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Abstract

Amino acid deprivation is a strategy that malignancies utilize to blunt anti-tumor T-cell immune responses. It has been pro-
posed that amino acid insufficiency in T-cells is detected by GCN2 kinase, which through phosphorylation of EIF2a, shuts
down global protein synthesis leading to T-cell arrest. The role of this amino acid stress sensor in the context of malignant
brain tumors has not yet been studied, and may elucidate important insights into the mechanisms of T-cell survival in this
harsh environment. Using animal models of glioblastoma and animals with deficiency in GCN2, we explored the importance
of this pathway in T-cell function within brain tumors. Our results show that GCN2 deficiency limited CD8* T-cell activation
and expression of cytotoxic markers in two separate murine models of glioblastoma in vivo. Importantly, adoptive transfer of
antigen-specific T-cells from GCN2 KO mice did not control tumor burden as well as wild-type CD8* T-cells. Our in vitro
and in vivo data demonstrated that reduction in amino acid availability caused GCN2 deficient CD8* T-cells to become
rapidly necrotic. Mechanistically, reduced CD8" T-cell activation and necrosis was due to a disruption in TCR signaling, as
we observed reductions in PKCO and phoshpo-PKCO on CD8* T-cells from GCN2 KO mice in the absence of tryptophan.
Validating these observations, treatment of wild-type CD8* T-cells with a downstream inhibitor of GCN2 activation also
triggered necrosis of CD8" T-cells in the absence of tryptophan. In conclusion, our data demonstrate the vital importance
of intact GCN2 signaling on CD8" T-cell function and survival in glioblastoma.
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Introduction

Malignant glioma is a profoundly aggressive tumor of the
central nervous system (CNS), which is almost uniformly
lethal despite aggressive therapeutic intervention. Despite
intensive efforts, both median and long-term survival of
glioma patients have not sufficiently improved to achieve
long-term survival. Even though the recent surge in immu-
notherapy has dramatically changed the treatment options
for solid tumors [2, 3], immunotherapy for glioma is still
rather ineffective [4]. Part of the reason may be because
immunosuppression in glioma is considered to be severe,
and quantifiably more potent at inducing T-cell exhaustion
than most solid tumors [5].

One particularly relevant pathway of immune suppres-
sion in glioma is nutrient deprivation, which includes glu-
cose, oxygen, and amino acid availability [6]. Of these
limiting factors, amino acid availability is profoundly
important for proper immune cell function [7]. Deple-
tion of essential amino acids is a well-recognized modal-
ity which immunosuppressive cells use to dampen T-cell
dependent immune responses in inflammation [8], tis-
sue rejection [9], and malignancy [10]. Mechanistically,
amino acid deprivation is sensed by the canonical stress
senor GCN2 (general control nonderepressible 2). This
sensor functions by detecting uncharged tRNAs [11], and
transmits signals by phosphorylating EIF2a (eukaryotic
translation initiation factor 2a) [12], which shuts down
global protein translation and upregulates genes that assist
in the handling of endoplasmic reticular (ER) stress [13,
14]. This is termed the integrated stress response (ISR), as
most forms of cellular stress converge on this same signal-
ing pathway to respond to stress [15].

In the context of glioma, IDO (indolamine 2,3 dioxy-
genase) mediated tryptophan depletion is the most well-
studied mechanism of intratumoral amino acid deple-
tion [16, 17]. These enzymes can be expressed by the
tumor [18], infiltrating myeloid-derived suppressor cells
(MDSCs) [19], and both can act in concert to deplete tryp-
tophan from the tumor microenvironment (TME). How-
ever, as amino acid sensing occurs via the detection of
any uncharged tRNA, deficiency of any amino acids may
trigger the ISR in glioma. In other solid tumors, arginine is
similarly consumed by both immunosuppressive myeloid
cells [20] and tumor cells [21, 22]. This has potent inhibi-
tory effects on T-cell function, which can be overcome
with arginine pre-treatment [23]. Other amino acids, such
as glutamine and asparagine [24, 25], are shown to be
limiting in solid tumors.

While substantial work has highlighted why amino
acid depletion occurs in tumors, how T-cells respond to
this stress remains unclear. The most prominent study
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demonstrates that GCN2 mediates T-cell anergy and pro-
liferative arrest under conditions of tryptophan deple-
tion [26]. This study suggested that the GCN2 response
to amino acid starvation prevents T-cell functionality
and that inhibition of GCN2 may reinvigorate T-cells
in tumors. However, another study suggests GCN2 is
required for CD8" T-cells proliferative fitness and migra-
tion, independent of amino acid sensing [27]. In the CNS,
T-cells deficient in GCN2 promote experimental autoim-
mune encephalomyelitis (EAE) pathology, which suggests
that GCN2 dampens T-cell activity [28]. The inconsist-
ent results of these studies suggest GCN2 has pleiotropic
effects within the T-cell compartment that require further
elucidation.

