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Targeting glutamine metabolism enhances tumor-specific
immunity by modulating suppressive myeloid cells
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Richard L. Blosser,' Chirag H. Patel," Judson M. Englert,® Matthew L. Arwood,' Jiayu Wen,' Yee Chan-Li,? Lukas Tenora,*
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'Bloomberg~Kimmel Institute for Cancer Immunotherapy, Sidney Kimmel Comprehensive Cancer Research Center, Department of Oncology, and “Department of Medicine, Johns Hopkins University School
of Medicine, Baltimore, Maryland, USA. 3UPMC Enterprises, Pittsburgh, Pennsylvania, USA. “Institute of Organic Chemistry and Biochemistry, Prague, Czech Republic. *Department of Neuroscience, Johns

Hopkins Drug Discovery, Baltimore, Maryland, USA.

Myeloid cells comprise a major component of the tumor microenvironment (TME) that promotes tumor growth and immune
evasion. By employing a small-molecule inhibitor of glutamine metabolism, not only were we able to inhibit tumor growth,
but we markedly inhibited the generation and recruitment of myeloid-derived suppressor cells (MDSCs). Targeting tumor
glutamine metabolism led to a decrease in CSF3 and hence recruitment of MDSCs as well as immunogenic cell death, leading

metabolism of suppressive immune cells.

Introduction

The prodigious growth of tumor cells demands specialized
metabolic reprogramming. Tumor metabolism not only pro-
motes growth but also creates a tumor microenvironment
(TME) that inhibits immune effector function by depleting
critical metabolites (such as tryptophan, glucose, and glu-
tamine) and generating inhibitory metabolites (such as
kynurenine). Alternatively, suppressive immune cells, which
are metabolically distinct from effector cells, thrive in the TME
(1-3). One of the most prominent immune cell types in the TME
are suppressive macrophages.

Macrophages, which constitute a major component of tumors,
are involved in cancer initiation, progression, angiogenesis, metas-
tasis, and creating an immunosuppressive environment (4-7).
Additionally, tumor-associated macrophages (TAMs) express met-
abolic enzymes like iNOS or arginase 1 (both enzymes that lead to
arginine depletion) and IDO (an enzyme that leads to tryptophan
depletion) that inhibits T cell activation and proliferation (8-11).
TAMs also express PDL1 and PDL2, which interact with PD1 on
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to an increase in inflammatory tumor-associated macrophages (TAMs). Alternatively, inhibiting glutamine metabolism

of the MDSCs themselves led to activation-induced cell death and conversion of MDSCs to inflammatory macrophages.
Surprisingly, blocking glutamine metabolism also inhibited IDO expression of both the tumor and myeloid-derived cells,
leading to a marked decrease in kynurenine levels. This in turn inhibited the development of metastasis and further enhanced
antitumor immunity. Indeed, targeting glutamine metabolism rendered checkpoint blockade-resistant tumors susceptible

to immunotherapy. Overall, our studies define an intimate interplay between the unique metabolism of tumors and the

T cells. These interactions trigger inhibitory immune checkpoint
signals in the T cells (12).

In addition to TAMs, myeloid-derived suppressor cells
(MDSCs) also play important roles in creating an immunosuppres-
sive TME (13). In mice, MDSCs express Grl (Ly6C and Ly6G) and
CD11b. These markers define 2 subsets of MDSCs, polymorpho-
nuclear MDSCs (PMN-MDSCs, CD11b*Ly6C°Ly6G*) and mono-
cytic MDSCs (Mo-MDSCs, CD11b*Ly6C"Ly6G"). Although there
are no distinct markers to distinguish between MDSCs and the
tumor-associated neutrophils (TANs) /monocytes at different stag-
es of maturity, they are both functionally immunosuppressive cells
in the TME (14-16). Akin to TAMs, MDSCs also express enzymes
that deplete key nutrients from T cells such as iNOS, arginase 1,
PDL1/2, and SLC7A11 and secrete suppressive cytokines (17-19).
Importantly, these cells do not highly express MHC and costimula-
tory molecules, which are essential for antigen presentation to, and
activation of, cytotoxic T cells (20).

Glutamine metabolism as a whole is a crucial element of can-
cer cell metabolism. Glutamine is important for nucleotide synthe-
sis, amino acid production, redox balance, glycosylation, extracel-
lular matrix production, autophagy, and epigenetics (3, 21). In this
report, we employed a small molecule — a prodrug of 6-diazo-5-
oxo-L-norleucine (DON) (22) — to target glutamine metabolism.
Our studies reveal that blocking glutamine metabolism markedly
inhibits the generation and recruitment of MDSCs and promotes
the generation of antitumor inflammatory TAMs. Mechanistically,
we demonstrate a tumor-specific and myeloid cell-specific role for
glutamine in promoting the immunosuppressive TME.
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Figure 1. Glutamine antagonism inhibits tumor growth and lung metastasis in an immune-dependent manner. (A-F) 4T1 cells (1 x 10°) were implanted
subcutaneously into the mammary fat pad of BALB/c) female mice. On days 7,10, 13, 17, and 24, mice were injected i.p. with 250 pg anti-PD1and/or 100 pg
anti-CTLA4 antibodies. 4T1 tumor-bearing mice were treated with vehicle (NT) or JHUO83 (1 mg/kg) starting on day 7 after tumor inoculation. After 7 days
of treatment, a lower dose (0.3 mg/kg) of JHU083 was used. (A) Tumor size was monitored (n = 5/group). (B) On day 17, tumor weight was measured. (C)
The structure of the glutamine antagonist prodrug, JHU083. 6-Diazo-5-oxo-L-norleucine (DON) is depicted in black and its ethyl and 2-amino-4-methyl-
pentanamido promoieties are depicted in blue and red, respectively. (D-F) Whole lungs were harvested, and spontaneous lung metastases were analyzed.
(D and E) To quantify tumor nodules, on day 30, lungs were inflated with 15% India ink. (D) Representative picture of lungs. (E) Quantification of tumor
nodules in lungs (n = 16-19/group, 3 experiments combined). (F) Representative histology sections stained with H&E. (G) 4T1 cells (1 x 10°) were implanted
subcutaneously into the mammary fat pad in WT BALB/cJ, RAG1-KO, or NSG female mice. 4T1 tumor-bearing mice were treated with JHU083 (1 mg/kg)
daily starting on day 7 after tumor inoculation. After 7 days of treatment, a lower dose (0.3 mg/kg) of JHUO83 was used. Tumor burden and survival were
assessed (n = 5/group). Data are representative of at least 3 independent experiments and are presented as the mean + SD. NS, not significant. **P <
0.001; ****P < 0.001 by 2-way ANOVA with Tukey's multiple-comparisons post hoc test (A), Kruskal-Wallis test with Dunn’s multiple-comparisons post
hoc test (B), Mann-Whitney test (E), or log-rank (Mantel-Cox) test (G).

3866

jci.org  Volume 130

Number?7  July 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

The Journal of Clinical Investigation

A
Blood Blood
PMN-MDSCs Mo-MDSCs
12}
% NS *kk%k g
; 807  wenww N 85 . NS kel
= s LT 2.
%5 60 g I At v = e = VT
8 5 & 1
g 40 S, s -
ja}
3 20f % = S| -
o .
g ol e
2 gL > T s *
«0@ <> §0 c}\y‘ é\y @)Q‘b \\)@ <~ §0 c}\y‘ é\y\z\\@
eo & & D eo & D
Ny Ny
Q Q
& &
C
Mo-MDSCs PMN-MDSCs
<} ) 5 *kk
g . g6><10 . g
2 2 S o
£ c sl e E £
® e4><10 25
2 22X105 g, ag-
3 3 .. =
NT JHUO083 NT JHUO083 NTJHUO83
E
Lung D14 Lung D14
PMN-MDSCs Mo-MDSCs
D 6x1087 XA ypux 2 2x107 akald
= =
£ £
» 4x108 ®
[0} [0}
Qo Ke)
IS €
3 2x108 3
® o)
(&) (&]

0
Naive NT JHUO083

Naive NTJHUO083

RESEARCH ARTICLE

B
TIL TIL
. PMN-MDSCs Mo-MDSCs
[Ie) +
< 19 *%
NS
8 60 NS i 510 d
° N\ - B —
2 2 8 E
= AX, =
§40 I. AI‘ Vi' “g 6 QI [
(]
ézo . g 4 o | i
[ 2 { ]
2 e =2
= ol T L. s b/ —
o N SR & Q& <
xR Q Y X ° Q Y &
TE LIRS VLIRS
& & D & &
N N
Q Q
& &
D
PMN-MDSCs
» *%k%
8 15007 ——
(2]
EE 5
2 5 1000 £
O g S
n s c
(o s
= g 500 b
z° =
=
o

