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Inhibition of host Ogr1 enhances effector CD8™ T-cell function
by modulating acidic microenvironment
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Immunotherapies for cancer, such as immune checkpoint blockade or adoptive T-cell transfer, can lead to a long-lasting clinical
response. But the therapeutic response rate remains low on account of many tumors that have evolved sophisticated strategies to
evade immune surveillance. Solid tumors are characterized by the highly acidic microenvironment, which may weaken the
effectiveness of antitumor immunity. Here, we explored a promising therapeutic development deployed by pH manipulation for
avoiding immunoevasion. The highly acidified microenvironment of melanoma induces the expression of G-protein-coupled
receptor (Ogr1) in T cells, which weakened their effective function and promote tumor growth. Ogr1 inhibition reactivate CD8"
T cells and have a cytotoxic role by reducing the activity of high glycolysis, resulting in comparatively low acidification of the tumor
microenvironment, and leads to tumor suppression. In addition, the adoptive transfer of Ogr1~/~-CD8" T cells enhanced the
antitumor responses, with the potential for immediate clinical transformation.
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BACKGROUND

Immune surveillance and effective adaptive immune response are
the prerequisites for controlling the malignant transformation of
tumor [1]. Surveillance and inhibition of tumors by different types
of immune cells have been confirmed, however, the inefficient
control of malignant tumors by immune cells is the result of
various immunosuppressive mechanisms in the tumor microen-
vironment (TME) preponderantly [2]. Accordingly, monoclonal
antibodies targeting inhibitory signals, such as programmed cell
death protein 1 (PD-1) and cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) have made remarkable achievements [3, 4].
However, only <30% of patients in the clinic will be helped by
these therapies, and it was possible that the TME leads to the
maladjustment of tumor-killing activity in immune cells contri-
butes to the growth and development of tumors [5]. For example,
abnormal glycolysis of tumor cells can produce excessive H" to
render the TME a hostile milieu for T cells [6], which makes it
intractable for paralyzed T cells to enter the tumor parenchyma
and also leads to tumor regeneration after the immune attack
[7, 8]. Under these circumstances, elucidating mechanisms of how
to reactivate T cells in acidic TME and play an antitumor role are
the core link in tumor immunity.

Proton-sensing G-protein-coupled receptors (GPCRs) have
been shown to convert extracellular acids into intracellular
signals [9]. Ogr1 (ovarian cancer G-protein-coupled receptor 1),
as a member of this family, can sense the extracellular pH (pHe)
through histidine residues and fully activated at pHe6.8 [10].
Recent studies have shown that Ogr1 can be expressed on

immune cells, and activated Ogr1 leads to functional polarization
of tumor-associated-macrophages towards non-inflammatory
phenotype, which is responsible for promoting the growth of
prostate cancer [10]. Although the role of Ogr1 in cancer has been
mentioned, its potential role in regulating the antitumor function
of T cells is still unclear.

In this article, we aim to analyze the role of Ogr1 in T-cell-
mediated antitumor immunity in the acidic microenvironment.
We have found a phenomenon of immune escape arising from G-
protein-coupled receptor (Ogrl1) negatively regulates cytokines
production in an acidic environment, resulting in weakening the
effector functions of T cell. In the melanoma model, T-cell-derived
Ogr1 but not tumor-intrinsic Ogr1 reduced tumor load and
prolonged the survival of mice with lung metastasis. The
information gained from this study will also furnish the basis
for the development of effective adoptive T-cell therapy for
cancer patients by targeting Ogr1.

MATERIALS AND METHODS

Mice

The reconstruction of Ogrl™~ mice is consistent with the method
described in the previous literature [11]. C57BL/6 mice were purchased
from Beijing Huafukang Bioscience co.inc. Ogr1~~ and mice carrying LoxP-
flanked on both ends of exon1 of Ogr1 locus (Ogrifl/fl) are from C57BL/6
background, and both of them were obtained from Beijing Weishanglide
Biotechnology Co., Ltd. CD4-Cre, CD8-Cre mice, and RagZ*” mice were all
provided by Huafukang Bioscience co.inc. Ogr1™® mice were intercrossed
with CD8-Cre or CD4-Cre to obtain Ogr11CD4“*/~ or Ogr11fcDgcre+/~
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mice. Besides, male mice aged 8-12 weeks were used in vivo and vitro
experiments. All mice were bred and maintained in the animal facility of
NHC Key Laboratory of Human Disease Comparative Medicine.

Cell lines

Mouse melanoma cell line (B16-F10) was obtained from the National
Infrastructure of Cell Line Resource and cultured with 90% Dulbecco’s
modified Eagle’s medium (Gibco, Grand Island, NY) supplemented with
10% heat-inactivated fetal bovine serum (FBS) Gibco, Grand Island, NY) as
well as 1% penicillin-streptomycin (HyClone, Logan, Utah, USA). The cells
were grown in a cell incubator at 37°C with 5% CO,.

To generate stable B16-F10-shOgr1 cell and Ogri-highB16-F10 cells,
lentiviruses carrying shRNA against Ogr1 and lentiviral vectors containing
full-length mouse Ogr1 cDNA were purchased from Shanghai Genechem
Company (Shanghai, China). The RNAi sequence targeting mouse Ogr1
was 5-GCAGCGTAGCATCAACTACTA-3'. Packaging of viruses was per-
formed and titrated in HEK293T cells according to the manufacturer’s
instructions. Lentiviruses containing empty plasmids (vector), Ogril-
overexpressing lentiviruses, and lentiviruses containing nonspecific ShRNA
were transfected into B16-F10 cells, respectively. All cell lines were not
infected by Mycoplasma or other pathogens.

In vivo tumor experiments

C57BL/6 male mice were injected subcutaneously with 5x 10° B16-F10
cells (non-targeting gRNA) or 5x10° B16-F10-shOgricells or Ogri-
highB16-F10 cells, respectively, in 100 pl PBS. Ogr1~’~ mice were injected
subcutaneously with 5 x 10° B16-F10 cells (non-targeting gRNA) in 100 pl
PBS. When the cells had formed palpable tumors, we monitored tumor
growth by caliper measurement with proper blinding every 2 days, and
computed tumor volumes as (length x width)%/2. Some of the mice were
decapitated after 15 days for immunohistochemistry (IHC) analyses. The
experiment was terminated when the tumor diameter reached 15 mm.
The mice were randomly divided into three groups (n =6 per grou;:])).

The tumor-bearing mode of Ogr11o¥1XCD4<e+/= and Ogr1flox/flex
CD8“"**'~ mice (n =5 per group) was as follows.

Ogr1~~ and C57BL/6 mice (n=8 per group) were injected intrave-
nously with 4 x 10° B16-F10 cells to construct the model of melanoma lung
metastasis and finally were decapitated to assess the number of tumor
lesions in lungs after 2 weeks. Randomly selecting one mouse in each
group to detect the metastasis by small animal Micro CT (PerkinElmer, IVIS
Lumina Ill) on the twentieth day. Mice were weighed every 3 days and their
survival was recorded following tumor challenges.

