anistic target of rapamycin (mTOR), which is essential for sus-
taining the activation and survival of effector and memory CD8+

T cells. mTOR coordinates effector and memory CD8+ T cell
generation in part by controlling both metabolic and transcrip-
tional reprogramming through the mTORC1–mTORC2–AKT–
FoxO1 signaling axis, which controls the downstream master
transcription factors T-bet, Eomesodermin (Eomes), and Tcf-1
(14, 16, 50–53). These transcription factors, in turn, are critical
in orchestrating the development of memory CD8+ T cells (14,
43, 54–56).
We measured the phosphorylation of S6, which is a direct

target of mTORC1 (11, 57), in coadoptively transferred WT and
DKO P14 CD8+ T cells during the priming, effector, and con-
traction phases. While mTORC1 activity was similar in WT and
DKO P14 T cells during priming at 3 d.p.i. (Fig. 5A), it was
significantly reduced in DKO P14 T cells during the effector and
contraction phases when measured directly ex vivo (Fig. 5A). To
further confirm these results, we restimulated effector P14
T cells with gp33 peptide and measured the phosphorylation of
S6 and 4-EBP1 during contraction (Fig. 5B); the lower phos-
phorylation of these molecules in DKO P14 T cells was consis-
tent with the ex vivo data (Fig. 5A). Furthermore, we observed a
significant reduction in glucose uptake in DKO compared with

WT P14 T cells (Fig. 5 C and D). Lower mTORC1 activity and
glucose uptake are both commensurate with enhanced memory
development (11, 12, 14–16, 50–52, 57).
The mTORC1–mTORC2–Akt–FoxO1 signaling axis plays a

critical role in CD8+ T cell memory development via specific
transcriptional reprogramming (14, 16, 50–53). Nuclear FoxO1
directly regulates the expression of T-bet and Eomes, and loss
of FoxO1 impairs memory development and recall responses
(13, 14, 50, 51). In addition to other posttranslational modifi-
cations, FoxO1 activity is primarily governed by PI3K-Akt and

A B

C D

E F

Fig. 5. The absence of Spry1/2 is associated with reduced activity of the
mTORC1–AKT–FoxO1/3a signaling axis. mTORC1 activity was evaluated in
chimeric mice harboring both WT and DKO P14 T cells after infection with
2 × 105 pfu LCMVARM. (A) p-S6 intensity was measured directly ex vivo as a
marker of mTORC1 activity in WT and DKO P14 T cells isolated from Med LNs
of chimeric mice at 3, 8, and 13 d.p.i. (B) Representative histograms and MFI
of WT (solid black line) and DKO (red line) P14 effector T cells from day
13 after LCMVARM infection after ex vivo gp33 stimulation. Splenocytes were
harvested and rested for 2–4 h, followed by restimulation with gp33 peptide
for 60 min. p-S6 and p-4EBP1 were measured by phospho-flow. The shaded
histogram and dotted histogram are unstimulated WT P14 and DKO
P14 effector T cells, respectively. (C and D) Extracellular glucose uptake was
measured in the spleen by ex vivo uptake of 2-NBDG by P14 T cells at 6 (C)
and 13 (D) d.p.i. (E) Representative histograms and MFI of WT (solid black
line) and DKO (red line) P14 effector T cells from day 13 after LCMVARM