It is important to dissect the importance of GCN2 on
T-cell function in cancer, as studies suggest inhibition of
GCN2 (or its downstream pathway) is important for immu-
notherapeutic intervention in cancer [29, 30]. Perhaps most
importantly, a recent study showed that blocking the stress
sensing pathway inhibited programmed death-ligand 1 (PD-
L1) expression on tumors, which provides a rationale for
its use in the clinic as an adjuvant to immunotherapy [30].

Therefore, the goal of this study was to examine the role
of GCN2 in adaptive immune function in glioma, and how
its deficiency regulates anti-tumor immune responses. Sur-
prisingly, our results show that GCN2 is essential for proper
CD8" T-cell function in brain tumors. Knockout (KO) of
GCN2 leads to impaired CD8* T-cell activation and function
in brain tumors, and its inhibition has multiple, deleterious
effects on T-cell immunity. We show that polyclonal (and
antigen-specific) GCN2 KO CD8* T-cells have reduced
activation and expression of inflammatory cytokines in two
separate orthotopic brain tumor models. Furthermore, there
was a significant reduction of intratumoral CD8% T-cells,
which was due to their reduced survival in tumors and not
migration. While culturing wild-type (WT) CD8" T-cells
in amino acid limiting media stops their proliferation, in
GCN2 KO mice, these cells rapidly become necrotic.
Western blot analysis revealed a reduction in T-cell recep-
tor (TCR) signaling under amino acid deprivation that is
the cause of T-cell necrosis in the absence of GCN2. This
was recapitulated using a down-stream inhibitor of GCN2
signaling [integrated stress response inhibitor (ISRIB)], as
ISRIB potentiated CD8* T-cell necrosis in the absence of
tryptophan. Our results show that GCN2 is needed for CD8*
T-cell survival in nutrient-poor glioma and that inhibition of
this stress sensing pathway has damaging effects on CD8"
T-cells. Therefore, caution must be used when targeting the
ISR for cancer therapy in the future.
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Materials and methods
Cell lines and culture conditions

CT2A, GL-261 and GL-261 OVA (which stably expresses
whole ovalbumin—as generated in [31]) murine syngeneic
glioma cell lines were cultured in DMEM (Corning) with 10%
fetal bovine serum (FBS, HyClone), 100 U/ml penicillin, and
100 mg/ml streptomycin (Corning), and incubated at 37°C in
5% CO,.

Mouse models and tumor implantation

To study the absence of GCN2 specifically on CD8* T-cells,
we crossed GCN2 KO mice with OT-1 mice and generated
GCN2 KO OT-1 mice. Mice were injected with 2x 10° (GL-
261 or CT2A) or 4% 10° GL-261 OVA cells in 2.5 pl phos-
phate-buffered saline (PBS, Corning), using a stereotactic
frame, at a 3.5 mm depth, in accordance to NIH guidelines.

Flow cytometry

For in vivo phenotypic analysis, tumor cells from the brain
and spleens were prepared as single cells and stained with
fixable viability dye APC-eFluor 780 (eBioscience, Invitro-
gen) for 20 min, then blocked with anti-CD16/32 (Biolegend)
for 10 min and then were stained with, anti-CD45-BV510,
anti-CD8-BV605, anti-CD4-Pe-Cy7 and anti-CD44-Percp-
cy5.5 (Biolegend). For intracellular staining, cells were fixed
and permeabilized with Foxp3 staining kit (eBioscience, Invit-
rogen), then were stained with Foxp3-eFlour450 (eBioscience,
Invitrogen). For intracellular cytokine staining, cells were
stimulated with Cell Stimulation Cocktail plus protein trans-
port inhibitors (eBioscience, Invitrogen) for 5 h, according
to the manufacturer’s instructions. For intracellular cytokine
staining cells were stained using the same method as afore-
mentioned, with GZMB-Alexa Fluor 647, IFNy-Alexa Fluor
700 (Biolegend). For in vivo competition assay, isolated CD8™*
T-cells from GCN2 KO OT-1 mice were labeled with Cell
Trace Violet, and CD8* T-cells from OT-1 mice were labeled
with Cell Trace Far Red, Cell Proliferation Kit (Invitrogen),
according to the manufacturer’s instructions. For cell death
staining in vivo and in vitro, after surface staining cells were
washed with Annexin V binding buffer (BD Biosciences), then
stained with Annexin V-APC (1:20 dilution), at room tem-
perature, for 13 min. For CCR7 staining, cells were stained
with anti-CCR7-APC and were incubated at 37 °C or 30 min.