Quantitative real-time polymerase chain reaction

The mouse tissues were resected in a biosafety cabinet and then crushed
after rapid freezing in liquid nitrogen. Total RNAs were isolated using TRIzol
(Invitrogen, CA, USA) and complementary DNAs (cDNAs) obtained using
reverse transcription kit and the SYBR Green Master Mix kit (Takara, Otsu,
Japan) following the manufacturer’s protocol. The cDNA) as amplified with
the following primers: 5'-CTCAATGACCTCCTTGTGATTG-3’ (forward) and 5'-
CTACCAGAAAACTCCTCACTATC-3' (reverse) for TRIM25; 5-AGGTCGGTGT
GAACGGATTTG-3" (forward) and 5-TGTAGACCATGTAGTTGAGGTCA-3/
(reverse) for GAPDH; quantitative RT-PCR was carried out an ABI Prism
7900 Sequence detection system (Applied Biosystems, Canada). Relative
levels were normalized to that of GAPDH.

Immunochemical and Immunofluorescence analysis

The fresh tumor was fixed with 10% neutral buffered formalin before paraffin
embedding. For histological analysis, 5mm thick sections were cut and
stained with hematoxylin and eosin. Paraffin-embedded sections were
stained for NK cells with CD49b (1:100, 108913, BioLegend), B cells with
B220 (0.5 pg/ml, ab10558, Abcam), macrophage with F4/80 (1:200, ab16911,
Abcam), dendritic cells with CD11c (1:100, ab219799, Abcam), CD4 (1:1000,
ab183685, Abcam) and CD8 (1:2000, ab217344, Abcam), as well as LAMP2
(1:500, ab18528, Abcam). A Goat anti Rabbit IgG polyclonal HRP conjugate
was used as the secondary. Immunofluorescence staining was applied to
assess the presence of tumor-infiltrating CD4 (1:1000, ab183685, Abcam) and
CD8 (1:1000, ab217344, Abcam) T cells. Immunohistochemical slices were
transformed into high-resolution digital images using Nano Zoomer
S60 scanner (Hamamatsu), and image preprocessing and quantitative analysis
were performed using NDP.View.2 software. The positive cells of CD49b, B220,
F4/80, CD11¢c, CD4, and CD8 staining were counted after it annotated the
tumor region (avoiding necrotic tumor areas). The LAMP2 staining was
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assessed using a semiquantitative score of 0 (no staining) to 3 (strong
staining) by an investigator blinded to the groups.

T-cell isolation and acidic treatments

Harvesting the spleens of Ogr1~~ and wild-type (WT) mice and keep them
in PBS, and then gently homogenized the spleens with a syringe plunger in
a 72 UM sieve. After that, transfer the grinding fluid to a conical tube with
centrifugation for 10 mins at 300 X g, 4°C. Remove the supernatant and
resuspend the splenocytes with red blood cell (RBC) lysis (BD Pharm Lyse,
5075567). The sorting of CD4" T-cell and CD8" T cells Using CD4™ T-Cell
Isolation Kit and CD8" T-Cell Isolation Kit (Miltenyi, 130-104-454,
130-104-075) following manufacturer’s instructions. Cellular purity was
detected with FACSAria Il cell flow cytometer (BD Biosciences, CA, USA)
after staining with anti-CD3 (1:1000, ab16669, Abcam, Cambridge, MA,
USA) and anti-CD4 (1:100, ab133616, Abcam) or anti-CD8a (1:500,
ab217344, Abcam) antibody. The data were analyzed with FlowJo softwar.
Isolated T cells were cultured in RPM-1640 supplemented with 10% fetal
bovine serum (FBS). When adjusting the acidic medium in vitro, we first
added 20 mm MOPS (3-(n-morpholinyl) propane sulfonic acid) to the
medium containing FBS to minimize the pH change during cell culture and
then adjusted the pH value to ph6.6 with 1 N HCI [12, 13]. After 24 hours,
the stability of pH value was evaluated by pH meter.

T-cell proliferation

The sorting of CD4" T cells or CD8" T cells were labeled with 10 uM
carboxyfluorescein succinimidyl ester (CFSE) (Thermo CellTrace™ CFSE Cell
Proliferation Kit C34554) for incubation at room temperature in the dark
for 10 mins. The cells were centrifuged and then washed three times with
Roswell Park Memorial Institute 1640 (RPMI 1640) containing 10% FBS.
CD4" or CD8™ T cells were seeded in 24-well plates (5 x 10° per well) and
co-cultured with magnetic beads (Miltenyi, T-cell activation/expansion kit,
130-093-627) of the same proportion in RPMI 1640 supplemented with
10% FBS and IL-2 (50 U/mL) according to the manufacturer’s protocol.
After 48 h, 96 h, and 144 h, CD4* T-cell and CD8" T cells were partially
harvested and stained with anti-CD4 (1:100, ab133616, Abcam) or anti-
CD8a (1:500, ab217344, Abcam). Proliferation was detected by FACSAria Il
cell flow cytometer (BD Biosciences, CA, USA). The data were analyzed
with FlowJo softwar.

T-cell migration

Transwell assays (costar 3422) were performed to evaluate T-cell migration.
B16-F10 cells (5% 10°) were subcutaneously transplanted into C57BL/6
mice and Ogr1 ™/~ mice. After 15 days, the spleens of each group were
harvested to obtain CD4" T cells or CD8" T cells by MACS as a source of
migration experiments. CD4" T cells or CD8" T cells (1 x10° per well),
suspended in 200 pl RPMI 1640 containing 0.5% FBS, were seeded in the
upper chambers. Next, 500 ul RPMI 1640 supplemented with 0.5% FBS and
50 ng/ml SDF (PEPROTECH, 0410173) was added to the lower chambers.
T cells were allowed to migrate in a cell incubator for 24 h at 37°C with 5%
CO,. At last, resuspended the cells in the lower chambers and collected for
counting by an automatic cell counter (Life technologies, Countess II,
AMQAX1000).

T-cell-mediated tumor-killing assay

To acquire activated T cells, CD4" T Cells and CD8" T Cells isolated from
Ogr1™~ and C57BL/6 mice were co-cultured with magnetic beads
(Miltenyi, T-cell activation/expansion kit, 130-093-627) of the same
proportion in RPMI 1640 supplemented with 10% FBS and IL-2 (50 U/mL)
for 2 days. B16-F10 cells in 96-well plates (1 x 10* per well) were allowed to
stick to the plates overnight and then incubated with activated T cells for
48 h. Different proportions of B16-F10 cells to activated T cells (1:20, 1:40,
1:60) were utilized in this experiment. T cells and their fragments were
washed out with PBS, leaving cancer cells for CCK8 experiment (DOJINDO
Laboratories, ND657). Then cancer cells were quantified by a spectrometer
at OD (560nm) (BIO-RAD, iMark), stained with crystal violet, and
photographed under a microscope (Leica Microsystems CMS GmbH
Ernst-Leitz-Str.17-37).

