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Interleukin-2 and -15 drive expansion/differentiation of cytotoxic CD8+ T cells that eliminate targets via antigen-
independent killing. This property is clinically relevant for the improvement of T cell-based antitumor therapies.
Diacylglycerol kinase α and ζ (DGKα/ζ) metabolize the diacylglycerol generated following antigen recognition
by T lymphocytes. Enhanced expression of these two lipid kinases in tumor-infiltrating CD8+ T cells promotes
a hyporesponsive state that contributes to tumor immune escape. Inhibition of these two enzymes might thus
be of interest for potentiating conventional antigen-directed tumor elimination. In this study, we sought to char-
acterize the contribution of DGKα and ζ to antigen-independent cytotoxic functions of CD8+ T cells. Analysis of
DGKζ-deficient mice showed an increase in bystander memory-like CD8+ T cell populations not observed in
DGKα-deficient mice. We demonstrate that DGKζ limits cytokine responses in an antigen-independent manner.
Cytokine-specific expansion of DGKζ-deficient CD8+ T cells promoted enhanced differentiation of innate-like cy-
totoxic cells in vitro, and correlated with the more potent in vivo anti-tumor responses of DGKζ-deficient mice
engrafted with the murine A20 lymphoma. Our studies reveal a isoform-specific function for DGKζ downstream
of IL-2/IL-15-mediated expansion of innate-like cytotoxic T cells, Pharmacological manipulation of DGKζ activity
is of therapeutic interest for cytokine-directed anti-tumor treatments.
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1. Introduction

CD8+ T cells respond to pathogens and tumors following T cell re-
ceptor (TCR) recognition of specific peptides presented by the major
histocompatibility complex (MHC). TCR-activated cells secrete interleu-
kin 2 (IL-2), which promotes expression of CD25, the IL-2 receptor α
chain that forms the high-affinity IL-2 receptor (IL2-R) together with
the constitutively expressed β (CD122) and common γ chains (γc;
CD132). Antigen recognition by the TCR thus ensures IL-2-dependent
clonal expansion of cytotoxic T cell populations (Cantrell and Smith,
1984). Following their expansion and differentiation phase, most anti-
gen-specific effector T cells die, and the few surviving cells develop
into memory T cells. At this stage, memory cells depend largely on
IL-15 (Schluns et al., 2002; Becker et al., 2002; Goldrath et al.,
2002), a cytokine that shares CD122 and CD132 chains with IL-2
(Grabstein et al., 1994). CD8+ memory T cells, characterized by a
CD44hiCD122hi phenotype, respond more rapidly to antigen and
produce larger amounts of cytokines after antigenic challenge.

In addition to conventional memory CD8+ T cells, experimental
evidence has identified a preexisting pool of CD8+ T cells with a
ology, Centro Nacional
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CD44hiCD122hi phenotype (Dubois et al., 2006). This population is
found at high frequency inmice with impaired differentiation of con-
ventional CD44loCD122lo CD8+ T cells, suggesting a distinct origin
(Atherly et al., 2006; Broussard et al., 2006). Non-conventional
CD44hiCD122hi CD8+ T cells need IL-15 to expand (Dubois et al.,
2006) and are absent in IL-15−/− mice (Judge et al., 2002). They ex-
press NK (natural killer) receptors such as NKG2D, NKG2A/C/E, CD94
and Ly46, which recognize NK ligands in anMHC class I context (Dubois
et al., 2006). Cytokine-mediated expansion ofmemory-like CD8+ T cells
provides them with innate-like (non-antigen-dependent) abilities for
target recognition and concurs with the capacity of IL-2 or IL-15
to generate potent CD8+ T cell-dependent anti-tumor responses
(Murphy et al., 2003).

Diacylglycerol kinases (DGK) α and ζ are lipid kinases that limit
diacylglycerol (DAG)-dependent activation pathways downstream of
the TCR (Merida et al., 2015). Their upregulation in tumor infiltrating
lymphocytes (TIL) has been linked to generation of hyporesponsive
states that contribute to immune evasion by tumors (Riese et al., 2013).
DGKζ-deficient mice show stronger anti-tumor effects in antigen-
dependent models, and mouse models of chimeric antigen receptor-
engineered (CAR). T cell-infiltrating solid tumors show high expression
of both DGK isoforms (Riese et al., 2011; Riese et al., 2013). DGKζ-
deficient mice have greater numbers of CD44hiCD122hi CD8+ T cells
(Riese et al., 2011) and DGKζ deficiency enhances homeostatic
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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expansion of CD8+ T cells in lymphopenic hosts (Zhong et al., 2003).
Whether this is the result of an intrinsic advantage in response to cyto-
kines caused by selective DGKζ deficiency has not been addressed.

Here we sought to characterize the contribution of DGKα and DGKζ
to the generation of non-conventional bystander memory-like CD8+ T
cell populations. We show that DGKζ deficiency, but not that of DGKα
leads to increased output of CD44hiCD122hi CD8+ T cells and facilitates
IL-2 and IL-15 responses. Cytokine-specific expansion of DGKζ-deficient
CD44hiCD122hi CD8+ T cells correlates with enhanced anti-tumor ef-
fects observed in vivo. Our studies suggest a unique function for DGKζ
in the control of innate-like cytotoxic T cell populations, and suggest
that pharmacological manipulation of DGKζ activity could be of thera-
peutic interest for cytokine-directed anti-tumor therapies.

