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ABSTRACT
The high metabolic activity and insufficient perfusion of tumors leads to the acidification of the tumor 
microenvironment (TME) that may inhibit the antitumor T cell activity. We found that pharmacological 
inhibition of the acid loader chloride/bicarbonate anion exchanger 2 (Ae2), with 4,4’- 
diisothiocyanatostilbene-2,2’-disulfonicacid (DIDS) enhancedCD4+ andCD8+ T cell function upon TCR 
activation in vitro, especially under low pH conditions. In vivo, DIDS administration delayed B16OVA 
tumor growth in immunocompetent mice as monotherapy or when combined with adoptive T cell 
transfer of OVA-specificT cells. Notably, genetic Ae2 silencing in OVA-specificT cells improvedCD4+/ 
CD8+ T cell function in vitro as well as their antitumor activity in vivo. Similarly, genetic modification of 
OVA-specificT cells to overexpress Hvcn1, a selectiveH+ outward current mediator that prevents cell 
acidification, significantly improved T cell function in vitro, even at low pH conditions. The adoptive 
transfer of OVA-specificT cells overexpressing Hvcn1 exerted a better antitumor activity in B16OVA tumor- 
bearingmice. Hvcn1 overexpression also improved the antitumor activity of CAR T cells specific for 
Glypican 3 (GPC3) in mice bearing PM299L-GPC3tumors. Our results suggest that preventing intracellular 
acidification by regulating the expression of acidifier ion channels such as Ae2 or alkalinizer channels like 
Hvcn1 in tumor-specificlymphocytes enhances their antitumor response by making them more resistant 
to the acidic TME.
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Introduction

Adoptive cell transfer (ACT) immunotherapy is one of the 
most promising advanced therapies for the treatment of 
cancer. Once adoptively transferred T cells reach the 
tumor site, the major challenge they face is overcoming 
the hostile TME and the multiple mechanisms the tumor 
can elicit to avoid immune-mediatedelimination. Tumors 
are characterized by having insufficient blood flow, which 
results in a hypoxic microenvironment and cancer cell 
metabolic shift from oxidative phosphorylation to glyco-
lysis (Warburgeffect).1,2 The accumulation of glycolytic 
products such as lactate and protons in the TME causes 
the acidification of the cancer cell extracellularmilieu.3 

Indeed, extracellular pH(pHe)in tumors can be as low as 
5.6, although the most common values recorded are 
between 6.4 and 6.8 compared to healthy tissue, which 
maintains its pH around7–7.4.4 This acidicpHedirectly 
inhibitsCD8+ andCD4+ T cell function and T cell 
mediated antitumor immunity resulting in immune-
escape.5,6 Previous studies showed that lowering the envir-
onmental pH to 6–6.5 induced a CD8+ T anergic state, 
which is characterized by impairment of cytotoxic ability, 
and reduced cytokine production and CD25 expression. 
This anergic state can be reversed by buffering pH to 
neutralvalues.7 ExposingCD8+ T cells to lactic acid caused 
a significant decrease in their proliferation, cytokine pro-
duction, lytic activity, and tumorinfiltration.5 

Furthermore, raising the TME pH by the administration 
of sodium bicarbonate (NaBi) was shown to enhance anti-
tumor immune responses in mice andhumans.8,9 These 
data indicate that the negative effect the acidic TME has 
on infiltrating lymphocytes can be controlled and even 
reversed by basifying the TME.

Although T cells are highly sensitive to acidic pH, they 
have mechanisms to resist intracellular pH(pHi)acidifica-
tion and achieve acid-basehomeostasis. To recover from 
intracellular acidification or alkalinization, cells are 
equipped with acid extruders and acid loaders to maintain 
thepHiwithin a narrow physiological range that is gener-
ally ~7.2. Notably, cancer cells exploit several proton 
pumps and transporters to neutralize metabolic acid load-
ing and achieve higherpHivalues than normal cells, which 
promotes cell proliferation and evasion of apoptosis, 
therefore favoring tumorprogression.10,11 Accordingly, 
physiological pH sensors hold promise as targets in 
cancertherapeutics.12,13

They include the family of carbonic anhydrases(CAs),14 

the vacuolar-typeH+-ATPaseprotonpump,15 anion exchan-
gers such as AE1(SLC4A1)16 and AE2(SLC4A2),17Na+/ 
HCO3− co-transporterssuch asSLC4A4,18 and theNa+/H+ 

exchanger 1 NHE1(SLC9A1).19 Among the SLC4 family of 
HCO3 – transporters, theNa+-independentCl–/HCO3 – 

anion exchanger 2 (AE2, SLC4A2) is considered a master 
acid loader in many celltypes.20,21 Under physiological 
conditions, AE2 favors the extrusion of intracellular-
HCO3− in exchange for extracellularCl−, resulting in an 
acid load. Previous studies showed that mice carrying 
a targeted deletion of Ae2(Ae2a,b–/ – mice) have 

lymphocytes with abnormalpHivalues, which eventually 
leads to an abnormal state of T cell activation and-
autoimmunity.22–24 We also found that AE2 inhibition 
with a synthetic peptide improved effector T cell functions 
in vitro.25 These data prompted us to investigate the role 
of the pH acidifier AE2 as a potential target for tumor 
immunotherapy. On the other hand, the voltage-gatedH+ 