Cytokine secretion assay

The activated CD4" or CD8" T cells were co-cultured with B16-F10 cells
(1x10* per well) in 96-well plates at a ratio of 40:1 with the medium of
RPMI 1640 supplemented with 10% FBS and 1% penicillin-streptomycin as
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well as IL-2 (50 U/ml) at 37°C with 5% CO, for 48 h. The content of tumor
necrosis factor-a (TNF-o; BD CBA Flex Sets, 558299) interferon-gamma (IFN-
y; BD CBA Flex Sets, 558296) in the cultured supernatant were determined
by cytometric bead array (CBA). GramB (R&D systems, DY1865) was
analyzed by enzyme-linked immunosorbent assay.

Adoptive cell transfer therapy

T cells (CD4™ T cells or CD8™ T cells) for adoptive cell transfer therapies
(ACTs) were extracted from the spleens of Ong*/* and WT mice on the
15th day after tumor-bearing (B16-F10, 5 X 10°) and stimulated by IL-2
in vitro. Rag2 ™/~ mice were subcutaneous injected B16-F10 cells (2 x 10°)
and monitored tumor growth by caliper measurement. When the cells had
formed palpable tumors, the stimulated T cells (1 x 10”) were adoptively
transferred into Rag2™’~ mice intravenously as a treatment on the
seventh and ninth days. Growing melanocytic tumors were measured by
caliper measurement every 2 days, and computed tumor volumes as
(length x width)?/2. The mice were randomly divided into five groups
(n =6 per group).

RNA-seq analysis

CD47T cells and CD8™T cells were extracted, respectively, from Ong*/*
and WT tumor-bearing mice, and RNA was extracted according to the
instructions of Trizol (Invitrogen, Carlsbad, CA, USA). Total RNA was
qualified and quantified using a Nano Drop and Agilent 2100
bioanalyzer (Thermo Fisher Scientificc, MA, USA). The library was
validated on the Agilent Technologies 2100 bioanalyzer for quality
control and the final library was amplified with phi29 (Thermo Fisher
Scientific,c, MA, USA) to make DNA nanoball (DNB), which had >300
copies of each molecular. DNBs were loaded into the patterned
nanoarray and single end 50 bases reads were generated on
BGISEQ500 platform (BGI Shenzhen, China).

Single-cell RNA sequencing

10x sample processing and cDNA library preparation. To account for
interindividual variability about T-cell infiltration, we harvested fresh
melanomas from Ogr1~'~ and WT mice. Tumors were first prepared as a
single-cell suspension for 10x genomics processing. After cell suspensions
formed droplets, they were transformed into single-cell gel-bead-in-
emulsion (GEMs) by 10x Genomics Chromium controller. An RT reaction
was carried out in the droplets, followed by demulsification to construct a
cDNA library. According to the sample Index, the FASTQ sequence of each
sample was first obtained, and then proceed 10x Barcode and UMI
sequence as well as insert part (cDNA insert/RNA reads) according to the
library structure, finally Barcode was filtered.

Data processing

The RNA reads section was compared with the reference genome
database constructed by STAR alignment software. Based on the
alignment of STAR'?Y, we combined it with the information in the
reference data set (gtf/gff file). The coverage rate of each region of the
genome can be counted, so as to compare the ratio information of exons,
introns, and intergenic regions, which can be used as a reference for data
quality control.

Cell clustering

The principal components in the data are calculated. In the factor analysis
technique, the variables are grouped according to their correlation, that
is, all variables in a particular group are highly correlated, but have low
correlation with other groups. Then filter out the most significant
principal components according to the degree of enrichment and p value.
The cells were clustered into several groups by nonlinear dimension
reduction analysis based on tSNE or U-MAP (https://www.nature.com/
articles/nbt.4314).

Quantitative statistics of gene expression

The quantitative expression of 10x scRNA-Seq gene was mainly based on
UMI counts. If some pairs of reads have the same Barcode sequence and
UMI tags as well as alignment to the same position, the PCR repeats will be
defined. Only nonPCR repeats, and checked barcodes, as well as UMI, will
be used for downstream gene quantitative analysis. The final products
were sequenced using the lllumina Hiseq 4000 or Xten platform
(BGI_x0002_Shenzhen, China).
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Statistical analysis

Prism 7.0 (GraphPad) was used for statistical analysis to ensure that all
statistical tests were reasonable and the differences between the groups
were similar. In vivo results were presented as mean + SEM, and in vitro
data were presented as mean =+ SD. All in vivo tests were repeated at least
twice and in vitro tests in triplicate at least twice. The overall survival rate
was analyzed by Kaplan-Meier method, and the differences were
analyzed by Log-rank test. Researcher A randomly divided the mice into
groups using the random number table method, and Researcher B
uniformly manipulated the mice without knowing the grouping. The data
are supervised and collated by researchers A and B. No mice were
excluded from the analysis as outliers. P values <0.05 were considered
statistically significant, and statistical significance as *P < 0.05, **P < 0.01,
***p <0.001.

RESULTS

Ogr1 inhibition in host cells mediates tumor suppression

As a first step to investigate the role of host Ogr1 in tumor
development, we established an Ogr1-deficient mouse (Ogr1 /")
on C57BL/6 background (Supplementary Fig. 1A, B) and used the
same background as the WT. Melanoma was chosen as a tumor
species because it is particularly suitable for the production of
high concentrations of organic acids and H* through glycolysis
[14], which leads to strong acidification of the TME [15]. After
subcutaneous injection of logarithmic growth of B16-F10 cells to
the two groups of mice, tumor growth was evaluated every 2 days
for 3 weeks. Ogr1~~ mice showed a significant reduction in tumor
growth, which reduced the tumor burden by >50% and alleviated
tumor splenomegaly (Fig. 1A, B). As Ogr1 can be detected in a
variety of tumor tissues in addition to host cells, we also use
lentiviral vectors carrying shRNA or Ogri-overexpressing lenti-
viruses to generate Ogri-knockdown or Ogr1-highB16-F10 cells,
respectively (Supplementary Fig. 1C, D), to assess the role of Ogr1
in B16-F10 cells in tumor /progression. Unlike what we had
previously observed in Ogr1~'~ mice, B16-F10-shOgr1 tumors did
not show altered growth compared with WT tumors (Fig. 1A, B)
and a high expression of Ogr1 in B16-F10 cells increased the
tumor malignancy to some extent (Supplementary Fig. 1E, F)
further indicating that Ogr1 expression in host cells may be
functionally critical in tumor regression models. In addition, we
evaluated the capacity of Ogr1 in the pulmonary metastasis model
of melanoma, which indicated that Ogr1 deficiency effectively
attenuated tumor metastasis and progression with fewer colonies
observed in both anatomical lung tissues and CT images (Fig.
1C-E) (Supplementary Fig. 1G). In addition, >50% of Ogr1 =/~ mice
had a prolonged survival time (Fig. 1F). Taken together, these data
suggest that Ogr1 expression in host cells is responsible for the
major, if not all, roles in promoting tumor growth and metastasis
in melanoma models.