T-cell isolation and expansion

Splenic T-cells were isolated from Foxp3-IRES-GFP B6
mice, using EasySep T-cell Isolation Kit (STEMCELL),

according to manufacturer instructions. CD8" T-cells were
labeled with anti-CD8-APC, and CD4" T-cells were labeled
with anti-CD4-Pe-Cy7. After isolation, these cells were
sorted using BD FACS Aria II cell sorter. After sorting dif-
ferent subsets, cells were cultured and expanded using Dyna-
beads (Invitrogen) per manufacturer’s instructions. After
5 days of expansion in complete RPMI, different subtypes
of T-cells (CD8" T-cells, CD4* T-cells, and Tregs) were
lifted, and cultured in tryptophan added (+TRP) and tryp-
tophan free (— TRP) media for 24 h. One day after culture,
cells were lifted and were lysed in M-PER (Thermo Fisher)
buffer for protein estimation and western blot. To test the
effects of limiting amino acid on CD8* T-cell survival: tryp-
tophan, arginine, and lysine free media were supplemented
back with 100%, 10% or 1% amount of the respective amino
acid (based on RPMI 1640 formulation levels as previously
described [27]) and analyzed for apoptosis and necrosis at
24 and 48 h.

Western blots

Cells were lysed in M-PER buffer (Thermo Fisher), pro-
tease and phosphatase inhibitors (Thermo Fisher). Western
blots were blocked for an hour at room temperature using
5% milk in 10 mM Tris—HCI pH 7.5, 150 mM NaCl contain-
ing 0.1% Tween 20 (TBST). Antibodies used in our western
blot experiments were: GCN2 (1:1000), CHOP (1:1000),
B-actin (1:5000, Cell Signaling), PKC8, P-PKC8 (1:1000,
Santa Cruz), and P-EIF2a (1:20,000, Abcam).

Trans-ISRIB in vitro treatment

T-cells from WT and GCN2 KO mice were isolated as afore-
mentioned and were treated in five different medias, com-
plete RPMI [10% FBS (HyClone), 10 mM HEPES—sodium
pyruvate (Sigma), 1 mM sodium pyruvate (Corning), 0.01%
2-ME, 2 mM L-glutamine (Sigma), 100 U/ml penicillin, and
100 pg/ml streptomycin (Corning)], +TRP, -TRP, 200 nM
trans-ISRIB +TRP and 200 nM trans-ISRIB (Cayman
Chemicals) — TRP, for 24, 48 and 72 h. After each time
point, cells were lifted and analyzed via flow cytometry.

LC-MS analysis

For CD8" T-cell metabolite content, mice were injected
with CT2A or GL-261 tumor cells, and single-cell solution
from tumors and spleen was obtained as described above.
Cells were then labeled with anti-CD8p-biotin, washed, then
bound to anti-Biotin microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). Cells were then positively selected
using positive selection via LD columns (Miltentyi), imme-
diately flash-frozen, then metabolites were isolated using
an 80% methanol/20% H20 solution. Pellets were nitrogen
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flushed and analyzed using utilizing HPLC-MS/MS (per-
formed at Metabolomics developing core at Northwestern
University). Peak area values were normalized to total ion
count, and creatinine levels were within 1% of each sample,
indicating even loading [32].

Statistical analysis

For individual comparisons, Student’s t test was performed.
Kaplan—-Meier curves were generated to determine the
relative survival of glioma bearing animals under different
courses of treatment, and log-rank tests were performed to
address significance between groups. One-way ANOVA was
used for comparisons between multiple groups, and Tukey’s
post hoc test was performed to obtain p values for individual
comparisons. p <0.05 was considered significant. *p < 0.05;
**p <0.01; ***¥p <0.001; ns not significant.

Results

Absence of GCN2 reduces CD8* T-cell numbers
in the brains of tumor-bearing mice

To study the effect of GCN2 absence on T-cell immunity
in glioma, we injected C57BL/6 WT and GCN2 KO mice
with the syngeneic glioma mouse model, GL-261. After
14 days post-tumor implantation, animals were euthanized,
and the T-cell immune compartment was analyzed by flow
cytometry. Interestingly, as demonstrated in Fig. 1a, there
was a significant reduction in total number and percent-
age of CD8" T-cells (p <0.01 and p <0.05, respectively)
within the tumors. This phenomenon was specific for CD8”
T-cells, as the same reduction did not occur in other T-cell
subsets (Fig. 1a). To test if there was an intrinsic defect
in T-cell function or proliferation, we isolated CD8" and
CD4™ T-cells in vitro and checked for their proliferation and
activation after 72 h of stimulation. While GCN2 deficiency
resulted in CD8* T-cells and CD4" T-cells that were sig-
nificantly less activated based on their CD44 mean fluores-
cence intensity (MFI), there were no dramatic changes in
the proliferation of these cells (Supplementary Fig. 1). This
coincides with the periphery of tumor-bearing animals as
the spleen of all T-cell subsets did not have any significant
change in their T-cell population (Fig. 1b). This suggests that
the tumor microenvironment is driving the specific reduction
in CD8" T-cells in GCN2 KO animals.

