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Neurotransmitter receptors are increasingly recognized to play important roles in
anti-tumor immunity. The expression of the ion channel N-methyl-D-aspartate recep-
tor (NMDAR) on macrophages was reported, but the role of NMDAR on macrophages
in the tumor microenvironment (TME) remains unknown. Here, we show that the
activation of NMDAR triggered calcium influx and reactive oxygen species production,
which fueled immunosuppressive activities in tumor-associated macrophages (TAM:s)
in the hepatocellular sarcoma and fibrosarcoma tumor settings. NMDAR antagonists,
MK-801, memantine, and magnesium, effectively suppressed these processes in TAMs.
Single-cell RNA sequencing analysis revealed that blocking NMDAR functionally and
metabolically altered TAM phenotypes, such that they could better promote T cell- and
Natural killer (NK) cell-mediated anti-tumor immunity. Treatment with NMDAR
antagonists in combination with anti-PD-1 antibody led to the elimination of the
majority of established preclinical liver tumors. Thus, our study uncovered an unknown
role for NMDAR in regulating macrophages in the TME of hepatocellular sarcoma and
provided a rationale for targeting NMDAR for tumor immunotherapy.
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The immunosuppressive tumor microenvironment (TME) leads to tumor immune evasion
and acquired resistance to cancer immunotherapy (1, 2). Checkpoint inhibitor therapies,
particularly PD-1/PD-L1 inhibitors, elicit durable responses across a broad range of can-
cers. However, only a subset of patients within each of these cancers respond to treatment
(3). Therefore, overcoming immunosuppressive mechanisms is crucial for developing more
effective immunotherapies and treatment combination strategies.

Tumor-associated macrophages (TAMs) represent the most abundant immune pop-
ulation in the TME. While macrophages displaying M1-like features can produce
pro-inflammatory cytokines and stimulate effector lymphocyte activities, TAMs often
display M2-like features characterized by the production of immunosuppressive mole-
cules. Clinically, high infiltration of TAM:s is associated with unfavorable prognosis in
most tumors (4). TAM-mediated immunosuppression occurs via many different path-
ways, including the production of immunosuppressive cytokines, immune checkpoint
molecules, and metabolic regulation (4-7). Concerning metabolism, M2-like mac-
rophages exhibit a high demand for glutamine, and employ fatty acid oxidation and
oxidative phosphorylation (OXPHOS), while M1-like macrophages favor glycolysis
and fatty acid synthesis (8). Given the phenotypic plasticity of TAMs, modulating their
metabolism represents a potential approach to redirect TAMs toward tumoricidal
phenotypes.

N-methyl-D-aspartate receptor (NMDAR) is a heterotetrameric protein comprising
two obligatory NR1 subunits and two regulatory subunits (NR2A/B/C/D, NR3A/B) (9).
NMDAR functions as a calcium, potassium, and sodium channel, and the NR1 subunit
is required for the calcium conductivity of the channel. Glutamate and N-methyl-D-aspartate
(NMDA) are natural agonists of NMDAR. The binding of ligands to NMDAR leads to
the opening of the channel allowing the influx of calcium and sodium, and the efflux of
potassium. The ion channel pore of NMDAR can be blocked by antagonists such as
dizocilpine (MK-801) and memantine (MEM) (10-12). MK-801 has a higher affinity
and longer dwell time on NMDAR, while MEM binds weakly to the ion channel (13).
In addition, the ion permeability of NMDAR is regulated by ions such as Zn** and Mg™".
Several lines of evidence suggest that NMDAR is expressed by mouse and human mac-
rophages and that its inhibition alters macrophage phenotypes (14, 15). However, it
remains largely unknown whether targeting NMDAR could enhance the efficacy of cancer
immunotherapy by modulating TAM. In this study, we find that activation of NMDAR
in macrophages in the TME altered their functions and metabolism and enhanced expres-
sion of immune suppressive factors, leading to tumor immunoevasion.

PNAS 2023 Vol.120 No.47 e2302126120

https://doi.org/10.1073/pnas.2302126120

Significance

Glutamate is well known for its
roles in intracellular metabolism
processes, in addition to being one
of the most indispensable
neurotransmitters. Here, we
identified a role for the glutamate
receptor NMDAR (N-methyl-D-
aspartate receptor) in regulating
macrophage in the TME (tumor
microenvironment). We found that
blocking NMDAR with the
antagonists suppressed tumor
progression by altering the
immune cell, especially the
macrophage phenotype, function,
and metabolism in the TME of
hepatocellular sarcoma.
Furthermore, the combination of
NMDAR antagonists and anti-PD-1
antibody led to the rejection of
established hepatocellular
sarcoma. Subsequently, clinically
approved drugs of NMDAR
antagonists (memantine, ifenprodil
tartrate) suppress tumor
progression, indicating the clinical
importance for immunotherapy.
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Results

Blockade of NMDAR by MK-801 Alters Bone Marrow-Derived
Macrophage Phenotypes and Functions. We first determined
the expression of NMDAR on macrophages in an in vitro tumor
setting. The NMDAR subunit NR1 was detected on bone marrow-
derived macrophages (BMDMs) and expression was upregulated
when cocultured with mouse Hepal-6BL hepatocellular tumor
cells, or treated with tumor cell-conditioned media (TCM)
(Fig. 1 A-C). NMDAR subunit NR2B was detected, but not
upregulated by TCM (81 Appendix, Fig. S1 A and B). Other NR2
subunits were hardly detectable on macrophages (S7 Appendix,
Fig. S14).