Single-cell transcriptomic analysis reveals the link between
Ogr1 inhibition in tumor-intrinsic signaling and immunity
The potential effect of low extracellular pH on immune function
reveals the modulation of GPCR pH sensors such as Ogr1 on tumor
immune active sites [16-18]. To provide evidence that Ogrl
affects the immune response, we performed single-cell RNA-
sequencing (scRNA-seq) analysis of the whole TME including
tumor cells and their immune counterparts. We isolated mouse
tumors and produced single-cell suspensions in the shortest time.
10xChromium Controller was used to generate droplets in which
cells were lysed and mRNA was collected to form single-cell GEMs.
After breaking the emulsions, a ¢cDNA library was constructed,
followed by large-scale sequencing. Subsequently, we analyzed
single-cell transcriptomes from 9127 cells from the spleens of
Ogr1~/~ mice. In all, 11,902 cells from the spleens of WT mice, and
10,279 cells from the tumors of Ogr1 ™~ mice, and 8992 cells from
the tumors of WT mice. To determine the intratumoral cell type
and describe the global immune structural remodeling associated
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with Ogr1, we computationally analyzed data using the R package
Seurat (v 3.1.0) [19]. U-MAP was then used for the two-
dimensional visualization of the resulting clusters. For each
cluster, the marker genes were identified using the Find
Conserved Markers function as implemented in the Seurat
package [20] (Fig. 2A, B). According to the Cell Marker database,
we distinguished the intratumoral cell and labeled the tumor-
relevant cells, including melanoma, tumor endothelial cells, and
fibroblasts with SLC45A2. Dendritic cells overexpressing the
antigen-presenting molecule (MHCIl) were labeled with CD74,
neutrophils, and macrophages with $700a9, B cells with Cd79a and
CD79b, and lymphocytes represent T cells with Cd3 (Cd3d, Cd3g,
Cd3e) (Fig. 2B, C) (Supplementary Fig. 2A). To distinguish the
overall immune landscape remodeling between the two groups,
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we described the changes in tumor-infiltrating immune cell
subsets (Fig. 2D) (Supplementary Fig. 2B). It is worth noting that
the frequency of total immune cell components in Ogr1 "~ mice
increased compared with that of the WT mice, especially in the
number of total T cells and DC cells (Fig. 2E, F). Although
neutrophils, macrophages, and B cells occupy only a small
segment of the total cell population, this group of cells increased
in Ogr1™~ mice compared with WT cells (Fig. 2E, F). In addition,
KEGG pathway analysis showed that Ogr1~~ had significantly
different enrichment pathways compared with the WT group,
including antigen processing and presentation, the IL-17-signaling
pathway, cytokine-cytokine receptor interactions, Th1 and Th2
cell differentiation, Toll-like receptor signaling pathways (Fig. 2G)
(Supplementary Fig. 2C, D). In general, our data emphasize that
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pathway of differential genes between Ogr1~~ and WT.

Ogr1 affects changes in antitumor immune function through the
following mechanisms: (1) Ogr1 inhibition triggers a strong
immune response signaling, (2) resulting in a significant increase
in the number of T-cell infiltrations.

Cancer Gene Therapy (2021) 28:1213-1224

Ogr1 affects the antitumor immune response mainly through
T cells

Single-cell sequencing has shown that Ogr1 affects the function of
a variety of immune cells, especially T cells, infiltrating the tumor
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parenchyma. To verify this, we harvested mouse tumors for
immune profiling after 15 days of B16-F10 cell injection.
Unfortunately, no significant differences were found in the
number of NK cells (CD49b), macrophages (F4/80), B cells
(B220™), and dendritic cell (CD11c) infiltration between the two
groups (Fig. 3A). However, the infiltration of total CD8™ T cells in
Ogr1~~ mice was remarkably increased, while no such trend was
observed in their total CD4" T cells (Fig. 3B, C). A comparison of
the total number of T-cell infiltrations between the two groups
revealed that they were consistent with the single-cell sequencing
data. To directly correlate Ogr1 expression with the antitumor
effect of T cells, we additionally established mouse models with a
conditional knockout of Ogr! in CD4" and CD8" T cells
respectively using the Cre-LoxP system (Fig. 3D), where the
correct targeting of the Ogr1 locus on T cells was confirmed via
RT-PCR (Fig. 3E). Tumor growth was evaluated after melanoma
cells were implanted into the WT and Ogr17cD4"®+" and Ogr1™
ficD8 "™+~ mice, demonstrating considerable tumor suppression
after Ogr1 abrogation from T cells; this suppression was more
obvious in Ogr1"1CD8 ™+~ mice (Fig. 3F, G). These findings
further underline that the antitumor immunity produced by Ogr1
inhibition depends on T cells, especially CD8" T cells.

Ogr1 inhibition attenuates the levels of tumor acidity
biomarkers

It is known that acidosis in the TME causes cytotoxic T cells to tend
to lose their function and remain in a paralysis state followed by
apoptosis; therefore, the reversal of T-cell function has become a
tricky scientific problem to be solved. Single-cell sequencing
analysis showed that the expression of glucose metabolism-
related genes in the Ogr1™~ group was comparatively low,
especially in the LDH subunits Ldhb and Pkm2 (Fig. 4A). As an
alternative marker of high glycolytic activity, Ldhb and Pkm2 have
been proven to be suitable for the production of organic acids and
H* [21, 22]. Lysosome-associated membrane protein 2 (LAMP2)
[23] has been reported to be positively correlated with TME
acidification [24] and regions of high LAMP2 expression in tumors
are co-matched with regions of acidosis. To directly correlate the
difference in glycolytic activity between Ogr1™~ and WT group
and the acidification of the TME, we additionally established
LAMP2 staining as a substitute for acidic pH. A trend toward lower
LAMP2 expression in Ogr1™~ mice was observed, whereas no
difference in LAMP2 expression was observed between B16-F10-
shOgr1 and WT mice (Fig. 4B, C). Furthermore, LAMP2 expression
in Ogr1"1CD8 "+~ mice was also at a low level (Fig. 4D, E), which
indicated that the inactivation of Ogr1 in T cells attenuated the
acidification of the tumor environment.