channel (Hv1) encoded by the Hvcn1 gene is a highly 
selectiveH+ extruder that avoids cell acidification and-
depolarization.26 Hv1 can restore cytoplasmic pH in sec-
onds after heavy acid loads in different cell types including 
neurons, neutrophils, macrophages, and epithelial cells, 
amongothers.27–30 Moreover, in breast and colorectal can-
cers, Hv1 expression was correlated with worse prognosis, 
and the pharmacological inhibition of Hv1 caused the 
acidification of the tumor cellpHiand consequently 
decreased tumor proliferation andmigration.13,31 Hv1 was 
also shown to be necessary to regulate thepHiof 
Jurkatcells.12 In this scenario, we hypothesized that over-
expression of Hv1 or AE2 silencing in T cells could facil-
itate the alkalinization of theirpHieven in the acidic TME 
and accordingly enhance the antitumor activity. These 
genetic modifications could be of interest in adoptive 
T cell therapies based on T cell receptor (TCR) transgenic 
T cells or in chimeric antigen receptor expressing T cells 
(CAR T cells).

Materials and methods

Cell lines, mice and reagents

B16OVA (ATCC, American Type Culture Collection), 
LLCOVA (a gift from Dr Daniel Ajona, CIMA, 
Universidad de Navarra), PM299L (kindly provided by 
Dr Lujambio, Mount Sinai, NY, USA) were cultured in 
RPMI medium (Gibco) supplemented with 10% FBS, anti-
biotics, 2 mM glutamine and 50 μM β-mercaptoethanol. 
Platinum Ecotropic cells (platE) (ATCC) were cultured in 
DMEM medium supplemented with 10% FBS and the 
selection antibiotics puromycin (100 μg/mL) and blasticidin 
(10 μg/mL).

The PM299L cell line was genetically modified to over-
express human glypican-3 (GPC3). PM299L cells were 
transduced with a pcDNA3.1 of hGPC3 using 
Lipofectamine 2000.GPC3+ cells were sorted via FACs 
using an anti-hGPC3-APCantibody (RD Systems) and 
maintained in culture with0.5 mg/mL of G418 antibiotic. 
These hGPC3-expressingPM299L tumor cells are referred as 
PM299L-GPC3.

Female C57B/l6 mice were purchased from Harlan 
Laboratories. CD45.1 (B6.SJL-PtprcaPep3b/BoyJ) (CD45.1), 
LSL-Cas9-GFP(B6;129-Gt(ROSA)26Sortm1(CAG-cas9*- 
EGFP)Fezh/J) and OT-1 (C57B/l6-Tg[Tcra/Tcrb]110Mjb/J) 
transgenic mice were purchased from Jackson Laboratories 
(Bar Harbor, ME). OT-1 mice were crossed with CD45.1 
mice at our facility to obtain homozygous CD45.1 mice. 
OT-1× CD45.1 mice were crossed with LSLCas9GFP to 
obtain homozygous OT1/LSLCas9GFP mice. All mice were 
housed under specific pathogen-freeconditions, and the 
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animal protocols were approved by the Ethics Committee 
of Animal Experimentation at the University of Navarra 
and The Local Authority for the use of laboratory animals 
(protocol R-131-16 GN).

DIDS (4,4ʹ-Diisothiocyanostilbene-2,2ʹ-disulfonicAcid) 
was obtained from SIGMA (309795) and diluted to50 mg/ 
mL or 100 mM in 0.1 MKHCO3.The solution was aliquoted 
and stored at −20° degrees until experimental use.

Mouse and human T cell purification

MouseCD4+ andCD8+ T cells were obtained from the 
spleens and lymph nodes of C57Bl/6 mice. To obtain sin-
gle-cellsuspensions of T cells, organs were first homoge-
nized through a cell strainer in ACK lysis buffer and 
passed through a magnetic column labeled with negative 
selection microbeads (Miltenyi) following manufacturers’ 
instructions. CD8a+ and CD4 + T cell isolation kits 
(Miltenyi, Refs130–104-075 and130–104-454) were used to 
isolate mouse T cells. The same procedure was performed 
to purify OT-1CD8+ T cells from CD45.1 OT-1 mice. 
Purified lymphocytes were cultured in complete RPMI 
medium containing 10% FBS.

Human peripheral blood mononuclear cells (PBMCs) 
were isolated from healthy donor’s buffy coats by 
a centrifugation gradient in Ficoll-paque(GH Healthcare) 
and then,CD4+ andCD8+ T cells were purified using nega-
tive selection microbeads through a magnetic column. 
CD8a+ and CD4 + T cell isolation kits (Miltenyi130– 
096-495, and130–096-533) were used. Human T cells 
were cultured in Ex Vivo serum free medium (Gibco) 
containing 10% human serum AB (Sigma). The study 
was conducted according to the guidelines of the 
Declaration of Helsinki and approved by the Institutional 
Ethics Committee of the Universidad de Navarra (protocol 
R-131.16 (Ref 2019.162)).

Adjusting the pH of culture media

The pH of RPMI or Ex Vivo media was modified by adding 
different volumes of HEPES buffer (1 mM) pH 4.5 until the 
desired pH was reached. While adding HEPES pH 4.5, the pH 
of the complete media was measured using a pH-meter 
Basic20+ (CRISON). 6.5, 6.8, 7 and 7.4 pH media was prepared 
this way.