To explore the underlying regulatory effects of NMDAR, we per-
formed RNA-seq on BMDMs treated with MK-801. This analysis
identified a total of 3,326 differentially expressed genes (DEGs), of
which 1,522 were up-regulated and 1,804 were down-regulated after
MK-801 treatment (Fig. 1D). Most of the downregulated genes were
associated with an M2 macrophage phenotype (e.g., Arginase 1(Argl),
Chil3, §100a8, S100a9, 1/10, Len2, CA163, Fig. 1E). Among the
total 3326 DEGs, 264 genes were immune-related (SI Appendix,
Fig. S1C). These findings for selected genes were also confirmed by
using qPCR (Fig. 1F). Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway enrichment analysis identified many pathways
potentially affected by MK-801 treatment of macrophages, including
positive regulation of cytokine production and cytokine-cytokine
receptor interaction and chemokine signaling pathways (Fig. 1G).

Co-stimulatory molecules expressed by macrophages such as
CD80 and CD86 are crucial for T cell activation. MK-801 treat-
mentsignificantly upregulated the expression of these co-stimulatory
molecules on BMDMSs when cocultured with Hepal-6BL cells
(Fig. 1 Hand ). Next, we examined the effects of NMDAR antag-
onist treatment of macrophages on T cell proliferation. Compared
with controls, MK-801 treatment of macrophages significantly
promoted T cell proliferation and release of IFNYy (Fig. 1 /and K).
Additionally, treatment with MK-801 augmented macrophage
phagocytosis of apoptotic Hepal-6BL cells (Fig. 1L). These results
indicate that blocking NMDAR may drive macrophage polariza-
tion to an M1-like phenotype.

MK-801 Treatment Enhances Immune-Mediated Tumor Controlin
Preclinical Tumor Models. Several studies suggested that NMDAR
might directly regulate tumor cell proliferation and invasiveness
(16, 17). To understand the impact of NMDAR on tumor
progression in vivo, the syngeneic liver tumor and fibrosarcoma
models were established by subcutaneously inoculating Hepal-6BL

A B C D DEGs between MK-801 and Control F
——————— © Upi1522 + Down: 1804 - NS 15, CXort 810029 Len2
FM  TCM  Spleen 10 5 Fededk Fekekek Fekkk
i @
) m;u NR1 s - 810 1.0 10
! s 0
o ©
g e
0.0 0.0 0.0
> N > N > N
G G 2 4 6 & 10 1 11 16 o(-\(so\l},Q o(éos{-’q’g 0&\0{})0
Log2 mean expression F & SR\ &
Viral protein interaction with cytokine and cytokine receptor. N p-adjust .
Th17 cell differentiation, . 000025 150 AgT o Fos g Chil3
Pyrimidine metabolism) .| 000020 - ! ok I *kk
PD-L1 expression and PD-1 checkpoint pathway in cancer. . 0.00015 .%
P53 signaling pathway. . 000010 a. | 104 1.0
Osteodlast differentiation ° 000008 gro
NF-kappa B signaling pathway: ° &
R Count °
MAPK signaling pathway| @ '« 2 B 054 05
> FoxO signaling pathway- ° P &
£ Cytokine-cytokine receptor interaction: Pt &
8 Chemokine signaling pathway:- [ ] @ 0.0 0.0 0.0
C-type lectin receptor signalin am\wa] ° NN > & >
-type por signaling pathway: ! o (\\‘o o (\\@ S <\\‘° q’g\
Enrichment factor o §l~ P @*{‘ P @*{4
H J Control MK-801
6000 0] 0]
*kk 6 Tnf Nos2
104 250
] g _:g_ 0] 5] o3 s Sk ek Fekekek
& 4000 =R s | === — —_—
z | Cont K801 g £ «f 569840177 .| 770/156650 32 g ° o
= 5 = 1 55 5 200
8 T 8 o | 25 5 °
] S 2000] quleg 8 o 1
© 20 204 °\°g 2 4 150
S 1
o od ol ol x 21 2
P SR R > N 3 PO o Wt 1
CD80 & £ cTv > o o OM
< N w > D S NS
N & NS
| K L S S A
N 6000 dededed 1500: Fededek 100 3000
Fekkk
«] Control |\|MK-801 © o = w4 Control ¢ 2 &5
& 4000 E 1000 MK-801 S 2000
‘g’ 50 9 g ‘g’ w0 )
o} ° oto0 = o s osoe
O ] Z 200 £ so O « T 1000
=y =
204 20 °
o o 0
N ~ S & B n s T > N
& 3 & 5bQ o 10 10 00 10 O N
CD86 o°° \SF Oo'\\ @4_ CFSE 00(\ \S}‘}’
Fig. 1. MK-801 treatment alters the phenotype and function of macrophages. (A-C) NMDAR subunit NR1 expression in BMDMs cultured with (A) Hepa1-6BL