NTJHUO083 NTJHUO83

Figure 2. Glutamine antagonism inhibits infiltration of MDSCs in both primary tumor and lung metastatic sites. 4T1 cells (1 x 10°) were implanted
subcutaneously into the mammary fat pad of BALB/c) female mice. On days 7, 10, 13, 17, and 24, mice were injected i.p. with 250 pg anti-PD1and/or 100 pg
anti-CTLA4 antibodies. 4T1 tumor-bearing mice were treated with JHU083 (1 mg/kg) starting on day 7 after tumor inoculation. After 7 days of treat-
ment, a lower dose (0.3 mg/kg) of JHUO83 was used (n = 5/group). (A) On day 17, percentages of PMN-MDSCs (CD11b*F4/80-Ly6C"°Ly6G") and Mo-MDSCs
(CD11b*F4/80°Ly6C"LY6G") of live cells from the blood were analyzed by flow cytometry (n = 5/group). (B) On day 14, tumors were harvested and tumor-
infiltrating leukocytes (TIL) were analyzed by flow cytometry. The populations of PMN-MDSCs and Mo-MDSCs are shown. (C) Cell population numbers
were counted and total cell numbers were divided by their respective tumor weights (mg). n = 5-10/group. (D) The number of TAMs (CD11b*F4/80*CD8"
Ly6C Ly6G") per mg. (E) On day 14, lungs from subcutaneously injected 4T1 tumor-bearing mice were harvested. PMN-MDSCs and Mo-MDSCs among
lung-infiltrating immune cells were counted. n = 3/group. Data are representative of at least 3 independent experiments and are presented as the mean +
SD. NS, not significant. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001 by 1-way ANOVA with Tukey's multiple-comparisons post hoc test (A, B, and E)

or Mann-Whitney test (C and D).

Results
Targeting glutamine metabolism inhibits tumor growth by altering
suppressive myeloid cells in an immunotherapy-resistant model of
triple-negative breast cancer. The 4T1 triple-negative breast cancer
modelis resistant to checkpoint blockade and this lack of response
is associated with a low frequency of mutations and an abundant
presence of suppressive myeloid cells such as MDSCs, TAMs, and
TANs (23). In agreement with previous reports, 4T1 tumors were
resistant to treatment with anti-PD1, anti-CTLA4, or the combina-
tion of anti-PD1 and anti-CTLA4 (Figure 1, A and B).

Glutamine is a critical anaplerotic substrate for anabolic growth
that is necessary for the specialized Warburg metabolism that

facilitates robust tumor growth (3, 21). Therefore, we employed
a glutamine metabolism-inhibiting prodrug of DON, referred to
as JHUO83 (Figure 1C and ref. 22). 4T1 tumor-bearing mice were
treated with JHUO83 (1 mg/kg) for 7 days starting on day 7 after
tumor inoculation followed by a lower dose (0.3 mg/kg) until
the mice were sacrificed. We observed a marked decrease in the
growth of the 4T1 tumors following treatment with the glutamine
antagonist, JHUO83, as compared with the vehicle-treated group
(referred to as the NT group), anti-PD1-treated group, anti-CTLA4~
treated group, or group treated with a combination of anti-PD1 and
anti-CTLA4 (Figure 1, A and B). At this dosing regimen, treatment
with the DON prodrug was well tolerated, as we did not observe any
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Figure 3. Glutamine antagonism reduces MDSCs by increasing cell death
and inhibiting tumor CSF3 secretion. (A) MDSCs from 4T1 tumor-bearing
mice were treated with DON (1 uM) for 24 hours, and the active caspase-3
level was analyzed by immunoblot. Actin was used as loading control.
(B-D) 4T1 tumor-bearing mice were treated with JHUO83 (1 mg/kg) starting
on day 14 after tumor inoculation. (B) After 7 hours of the first treatment
and following every daily treatment, active caspase-3 on PMN-MDSCs and
Mo-MDSCs from blood was analyzed by flow cytometry at the indicated
time points (n = 5/group). (C) Cell numbers and percentages of MDSCs from
tumor-infiltrating leukocytes (TIL) were counted and analyzed by flow
cytometry (n = 5/group). (D) Serum (n = 16/group) and tumors (n = 4/group)
were collected from 4T1 tumor-bearing mice and CSF3 was measured by
ELISA (top). After 6 hours of treatment with or without DON (1 uM), Csf3
mRNA levels were measured in 4T1 cells (bottom left) (n = 3 technical rep-
licates). Csf3 mRNA levels were measured from in vivo 4T1 tumor lysates
by g-PCR (n = 5 mice) (bottom right). (E) Percentages of PMN-MDSCs and
Mo-MDSCs from empty vector (EV) 4T1 or CSF3-overexpressing (OE) 4T1
tumor-bearing mice were analyzed by flow cytometry. (F) C/EBPJ levels
were measured by immunoblotting of GFP* sorted tumor cells from 4T1
tumor-bearing mice (left) and 4T1 tumor cells with or without DON (1 uM)
treated for 24 hours (right). (G) PMN-MDSCs and Mo-MDSCs from EV 4T1
or C/EBPB-0E 4T1 tumor-bearing mice were analyzed by flow cytometry.
Data are representative of at least 2 (E-G) or 3 (A-D) independent experi-
ments and are presented as the mean + SD. NS, not significant. *P < 0.05;
**P < 0.01; ***P < 0.005; ****P < 0.001 by 2-way ANOVA with post hoc
multiple t tests (B, C, E, and G) or unpaired t test (D).

weight loss due to treatment with JHUO83 (Supplemental Figure
1A; supplemental material available online with this article; https://
doi.org/10.1172/JCI131859DS1).

In the 4T1 model, untreated mice begin to appear ill on day
30 due to metastasis to the lungs. Thus, we wondered whether
treatment with the glutamine antagonist, in addition to inhibiting
the growth of the primary tumor, might also be inhibiting metas-
tasis. Strikingly, at this time point there was marked inhibition of
lung metastasis in the treated mice (Figure 1, D-F). The ability of
JHUOB83 to inhibit metastasis was also observed when we deliv-
ered tumor cells via tail vein injection (Supplemental Figure 1B).

To dissect the potential contribution of immune cells in inhib-
iting tumor growth and metastasis in the treated mice, we ana-
lyzed the efficacy of JHUOS83 in tumor-bearing, recombination-
activating gene 1-KO (RAG1-KO) mice (lacking adaptive immunity
with intact innate immunity) or nonobese diabetic severely com-
bined immune-deficient IL-2 receptor y-chain-null (NSG) mice
(lacking adaptive immunity as well as defective innate immunity).
JHUO83 was able to inhibit tumor growth equally in the RAG1-KO
mice and WT mice upon initial treatment (Figure 1G). However,
with time, JHUO83-treated RAG1-KO mice showed faster tumor
growth compared with the treated WT mice. These data suggest
that while the adaptive endogenous response to 4T1 is minimal
(hence the lack of efficacy of checkpoint blockade), there is in
fact some form of adaptive immunity in this model (Figure 1G).
On the other hand, JHUO83-treated NSG mice showed minimal
therapeutic benefit when compared with JHUO83-treated RAG1-
KO and WT mice in the early and late phases of tumor growth
(Figure 1G). While RAG1-KO mice eliminate the contribution of
T and B cells, they still possess innate (macrophage- and NK cell-
mediated) antitumor mechanisms as compared with NSG mice. To
investigate the contribution of NK cells in this model, we depleted
NK cells using an anti-asialo-GM1 depletion antibody in RAG1-KO

RESEARCH ARTICLE

mice. Although the depleting antibody rapidly decreased NK
cells, we did not see any differences in tumor growth between
JHUO83-treated RAG1-KO mice and JHUO83-treated RAG1-KO
mice with NK cell depletion (Supplemental Figure 1C). Given the
fact that NSG mice have defective macrophages and that macro-
phages are a major component of the TME compared with RAG1-
KO mice, these data suggested to us that blocking glutamine
metabolism might be inhibiting tumor growth (and metastasis)
in part by regulating the myeloid immune response (Figure 1G
and Supplemental Figure 1C).