infection after ex vivo gp33 stimulation. Splenocytes were harvested and
rested for 2–4 h, followed by restimulation with gp33 peptide for 60 min,
and p-AKT(T308) and p-FoxO1/3a were measured by phospho-flow. The
shaded histogram and dotted histogram show unstimulated WT P14 and
DKO P14 effector T cells, respectively, from LCMVARM-infected mice. (F) The
expression level of T-bet in WT and Spry1/2 DKO effector P14 T cells at the
peak of the response. The y axes of histogram overlays were normalized to
mode. Data are representative of two independent experiments with n = 4–
5 mice per group. Each point represents one individual mouse. The P values
represent the difference between WT and DKO P14 T cells (paired t test):
*P < 0.05, **P < 0.009, and ***P < 0.0005.
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mTORC1/mTORC2-dependent Akt-mediated phosphorylation,
which leads to its nuclear export and loss of transcriptional ac-
tivity. In particular, the phosphorylation of FoxO1 is controlled
by the phosphorylation of Akt at T308 (downstream of PI3K)
(58) and S473 (downstream of mTORC2) (59). Phosphorylation
of both Akt (T308) and FoxO1/3a was significantly reduced in
DKO effector P14 T cells examined after gp33 restimulation on
day 13 (Fig. 5E), suggesting enhanced nuclear localization of
FoxO1/3a. In line with enhanced nuclear FoxO1/3a, T-bet ex-
pression was also significantly reduced in DKO T cells (Fig. 5F).
Lower mTORC1 activity, reduced glucose uptake, reduced PI3K-
mediated activation of Akt, and enhanced nuclear FoxO1/3a are
all commensurate with enhanced development of memory CD8+

T cells (11, 12, 14–16, 50–52, 57). Our data show that CD8+ T cell
memory formation is enhanced in the absence of Spry1/2 and that
this is mediated, at least in part, by altered activity of the
mTORC1–AKT–FoxO1 signaling axis.

Discussion
In this study, we report that the absence of Spry1/2 in CD8+

T cells enhances the survival of effector T cells and results in the
formation of more memory T cells, leading to enhanced pro-
tective capacity. We demonstrate that the larger number of
memory T cells at the time of rechallenge allows them to mount
robust recall responses more readily. Indeed, generation of
larger numbers of memory CD8+ T cells is associated with en-
hanced host protection upon a second encounter with the same
antigen (5–7, 11–16). In addition, when functional responses
were compared on a per cell basis, DKO memory T cells con-
ferred enhanced protection against Listeria infection. Our find-
ings identify the Spry1/2 loci as attractive genetic targets for
increasing the number and function of antigen-specific memory
CD8+ T cells, which may provide an opportunity for the future
development of better immunotherapies against tumors and
chronic viral infections (2, 60).
We also found that in the absence of Spry1/2 OT-I T cells

induced a faster onset of autoimmune diabetes when transferred
into RIP-mOVA mice. These data suggest that the Spry1/2
DKO naive CD8+ T cells are readily activated and induce
faster hyperglycemia in RIP-mOVA mice than their WT
counterparts.
In the absence of Spry1/2, the larger number of effector CD8+

T cells during contraction and subsequently in the memory phase
was associated with enhanced survival. Our finding supports a
role for reduced mTORC1 activity, lower glucose uptake, and
enhanced nuclear FoxO1/3a in augmenting memory T cell de-
velopment and survival in the absence of Spry1/2. High
mTORC1 activity in effector T cells is closely coupled to high
glycolytic capacity, while memory CD8+ T cells have decreased
mTORC1 activity and decreased glycolytic capacity (15, 16, 57,
61–64). Enhanced nuclear FoxO1 is consistent with enhanced
survival. However, the exact antiapoptotic pathway that contrib-
utes to enhanced survival of CD8+ T cells that lack Spry1/2
molecules remains to be determined.
TCR signaling begins with phosphorylation of the ζ-chain of

the CD3 complex coupled to the α- and β-chains of TCR. Sub-
sequently, the tyrosine kinase ZAP70 binds to the phosphorylated
ζ-chain and becomes activated (65). Activated ZAP70 phosphorylates
LAT, which recruits Grb2, Grb2-related adaptor protein 2 (GADS),
Src homology 2 domain-containing leukocyte protein of 76kDa
(SLP76), and PLC-γ1 (66). PLC-γ1 in turn hydrolyzes PIP2 into
inositol 3,4,5-triphosphate (IP3) and diacylglycerol (DAG) (67).
IP3 activates the calcium–NFAT pathway, while DAG activates the
PKCθ–NF-κB and Ras–MAPK pathways (68). In vitro biochemical
studies suggest that Spry1/2 are recruited to the immune synapse
upon TCR engagement and subsequently interact and inhibit the
phosphorylation and activation of adaptors, including LAT and PLC-
γ (24, 28, 29). Through these interactions Spry1/2 may inhibit the