Ogr1 inhibition enhances CD8" T-cell effector functions at
acidic pH

To understand the direct consequences of pH alterations on T cells
mediated by Ogr1 in regulating tumor protection, T cells isolated
from the spleens of B16-F10 tumor-bearing mice (Supplementary
Fig. 3A) were cultured for 12 h in the presence of the inorganic
acid HCL, which mimics the low pH characteristic of melanomas,
with magnetic beads and recombinant IL-2. The gating strategies
for fluorescence-activated cell sorting were used to analyze the
proliferation of T cells (anti-CD4 or anti-CD8a). The results showed
an enhanced T-cell proliferation in Ogr1 "~ mice at pH7.2 (Fig. 5A,
B). Although the proliferation of T cells in both groups was
inhibited under acidic pH, CD8" T cells (Supplementary Fig. 3B) in
Ogr1~’~ mice seemed to render T cells more resistant to low pH
than that in WT (Fig. 5B). In addition, transwell assays substan-
tiated that the downregulation of Ogr1 in CD8™ T cells noticeably
promoted its migration under acidic conditions, whereas no such
phenomena were observed in CD4" T cells (Fig. 5C). Next, we
conducted an in vitro cytotoxicity assay in which B16-F10 cells
were co-cultured with activated T cells for 48 h and subject to
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CCK8, quantification using a spectrometer at OD (450 nm)
followed by crystal violet staining (Fig. 5D). After co-cultured for
24 h, we observed that Ogr1-deficient in CD8" T cells aggregated
around the tumor cells, whereas WT cells were generally scattered
and distributed (Supplementary Fig. 3C), also confirming that Ogr1
deficiency not only enhances the ability of T cells to move toward
tumor cells but also caused them to kill tumor cells more
efficiently (twofold increase) (Fig. 5D). Furthermore, Ogr1 defi-
ciency undoubtedly resulted in increased TNF- a and granzyme B
secretion by CD8" T cells (Fig. 5E). To understand the functional
consequences of melanoma acidosis induced by Ogr1 expression
on T cells at the whole-genome transcription level, T cells were
isolated from tumor-bearing mice and analyzed via RNA-
sequencing. This analysis showed that genes representing T-cell
activation and tumor-killing including Ifng, Vcam1, Rgs1, and I12rb,
had higher expression levels, whereas T-cell exhaustion genes
such as Tim-3, CcI3, Rgs2, and Cd6f3, had lower expression levels in
Ogr1~~ mice than that in the WT mice (Fig. 5F). Our in vivo
immunoassay and RNA-Seq analysis demonstrated that Ogr1 '~
mice stimulated antitumor immune responses mainly composed
of effector T cells, especially CD8" T cells.

Collectively, these findings comprehensively indicate that Ogr1
inhibition reactivates T cells and has a cytotoxic role by reducing the
activity of high glycolysis, resulting in comparatively low acidifica-
tion of the TME and, subsequently aid in tumor suppression.

Ogr1 may serve as a novel target for immunotherapy against
cancer

ACT is a new type of treatment in which the antitumor activity of
immune cells in patients with tumors is amplified in vitro and then
transfused back to these patients [25]. There are also limitations to
this treatment, such as the difficulty of immune cells entering the
tumor parenchyma under normal conditions and their dysfunction
when delivered back into the body [26]. Our previous experiments
proved that Ogr1™~ T cells had an enhanced ability to infiltrate
tumor cores in an acidic environment. To address whether Ogr1
can serve as a target to improve the therapeutic effect of ACT on
solid tumors, we created a mouse model, that could be used to
study combination therapies. T cells (CD4™ T cells or CD8™ T cells)
used as the source of adoptive transfer cells were stimulated with
IL-2 in vitro after isolation from Ogr1™~ and WT mice. When
Rag2~’~ as recipient mice had formed palpable tumors, the;l were
intravenously administered with stimulated T cells (1x10°) as a
treatment regimen on the seventh and ninth days (Fig. 6A). To
investigate whether T cells injected into Rag2™/~ mice tracked
tumor cells, we killed two mice from each group to analyze the
tumor tissues via flow cytometry. The presence of CD45™" cells was
clearly observed in the grinding tumor tissue via flow cytometry,
where the CD3™ cells found in tumors represented T cells (Fig. 6D).
Treatment results showed that Rag2™~ tumors were markedly
reduced by infusing Ogr1~"~-CD8™ T cells, whereas the difference
in tumor weight between the treatments of infused Ogr1~/~-CD4*
T cells and infused WT-CD8" T cells did not significantly change
(Fig. 6B, C). The above in vivo findings suggest a potential role of
Ogr1~’~ CD8" T cells in enhancing the therapeutic effect of ACT.

DISCUSSION

Tumor immunity is becoming a critical factor in the control and
treatment of cancer. Spontaneous immune responses in cancer
patients have been shown to modulate disease progression and
positively influence prognosis [2]. Nevertheless, cancer immu-
notherapies such as CTLA-4 and PD-1 inhibitors are effective only
in a minority of patients [27, 28], therefore, there is still an urgent
need for strategies to expand the population that can benefit from
these novel therapies [29, 30]. Recent studies have demonstrated
that in addition to intracellular influences, one of the driving
forces for the TME to become a hostile environment for antitumor
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Fig. 3 Ogr1 deletion enhances the infiltration of CD8" T cells and contributes to tumor regression. A Representative IHC staining was
applied to assess the expression of NK cells (CD49b), macrophages (F4/80), B cells (B220) as well as dendritic cells (CD11c) in xenograft
melanomas. B The representative immunohistochemistry and immunofluorescence staining were applied to assess the number of CD4™
T cells and CD8" T cells infiltration in xenograft melanomas. C Staining intensities for CD4" T cells and CD8" T cells in melanomas were
determined by the assignment of semiquantitative scores. D Schematic of mouse models of conditional knockout of Ogr7 in CD4* and CD8™
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E Ogr1 expression in T cells was detected by RT-PCR. Tumor growth (F) and mean tumor volume (Day 20) (G) of subcutaneous B16-F10 (5 x 10°
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by unpaired test.
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immune cells comes from a series of biochemical reactions in
which tumor cells induce local acidity by increasing glucose
uptake and glycolysis while simultaneously stimulating an ATP-
dependent proton extrusion mechanism [31]. Therefore, an acidic
microenvironment represents a new framework for future
research instructions in cancer research. However, to date, the
molecular mechanisms of immune cell sensing and response to

SPRINGER NATURE

tumor acidosis have not been fully explored. The high concentra-
tion of tumor-derived lactic acid leads to the impairment of
T-lymphocyte function, which can be achieved by increasing the
apoptosis rate and reducing the number of cytokines [32-34]. To
neutralize metabolic acid loading, immune cells use pH-sensing
proteins to promote their survival in acidic environments [8].
Recent studies have shown that Ogr1, as a member of the proton-
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sensitive GPCR family, is overexpressed in T cells [10, 35], but the
function of this receptor, especially in the presence of cancer-
related acidity, remains elusive. In the present study, we system-
atically investigated the expression, effector function, and tumor-

Cancer Gene Therapy (2021) 28:1213-1224

killing mechanism of Ogr1 on T-cell, and highlighted it as a

potential target for cancer immunotherapy.