Retrovirus production and lymphocyte transduction

Ae2 silencing via CRISPR/Cas9: In order to silence the 
expression of Ae2, a retrovirus expression plasmid pRubiG 
containing CRE-Thy1.1 was modified to also contain an 
anti-murineAe2-specificsgRNA obtained using 
CHOPCHOP software (sgRNA forward: 
AGACTGGAGGAGCTGAAGACAG, sgRNA reverse: 
CTGTCTTCAGCTCCTCCAGTCT) or left unmodified as 
control to infect OT1/LSLCas9GFPCD8+ T cells. sgRNA 
efficiency at modifying Ae2 expression was measured by 
INDEL % using TIDE software. TheCD8+ T cells that 

were modified by the Ae2 sgRNA were sorted based on-
Thy1.1.+ andGFP+ expression and are referred to from now 
on as Ae2 KO.

Hvcn1 overexpression: In order to overexpress Hvcn1, 
the mSCV-IRES-Hvcn1-Thy1.1 vector was created using 
Benchling and synthesized by GeneScript. The mSCV- 
IRES-Thy1.1 vector was used as a control to infect OT- 
1CD8+ T cells. Hvcn1-overexpressingor controlCD8+ 

T cells were sorted based on Thy1.1 expression.
CAR RV generation: We prepared a human GPC3 CAR 

containing the antihuman GPC3 ScFv (purified from GC33 
hybridoma) and the murine 4–1BB-CD3ζendodomains linked 
through a F2A self-cleavingpeptide sequence to eGFP. This 
expression cassette was cloned in a pRubiG retroviral vector 
(produced by GeneScript) to produce GPC3 CAR T cells.CD8+ 

T cells were co-infectedwith pRubiG expressing GPC3 CAR 
and mSCV-IRES-Hvcn1-Thy1.1 retroviral vectors.Hvcn1+ 

GPC3 CAR T cells and GPC3 CAR T cells were purified by 
FACs sorting based on the expression ofThy1.1+GFP+ orGFP+ 

alone, respectively.
The PlatE cell line was used for retrovirus production. 

PlatE packaging cells were transfected with 5 μg of retroviral 
plasmids in combination with 2.5 μg pCL-Ecoplasmid DNA 
using Lipofectamine 2000 (ThermoFisher Scientific, MA, 
USA). Retroviral supernatants were collected at 48 and 72 h 
after transfection.CD8+ T cells were isolated from OT-1 or 
OT1/LSLCas9GFP spleens and purified by magnetic negative 
selection. Then,CD8+ T cells were activated with dynabeads 
CD3/CD28 at a 1:2 bead:T cell ratio for 24 h, at a 106 cells/mL 
density in 12-wellplates in RPMI complete media containing 
100 IU/mL recombinant human interleukin-2 (rhIL-2). 
Twenty-four hourslater,CD8+ T cells were collected and 
resuspended in retroviral supernatants with 100 IU/mL rh 
IL-2 and 10 μg/mL protamine sulfate (Sigma) and spun at 
2000xg at 32°C for 90 min in 12 well plates. Infection was 
repeated 1 d later using 72-h supernatant. After infection, 
lymphocytes were cultured in complete RPMI medium with 
IL-2until day 5 when they were used for functional in vitro or 
in vivo assays.

Tumor interstitial fluid (TIF) isolation and analysis

B16OVA tumors were harvested in cold saline and washed 
by placing them on a 10 μm cell strainer over a 50 mL 
conical tube and centrifuged at 50xg for 5 min. Then, 
tumors were punctured to break the tumor capsule and 
spun down at 400xg for 10 min. TIF was transferred to 
a 1.5 mL Eppendorf tube and spun down at6000 rpm for 
10 min before analyzing the pH and lactate levels using 
a blood gas analyzer (RapidPoint 500, Siemens). Serum 
obtained from tumor bearing mice was used as control.

Functional activity of engineered lymphocytes

The functional activity of transduced (1) Ae2 KOCD8+ T cells 
and their corresponding pRubiG control (Ctrl) or (2) Hvcn1- 
overexpressingand Ctrl Thy1.1CD8+ T cells was measured by 
in vitro experiments. First, genetically modified OT-1CD8+ 

T cells were stimulated with SIINFEKL peptide at different 
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concentrations from suboptimal (0.01 ng/ml) to optimal (1 ng/ 
ml) concentrations in complete RPMI medium or RPMI med-
ium at different pH (6.5, 6.8, 7, 7.4) for 48 h. The number of 
IFNγ or IL-2 producing cells was analyzed by ELISA. Briefly, 
culture supernatants were collected and diluted 1:10 in Assay 
Diluent (PBS + 10% FBS) and cultured in triplicate for 2 h in 
anti-IFNγor anti-IL-2 antibody coated plates. Then, the 
ELISAS were developed according to manufacturer’s instruc-
tions (BD Biosciences). T cells were cultured with SIINFEKL at 
different pH on anti-INFγcoated ELISPOT plates for 18 h 
before developing the plates according to the manufacturer’s 
instructions (BD Biosciences). The number of spot forming 
cells was automatically counted by an ELISPOT reader (CTL, 
Germany). Proliferation of genetically modified T cells was 
measured by 3H-thymidine incorporation (0.5 μCi per well) 
as previouslydescribed.32