2. Material and Methods

2.1. Mice and Cell Lines

Mice were maintained in pathogen-free conditions and handled in
accordance with Spanish and European directives. DGKα−/− C57BL/6
mice were kindly donated by Dr. Xiao-Ping Zhong (Duke University
Medical Center, Durham NC) and DGKζ−/− C57BL/6 mice were kindly
donated by Dr. Gary Koreztky (University of Pennsylvania, Philadelphia
PA). For A20 xenograft experiments, DGKζ−/− C57BL/6 mice were
backcrossed with BALB/c mice for 10 generations. Mouse experiments
in which genetic background is not indicated were performed on the
C57BL/6 background; for experiments in which age is not indicated,
we used 12- to 16-week-old mice.

2.2. Tumor Experiments

All mouse work was carried out in accordance with a protocol ap-
proved by the CNB/CSIC Ethics Committee for Animal Experimentation
(RD53/2013). Mice were assigned at random to experimental groups.
For tumor experiments, A20 cells (5 × 106) were injected subcutane-
ously (s.c.) into one flank of female BALB/c WT or DGKζ−/− mice.
Tumor growth wasmonitored in a blindmanner with calipers, and vol-
ume was estimated according to the formula: volume = (a2 × b)/2,
where a = tumor width and b = tumor length in mm. Mice were
sacrificed at the end of the experiment.

For analysis of cytokine-induced cytotoxic cells, A20 cells (107)
were injected s.c. into one flank of female BALB/c WT mice. After
eight days, mice were divided into two groups and inoculated
intratumorally with IL-2-differentiated cells from BALB/c WT or
DGKζ−/− mice.

2.3. Cytokine-differentiated Cells

Splenocytes from BALB/c WT or DGKζ−/− mice were cultured in
RPMI complete medium containing IL-2 (200 U/ml) or IL-15
(100 ng/ml) for 6–7 days. Cells were divided every 2–3 days and used
for flow cytometry analysis, real-time RT-PCR, degranulation or cytolytic
assays on days 6–8.

2.4. Flow Cytometry and Antibodies

Antibodies used were anti-CD8-PeCy7, -CD3-PERCP Cy5.5, -CD44-
PeCy5, -CD25-PeCy7, -CD335-APC (NKP46) (BioLegend), -CD8-eFluor450,
CD3-Pecy7, -CD122-FITC, -IL15-receptorα-PE, -CD279-eFluor780 (PD-1),
-CD314-PE (NKG2D) (eBioscience), -CD4-PE, -CD3-FITC (Beckman Coul-
ter), and -CD69-PE (Pharmingen). Samples were collected on a LSRII
(BD Biosciences) or a Cytomics FC 500 (Beckman Coulter) and analyzed
with FlowJo software (Tree Star, Ashland, OR).

For analysis of phosphorylated proteins, splenocyteswere incubated
with IL-2 (200U/ml) or IL-15 (100 ng/ml) (20min), fixed in 1% parafor-
maldehyde (10 min, room temperature (RT)) and permeabilized using
Phosflow Perm Buffer III (BD Bioesciences; 30 min, 4 °C). Cells were
stained for surface markers (15 min, RT), washed, incubated with
anti-pS6 (Ser235/236, D57.2.2E) or -pSTAT5 (Tyr694, D47E7) (both
from Cell Signaling; 1 h, RT), washed and stained with secondary anti-
body (goat F(ab′)2 anti-rabbit IgG (H + L)-PE; Beckman Coulter).

For proliferation experiments, cells were stainedwith CellTrace Violet
(Molecular Probes) and cultured with IL-2 (200 U/ml) or IL-15
(100 ng/ml). After 72 h, cells were harvested, stained for surfacemarkers
and analyzed.
2.5. Cell Activation

For TCR or cytokine activation, splenocyteswere cultured in antibody-
coated plates (anti-mouse CD3e; BDPharMingen, 5 μg/ml) or in complete
RPMI medium containing IL-2 (200 U/ml) or IL-15 (100 ng/ml) for 48 h.
Cells were harvested, stained for surface markers and analyzed by flow
cytometry. For incubation with tumor cells, BALB/c WT or DGKζ−/−

splenocytes were co-cultured with A20 cells (1:1) for 14 h, stained for
surface markers and analyzed by flow cytometry.

For degranulation assays, IL-2-differentiated cells from BALB/c WT
or DGKζ−/− mice were incubated with A20 cells (1:1 proportion)
during 4 h in presence of anti-CD107a-PE (BD Pharmigen). Then cells
were washed, stained for surface markers and analyzed by flow
cytometry.
2.6. RNA Preparation and Real-time RT-PCR