Previous studies have shown that Ogr1 expressed in tumors was
initially described as a positive regulator of tumor initiation and
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Fig. 6 Ogr1 inhibition enhances the therapeutic response of ACT. A A schematic view of the treatment plan. In all, 2 x 10° B16-F10 cells in a
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progression and is associated with poor clinical prognosis [18, 36—
38]. Recent studies have targeted Ogr1 in host immune cells. For
example, Ogr1 promotes the differentiation of macrophages into the
M2 type [18] and also paralyzes the migration of dendritic cells to the
draining lymph nodes after exposure to antigens [39]. In our work,
we indicated that the effect of Ogr1 on the host cells, rather than the
tumor cells, was found to account for immune evasion. In melanoma
models, the loss of Ogr1 in host cells significantly delayed tumor
growth and metastasis as well as extended survival. Notably, Ogr1
knockdown in mice with B16-F10 tumors showed no significant
change in tumor growth compared with WT mice. These data
indicate that the host cell expression of Ogr1 has a dominant role in
suppressing antitumor immunity. A high expression of Ogr1 in T cells
has been reported at the cellular level [10]. Single-cell sequencing
was carried out to reveal a key observation that Ogr1 deficiency can
cause an increase in the number of tumor-infiltrating immune cells
and a decrease in the number of tumor-promoting cells. Since
in vivo testing revealed a remarkable increase in total CD8" T-cell
infiltrates in tumors of Ogr1 ~/~ mice, we further constructed mouse
models of conditional knockout of Ogr1 in CD41 and CD8" T cells,
which markedly resulted in the lightening of the tumor load.

A great deal of evidence shows that acidosis is one of the
hallmarks of tumors and is also a key factor in tumor progression
[40]. Melanoma cells typically exhibit high glycolytic activity,
resulting in pH values as low as 6.0-6.7 in the TME due to lactic
acid production [41-43]. The dorsal-window chambers are a
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microscope that can accurately examine the pH levels of a tumor
and its microenvironment. By overlaying the acidity map created
by Seminaphtolrhodafluor-1 vis IHC staining of LAMP2 in the
tumor, the region where LAMP2 is overexpressed is matched with
the acidic region [44]. We detected LAMP2 expression in isolated
mouse tumors and found that host cell knockout of Ogr1 reduced
LAMP2 expression in tumors, suggesting that the phenomenon of
tumor acidosis was somewhat buffered. Furthermore, the high-
serum expression of alternative markers of high glycolytic activity,
such as LDH, MDH, and Pkm2, is associated with poor prognosis
and is also negatively associated with overall survival with
immunotherapy, suggesting that high glycolytic activity contri-
butes to immune escape [21, 45-47]. It is worth noting that in the
single-cell sequencing results, the factors involved in the high
glycolytic activity in the Ogr1~/~ mice had a lower expression than
those in the WT mice. We also found that in vitro pH to 6.6, the pH
level most commonly detected in tumors resulted in tumor-specific
CD8" T lymphocytes being a non-responsive state [48, 49]. To
simulate this process in vitro, we used hydrochloric acid to reduce
the pH value in the cell medium to 6.6 [50], and tested the effect of
Ogr1 on T cells in an acidic environment using T-cell function tests.
In vitro, blocking Ogr1 at acidic pH reversed T-cell function by
enhancing T-cell proliferation and migration. Moreover, the
cytotoxicity assay also proved that blocking Ogr1 impelled T cells
to migrate to the tumor’s boundary, and killed tumor cells by
secreting sufficient granzyme B, TNF, and an appropriate amount
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of IFN-y. The above phenomenon was not obvious in CD4™ T cells,
possibly, owing to the reason may be the accumulation of M2-like
tumor-associated macrophages, myeloid suppressor cells [51], and
immunomodulatory DC cell types [52]. In addition, tumor cells in
the TME can also interfere with the function of T cells by producing
high levels of arginase and promoting the induction of Tregs
[53, 54]. Although the total number of CD4" T cells was increased
in vitro, the number of Tregs did not change, resulting in a
reduction in the antitumor effect in vivo. Based on these results, we
will further improve the experiments performed. Combined with
transcriptome sequencing, it was also demonstrated that Ogr1
deficiency promotes the rapid transformation of CD4" and CD8"
T cells into effector/activated T cells. At the same time, it trigged
the strongest signal in antitumor cytotoxic gene expression
through upregulation of the pathways associated with
cytokine—cytokine receptor interaction, antigen processing, and
presentation, IL-17 signaling pathway, cytokine signaling pathway,
among others. Remarkably, the secretion of TNF in Ogr1™~ -T cells
increased in vitro, which was consistent with the high expression
of the TNF enrichment pathway obtained from the RNA-
sequencing data. Furthermore, studies have shown that the
chemotactic effects between CCL5, CCL9-10, CCL12, and T cells;
CCL19, CCL21, and dendritic cells; CCL15 and B cells, which were
found in the most enriched pathway associated with
cytokine-cytokine receptor interaction, are ideal prospects applica-
tions tumor-specific immunotherapy [55, 56].

Targeting tumor acidity can inhibit tumor growth [57, 58], which
further supports the idea that Ogr? is an attractive target for
anticancer therapy development, perhaps as part of a combina-
tion therapy regimen. In the adoptive reinfusion experiment,
T cells targeting Ogrl showed excellent antitumor effects.
However, until now, few compounds have been identified as
selective Ogr1 ligands/modulators [59]. Based on yeast screening
experiments for Ogr1, a new Ogr1 regulator was predicted based
on 3.1 million molecules, and the benzodiazepine drug lorazepam
was identified as a non-selective Ogr1-positive allosteric regulator.
The same method has been used to screen GPR65 allosteric
agonists and negative allosteric modulators, while the negative
allosteric modulators of Ogr1 are yet to be identified. We believe
that such compounds may be candidates as anticancer ther-
apeutics, especially for tumors that rely on Ogr1 to enhance their
growth or metastatic potential. Although PD-1, CTLA-4, LAG-3, and
TIM-3 are equally important in CD8™ T cells, this may highlight the
synergistic effect of Ogr1 and existing immunosuppressive
checkpoint inhibitors in the treatment of advanced cancers.

CONCLUSION

Our research is based on the phenomenon of high glycolytic activity
in solid tumors, we found that the acidic microenvironment induces
the expression of Ogr1 in T cells. Ogr1 inhibition reactivates T cells
and has a cytotoxic role by reducing the activity of high glycolysis,
resulting in comparatively low acidification of the TME and,
subsequently aid in tumor suppression. In addition, adoptive
transfer of Ogr1 deficiency in T cells enhanced the antitumor
response, with the potential for immediate clinical transformation.

DATA AND MATERIALS AVAILABILITY
All data that support the findings of this study are available from the corresponding
authors upon reasonable request.

REFERENCES

1. McCully ML, Kouzeli A, Moser B. Peripheral tissue chemokines: homeostatic
control of immune surveillance T cells. Trends Immunol. 2018;39(9):734-47.

2. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al.
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl J
Med. 2012;366(26):2443-54.

Cancer Gene Therapy (2021) 28:1213-1224

L. Cao et al.

3. Buchbinder E, Hodi FS. Cytotoxic T lymphocyte antigen-4 and immune check-
point blockade. J Clin Investig. 2015;125(9):3377-83.

4. Ma W, Gilligan BM, Yuan J, Li T. Current status and perspectives in translational
biomarker research for PD-1/PD-L1 immune checkpoint blockade therapy. J
Hematol Oncol. 2016;9(1):47.

5. Ho PC, Liu PS. Metabolic communication in tumors: a new layer of immunor-
egulation for immune evasion. J Immunother Cancer. 2016;4:4.

