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ABSTRACT

Background & Aims Intratumoral lactate accumulation
and acidosis impair T-cell function and antitumor
immunity. Interestingly, expression of the lactate
transporter monocarboxylate transporter (MCT) 4, but

not MCT1, turned out to be prognostic for the survival of
patients with rectal cancer, indicating that single MCT4
blockade might be a promising strategy to overcome
glycolysis-related therapy resistance.

Methods To determine whether blockade of MCT4 alone
is sufficient to improve the efficacy of immune checkpoint
blockade (ICB) therapy, we examined the effects of the
selective MCT1 inhibitor AZD3965 and a novel MCT4
inhibitor in a colorectal carcinoma (CRC) tumor spheroid
model co-cultured with blood leukocytes in vitro and the
MC38 murine CRC model in vivo in combination with an
antibody against programmed cell death ligand-1(PD-L1).
Results Inhibition of MCT4 was sufficient to reduce
lactate efflux in three-dimensional (3D) CRC spheroids but
not in two-dimensional cell-cultures. Co-administration

of the MCT4 inhibitor and ICB augmented immune cell
infiltration, T-cell function and decreased CRC spheroid
viability in a 3D co-culture model of human CRC spheroids
with blood leukocytes. Accordingly, combination of MCT4
and ICB increased intratumoral pH, improved leukocyte
infiltration and T-cell activation, delayed tumor growth,
and prolonged survival in vivo. MCT1 inhibition exerted no
further beneficial impact.

Conclusions These findings demonstrate that single
MCT4 inhibition represents a novel therapeutic approach
to reverse lactic-acid driven immunosuppression and
might be suitable to improve ICB efficacy.

BACKGROUND

Alterations in the energy metabolism of
tumor cells are a hallmark of cancer." Accel-
erated glucose metabolism and a highly
elevated turn-over of pyruvate into lactate
even in the presence of oxygen, the so-called
Warburg phenotype, is a well-known meta-
bolic feature of different tumor entities and
linked to limited therapeutic response and
poor patient prognosis.” > Moreover, the

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Lactic acidosis of Warburg tumors is associated with
immune checkpoint blockade (ICB) resistance.

= Targeting both lactate transporters, the ubiquitously-
expressed monocarboxylate transporter (MCT)1 and
the glycolysis-related MCT4, augments ICB.

WHAT THIS STUDY ADDS

= MCT4, but not MCT1, is prognostic for survival of
rectal cancer.

= Single MCT4 inhibition, using a novel small molecule
inhibitor, was sufficient to support T-cell function,
and in combination with ICB increased immune cell
infiltration resulting in decreased colorectal carcino-
ma (CRC) spheroid viability in a three-dimensional
co-culture model of human CRC spheroids with
blood leukocytes.

= In contrast, specific and complete blockade of MCT1
and MCT4 could not further augment ICB efficacy.

= Combination of single MCT4 inhibitor and ICB in-
creased intratumoral pH, improved leukocyte infil-
tration and T-cell activation, delayed tumor growth,
and prolonged survival in an in vivo MC38 mouse
model.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Blocking the glycolysis-related MCT4 might be suf-
ficient to overcome glycolysis-related therapy resis-
tance and exert less severe side effects.

Warburg phenotype represents a metabolic
checkpoint contributing to immune evasion
and poor response to immunotherapy. To
maintain glycolytic flux, the generated lactate
needs to be efficiently secreted by proton-
coupled  monocarboxylate  transporters
(MCT) 1 and 4. Lactate transport via MCTs
results in lactate accumulation and concom-
itant acidification in the tumor microenvi-
ronment, fostering immunosuppressive cell
populations and limiting antitumor immune
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effector cells.*® Under these conditions, tumor-associated
macrophages exhibit tumor-promoting features such as
increased secretion of interleukin 6 (IL-6), transformin
growth factor B, and vascular endothelial growth factor.’
Moreover, regulatory T cell (Treg) function is preserved,
whereas T and natural killer (NK) cell-mediated anti-
tumor immunity is severely hampered.* " The number of
infiltrating effector T cells is reduced as well as the expres-
sion of important mediators of antitumor immunity such
as interferon y (IFNY). Vice versa, reducing lactate secre-
tion by lowering the expression of lactate dehydrogenase
(LDH) in tumor cells improves T and NK cell infiltra-
tion and function, and tumor growth control.” Accord-
ingly, the administration of an LDH inhibitor increased
the efficacy of adoptive T-cell transfer in a melanoma
model' and an LDH knock-out improved the response
to immune checkpoint blockade (ICB)."®

The recognition of increased glucose metabolism
in cancer as a potential therapeutic target has spurred
the development of inhibitors of glucose transporters'*
and LDH.'" Further, AZD3965, an inhibitor specific for
MCT1 was reported in 2008 by Murray et al,'® and it has
been tested clinically (NCT01791595). MCT1 is almost
ubiquitously expressed, whereas MCT4 is mainly found
on highly glycolytic cells. Expression of MCT4 and its
chaperone CD147 is predictive for overall survival (OS)
in different tumor entities including head and neck
cancer, breast cancer, hepatocellular cancer and pancre-
atic cancer.' ™ Increased expression of MCT1, MCT4
and CD147 as well as the glucose transporter GLUT1 is
detected in colorectal cancer (CRC) tissue,? ?* the third
most common cancer in Western countries.” It correlates
with lymph node and distant metastasis®* and poor
survival.” ** The PISK/AKT/mTOR signaling pathway
is frequently activated and fosters, via hypoxia-inducible
factor 1ow (HIF-1at), a metabolic rewiring towards glycol-
ysis in CRC.?" Accordingly, increased lactate levels were
detected in CRC tumor samples compared with adjacent
mucosa,” with the rectal cancer subgroup showing the
highest lactate concentrations.”

In addition to the prognostic relevance of glucose
metabolism-related proteins and signatures,” infiltration
of CD3" T cells in general and cytotoxic CD8" T cells, in
particular, in the tumor core and at the invasive margins
is highly predictive for OS in patients with CRC*™ and
used for CRC classification in addition to classical tumor-
node-metastasis (TNM) staging.”* Current strategies for
treatment of CRC are limited and ICB therapy is restricted
to a small subset (15%) of tumors with mismatch repair
deficiency (MMRd)/microsatellite instability (MSI).%
MSI CRC tumors exhibit higher numbers of immune
cells, particularly CD8" tumor-infiltrating T cells (TILs)
and T helper 1CD4" cells,” which could contribute to a
better response to ICB. As increased glycolysis negatively
correlates with T cell counts and contributes to ICB resis-
tance,””’ co-administration of anti-glycolytic drugs might
increase ICB efficacy. In our previous study, we showed
that the non-steroidal anti-inflammatory drug diclofenac,

which blocks both MCT1 and MCT4 with a 10-fold
higher Ki for MCT4, supports blockade of programmed
cell death protein-1 (PD-1) and cytotoxic T-lymphocyte-
associated protein-4 (CTLA-4) in vitro and in vivo."?

In this study, we aimed to delineate whether blockade
of MCT4 alone is sufficient to enhance efficacy of ICB
therapy or whether it needed to be combined with MCT1
blockade. Therefore, we assessed the impact of the selec-
tive MCT1 inhibitor (MCT1i) AZD3965 and a novel
MCT4 inhibitor (MCT4i)*® on tumor growth in a CRC
model in combination with anti-programmed cell death
ligand-1(PD-L1) antibodies. Our results, together with
the results of a recently published study on hepatocellular
Carcinoma,17 demonstrate that selective MCT4 inhibition
is sufficient to improve the response to ICB in MCT4-
driven tumors by reducing tumor-derived lactic acidosis.
Finally, as the in vitro results obtained with a human
co-culture model of tumor spheroids and blood leuko-
cytes were comparable to our in vivo results, the former
might help to refine animal experiments.