Adoptive T cell transfer

C57Bl/6 mice (6 to 12 weeks of age) were injected with-
5 × 105 B16-OVAmelanoma cells or with1 × 106 LLCOVA 
lung cancer cells subcutaneously. Seven days later, mice 
were sublethally irradiated (total body irradiation) with 
500 cGy and received5 × 106CD8+ T cells from OT1/ 
LSLCas9GFP or OT-I mice retrovirally transduced to 
express pRubiG or AE2 sgRNA or Thy1.1 or Hvcn1-Thy1. 
1 respectively. ModifiedCD8+ T cells were purified by flow 
sorting ofGFP+Thy1.1+ cells before ACT experiments. The 
perpendicular diameters of the tumors were subsequently 
measured with a caliper. Mice were sacrificed when a tumor 
diameter reached a value greater than2 cm. Tumor volume 
was estimated using the formula1/2(LengthxWidth2). For 
characterization experiments, B16OVA tumor-bearingmice 
(expressing CD45.2 allele) were treated with genetically 
modifiedCD8+ T cells(5x106) from OT-IxCD45.1 mice and 
7 d later, mice were sacrificed to analyze the presence of 
transferred cells into the tumors by flow cytometry. There 
was no exclusion of animals in the analyses.

For CAR T cell immunotherapy experiments, C57BL/6 mice 
were challenged with1 × 106 PM299L-GPC3cells subcuta-
neously in 100 μL matrigel (Merck), and 7 d later, when the 
tumor is5–7 mm in diameter, mice were sublethally irradiated 
(total body irradiation) with 500 cGy and received immu-
notherapy with5 × 106 Hvcn1-overexpressingCD8+ T cells, 
GPC3-CART cells, or Hvcn1-overexpressingGPC3 CAR 
T cells injected intravenously. Twenty-thousandIU/mouse of 
rhIL-2 were injected intraperitoneally once a day for 4 d after 
ACT. Tumor diameters were measured using calipers, and 
tumor volume was estimated using the formula1/2 
(LengthxWidth2).

Measurement of SIINFEKL-specificIFNγ producing T cells 
after ACT

To evaluate the behavior of the genetically modified T cells 
in vivo, tumor-bearingmice were sacrificed 7 d after T cell 
infusion, and IFNγ producing T cells were determined by 

ELISPOT (BD Biosciences) following the manufacturer´s 
instructions. Briefly, splenocytes(1x105/well) were stimu-
lated with or without 1–10 μg/ml SIINFEKL peptide. 
After 1 d of culture, the number of spot-formingcells was 
enumerated with an automated ELISPOT reader (CTL, 
Aalen, Germany).

Flow cytometry

Excised tumors were digested with 400 U/mL collagenase 
D and 50 μg/mL DNase-(Roche) for 20 min at 37°C. After 
washing with PBS, red blood cells were lysed by ACK 
buffer (Sigma). Spleens were passed through a cell strainer 
in PBS. For functional analyses, cells were stimulated with 
the SIINFEKL peptide (1–10 μg/mL) in the presence of 
GolgiStop and GolgiPlug (BD Biosciences). After 5 h, cells 
were incubated with Zombie NIR Fixable viability dye 
(BioLegend). Subsequently, they were stained with fluor-
ochrome-conjugatedmAbs against CD45.1-FITC (A20), 
CD45.2.-APC(104), CD8-PerCp-Cy5.5. (53–6.7), and CD4- 
BrilliantViolet 510 (RM4-5), CD25-PeCy7(3C7), CD62L- 
BrilliantViolet 421 (MEL-14), CD44-PerCp-Cy5.5. (IM7), 
F4/80- Brilliant Violet 421 (BM8), Ly6C-PerCp-Cy5.5. 
(HK1.4), CD11b-PeCy7(M1/70), CD11c-PE(N418) 
(BioLegend) and Ly6G-FITC(1A8) (BD Biosciences) in 
the presence of purified Fc block anti-CD16/32 mAb to 
prevent nonspecific binding. For intracellular and intra-
nuclear staining, cells were fixed and permeabilized with 
the BD Fixation/Perm buffer (BD Biosciences) or the 
Foxp3 Transcription Factor Staining Buffer Kit 
(eBioSciences) following the manufacturers’ instructions 
and then stained with anti-IFNγ-PE(XMG1.2), anti-TNFα- 
PeCy7(16A8) (BioLegend), anti-GranzymeB-Brilliant 
Violet 421 (GB11) and anti-FoxP3-FITC(FJK16 F) 
(Invitrogen). Samples were acquired on a FACSCanto-II 
cytometer (BD Biosciences). Data were analyzed using 
FlowJo software (TreeStar).

Hvcn1 overexpression on theCD8+ T cells’ membrane was 
detected via flow cytometry using an anti-Hvcn1polyclonal 
antibody (Invitrogen, PA5-77462) at a 1:25 dilution followed 
by a goat-anti-rabbit-APCsecondary antibody (Abcam, 
ab150083) at a 1:2000 dilution.