Targeting glutamine metabolism inhibits the infiltration of
MDSCs in both primary tumor and metastatic sites. We wanted to
test the hypothesis that targeting glutamine metabolism might
not only directly arrest tumor growth but also mitigate the gen-
eration, recruitment, or reprogramming of suppressive myeloid
cells. In light of the robust generation of MDSCs in the 4T1
model, we examined the effect of immune checkpoint blockade
or glutamine antagonism on MDSCs. As expected, 4T1 tumor-
bearing mice showed elevated MDSCs in the blood compared
with tumor-free mice (Figure 2A). Treatment with immune
checkpoint blockade had no impact on the recruitment of
PMN-MDSCs and Mo-MDSCs in both the peripheral blood and
the tumors (Figure 2, A and B).

On the other hand, the percentages of both PMN-MDSCs
and Mo-MDSCs were markedly reduced among the tumor-
infiltrating immune cells of JHUO83-treated tumor-bearing mice
compared with the control group in both the peripheral blood and
the tumors (Figure 2, A and B). Concomitant with the reduction
of the percentage of MDSCs within the tumors, we also observed
a decrease in the absolute numbers of these cells in the treated
versus the untreated mice (Figure 2C). Additionally, we tested
the ability of glutamine antagonism to inhibit MDSCs in another
immunotherapy-resistant tumor model, the Lewis lung carcinoma
(3LL) model. Similarly to targeting glutamine metabolism in the
4T1 model, doing so in 3LL tumor-bearing mice led to improved
control of tumor growth as well as a decrease in the percentage of
MDSCs (Supplemental Figure 2, A and B). Overall, these findings
demonstrate that targeting glutamine metabolism not only inhib-
its tumor growth but also leads to a decrease in MDSCs. However,
importantly, the absolute number of TAMs per tumor weight did
not change (Figure 2D). That is, treatment with JHUO083 did not
lead to a decrease in all myeloid cells within the TME, but rather
led to the selective depletion of MDSCs.

MDSCs are believed to play a crucial role in facilitating
metastasis (24, 25). Because we observed reduced metastasis
in the lung with glutamine antagonism, we interrogated infil-
tration of MDSCs into the lungs from the JHUO83-treated and
untreated mice. Specifically, we interrogated the lungs on day
14, at a time point when there is no macroscopic evidence of
metastasis in either the untreated or the treated mice. As in the
primary tumors, we observed a marked decrease in the abso-
lute numbers of MDSCs in the whole lung of JHUO83-treated
mice compared with untreated mice (Figure 2E). Therefore, the
inhibition of glutamine metabolism blocks the generation and
recruitment of MDSCs within the primary TMEs as well as at
sites of metastasis, thus markedly inhibiting the development
of metastatic foci.
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Figure 4. Glutamine antagonism induces reprogramming of TAMs from

a suppressive to a proinflammatory phenotype. (A) Percentages of TAMs
from vehicle- or JHUO83-treated 4T1 tumor-bearing mice (on day 17). (B)
Volcano plot showing significant changes in gene expression (red) from
RNA-Seq analysis on NT and JHU083-treated TAMs (CD11b*F4/80*7AAD-
Ly6C Ly6G-CD8") from 4T1 tumor-bearing mice (on day 14). g < 0.05. (C)
Gene set enrichment analysis (GSEA) plot of phagocytic vesicle and pattern
recognition receptor signaling activity-related genes in NT versus JHU083
on TAMs. Enrichment scores in the gene set are shown. (D) Normalized
gene expression from RNA-Seq analysis of NT (black) and JHU083-treated
(red) TAMs from 4T1 tumor-bearing mice (on day 17). All differences in
gene expression are significant (g < 0.05). (E) Representative histograms
and summary graphs of TLR4, MHCII, CD86, CD80, and iNOS expression on
TAMs. (F) Tumor-infiltrating leukocytes were harvested on day 17 from 4T1
tumor-bearing mice treated with or without JHU083. Cells were incubated
with GolgiPlug in the presence or absence of LPS for 9 hours ex vivo. Per-
centages of TNF* cells were analyzed by flow cytometry (left). Geometric
mean fluorescence intensity (gMFI) of TNF from TNF* cells (right). (G)
Correlation of the percentage TNF-secreting TAMs after stimulation with
respect to tumor weight (left). 4T1 tumor-bearing mice were treated

with JHUO83 every day and i.p. injected with isotype antibody or 100 pg
anti-TNF antibody (depleting) twice per week starting on day 7 after tumor
inoculation (right). Data are from 1 experiment with 5 mice per group (A-D)
or from 3 independent experiments with 5 to 10 mice per group (E-G) and
are presented as the mean + SD. NS, not significant. *P < 0.05; ****P <
0.001 by Mann-Whitney test (A), unpaired t test (E), 1-way ANOVA with
Tukey's multiple-comparisons post hoc test (F), Spearman’s correlation (G,
left), or 2-way ANOVA with Sidak’s multiple-comparisons test (G, right).

Targeting glutamine metabolism inhibits MDSCs by increasing
cell death and decreasing tumor CSF3 expression. To understand
the effects of glutamine metabolism on the decrease in MDSCs,
we evaluated the direct effect of glutamine antagonism on
MDSCs. When we treated MDSCs with DON (the active form
of JHUO83) in vitro, we observed an increase in apoptosis as
defined by active caspase-3 (Figure 3A). Next, we evaluated the
induction of MDSC apoptosis in vivo. To minimize the possi-
bility that differences in tumor size itself affect MDSC num-
bers, we treated mice with JHUO83 for a short duration after
the tumors were fully established (17 days after tumor inocu-
lation). Consistent with our in vitro finding, we also observed
significantly increased active caspase-3 on both PMN-MDSCs
and Mo-MDSCs within 33 hours after JHUOS83 treatment in
the blood (Figure 3B). Thus, these data suggest that glutamine
antagonism directly affects apoptosis of MDSCs in the blood.
Surprisingly, however, within 7 hours of treatment we observed
markedly decreased tumor-infiltrating MDSCs (Figure 3C).
This finding led us to hypothesize that in addition to inducing
apoptosis in MDSCs, blocking glutamine metabolism might
affect the recruitment of MDSCs.

In this regard, several studies have demonstrated that
increased secretion of growth factors such as CSF1 (M-CSF),
CSF2 (GM-CSF), and CSF3 (G-CSF) promotes the recruitment
of MDSCs to the TME (26). As such, we wanted to determine if
targeting glutamine metabolism inhibited MDSCs in the TME
in part by limiting the elaboration of these critical growth fac-
tors. Indeed, we observed markedly decreased CSF1, CSF2, and
CSF3 levels in DON-treated 4T1 tumor culture supernatants
(Supplemental Figure 3, A-C). To confirm this finding with an in
vivo model, we measured CSF1, CSF2, and CSF3 in the serum of
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4T1 tumor-bearing mice treated with or without JHU083. Com-
pared with the vehicle-treated group, the glutamine antagonist-
treated mice demonstrated reduced CSF3 in circulating serum
and within tumor lysates (Figure 3D). However, CSF1 and CSF2
were undetectable in circulating serum (data not shown). To test
the role of CSF3 in the recruitment of MDSCs in this model, we
implanted CSF3-overexpressing (CSF3-OE) 4T1 tumors (Supple-
mental Figure 3C). Consistent with previous reports (27-29), mice
implanted with CSF3-OE 4T1 tumors recruited more PMN-MD-
SCs compared with the empty vector (EV) 4T1 tumor-implanted
mice (Figure 3E). This indicates that CSF3 is a critical factor for
the recruitment of PMN-MDSCs in 4T1 tumors. Additionally,
glutamine antagonism reduces MDSCs in both EV and CSF3-OE
4Tl-implanted mice (Figure 3E). Furthermore, in vitro DON-
treated 4T1 cells and in vivo whole-tumor lysate showed reduced
Csf3 mRNA expression (Figure 3D). Such findings support the
notion that one mechanism by which glutamine antagonism leads
to a decrease in MDSCs within the TME is through inhibiting the
transcriptional expression of CSF3 in tumor cells.

To dissect the mechanism of transcriptional regulation of
CSF3 in tumor cells, we evaluated the expression of C/EBPp
(LAP), a well-described transcription factor that promotes
CSF3 expression (27-29). Indeed, the expression of C/EBPp
was reduced in JHUO83-treated 4T1 tumor lysates and in DON-
treated in vitro 4T1 cells (Figure 3F). To confirm the role of C/EBPS
in the recruitment of PMN-MDSCs in this model, we implanted
mice with C/EBPB-OE 4T1 tumors (Supplemental Figure 3D).
Similar to the CSF3-OE tumor-bearing mice, C/EBPB-OE tumors
recruited more PMN-MDSCs compared with EV tumor-bearing
mice (Figure 3G). Also, glutamine antagonism inhibited MDSC
recruitment in both EV and C/EBPB-OE 4T1 tumor-bearing mice
(Figure 3G). Thus, these data suggest that glutamine metabolism
is important for the maintenance of C/EBPB, which is crucial for
CSF3 expression that promotes PMN-MDSC recruitment.