RESULTS
MCT4 expression correlates with survival of patients
with rectal cancer and its blockade lowers secretion of
immunosuppressive lactic acid in a tumor spheroid model
We first evaluated whether MCT1 or MCT4 expression
was associated with the survival of patients with CRC by
analyzing The Cancer Genome Atlas (TCGA) data. While
MCT1 expression correlated with survival neither in the
combined nor in the separate analysis of patients with
colon and rectal cancer, MCT4 expression turned out to
be prognostic for survival of patients with rectal cancer
(figure 1A). The negative impact of MCT4 expression on
the prognosis of patients with rectal cancer was confirmed
in a second cohort (online supplemental figure SI1A).
In the same cohort, we detected a negative correlation
between MCT4 and CD8 expression, suggesting less T-cell
infiltration and a worse antitumor immunity in MCT4-
expressing tumors (online supplemental figure S1A).
Next, we aimed to investigate whether the adminis-
tration of specific MCT inhibitors could mitigate the
Warburg phenotype of colon carcinoma cells. As a model
system, we chose the human colon carcinoma cell line
HCT116 and analyzed the MCT expression profile. In two-
dimensional (2D) cultures, both transporters (figure 1B
and online supplemental figure S1B) as well as CD147,
the chaperon required for their membrane localization
(figure 1C), were expressed. Accordingly, we observed
a continuous acidification of the culture medium over
time (online supplemental figure S1C) and concomi-
tant lactate secretion (figure 1D), reflecting the Warburg
phenotype. To reduce lactic acid secretion, we adminis-
tered specific inhibitors for MCT1/2 (MCT1i, AZD3965,
displaying a 6-fold higher selective binding activity for
MCTI1 over MCT2) and MCT4 (MSC-4381) and combina-
tions thereof. Both drugs show a high specificity for their
targets and display half maximal inhibitory concentration
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MCT4 expression negatively correlates with overall survival in rectal cancer and its inhibition reduces lactic acid

cancer samples were obtained from The Cancer

Genome Atlas database using the UCSC Xena platform: Expression is depicted as log2(fpkm-uqg+1) values. Log-rank (Mantel-
Cox) test was used to calculate differences in overall survival when comparing the upper and the lower quartile of samples.
(B-D) 2D cultures of HCT116 cells were treated with 0.1 uM MCT1 inhibitor (MCT1i) and/or MCT4 inhibitor (MCT4i). (B) Protein
expression of MCT1 and MCT4 was analyzed by Western blot analysis after 24 hours of treatment. One representative blot

out of three independent experiments is shown. (C) CD147 expression was determined by flow cytometry after 24 hours of
treatment. MFI, median fluorescence intensity. (D) Lactate concentrations were measured after 24 hours in culture supernatants.

(E-H) HCT116 were cultured either as monolayer (2D) or spheroids (3D).

HCT116 monolayers were treated for 24 hours and

spheroids for 9 days with 0.1 uM MCT1i and MCT4i. (E) MCT expression was analyzed in whole-cell lysates of HCT116
monolayers or HCT116 spheroids by Western blot analysis (n=5). Ratio of MCT4/MCT1 expression was quantified by Image

J. (F) CD147 expression was determined by flow cytometry. (G) Lactate

concentrations were measured after 9 days in 3D

HCT116 spheroid culture supernatants. (H) Morphology of treated spheroids was assessed after 9 days of treatment and
images were recorded using the EVOS system (n=8). One representative picture out of eight independent experiments is shown.
Area was quantified in three experiments using ImageJ. Median values and single data points are shown. (B-H) Depicted are

representative blots or median values with single data points. Significan

ce was determined using Mann-Whitney U test for

comparison of two groups and one-way ANOVA and post hoc Bonferroni multiple comparison test when comparing more than

two groups (*p<0.05; **p<0.01; **p<0.001), unless indicated otherwise.
transporter; 2D, two-dimensional; 3D, three-dimensional.

ANOVA, analysis of variance; MCT, monocarboxylate
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(IC,,) valuesin the low nM range,”* therefore we applied
100nM each. In line with published data,” * *' adminis-
tration of either AZD3965 or MSC-4381 had no effect on
lactate secretion in 2D cultures, whereas the combined
treatment resulted in an approximately 50% reduction
(figure 1D) along with an increase in pH (online supple-
mental figure SIC). Treatments did not lower protein
expression of the transporters and CD147, thus the
decrease in extracellular lactate can be delineated to a
blockade of the transporter activity (figure 1B,C and
online supplemental figure S1B). The co-administration
of both MCT inhibitors significantly decreased prolifer-
ation (online supplemental figure S1D), but it did not
impact cell viability (online supplemental figure SIE).

We confirmed these results by applying a second
MCT4i (AZD0095, AZD4i)** and obtained comparable
data (online supplemental figure SIF). However, a
higher concentration of AZD4i was necessary to obtain
similar effects on proliferation compared with 100nM of
MSC-4381 (online supplemental figure SID,F). Viability
was not affected even with higher doses (online supple-
mental figure S1F). Based on these results, the MSC-4381
compound was used to block MCT4 throughout the
whole study.

As 2D-monolayer cultures hardly reflect the metabolic
situation in a three-dimensional (3D) tumor, we gener-
ated tumor spheroids. The 3D-spheroids reflect the meta-
bolic tumor setting with regard to nutrient gradients,
oxygen limitation and the local accumulation of secreted
metabolites.* Tidwell et alrecently compared the metabo-
lism of 2D and 3D cultured HCT116 and found increased
glycolytic activity and MCT4 expression in tumor spher-
oids compared with monolayer cultures.* Likewise,
we observed an upregulation of MCTs in 3D HCT116
spheroids with a stronger effect on MCT4, increasing the
MCT4/MCTT1 ratio (figure 1E), whereas the expression
of CD147 was hardly affected (figure 1F). Consistently,
MCT4 blockade significantly decreased lactate secretion,
while co-application of MCT1i had no further impact
(figure 1G). Nevertheless, both MCT inhibitors did not
impact spheroid growth, even when administered in
combination (figure 1H).

T-cell function is not affected by selective MCT blockade

As previously published, T-cell infiltration and func-
tion are important determinants of survival in patients
with CRC.”" ** To ensure that MCT inhibition had no
adverse effects, the functionality of freshly stimulated
bulk T cells (CD3") as well as CD8" cytotoxic T cells
isolated from mononuclear cells (MNCs) from healthy
donors was investigated. MCT1 and MCT4 are expressed
in human T-cell populations beyond 48hours of activa-
tion (figure 2A and online supplemental figure S2A),
along with CD147 (figure 2B and online supplemental
figure S2B). Neither single nor combined MCT inhib-
itor administration affected CD3 or CD8 T-cell viability
(figure 2C and online supplemental figure S2C). Interest-
ingly, MCT1/2 but not MCT4 inhibition alone reduced

lactate secretion and concomitantly glucose uptake,
which was even more pronounced by combined MCT
blockade (figure 2D and online supplemental figure
S2D). To gain further insight in metabolic alterations in
the presence of MCT inhibitors we investigated cellular
oxygen consumption under cell culture conditions over
time. In bulk CD3" T cells and CD8" T cells respiration
was preserved in the presence of MCT4i, however, MCT1i
reduced cellular oxygen consumption and the combined
treatment exerted a further reduction (figure 2E and
online supplemental figure S2E). Furthermore, while
the dual treatment resulted in lowered CD147 expres-
sion, a consistent modulation of MCT expression was not
observed (figure 2A, online supplemental figure S2A).
The strong metabolic effect of combined MCT inhibition
translated into a reduced proliferation (figure 2F and
online supplemental figure S2F).