cells at the indicated ratio, (B) fresh culture media (FM), or Hepa1-6BL tumor cell conditioned media (TCM) for 24 h determined by flow cytometry and (C) western
blot. (D-G) DEGs and signaling pathway analyses of BMDMs treated with 300 pM MK-801. (D) MA plot and (E) heatmap showing fold-change of DEGs of control
versus MK-801 treatment. (F) Verification of the DEGs by qPCR in (). (G) The bubble chart shows the signaling pathways. (H and /) Expression of CD80 and CD86
in BMDM s cocultured with Hepa1-6BL cells at the ratio of 1: 1 in the presence or absence of 300 uM MK-801 for 24 h. (J) The proliferation of OT1 CD8" T cells
after coculture with SIINFEKL-pulsed BMDMs. BMDM cells cocultured with Hepa1-6BL cells at the ratio of 1: 1 in the presence or absence of 300 pM MK-801 for
24 h. The percentage of T cells dividing more than twice was plotted. (K) The level of IFNy in the cell culture supernatant from ()). (L) The phagocytic capacity of
BMDMs against tumor cells. The data show the mean value + SEM. Experiments were performed twice, except for mRNA sequencing. Each dot represents a
sample in the dot plots. Significant differences between groups as indicated by crossbars were determined using a Mann-Whitney test (F and H-L). **P < 0.01,

**%P <0.001; ****P <0.0001.
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and MCA205 tumor cells in C57BL/6 wild-type (WT) mice
respectively. Treatment with MK-801 significantly suppressed
subcutaneous tumor growth, with a significant reduction of tumor
mass (Fig. 2 A-D and ST Appendix, Fig. S2A). Moreover, treatment
with MK-801 significantly reduced the numbers and sizes of the
orthotopic liver tumor nodules in mice transplanted with Hepal-
6BL by high-pressure flux, leading to prolonged survival (Fig. 2
E and F). The potential adverse outcomes of MK-801 treatment
in mice were assessed by monitoring body weight and analyzing
liver tissue histology in tumor-bearing mice. There was no change
in the body weight or histology of tumor-adjacent liver tissue in
mice (S] Appendix, Fig S2 B and C), indicating that MK-801 was
tolerable and had no obvious side effects.

No significant changes in Hepal-6BL and MCA205 tumor cell
proliferation or apoptosis were observed upon MK-801 treatment
(Fig. 2 G-I). Thus, we hypothesized that MK-801 might predomi-
nantly act on non-tumor cells to mediate tumor suppression. CD8”
T cells and NK cells are the major cytotoxic immune cells for tumor
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control. MK-801 treatment failed to suppress Hepal-6BL tumor
growth in mice treated with antibodies that depleted CD8" T cells
or NK cells (Fig. 2 Jand K), indicating that CD8" T cells and NK
cells were required for anti-tumor effects by MK-801. Notably, the
expression of NMDAR was detectable on TAMs, but not on other
tumor-infiltrating immune subsets (SI Appendix, Fig. S2D). These
raise a possibility that MK-801 acted primarily on TAMs. Indeed,
the anti-tumor effects of MK-801 treatment were markedly dimin-
ished in mice treated with clodronate liposome that depleted phago-
cytotic cells (Fig. 2 L and M). Together, these results indicate that
treatment with MK-801 augments anti-tumor immunity by acting
on TAMs.

