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Figure 2. Treatment of HCT-116 colorectal cancer cells with pH-modulating agents increases natural killer cell-
mediated killing. Co-culture of HCT-116 colon cancer cells and NK-92 cells with designated drugs using a cell culture
media pH of 6.0. A 1:1 effector: target cell ratio was used. “C”: Cariporide. “L": Lansoprazole, “A”: Acetazolamide.
24-hour timepoint and 10x magnification. Ethidium homodimer was used to visualize dead cells. Scale bar indi-
cates 100 um. (A) Single treatment results and (B) combination treatment results. (C) Quantification of images in
(A and B).
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the most significant upregulation of tumor cell
death observed with the cariporide plus lanso-
prazole combination low-dose treatment and
the lansoprazole plus acetazolamide low-dose
treatment. The percentage of dead cells out of
total cells did not significantly increase in the
combination therapy groups as compared to
the single-treatment groups. Treatment doses
up to 100 uM did not impact tumor cell viability

(Supplementary Figure 1).

Next, we observed similar trends when we co-
cultured T cells and colorectal cancer cells
using a culture media with an adjusted pH of
6.0 (Figure 3). Again, we observed the most sig-
nificant single agent activity with acetazol-
amide. Interestingly, combination treatment
groups did not provide an advantage over sin-
gle treatment with cariporide, lansoprazole, or
acetazolamide at low concentrations.

Cariporide, lansoprazole, and acetazolamide
treatment differentially modulates immune-
cell mediated tumor cell killing at pH 7.0 and
7.7

We observed similar trends for natural killer
cell-mediated tumor cell Killing using a culture
media pH of 7.0 (Supplementary Figure 2) and

7.7 (Supplementary Figure 3). At pH 7.7, we
once again observed the greatest single agent

activity with lansoprazole treatment. We
observed the highest overall percentage of
dead cells in the triple therapy combination
group at the low dose. Once again, we observed
the lowest single agent activity from the caripo-
ride only treatment group. At pH 7.0, we
observed the highest single agent activity with
the acetazolamide only group and the lowest
with the cariporide only group. The most effec-
tive combinatorial group was the cariporide
plus lansoprazole group.

Moreover, we observed similar trends for T cell-
mediated tumor cell killing using a culture
media of 7.0 (Supplementary Figure 4) and 7.7

(Supplementary Figure 5). Again, the acetazol-
amide only treatment group had the highest

single agent activity and the cariporide only
group had the least amount of activity in terms
of the promotion of immune cell-mediated
tumor cell death at pH 7.7. Interestingly, the
high concentration, triple therapy group showed
the largest amount of tumor cell death. At pH
7.0, acetazolamide again showed the largest
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single-agent activity. Lansoprazole treatment
alone had the lowest amount of tumor cell
death. We again observed that the high-dose,
triple therapy group showed the highest amount
of tumor cell death.

Cariporide treatment modifies cytokine, che-
mokine, and growth factor profiles; results are
heterogeneous across cell lines

Given the importance of cell signaling on
immune function, and because we saw signifi-
cant changes in immune Killing with the pH-
modulating agents tested, we then evaluated
how cariporide treatment impacts the colorec-
tal cancer cell secretome (Figure 4). Our cus-
tom cytokine, chemokine, and growth factor
profiling panel was designed specifically to
monitor analytes involved in immunomodula-
tion in the context of colorectal cancer (Figure
5) [37-41]. We utilized HCT-116 cells, as used in
the co-culture experiments, and also analyzed
two other colorectal cancer cell lines (HT-29
and KM12C) in order to evaluate potential he-
terogeneity of response based on different cell
line genetic backgrounds (Figure 4). Inte-
restingly, in HCT-116 cells treated with caripo-
ride, Interleukin-6 (IL-6) was the only analyte
that increased. Analytes that decreased post-
treatment included CCL3/MIP-1 alpha, vascu-
lar endothelial growth factor (VEGF), CXCL9/
MIG, macrophage-colony stimulating factor
(M-CSF), Prolactin, Interleukin-8 (IL-8/CXCLS8),
soluble tumor necrosis factor-related apop-
tosis inducing ligands receptor 2 (STRAIL-R2),
CXCL13/BLC/BCA-1, soluble tumor necrosis
factor-related apoptosis inducing ligand recep-
tor 2 (sTRAIL-R3), granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), Interleukin-2
(IL-2), soluble programmed death-ligand 1
(sPD-L1), C-reactive protein (CRP), and interfer-
on-beta (IFN-beta). In HT-29 cells we saw
increases in VEGF, prolactin, CXCL13/LBC/
BCA-1, CXCL11/I-TAC, tumor necrosis factor
alpha (TNF alpha), and IL-6. In contrast, we
observed decreases in IL-8/CXCL8, Interferon
gamma-induced protein 10 (CXCL10/IP-10),
sTRAIL-R2, IL-2, Regulated upon Activation,
Normal T Cell Expressed and Presumably
Secreted (CCL5/RANTES), TNF-related activa-
tion-induced cytokine (TRANCE), sPD-L1, inter-
feron-alpha (IFN-alpha), sTRAIL-R3, CRP, IFN-
beta, and GM-CSF. In the third cell line we test-
ed, KM12C, we observed increases in VEGF,
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amide treatment impacts the
colorectal cancer cell cyto-
kKinome.