Overall, our data thus far demonstrate that targeting gluta-
mine metabolism, in addition to inhibiting tumor growth, has a
robust effect on inhibiting MDSCs in immunotherapy-resistant
tumors. Mechanistically, this is through 2 distinct effects: (a) direct
effects on MDSC-promoting caspase-3-dependent cell death, and
(b) effects on the tumor with reduction of CSF3 by inhibiting C/
EBP transcription factor activity.

Targeting glutamine metabolism promotes the reprogramming
of TAMs. Although targeting glutamine metabolism inhibited the
recruitment of Mo-MDSCs and PMN-MDSCs to the tumor, it did
not completely inhibit myeloid cells. Recall, we did not observe sig-
nificant differences in the amount of TAMs within the tumors from
JHUO83-treated and untreated mice (Figure 2D and Figure 4A).
Thus, we were interested in understanding the effect of JHUOS83
on the phenotype and function of the TAMs. To this end, we per-
formed RNA-Seq on sorted TAMs from vehicle- and JHUO83-treat-
ed 4T1 tumor-bearing mice. More than 3000 mRNA transcripts
were significantly differentially expressed (Figure 4B). As expect-
ed, we found significantly downregulated genes between TAMs
from vehicle- and JHUO83-treated mice within glutamine-related
pathways, such as DNA replication, cell cycle, pyrimidine metab-
olism, pentose phosphate pathway, glycolysis, purine metabolism,
and arginine and proline metabolism (Table 1).
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Table 1. GO molecular function analysis of downregulated genes
in JHUO83-treated TAMs

Term Count Percentage Pvalue
DNA replication 22 01 6.7x10
Cell cycle 42 0.2 7.2x10™
Proteasome 19 01 0.00000031
Spliceosome 32 0.2 0.0000015
Pyrimidine metabolism 26 0.1 0.0000072
ECM-receptor interaction 23 0.1 0.000019
Pentose phosphate pathway n 0.1 0.00014
Aminoacyl-tRNA biosynthesis 14 0.1 0.00018
One carbon pool by folate 8 0 0.00057
Mismatch repair 8 0 0.0049
Base excision repair n 0.1 0.0058
Glycolysis/gluconeogenesis 15 0.1 0.0078
Purine metabolism 27 0.2 0.0087
Nucleotide excision repair n 0.1 0.0099
Terpenoid backbone 6 0 0.01
biosynthesis

Small-cell lung cancer 17 0.1 0.01
Oocyte meiosis 21 0.1 0.012
Galactose metabolism 8 0 0.016
RNA degradation 13 0.1 0.017
Glyoxylate and dicarboxylate 6 0 0.018
metabolism

Steroid biosynthesis 6 0 0.024
Parkinson's disease 22 0.1 0.028
Arginine and proline n 0.1 0.04
metabolism

Gene ontology (GO) analysis of RNA-Seq data on sorted TAMs from WT
and JHUO83-treated 4T1 tumor-bearing mice (g < 0.05).

Notably, by evaluating the GO pathway analysis for biological
processes, we found that lysosome- and Toll-like receptor (TLR)
signaling-related genes were significantly upregulated with drug
treatment between TAMs isolated from tumors of JHUO83-treated
and untreated mice (Table 2). Furthermore, using gene set enrich-
ment analysis (GSEA), we found an upregulation of phagocytic
vesicles and pattern recognition receptor signaling activity-related
genes in TAMs from the treated mice (Figure 4C). Specifically, the
expression of genes encoding TNF, TLR4, CD80, and CD86 mol-
ecules related to a proinflammatory phenotype were increased,
while 1110 and Nos2 gene expression, which are known to inhibit
antitumor T cell responses, were decreased (Figure 4D).

To confirm our RNA-Seq data, we performed flow cytome-
try to phenotype the TAMs within the TME in 4T1 tumor-bear-
ing mice. We observed increased surface TLR4, MHCII, CD80,
and CD86 and reduced iNOS on TAMs from the JHUO83-treated
mice (Figure 4E). Overall, our findings demonstrate that target-
ing glutamine metabolism promotes a proinflammatory pheno-
type among TAMs.

Multiple recent studies have demonstrated that proinflam-
matory TAMs inhibit tumor growth (30, 31). Our RNA-Seq data
of TAMs from JHUO83-treated mice demonstrated an increase in
the proinflammatory cytokine, Tnf. In agreement with our RNA-
Seq data, we also observed increased TNF protein production in
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TAMs from JHUO83-treated mice (Figure 4F). After in vitro LPS
stimulation for 9 hours, further enhancement of TNF production
was also observed in TAMs from JHUO83-treated mice compared
with TAMs from vehicle-treated mice (Figure 4F). Furthermore,
there was a negative linear correlation between TNF production
and tumor weight, thereby suggesting proinflammatory mac-
rophages regulate tumor progression (Figure 4G). Additionally,
depletion of TNF abrogated in part the JHUO83-mediated antitu-
mor effects (Figure 4G).

A previous report demonstrated that glutamine deprivation
further induces M1 polarization mediated by increased NF-«B
signaling (32). To confirm this finding, we treated bone marrow-
derived macrophages (BMDMs) with varying doses of DON during
LPS stimulation. After 24 hours, we observed increased TNF
secretion in DON-treated BMDMs along with increased NF-«xB
nuclear localization (Supplemental Figure 4A). On the other
hand, we observed decreased IL-10 secretion and phosphory-
lation of STAT3 (Supplemental Figure 4B). Thus, this finding
suggests that glutamine inhibition enhances a proinflammatory
macrophage phenotype that might be due to increased NF-xB and
reduced STAT3 signaling.

Targeting glutamine metabolism promotes the conversion of
MDSCs to proinflammatory TAMs. Given the observation that
glutamine antagonism promotes the reprogramming of TAMs
(Figure 4, C-F), we hypothesized that the recruited MDSCs in
the tumor might also be converted into proinflammatory mac-
rophages. To this end, isolated MDSCs from the blood of CD45.1
4T1 tumor-bearing mice (21 days after 4T1 tumor inoculation)
were adoptively transferred into CD45.2 4T1 tumor-bearing
mice (7 days after 4T1 tumor inoculation). The MDSC-recipient
CD45.2 4T1 tumor-bearing mice were treated with JHUO83 for
7 days, and then tumors were harvested (Figure 5A). As seen in
Figure 4F, we observed increased TNF secretion from endog-
enous TAMs (CD45.2* cells) in JHUO83-treated mice with LPS
stimulation (Figure 5B). More strikingly, we found significantly
increased TNF production from the adoptively transferred
CD45.1% cells in tumors from JHUOS83-treated CD45.2 4T1
tumor-bearing mice (Figure 5B). Additionally, we observed
increased activation markers such as MHCII, CD80, and CD86
on the transferred CD45.1* cells in the JHUO83-treated mice
(Figure 5C). These observations support a model whereby glu-
tamine antagonism enhances proinflammatory TAM differen-
tiation not only just in TAMs but also in converted TAMs from
MDSCs, as shown by the adoptive transfer experiments.

The glutamine antagonist JHUOS83 enhances immunogenic
tumor cell death and antigen presentation of TAMs. Although we
observed intrinsic enhancement of proinflammatory macro-
phage phenotypes with glutamine inhibition upon LPS stimula-
tion, it was unclear how TAMs were activated in the TME with
glutamine antagonist treatment without LPS stimulation (Figure
4, E and F, and Figure 5, B and C). Previous reports have shown
that immunogenic tumor cell death (ICD) induces TLR signaling
in TAMs through the release of danger-associated molecular pat-
terns (DAMPs) (33). Increased endoplasmic reticulum stress and
reactive oxygen species (ROS) production are important medi-
ators in inducing ICD (34). Thus, we investigated the ability of
JHUO83 to promote a proinflammatory TME by inducing ICD.
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Table 2. GO molecular function analysis of upregulated genes in
JHUO83-treated TAMs

Term Count Percentage Pvalue
Lysosome 39 0.2 29x10™
Toll-like receptor-signaling 22 01 0.000031
pathway

Sphingolipid metabolism 12 01 0.00037
Endocytosis 32 0.2 0.00034
Hematopoietic cell lineage 18 0.1 0.00032
Chemokine-signaling pathway 28 0.2 0.0014
Circadian rhythm 6 0.0025
Complement and coagulation 15 0.1 0.0024
cascades

MAPK-signaling pathway 36 0.2 0.0023
Renal cell carcinoma 14 01 0.0035
Cytokine-cytokine receptor 33 0.2 0.004
interaction

Focal adhesion 27 0.2 0.0088
GnRH-signaling pathway 16 01 0.01
TGF-B-signaling pathway 14 01 0.022
Fructose and mannose 8 0 0.027
metabolism

Type Il diabetes mellitus 9 0.1 0.041

Gene ontology (GO) analysis of RNA-Seq data on sorted TAMs from WT
and JHUO83-treated 4T1tumor-bearing mice (g < 0.05).