As T-cell effector functions are important mediators
of antitumor immunity, the impact of MCT blockade on
activation related surface markers and cytokine produc-
tion was examined. The stimulation-induced increase
in CD25, CD137 and CD69 expression was preserved in
the presence of MCT inhibitors in bulk CD3" as well as
in purified CD8" T cells (figure 2G and online supple-
mental figure S2G). Importantly, the secretion of the
effector cytokines IFNy and tumor necrosis factor (TNF)
was maintained even after blocking MCT1/2/4 simulta-
neously (figure 2H and online supplemental figure S2H)
indicating that reduced respiration still allows effector
functions but limits proliferation. Thus, dual MCT inhibi-
tion reduced cellular respiration, regarded as important
in the tumor microenvironment, and diminished prolif-
eration without affecting effector functions in CD3+ T
cells and CD8+ T cells.

Single MCT4 inhibition supports T-cell function and fosters
ICB in a 3D co-culture model of HCT116 with peripheral blood
leukocytes

Next, we aimed to elucidate whether MCT blockade
supported T-cell function and response to ICB in a 3D
co-culture model of HCT116 spheroids and whole blood
leukocytes isolated from blood of healthy donors. HCT116
cells express comparable high levels of the immune check-
point PD-L1 in 2D and 3D culture (online supplemental
figure S3A), probably rendering them sensitive to T-cell-
mediated killing in the presence of anti-PD-L1 antibodies.
However, as HCT116 cells are highly glycolytic, combined
ICB and MCT blockade, reducing the secretion of immu-
nosuppressive lactic acid, might be superior to ICB alone.
To test this hypothesis, we established a 3D co-culture
model of HCT116 tumor spheroids with human periph-
eral immune cells (figure 3A). HCT116 spheroids were
grown for 3days, and subsequently incubated for further
9days in the presence or absence of MCT inhibitors.
Thereafter, lactate levels were determined in culture media
and co-culture with immune cells was initiated. To better
mimic the physiological environment, whole blood leuko-
cytes, including granulocytes, were added to spheroid
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Figure 2 CD3" T-cell function on MCT inhibition. CD3* T cells were isolated from MNCs of healthy donors, stimulated with
0CD3/CD28 Dynabeads at a cell-to-bead ratio of 1:1 in the presence of 25IU/mL IL-2 and treated with 0.1 uM each, either
MCT1 inhibitor (MCT1i) and/or MCT4 inhibitor (MCT4i). (A) Protein expression of MCT1 and MCT4 was analyzed in whole-

cell lysates by Western blot analysis after 48 hours of stimulation/treatment (n=5). (B) CD147 expression was determined by
flow cytometry after 48 hours of treatment. MFI, median fluorescence intensity. (C) Viability was assessed after 72 hours of
treatment by Annexin V/7-AAD staining followed by flow cytometric analysis. Viable cells were designated as Annexin V/ 7-AAD
double negative. (D) Lactate and glucose concentrations were measured after 48 hours of treatment in culture supernatants.

(E) Oxygen consumption was monitored by the PreSens technology. (F) Cell number was analyzed after 72 hours of treatment
using the CASY system. Depicted are mean values with SEM. (G) CD25, CD137, and CD69 expression were determined by flow
cytometry after 48 hours of treatment. (H) Cytokine levels in culture supernatants were measured by ELISA. (A-H) Depicted are
representative blots or summarized values as median values with single data points, unless indicated otherwise. Significance
was determined using one-way ANOVA and post hoc Bonferroni multiple comparison test, except for (G) (*p<0.05; **p<0.01).
ANOVA, analysis of variance; CASY, cell counter and analyzer system; IFNy, interferon v; IL, interleukin; MCT, monocarboxylate
transporter; MNCs, mononuclear cells; TNF, tumor necrosis factor.
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Figure 3 Selective MCT4 inhibition supports T-cell function and potentiates ICB in a 3D co-culture model of HCT116 spheroids
with immune cells. (A) Co-culture protocol: HCT116 spheroids were treated with inhibitors for 9 days. Whole blood leucocytes
were added to HCT116 spheroids for 24 hours. In parallel, T cells were stimulated for 24 hours with CD3/CD28 Dynabeads and
added the next day together with human aPD-L1 antibody or the respective isotype control (Iso) for additional 24 hours (final
concentration 10 ug/mL, respectively). Spheroids were harvested and prepared either for subsequent flow cytometry analysis or
for live-cell imaging. Created with BioRender.com. (B-F) Single cell suspensions were prepared from spheroids. (B) Tumor cell
proliferation was determined by Ki67 staining and analyzed by flow cytometry in viable CD45™ cells. (C) Fold change of viable
CD45" infiltrated immune cells after 48 hours co-culture. (D-F) Gated on viable cells. (D) T-cell proliferation was determined by
Ki67 staining and analysis by flow cytometry after 48 hours of co-culture. (E) Percentage of Interferon y (IFNy") or fold change in
granzyme B (GrzB*) positive T cells among CD45" leukocytes after 48 hours of co-culture are shown. (F) Fold change of CD25
expressing CD3+T cells among CD45" leukocytes is determined by flow cytometry after 48 hours of co-culture. (G) T-cell subset
distribution (NV, EM, CM, EMRA) and portion of cytokine expression in memory (CD45R0O") T cells was investigated according
to CD45R0O and CCRY7 surface staining after 48 hours of co-culture (see gating strategy in online supplemental figure S3B).

(H) After 48 hours of co-culture, spheroids were washed, fresh medium containing respective treatments and Cyto3D Live-Dead
Assay Kit was added and spheroids with infiltrated immune cells were monitored under cell culture conditions for 48 hours
using the Incucyte Live Cell Imaging System. Representative pictures of three independent experiments after 4 days of co-
culture with immune cells. Green fluorescence=viable cells (Acridine Orange*), red=dead cells (Propidium lodide*). Mean green
fluorescence intensity was quantified as a measure of cell viability. () MC38-OVA-GFP spheroids, treated with or without MCTi,
were co-cultured with B-cell depleted unstimulated OT-I splenocytes and 24 hours pre-activated splenocytes along with aPD-L1
and respective isotype (final concentration 10ug/mL). 48 hours later, spheroids were harvested, treatments refreshed and
spheroid viability monitored by means of GFP fluorescence (green) using the Incucyte Live Cell Imaging System. Representative
pictures of one of two independent experiments after 5 days of co-culture with immune cells are shown. (B-I) Depicted are
representative blots or pictures and summarized values as median values with single data points, unless indicated otherwise.
Significance was determined using one-way ANOVA and post hoc Bonferroni multiple comparison test (*p<0.05; **p<0.01;
***p<0.001; digits indicate exact p values). ANOVA, analysis of variance; aPD-L1, anti-programmed cell death ligand-1; CM,
central memory; EM, effector memory; EMRA, effector memory CD45RA re-expressing; FACS, fluorescence activated cell