MK-801 Treatment Increased the Effector Function of Tumor-
Infiltrating Lymphocytes. To better understand the impact of
MK-801 treatment on tumor-infiltrating immune cells, single-
cell RNA sequencing was performed. Tumor-infiltrating CD45.2"
cells were assigned to 13 clusters (Fig. 34), based on marker gene
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Fig.2. MK-801 treatment suppressed tumor progression and prolonged mouse survival. (A-D) The effect of MK-801 treatment on the growth of Hepa1-6BL and
MCA205 in C57BL/6 WT mice (6 to 7 mice/group) and representative tumor pictures. (E) The quantification of Hepa1-6BL liver tumors (Left) and representative
images (Right) and (F) survival of C57BL/6 WT mice (10 to 15 mice/group) bearing Hepa1-6BL liver tumors. (G-/) Cell viability of (G) Hepa1-6BL cells, (H) MCA205
cells treated with MK-801 as indicated, and (/) cell apoptosis of Hepa1-6BL cells treated with 300 pM MK-801 for 48 h. (/-M) the effect of MK-801 treatment on
Hepa1-6BL tumor growth in WT mice (9 to 12 mice/group) depleted of (/) CD8" T cells, (K) NK cells, (L and M) macrophages. The details of mouse treatments were
described in the methods of S/ Appendix. The data show the mean value + SEM. Experiments were performed twice independently with (A) three times, whereas
(E and F) were pooled from two independent experiments. Each dot represents a mouse sample in the dot plots. Significant differences between groups were
determined using a Mann-Whitney test (A, C, £, and J-M), or a log-rank Mantel-Cox test for F. *P < 0.05; **P < 0.01.
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expression of immune populations (Fig. 3B and ST Appendix, Figs. S3 ~ and monocytes, while it increased CD4" and CD8" T cell frequencies
and $4). Macrophages and monocytes were the predominant TILs, ~ (Fig. 3C). Neutrophils and pDCs frequencies were also increased
accounting for 50% and 25% of total TILs, respectively (Fig. 3C). after MK-801 treatment, while NK cell frequencies remained
MK-801 treatment slightly reduced the frequency of macrophages ~ unchanged (Fig. 3C).
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Fig. 3. MK-801 treatment increased the function of tumor-infiltrating cytotoxic lymphocytes. (4) tSNE analysis of CD45.2" cells from Hepa1-6BL tumors.
(B) Expression of the marker genes for each cluster for cell type identification. (C) The proportion of different cell subpopulations among tumor-infiltrating CD45.2*
cells. (D) Enriched KEGG pathways of tumor-infiltrating CD8" T, CD4" T, and NK cells after MK-801 treatment. (£) Violin diagrams show DEGs in specific cell clusters
shown in (A) on TILs of control and MK-801-treated Hepa1-6BL-bearing WT mice. (F) Representative plots and the quantification of IFNy and CD107a expression
in tumor-infiltrating CD8" T, NK, and CD4" T cells and from Hepa1-6BL tumors. Each dot represents a mouse sample in the dot plots. Representative dot plot
and data presented as mean + SEM. Experiments were performed twice. Significant differences between groups as indicated by crossbars were determined by
a Mann-Whitney test. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Gene set enrichment analysis (GSEA) in NK, CD4" and CD8"
T cells indicated that KEGG pathways representing positive regu-
lation of cell proliferation, cell activation and cell-mediated cyto-
toxicity were enriched and upregulated, while cell apoptosis,
metabolism such as OXPHOS and ferroptosis pathways were down-
regulated by MK-801 treatment (Fig. 3D). We next analyzed the
expression of activation markers and immune checkpoint molecules
on TILs and found that levels of the activation markers Hesz, Tjrobp,
Nkg7, and Pdcdl were upregulated by MK-801 (Fig. 3E). The
expression levels of inhibitory checkpoints such as Haver2 (Tim3),
Lag3 and Entpdl (CD39) in T cells was decreased after MK-801
treatment, as well as transcription factors negatively associated with
anti-tumor functions (such as /78, etc.) (Fig. 3E). TGFf1 produc-
tion and TGFp receptor II expression were dramatically downreg-
ulated by T and NK cells after MK-801 treatment (Fig. 3E).

To further validate enhanced lymphocyte activities following
MK-801 treatment, we investigated IFNYy production and degran-
ulation of cytotoxic molecules by flow cytometry. The proportion of
IFNy-producing CD8" T cells was significantly increased by MK-801
treatment. The frequencies of NK, CD4", and CD8" T cells degran-
ulating, as indicated by CD107a-expression, was significantly upreg-
ulated by MK-801 treatment (Fig. 37). Of note, MK-801 treatment
showed only modest effects on lymphocytes in the draining lymph
nodes and spleen (87 Appendix, Figs. S5 and S6), suggesting that it
predominantly altered effector lymphocytes in the TME.

MK-801 Treatment Altered the Gene Expression Profile in
TAMs. Biological processes including response to interferons,
cell differentiation, immune response to tumor cells, and KEGG
pathways associated with promoting T cell activation, including
antigen processing and Fc gamma receptor-mediated phagocytosis
were upregulated in all macrophages after MK-801 treatment.
Similarly, glycolysis was upregulated upon MK-801 treatment,
while OXPHOS was downregulated (Fig. 44). NMDAR blockade
altered many pathways involved in the functions of two distinct
Ly6C" and Ly6C" monocyte subtypes (SI Appendix, Fig. S7A).
Interestingly, NMDAR activity and calcium ion transmembrane
transport were enriched in cluster 4 macrophages specifically.
GSEA analysis comparing MK-801 versus control samples
showed core genes involved in the function and metabolism of
macrophages, such as phagocytosis, cellular energy metabolism,
type I IEN production, and IFNY response (Fig. 4B).

Further analysis of the transcriptome of individual TAMs indi-
cated that MK-801 treatment led to phenotypic alterations,
including the downregulation of inhibitory immune checkpoints
(Haver2, Entpdl, Cd274, Lilrb4a, etc.), and molecules associated
with M2 macrophages (Mrcl, Argl, Fnl, etc.). The expression of
transcription factors involved in M2 polarization was significantly
decreased by MK-801, such as Staz3, Irf8, and Hifla. Likewise,
expression of angiogenetic factors such as VEGFa and immuno-
suppressive molecules such as TGFp1 were decreased, as was the
chemokine Cxc/10 (Fig. 4C). The decrease in VEGFa levels in
MK-801-treated tumor tissue was verified by immunohistochem-
istry (SI Appendix, Fig. S7B) and was also reflected by fewer blood
vessels, indicated by CD31 staining (S/ Appendix, Fig. S7C). Our
ex vivo experiments showed that upon MK-801 treatment, the
expression of CD80 and CD86 was also significantly upregulated
on Hepal-6BL-infiltrating TAMs (81 Appendix, Fig. S7 D and E).
When cocultured with TAMs sorted from MK-801-treated tum-
ors compared with control counterparts, CD8" T cells proliferated
greater, displayed stronger killing effect against tumor cells and
produced more cytotoxic cytokines (Fig. 4 D—F). Overall, these
results indicate that MK-801 treatment decreased the immune