Intracellular pH measurement

The pHrodo Red AM fluorogenic probe (ThermoFisher) was 
used for pH measurement. First, human or mouse T cells were 
plated on 96 well plates at a 100,000 cell/well concentration and 
washed with HBSS (Gibco). Then, cells were loaded with 
pHrodo Red AM diluted in a PowerLoad concentrate accord-
ing to manufacturer’s instructions and incubated at 37° for 
30 min. Cells were washed with HBSS and then cultured in 
different pH media with indicated treatments for 6 h. pH 
measurements based on pHrodo Ex/Em were taken by flow 
cytometry in the PE-A channel in a Cytoflex Lx instrument 
(Beckman Coulter).
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ThepHivalues were estimated from calibration curves 
plotted for each sample by using pHrodo Red AM-loaded 
T cells incubated in solutions containing 10 μM nigericin and 
valinomycin at different pH (4.5, 5.5, 6.5, and 7.5).

RNA isolation and quantitative real time polymerase time 
reaction(qRT-PCR)

Total RNA isolation from Ae2 KOCD8+ andCD4+ and their 
corresponding control T cells(1x106 cells) that had been activated 
with anti-CD3/CD28 Dynabeads for 0, 2, 6, or 24 h were carried 
out using the Maxwell RSC simplyRNA Tissue kit (Promega). 
After retrotranscription (Invitrogen), the expression of target 
genes was measured by a real-timePCR reaction using specific 
primers for Ae2 (Forward: GCTAAGATTTGGCCATGAGC, 
Reverse: CGGTGGTATTCAAAGTCTTCC), Ae1 (Forward: 
TTCAGAAACCACACTGGTGC, Reverse: TACAGTCCAG 
AAAGCTCTCC) and the iQ SYBR Green Supermix (Bio-Rad, 
Hercules, CA). GAPDH (Forward: 
TGCACCACCAACTGCTTA, Reverse: 
GGATGCAGGGATGATGTTC) was used to normalize gene 
expression. mRNA values were represented by the formula:2ΔCt, 
where ΔCt indicates the difference in the threshold cycle between 
GAPDH and target genes.

Statistical analysis

Data are represented as averages ± standard error of the 
mean (SEM). Student´s t tests were used for statistical 
comparisons between two groups of normally distributed 
variables, and one-wayor two-wayANOVA and subsequent 
Tukey’s post-hoctest were used for comparisons between 
more than two groups. For tumor growth, data were ana-
lyzed using nonlinear third-orderpolynomial (cubic) regres-
sion curves. Kaplan–Meier survival curves were evaluated 
for statistical significance with the Log-rankMantel–Cox 
test. For all tests, a p value <.05 was considered statistically 
significant. GraphPad PRISM software was used for statis-
tical analysis.

Results

Pharmacological inhibition of anion exchangers enhances 
mouse and human T cell function

DIDS is a pharmacological inhibitor of anion exchangers-
(Ae)33 such as the chloride-bicarbonateexchanger Ae2, the 
most widely expressed member of the SLC4 family that 
contributes to the regulation of T cellpHiby extruding-
HCO3− and loadingCl− into the cytoplasm in response to 
alkalinesignals.34 Previous studies showed that treatment 
of T lymphocytes with DIDS in vitro results in progressive 
intracellular alkalinization and increased TNFαrelease.35 

Thus, we first wanted to evaluate by flow cytometry the 
alkalinizing effect of DIDS treatment on thepHiof T cells 
incubated in culture medium buffered at different pH (6.8, 
7.0 and 7.4 pH units). To this end, murine C57BL/6CD8+ 

andCD4+ or OT-1CD8+ T cells were labeled with the pH- 

sensitivedye pHrodo Red-AMand stimulated with anti- 
CD3beads or SIINFEKL, respectively, for 6 h in the pre-
sence/absence of 50 μM DIDS and analyzed by flow cyto-
metry to estimate thepHias described in the methods 
section (Supplementary Fig 1A, B, C). As expected, the 
results obtained from these experiments confirmed the 
DIDS-mediatedalkalinizing effect on thepHiof T cells. 
Similar results were obtained on humanCD4+ andCD8+ 

T cells stimulated with anti-CD3/CD28 beads 
(Supplementary Fig 1D, E). In all cases, with the exception 
ofCD4+ T cells cultured at high pH values (ph 7.4), DIDS 
treatment had a significant alkalinizing effect on thepHiof 
T cells.

To study the effect of DIDS on the functionality of 
T cells, mouse and humanCD4+ andCD8+ were activated 
for 48 h using anti-CD3/CD28 beads in the absence or 
presence of DIDS. DIDS treatment significantly enhanced 
IL-2 and IFNγ secretion as well as proliferation of mouse 
(Figure 1a,b) and human (Figure 1c,d)CD8+ andCD4+ 

T cells in a dose-dependentmanner.
SinceCD8+ T cells critically rely on the cell acidifier Ae2 

forpHihomeostasis after mitogenicstimulation,23 we decided 
to investigate if DIDS could improveCD8+ T cell function in 
physiological and acidic pH conditions. OT-1CD8+ T cells 
isolated from the spleen of OT-1 mice, and humanCD8+ 

T cells purified from the peripheral blood of healthy donors 
were activated with their cognate Ag SIINFEKL peptide or 
with anti-humanCD3/CD28 beads, respectively, at different 
pH (from 6.5 to 7.4 units) for 48 h in the presence of DIDS. It 
was observed that DIDS treatment was able to significantly 
increase IL-2 and IFNγ secretion of mouse OT-1CD8+ T cells 
(Figure 2a,b) and humanCD8+ T cells (Figure 2c, d) at all 
tested pH (6.5, 6.8, 7 and 7,4). Overall, these data indicate 
that pharmacological inhibition of Ae2 can enhance the func-
tion ofCD8+ T cells by regulating their physiologicalpHi 
through alkalinization even under acidic pH conditions.