sorting; ICB, immune checkpoint blockade; MCT, monocarboxylate transporter; MCTi, MCT inhibitor; NV, naive; 3D, three-
dimensional.
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cultures. Furthermore, a portion of T cells from the same
donor was pre-stimulated for 24hours and added to the
co-culture, reflecting the invasion of T cells activated in
the lymph node. After a total of 48hours, spheroids were
picked and non-infiltrated immune cells carefully washed
away, single cell suspensions were generated and analyzed
by flow cytometry (see gating strategy in online supple-
mental figure S3B). Proliferation (figure 3B) and viability
(data not shown) were not affected by either treatment.
However, MCT4 inhibition in combination with human
anti-PD-L1 antibody resulted in a significant increase in
leukocyte (CD45" cells) abundance (figure 3C). Neither
ICB nor MCT1i alone elevated CD45" cell infiltration,
while MCT4i alone led to a mild increase. Notably, double
MCT blockade combined with ICB diminished the positive
effect of dual MCT4i and anti-PD-L1 treatment (figure 3C).
MCT1i prevented the MCT4i effect, although dual MCT
blockade did reduce lactate (figure 1G). Proliferation on
triple combination was even reduced (figure 3D). This
might be related to the observed metabolic impairment
of T cells, such as the decrease in respiration, glucose
metabolism and proliferation (figure 2D-F) on dual MCTi
treatment, and it is in line with the reported importance of
metabolic activity for T-cell function in tumors.*

The elevated leukocyte levels could not be linked to
a specific impact on a single immune cell population
as immune cell composition in terms of T cell (CD3"),
Treg (CD4'FOXP3™), monocyte (CD14") and granu-
locyte (CD66b") frequency was not altered (data not
shown), and T-cell proliferation was not significantly
increased (figure 3D). However, the percentage of IFNy
positive T cells was significantly upregulated by MCT4i,
while neither MCT1i nor ICB exerted a significant effect
(figure 3E, online supplemental table S1).

Antitumor activity of T cells requires synthesis of
perforin and granzymes that synergize to mediate apop-
tosis of target cells. Further exploring T-cell charac-
teristics on MCT4i and ICB treatment, we detected an
increase in granzyme B (GrzB) and perforin expressing
T cells (figure 3E and online supplemental figure
S3C). Whereas the elevation in perforin was related to
MCT4i, the combined treatment with aPD-L1 resulted
in a significant increase in GrzB (figure 3E). By trend
increased numbers of CD25 (figure 3F), CD137 and PD-1
expressing T cells further reflect improved T-cell activa-
tion (online supplemental figure S3D). Treatment related
shifts in the CD4" to CD8" T cell ratio (data not shown)
or in percentage of naive (NV), central memory (CM),
effector memory (EM) and effector memory CD45RA
re-expressing (EMRA) CD3 T cells were not observed
(figure 3G). However, single aPD-L1 treatment or combi-
nation with MCT4i reduced the portion of CD45RO"
cytokine expressing T cells (figure 3G and online supple-
mental figure S3E), indicating a more NV phenotype
on aPD-L1 treatment, probably due to suppressed PD-1
signaling. More than 90% of IFNy+ memoryT cells co-ex-
pressed CCR7 treatment independent, thus belong to the
CM subset (data not shown).

T-cell function is highly sensitive to lactic acid, there-
fore, we aimed to revert the effect of MCT4i by exogenous
administration of lactic acid or hydrochloric acid (HCI)
on day 12 to reach same pH levels as in the control condi-
tion before the addition of immune cells. However, short-
term administration of lactic acid or HCI to spheroid
cultures, could not reverse the positive effect of MCT4i
on IFNY (online supplemental figure S3F) or GrzB (data
not shown) indicating that short-term exogenous manip-
ulation of spheroid cultures may not fully translate into
changes inside compact 3D tumor spheroids. Thus, we
replaced MCT4i administration on day 3 with bicarbonate
to increase the buffering capacity of our culture medium.
Long-term buffering in combination with aPD-L1 signifi-
cantly increased, according to MCT4i, the portion of
CD45" leukocytes. Moreover, an elevated percentage of
T cells among leukocytes was detected (online supple-
mental figure S3G). However, cytokine expression in T
cells was not significantly increased (data not shown),
suggesting that not only changes in the pH are respon-
sible for the improvement in the cytokine response.

In accordance with the higher number of infiltrated
cytokine expressing T cells in the presence of MCT4i, a
prolonged treatment with MCT4i and aPD-L1 antibody
reduced spheroid viability (figure 3H). Notably, this
effect was mediated by infiltrated immune cells, as all cells
remaining outside the spheroid were washed away after
48hours. Interestingly, spheroid lysis was not affected
by CD8 depletion (online supplemental figure S3H).
Finally, we investigated whether MCT4i administration
potentiates an antigen specific response in a co-culture
model of ovalbumin (OVA) expressing MC38 spheroids
and splenocytes from OT-I mice. The combined treat-
ment of MCT4i and aPD-L1 strongly fostered spheroid
lysis (figure 3I).

To prove the specificity of the effects observed in
response to MCT4i, we knocked-out the respective trans-
porter in HCT116 cells. Knock-out efficacy was confirmed
by western blot in cells grown either in 2D or 3D (online
supplemental figure S3I), and CD147 expression was only
marginally affected (online supplemental figure S3J).
As previously shown, single MCT4 knock-out did not
alter lactate secretion compared with wildtype cells* *!
(figure 1G, online supplemental figure S3K). However,
it rendered tumor cells sensitive to MCT1 blockade
and, as expected, resistant to MCT4 inhibition (online
supplemental figure S3K). As for HCT116"" tumor cells,
proliferation was not affected by either treatment (online
supplemental figure S3L). In line with the impact on
lactate secretion, MCT1i increased the number of infil-
trating CD45" leukocytes (online supplemental figure
S3M). The frequency of T cells, Tregs, monocytes or gran-
ulocytes was not affected by either treatment (data not
shown). T-cell proliferation was not substantially affected
(online supplemental figure S3N), but IFNy expression
was significantly elevated in the presence of aPD-L1 anti-
body and MCT inhibition, as expected more pronounced
by MCT1i (online supplemental figure S30). However,
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there was still an effect of the MCT4i, indicating a tumor
independent impact. Similar to HCT116™ spheroids,
administration of both MCT inhibitors exerted no posi-
tive impact on CD45" leukocyte infiltration or IFNy
expression (online supplemental figure S3M,0).

To sum up, the combination of MCT4i and ICB
increased the number of infiltrating leukocytes, IFNy,
granzyme B and perforin expressing T cells and resulted
in the lysis of HCT116"™ tumor spheroids. Moreover, the
combinatorial treatment potentiates an antigen specific
response.