To validate this observation, we repeated the same
in vivo experiment with a second syngeneic mouse glioma
model (CT2A). The CT2A model also showed a significant
reduction in total number and percentage of CD8" T-cells
(»<0.01 and p <0.0001, respectively) infiltrating the tumor
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of GCN2 KO mice, and again, this decline was tumor-spe-
cific (Supplementary Fig. 2a and b).

Tumor-infiltrating CD8* T-cells in GCN2 KO mice are
impaired in both activation status and function

Next, we determined the consequences of GCN2 deficiency
on CD8* T-cells activity/cytotoxic ability in vivo in tumors.
We challenged WT and GCN2 KO mice with GL-261, and
after 14 days of engraftment, we euthanized the animals and
isolated tumor-infiltrating cells for intracellular cytokine
staining (Fig. 2a). As demonstrated in Fig. 2a, there is a sig-
nificant reduction in CD44 MFI (a marker of T-cell activa-
tion), and percentages of CD8" T-cells expressing granzyme
B (GZMB, a marker of effector T-cells), (p <0.001, p <0.01
respectively), in GCN2 KO tumor-bearing mice. Repeating
this experiment with the CT2A tumor model showed the
same phenotype (Supplementary Fig. 3).

Based on our previous findings that CD8" T-cells were
specifically affected by GCN2 deficiency, we determined
how this affects antigen-specific CD8% T-cell function.
To test this, we utilized the OT-1 mouse model, in which
the TCR of CD8" T-cells only recognize a specific ovalbu-
min (OVA) antigen [33], and crossed them to GCN2 KO
mice to generate GCN2 KO OT-1 mice. First, we injected
control and GCN2 KO OT-1 mice with heat shock killed
GL-261 OVA (GL-261 overexpressing the OVA antigen)
cells, to educate their TCR with OVA antigen in vivo. After
2 weeks, we isolated CD8" T-cells and injected them intra-
venously (i.v.) into Ragl KO mice previously inoculated
intracranially (i.c.) with GL-261 OVA (Fig. 2b). After
7 days, Ragl KO mice were euthanized, and tumors were
analyzed via flow cytometric analysis. In our analysis, we
observed that pre-activated CD8" T-cells from GCN2 KO
OT-1 mice were less active and cytotoxic (based on their
CD44 and GZMB expression, respectively) (Fig. 2b). Alto-
gether these data confirm that the lack of amino acid sensing
enzyme (GCN2) causes functional impairment of antigen-
specific CD8* T-cells in the glioma microenvironment.

GCN2 promotes intratumoral CD8* T-cell
accumulation and promotes survival of animals
with glioma

To determine if the absence of GCN2 has a measurable effect
on animal survival, we directly challenged WT OT-1 and
GCN2 KO OT-1 mice with GL-261 OVA i.c. and analyzed
their survival. Interestingly, GCN2 KO OT-1 mice had sig-
nificantly reduced survival compared to control OT-1 mice
(p<0.05) (Fig. 3a). As a global KO of GCN2 may have
effects on other cellular subsets, we injected GL-261 OVA
i.c. into Ragl KO mice, and after 14 days, injected previ-
ously activated CD8" T-cells from either WT or GCN2 KO
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Fig.1 Absence of GCN2
reduces CD8* T-cell numbers in
murine brain tumors. C57BL/6
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OT-1 mice. Importantly, this experiment also showed Rag1
KO mice that received WT OT-1 T-cells survived signifi-
cantly (p <0.01) longer than the ones that received GCN2
KO OT-1 cells (Fig. 3b). The results of these experiments
suggest that GCN2 controls either the recruitment or sur-
vival of CD8™ T-cells within glioma.

To address these two possibilities, we performed two
different competition assays. Isolated and activated CD8"
T-cells from WT and GCN2 KO OT-1 mice were labeled
with two different fluorescent dyes, and were transferred at a
1:1 ratio either intracranially (Fig. 3c, left panel) or intrave-
nously (Fig. 3c, right panel) into GL-261 OVA tumor-bear-
ing hosts. After 3 days, mice were euthanized and analyzed
for OT-1 infiltration. Surprisingly, only with intracranial
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injection was there a significant (p < 0.05) decline in the
amount of GCN2 KO OT-1 CD8" T-cells in the brain. There
was no significant change in the infiltration of CD8" T-cells
delivered systemically, suggesting that GCN2 does not regu-
late T-cell migration to brain tumors. It is important to note
that a previous study suggested that the deficiency of GCN2
resulted in an upregulation of C—C chemokine receptor type
7 (CCR7), thus preventing T-cells from leaving the spleen
[27].