MAPK–ERK, NFκB, NFAT, and AP-1 cascades. However, in this
study, we did not observe biologically significant differences in
WT and DKO effector P14 T cell expansion, cytokine pro-
duction, or in vivo function. While the up-regulation of the
early activation markers CD69 and CD25 was similar in DKO
and WT P14 T cells at the time of priming, the DKO effector
T cells did up-regulate CD43 and KLRG1 faster than WT
T cells. Thus, our in vivo data suggest that in the absence of
Spry1/2 CD8+ T cell activation likely occurs normally, but effector
differentiation may occur faster. It remains to be determined ex-
actly how the combination of Spry1/2 molecules functions to
regulate T cell differentiation in vivo.
In this study, we also identified an intriguing link between

Spry1/2 molecules and effector T cell metabolism. How the ab-
sence of Spry1/2 leads to reduced mTORC1 and AKT activation
is unknown, but given the previously described biochemical in-
teraction of Spry1/2 with TCR signaling adaptors (24, 28, 29), a
number of potential mechanisms emerge. In the absence of
Spry1/2, stronger TCR stimulation may result in the induction of
negative feedback pathways that inhibit mTORC1. Strong TCR
signaling activates AMP kinase (AMPK) through the adaptors
LAT and SLP-76 via PLC-γ–mediated release of Ca2+ (69).
Activation of AMPK inhibits mTORC1 activity (70–72). Thus,
augmented TCR signaling in the absence of Spry1/2 could lead
to higher AMPK activity that inhibits mTORC1 and glucose
uptake, which may contribute to the enhanced generation and
functionality of memory CD8+ T cells. Alternatively, Spry1/2 can
interact with and sequester Cbl-b/c-Cbl (28, 73–75), which are
negative inhibitors of PI3K activation (76). As PI3K stimulates
both mTORC1 and AKT, lower P13K action due to higher Cbl-
b/c-Cbl activity may also cause lower mTORC1 function. PI3K
activation results in AKT phosphorylation at T308, which we
found to be lower in DKO P14 T cells, suggesting there is indeed
lower PI3K activity and potentially enhanced Cbl-b/c-Cbl activity
in the absence of Spry1/2. FoxO1 phosphorylation is regulated by
phosphorylation of Akt at T308 downstream of PI3K (58) and at
S473 downstream of mTORC2 (59). As we observe reduced
phosphorylation of FoxO1, we would predict lower levels of
pAktS473 as well. However, future studies are needed to further
elucidate the precise signaling cascade that leads to lower
mTORC1 activity and to determine if mTORC2 activity is also
lower in the absence of Spry1/2 molecules.
The identification of Spry1/2 as intracellular inhibitors that

function to limit T cell proliferation, survival, and memory for-
mation would make them attractive targets for enhancing tumor
immunotherapy. Indeed, transiently targeting inhibitors that re-
strain T cell activation, such as CTLA-4 and PD-1, have produced
impressive antitumor results in the clinic (77–81). However, tar-
geting these checkpoints is also fraught with immune-related tox-
icities (2, 20, 82–85). Therefore, identifying novel candidate
immunoregulatory checkpoints that can be targeted either in-
dependently or in combinatorial strategies is of high significance in
improving human health. The treatment of cancer patients with
autologous chimeric antigen receptor (CAR) T cells is one of the
most promising adoptive cellular therapy approaches (86). Re-
cently, the use of CAR T cells in the treatment of chronic lym-
phocytic leukemia showed that CD19 CAR T cells had an
enriched memory gene signature in patients who responded to
therapy compared with T cells from nonresponders, who had up-
regulated expression of genes involved in effector differentiation,
glycolysis, apoptosis, and exhaustion (87). This highlights the sig-
nificance of promoting memory cell differentiation and survival for
enhanced immunotherapy. Thus, using CRISPR/Cas9 to delete
Spry1/2 in CAR T cells could be considered in supplementing
novel immunotherapies for enhancing antitumor immunity by
promoting memory T cell programming in the effectors. The
concept of deleting Spry1/2 in CAR T cells to enhance antitumor
immunity is also reinforced by a study in which Spry1-deficient
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T cells were more proficient than WT T cells at eliminating EL-
4 lymphoma and solid B16 tumor cells in mice (30). It remains to
be determined whether deleting both Spry1 and Spry2 in CD8+