MCT4 blockade improves the efficacy of immune checkpoint
blockade in vivo

Based on our results obtained in the human CRC
spheroid co-culture model, we translated our find-
ings to the murine colon carcinoma MC38 3D spher-
oids co-cultured with splenocytes. As the murine MC38
model behaved like the human HCT116 model (data not
shown) and represents a well-established mouse model
for checkpoint therapy,*® we investigated next the effect
of treatments in fully immunocompetent mice. Studies
were performed with both MC38"™ as well as MC38 cells
without Mct4 (MC38M“*/") to investigate therapy-related
stromal effects. Oral administration of MCT inhibitors
achieved sufficiently high serum levels in mice (MCT4i:
7.18 pM=3.07pM; MCTli: 9.73+2.37pM; mean+SD).
MC38" showed limited expression of Mctl, but high
expression of Mct4. As for HCT116, expression of Mct4
was further increased in MC38 3D spheroids. High levels
of Mct4 were also detected in MC38 tumors (figure 4A).
Thus, we treated MC38" tumor-bearing mice with either
MCT4i or murine aPD-L1 antibodiy alone or both MCT4i
and aPD-L1 antibody. Since we could not exclude an addi-
tional impact of MCT1 inhibition, we also applied the
triple combination of MCT4i, MCT1i and aPD-L1 anti-
body (figure 4B). Toxicity, in terms of body weight loss
or liver weight increase, was not observed (online supple-
mental figure S4A). The impact of ICB on tumor growth
and survival was significantly improved by MCT4i, which
had no effect when administered alone (figure 4C,D).
Triple treatment with MCT1i, MCT4i and ICB was not
superior to dual MCT4i and ICB treatment (figure 4C,D).
To understand whether the effect of MCT4i was driven
by MCT4 expression in either tumor or stroma or both,
we used MC38M“*/~ tumor cells for further experiments.
In line with our results on HCT116 M/~ M(Cg8 M/~
tumor cells were not sensitive to MCT4i inhibition but to
MCT1i (online supplemental figure S4B). Therefore, we
inoculated MC38™*”~ tumor cells (online supplemental
figure S4B) and administered aPD-L1 and MCT4i alone
and in combination. Mct4 knock-out did not affect tumor
growth kinetics (figure 4E). However, in MC38™“*”~ 1CB
alone reduced tumor growth to a level comparable to
MC38" tumors treated with ICB and MCT4i up to day
13 (figure 4E). This early effect on ICB treatment was
transient and prolonged survival only by trend, whereas
MC38*””"  tumor-bearing animals receiving both,

aPD-L1 and MCT4i, showed significantly better survival
compared with vehicle (online supplemental figure S4C).
These data might indicate that initially MCT4i acts mainly
on tumor cells, but thereafter it also impacts stromal cells.

Finally, we aimed to delineate whether the treatment-
related delay in tumor growth and improvement in
survival in MC38" tumor-bearing mice was due to an
improved antitumor immune response. Interestingly,
spleen weights at termination were significantly increased
in all groups receiving aPD-L1 antibody (online supple-
mental figure S4E). We analyzed tumor immune cell infil-
tration at a time point when treatment effects on tumor
growth were already detectable, while tumor sizes did
not differ yet much between the experimental groups
(online supplemental figure S4F). Hence, animals were
terminated after two treatment cycles, tumors dissected,
and immune cell infiltration and activation analyzed
(see gating strategy online supplemental figure S4D).
The portion of CD3" T cells was increased by ICB but
significantly elevated only after combination with MCT4i
(figure 4F). Among T-cell subpopulations, the percentage
of CD8" T cells was significantly increased (figure 4G)
and a decrease in CD4 CD8 T cells was observed
(online supplemental figure S4G). The amount of Tregs
was not altered. The main difference observed in the
CD11b" myeloid compartment was a reduced frequency
of suppressive CD11b"GR1" cells by the combination of
MCT4i and ICB, whereas overall percentages of myeloid
cells, macrophages (F4/80") or NK cells, NK (NKI.1")
and NKT cells (CD3" NK1.17) were not altered by either
treatment (online supplemental figure S4G). As an IFNYy-
driven gene signature correlates with the response to ICB
in patients,"” * we investigated whether MCT4 blockade
affected IFNYy expression in tumor infiltrating T cells.
Indeed, the amount of IFNY expressing CD8" T cells was
increased by the combined treatment but not the portion
of CD25 expressing T cells (figure 4H,I), whereas no
impact was detected on IFNyexpressing CD4" T cells,
NK cells or NKT cells (online supplemental figure S4G).
The observed effects were restricted to tumor infiltrating
CD8" lymphocytes and CD11b" cells as no differences
were observed in spleen, blood or the draining lymph
nodes (online supplemental figure S4H).

MCT4 inhibition mitigates the Warburg phenotype in vivo

As MCT4 is the dominant proton coupled lactate trans-
porter in MC38" tumor cells, its blockade should result
in intracellular lactate accumulation and elevated extra-
cellular pH. Moreover, it is known that lactate accumula-
tion can exert a feedback inhibition on cellular glucose
metabolism. Surprisingly, MCT4i treatment did not alter
glucose levels neither in tumor tissue nor in interstitial
fluid. However, intratumoral glucose concentrations
were significantly elevated in tumors treated with MCT4i
and ICB (figure 5A). Furthermore, intratumoral glucose
levels inversely correlated with lactate levels in total tissue
as well as in the interstitial fluid, indicating that the
combined treatment had indeed reduced glucose flux
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Figure 4 MCT4 blockade improves the efficacy of immune checkpoint blockade in vivo. (A) Mct1 and Mct4 expression in
MC38 cells, cultured either as monolayer, spheroids or in ex vivo tumor tissue, was determined by western blot analysis (n=3) or
in tumor tissue by immunohistochemistry. One representative blot out of three independent experiments is shown. (B) Protocol
for in vivo experiments. 1x10° MC38 cells were injected subcutaneously into the flank of C57BL/6 mice. Treatment was started
on day 6 after cell implantation. MCT inhibitors were administered p.o. daily (AZD3965 MCT1 inhibitor (MCT1i) 100 mg/kg

body weight; MSC-4381 MCT4 inhibitor (MCT4i) 30 mg/kg body weight). Murine anti-PD-L1 antibody or respective isotype
(10mg/kg body weight) were administered i.p. every third day). For survival studies, animals were treated until the endpoint
was reached. For immune infiltration and tumor pH studies, animals were treated and tumors collected on days 11-13 (two
complete treatment cycles). Created with BioRender.com. (C) Individual tumor growth curves. Each line represents one mouse.
(D) Survival was plotted as Kaplan-Meier estimation curves. Significance was calculated by applying the log-rank (Mantel-