Indeed, treatment of 4T1 cells with DON led to an increase in
ROS and active caspase-3 in vitro (Figure 6, A and B). In addition,
targeting glutamine metabolism of 4T1 tumor cells both in vitro
and in vivo led to an increase in surface exposure of calreticulin,
an endoplasmic reticulum protein and a DAMP (Figure 6C). To
explore this concept further, we cultured BMDMs in conditioned
media from DON-treated tumor cell supernatants. Increased
p-NF-«B (Ser536) (TLR downstream signaling) and LAMP2 (lyso-
some marker) were observed in BMDMs cultured in DON-treated
tumor-conditioned media compared with vehicle-treated tumor-
conditioned media (Figure 6D). This result suggests that tumor
cell death induces macrophage activation mediated by down-
stream TLR signaling and lysosome function, which correlated
with the RNA-Seq data (Table 2).

Next, we tested whether the increased NF-«B signaling and
lysosome function induced by ICD indeed increased antigen pre-
sentation to T cells. To test this idea, BMDMs were cocultured
with B16 OVA melanoma tumor cells with various doses of DON
for 24 hours. After removing and washing away the media, cell
proliferation dye-labeled naive CD8" T cells from OTI mice were
cocultured with the BMDMs and tumor cells (Figure 6E). Next,
the OVA-specific cytotoxic T cell populations were analyzed by
flow cytometry. We observed that the cocultured cells with DON
showed increased OVA-specific T cell proliferation when com-
pared with the vehicle-treated group (Figure 6F). This finding
also held true using an MC38 OVA tumor model (Supplemental
Figure 5A). When we added DON to the macrophages before the
coculture, we did not observe proliferating CD8" T cells despite
increased MHCII expression with glutamine inhibitor treatment
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(Supplemental Figure 5B). This finding demonstrates that mac-
rophages require danger signals to trigger proper antigen presen-
tation to T cells. On the other hand, when we added DON to the
tumor cells before the coculture, we observed increased prolifer-
ating CD8" T cells (Supplemental Figure 5B). However, it was less
effective compared with the coculture of macrophages and tumor
cells with DON treatment. Thus, we observed a synergistic effect
between ICD and enhanced activation of macrophages by gluta-
mine inhibition (Supplemental Figure 5B). Furthermore, when we
cocultured T cells with BMDMs from mice deficient in MyD88/
TRIF (downstream of TLR signaling) or TFEB (key regulator of
lysosomal biogenesis), there was diminished T cell proliferation
(Figure 6G). Thus, DON-induced tumor cell death enhances
antigen presentation (as determined by T cell proliferation) in a
MyD88/TRIF signaling- and lysosome-dependent fashion.

The glutamine antagonist JHUO83 enhances cross-presentation
by TAMs. To dissect whether this enhanced cross-presentation
to CD8" T cells by BMDMs with JHUO83 treatment is mediated
by macrophages or by some differentiated inflammatory den-
dritic cells (DCs) from BMDMs, we performed the same in vitro
experiment on Batf3-KO BMDMs that have cross-presenting-
deficient DCs. Like WT BMDMs, Batf3-KO BMDMs equally
showed enhanced cross-presentation with DON treatment (Fig-
ure 7A). These data suggest that macrophages can cross-present
tumor antigens to CD8" T cells when they are cocultured with
glutamine antagonist-treated tumor cells.

In an in vivo setting, as expected, MC38 tumors grew faster in
Batf3-KO mice compared with WT mice (Figure 7B). Nevertheless,
JHUO83 treatment still led to a reduction in tumor size in Batf3-KO
mice, indicating cross-presentation can still occur independently
of fully functional cross-presenting DCs (Figure 7B). Addition-
ally, in agreement with our recent report (35), the percentage of
tumor-infiltrating CD8* T cells from JHUO83-treated WT mice
was increased within the tumor, and these cells demonstrated
enhanced activation and cytotoxic markers (CD44 and granzyme
B) and the proliferation marker Ki67 (Figure 7C). Although there
was a significant decrease in the CD8" T cells in Batf3-KO mice,
JHUOB83 treatment could still increase the percentage and enhance
the phenotype of CD8* T cells in the KO mice (Figure 7C). That is,
even in the absence of cross-presenting DCs, JHUO83 promoted
the CD8* T cell antitumor response.

The glutamine antagonist JHUOS83 enhances the efficacy of
immune-checkpoint blockade in immunotherapy-resistant tumors.
Our studies demonstrate that targeting glutamine metabolism
boosts immune responses by reprogramming tumor metabo-
lism, enhancing a proinflammatory phenotype of TAMs, reduc-
ing MDSCs, and promoting ICD. Furthermore, we observed an
increase in the tumor-infiltrating CD8* T cells, and an enhanced
ratio of CD8" T cells to MDSCs from JHUO083-treated 4T1 tumor-
bearing mice compared with the control group (Figure 8A). More
importantly, we also observed an increase in the CD8* T cell/
MDSC ratios and percentages of CD8* T cells in the lungs of the
treated versus untreated mice, suggesting enhanced antitumor
immunity by glutamine metabolism inhibition in both primary
tumor and metastatic sites (Figure 8A). Thus, we were interested
in determining if blocking tumor glutamine metabolism could
enhance the efficacy of the checkpoint blockade. First, we test-
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Figure 5. Glutamine antagonism induces differentiation of MDSCs from a suppressive to a proinflammatory phenotype. Isolated MDSCs in blood from
CD45.14T1 tumor-bearing mice (21 days after 4T1 tumor inoculation) were adoptively transferred into CD45.2 4T1 tumor-bearing mice (7 days after 4T1
tumor inoculation). Then, MDSC-recipient CD45.2 4T1 tumor-bearing mice were treated with JHUO83 until tumors were harvested on day 7. (A) Schematic
of the experiment. (B) Cells were incubated with GolgiPlug in the presence or absence of LPS for 9 hours ex vivo. Percentages of TNF*CD45.2* cells (endoge-
nous, left) and TNF*CD45.1* cells (adoptively transferred, right) were analyzed by flow cytometry. (C) Summary graphs of MHCII, CD86, and CD80 geometric
mean fluorescence intensity (gMFI). Data are from 3 independent experiment with 5 to 10 mice per group (B and C) and are presented as the mean + SD.
*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 by 1-way ANOVA with Tukey's multiple-comparisons post hoc test (B) or unpaired t test (C).

ed this hypothesis on a checkpoint blockade-sensitive tumor. We
assessed the ability of JHUO83 to inhibit the growth of EQ771,
which is similar to 4T1 triple-negative breast cancer and is mod-
erately sensitive to immunotherapy in the form of anti-PD1 mono-
therapy (31). We observed marked inhibition of tumor growth and
enhanced survival with JHUOS83 treatment alone (Supplemental
Figure 6, A and B). Notably, the combination of JHUOS83 plus anti-
PD1 or JHUO83 plus anti-PD1 plus anti-CTLA4 resulted in greater
inhibition of tumor growth and enhanced survival, suggesting an
additive effect of combining metabolic therapy with checkpoint
blockade (Supplemental Figure 6, A and B). Thus, in this sensi-
tive tumor model of checkpoint blockade, glutamine antagonism
serves to enhance the efficacy of immunotherapy.

Next, we evaluated whether JHUO83 can enhance the efficacy
of checkpoint blockade in the 4T1 tumor model. Recall that 4T1
tumor cells are extremely resistant to immunotherapy in the form
of checkpoint blockade (Figure 1, A and B). To this end, mice were
injected with 4T1 tumors and treated on day 7 after injection with
vehicle, JHUO83 alone, anti-PD1 plus anti-CTLA4, or JHU083
plus anti-PD1 plus anti-CTLA4. The mice treated with anti-
CTLA4 plus anti-PD1 had no therapeutic benefit compared with
the vehicle-treated group as seen in Figure 1, A and B (Figure 8,
B and C). The JHUO83-treated group displayed delayed tumor
growth and an increase in survival (Figure 8, B and C). When
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mice were treated with JHUO83, anti-PD1, and anti-CTLA4, we
observed further attenuation of tumor growth and an increase in
overall survival compared with the JHUO83 monotherapy group
(Figure 8, B and C).