suppressive phenotype and function of TAMs.
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NMDAR Regulated Calcium Influx and Metabolism of Macrophages.
Given that NMDAR is a calcium channel, we investigated the
effect of tumor cell supernatant on the calcium levels in BMDMs.
Similar to the effects of glutamate and NMDA, Hepal-6BL TCM
substantially increased the cytosolic calcium levels (Fig. 54). NMDA
failed to induce calcium influx when calcium was chelated in the
media (S/ Appendix, Fig. S84). The high Fluo-4 signal was also
observed in the presence of 2-Aminoethoxydiphenylborane (2-
APB) that blocks calcium release from the endoplasmic reticulum,
supporting that TCM induced calcium influx. In contrast, MK-801
and MEM substantially inhibited TCM-mediated calcium influx.
Similar to NMDA, the effect of Hepal-6BL TCM on calcium influx
was suppressed in MK-801 and MEM pre-treated macrophages
(Fig. 5A4). Consequently, the activation of NMDAR downstream
kinase CaMKII and ERK1/2 as well as transcriptional factor CREB
in macrophages by TCM was counteracted by MK-801 (Fig. 5B).
The presence of ERK1/2 inhibitor diminished the effect of MK-801
on the phosphorylation of CREB (Fig. 5C). The level of glutamate
in TCM was substantially higher than that in BMDM-conditioned
media (BCM) and fresh media (FM) (Fig. 5D). These results
indicate tumor cell-released glutamate might activate NMDAR and
downstream pathways.

It is known that calcium influx induces the generation of reactive
oxygen species (ROS). Therefore, the effect of NMDAR antagonists
on ROS production was determined. MK-801 and MEM signifi-
cantly decreased ROS levels in macrophages cultured in TCM
(Fig. 5E and SI Appendix, Fig. S8B). Glutathione is a major anti-
oxidant in cells. However, no significant change in the level of
glutathione was observed after MK-801 and MEM treatment
(SI Appendix, Fig. S8C). The majority of intracellular ROS is
derived from superoxide radicals, which are mainly generated by
mitochondrial metabolism, peroxisomes, and NADPH oxidases
(NOXs) (18). The mRNA levels of NoxI and Mpo were signifi-
cantly decreased after NMDAR blockade, as well as the levels of
the mitochondrial NADH dehydrogenase complex components
mt-Ndl and m#-Nd3 and cytochrome C oxidases m-Co2 and
mit-Co3 (Fig. 5F), suggesting a role for these ROS pathways in the
intracellular changes caused by MK-801 and MEM treatment.

Intracellular ROS can cause lipid peroxidation and lipid mem-
brane damage (18). TCM significantly increased lipid peroxidation
levels compared with fresh media, while MK-801 and MEM sup-
pressed the effect of TCM (Fig. 5G). Correspondingly, the NMDAR
antagonists also diminished the damage to mitochondrial structure
induced by TCM (Fig. 5H). The ratio of intracellular ADP/ATP was
measured to evaluate a potential shift in intracellular energy metab-
olism. In line with our previous observations, TCM decreased the
ratio of ADP/ATP compared with fresh media. Blocking NMDAR
with MK-801 and MEM significantly increased the ratio of ADP/
ATP (Fig. 51). Similar to TAMs (Fig. 4 A and B), BMDMs treated
with MK-801 also showed reduced OXPHOS according to
GSEA-KEGG pathway analysis (Fig. 5/). To confirm a potential
change in macrophage energy metabolism, we performed Seahorse
experiments to determine the oxygen consumption rate (OCR) as
a measure of OXPHOS. BMDMs treated with TCM had higher
maximal OCRs, indicating strong OXPHOS capacity. As expected,
NMDAR antagonist-treated BMDMs displayed lower maximal
respiration and spare respiration capacity in the presence of TCM,
but ATP production in mitochondria was unchanged (Fig. 5K).