Cox) test with correction for multiple testing (Bonferroni correction of the p value for the number of statistical tests (n=10)
performed (significant differences: *compared with vehicle, # compared with aPD-L1 antibody, + compared withto MCT4i;
**p<0.01 **p<0.001; ##p<0.01; +++p < 0.001). (E) Tumor volume of MC38"* and MC38"°“~~ tumors was monitored over time.
Mean+SEM is shown. Significance was determined by two-way ANOVA and post hoc Bonferroni multiple comparison test
(significant differences: *compared with vehicle, #compared with aPD-L1 antibody, +compared withto MCT4i; **p<0.001;
##p<0.01; +++p < 0.001). (F-I) Gated on single, viable cells. (F) Percentage of CD3* T cells among CD45" cells determined by
flow cytometry. (G) Percentage of CD8" T cells among CD45" cells determined by flow cytometry. (H) Percentage of interferon y
(IFNY") or CD25 positive cells among CD3* T cells determined by flow cytometry. (I) Percentage of IFNy" or CD25 positive cells
among CD8* T cells determined by flow cytometry. (F-l) Representative plots and median values with single data points are
shown. Significance was determined using one-way ANOVA and post hoc Bonferroni multiple comparison test (‘p<0.05), unless
indicated otherwise. ANOVA, analysis of variance; aPD-L1, anti-programmed cell death ligand-1; i.p., intraperitoneally; Iso,
isotype; MCT, monocarboxylate transporter; p.o., orally.
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Figure 5 MCT4 inhibition attenuates the Warburg phenotype of MC38 tumors. 1x10® MC38 cells were injected subcutaneously
into the flank of C57BL/6 mice. Treatment was started on day 6 after cell implantation. MCT inhibitors were administered p.o.
daily (AZD3965 MCT1 inhibitor (MCT1i) 100 mg/kg body weight; MSC-4381 MCT4 inhibitor (MCT4i) 30 mg/kg body weight).
Murine anti-PD-L1 antibody or respective isotype (10 mg/kg body weight) were administered i.p. every third day, one treatment
cycle consists of 2days of MCTi alone+1day of MCTi combined with aPD-L1 antibody. For tumor pH studies, animals were
treated and tumors collected on days 11-13 (two complete treatment cycles). (A) Intratumoral concentrations of glucose (Glc),
pyruvate (Pyr), citrate, succinate (Succ) and malate were determined in interstitial fluid (interst. fluid) and total tissue (snap-
frozen in liquid nitrogen after extraction of interstitial fluid) by gas chromatography-mass spectrometry. Glucose plotted against
lactate (Lac) concentrations in total tumor tissue and interstitial fluid. Correlation was computed using Pearson correlation test.
(B) Tumor pH was measured using a microprobe pH meter at a depth of 1, 2 and 3mm. Median values with single data points
are shown. (C) Glucose uptake by viable CD45™ cells was determined by 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
D-glucose (2NBDG) staining and analysis by flow cytometry. MFI, median fluorescence intensity. (D) 2NBDG signal in viable cell
leukocyte populations (CD3* T cells, NK1.1* cells, Gr-1* and Gr-1" tumor-associated myeloid cells and F4/80" macrophages).
(A-D) Single data points and median values are shown. Significance was determined using one-way ANOVA and post hoc
Bonferroni multiple comparison test (*p<0.05). Graphics depicting cells are created with BioRender.com. ANOVA, analysis of
variance; aPD-L1, anti-programmed cell death ligand-1; i.p., intraperitoneally; Iso, isotype; MCT, monocarboxylate transporter;
MCTi, MCT inhibitor; p.o., orally; TCA, tricarboxylic acid cycle.
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(figure 5A). Intratumoral pH, determined at a depth of
1-3mm, was elevated in the MCT4i treatment groups
independent of ICB (figure 5B). To gain further insight
on a cellular level, we measured 2-deoxy-2-[ (7-nitro-2,1,
3-benzoxadiazol-4-yl)amino]-D-glucose (2NBDG) uptake
in CD45™ tumor cells and different immune cell popula-
tions. In line with increased intratumoral glucose levels,
2NBDG uptake was lower in CD45™ cells from MCT4i+ICB
treated tumors (figure 5C). No impact was observed on T
cells, NK cells, macrophages and myeloid cells regardless
of GR-1 expression, indicating that tumor cells were the
main therapeutic target (figure 5D). Despite its impact
on glucose uptake, MCT4 inhibition did not affect the
levels of pyruvate and tricarboxylic acid cycle (TCA)
metabolites (figure 5A).

DISCUSSION

Over the last years, MCTs emerged as attractive targets in
the context of cancer therapy. Up to now, only a limited
number of studies investigated the impact of specific
MCT inhibition in the context of immunotherapy.'’

In our study, we investigated the effects of the recently
described highly potent and selective carboxylic MCT4
inhibitor MSC-4381" and the selective MCT1 inhib-
itor AZD3965 in combination with ICB. In accordance
with previous studies,"” ***' monotherapy with MCT1 or
MCT4 inhibitors in 2D cultures had no effect on lactate
secretion, while combined treatment diminished lactate
efflux. However, in our human co-culture model of 3D
colon tumor spheroids with whole blood leukocytes,
which reflects more accurately the tumor microenvi-
ronment," MCT4 expression was strongly elevated. In
this setting, exclusive MCT4 inhibition was sufficient to
reduce lactate secretion, improve T-cell function and, in
combination with anti-PD-L1 treatment, foster tumor cell
lysis. Similar results were obtained with an undisclosed
non-carboxylic successor of MSC-4381 (data not shown).
Those results could be translated to an in vivo CRC tumor
model, where MCT4i and anti-PD-L1 co-administration
significantly improved T-cell tumor infiltration and func-
tion and reduced the frequency of suppressive myeloid
cells.

Our results are in accordance with studies showing
that lactic acid contributes to immune escape and tumor
progression as it severely impairs effector functions of T
cells and NK cells’ ™* and fosters the differentiation and
activity of tumor-promoting immune cell populations,
such as Tregs'’ "' * and myeloid cells.” Moreover, a highly
glycolytic tumor metabolism has been linked to limited
efficacy of ICB in melanoma" * and renal cell carci-
noma’' and also to resistance to adoptive T-cell transfer
in melanoma.'” Therefore, restricting lactic acid secre-
tion is a promising strategy to overcome glycolysis-related
therapy resistance.

So far, multiple compounds have been described to
non-specifically inhibit MCTs, such as cinnamate-based
compounds,” syrosingopine” or diclofenac'® and specific

MCT1 inhibitors have been reported with clinical poten-
tal, such as AZD3965,"° AR-C155858”* and BAY-8002.”
However, among specific MCT inhibitors only AZD3965
has been tested to date in a Phase I clinical trial (https://
clinicaltrials.gov/ct2/show/results/NCT01791595).”° In
contrast to MCT1, which is almost ubiquitously expressed,
MCT4 is predominantly found on highly glycolytic cells.
This is partially explained by the fact that its expression
is triggered by HIF-1o, a master regulator of the cellular
response to hypoxia.”” Based on the restricted expres-
sion, MCT4 might be a superior target, exerting less side
effects compared with MCTI1. However, the range of
selective MCT4 inhibitors is very limited. The carboxylic
compounds AZ1422,”® VB124™ and MSC-4381* repre-
sent a first generation of selective MCT4 inhibitors, while
newer, non-carboxylic compounds AZD0095" or an
undisclosed successor of MSC-4381 combine selectivity
with more favorable property profiles, indicating possibil-
ities for further improved compounds. Fang et al recently
showed that VB124 can improve the response to ICB in vivo
in a hepatocellular carcinoma model system by increasing
CD8" T-cell infiltration and function. Furthermore, they
demonstrated that MCT4 knockdown reduced glycolytic
activity of tumor cells and, consequently, extracellular
acidification.'” In line, MSC-4381 MCT4 inhibitor in
combination with aPD-L1I increased intratumoral glucose
concentrations and concomitantly, decreased glucose
uptake by MC38 tumor cells. Moreover, this treatment
reduced intratumoral acidification compared with anti-
PD-L1 monotherapy. Our results are consistent with the
observation that suppression of T-cell effector functions
can be reversed in patients with acute myeloid leukemia
by administration of sodium bicarbonate to buffer excess
hydrogen ions.”” However, the administration of bicar-
bonate could only partially mimic the effects of MCT4i
administration in the HCT116 co-culture model indi-
cating that not only the pH but also the lactate level is
involved in T-cell regulation.

Nevertheless, targeting MCT4 might not only affect
tumor cells. Beside tumor cells, activated T cells and
tumor-infiltrating myeloid cells rely on glycolysis and
contribute to lactate secretion.®’ ®2 Thus, MCT inhibi-
tion could impair their function. Notably, we observed
improved T-cell infiltration and function in the presence
of an MCT4 inhibitor in vitro and in vivo. Accordingly,
we had observed previously preserved functionality of T
cells, in which the MCT4 had been knocked out.'” Apart
from tumor cells and T cells, tumor-associated myeloid
cells are important producers of lactate.” Reinfeld et al
demonstrated that microbead-isolated CD11b" myeloid
cells from MC38 tumors showed the highest capacity for
uptake of fluorodeoxyglucose.”’ Moreover, it was shown
that tumor-associated macrophages expressed lactate
dehydrogenase A, the myeloid-specific deletion of which
supported T cell antitumor response and reduced tumor
growth.*”” In line, Tan et alrecently reported MCT4 expres-
sion in human and mouse bone marrow-derived macro-
phages.** Therefore, to differentiate the effect of MCT4i
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in tumor versus stromal cells, we studied the impact of
MCT#4 inhibition in an MC38"““"/" model. In the initial
phase, anti-PD-L1 treatment was not improved by MCT4
inhibition in MC88M*~/~ tumors, but later survival was
prolonged only by combined treatment with MCT4i and
anti-PD-L1. This suggests that inhibition of MCT4 in both
tumor and stromal cells is required to improve survival.