Taken together, these data demonstrate that glutamine inhi-
bition induces ICD of tumor cells by increasing ROS, which leads
to an increase in MyD88/TRIF-dependent signaling, lysosomal
function, and antigen presentation in TAMs, and subsequently
enhanced tumor-specific effector T cell response. Furthermore,
by altering the TME, glutamine inhibition can enhance the effi-
cacy of checkpoint blockade even in tumors that are resistant to
immunotherapy (Figure 8D).

Targeting glutamine metabolism reshapes the metabolism of
the tumor. Our data demonstrate the direct effects of targeting
glutamine metabolism on tumor and suppressive myeloid cells.
However, inhibition of glutamine metabolism can also affect the
TME itself that can alter the infiltration and function of immune
cells. Thus, we hypothesized that blocking glutamine metabolism
would not only inhibit tumor growth but also alter the metabolic
milieu of the TME. To this end, we performed targeted metabo-
lomics using liquid chromatography-tandem mass spectrome-
try (LC-MS) on equal-weighted 4T1 tumors from vehicle- and
JHUO83-treated mice to assess the effects of glutamine inhibition
on cell metabolism. Metabolomics analysis with LC-MS revealed
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Figure 6. Glutamine antagonism increases immunogenic cell death and antigen presentation to T cells. (A-C) 4T1 tumor cells were cultured with or with-
out DON (0, 0.5, 1, 5, 10, or 50 uM) for 24 hours. (A) Cells were harvested and stained with CellROX (ROS measurement) and analyzed by flow cytometry.
Representative histogram (left) and summary graph (right). (B) Cells were lysed and active caspase-3 was analyzed by immunoblot. (C) Cells were stained
for calreticulin and analyzed by flow cytometry. Percentages of surface calreticulin® in vitro 4T1 cells are shown (left). Summary graph of surface calre-
ticulin gMFI on GFP* gated in vivo tumor cells (right). (D) 3LL cells were cultured with or without DON (0.5 or 1 uM). After 1 hour of incubation, cells were
washed and replaced with drug-free media. After 24 hours, supernatants were harvested and used as conditioned media (CM). BMDMs were cultured in
the presence of these conditioned media for 24 hours. Phospho-NF-«B (Ser536) and LAMP2 were measured by immunoblot. (E-G) BMDMs (3 x 10°) and 5
x 10% B16-0VA tumor cells were cocultured with or without DON (1 or 5 uM). After 24 hours of incubation, supernatants were discarded and 3 x 10° eFluor
450-labeled naive CD8* T cells from OTI mice were added. (E) Schematic of the experiment. (F) Representative flow plot (left) and percentages of divided
cells (right) from CD8* T cells were analyzed by flow cytometry. (G) BMDMs from WT, MyD88/TRIF double KO (DKO), or TFEB-KO mice and B16-0VA tumor
cells were cocultured using the same method as in E, and a histogram of the dilution of eFluor 450-labeled CD8* T cells is shown. Data are representative
of at least 3 independent experiments and are presented as the mean + SD. *P < 0.05; **P < 0.01; ****P < 0.001 by 1-way ANOVA with Tukey's multi-
ple-comparisons post hoc test (A; C, left; and F) or Mann-Whitney test (C, right).

2 distinct metabolic clusters, which correlated to the 2 experimen-  plemental Figure 7A). In addition, we also observed significant
tal groups (Figure 9, A and B). As expected, glutamine inhibition =~ changes in citrulline, N-carbamoyl-L-aspartate, thymine, S-ade-
caused reduced TCA cycle intermediates and less conversion of ~ nosyl-L-methionine, homoserine, guanosine, nicotinamide ribot-
glutamine to glutamate, resulting in an increased glutamine/  ide, hydroxyproline, succinate, cystathionine, aspartate, uridine,
glutamate ratio, implying glutaminase (GLS) inhibition (Sup-  acetyl-L-lysine, and dimethyl-L-arginine (Figure 9, B and C, and
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Figure 7. Glutamine antagonism increases tumor antigen cross-presentation to T cells by macrophages. (A) WT (3 x 10°) or Batf3-KO BMDMs (3 x 10°) and
5 x 10* B16-0VA tumor cells were cocultured in the presence or absence of 1 uM DON. After 24 hours of incubation, supernatants were discarded and 3 x 10°
eFluor 450-labeled naive CD8* T cells from OTI mice were added. Histogram of divided cells from CD8* T cells analyzed by flow cytometry. (B and C) MC38
cells (5 x 10°) were implanted subcutaneously into the flank of WT C57BL/6) mice or Batf3-KO mice. MC38 tumor-bearing mice were treated with JHU0O83
(0.3 mg/kg) daily starting on day 14 after tumor inoculation. (B) On day 21, tumor weight was recorded (left), and percentage change in tumor volume

was calculated (right). (C) On day 21, tumors were harvested and CD8* T cells were analyzed by flow cytometry. Data are representative of 3 independent
experiments and are presented as the mean + SD. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001 by 1-way ANOVA with Tukey’s multiple-comparisons

post hoc test (B) or unpaired t test (C).

Supplemental Figure 7B). Using pathway enrichment analysis, we
found significant differences between the metabolites in tumors
from vehicle- and JHUO83-treated mice, such as in glycine and
serine metabolism, phosphatidylcholine biosynthesis, methionine
metabolism, urea cycle, glutamate metabolism, ammonia recy-
cling, amino sugar metabolism, and arginine and proline metab-
olism pathways (Supplemental Figure 7C).

Targeting glutamine metabolism alters the metabolism of the
tumor and the site of metastasis in both glutamine-dependent and
-independent pathways. Because targeting glutamine metabolism
reduced MDSC recruitment in the lungs before visible metasta-
sis occurs (Figure 2E), we wanted to know whether the metabolic
milieu of the TME at the lung metastatic site also plays a critical role
in facilitating metastasis. To this end, we also performed metab-
olomics on the lungs from the JHUO83-treated and untreated
mice on day 17, before visible metastasis occurs, to understand the
possible metabolic changes related to the development of metas-
tasis. Similar to the primary tumors, LC-MS analysis of the lungs
revealed 2 distinct metabolic clusters (Figure 10, A and B). That
is, despite a lack of macroscopic metastasis in the lungs on day
17, we observed significant metabolic changes (Figure 10B and
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Supplemental Figure 8). These data suggest that blocking gluta-
mine metabolism would not only alter the metabolic milieu of the
TME but also change the metabolism of the metastatic site.

To distinguish the unique and shared metabolites within the
primary tumor and metastatic sites, we analyzed significantly altered
metabolites from the primary tumor and lungs. We found sever-
al shared metabolites such as thymine, hydroxyproline, citrulline,
thiamine, citraconic acid, allantoin, and kynurenine (Figure 10C).

Interestingly, of the 200 molecules tested, kynurenine was
found to be the most reduced metabolite in the treated mice in
the primary tumor (Figure 9C and Figure 10D). This was quite
surprising since glutamine is not known to be directly involved in
kynurenine metabolism. Strikingly, in agreement with our primary
tumor data, the kynurenine level was also markedly reduced in
the lungs from the JHUO83-treated mice (Figure 9B and Figure
10D). These data indicate that blocking glutamine metabolism
can inhibit lung metastasis by altering the metabolism of both the
primary tumor and the site of metastasis.

Targeting glutamine metabolism reduces IDO expression by
regulating STATI and STAT3 signaling. The enzyme IDO metab-
olizes tryptophan to kynurenine, which is a potent inhibitor of
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Figure 8. Glutamine antagonism enhances the efficacy of immune-checkpoint blockade in immunotherapy-resistant tumors. (A) Percentages of CD8*
T cells and ratio of CD8* T cells to MDSCs from tumor and lung from subcutaneously injected 4T1 tumor-bearing mice were analyzed by flow cytometry

(n = 5-10/group). TIL, tumor-infiltrating leukocytes. (B and C) 4T1 tumor-bearing mice were treated with vehicle or JHUO83 alone, or vehicle or JHUO83 in
combination with 250 ug anti-PD1and 100 ug of anti-CTLA4 antibodies (on days 7, 10, 13, 17, and 24). (B) Tumor sizes and (C) survival curves were recorded.
(D) Proposed model. Data are representative of 3 independent experiments and are presented as the mean + SD. *P < 0.05; **P < 0.01; ***P < 0.005 by

Mann-Whitney t test (A) or log-rank (Mantel-Cox) test (C).