T cells would result in even more efficient antitumor effects.
The formation of larger numbers of functionally superior

antigen-specific memory T cells that have enhanced survival is
also important in the context of overcoming the immune in-
hibitory microenvironment of tumors (88–91). For example,
under hypoxic conditions in the tumor microenvironment, tumor
cells have an enhanced capacity for glucose uptake (92), thus
considerably reducing the glucose concentration available to
infiltrating effector T cells (93), which depend highly on glycol-
ysis for their effector function (60, 94). In contrast, memory
T cells depend on catabolic metabolism marked by enhanced
fatty acid oxidation and oxidative phosphorylation (61–63, 95)
and thus can better survive the tumor microenvironment while
enforcing immunosurveillance (15, 96). Therefore, the develop-
ment of novel approaches, such as deleting Spry1/2, to boost the
number and function of memory T cells has potential for altering
T cell metabolism and thus enhancing their antitumor effects.

Materials and Methods
Mice. To generate Spry1/2-floxed mice, we isolated mouse genomic DNA of
the Spry1 and Spry2 genes from BAC libraries. The Cre-loxP system was used
to delete exon 2 of each gene, encompassing the entire protein-coding re-
gion. The target regions of Spry1 and Spry2 were cloned into the pEasy Flox
vector (97). The linearized vectors were electroporated into ES cells (TC1 for
Spry1 and Bruce4 C57BL/6 ES cells for Spry2). Drug-resistant ES cell clones
were screened for homologous recombination. To obtain chimeric mice,
correctly targeted ES clones were injected into BALB/c blastocysts, which
were then implanted in CD1 pseudopregnant foster mothers. Chimeric mice
were bred to C57BL/6 mice, and the F1 generation was screened for germ-
line transmission of the mutated allele. Mice bearing targeted Spry1 or Spry2
allele were screened by PCR. Floxed mice were backcrossed to C57BL/6NCr
for 10 generations before intercrossing to create the Spry1flx/flxSpry2flx/flx

(Spry1/2flx/flx) animals. Spry1/2flx/flx animals were further crossed to CD8Cre
(expressed in peripheral T cells) (35) with transgenic expression of either
OVA-specific (OT-I) or LCMV gp33-specific (P14) TCRs to generate Spry1/2
DKO T cells. These animals were crossed to the Rag1−/− (R−/−) background to
eliminate any self-reactivity. Littermate OTI or P14 Spry1flx/flx Spry2flx/flx

CD8Cre+ Rag1−/− CD45.1.1 (DKO) or Spry1+/+ Spry2+/+ CD8Cre+ Rag1−/−

CD45.1.2 (WT) were used in the experiments described here.
Mice expressingmembrane-boundOva under the control of the transgenic

RIP-mOVA on the C57BL/6 background (36) were crossed to C57BL/6NCr
CD45.2.2+ WTmice (National Cancer Institute) and were maintained by crossing to
C57BL/6NJ mice (The Jackson Laboratory). Mice were housed and bred in the
Gladstone Institutes animal facility. Age- and sex-matched male and female donor
and recipient mice (8–20 wk old) were used throughout our studies, and all animal
experiments were conducted in accordance with guidelines set by the Institutional
Animal Care and Use Committee of the University of California, San Francisco.