Surprisingly, additional blockade of MCT1 using
specific inhibitors, counteracted the beneficial effect of
MCT4 inhibition on T-cell response in co-culture with
HCT116 spheroids and impaired T-cell proliferation.
In line, Murray et al postulated that MCT1 might be
important for proliferation and proposed MCT1 as target
for suppression of T cells.'® In our previously published
study on the impact of diclofenac, we did not detect these
adverse effects on T cells in vitro. The underlying reason
could be that diclofenac blocks MCT4 with much higher
potency than MCT1' and probably, it is less effective than
a selective MCT1 inhibitor. While a negative effect was
seen in vitro, we observed no undesirable in vivo effect
combining MCT1 and MCT#4 inhibitors compared with
MCT4 monotherapy, but also no additional benefit. This
suggests that MCT4 plays a more important role than
MCT1 in the MC38 model. However, MCT1 inhibition
might be required in MCT1-driven tumors such as 4T1, in
which diclofenac as MCT1/4 dual inhibitor augmented
the response to ICB."”

Glycolysis**? % % and MCT4° '® % %68 expressions have
beenimplicated in tumor aggressiveness and worse patient
survival in various cancers. By analyzing the expression of
six Warburg-related proteins, including MCT4, Offermans
et al demonstrated that patients with CRC with Warburg-
high tumors also have a worse outcome than patients
with Warburg-low tumors.” In addition, others have
found a correlation between MCT4 expression analyzed
by immunohistochemistry (IHC) and survival of patients
with CRC.%® 7 ® Nevertheless, when analyzing SLC16A3
encoding MCT4 in TCGA data, we found a correlation
with survival only in rectal cancer, but not in colon cancer.
Consistent with this, Mirnezami et al found higher lactate
levels in rectal cancers than in colon cancers.> However,
all studies reporting a prognostic value of MCT4 relied
on IHC staining, suggesting that bulk messenger RNA
expression data might sometimes fail to reflect protein
expression.

Moreover, multiple studies have shown that CD8"
T-cell infiltration is prognostic for overall survival in
several tumor entities,ﬁg_72 including CRC.*'*2 CRC is the
second most common cause for cancer death.” Never-
theless, treatment strategies for CRC are limited and
ICB is restricted to a small subset of 15% of tumors with
MMRd,/MSL” Interestingly, a prognostic role of a high
IFNy signature for response to ICB has been discussed
in the context of melanoma®” and CRC.* Moreover, the
abundance of cytotoxic T cells has been associated with
response to immunotherapy in MSI CRC tumors.”® In
line, Vasaikar et al found a negative correlation between
CD8" T cell count and increased glycolysis in MSI-high

CRC tumors,” suggesting that the Warburg effect limits
the efficacy of ICB.” Our data provide the rationale that
MCT4 inhibition could expand the application range and
efficacy of ICB treatment for patients with CRC.

Overall, our findings demonstrate that MCT4 inhibi-
tion can reverse lactic acid-driven immunosuppression,
and thereby enhance ICB response in CRC in vitro and
in vivo models with predominant MCT4 expression.
However, the Warburg effect represents a metabolic
checkpoint across multiple cancer entities. In light of our
analysis, together with the work of Bovenzi et al,"® multiple
solid cancers have higher MCT4 than MCT1 expression.
Thus, patients with different tumor entities might benefit
from combined MCT#4 inhibition and ICB, as suggested
by our preclinical data on CRC and the study of Fang et
al on hepatocellular carcinoma.'” Finally, we would like
to emphasize that our human co-culture model of tumor
spheroids and leukocytes reliably predicted in vivo effects.
Therefore, we encourage the scientific community to use
such an approach to study antitumor immune responses
to complement and refine animal experiments.

METHODS

Tumor cell line culture

HCT116 tumor cell line (ATCC), MC38 tumor cell line
(Scripps Research Institute) and MC38-OVA-GFP tumor
cell line (provided by Ramon Arens) were cultured in
RPMI1640 (Thermo Fisher Scientific) supplemented
with 10% fetal calf serum (FCS, heat-inactivated, Milli-
pore Sigma) and 2mM L-glutamine (PAN-Biotech) in a
humidified atmosphere (5% CO,, 95% air) at 37°C in a
Heraeus incubator.

Generation of HCT116 and MC38 MCT4 CRISPR knock-out
clones

MC38 MCT4”" cells were generated by CRISPR/Cas9
technology. HCT116M“™7~ cells were generated by
Horizon Discovery. For detailed information refer to
online supplemental material.

Human T-cell isolation, stimulation and culture

Peripheral blood mononuclear cells were isolated by
density gradient centrifugation over Ficoll/Hypaque as
described™ and either CD3" or CD8' T cells were isolated
by magnetic bead separation (Miltenyi Biotec) and stimu-
lated with anti-CD3/CD28 coated Dynabeads. For detailed
information refer to online supplemental material.

Monitoring of pH and oxygen consumption in vitro

The extracellular pH and oxygen consumption of cells
were monitored non-invasively over time under cell
culture conditions using the PreSens technology. 0.2x10°
tumor cells or 0.8x10°T cells were seeded in 1mL in
HD24 HydroDish (pH monitoring) or OD24 OxoDish
(Oxygen consumption, both PreSens Precision Sensing
GmbH) with pre-calibrated sensors at the bottom of each
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well for non-contact reading by the SDR SensorDish
Reader through the transparent material of the plate.

Determination of cell number
Cell proliferation in culture was monitored using the
CASY Cell Counter system (Omni Life Science).

Determination of cytokines
Cytokine secretion was determined in 48hours culture
supernatants by commercially available enzyme-linked
immunosorbent assays (R&D Systems) according to the
manufacturer’s protocol.

Determination of glucose uptake

Glucose concentration in culture supernatants was
measured using the Glucose HK assay Kit (Sigma Aldrich).
In brief, 5pl culture supernatant were mixed with 195 pl
reconstituted assay reagent in a 96-well microplate, incu-
bated for 15min and absorbance at 340nm measured
using a microplate reader. Glucose levels were quanti-
fied by means of a standard curve. To calculate glucose
uptake, measured glucose concentration in supernatants
was subtracted from glucose concentration in medium.

Quantification of lactate secretion

Tumor cells (2.5x10*/200uL) or T cells (0.1x10°/200 L)
were seeded into flat-bottom and round bottom 96-well
plates for 24hours or 48hours, respectively. Lactate
concentrations in cell culture supernatants were deter-
mined enzymatically by the Department of Clinical Chem-
istry at the University Hospital of Regensburg, Germany.