Mg2+ Decreased the Immunosuppression of Macrophages via
NMDAR. Some studies reported that Mg®* in cell culture media
promoted the maturation of monocytes into adhering macrophages
showing altered cytokine production profiles (19, 20). Mg2+ isa
natural channel blocker of NMDAR. Our results demonstrated
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Fig.4. MK-801 treatment altered the gene expression profile and function of TAMs. (A) GSEA-KEGG and Gene Ontology (GO) analysis of all macrophage clusters
and cluster 4 macrophages from control tumors and MK-801-treated tumors. Potential functions and pathways are listed on the y axis. Pathway enrichment
is shown as the normalized enrichment scores (NES) adjusted for multiple comparisons. (B) GSEA analysis of core gene variation involved in the function
and metabolisms of macrophages. Statistical testing was performed by permutation test. The P-values were corrected with Benjamini-Hochberg adjustment.
(C) Violin plots indicating the expression of selected genes in each macrophage cluster present in control and MK-801-treated tumors. The statistical difference
was calculated by Student's t test. (D-F) The effects of MK-801 on the immunosuppressive function of TAMs against CD8" T cells as described in the method.
(D) CD8" T cell proliferation, (E) the apoptosis of Hepa1-6BL to reflect the killing ability of CD8" T cells, (F) Granzyme B and IFNy expression in CD8" T cells. Each
dot represents a sample in the dot plots. Representative dot plot and data presented as mean + SEM. Experiments were performed twice. Significant differences
between groups as indicated by crossbars were determined by a Mann-Whitney test. *P < 0.05; **P < 0.01, ***P < 0.001; ****P < 0.0001.
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Fig.5. NMDAR regulated Ca®" influx, ROS production, and the function of mitochondria in macrophages. (4) Ca*" influx in BMDMs. Average fluorescence ratio over
time of BMDMs exposed sequentially to FM, Hepa1-6BL TCM, glutamate (1 mM), NMDA (300 uM), MEM (300 pM), MK-801 (300 uM), 2-APB (10 uM) as indicated, by
detecting the Fluo-4 fluorescence intensity using flow cytometry. The Fluo-4 fluorescence intensity over time was analyzed using FlowJo software kinetic module
to reflect the level of calcium in the cell cytosol. (B and C) The level of total protein and phosphorylation of CaMKIl, ERK1/2, and CREB in BMDMs after the indicated
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that Mg®* inhibited calcium influx in macrophages induced by
TCM. Mg2+ pretreatment had a similar suppressive effect to
MK-801 on calcium influx (87 Appendix, Fig. S9A). Similarly,
pretreatment of macrophages with MK-801 and MEM made
Mg2+ incapable of suppressing calcium influx further (§/ Appendix,
Fig. S9A). In line with a previous study (19), ROS levels were
significantly decreased b}r Mg”* in macrophages cultured in TCM.
In the presence of Mg™*, MK-801 treatment failed to decrease
ROS production further (S Appendix, Fig. S9B). Treatment with
Mg”* dramatically upregulated mRNA levels of Nos2, 116, and
Tnf in macrophages (S Appendix, Fig. S9C). Of interest, co-
administration of MK-801 and Mg2+ had a similar effect as single
agent treatment on the expression of pro-inflammatory cytokines

(ST Appendix, Fig. S9C). These results indicate that the effect

PNAS 2023 Vol.120 No.47 e2302126120

of magnesium on macrophages was associated with NMDAR
activity. The expressions of Arginase 1, PD-L1 and VEGFa were
substantially downregulated by MK-801, MEM and Mg2+ in
TCM-treated macrophages (SI Appendix, Fig. S9D).

Similar to MK-801, Mg2+ treatment decreased the suppressive
effect of TCM-cultured macrophages on OT1 T cell proliferation in
the presence of OVA antigen (S Appendix, Fig. SOE). A similar cocul-
ture experiment was performed using anti-CD3 antibody-stimulated
CD8" T cells and TCM-treated macrophages. Similar to MK-801
and MEM treatment, Mg2+ increased T cell proliferation following
coculture with TCM-treated macrophages in the presence of
anti-CD3 antibody (S/ Appendix, Fig. SOF). These results indicate
that Mg®* diminished the suppression of TCM-treated macrophages
on T cell proliferation via blocking NMDAR on macrophages.
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Blocking NMDAR Improved the Efficacy of Anti-PD-1 Treatment.
To further validate the therapeutic potential of NMDAR
antagonists, we tested the antitumor effect of clinical drugs that
target NMDAR including MEM, ifenprodil tartrate, and MgClL,.
Administrating MEM in drinking water significantly suppressed
Hepal-6BL tumor growth in mice (Fig. 6 A and B). Similar to the
effect of MK-801 on TAM, MEM treatment also decreased the
immunosuppressive effect of TAM as indicated by the cocultured
CDB8" T cell proliferation, killing ability, and cytokine production
(SI Appendix, Fig. S10). Anti-tumor effects were also achieved by
ifenprodil tartrate and MgCl, treatment (Fig. 6C).

Intriguingly, in response to treatment with MK-801, the fre-
quency of PD-1 expressing tumor-infiltrating CD8" T cells increased
(Fig. 6D). Thus, we addressed whether treatment with MK-801
could improve the efficacy of anti-PD-1. In mice bearing Hepal-6BL,
30% achieved tumor-free status in response to a single dose of
anti-PD-1 treatment (Fig. 6E). Strikingly, the addition of NMDAR
antagonists to anti-PD-1 treatment markedly improved tumor con-
trol with more than 65% of mice achieving complete rejection (Fig. 6
Eand P) Together, the findings indicate that targeting NMDAR to
alter Ca™ signaling pathways and metabolism is a potential approach
to improve the efficacy of anti-PD-1 immunotherapy (Fig. 6G).

Discussion

In the current study, we revealed NMDAR as a regulator of mac-
rophage functions in the TME and demonstrated that therapeutic

P
@)

targeting of NMDAR with selective antagonists stimulated anti-
tumor immunity. The combined effect of clinically used NMDAR
antagonists such as MEM and ifenprodil tartrate with PD-1 anti-
body led to promising tumor rejection rates underscoring a trans-
lational potential.