Isolation of Immune Cells. Spleens, Med LNs, and peripheral (p)LNs (inguinal,
axillary, brachial, and cervical) were homogenized using buffered saline
solution, and red blood cells were lysed with ACK lysis buffer (0.15 M NH4Cl,
10 mM KHCO3, 0.5 mM EDTA). Lungs were isolated and digested as pre-
viously described (98). Briefly, the lungs were digested in an enzyme mixture
of 6 mL of RPMI-1640 containing collagenase (0.5 mg/mL) (Worthington)
and DNase I (0.5 mg/mL) (Sigma-Aldrich) for 45 min at 37 °C. The digested lung
tissue was then homogenized, and red blood cells were lysed with ACK lysis
buffer. Lymphocytes were further enriched using 27.5% OptiPrep density gra-
dient medium (Sigma-Aldrich).

Flow Cytometry. Cell counts for prepared single-cell suspensions were de-
termined as previously described (47). After blocking Fc receptors with anti-
CD16+CD32, 1 × 106 cells from single-cell suspensions were incubated with a
mixture of fluorescence-conjugated anti-mouse antibodies for 30 min at
4 °C. Stained cells were washed twice, acquired with an LSR II flow
cytometer using FACSDiva software (BD), and analyzed using FlowJo
software version 10.2 (TreeStar). The following mAbs (purchased from
Thermo Fisher Scientific, BD, or BioLegend) were used: anti-CD8α (SK1),
anti-CD45.1 (A20), anti-TCRβ (H57-597), anti-CD69 (H1.2F3), anti-CD27
(LG.3A10), anti-CD45.2 (104), anti-CD45.1 (A20), anti-KLRG1 (2F1), anti-

CD127 (SB 199), anti-CD43 (1B11), anti-CD107 (1D4B), anti–IFN-γ (XMG1.2),
anti-granzyme B (GB11), anti–TNF-α (MP6-XT22), anti–T-bet (ebio4B10), anti–Ki-
67 (B56), anti-S6 (pS235/pS236: N7-548), and anti-4EBP1 (pT36/pT45: M31-16).
Anti-CD16+CD32 (2.4G2) antibodies were from the University of California, San
Francisco Monoclonal Antibody Core. Antibodies from Cell Signaling, Tech-
nology were anti-pAkt (T308:D25E6) and anti–p-FoxO1 (T24)/FoxO3a (T32).
For all signaling experiments, cells were first rested in vitro at 37 °C for 2–4 h
to ensure that all existing signals returned to background levels before
restimulation with 0.1 μM gp33 peptide (GenScript) as previously described
(99). Phosphorylated molecules were detected via paraformaldehyde fixa-
tion and methanol permeabilization. For detection of p-FoxO1/3a, secondary
AF647-conjugated anti-rabbit antibodies were used (Jackson ImmunoResearch
Laboratories).

In Vitro Peptide Stimulation and Intracellular Cytokine Staining. Lymphocytes
were incubated at 37 °C for 5 h with 1 μM gp33 peptide (GenScript) along
with anti-CD107a, and GolgiPlug (BD) was added during the last 4 h of
restimulation. This was followed by surface and intracellular staining for
cytokine production. The Foxp3 Fixation/Permeabilization Concentrate and
Diluent Kit (Thermo Fisher Scientific) was used for intracellular staining.

Glucose Uptake. Glucose uptake was measured with 2-NBDG [2-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose] (Thermo Fisher Scien-
tific). Freshly isolated cells were resuspended in RPMI-1640 medium (Corning)
in the presence of 100 μM 2-NBDG and were cultured for 10 min at 37 °C.

Blood and Urine Glucose Measurements. RIP-mOVA transgenic C57BL/6 mice
and their WT littermates were injected i.v. with 1 × 106 of either DKO or WT
purified OT-I T cells. These mice were subsequently monitored intermittently
for a period of 3 wk for blood and urine hyperglycemia. Diabetes was
monitored every 2 d after OT-I T cell transfer using a Contour Glucometer
(Bayer) and Diastix reagent strips (Bayer) for blood and urine glucose
analysis, respectively. Animals that had blood or urine glucose values
of >250 mg/dL on two consecutive occasions were counted as diabetic and
were killed as described in ref. 100.