Converse to this study, we found a downregulation of
CCR7 expression in the spleen of mice with little to no
detection in the brain (Supplementary Fig. 4). Our data
showed CCR7 expression is only expressed in CD44" cells,
which is consistent with the expression of this receptor in
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Fig.2 Glioma infiltrating GCN2 KO CD8" T-cells are dysfunctional.
GCN2 KO and WT mice were injected with 2 X 10° GL-261 cells,
and after 14 days were euthanized for flow cytometric analysis. In a
GL-261 injected tumor-infiltrating lymphocytes were stimulated for
5 h with PMA/Ionomycin, and then stained and analyzed for CD44
mean fluorescence intensity (MFI) and cytokine secretion via flow
cytometry. In b, 1x10° heat shock killed GL-261 OVA cells were
injected intraperitoneally into OT-1 and GCN2 KO OT-1 mice. After

memory/naive cells versus effectors [34]. In summation,
these data suggest that in the context of the CNS, the specific
reduction in CD8" T-cells numbers is not due to changes in
migratory capabilities.

Considering all these experiments were done with in vitro
activated CD8* T-cells, we decided to demonstrate these
findings in the context of in vivo antigen stimulation (Fig. 4).
To test this, we performed subcutaneous (s.c) injections of
heat shock killed GL-261 OVA cells into WT and GCN2 KO
OT-1 mice. After 14 days, in vivo activated CD8" T-cells
from WT or GCN2 KO OT-1 mice were transferred sys-
temically into GL-261 tumor-bearing Ragl KO mice. The
first group of mice was euthanized 7 days after CD8" T-cell
transfer for flow cytometric analysis, and a second group was
analyzed for overall survival. Consistent with our previous
experiments, Ragl KO mice that were injected with GCN2
KO OT-1 CD8* T-cells died significantly earlier (p <0.05)
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14 days of engraftment, CD8" T-cells from these mice were isolated
and transferred i.v. into RAG1 KO mice previously inoculated with
GL-261 OVA. Seven days post transfer, mice were euthanized and
analyzed for CD44 MFI and cytokine secretion with flow cytom-
etry. Flow cytometry statistics were calculated, n=35 per group in a,
n=3 per group in b, representative of two experiments. Unpaired T
test analysis was used to calculate significance. p <0.05%; p <0.01*%;
p<0.001***, Refer to Supplementary Fig. 7b for the gating strategy

than the mice that received WT OT-1 CD8" T-cells
(Fig. 4a). Flow cytometric analysis revealed that GCN2 KO
OT-1 CD8* T-cells had reductions in the MFI and percent-
age of CD127 (precursor memory T-cell marker) and MFI
of CD69 (tissue-resident memory T-cell marker) (Fig. 4b,
top panels). Interestingly, this reduction was tumor-specific
as other organs did not show these changes (Fig. 4b, bottom
panels). In conclusion, these data suggest that the lack of
amino acid stress-sensing by antigen-specific CD8% T-cells
inhibits their memory capabilities and ultimately results in a
lack of animal survival of mice with brain tumors.

These results above suggest that GCN2 is important
for the maintenance of multiple functions of CD8* T-cells
within tumors, suggesting that amino acid sensing is occur-
ring within brain tumors. As previous studies suggest that
the tryptophan-catabolic enzyme IDO is important for
glioma immunopathology [35], we sought to determine
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Fig.3 GCN2 promotes antigen-specific CD8" T-cell responses
against glioma. In a, WT OT-1 and GCN2 KO OT-1 mice were chal-
lenged directly with 4 x 103 GL-261 OVA and were analyzed for sur-
vival. In b, OVA activated CD8' T-cells from WT OT-1 or GCN2
KO OT-1 mice were transferred i.c. into tumor-bearing Ragl KO
hosts and analyzed for survival. In ¢, OVA activated CD8* T-cells
from WT OT-1 and GCN2 KO OT-1 mice were isolated and labeled
with cell proliferation dye eFluor 450 (GCN2 KO CD8" T-cells) and
cell proliferation dye eFluor 670 (WT OT-1 CD8* T-cells), and were

if tryptophan catabolism was contributing to a decreased
pool of tryptophan in our glioma models. To test this, we
isolated metabolites from the tumor hemisphere of tumor-
bearing mice (right hemisphere) and directly compared it
to the non-tumor-bearing hemisphere (left hemisphere)
(Fig. 5a). While our data show there is considerable IDO
activity within tumors, as shown by decreased tryptophan/
kynurenine (K'YN) ratios in both tumor models (Fig. 5a), the
levels of tryptophan were not consistently decreased within
tumors (Supplementary Fig. 5a). This supports another study
in melanoma, in which they overexpressed another catabolic
enzyme TDO (Tryptophan 2,3 dioxygenase), and did not
see intratumoral tryptophan levels decrease [36]. However,
a limitation of bulk tumor analysis is that it does examine
specific subpopulations of cells.

transferred at a 1:1 ratio into GL-261 OVA tumor-bearing mice either
i.c. (left panel) or i.v. (right panel). After 3 days, mice were eutha-
nized for flow cytometric analysis. In a, b, Kaplan—-Meier curves were
generated from n=7 mice per group from two independent experi-
ments, and statistical significance calculated using the Log-Rank
analysis. In ¢, flow cytometry statistics calculated from n=3 mice per
condition. Unpaired 7 test analysis was used to calculate significance.
p<0.05% p<0.01%*

To overcome this limitation, we performed bead-based
isolation and subsequent LC-MS of CD8" T-cells from the
brain and compared them to peripheral CD8" T-cells with
two different glioma tumor models (Fig. 5b). Interestingly
we found that in both glioma models, there is a consistent
reduction of many proteinogenic amino acids within CD8*
T-cells. (Supplementary Fig. 5b). This suggests that the
tumor is outcompeting CD8* T-cells for multiple resources,
not just tryptophan.