Previous studies reported that tumor cells express NMDAR to
promote proliferation, survival, and invasion, and proposed tar-
geting NMDAR on tumor cells to control tumor progression,
supported by findings in several xenograft tumor models in
immune-deficient mice (16, 17, 21, 22). Our work explored the
regulatory role of NMDAR in TAMs and highlighted anti-tumor
mechanisms of NMDAR antagonists on immune cells. Here, we
demonstrate that blocking NMDAR is a promising immunother-
apeutic strategy, and different selective antagonists against NMDAR
effectively suppressed tumor growth and prolonged survival in
syngeneic mouse tumor models. Notably, MEM is used in clinics
mainly to treat Alzheimer’s disease. A recent phase 1 study reported
the safety and maximum tolerated dose of combinations of MEM
with temozolomide as post-irradiation adjuvant therapy for newly
diagnosed glioblastoma (23). These clinical results support the
feasibility of targeting NMDAR in cancer patients.

In the TME, macrophages can develop into immune suppres-
sive phenotypes, driving tumor progression. An attractive immu-
notherapeutic approach has been to convert TAMs into tumoricidal
macrophages, rather than depleting them (4). In our syngeneic
murine tumor model, the depletion of macrophages did not affect
tumor growth but abolished the tumor suppressive effect of
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Fig. 6. Blocking NMDAR and PD-1 resulted in tumor rejection. (A-C) the effect of NMDAR antagonist Hepa1-6BL tumor growth. Tumor-bearing C57BL/6) WT
mice (5 to 8 mice per group) were treated from day 5, daily with MEM (25 mg/kg, in drinking water), Ifenprodil tartrate (20 mg/kg, i.p.) and MgCl, (50 pL of 3 mM
intratumorally). The data show the mean tumor size (mm?) + SEM. (D) Representative plots and the quantification of PD-1 in Hepa1-6BL tumor infiltrating CD8"* T
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MK-801. The immune suppressive function of TAMs in TME
was suppressed by NMDAR antagonists. Our single-cell transcrip-
tomic analysis and in vitro assays showed that blocking NMDAR
was a potential strategy to reshape TAMs as shown by the down-
regulation of inhibitory molecules (TGFf, Arginase 1, CD39 and
PD-L1, etc.) (4, 24, 25) and by upregulation of costimulatory
molecule CD80 and CD86. The changes of these immune regu-
latory molecules in TAMs after NMDAR blocking together medi-
ate the suppression of TAMs on the proliferation and function of
T and NK cells in the TME.

It is reported that glutamate could be transported by a variety
of transporters, such as the xCT channel that exports glutamate
in exchange for cystine to maintain redox homeostasis in tumor
cells (26). Indeed, a high level of glutamate was detected in TCM.
We observed that similar to glutamate and NMDA treatment,
TCM-triggered influx of calcium in macrophages was prevented
by NMDAR antagonists. Therefore, it is reasonable to propose
that macrophages are sculpted into immunosuppressive cells
through NMDAR activation by tumor cell-released NMDAR
agonists. Tumor cell xCT supports tumor cell survival against oxi-
dative stress, but also suppresses antitcumor immunity (27). Our
finding suggests that tumor cell-glutamate activates NMDAR on
TAM and promotes the immunosuppressive function of TAMs
and provides a possible mechanism for tumor cell xCT to hamper
immune responses.

Although some tumor cells can secret a high level of glutamate
which can activate NMDAR in the TME, glutamate from other
cells may also contribute to NMDAR activation. Our data demon-
strated that macrophages secreted glutamate but much lower than
tumor cells, indicating macrophage-secreted glutamate might
form a weak constitutive NMDAR activation in an autocrine
manner. Of note, glutamate might not be the only NMDAR
ligand in the TCM because other NMDAR modulators/co-agonists
such as polyamine, glycine, and zinc ion may also be present (28).

NMDAR-calcium is associated with the CaMKII and ERK path-
ways that regulate CREB activation in neurons (29, 30). Both ERK
signaling and CREB activation are critical for M2 macrophage polar-
ization (31, 32). Indeed, our data shows that CaMKII/ERK/CREB
is the downstream pathway of NMDAR in TAMs. NMDAR-calcium
regulates many signaling pathways, other pathways may also be
involved. The downstream signaling patterns of neuron synaptic and
extrasynaptic NMDAR are different, generating different biological
effects (30). In neurons, synaptic NMDAR activates CREB through
CaMKII and ERK1/2 and promotes cell survival, while extrasyn-
aptic NMDAR activation suppresses CREB activity and causes
mitochondrial damage inducing cell death. In our study, NMDAR-
mediated signaling in macrophages resembles the synaptic pattern
as indicated by the ERK and CREB phosphorylation. Recently, it
has been reported that the TRPM4 cation channel played an
important role in mediating extrasynaptic NMDAR signaling (33).
Therefore, it might be of help to determine the interaction of
TRPM4 and NMDAR for revealing the existence of extrasynaptic
NMDAR signaling in TAMs.