Adoptive P14 T Cell Transfer and Infections. For generation of effector and
memory P14 CD8+ T cells, naive DKO CD45.1.1 P14 T cells and WT CD45.1.2
P14 T cells were enriched by magnetic bead sorting (STEMCELL Technolo-
gies) and were mixed at a 1:1 ratio. Then WT and DKO P14 T cells (2 × 104

cells each) were adoptively cotransferred into CD45.2.2 WT hosts via retro-
orbital injection. Chimeric animals were infected 24 h later with 2 × 105

pfu LCMVARM i.p. For priming experiments, P14 T cells were labeled with
0.25 μM CFSE (Thermo Fisher Scientific) at 37 °C for 10 min, and WT and
DKO P14 T cells (2.5 × 105 of each) were cotransferred into WT hosts via
retroorbital injection. For memory recall, chimeric animals that were
immunized i.p. with LCMVARM were rechallenged 50 d later with 8 × 105

pfu LCMVARM i.n., and recall responses of memory P14 T cells were measured
2 d later. For i.rec. infections, mice were infected as previously described (47).

L. monocytogenes Infection and Determination of Cfus. Memory P14 T cells
from chimeric animals immunized i.p. with LCMVARM were purified by cell
sorting, and 3 × 104 memory P14 T cells of either WT or DKO origin were
transferred independently into naive B6 recipients. Mice receiving memory
P14 T cells and naive control mice were infected 24 h later with 2 × 105 cfu of
virulent L. monocytogenes expressing gp33. Two days later, spleen samples
were obtained, and bacterial content was analyzed. Spleens were isolated,
weighed, placed in 1% FBS in PBS, and homogenized. Single-cell suspensions
were made from the spleens of recipient mice in PBS containing 0.5% Triton X-
100. Serial dilutions of the supernatants were inoculated on brain-heart-infusion
(BHI) agar plates and were incubated for 24 h at 37 °C. Bacterial colonies were
enumerated, and cfu were normalized per gram of spleen plated.

RNA Isolation and Quantitative Real-Time PCR. RNA was isolated with TRIzol
reagent according to the manufacturer’s instructions (Thermo Fisher Scien-
tific). One to five micrograms of RNA was reverse transcribed into cDNA with
a Maxima First Strand cDNA Synthesis Kit with dsDNase (Thermo Fisher
Scientific). Real-time PCR was performed using 2× SensiFAST probe Hi-Rox
mix (Bioline) with gene-specific primers and was run on an ABI Prism
7900 sequence detector with the ΔCt method from SDS 2.4 software
(Applied Biosystems). The relative expression of genes was calculated
with the formula 2−ΔCt, where ΔCt represents the Ct target gene − Ct
endogenous control gene. Gapdh was used as the endogenous control
housekeeping gene. Viral copies per microgram of RNA were calculated
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from a standard curve obtained using serial 10-fold dilutions of LCMV
plasmid (101).

For genotyping, the following primers were used:

Spry1: F: acacctcgttcagacagcctcc; R: acactctggggctgaagcagga

Spry2: F: tgttctcctacctcagccac; R: aagacttcccgttctccaccc

For mRNA expression, the following primers were used:

Spry1: F: acctggcaagatcaggatttca; R: tcaccactagcgaagtgtgg

Spry2: F: cagagtttggaaagaaggaaaaagt; R: cacatctgaactccgtgatcg

GAPDH: F: tgtgtccgtcgtggatctga; R: cctgcttcaccaccttcttga

LCMV: F: cattcacctggactttgtcagactc; R: gcaactgctgtgttcccgaaac

Statistical Analyses. All statistical analyses were performed using parametric
paired t tests or unpaired Mann–Whitney U tests, where appropriate. P

values were also calculated using a log-rank test (diabetes induction ex-
periments). These tests were performed using GraphPad Prism software
version 7.0. We considered P < 0.05 as statistically significant; *P < 0.05,
**P < 0.009, and ***P < 0.0005.
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