Co-culture of HCT116 tumor spheroids and human immune
cells

HCT116 spheroids were grown from 2D cultures. On day
4 after seeding, spheroids were treated with 0.1 pM MCT
inhibitors. On day 12, MNCs and peripheral mononu-
clear cells (PMNs) were isolated from peripheral blood of
healthy donors and unstimulated 0.1x10° immune cells
added to the spheroids. MNCs of the same donor were
stimulated with anti-CD3/CD28 coated Dynabeads and
after 24 hours 0.1x10° MNGCs, mainly T cells, were added
along with IL-2, aPD-L1 or a mutant isotype control, and
MCT inhibitors were replenished. After further 24 hours
of co-culture, spheroids were collected and prepared for
live-cell imaging or flow cytometry. For detailed informa-
tion refer to online supplemental material.

Co-culture of MC38-0VA-GFP tumor spheroids and murine
immune cells

MC38-OVA-GFP spheroids were grown from 2D cultures.
After 3days, spheroids were treated with MCT inhibi-
tors and incubated for seven further days. Co-culture
was started on day 10. Immune cells were isolated from
spleens of 16-20 weeks old OT-I mice, B cells were
removed by magnetic separation, and unstimulated sple-
nocytes added. In addition, antigen-specific T cells were
stimulated by incubation with SIINFEKL-peptide for
24hours. Stimulated T cells were added along with IL-2,

IL-15, aPD-L1 or respective isotype control, and MCT
inhibitors were replenished. Spheroids were cultivated
with immune cells for an additional 48 hours before Live-
Cell Imaging was performed. For detailed information
refer to online supplemental material.

Real-time live cell imaging

Spheroid lysis was detected using the real-time live cell
imaging system IncuCyte ZOOM (Sartorius). For detailed
information refer to online supplemental material.

Mice and in vivo experiments

Animal experiments on tumors were performed
according to the regulations of the local government of
Wiirzburg, Germany, and permission was obtained from
the Government of Unterfranken, Germany.

To generate MC38 tumors in mice, 1x10° MC38™ or
MC38Y™ /" tumor cells were injected in 50pl RPMI
1640 medium subcutaneously in the dorsal region. MSC-
4381 MCT4i was administered at 30 mg/kg body weight,
AZD3965 MCTI1i was administered at 100mg/kg body
weight, both at a volume of 10 mL/kg body weight. MCT
inhibitors were given per os (p.o.) daily, starting on day
6 after tumor inoculation. Murine Anti-PD-LL1 (Bio X
Cell) and rat IgG2b isotype (Iso) (Bio X Cell) antibodies
were administered intraperitoneal at a concentration of
10mg/kg every third day, starting on day 6 after tumor
inoculation. All treatments were continued for the entire
duration of the study. Tumor volume was determined by
using the tumor length (1) and width (w) measurements.
Atindicated time points blood, spleens, lymph nodes and
tumors were harvested for analysis. For detailed informa-
tion refer to online supplemental material.

Determination of intratumoral pH

Tumor pH was determined in size matched tumors by a
microfiber optic pH meter with needle-type housed pH
microsensors (20/0.4) using a manual micromanipulator
(PreSens Precision Sensing GmbH). MCT inhibitors were
administered 2hour prior to pH measurement. Micro-
sensors were calibrated for at least 30 min, tumors were
dissected and pH microsensor was inserted 1-3 mm into
the tumor and pH was reported between 1-3 min with the
software pHI1-View.

Flow cytometry

Single cell suspensions were stained for flow cytometry.
Apoptosis was determined by Annexin-V/ 7-AAD staining.
Glucose uptake was assessed by staining with 2-(N-(7-Nit
robenz-2-Oxa-1,3-Diazol-4-yl) Amino) -2-Deoxyglucose
(2-NBDG; Thermo Fisher Scientific). For live-dead
discrimination, cells were stained with Zombie-NIR
(BioLegend). Surface staining was performed in phos-
phate buffered saline (PBS) with 2% FCS for 20min at
4°C. For intracellular detection of cytokines, cells were
incubated with monensin prior to staining, surface
staining was performed and intracellular staining was
performed after fixation/permeabilization using the
eBioscience Foxp3/Transcription Factor Staining Buffer
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(eBioscience). Stainings were performed in PBS+2% FCS
for 20min at 4°C. All antibodies were purchased from BD
Biosciences or BioLegend. For detailed information refer
to online supplemental material.

Determination of intermediates of glycolysis and TCA cycle in
tumor tissue and interstitial fluid

Interstitial fluid was extracted from tumor tissue
according to a protocol by Wiig et al.™ TCA intermediates
in tumor tissue and interstitial fluid were assessed by gas
chromatography coupled mass spectrometry (GC-MS)
after methanol precipitation. For detailed information
refer to online supplemental material.

Western blot analysis

Protein expression was analyzed by western blot. For
detailed information refer to online supplemental
material.

Immunohistochemistry

IHC was performed on formaldehyde-fixed paraffin
embedded tissue or tissue/cell microarrays mounted on
positively charged SuperFrostPlus slides. Horseradish
peroxidase conjugated polymers were used to visualize
staining. Sections were counterstained with hematox-
ylin. Immunohistochemical stains were scanned with the
NanoZoomer (Hamamatsu). Microscopic evaluation was
done using the Polyvar 2 microscope (Leica). For detailed
information refer to online supplemental material.

Chemicals

MCT inhibitors were first dissolved in dimethyl sulf-
oxide (DMSO) at a concentration of 10 mM and further
diluted in RPMI1640 to stock concentration of 100 pM
(final concentration 0.1pM or 2pM were used as indi-
cated). Human anti-PD-L1 and mutated isotype control
were provided by the Healthcare business of Merck
KGaA, Darmstadt, Germany (CrossRef Funder ID:
10.13039/100009945) or the University Hospital Regens-
burg. Murine anti-PD-L1 and rat IgG2b isotype (Iso) were
obtained from Bio X Cell. Lactic acid and cell-culture
grade HCIl were purchased by Sigma Aldrich, sodium
bicarbonate was obtained from Roth Chemicals.

Database analyses

Transcriptome data from 430 colorectal, 326 colon
cancer and 186 rectal cancer samples were obtained
from TCGA database using the UCSC Xena platform.75
Expression is depicted as log2(fpkm-uq+1) values. Log-
rank (Mantel-Cox) test was used to calculate differences
in OS when comparing the upper and the lower quartile
of samples.

Kaplan-Meier estimation curves for OS of individual
patients with CRC from a second cohort were generated
with the microarray analysis and visualization platform
R2 (http://r2.amc.nl) by using the “R2: Tumor Colon
(after surgery) - Beissbarth - 363 - custom - 4hm44k” data
set. For determination of high and low expression of
SLC16A3 the cut-off modus “scan” divided the patients

into two groups. The raw p value significance was calcu-
lated for every graph using the web database.

Statistical analysis

Statistical parameters including the exact value of n, the
definition of the center, dispersion, and precision and
statistical significance are reported in the figures and the
figure legends. Statistical analysis was performed with the
GraphPad Prism software (versions 9 and 10). Data were
judged to be statistically significant when p<0.05. For
comparison of more than two groups or time points, one-
way or two-way analysis of variance with post hoc Bonfer-
roni’s or Dunnett multiple comparison test was used,
whereas paired or unpaired/two-tailed Mann-Whitney
U or Wilcoxon’s matched pair signed rank test were
applied to the comparison of two groups. For Kaplan-
Meier curves, significance was calculated by applying the
log-rank (Mantel-Cox) test with correction for multiple
testing (Bonferroni correction of the p value for the
number of statistical tests (n=10) was performed). Aster-
isks in figures denote statistical significance (¥p<0.05,
*##p<0.01, #**p<0.001).
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