6. Anderson KG, Stromnes IM, Greenberg PD. Obstacles posed by the tumor
microenvironment to t cell activity: a case for synergistic therapies. Cancer Cell.
2017;31(3):311-25.

7. Boedtkjer E, Pedersen SF. The acidic tumor microenvironment as a driver of
cancer. Annu Rev Physiol. 2020;82:103-26.

8. Huber V, Camisaschi C, Berzi A, Ferro S, Lugini L, Triulzi T, et al. Cancer acidity: an
ultimate frontier of tumor immune escape and a novel target of immunomo-
dulation. Semin Cancer Biol. 2017;43:74-89.

9. Damaghi M, Wojtkowiak JW, Gillies RJ. pH sensing and regulation in cancer. Front
Physiol. 2013;4:370.

10. Wiley SZ, Sriram K, Salmerén C, Insel PA. GPR68: an emerging drug target in
cancer. Int. J. Mol. Sci. 2019;20(3):559.

11. Li H, Wang D, Singh LS, Berk M, Tan H, Zhao Z, et al. Abnormalities in osteo-
clastogenesis and decreased tumorigenesis in mice deficient for ovarian cancer G
protein-coupled receptor 1. PLoS One. 2009;4(5):e5705.

12. Boussadia Z, Lamberti J, Mattei F, Pizzi E, Puglisi R, Zanetti C, et al. Acidic
microenvironment plays a key role in human melanoma progression through a
sustained exosome mediated transfer of clinically relevant metastatic molecules.
J Exp Clin Cancer Res. 2018;37(1):245.

13. Muller B, Fischer B, Kreutz W. An acidic microenvironment impairs the generation
of non-major histocompatibility complex-restricted killer cells. Immunology.
2000;99(3):375-84.

14. Justus CR, Dong L, Yang LV. Acidic tumor microenvironment and pH-sensing G
protein-coupled receptors. Front Physiol. 2013;4:354.

15. Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al. LDHA-
associated lactic acid production blunts tumor immunosurveillance by T and NK
cells. Cell Metab. 2016;24(5):657-71.

16. Pilon-Thomas S, Kodumudi KN, El-Kenawi AE, Russell S, Weber AM, Luddy K, et al.
Neutralization of tumor acidity improves antitumor responses to immunother-
apy. Cancer Res. 2016;76(6):1381-90.

17. Wei WG, Bianchi F, Wang YK, Tang MJ, Ye H, Glitsch MD. Coincidence detection of
membrane stretch and extracellular pH by the proton-sensing receptor OGR1
(GPR68). Curr Biol 2018;28(23):3815-.e4.

18. Yan L, Singh LS, Zhang L, Xu Y. Role of OGR1 in myeloid-derived cells in prostate
cancer. Oncogene. 2014;33(2):157-64.

19. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell tran-
scriptomic data across different conditions, technologies, and species. Nat Bio-
technol. 2018;36(5):411-20.

20. Zhang X, Lan Y, Xu J, Quan F, Zhao E, Deng C, et al. CellMarker: a manually
curated resource of cell markers in human and mouse. Nucleic Acids Res. 2019;47
(D1):D721-d728.

. Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten RE, Wei R,
et al. The M2 splice isoform of pyruvate kinase is important for cancer meta-
bolism and tumour growth. Nature. 2008;452(7184):230-3.

22. Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. Functional
polarization of tumour-associated macrophages by tumour-derived lactic acid.
Nature. 2014;513(7519):559-63.

23. Romero-Garcia S, Moreno-Altamirano MM, Prado-Garcia H, Sdnchez-Garcia FJ.
Lactate contribution to the tumor microenvironment: mechanisms, effects on
immune cells and therapeutic relevance. Front Immunol. 2016;7:52.

24. Bohn T, Rapp S, Luther N, Klein M, Bruehl TJ, Kojima N, et al. Tumor immunoe-
vasion via acidosis-dependent induction of regulatory tumor-associated macro-
phages. Nat Immunol. 2018;19(12):1319-29.

25. Houot R, Schultz LM, Marabelle A, Kohrt H. T-cell-based immunotherapy: adoptive
cell transfer and checkpoint inhibition. Cancer Immunol Res. 2015;3(10):1115-22.

26. Hammerl D, Rieder D, Martens JWM, Trajanoski Z, Debets R. Adoptive T cell
therapy: new avenues leading to safe targets and powerful allies. Trends
Immunol. 2018;39(11):921-36.

27. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Sci-
ence. 2018;359(6382):1350-5.

28. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat
Rev Cancer. 2012;12(4):252-64.

29. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, et al.
Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med. 2013;369
(2):122-33.

30. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL, et al.
Overall survival with combined nivolumab and ipilimumab in advanced mela-
noma. N Engl J Med. 2017;377(14):1345-56.

2

SPRINGER NATURE

1223



L. Cao et al.

1224

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Imtiyaz HZ, Simon MC. Hypoxia-inducible factors as essential regulators of
inflammation. Curr Top Microbiol Immunol. 2010;345:105-20.

Chang CH, Curtis JD, Maggi LB Jr,, Faubert B, Villarino AV, O’Sullivan D, et al.
Posttranscriptional control of T cell effector function by aerobic glycolysis. Cell.
2013;153(6):1239-51.

Sukumar M, Liu J, Ji Y, Subramanian M, Crompton JG, Yu Z, et al. Inhibiting
glycolytic metabolism enhances CD8+ T cell memory and antitumor function. J
Clin Investig. 2013;123(10):4479-88.

Egners A, Erdem M, Cramer T. The response of macrophages and neutrophils to
hypoxia in the context of cancer and other inflammatory diseases. Mediators
Inflamm. 2016;2016:2053646.

Insel PA, Sriram K, Salmeron C, Wiley SZ. Proton-sensing G protein-coupled
receptors: detectors of tumor acidosis and candidate drug targets. Future Med
Chem. 2020;12(6):523-32.

Albrecht H, Kiibler E. Systematic meta-analysis identifies co-expressed kinases
and GPCRs in ovarian cancer tissues revealing a potential for targeted kinase
inhibitor delivery. Pharmaceutics 2019;11(9):454.

Fang J, Liu X, Bolanos L, Barker B, Rigolino C, Cortelezzi A, et al. A calcium- and
calpain-dependent pathway determines the response to lenalidomide in mye-
lodysplastic syndromes. Nat Med. 2016;22(7):727-34.

Horman SR, To J, Lamb J, Zoll JH, Leonetti N, Tu B, et al. Functional profiling of
microtumors to identify cancer associated fibroblast-derived drug targets.
Oncotarget. 2017;8(59):99913-30.

Aoki H, Mogi C, Hisada T, Nakakura T, Kamide Y, Ichimoniji |, et al. Proton-sensing
ovarian cancer G protein-coupled receptor 1 on dendritic cells is required for
airway responses in a murine asthma model. PloS One. 2013;8(11):79985.