Discussion

We observed that pH impacts
the function of immune cells
which is relevant in the con-
text of a highly acidic TME.
We observed that treatment
of colon cancer and immune
cell co-cultures with several
pH-modulating agents incre-
ased immune-cell mediated
tumor cell-killing. We observ-
ed heterogenous responses
in tumor cell death in the dou-
ble- and triple-combination
treatmentgroups. Therapeutic
modification of TME pH using
pH-modulating agents such
as cariporide, lansoprazole, or
acetazolamide may be a way
to improve anti-tumor immune
response in solid tumors.
These types of pH-modulat-
ing therapies may also have
applicability in the context
of immunotherapies such as
immune checkpoint blockade
with anti-PD-1 or anti-PD-L1.
Further in vitro and in vivo
studies are needed to support
these hypotheses.

We observed that cariporide
treatment increases colorec-
tal cancer cell-secreted cyto-
kines that are involved in
immune cell recruitment and
activation. Analytes that in-
creased post-cariporide treat-
ment in at least two out of
the three cell lines that are
known to be immunostimula-
tory include CXCL11, TNF-
alpha, IL-6, and prolactin. The
CXCL11-CXCR3 axis is impor-

IL-8/CXCL8, CXCL14/BRAK, Interleukin-18 (IL- tant for the migration [42] and activation [43] of
18), sTRAIL-R2, CXCL5/ENA-78, TRANCE, pro- CD8+ T lymphocytes as well as the recruitment
lactin, M-CSF, CCL11/Eotaxin, GM-CSF, sTRAIL- of natural killer cells [44]. Moreover, CXCL11 is
R3, sPD-L1, and CRP. Future experiments will an independent prognostic biomarker and high
characterize how lansoprazole and acetazol- CXCL11 expression is correlated with antitumor
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immunity in patients with colon adenocarcino-
ma [45]. Furthermore, TNF-alpha enhances NK
cell cytotoxicity [46], T cell proliferation [47],
and T cell activation [48]. Next, IL-6, a pleo-
tropic cytokine, has been shown to promote T
cell activation and proliferation [49], but has
been shown to inhibit NK cell cytotoxicity [50].
Lastly, prolactin is an immunomodulatory hor-
mone which increases NK cell cytotoxicity [51]
and promotes T cell proliferation and activa-
tion [52]. The increases we noted in these
immunostimulatory cytokines may help explain
the results we observed in the co-culture sys-
tem. However, it should be noted that many of
these cytokines, chemokines, and growth fac-
tors have pleotropic roles in the tumor microen-
vironment and changes in their individual
expression levels may not be predictive of
immunoregulation or EMT in a biological
system.