Pharmacological inhibition of anion exchangers enhances 
the endogenous T cell antitumor immune response

After finding that DIDS was able to enhance T cell function 
in vitro even at low pH, we hypothesized that DIDS treat-
ment might also improve antitumor T cell immune 
responses by enhancing T cell function in the acidic TME. 
First, we measured the acidity of the B16OVA TME. Mice 
were challenged with B16OVA, and then the TIF was 
extracted, and the pH and lactate concentration were mea-
sured in comparison to serum of these mice. B16OVA TIF 
had a significantly more acidic pH and a higher lactate 
concentration than the serum of the animals (Figure 3a). 
In order to test if DIDS can enhance antitumor T cell 
immune responses in the acidic TME, we challenged mice 
with B16OVA melanoma cells and treated them daily with 
an intraperitoneal administration of 100 μM DIDS or PBS 
alone for 15 d (Figure 3b). We found that tumor growth 
was significantly delayed in DIDS-treatedmice compared to 
control mice (treated with PBS) (p < .0001) (Figure 3c,d). 
A similar trend of delayed tumor growth was observed in 
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mice bearing Lewis lung carcinoma LLCOVA tumors after 
treatment with DIDS, although in this case statistically 
significance was not reached (p=.08) (Supplementary 
Fig 2). Interestingly, the DIDS-inducedtumor growth delay 
was not observed in immunedeficient mice (NGS) bearing 
B16OVA or LLCOVA tumors (Supplementary Fig 3), indi-
cating that DIDS treatment specifically triggers an increase 
of the antitumor efficacy of the immune cell component.

To characterize the immunomodulatory effects of DIDS 
treatment on immunocompetent mice bearing tumors, we 
studied the phenotype of tumor-infiltratinglymphocytes 
(TILs)at day 15 after DIDS treatment, when tumor weight 
was significantly lower in DIDS-treatedmice compared to 
control mice (Figure 3e). We found significantly more-
CD8+ andCD4+ T cells infiltrating the tumor in DIDS- 
treatedmice compared to control mice (Figure 3f,g) 
(p < .05). Moreover,CD8+ TILs from DIDS-treatedmice 

secreted significantly more TNFα (Figure 3h), (p < .05), 
whereasCD4+ TILs from DIDS-treatedmice secreted sig-
nificantly more IFNγ than those from control mice 
(Figure 3i) (p < .05). The number ofCD8+ andCD4+ 

T cells was also significantly higher in the tumor draining 
lymph nodes (DLN) of DIDS-treatedmice compared to 
control mice (Figure 3j,k) (p < .05). Similarly, significantly 
more IFNγ-producingAg-specificT cells were found in the 
spleen of DIDS-treatedmice compared to control mice 
when stimulated with SIINFEKL (Figure 3l), (p < .05). 
Overall, these data indicate that DIDS treatment enhances 
the T cell antitumor immune response.

To ensure that DIDS treatment was not directly acting 
on the tumor cells, we performed a proliferation assay in 
which different numbers of B16OVA and LLCOVA tumor 
cells were treated with 100 μM DIDS (Supplementary 
Fig 4a). Complementary, 10,000 tumor cells were treated 

Figure 1. DIDS enhances T cell function. Murine and humanCD4+ andCD8+ T cells purified from splenocytes or healthy donor PBMCs respectively were activated using 
anti-CD3/CD28 dynabeads and treated with 0, 25, or 50 μM DIDs in unmodified RPMI (pH 7.4). After 48 h, their proliferation, IL-2 and IFNγ secretion were measured. DIDS 
treatment enhanced proliferation, IL-2 and IFNγ secretion of murine (a)CD4+ and (b)CD8+ T cells, and human (c)CD4+ and D)CD8+ T cells. n = 4. Data represent mean ± 
SEM. Analyzed using 2-way-ANOVAwith a post hoc Tukey test. **** = p < .0001, *** = p < .001, ** = p < .01, * = p < .05.
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with decreasing concentrations of DIDS (from 200 μM to 
0.2 μM) (Supplementary Fig 4b). No significant differences 
of tumor cell proliferation were observed except for a slight 
decrease in proliferation when B16OVA were treated with 
200 μM DIDS.