Total RNAwas reverse-transcribed using theHigh Capacity cDNAAr-
chive Kit (PN4368813; Applied Biosystems). Real-time PCR reactions
were performed in triplicate with HOT FIREPol EvaGreen qPCR Mix
Plus (ROX) (Solis BioDyne) in an Applied Biosystems ABI PRISM
7900HTmachinewith SDS v2.4 software, using a standard protocol. Re-
sults were analyzed by the comparative Ct method (ΔΔCt). Expression
was normalized using the β-actin housekeeping gene for each sample.
Primers used were β-actin 5′-GGCTCCTAGCACCATGAAGA-3′; 5′-
CCACCGATCCACACAGAGTA-3′; RAET-1 5′-TGAAGAGGAAATATTATA
CCCAAGGA-3′; 5′-CTGTAACTCCAGTTCCACA GGAT-3′; H60a 5′-
ATGCAGGTCTCCCCTAGCTT-3′; 5′-TCACACAGACTCAATGC AGGT-3′;
MULT-1 5′-TGAAGTCACCTGTGTTTATGCAG-3′; 5′-GGCACTGTCAAAG
AGTCATCC-3′; IL15 5′-CAGAGGCCAACTGGATAGATG-3′; 5′-ACTGTC
AGTGTATA AAGTGGTGTCAAT-3′. Primers for IFNγ and perforin
(Macintyre et al., 2011), IL-10 and IL-2 (Fontenot et al., 2003), and gran-
zyme A, B and C (Janas et al., 2005) were reported previously.
2.7. Statistical Analysis

Data were analyzed using GraphPad Prism 5 and SPSS software. An
unpaired two-tailed t-test with 95% confidence intervals was used
for data with normal distribution and equal variances, and an unpaired
t-test with Welch's correction for data sets with different variances. The
Mann-Whitney testwas used for datawithnon-normal distribution. Nor-
mality was analyzed by the Kolmogorov-Smirnov test. For multiple com-
parisons, ANOVA or two-way ANOVA and Bonferroni post-tests were
performed. In the case of ANOVAwith non-normal data, Dunn's multiple
comparisons test was used; in the case of two categorical independent
variables and non-normal data, the Mann-Whitney test with Bonferroni
correction was used. In Fig. 4b, percentages were calculated for all data
from the independent experiments in each case (as a result, graphs lack
error bars). Data for each day were analyzed by the Chi-square test.
Data in Fig. 6b were analyzed by the Gehan-Breslow-Wilcoxon test.
Differences were considered non-significant (ns) when p N 0.05, signifi-
cant (*) when p b 0.05, very significant (**) when p b 0.01 and extremely
significant (***) when p b 0.001.
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3. Results

3.1. DGKζ Restricts Expansion of CD44hiCD122hi CD8+ T Cell Populations

Typical naïve CD8+ T cells within the recirculating lymphocyte pool
have a CD44loCD122lo phenotype, with small numbers of T cells with an
activated/memory CD44hiCD122hi phenotype. Analysis of DGKα/ζ-
deficient mice showed similar numbers of CD44hiCD122hi cells in WT
and DGKα−/−mice (~10% of the total CD8+ T cell population), whereas
DGKζ-deficient mice showed a significant increase in this population
(Fig. 1a and Suppl. Fig. 1a). Cell surface CD122 levels were similar in
WT and DGK-deficient mice.

Expression of CD44 in the CD122hi CD8+ T cell population during the
first postnatal weeks is consistent with homeostatic proliferation in
Fig. 1. DGKζ-deficient mice show an increase in the CD8+CD44hiCD122hi T cell population. a.
mouse spleens. Left, flow cytometry dot plots of CD44 and CD122 markers (gated on CD8+ cel
Right, mean fluorescence intensity (MFI) of the CD122 marker (gated on CD44hiCD122hi CD8
Dunn's multiple comparisons test (center) and Bonferroni multiple comparisons test (right). b
mice at different ages. Left, flow cytometry of CD44 and CD122 markers (gated on CD8+ cells
SEM, two-way ANOVA and Bonferroni post-tests (n = 3/genotype and age, except DGKζ−/− 5
of 6-week-old WT and DGKζ-deficient mice. Mean ± SEM, unpaired Student's t-test with W
time qRT-PCR in thymuses of WT and DGKζ-deficient mice at different ages, and 2−ΔΔCt was c
± SEM. IL-2 was analyzed using the Mann-Whitney test with Bonferroni correction; IL-15, Bon
and DGKζ-deficient mice at different ages. Mean ± SEM, n = 3/genotype. Unpaired t-test. f.
DGKζ-deficient mouse spleens. Left, percentage of CD122hiNKG2Dhi cells (gated on CD8+C
independent experiments. Mean ± SEM, n = 6/genotype. Unpaired Student's t-test.
newborn mice (Min et al., 2003), which is limited by repopulation of
the spleen by naive CD44loCD122lo CD8+ T cells. We analyzed the per-
centage of CD44hiCD122hi CD8+ T cells at different ages in WT and
DGKζ-deficient mice. In WT mice, CD44hiCD122hi CD8+ T cells made
up 30% of the total CD8 population by twoweeks of age. This population
decreased (~10%) at 8–10 weeks of age, when thymic egress of naïve
cells is maximal, and increased again in older mice (Fig. 1b, left top).
This later increase probably reflected the true memory cell population
(Rifa'i et al., 2004). Percentages in young DGKζ-deficient mice were
similar but, in contrast to WT mice, this population did not contract,
and increased significantly between 8 and 15 weeks of age (Fig. 1b,
left bottom and right).