Erra Diaz F, Dantas E, Geffner J. Unravelling the interplay between extracellular
acidosis and immune cells. Mediators Inflamm. 2018;2018:1218297.

Corbet C, Feron O. Tumour acidosis: from the passenger to the driver’s seat. Nat
Rev Cancer. 2017;17(10):577-93.

Crowther M, Brown NJ, Bishop ET, Lewis CE. Microenvironmental influence on
macrophage regulation of angiogenesis in wounds and malignant tumors. J
Leukoc Biol. 2001;70(4):478-90.

Schornack PA, Gillies RJ. Contributions of cell metabolism and H+ diffusion to the
acidic pH of tumors. Neoplasia. 2003;5(2):135-45.

Damaghi M, Tafreshi NK, Lloyd MC, Sprung R, Estrella V, Wojtkowiak JW, et al.
Chronic acidosis in the tumour microenvironment selects for overexpression of
LAMP2 in the plasma membrane. Nat Commun. 2015;6:8752.

Weide B, Martens A, Hassel JC, Berking C, Postow MA, Bisschop K, et al. Baseline
biomarkers for outcome of melanoma patients treated with pembrolizumab. Clin
Cancer Res. 2016;22(22):5487-96.

Diem S, Kasenda B, Spain L, Martin-Liberal J, Marconcini R, Gore M, et al. Serum
lactate dehydrogenase as an early marker for outcome in patients treated with
anti-PD-1 therapy in metastatic melanoma. Br J cancer. 2016;114(3):256-61.
Zhang B, Tornmalm J, Widengren J, Vakifahmetoglu-Norberg H, Norberg E.
Characterization of the role of the malate dehydrogenases to lung tumor cell
survival. J Cancer. 2017;8(11):2088-96.

Calcinotto A, Filipazzi P, Grioni M, lero M, De Milito A, Ricupito A, et al. Modulation
of microenvironment acidity reverses anergy in human and murine tumor-
infiltrating T lymphocytes. Cancer Res. 2012;72(11):2746-56.

Helmlinger G, Yuan F, Dellian M, Jain RK. Interstitial pH and pO2 gradients in solid
tumors in vivo: high-resolution measurements reveal a lack of correlation. Nat
Med. 1997;3(2):177-82.

Haas R, Smith J, Rocher-Ros V, Nadkarni S, Montero-Melendez T, D'Acquisto F,
et al. Lactate regulates metabolic and pro-inflammatory circuits in control of t cell
migration and effector functions. PLoS Biol. 2015;13(7):e1002202.

Rodriguez PC, Quiceno DG, Zabaleta J, Ortiz B, Zea AH, Piazuelo MB, et al.
Arginase | production in the tumor microenvironment by mature myeloid cells
inhibits T-cell receptor expression and antigen-specific T-cell responses. Cancer
Res. 2004;64(16):5839-49.

Mondanelli G, Bianchi R, Pallotta MT, Orabona C, Albini E, lacono A, et al. A relay
pathway between arginine and tryptophan metabolism confers immunosup-
pressive properties on dendritic cells. Immunity. 2017;46(2):233-44.

Hargadon KM. Tumor microenvironmental influences on dendritic cell and T cell
function: a focus on clinically relevant immunologic and metabolic checkpoints.
Clin Transl Med. 2020;10(1):374-411.

Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, et al. L-arginine
modulates T cell metabolism and enhances survival and anti-tumor activity. Cell.
2016;167(3):829-.e13.

Berraondo P, Sanmamed MF, Ochoa MC, Etxeberria I, Aznar MA, Pérez-Gracia JL,
et al. Cytokines in clinical cancer immunotherapy. Br J Cancer. 2019;120(1):6-15.

SPRINGER NATURE

56. Yi F, Frazzette N, Cruz AC, Klebanoff CA, Siegel RM. Beyond cell death: new
functions for TNF family cytokines in autoimmunity and tumor immunotherapy.
Trends Mol Med. 2018;24(7):642-53.

57. Roma-Rodrigues C, Mendes R, Baptista PV, Fernandes AR. Targeting tumor
microenvironment for cancer therapy. Int. J. Mol. Sci. 2019;20(4):840.

58. Cheng YQ, Wang SB, Liu JH, Jin L, Liu Y, Li CY, et al. Modifying the tumour
microenvironment and reverting tumour cells: new strategies for treating
malignant tumours. Cell Prolif. 2020;53(8):e12865.

59. Pera T, Deshpande DA, Ippolito M, Wang B, Gavrila A, Michael JV, et al. Biased
signaling of the proton-sensing receptor OGR1 by benzodiazepines. FASEB J.
2018;32(2):862-74.

AUTHOR CONTRIBUTIONS

Conceptualization: L.C, R.G,, X.C. Data curation: L.C, W.L,, X.Y. Formal analysis: L.C,,
WL, XY, W.Z, M. L. Funding acquisition: R.G., C.Q. Writing original draft: L.C,, W.L.
Writing-review & editing: L.C,, W.L., H.Z. Project administration: R.G., X.C.

FUNDING

Our work was supported by grants from CAMS initiative for Innovative Medicine of
China (2016-12M-3-019), National Mega projects of China for Major Infectious
Diseases (2017ZX10304402), the 111 Project (B20095).

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All animal procedures were approved by the Institutional Animal Care and Use
Committee of the Institute of Laboratory Animal Sciences, Chinese Academy of
Medical Sciences & Peking Union Medical College.

CONSENT FOR PUBLICATION

All authors have agreed to publish this manuscript.

CONFLICT OF INTEREST

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541417-021-00354-0.

Correspondence and requests for materials should be addressed to X.C. or R.G.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2021

Cancer Gene Therapy (2021) 28:1213-1224


https://doi.org/10.1038/s41417-021-00354-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inhibition of host Ogr1 enhances effector CD8&#x0002B; T-nobreakcell function by modulating acidic microenvironment
	Background
	Materials and methods
	Mice
	Cell lines
	In vivo tumor experiments
	Quantitative real-time polymerase chain reaction
	Immunochemical and Immunofluorescence analysis
	T-nobreakcell isolation and acidic treatments
	T-nobreakcell proliferation
	T-nobreakcell migration
	T-cell-mediated tumor-killing assay
	Cytokine secretion assay
	Adoptive cell transfer therapy
	RNA-seq analysis
	Single-cell RNA sequencing
	10x sample processing and cDNA library preparation

	Data processing
	Cell clustering
	Quantitative statistics of gene expression
	Statistical analysis

	Results
	Ogr1 inhibition in host cells mediates tumor suppression
	Single-cell transcriptomic analysis reveals the link between Ogr1 inhibition in tumor-intrinsic signaling and immunity
	Ogr1 affects the antitumor immune response mainly through T�cells
	Ogr1 inhibition attenuates the levels of tumor acidity biomarkers
	Ogr1 inhibition enhances CD8&#x0002B; T-nobreakcell effector functions at acidic pH
	Ogr1 may serve as a novel target for immunotherapy against cancer

	Discussion
	Conclusion
	References
	Author contributions
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Conflict of interest
	ADDITIONAL INFORMATION