T cell proliferation and function, and its expression is actively
regulated by signals within the TME (36). Thus, we hypothe-
sized that glutamine antagonism regulates IDO expression but
not its enzymatic activity. Indeed, IDO protein expression in
4T1 tumor lysates was decreased in the JHUO83-treated mice
compared with vehicle-treated mice (Figure 11A). Similarly, we
observed markedly reduced IDO expression in JHUO83-treated
MC38 tumor lysates (Figure 11B). To determine the major source
of IDO in the tumor, we performed immunoblotting on differ-
ent cell populations in the TME. We observed that tumor cells
are a major source of IDO and JHUOS83 treatment dramatically
decreases tumor IDO expression (Figure 11C). Additionally,
sorted MDSCs and TAMs express IDO that is also markedly

reduced with JHUO83 treatment (Figure 11D). Furthermore, the
kynurenine/tryptophan ratio was markedly diminished in the
tumors from the JHUO83-treated mice (Figure 11E).

IDO is transcriptionally regulated by STAT1 and STATS3.
To understand how IDO expression is regulated by glutamine
metabolism, we measured the phosphorylation of STAT1 as an
indicator of its transcriptional activity. With DON treatment,
we observed reduced p-STAT1 in the tumor along with reduced
IDO expression upon IFN-y stimulation (Figure 11F). According-
ly, reduced mRNA expression of IDO was observed with gluta-
mine inhibition (Figure 11F). Similarly, with DON treatment, we
observed reduced p-STAT3 in the RAW264.7 macrophage cell
line along with decreased IDO protein and mRNA expression
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Figure 9. Glutamine antagonism alters metabolism of primary tumor and m

etastatic sites in glutamine-dependent and -independent pathways.

4T1 cells (1 x 10°) were implanted subcutaneously into mammary fat pads of BALB/c) female mice. 4T1 tumor-bearing mice were treated with JHU083

(1 mg/kg) starting on day 7 after tumor inoculation. After 7 days of treatment

, a lower dose (0.3 mg/kg) of JHUO83 was used. On day 17, tumors were

harvested, and equal masses of tumor samples were analyzed by LC-MS. (A) Principal component (PC) analysis between NT (vehicle treated, green) and
JHUO83-treated (pink) groups. (B) Heatmap visualization of the metabolite changes between NT (green) and JHUO83-treated (red) groups. (C) A volcano
plot of metabolites is shown: log, fold change versus -log,  (FDR-corrected P value), with pink representing significant metabolite changes. Data are from 1
experiment with 4 to 5 mice per group. Statistical significance was analyzed by t test (B and C).

upon IFN-y stimulation (Figure 11G). Thus, targeting glutamine
metabolism not only inhibits glutamine-dependent pathways,
but also leads to a marked decrease in p-STAT1- and p-STAT3-
dependent IDO expression resulting in a robust reversal of the
kynurenine/tryptophan ratio.

Interestingly, the metabolite kynurenine has been impli-
cated in promoting metastasis (37-39). Indeed, we observed
higher IDO expression in the lungs from untreated mice with
tumors before the appearance of metastases compared with the
lungs of tumor-free mice. Similar to the primary tumor, JHUO83
treatment decreased IDO expression in the lung (Figure 11H).
Overall, these data suggest that the robust ability of targeting
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glutamine metabolism to inhibit metastasis may be attributed
in part to altering the metabolic and immunologic metastatic
microenvironment.

Finally, to explore the potential link between glutamine
metabolism and IDO expression in patients with breast cancer,
we analyzed The Cancer Genome Atlas (TCGA) using normal
and breast-invasive carcinoma data. TCGA analysis revealed sig-
nificant correlation between expression levels of IDO and gluta-
mine using enzymes that are inhibited by DON, such as cytidine
triphosphate synthase (CTS1), guanine monophosphate syn-
thase (GMPS), GLS1, asparagine synthetase (ASNS), and carba-
moyl-phosphate synthetase (CAD). These correlations are only
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Figure 10. Glutamine antagonism alters metabolism of metastatic sites in glutamine-dependent and -independent pathways. 4T1 cells (1 x 10°) were
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7 after tumor inoculation. After 7 days of treatment, a lower dose (0.3 mg/kg) of JHUO83 was used. On day 17, whole lungs from mice were harvested, and
whole lung lysates were analyzed by LC-MS. (A) Principal component (PC) analysis between the vehicle-treated (NT) (green) and JHUO83-treated (pink)
lungs and (B) heatmap visualization of the metabolite changes between NT (green) and JHUO83-treated (red) groups is shown. (C) Venn diagram displaying
shared significantly changed (1.5-fold, P < 0.05) metabolites from tumor and lung. (D) Relative amounts of kynurenine from tumor (left) and lung (right)
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0.001 by t test (B) or Mann-Whitney test (D).

found in breast carcinoma samples but not normal tissue controls,
indicating the potential link between glutamine metabolism and
IDO expression levels in breast cancer (Figure 111).

Together, our findings elucidate fundamental insight into the
role of glutamine metabolism in not only regulating tumor growth
and the TME but also controlling the generation and recruitment
of MDSCs and reprogramming of TAMs, as well as regulating
IDO expression, which results in inhibition of cancer growth,
metastasis, and immune evasion. Further, we demonstrate the
ability of our small-molecule inhibitor of glutamine metabolism
to render immunotherapy-resistant tumors susceptible to check-
point blockade (Figure 12).

Discussion

It is becoming increasingly clear that specialized tumor metabolism
does not merely support the growth and energetics of cancer cells,
but also plays a critical role in creating an immunosuppressive TME.
To this end, the metabolic program of suppressive myeloid cells is
specialized in order to thrive within the TME. We demonstrated

that targeting glutamine metabolism not only inhibits tumor
growth but also alters the TME and subsequently tumor immune
evasion. Therefore, targeting glutamine metabolism led to: (a) inhi-
bition of tumor-derived CSF3, (b) inhibition of tumor IDO expres-
sion resulting in decreased kynurenine, (c) immunogenic cell death
of tumor cells, (d) apoptosis of MDSCs, (e) conversion of MDSCs
to inflammatory macrophages, and (f) enhanced activation of
macrophages and antigen presentation. The net results of these
effects were decreased tumor growth/metastasis and enhanced
antitumor immunity. Importantly, our studies reveal the intimate
relationship between the metabolism of tumor cells and the metab-
olism of suppressive immune cells and how targeting glutamine
metabolism can enhance tumor infiltration by immune cells.

The critical role of glutamine in supporting the prodigious ana-
bolic requirements of cancer cells has been appreciated for some
time (3, 40, 41). The current efforts to target glutamine in tumors
have primarily focused on the initial step of glutaminolysis through
the development of selective GLS inhibitors (42-44). While such
inhibitors demonstrate robust efficacy in vitro, it is becoming clear
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Figure 11. Glutamine antagonism reduces IDO expression by decreasing
p-STAT1/3 signaling. (A-D) 4T1 cells (1 x 10°) or 1 x 10° GFP* 4T1 cells were
implanted subcutaneously into mammary fat pads of BALB/c) mice. MC38
cells (5 x 10°) were implanted subcutaneously into the flank of C57BL/6)
mice. Tumor-bearing mice were treated with JHU083. On day 21, IDO
expression in tumor lysates from (A) 4T1tumor- or (B) MC38 tumor-bear-
ing mice was measured by immunoblot. On day 12, (C) GFP* tumor cells,
(D) TAMs, and MDSCs were sorted. Cells were lysed and IDO expression
was measured by immunoblot. (E) The ratio of kynurenine to tryptophan
in tumors. (F) 4T1tumor cells were cultured in the presence or absence of
DON (0.5 or 1 uM) and IFN-y for 6 or 24 hours. p-STAT1 (Ser727) and 1DO
expression was measured by immunoblot (left). After 6 hours with 1 uM
DON treatment, /do mRNA levels were measured by g-PCR (right). (G)
RAW?264.7 cells were cultured in the presence or absence of DON (0.5 or 1
uM) and IFN-y for 6 or 24 hours. p-STAT3 (Ser727) and IDO were measured
by immunoblot (left). After 6 hours with 1 uM DON treatment, /do mRNA
levels were measured by g-PCR (right). (H) 4T1 tumor-bearing mice were
treated with JHUO83. On day 14, IDO expression within lung lysates from
tumor-free and 4T1 tumor-bearing mice with or without JHUO83 treatment
was measured by immunoblotting. (I) Left: Heatmap visualization of P
values from Pearson'’s correlation analysis (non-log scale for calculation)
using TCGA normal and breast-invasive carcinoma data between the
glutamine-utilizing enzymes inhibited by DON and IDO expression. Right:
Enzyme and IDO correlation data. Data are presented as the mean + SD.
*P < 0.05; **P < 0.01; ****P < 0.001 by Mann-Whitney t test (E) or 1-way
ANOVA with Tukey's multiple-comparisons post hoc test (F and G).