Amino-acid depletion and absence of stress sensing
cause necrosis of CD8* T-cells

Considering our data show that there are fewer GCN2 KO
CDS8™ T-cells in the tumor, and the ones present are less

@ Springer



Cancer Immunology, Immunotherapy (2020) 69:81-94

88
a " — OT-1into RAG1 KO
- =-GCN2 KO OT-1 into RAG1 KO
100—
= 804
£
% 60
E 40
]
o 204
0+ T T J
010 20 50 60
b Tumor
%k * *
1200 o 80 1200
— ~ O —
L 900 N O 60 [T
E 3 LC) OE) 800
I 600 O§ 4 3
= 8 © 0 400
Q 300 O8 2 (&)
© S
0 e 0
L g€ s’\&\@ é\&@
(’)Q' Q)(/ 0('
Spleen
n.s n.s. n.s
800 o 70 300
T 600 ~ 8 *0 T
= NO ig S 200
N~ ac
400 006 10 %
-
S 200 68 o
c>\o o 10
0 & © 9 0 (¢} 0 &
S N o & &\@
(90 0(; (9(’

Fig. 4 Inhibition of memory and function of in vivo activated CD8*
T-cells with GCN2 deletion. In a, b, 1x 10° heat shock killed GL-261
OVA cells were injected into OT-1 and GCN2 KO OT-1 mice. After
14 days, CD8" T-cells from these mice were isolated and transferred
i.v. into previously inoculated Ragl KO mice (4x 10° GL-261 OVA).
The first group of mice was analyzed for survival analysis (a) and the
second group of mice was euthanized 7 days post-transfer for flow
cytometric analysis (b). In a, the Kaplan—-Meier curve was generated
from n="7 per group from two independent experiments, and statis-
tical significance calculated using the Log-Rank analysis. In b, flow
cytometry statistics calculated and shown as the total number and
percentage positive population, n=3 per group, representative of two
experiments. Unpaired 7 test analysis was used to calculate signifi-
cance. p<0.05*%; p<0.01**. Refer to Supplementary Fig. 7c for the
gating strategy

activated, we explored if GCN2 directly influences the sur-
vival of CD8" T-cells under conditions of amino acid stress.
As we found that only CD8" T-cells upregulate GCN2 under
amino acid stress (Supplementary Fig. 6a) and that CD8*
T-cells were the only population affected in vivo, we isolated
CD8™* T-cells from WT and GCN2 KO mice and activated
them under reducing concentrations of three different amino
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Fig.5 Amino acid deficiency causes necrosis in the absence of
GCN2 in CD8* T-cells in murine glioma tumor models. In a, WT
mice were injected with GL-261 (top panel) and CT2A (bottom
panel) tumor cells, three mice per group. After 14 days of tumor
growth, tumor (R. Hemi) and non-tumor (L. Hemi) hemisphere
were isolated and measured for TRP/KYN ratios via LC-MS. In b,
WT mice were injected with GL-261 (top panel) and CT2A (bot-
tom panel) tumor cells, six mice per group. After 14 days, mice were
euthanized and CD8B* T-cells were isolated from the tumor (brain)
and periphery (spleen), and their metabolites were measured using
LC-MS. In ¢, total T-cells were cultured in serial dilutions of three
amino acids, and at 24 and 48 h, cells were lifted and stained with
annexin-V and fixable viability dye for flow cytometric analysis.
Refer to Supplementary Fig. 7d for the gating strategy. In d, WT and
GCN2 KO OT-1 CDS8* T-cells were transferred i.v. into previously
inoculated with GL-261 OVA, Ragl KO mice. Seven days post trans-
fer, mice were euthanized, and tumor-infiltrating lymphocytes were
stained with annexin-V and fixable viability dye for flow cytometric
analysis. Refer to Supplementary Fig. 7e for the gating strategy. In a,
the ratio of normalized peak area of TRP to KYN and in b is the nor-
malized number of the peak area of tryptophan, arginine and lysine
in the tumor versus non-tumor. In ¢, Two-way ANOVA followed by
Sidak’s multiple comparisons test was used to calculate significance,
n=3 per group. In d, flow cytometry statistics calculated and shown
as percentage positive population, n=3 per group, representative of
two experiments. Unpaired 7 test analysis was used to calculate sig-
nificance. p <0.05%; p <0.01**; p <0.001%**; p <0.0001****