DIDS treatment enhances the T cell antitumor immune 
responses of adoptive cell therapy

Next, we wanted to assess if pharmacological inhibition of 
Aes using DIDS could enhance theCD8+ T cell antitumor 
immune response during ACT immunotherapy. Thus, mice 
were challenged with B16OVA melanoma cells and 7 d 
later, when tumors reached5 mm in diameter, they were 
given ACT immunotherapy with OT-1CD8+ T cells and 
subsequently treated intraperitoneally with 100 μM DIDS 
or PBS for 15 d daily (Figure 4a). DIDS treatment alone 
slightly delayed tumor growth as expected from previous 

experiments, but it did not significantly increase overall 
survival (Figure 4b–d). ACT immunotherapy with OT- 
1CD8+ T cells delayed tumor growth and increased overall 
survival, and more importantly, the efficacy of ACT immu-
notherapy was further enhanced when combined with 
DIDS treatment (Figure 4b–d). ACT immunotherapy com-
bined with DIDS significantly increased overall survival 
compared to ACT immunotherapy alone (Figure 4d) 
(p < .05). Similar results were obtained when mice chal-
lenged with LLCOVA tumor cells were treated with ACT 
alone or a combination ACT immunotherapy and DIDS 
(Supplementary Fig 2) (p < .01).

The analysis of the tumor infiltratesat day 15 post-DIDS 
treatment revealed a significant increase in the absolute 
number of OT-1CD8+ T cells infiltrating the tumor in 
mice treated with DIDS and ACT combination therapy 
compared to mice that received ACT alone (Figure 4e). 
These tumor infiltrating OT-1CD8+ T cells were 

Figure 2. DIDS enhancesCD8+ T cell function even at acidic pH. (a, b) Mouse OT-1CD8+ T cells and (c, d) humanCD8+ T cells were purified and activated with SIINFEKL 
cognate Ag or anti-CD3/CD28 dynabeads respectively at different pH (6.5, 6.8, 7, and 7.4) for 48 h. DIDS treatment enhanced the secretion of A, C) IL-2 and B, D) IFNγ 
ofCD8+ T cells even at acidic pH. n = 4. Data represent mean ± SEM. Analyzed using 2-way-ANOVAwith a post hoc Tukey test. **** = p < 0,0001, *** = p < .001, 
** = p < .01, * = p < .05.
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significantly more differentiated into effector memory 
(EffM) T cells(CD62L−CD44+) in mice treated with DIDS 
and ACT compared to mice treated with ACT alone, which 
had a higher percentage of naïve TILs(CD62L+CD44−) 
(Figure 4f). Equivalent percentages of central memory 
(CM) T cells(CD62L+CD44+) were observed in both groups 
(Figure 4f). Mice treated with the combination of DIDS and 
ACT had significantly higher percentages of TILs producing 
Granzyme B (Figure 4g), and IFNγ and TNFα simulta-
neously (Figure 4h) when activated ex vivo with 
SIINFEKL compared to TILs from mice that received 
ACT alone. Gating strategies for these experiments are 
represented in Supplementary Fig 5a, b. Overall, these 
data indicate that the pharmacological blockade of the Ae 
family ofCl−/HCO3− transporters using DIDS enhances the 
efficacy of ACT immunotherapy by increasing the func-
tional capacities ofCD8+ T cells.

Additionally, we also analyzed the endogenous tumor infil-
trate in these mice. The absolute number of endogenous-
(CD45.2+)CD8+ T cells infiltrating the tumor was 
significantly higher in mice treated with the combination of 
DIDS and ACT compared to the ones that received ACT alone 
(Supplementary Fig 6a). No significant differences were 
observed in the numbers of tumor infiltratingCD4+ T cells, 
Tregs(CD4+CD25+FoxP3+), DCs(CD11chigh), tumor associated 
macrophages(CD11c−CD11b+F480+), or monocytic myeloid- 
derivedsuppressor cells(CD11c−CD11b+Ly6c+Ly6g−) between 
groups of mice treated with OT-1 T cells alone or with OT- 
1 T cells + DIDS (Supplementary Fig 6b, c, D, E). 
Representative gating strategies for these data are presented 
in (Supplementary Fig 5c, d). These data indicate that DIDS 
treatment mainly affects theCD8+ TIL population, enhancing 
their numbers and antitumor function.

Figure 3. DIDS treatment enhances the endogenous T cell antitumor immune response. A) pH and lactate concentration in the tumor interstitial fluid (TIF) and serum of 
B16OVA tumor bearing mice. B) C57B/l6 mice were challenged with0.5 × 106 B16OVA melanoma cells subcutaneously and treated intraperitoneally with 100 μM DIDs or 
PBS for 15 d. C, D) Tumor growth was delayed in DIDs-treatedmice compared to mice that received PBS. E)At day 15, tumors from DIDs-treatedmice were significantly 
smaller than those that received PBS. Significantly more F, J)CD8+ and G, K)CD4+ T cells were found infiltrating the tumor and in the draining lymph nodes (DLN) of DIDs- 
treatedmice compared to control mice. A higher percentage of tumor infiltratingCD8+ T cells from DIDs treated mice expressed H) TNFα after being stimulated ex vivo 
with 10 μg/mL SIINFEKL for 5 h. I) Higher percentage ofCD4+ TILs expressed IFNγ in DIDs-treatedmice compared to control mice. L) Significantly more SIINFEKL Ag- 
specificT cells were found in the spleen of mice that received DIDs treatment compared to control mice. n = 6. Data analyzed with student t tests. **p < .01, *p < .05.
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Genetic silencing of Ae2 inCD8+ T cells enhances T cell 
function in acidic pH and improves their antitumor 
efficacy in vivo

Pharmacological inhibition of Ae using DIDS-enhancedT cell 
function and antitumor immunity. While these results were 
interesting due toCD8+ T cells depending on Ae2 forCl−/ 
HCO3− transport, DIDS is a pan inhibitor of the SLC4 family, 
and to our knowledge, there is no information on its potential 
use or toxicity in humans.