The percentages of CD122hi T cells within the CD8+ population fluc-
tuate depending on mouse age. CD122hi CD8+ T cells are detected in
Analysis of the CD44hiCD122hi CD8+ T cell population in WT, DGKα- and DGKζ-deficient
ls). Center, quantification of the percentage of CD44hiCD122hi cells (gated on CD8hi cells).
+ cells) (WT, n = 9; DGKα−/−, n = 5; DGKζ−/−, n = 9). Data shown as mean ± SEM.
. Analysis of CD44hiCD122hi CD8+ T cell population in spleens of WT and DGKζ-deficient
). Right, quantification of the CD44hiCD122hi percentages (gated on CD8hi cells). Mean ±
0 weeks, n = 2). c. Analysis of the CD44hiCD122hi CD8SP TCRβ+ population in thymuses
elch's correction; n = 6/genotype. d. IL-2 and IL-15 mRNA levels were analyzed by real-
alculated (5–7 weeks, n = 5 mice/genotype; 12–14 weeks, n = 3 mice/genotype). Mean
ferroni post-test. e. IL-2 and IL-15 mRNA levels were analyzed as above in spleens of WT
Analysis of NKG2D or PD1 markers in the CD122hi CD8+ T cell population from WT and
D3+). Right, percentage of CD122hiPD1hi cells (gated on CD8+CD3+). Data from two
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mouse spleen by 5–7 days, and expand until the thymic output of con-
ventional CD8+ cells causes their contraction (Broussard et al., 2006).
Analysis of CD122hi CD8+ T cells confirmed a reduction in this popula-
tion over time in WT mice that did not occur in DGKζ−/− mice (Suppl.
Fig. 1b). Adult T cell numbers are reached in the mouse spleen within
16 days of birth (Garcia et al., 2000). Analysis of the CD8+ T cell subset
showed significantly reduced expansion in DGKζ-deficient mice from 2
to 30 weeks of age (Suppl. Fig. 1c). This observation supports previous
studies showing that DGKζ deficiency correlates with a reduced periph-
eral CD8+ population (Riese et al., 2011). Despite this defect, DGKζ-de-
ficient mice showed the greatest difference at 15 weeks, which
suggested maximal expansion of CD44hiCD122hi CD8+ population
(Suppl. Fig. 1d).

Innate memory-like subsetsmay arise through lymphopenic expan-
sion of naïve conventional CD8+ T cells, or be originated by distinct thy-
mic differentiated populations (Jameson et al., 2015; Broussard et al.,
2006). Analysis at various ages showed a significant increase in thymic
CD44hiCD122hi CD8SP T cells at 6 weeks in DGKζ-deficient mice
(Suppl. Fig. 1e). A more detailed analysis of the CD44hiCD122hi CD8SP

T cells gated on the TCRβ+ population confirmed the increase in cell
numbers inDGKζ-deficientmice (Fig. 1c). Analysis of CD122-responsive
thymic cytokines (IL-2 and IL-15) showed a marked increase in IL-2 ex-
pression between 5 and 7 weeks in the DGKζ-deficient thymus (Fig. 1d,
left). IL-15 levels were lower than those found in WT mice (Fig. 1d,
right). A similar analysis in spleen showed no differences in IL-2 or IL-
15 levels (Fig. 1e). These experiments suggest enhanced IL-2 dependent
expansion of thymic CD44hiCD122hi CD8SP T cells as the result of DGKζ
deficiency.

CD122 expression enhances IL-2 and IL-15 sensitivity of additional
CD8+ populations, such as NK or γδ T cells (Fehniger et al., 2001; Zhao
et al., 2005). DGKζ-deficient mice showed no difference either in the
γδ T cell pool (Suppl. Fig. 1f) or in the NK cell population (Suppl. Fig.
1g), which suggests that DGKζ deficiency affects CD8+ T cells selective-
ly. CD44hiCD122hi CD8+ T cells express high levels of NK-specific
markers, and have PD-1-negative and -positive subpopulations. Pres-
ence of the PD-1 marker is linked to regulatory functions dependent
on IL-10 secretion (Dai et al., 2010). DGKζ deficiency correlated with
significant increases in NKG2D+ and PD1+ populations (Fig. 1f).

3.2. DGKζ Limits Antigen-independent IL-15-mediated Peripheral Expan-
sion of CD8+ T Cells

The exogenous addition of low concentrations of IL-2 or IL-15 cyto-
kines in the absence of TCR triggering promotes partial proliferation of
T lymphocytes. To analyze the contribution of DGKζ to cytokine sensing,
total splenocytes from WT or DGKζ-deficient mice were cultured with
IL-2 or IL-15 (72 h) and cell division analyzed by flow cytometry. Anal-
ysis confirmed discreet proliferation of WT cells in response to IL-2 and
IL-15 (Fig. 2a, top). DGKα deficiency did not alter responses to either cy-
tokine (Fig. 2a, center), whereas proliferation of DGKζ-deficient
splenocytes increased significantly in response to IL-15 (Fig. 2a,
bottom).