acids: Tryptophan, Arginine, and Lysine (Fig. 5¢). Our data
indicate that there is a precipitous increase in cell death of
GCN2 KO CD8* T-cells (as compared to WT CD8" T-cells)
when levels of amino acids are reduced (Fig. 5c). The data
show that GCN2 deficiency affects the survival of CD8*
T-cells under any depleting amino acid, but may be more
sensitive to reductions in levels of tryptophan. After observ-
ing this phenomenon in vitro, we decided to explore this
effect in vivo. Therefore, we injected WT and GCN2 KO
OT-1 CD8* T-cells into Ragl KO mice, and after 7 days
post transfer, we euthanized the mice and checked for the
viability of tumor-infiltrating CD8* T-cells via flow cytom-
etry. Our flow cytometric analysis revealed that there was a
significant increase in both apoptosis and necrosis (p <0.05)
of GCN2 KO OT-1 CD8™ T-cells that infiltrated the tumor
as compared to WT OT-1 CD8" T-cells (Fig. 5d tumor).
This effect was tumor specific as there were no signifi-
cant changes in apoptosis or necrosis of GCN2 KO CD8*
T-cells in the periphery of these tumor-bearing mice (Fig. 5d
spleen).

These data strongly suggest that GCN2 is required for
CD8* T-cell survival under conditions of amino acid defi-
ciency. This could potentially explain the reason behind
the reduction of GCN2 KO CD8" T-cells in the tumor. To
understand this phenomenon from a mechanistic standpoint,
we decided to evaluate the TCR signaling status upon activa-
tion. Protein kinase C-theta (PKCO) is important for T-cell
activation and has an important role in TCR signaling, in
which deficient activation leads to T-cell apoptosis [37].
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Thus, we examined for PKCO activation under conditions of
amino acid deficiency. Based on this knowledge, we checked
protein expression of total PKCO and P-PKCO on in vitro
isolated CD8" T-cells from WT and GCN2 KO mice, cul-
tured in — TRP and + TRP media for 24 and 48 h. After 24
and 48 h, we lifted the cells and performed western blot

analysis. Our results demonstrated that in the absence of
TRP and GCN2 deletion, there is a reduction in the expres-
sion of PKCO and P-PKCO in a time-dependent manner
(Fig. 6a and Supplementary Fig. 6b). The lack of P-PKCO
activation in GCN2 KO T-cells is time dependent, as we
could detect expression at 24 h after culture, but not after
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48 h of culture (Fig. 6a). Furthermore, GCN2 KO T-cells
cultured in -TRP media for 72 h did not express PKCO and
P-PKCO at all (Fig. 6b). These data show that by 72 h of
amino acid starvation, PKCO signaling/activation in GCN2
KO T-cells compared to WT GCN2 T-cells dramatically
reduced.

To understand if this phenomenon is relevant under
non-transgenic conditions, we treated CD8* T-cells with
the potent and specific inhibitor of the integrated stress
response, ISRIB [38]. This compound prevents activation
of EIF-2q, thus acting as a pharmacological mimic of GCN2
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deficiency. Under conditions of amino acid sufficiency, the
compound had no effect of T-cell proliferation or activation
(Fig. 6¢). However, under conditions of tryptophan defi-
ciency, ISRIB treated CD8" T-cells became quickly necrotic,
with a concomitant decrease in activation status (Fig. 6c, d).
Overall, these data suggest that in the context of amino acid
deficiency, CD8* T-cells require stress-sensing via GCN2
to maintain TCR signaling and functionality within brain
tumors.
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Discussion

The results of this study provide systematic and compelling
evidence for the importance of the amino-acid stress sensing
pathway in anti-tumor immune responses in glioma. In par-
ticular, GCN2 is required for the proliferation, function, and
survival of the CD8" T-cell compartment in brain tumors.
As GCN2 is known canonically as an amino acid sensor, we
performed experiments that revealed GCN2 acts to prevent
apoptosis of CD8* T-cells under the deprivation of multi-
ple amino acids. However, an important question is whether
there is a reduction of amino acids within brain tumors. Our
data from bulk metabolomics revealed that amino acid levels
are not consistently reduced in tumors, and two other previ-
ous microdialysis studies suggest tryptophan [39] (and other
amino acids [39, 40]) levels are increased in the interstitium
of glioma.

However, a limitation of these types of analyses is that
they cannot determine the ability of different subsets of
cells to access these pools of amino acids. Perhaps the most
illustrative example of this phenomenon is two high impact
studies on the deficiency of glucose acquisition by T-cells
in solid tumors [41, 42]. While glucose is accessible to the
tumor, it outcompetes T-cells for resources. Another layer
of complexity is that the expression of specific transporters
controls the transport of amino acids. As both T-cells [43]
and glioma cells [44, 45] preferentially express large neutral
amino acid transporter (LAT-1) to transport essential amino
acids, T-cells may be significantly outcompeted for these
nutrients.