Cariporide treatment also decreased CRC cell-
secreted cytokines that are commonly involved
in immunosuppression and epithelial mesen-
chymal transition. Analytes that decreased
post-cariporide treatment in at least two out of
the three cell lines tested that have previously
characterized immunosuppressive roles in the
context of colorectal cancer included M-CSF,
TNF-alpha, IL-8/CXCL8, CXCL13/BLC/BCA-1,
GM-CSF, IL-10, and CRP. M-CSF is a hemato-
poietic growth factor that is frequently elevated
in cancer patients. Interestingly, in patients
with colorectal cancer, elevated serum M-CSF
levels are correlated with increased lymph
node metastasis and poor prognosis [53].
Overexpression of TNF-alpha, an inflammatory
cytokine, is correlated with advanced colorec-
tal cancer stages and is well known to activate
transcription factors that induce EMT [39, 54].
Additionally, the chemoattractant cytokine IL-8
is upregulated in colon cancer tissue compared
with normal adjacent colonic tissue and IL-8
expression in CRC cancer stem cells is regulat-
ed by the EMT activator protein SNAIL [55].
Moreover, CXCL13/BLC/BCA-1 is an inflamma-
tory factor that plays a role in colorectal cancer
growth and invasion via the PIBK/AKT pathway
[56]. The CXCL13/CXCR5 axis has also been
shown to regulate the epithelial to mesenchy-
mal transition in breast cancer [57], prostate
cancer [58], and non-small cell lung carcinoma
[59]. Next, GM-CSF is a hematopoietic cytokine
that has been shown to facilitate the develop-
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ment of inflammation-associated colorectal
carcinoma [60]. Similarly, elevated serum lev-
els of IL-10 are also corelated with advanced
colorectal cancer [61]. Finally, CRP is a liver-
secreted protein that is associated with an
inflammatory response and plasma CRP con-
centration is a biomarker of colorectal cancer
[62].

We also observed a significant decrease in
VEGF secretion when HCT-116 colorectal cells
were treated with NHEZ inhibitor cariporide.
VEGF is a potent angiogenic factor upregulated
by hypoxia and other conditions, and VEGF
downregulation with NHE1 inhibitors has also
been observed in other cancer cells [63].
Moreover, NHE1 regulation has been implicat-
ed in the metastatic potential of many cancer
cell types including breast [64], acute lympho-
blastic leukemia [65], gastric, liver, esophageal,
and cervical cancer [66]. In contrast, VEGF
increased in HT-29 and KM12C cells post-cari-
poride, indicating a heterogenous cytokine pro-
file response of colorectal cancer cells to treat-
ment and emphasizing the complexity and
interrelatedness of pathways involved in regu-
lating the cellular response to hypoxia and pH.
Therapeutic modification of TME pH using pH-
modulating agents such as cariporide, may be
a way to help prevent EMT in solid tumors with
certain genetic backgrounds by modifying the
tumor cell secretome. Future experiments are
needed to determine which genetic markers
may be used as biomarkers of response to pH-
modulating therapies in colorectal cancer.

Cariporide treatment decreased sTRAIL-R2,
sTRAIL-R3, and sPD-L1 in both HCT-116 and
HT-29 cell lines post-cariporide treatment.
Interestingly, these analytes all increased in
the KM12C cell line, again emphasizing the het-
erogeneity in cytokine profile response to cari-
poride treatment. TRAIL-R2 is a tumor cell-
expressed surface receptor involved in the
apoptotic response upon binding with this cog-
nate ligand, TNF-related apoptosis-inducing
ligand (TRAIL). The soluble version of TRAIL-R2
is thought to function as a decoy receptor for
TRAIL, meaning an increase in STRAIL-R2 might
lead to a decrease in the amount of TRAIL that
binds to the cell surface-bound version of
TRAIL-R2, thus reducing tumor cell apoptosis.
Moreover, TRAIL-R3 is a decoy receptor that
also functions by binding TRAIL, and increased
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concentrations of STRAIL-R3 might similarly
function to decrease the amount of TRAIL that
binds to tumor cells to mediate apoptosis. The
soluble versions of these receptors may have
relevance in the context of TRAIL receptor-tar-
geting monoclonal antibodies which could be
bound by soluble TRAIL receptors, thus reduc-
ing efficacy of these therapies. Lastly, PD-L1,
also known as B7 homolog 1 (B7-H1), is a pro-
tein that binds to PD-1 on the surface of lym-
phocytes to inhibit cell activation and prolifera-
tion. The soluble version of PD-L1 presumably
functions as a decoy receptor in a similar man-
ner that may be predicted to decrease efficacy
of immunotherapy.