Expression of IL-2 or IL-15 α chains confers high affinity binding to
the receptor formed by the sharedβ (CD122) andγ chains. Flow cytom-
etry analysis showed similar cell surface expression of the IL-15Rα
chain in basal conditions in WT and DGKζ-deficient CD44hiCD122hi

CD8+ T cells, suggesting that enhanced IL-15 mediated proliferation
was not related to changes in receptor expression (Fig. 2b). We next
compared the induction of CD122, CD25 and of IL-15Rα on a per-cell
basis in response to TCR triggering or cytokine stimulation. CD25 ex-
pression increased markedly only after antigenic stimulation, to a simi-
lar extent inWT and DGKζ-deficient cells (Fig. 2c first row, left column).
IL-2 addition had no effect on CD122 or CD25 expression whereas IL-15
selectively increased expression of CD122 in WT cells (Fig. 2c first row,
middle and right columns). DGKζ deficiency selectively increased
CD122 expression after IL-15 stimulation (Fig. 2c second row). Cell
surface levels of the IL-15α chain were similarly increased only after
TCR triggering, with no differences in WT and DGKζ-deficient cells
(Fig. 2c third and fourth rows). Analysis of MFI for the different IL-2/
IL-15R components confirmed the specific DGKζ function in the control
of IL-15-mediated CD122 induction (Fig. 2c right panels).

3.3. DGKζ Limits IL-15 Signaling in CD44hi CD8+ T Cell Populations

The shared mechanism downstream of IL-2 and IL-15 includes acti-
vation of the JAK/STAT pathway (Ring et al., 2012). Analysis of WT and
DGKζ-deficient cells showed that CD44lo cells, which also express low
CD122 levels, only responded to IL-15 addition, in accordance with the
lower affinity of the β/γ dimer for IL-2 in the absence of CD25 (Fig. 3a,
top). In agreement with their higher expression of CD122, CD44hi cells
in WT mice responded to both IL-2 and IL-15 with enhanced STAT5
phosphorylation (Fig. 3b, top). The percentage of CD44hi cells with
phosphorylated STAT5 in response to either IL-2 or IL-15 was higher
for DGKζ-deficient cells (Fig. 3a, bottom). Analysis of the geometric
mean in the CD44hi CD8+ population showed no differences (Suppl.
Fig. 2a), which suggests that DGKζ restraints the number of responding
cells.

Expression of CD44 at the T cell surface represents a read out of
mTOR activation (Daley et al., 2013b). We explored the activation
state of themTOR pathway in CD44lo and CD44hi CD8+ T cells by exam-
ining phosphorylation of the S6 ribosomal protein by S6 K, a direct
mTOR effector. Basal S6 phosphorylation was absent in CD44lo cells
whereas CD44hi cells showed partial pS6 both inWT cells and DGKζ de-
ficient cells (Fig. 3b, left column). Studies in NK cells show that activa-
tion of PDK1/mTOR-dependent signaling is essential to maintain
CD122 expression and IL-15 responsiveness (Yang et al., 2015). In
agreement with IL-15-mediated higher induction of CD122 in DGKζ de-
ficient cells, the percentage of CD44hi cells positive for S6 phosphoryla-
tion was similar after IL-2 treatment but higher in IL-15 treated DGKζ-
deficient cells (Fig. 3b, middle and right columns). As for STAT5 phos-
phorylation, MFI analysis showed similar increase on S6 phosphoryla-
tion per cell (Suppl Fig. 2b). These results confirm a role for DGKζ
limiting the threshold of cells that activate the PDK-1/mTOR pathway
in response to IL-15.

3.4. DGKζ Deficiency Enhances CD8+ Antitumor Responses

Our data suggested that DGKζ deficiency enhances cytokine-depen-
dent CD8+ T cell expansion and acquisition of a memory-like pheno-
type. Bystander expansion of memory CD8+ T cells is proposed to
boost antigen-independent anti-tumor activity (Tietze et al., 2012).
A20 cells derive from an aggressive BALB/c-derived B cell lymphoma,
and are a model system in which NK/CD8+ T cells mediate tumor elim-
ination in the absence of CD4+ T cell help (Adam et al., 2005). Using the
A20 syngeneic model, we next explored whether DGKζ deficiency in-
creased anti-tumor activity.