It is for these manifold reasons that metabolite lev-
els within T-cells in tumors may be more informative. In
support of this, our data revealed that CD8" T-cells had a
consistent reduction in most amino acids compared to the
periphery. As the deficiency of T-cell infiltration in glioblas-
toma is more pronounced than any other tumor measured
[46, 47], it is not surprising that T-cells are outcompeted for
nutrients in the harsh glioma microenvironment. However,
this methodology has its limitations (increased processing
times), and thus significant future work must be designed to
measure amino acid competition at the cellular level in vivo.
Despite the complexity of this question, our data undeniably
show that GCN2 is required for efficient CD8* T-cell func-
tion in glioblastoma.

The fact that CD8" T-cells are particularly affected in
the brain tumor environment suggests that CD8* T-cells are
particularly reliant on stress sensing in the tumor. This is
important because the generation of anti-glioma immune
responses relies heavily on functional CD8 T-cells in both
checkpoint blockade [48] and oncolytic adenoviral therapies
[49]. As there are distinct metabolic requirements of CD8*
T-cells compared to CD4" T-cells [50], it makes sense that
there are underlying differences in the handling of cellular

stress due to metabolic changes in the TME. Nonetheless,
this dramatic reduction in CD8" T-cells was specific within
the tumor microenvironment. This suggests that GCN2 has
minimal effects on the basal functions of these cells. Indeed,
we saw little difference in proliferation/activation of these
cells in vitro.

Our competition assays revealed it is not a difference in
recruitment that yielded this effect, which is in contrast to
a previous study which suggested that GCN2 KO CD8*
T-cells are deficient in CCR7 expression, and are thus
retained within the spleens [27]. However, in the context
of glioma, the normal recruitment of T-cells to spleens is
severely perturbed and thus may mask any effects of splenic
retention [51]. Nonetheless, we saw no difference in CCR7
or other chemokine receptor expression, which pointed us
to a specific effect within the tumor.

We also observed a reduction in the cytokine production
and activation status of GCN2 deficient CD8* T-cells in
the tumor, which occurred in the context of antigen-specific
T-cells. Importantly, numerous survival experiments high-
light how detrimental GCN2 deficiency is to T-cell function.
These results from our adoptive transfer experiments into
RAG KO mice bearing tumors further highlight the specific
nature and importance of amino acid sensing in CD8" T-cell
function in brain tumors.

This information is at odds with a seminal study on the
role of GCN2 in T-cell immunity [26]. This study elegantly
showed how IDO depletes tryptophan, which results in
T-cell anergy and lack of proliferation. Tryptophan is an
essential amino acid, and its deprivation will ultimately shut
down the proliferation of any T-cell [52]. This observation
has led to the discovery and exploration of both IDO inhibi-
tors for cancer therapy [53] and more recent exploration into
GCN2 inhibition [54]. The logic of these studies is that the
downstream signaling of EIF2a, such as activating transcrip-
tion factor 4 (ATF4) and CHOP, is responsible for arresting
T-cells. However, this study, and many others on the topic
do not address the well-described role of integrated stress
response in the maintenance of cell survival under stress
[55]. Furthermore, activation of the EIF2a/ATF4 pathway
is critical for the initiation of autophagy [56], a metabolic
process critical to CD8* T-cells survival and function [57].

Our data suggest that GCN2 preferentially preserves
CDS8™ T-cell survival under amino-acid stress, which is con-
sistent with the protective role of GCN2 in hepatocytes [58],
oligodendrocytes [59] and kidney tissues [60]. The reason
for this is that even though phosphorylation of EIF2a shuts
down global protein translation, CHOP and ATF4 upregulate
a conserved pathway known to alleviate ER stress [13]. The
logic is that the deficiency of amino acids will prevent the
generation of proper proteins, and thus puts undue stress on
the ER. The lack of ability to handle this ER stress results
in cell death. Indeed, our data shows that GCN2 deficient
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T-cells rapidly undergo apoptosis in tryptophan deficient
media, while controls merely stop proliferating. Therefore,
GCN2 has a dual role in promoting CD8* T-cell anergy,
while also maintaining its ability to starve in nutrient-poor
conditions. This is critical information, considering the clini-
cal targeting of EIF2a by the potent and specific inhibitor
ISRIB [38] is considered for malignancies. ISRIB has been
shown to inhibit aggressive prostate cancer [30], and in
another publication has been shown that it regulates PD-L1
expression [61]. While these studies clearly show the benefit
of targeting this pathway for cancer inhibition, we must put
into context how this inhibition affects the adaptive immu-
nity. The results of this study guide future work and caution
in clinical translation.
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