that GLS inhibition is far less effective in vivo (45-48). As such, we
have developed a prodrug of the glutamine antagonist DON, which
not only inhibits GLS, but also all other glutamine-requiring reac-
tions important to tumor growth, including purine and pyrimidine
biosynthesis, redox control, glycosylation, amino acid and collagen
synthesis, autophagy, and epigenetic modification (3, 21). DON as
an antitumor agent has been studied for 60 years. Although DON
resulted in some encouraging responses in phase I and II clinical
trials in the 1950s to the 1980s, the development of DON was
limited by its GI toxicity (49, 50). Our compound, JHUO083, limits
toxicity by creating an inert prodrug that is preferentially (though
not exclusively) converted to the active compound DON within
the TME (22, 50). It is important to note that while we can evaluate
the efficacy of our approach in mice, we cannot evaluate the toxic-
ity and pharmacokinetics in small animals (rodents), because they
metabolize the prodrugs differently than humans do (22). As such,
our dosing schedule in mice is much more limited by the potential
toxicities than it would be in humans. Nonetheless, even though
JHUO83 is rapidly converted to DON in mice, we have identified a
robust therapeutic window to evaluate its effects on tumor growth
and the TME. Furthermore, unlike the previous clinical trials
employing DON, in the modern era, our studies provide a robust
clinical rationale for developing combination regimens using our
DON prodrug along with immunotherapy.

While the specialized metabolism of tumors promotes growth,
italso profoundly influences the TME. Indeed, the hypoxic, acidic,
nutrient-depleted TME in and of itself serves to inhibit antitumor
immune responses. Such an environment favors the residency of
suppressive myeloid cells such as MDSCs, TANs, and TAMs, all
of which contribute to promoting tumor growth, angiogenesis,
metastasis, and immune escape (51). Additionally, suppressive
myeloid cells contribute to resistance against immune check-
point blockade (52, 53). Our data demonstrate that targeting

RESEARCH ARTICLE

glutamine metabolism leads to a marked decrease in MDSCs in
both the peripheral blood of tumor-bearing mice and within the
tumor itself. Mechanistically, this is due in part to (a) increased
caspase-3-dependent cell death, (b) decreased secretion of CSF3
from the tumors by reducing the expression of transcription factor
C/EBPB, and (c) promoted MDSC differentiation into proinflam-
matory TAMs. Interestingly, glutamine antagonism did not sim-
ply reduce the percentage and absolute numbers of TAMs within
the tumor. Rather, it promoted the generation of proinflammatory
TAMs. Analogous with our findings, a recent study demonstrated
that glutamine depletion enhances M1 and reduces M2 macro-
phage phenotype and function (32).

A recent study demonstrated that the inhibition of aerobic
glycolysis in tumors can reduce MDSC recruitment through the
reduction of CSF3 secretion via enhanced C/EBPp degradation
(29). The authors showed that degradation of C/EBPp is mediated
by enhanced autophagy. Similarly, we recently demonstrated that
glutamine antagonism inhibits aerobic glycolysis in tumors (35).
Also, glutamine deprivation or inhibition enhances autophagy and
reduces mTOR activity in tumors (54, 55). As such, our prelimi-
nary studies suggest that the ability of JHUO83 to downmodulate
C/EBPB protein and thus the expression of CSF3 may be due in
part to the ability of JHUO83 to promote autophagy.

Inasmuch as glutamine plays a critical role in multiple ana-
bolic metabolic pathways, we hypothesized that glutamine antag-
onism would drastically alter the metabolic TME. Indeed, in 4T1
tumors from the JHUO83-treated mice, we observed decreased
metabolites: citrulline, N-carbamoyl-L-aspartate, thymine, S-ad-
enosyl-L-methionine, homoserine, guanosine, nicotinamide
ribotide, hydroxyproline, and succinate. Surprisingly, of the 200
metabolites queried, kynurenine was the most differentially reg-
ulated. Kynurenine is the product of tryptophan metabolism by
IDO and has potent immunosuppressive effects. IDO-KO mice
robustly reject tumors and inhibitors of IDO are being developed
clinically as immunotherapy (36, 56, 57). Unexpectedly, JHUO83
inhibited conversion of tryptophan to kynurenine. However, its
mechanism of action was not by directly inhibiting IDO but rath-
er by inducing the downmodulation of IDO gene expression via
reduced STAT1 and STAT3 transcriptional activity.

In addition to inhibiting growth of the primary tumor, glutamine
antagonism proved to be potent in inhibiting the development of
metastasis. This observation has important clinical relevance to many
tumors (especially breast cancer) where metastatic spread of the pri-
mary tumor negates successful surgical removal. In the 4T1 model, a
major site of metastasis is the lung. Interestingly, we observed both
metabolic and immunologic differences in the lungs of untreated
and treated mice even in the absence of macroscopic metastasis.
MDSCs are thought to play an integral role in promoting metastasis
(26, 58, 59). It has been shown that MDSCs increase angiogenesis,
tumor invasion, and formation of a premetastatic niche by enhanc-
ing proangiogenetic factors (such as VEGF, PDGF, b-FGF, and angio-
poietins), MMPs, and chemokines (such as CXCL1, CXCL2, MCP1,
and CXCLS5) (26). To this end, we observed an increase in the CD8* T
cell/MDSC ratio in the lungs of the treated mice even in the absence
of observable tumor. Likewise, kynurenine levels were decreased in
the lungs of JHUOS83-treated mice compared with untreated mice
even before there was evidence of macroscopic metastasis. Previous
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Figure 12. The proposed mechanisms of how glutamine antagonism enhances antitumor immunity. Proposed models describing the effect of glutamine

antagonism on the heterogeneous tumor microenvironment.

studies have shown that kynurenine can promote metastasis by
inducing epithelial-mesenchymal transition by activating the aryl
hydrocarbon receptor (39).

Immunotherapy in the form of anti-PD1 and anti-CTLA4 has rev-
olutionized our approach to treat certain cancers, but in spite of these
successesitis clear that not all cancers respond to checkpoint blockade
alone, and even among responsive cancers, not all patients respond
(52, 60-62). Such observations point to multiple different mecha-
nisms of tumor immune evasion. Our data suggest that by targeting
glutamine metabolism we can enhance the efficacy of immunothera-
py- To this end, in the anti-PD1-responsive EO771 model, the addition
of JHUO83 enhanced the overall response of checkpoint blockade.
Furthermore, in the 4T1 model that was resistant to combined anti-
PD1 and anti-CTLA4 treatment, we could overcome resistance in
part by blocking glutamine metabolism. Overall, these observations
support the view that tumor metabolism represents a means by which
cancer cells can evade antitumor immune responses. Further, we pro-
vide the preclinical rationale for strategies targeting glutamine metab-
olism as a means of enhancing immunotherapy for cancer.

Methods

Further details are provided in the Supplemental Methods.
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Animals. C57BL/6], CD45.1 BALB/cJ, OTI, RAG1-KO, Batf3-KO,
and BALB/cJ (both male and female mice, 6-8 weeks of age) were
purchased from Jackson Laboratory. Mice were randomly assigned
to experimental groups, and ages and sexes were matched. NSG
mice were obtained from the Johns Hopkins Animal resources facil-
ity. MyD88/TRIF double KO mice were provided by Franck Hous-
seau (Johns Hopkins University, Baltimore, Maryland, USA) (63, 64).
TFEB-KO mice were provided by Andrea Ballabio (Baylor College of
Medicine, Houston, Texas, USA) (65).

GEO. The RNA-Seq data have been deposited in the NCBI's Gene
Expression Omnibus database (GEO GSE119733).

Statistics. Graphs were generated and statistical analyses were
performed with Prism 7 (GraphPad). Comparison between 2 means
was done by 2-tailed ¢ test or nonparametric 2-tailed Mann-Whitney
t test. Comparisons between 3 or more means were done by 1-way
ANOVA with multiple-comparisons post hoc test. Survival test was
done by log-rank (Mantel-Cox) test. The association between 2 ranked
variables was done by Spearman’s rank correlation. A Pvalue less than
0.05 was considered significant.

Study approval. The Institutional Animal Care and Use Commit-
tee of Johns Hopkins University (Baltimore, Maryland, USA) approved
all animal protocols.
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