C57BL/6 DGKζmice were backcrossed with BALB/c mice for 10 gen-
erations to generate BALB/c DGKζ-deficient mice. As for the C57BL/6
background, DGKζ-deficient BALB/c mice had fewer CD8+ T cells but a
significant increase in CD44hiCD122hi CD8+ T cell population. They
also showed a decrease in the NK cell population (Fig. 4a). To compare
the effect of DGKζ deficiency on syngeneic tumor rejection,we inoculat-
ed similar numbers of A20 cells subcutaneously (s.c.) into WT and
DGKζ-deficient mice, and tumors were allowed to grow. Analysis
showed that about 25% of the mice in the DGKζ-deficient group
remained free of tumors and those who presented tumors resolved
them more rapidly than WT mice, with the 100% of DGKζ-deficient
mice free of tumors 11 days upon injection compared to 19 days in
the case of WT mice (Fig. 4b). In the animals that developed tumors,
the analysis of tumor volume showed that DGKζ-deficient mice had
smaller tumors that resolved more rapidly than in WT mice (Fig. 4c).
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NK-dependent elimination of A20 cells regulates the initial steps of
tumor rejection (Adam et al., 2005). In agreement with published
FACS analyses (Adam et al., 2005), we found that A20 cells expressed li-
gands for NKG2D receptor, as well as IL-15, but not IL-2 (Suppl. Fig. 3).
Fig. 2.DGKζ but not DGKα limits the CD8+ T cell response to IL-15. a. Total splenocytes fromWT
IL-15 (72 h) and analyzed by flow cytometry. Left, Violet Cell Trace histogram gated on CD8+ T
genotype and treatment. Bonferroni post-test. b. Total splenocytes from WT or DGKζ-deficie
CD3+CD8+CD122hi. Right, quantification. Mean ± SEM, n = 6/genotype. Unpaired t-test with
(48 h) in anti-CD3-coated plates or with IL-2 or IL-15, then stained and analyzed by flow cyto
receptor (CD122hiIL15Rhi) gated on CD3+CD8+. One representative experiment of two is
population. Mean ± SEM, n = 3/genotype and treatment (except IL-15-treated DGKζ−/− cells
Cytokine-expanded CD44hiCD122hi CD8+ T cells express NKG2D,
which triggers killing after recognition of NK receptor ligands, indepen-
dently of antigen recognition (Verneris et al., 2004). We reasoned that
enhanced resolution of engrafted A20 tumors in DGKζ-deficient mice
, DGKα and DGKζ-deficientmicewere stainedwith Violet Cell Trace, culturedwith IL-2 or
cells. Right, the division index was calculated using FlowJo software. Mean± SEM, n=3/
nt mice were stained and analyzed by flow cytometry. Left, IL-15R histogram gated on
Welch's correction. c. Total splenocytes fromWT or DGKζ-deficient mice were cultured
metry. Left, dot plots of IL-2 high affinity receptor (CD122hiCD25hi) or IL-15 high affinity
shown. Right, MFI quantification of CD122, CD25 and IL15R in the CD3+CD8+ T cell
, n = 2). Bonferroni post-test.



Fig. 3.DGKζ limits IL-15-induced STAT5 and S6phosphorylation inCD44hi CD8+T cells. Total splenocytes fromWTorDGKζ-deficientmicewere incubated inmediumalone orwith IL-2 or
IL-15 (20min),fixed, permeabilized, stained and analyzed by flowcytometry. A representative experiment of three is shown. a. pSTAT5 and CD44 dot plots, gated onCD8+ cells. b. pS6 and
CD44 dot plots, gated on CD8+ cells.

Fig. 4.DGKζ deficiency enhances anti-tumor responses in an NKG2D-dependent tumormodel. a. Total splenocytes from BALB/cWT or DGKζ-deficientmicewere stained and analyzed by
flow cytometry. Right, percentage of total CD8+CD3+ cells. Center, percentage of CD44hiCD122hi cells (gated on CD8+CD3+). Left, percentage of NK cells (CD3−NKP46+).Mean± SEM, n
=3per genotype. Unpaired t-test. b. A20 cells (5× 106)were injected subcutaneously intomouseflanks and tumor volumemeasured over time. Percentage of tumor-freemice. Datawere
acquired in four independent experiments, n= 14/genotype; Chi-squared test. c. Tumor volumemeasured over time. A representative experiment is shown of four performed. Mean ±
SEM, n=3per genotype. Two-way repeat measure ANOVA to analyze the difference between pooled results forWT and DGKζ−/−mice (**, indicated at thefigure legend) and Bonferroni
post-test was used to analyze the differences in each day. d. Total splenocytes were incubatedwith A20 cells (1:1; 14 h) and CD69was analyzed by flow cytometry in T cells (CD8+CD3+;
top) and NK cells (CD3−NKP46+; bottom). Mean ± SEM, n = 3 per genotype. Bonferroni post-test.
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could be the result of improvedNK-like killing.We compared in vitro ac-
tivation of CD8+ T and NK populations from WT and DGKζ-deficient
mice after incubation with A20 cells. Levels of CD69, a direct marker
for Ras activation downstream of NK receptors, were significantly
higher in both CD8+ T (Fig. 4d, top) and NK cells (Fig. 4d, bottom)
from DGKζ-deficient mice. These results strongly suggest that, as
shown for antigenic triggering, DGKζ also limits Ras activation down-
stream of NKG2D in innate-like CD8+ cell populations.