These experiments can help inform future
investigations into how pH may be extrinsically
modulated to improve immune cell response,
possibly in conjunction with conventional che-
motherapeutics, immunotherapies, or other
treatments for colorectal cancer. Future experi-
ments could also determine if therapeutically-
induced cytokine modulation is pH-dependent
or independent. Additionally, we are planning
future experiments to test these pH-modulat-
ing agents in the context of hepatocellular car-
cinoma, a cancer type often treated with local
therapies such as embolization-based proce-
dures that rely on hypoxia and immune cell infil-
tration for therapeutic effect.
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Supplementary Figure 1. Cell viability results show that NHE1 inhibitor cariporide is non-toxic to immune cell and tu-
mor cell lines selected for analysis at the concentrations used. Colorectal cancer cell lines HCT-116, HT-29, KM12C,
and SW480 and immune cell lines NK-92 and TALL-104 were treated with doses up to 100 uM of cariporide for 48
hours.
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Supplementary Figure 2. Treatment of HCT-116 colorectal cancer cells with pH-modulating agents increases natu-
ral killer cell killing at pH 7.0. Co-culture of HCT-116 colon cancer cells and NK-92 cells with designated drugs us-
ing a cell culture media pH of 7.0. A 1:1 effector: target cell ratio was used. “C”: Cariporide. “L": Lansoprazole, “A”:
Acetazolamide. 24-hour timepoint and 10x magnification. Ethidium homodimer was used to visualize dead cells.
Scale bar indicates 100 um. (A) Single treatment results and (B) combination treatment results. (C) Quantification
of images in (A and B).
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Supplementary Figure 3. Treatment of HCT-116 colorectal cancer cells with pH-modulating agents increases natu-
ral killer cell killing at pH 7.7. Co-culture of HCT-116 colon cancer cells and NK-92 cells with designated drugs us-
ing a cell culture media pH of 7.7. A 1:1 effector: target cell ratio was used. “C”: Cariporide. “L": Lansoprazole, “A”:
Acetazolamide. 24-hour timepoint and 10x magnification. Ethidium homodimer was used to visualize dead cells.
Scale bar indicates 100 um. (A) Single treatment results and (B) combination treatment results. (C) Quantification
of images in (A and B).
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Supplementary Figure 4. Treatment of HCT-116 colorectal cancer cells with pH-modulating agents increases T cell
killing at pH 7.0. Co-culture of HCT-116 colon cancer cells and TALL-104 cells with designated drugs using a cell
culture media pH of 7.0. A 1:1 effector: target cell ratio was used. “C”: Cariporide. “L": Lansoprazole, “A”: Acetazol-
amide. 24-hour timepoint and 10x magnification. Ethidium homodimer was used to visualize dead cells. Scale bar
indicates 100 um. (A) Single treatment results and (B) combination treatment results. (C) Quantification of images
in (A and B).



Therapeutic modulation of pH in TME

A TALL-104 EthD-1 Merge B TALL-104 EthD-1 Merge

DM SO
C+L
10 pM

TALL-104
C+L
50 uM

C10 M
C+A
10 pM

€ 50 pM
C+A
50 puM

g <z
3 iz
2 )
[&]
g <5
c__ TALL-104, pH 7.7
['2] —
E 0.5+ Anova, F=13.50, p <0.0001
£ 0.4+ e
: . : T
2 03- . 2 - .
) . ¢ *e
o 0.2+ ) ° =
@ ° ol |®
© 0.1
< 0.
3
Q 0-°"$ | T T | T | T T T T T T T 1
=
SHSTTTTFSFTTHTf TS
OoF X NP NP NP NG ® N P N 9
SRR R O A A N AN S S S o
\; x x x x x x x
Q W O o © v v vV NV
Al o o
Treatment

Supplementary Figure 5. Treatment of HCT-116 colorectal cancer cells with pH-modulating agents increases T cell
killing at pH 7.7. Co-culture of HCT-116 colon cancer cells and TALL-104 cells with designated drugs using a cell
culture media pH of 7.7. A 1:1 effector: target cell ratio was used. “C”: Cariporide. “L": Lansoprazole, “A”: Acetazol-
amide. 24-hour timepoint and 10x magnification. Ethidium homodimer was used to visualize dead cells. Scale bar
indicates 100 um. (A) Single treatment results and (B) combination treatment results. (C) Quantification of images
in (A and B).