In our tumor setting, we observed alterations in the metabolism
of macrophages. The influx of calcium increases OXPHOS. Indeed,
our in vivo and in vitro data demonstrate that blocking NMDAR
decreased OXPHOS in macrophages. ADP/ATP homeostasis has
a profound effect on macrophages (34). TCM dampened the ADP/
ATP ratio compared with fresh media, which was converted by
blocking NMDAR. Our data also showed that NMDAR blockade
suppressed the production and cytotoxic effects of ROS, including
lipid peroxidation and mitochondria structure damage. In addition,
ROS could modulate macrophage immunosuppressive phenotype
through the up-regulation of PD-L1 (35). This is in line with our
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observation that NMDAR blockade downregulated both ROS and
PD-L1 expression in TAMs

The participation of Mg”* in various cellular processes and its
immune regulatory role has been reported. Mg™* regulates cytokine
production and ROS production in macrophages (19, 36, 37). It
was proposed that Mg™ acted 1ntracellularly because Mg™ exposure
rapidly increased the intracellular Mg™ content, and decreased
pro-inflammatory cytokine production (20). Our study revealed
that NMDAR is a target in macrophages for Mg in tumor settlngs
To the best of our knowledge, the regulatory effect of Mg”* on
macrophages via NMDAR has not been 1nvesugated in a tumor
setting. Systematic administration of Mg™* is not practical in the
clinical setting for tumor treatment. A nanoparticle-mediated drug
delivery strategy could tackle the issue (19). Systemic administration
of liposomal encapsulated Mg** suppressed tumor growth with a
similar effect as intratumoral Mg™* treatment in pre- 1mmumzed
rather than in non-immunized mice. The authors showed that Mg**
played an important role in memory T cell activation via binding
to adhesion molecule LFA1 on T cells in the immune synapse, but
the effect of Mg2+ on TAMs was not investigated in the study (38).
We envisage that proper on-target administration of Mg”* will reg-
ulate both T cells and macrophages in the TME.

Neural-immune cross-talk in the TME occurs and profoundly
influences tumor progression (39, 40). A range of neurotransmit-
ters can affect anti-tumor immunity or immunotherapeutic effects
(39-42). Glutamate could be converted into gamma-aminobutyric
acid (GABA) by glutamic acid decarboxylases (GAD1/2) (43).
Autocrine GABA signaling through the GABAB receptor in colon
cancer cells promotes cancer cell proliferation, while reducing
expression and secretion of the CCL4 and CCL5 chemokines by
colon cancer cells, thereby inhibiting T lymphocytes and dendritic
cells infiltrating into tumors (43). Furthermore, binding of B
cell-derived GABA to GABAA receptors on T cells suppressed
cytotoxic T cell responses and promoted an immune-suppressive
state in TAMs (44). In addition, platelet-derived peripheral sero-
tonin upregulates tumor PD-1 expression and suppresses T cell
cytotoxic activity (45). It has been proposed that neuronal regu-
latory pathways co-opted in cancer cells are implicated in facili-
tating the acquisition of hallmark capabilities and associated
parameters such as avoiding immune destruction (39, 40).

NMDAR is an important neuron transmitter receptor, with
high expression on nerve cells. Recently, the infiltration of nerve
cells in tumors such as breast cancer has been reported to be
associated with cancer outcomes (46). Synaptic proximity ena-
bles NMDAR signaling to promote breast cancer to brain metas-
tasis (46). Bupivacaine is a local anesthetic used to prevent pain
by the blockage of sodium ion channels including NMDAR.
Bupivacaine nanoparticles effectively suppressed mouse breast
cancer progression and metastases by targeting neurons in the
TME (47). In our study, NMDAR signaling in macrophages
was activated in the TME and promoted the immunosuppressive
function of macrophages, leading to tumor immune evasion.
Although our data show that NMDAR blockade reduced the
immunosuppressive function of TAMs and suppressed tumor
progression in the mouse tumor models, the presence of neurons
in our tumor models remains to be investigated, especially the
involvement of the neuronal system that is targeted by the
NMDAR antagonists.

In summary, our study demonstrated the expression of neural
transmitter receptor NMDAR on macrophages in the TME and
uncovered the unknown role of NMDAR in regulating macrophage
function and effects on anti-tumor immune responses in the used
tumor models. However, the generality of NMDAR signaling in
TAM s in other tumor types still needs to be verified. Overall, our
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results identified NMDAR agonists as a promising class of therapeu-
tics to improve the efficacy of cancer immunotherapy.

Materials and Methods

Detailed descriptions of all materials and reagents are listed in SI Appendix,
Tables S1-54.The methods including cell culture, establishment of tumor mod-
els, mouse treatments, tumor-infiltrating immune cell analysis and sorting by
using flow cytometry, and the assays to determine the function of macrophages,
calcium flux, OXPHOS, ROS production, single-cell RNAsequencing and analysis,
and statistics can be found in S/ Appendix.

All animal experimental procedures were strictly performed according to the
Guidelines for Animal Experiments of Xuzhou Medical University and the National
Guide for the Care and Use of Laboratory Animals. All experiments were approved
by the Xuzhou University Animal Ethics Committee (202209S041).

Data, Materials, and Software Availability. Source data are provided with this
paper. RNA sequencing data for Figs. 1d, 1e, and 1g from BMDMs is available,
and Single-cell RNA sequencing data for tumors associated with Figs. 3b to 3e
and 4a, 4b, 4cis accessible to the public. All source data have been submitted to
the Figshare database (https://doi.org/10.6084/m9 figshare.24447394) (48).All
study data are included in the article and/or S/ Appendix.
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