3.5. DGKζ Limits IL-2/IL-15-induced Differentiation of CD8+TCRβ+-
NKG2Dhi T Cells

Ex vivo incubation of CD8+ T cells with IL-2 or IL-15 in the absence of
antigen stimulation promotes differentiation of an innate-like cytotoxic
cell population with potent antitumor activity in mouse models and in
human clinical assays (Klebanoff et al., 2004). Splenocytes from BALB/
c WT and DGKζ-deficient mice were incubated with IL-2 or IL-15 for
7 days and analyzed for T and NK cell populations. IL-2 promoted great-
er expansion than IL-15 of the CD8+ T cell population in DGKζ-deficient
mice; in contrast, IL-2-induced expansion of the NK population was sig-
nificantly lower, with no IL-15 difference (Fig. 5a).
Fig. 5.DGKζ limits IL-2-induced cytotoxicity. Total splenocytes fromBALB/cWTorDGKζ-deficie
Left, representative flow cytometry dot plots. Right top, percentage of CD8+CD3+ cells. Right b
experiments, n= 7/genotype. Mean ± SEM, Bonferroni post-test. b. mRNA levels of indicated
controls. Mean ± SEM, n = 3 mice/genotype. Unpaired t-test; for granzyme C data, Welch's
incubated with A20 cells (1:1; 4 h), stained with labeled anti-CD107a antibody, and analyze
CD3−NKP46+CD107a+ cells. Mean ± SEM, n = 3 mice/genotype and condition. Unpaired t
cells. Mean ± SEM, n = 3 mice/genotype and condition. Bonferroni post-test.
Given that major differences were observed for IL-2, we analyzed
gene expression of cytotoxic components and cytokines in the IL-2-
differentiated cell population. DGKζ-deficient cells showed a signif-
icant increase in mRNAs for granzymes B and C as well as for
perforin, the three characteristic cytotoxic components of the T
cell granules (Fig. 5b). Granzyme A expression, characteristic of NK
cells, was similar in WT and DGKζ-deficient cells, as were interferon
γ levels; DGKζ-deficient mouse also showed decreased IL-10
expression.

NKG2D-expressing memory CD8+ T and NK cells mediate tumor
elimination, preferentially through polarized release of perforin-
containing granules (Hayakawa et al., 2002). Analysis of cell surface
CD107a levels provides a measure of cell degranulation after en-
counter with targets. When in contact with A20 tumor cells, IL-2-
differentiated DGKζ-deficient CD8+ T cells showed a significant in-
crease in cell surface CD107a expression compared to WT CD8+ T
cells (Fig. 5c, left), with no change in the NK CD8+ population (Fig. 5c,
right). Analysis of surface CD3 expression in cytotoxic WT or DGKζ-
deficient CD8+ T cells after incubation with A20 cells showed no CD3
endocytosis, which confirmed lack of TCR-mediated recognition (Fig.
5d).
ntmicewere culturedwith IL-2 or IL-15 (7 days). a. Splenocyteswere stained and analyzed.
ottom, percentage of NK cells (CD3−NKP46+). Data were acquired in three independent
molecules were analyzed by real-time qRT-PCR, and 2−ΔΔCt was calculated relative to WT
correction, for IL-10 data, Mann-Whitney test. c, d. Splenocytes cultured with IL-2 were
d by flow cytometry. Left, percentage of CD8+CD3+CD107a+ cells. Right, percentage of
-test. D. Analysis of the CD3 MFI (gated on CD8+NKP46-) alone or incubated with A20
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3.6. DGKζ Deficiency Increases Anti-tumor Function of Cytokine-induced
Killer Cells

Our in vitro experiments suggested that DGKζ deficiency promotes
the antigen-independent killer capacity of cytokine-expanded CD8+ T
cells. We next compared the anti-tumor capacity of cytokine-induced
WT andDGKζ CD8+ T cells in implanted tumors. A20 cells were injected
into the flank of WT mice; after eight days, when tumors reached max-
imal volume (100–200 mm3), mice received injections with similar
numbers of IL-2-treated splenocytes from WT or DGKζ-deficient mice
(Fig. 6a). We found tumor regression in both cases, but tumors treated
with WT cells showed a regression lag compared to those treated with
DGKζ-deficient cells (Fig. 6b). When the volume of individual tumors
prior to injection of cytokine treated cells was divided by the number
of days on which the tumor was no longer palpable we observed larger
numbers in the group treated with DGKζ-deficient cells (Fig. 6c). These
experiments indicate that DGKζdeficiency promotes enhanced cytotox-
ic anti-tumor function by cytokine-differentiated T cells.

4. Discussion

Metabolismof DAG byDGKζ phosphorylation is an importantmech-
anism downstream of the TCR that limits T cell responses in naïve T
cells. DGKζ deficiency also confers enhanced antitumor potential on
pre-activated CD8+ T cells (Riese et al., 2011) and increases the effec-
tiveness of CAR-expressing T cells (Riese et al., 2013). Here we extend
these observations by showing that DGKζ deficiency enhances IL-2/IL-
15-dependent expansion of cytotoxic CD8+ T cell pools that act in an
antigen-independent, innate-like manner. As a result, DGKζ-deficient
mice develop smaller tumors when implanted with A20 lymphomas
and reject them more rapidly than WT mice.

The ability of T lymphocytes to adjust the amount of DAG generated
at the membrane to Ras activation intensity is a mechanism that links
biological output to TCR affinity for antigen (Roose et al., 2007). This is
largely the result of T cells coupling the DAG that is generated in re-
sponse to TCR-triggered PLCγ activation to the activation of the Ras
GEF RasGRP1 (Dower et al., 2000). Enhanced DAG consumption by
DGKζ limits RasGRP1 activation downstream the TCR, limiting the in-
tensity of antigen dependent signals. We demonstrate that DGKζ
Fig. 6.DGKζ deficiency increases the anti-tumor capacity of IL-2-differentiated CD8+ cells. a. Ca
injections of 107 A20 cells. After eight days, mice were randomly divided in two groups IL-2-dif
progressionwas evaluated daily until complete tumor regression. b. Percentage of tumor-freem
genotype in three independent experiments. c. Tumor volume at day 8 was divided by the num
deficiency also leads to heightened sensitivity to the CD122-responsive
cytokines IL-2 and IL-15. This observation correlateswith impaired IL-2-
and IL-15-induced proliferation of CD122hiCD44hi CD8+ T cells in
RasGRP1−/− mice, and suggests that enhanced RasGRP1 activation,
due to DGKζ deficiency, facilitates cytokine functions. DGKζ dependent
control of cytokine functions parallels the reported RasGRP1 role down-
stream of the common γ chain cytokines in T-cell acute lymphoblastic
leukemia, in which high RasGRP1 levels induce cytokine-regulated ex-
pansion (Hartzell et al., 2013). The more efficient response of DGKζ-de-
ficient CD8+ T cells to cytokines also fits with the reported ability of this
population to expand in a homeostatic manner (Zhong et al.,
2003). The presence of CD122hiCD44hi CD8+ T cells in very young
DGKζ-deficient mice correlates with its presence in OT-I mice (Riese
et al., 2011), and suggests that these cells with a memory-like pheno-
type arise independently of antigen recognition. DGKζ deficiency corre-
lates with thymic expansion of CD122hiCD44hi CD8+ cells that
correlates with enhanced IL-2 thymic production. This expansion in
the thymic population correlates with the lack of contraction observed
for this population in the periphery, suggesting a causal relationship.
Higher affinity of CD122hiCD44hi CD8+ T cells for IL-15 could explain
the loss of the naïve CD122loCD44lo CD8+ T cell population.

Our ex vivo analysis demonstrates that IL-15 promotes CD122 ex-
pression in DGKζ-deficient CD8+ T cells. CD122, which forms a dimer
with CD132 in response to IL-2 or IL-15, activates the JAK/STAT and
PI3K/mTOR pathways. Whereas antigen-stimulated cells promote IL-2
sensitivity through up-regulation of the IL-2Rα chain, IL-15 potentiates
self-responsiveness through a positive feedback loop that involves
PDK1/mTOR/E4BP4/CD122 signaling (Yang et al., 2015). Our analysis
demonstrates enhanced IL-15- induced S6 phosphorylation, the end-
point of the mTOR pathway, in DGKζ-deficient CD44hi CD8+ T cells.
These results complement our recent observation of DGKζ limiting
mTOR activation downstream the TCR (Avila-Flores et al., 2017), and
suggest the control by of basal DAG in addition to the lipid generated
upon TCR stimulation. Basal DAG levels acting on RasGRP1 is proposed
to mediate cytokine-dependent activation of the PDK1/mTOR pathway
(Daley et al., 2013a). It is thus tempting to hypothesize that increased
basal DAG levels in DGKζ silenced CD8+ T cells facilitates RasGRP1-de-
pendent mTOR activation in response to cytokines. In accordance, the
increased proliferation of memory cell subsets induced by IL-15 is
rttoon shows how experiments were performed: BALB/cWTmice received subcutaneous
ferentiated BALB/cWT or DGK−/− cells (8 × 105) were injected intratumorally, and tumor
ice on days post-injection of cytokine-treated cells. Gehan-Breslow-Wilcoxon test; n=14/
ber of days on which the same tumor was no longer palpable. Mann-Whitney test.
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mTOR activation-dependent (Richer et al., 2015). All these results sup-
port our data and suggest that DGKζ limits a positive feedback loop
through which enhanced mTOR activation promotes CD122 induction
and IL-2/IL-15 responsiveness.

Studies in itk−/− and IL-15−/− mice show that the main functional
differences between CD44loCD122lo and CD44hiCD122hi CD8+ T cell
populations reside in NK receptor expression (Dubois et al., 2006). Up-
regulated NK receptors and strong antitumor capacity are also charac-
teristic of CD8+ cells cultured in vitro at high IL-2 or IL-15
concentrations (Dhanji et al., 2004; Dhanji and Teh, 2003). Similar to
the known IL-2 effect in overcoming anergy, IL-15 is proposed to over-
come immune tolerance and facilitate CD8-mediated tumor destruction
(Teague et al., 2006). Using antigen-independent syngeneic xenograft
models, we demonstrate that DGKζ-deficient mice develop smaller tu-
mors and reject them more rapidly than WT mice. These data correlate
with a recent report of enhanced anti-tumor cytotoxic functions by
DGKζ-deficient NK cells (Yang et al., 2016), and suggest a DGKζ role in
the control of antigen-independent antitumor functions. Freshly isolat-
ed, ex vivo cytokine-treated DGKζ-deficient CD8+ T cells eliminate tu-
mors more rapidly when re-injected into WT mice, suggesting DGKζ
negative control of cytokine induction of antitumor cell populations.
In agreementwith this ability, DGKζ-deficientmice also show increased
elimination of other cytokine-sensitive, aggressive tumors (Andrada et
al., manuscript in preparation).

In summary, our work identifies a distinctive role for DGKζ in
limiting IL-2/IL-15-dependent signaling. Our results demonstrate that,
in addition to its known role in limiting canonical antigen-mediated
activation of cytotoxic function, DGKζ negatively regulates IL-2/IL-15-
dependent expansion of innate-like cytotoxic CD8+ T cells. These
studies add to the growing evidence that targeting DAG metabolism
through pharmacological manipulation of DGKζ could be an important,
yet-unexplored area for cancer immunotherapy.
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