Therefore, we aimed to evaluate the impact of silencing 
Ae2 expression onCD8+ T cell function at different pH 
levels and antitumor immunity. We first studied the effect 
of Ae2 silencing on T cell function by using the CRISPR- 
Cas9technology. We engineered a pRubiG retroviral (RV) 
vector encoding chimeric single guide RNAs (sgRNA) con-
taining a short sequence homologous to Ae2 exon 4, the 
recombinase CRE, and Thy1.1 as a reporter protein to 
evaluate transduction efficiency and to purify transduced 

cells. The pRubiG RV expressing only CRE and Thy1.1 
was used as a control. These vectors were used to 
transduceCD8+ T cells from CRE-dependentCD45.1. OT1/ 
LSLCas9GFP Cas9 knock-inmice. OT1/LSLCas9GFP mice 
are genetically modified to constitutively express the endo-
nuclease Cas9 and GFP under the ubiquitous CAG promo-
ter interrupted by a loxP-stop(33 polyA signal)-loxP(LSL) 
cassette to render Cas9 expression inducible byCRE.36 

Using this system, successfully transducedCD8+ T cells 
were identified and sorted based on Thy1.1 and GFP 
expression. Three different sgRNAs were tested for their 
cleavage efficacy. The best sgRNA was #3 with an average 
34.6% INDELs, so we used this sgRNA for the character-
ization experiments. First, we characterized the effect of 
Ae2 silencing on thepHiof T cells after TCR stimulation 
in culture medium buffered at different pH. We confirmed 
that, under all tested pH conditions, Ae2 silencing onCD8+ 

T cells resulted in a more alkalinepHiafter TCR stimulation 
(Supplementary Fig 7a) similar to the results obtained with 
its pharmacological inhibition. Notably, OT-1CD8+ T cells 

Figure 4. DIDS treatment enhances the T cell antitumor immune response during ACT immunotherapy. A) C57B/l6 mice were challenged with0.5 × 106 B16OVA 
melanoma cells and 7 d after mice were irradiated and received ACT of5 × 106 OT-1CD8+ T cells intravenously. Groups were treated with 100 μM DIDS or PBS alone 
intraperitoneally for 15 d after immunotherapy. B, C) DIDS monotherapy delayed tumor growth, and ACT immunotherapy combined with DIDS delayed tumor growth 
significantly more than immunotherapy alone as well as increased the D) overall survival. A significantly higher number of E) OT-1CD8+ T cells were found infiltrating the 
tumor of DIDS-treatedmice, these cells were significantly more effector memory (EffM) than those of mice that received ACT alone F). A significantly higher percentage 
of DIDS-treatedCD8+ OT-1 TILs showed expression of Granzyme B G), and IFNγ and TNFα simultaneously H) when stimulated with 10 μg/mL SIINFEKL ex vivo for 5 h 
compared to OT-1 T cells from untreated mice. n = 6. Data analyzed with student’s t-test. **p < .01, *p < .05.
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infected with Ae2 sgRNA#3 (AE2 KO) proliferated signifi-
cantly more and produced significantly more IL-2 and IFNγ 
(Figure 5a–c) in response to SIINFEKL cognate Ag stimu-
lation even at acidic pH 6.5 compared to control T cells. 
When Ae2 KOCD8+ T cells were co-culturedwith B16OVA, 
they were able to lyse tumor cells significantly more than 
control T cells (Figure 5d). Overall, these data indicate that 
genetic deletion of Ae2 improvesCD8+ T cell function at 
acidic pH levels and improves their cytotoxicity making-
CD8+ T cells more resistant to acidic conditions.

To ensure that the deletion of Ae2 expression in T cells was not 
inducing a compensatory mechanism through other AE family 
members, we measured the mRNA activity of Ae1 in Ctrl and Ae2 
KOCD8+ andCD4+ T cells activated overtime. Ae1 expression was 
not detected onCD8+ T cells as previously reported in Ae2 
KOmice.23 InCD4+ T cells, the expression of Ae1 was increased 
at 2 and 6 h after stimulation, but there were no differences in its 
expression between Ctrl and Ae2 KO T cells (Supplementary 
Fig 8).

The effect of Ae2 genetic deletion was then tested in vivo 
during ACT immunotherapy using Ae2 KO or control OT- 
1CD8+ T cells against B16OVA. Mice bearing subcutaneous 

Figure 5. AE2 silencing enhancesCD8+ T cell function and antitumor immunity. AE2 KOCD8+ T cells A) proliferated, and secreted significantly more B) IL-2, and C) IFNγ 
than CtrlCD8+ T cells in response to SIINFEKL cognate Ag stimulation even at acidic pH 6.5. D) AE2 KOCD8+ T cells were able to lyse B16OVA cells significantly more than 
Ctrl OT-1CD8+ T cells at different effector:tumor ratios. E, F) AE2 KOCD8+ T cells delayed tumor growth significantly more than Ctrl T cells during ACT immunotherapy, 
and G) improved the overall survival of mice. H) Significantly more Ag-specificT cells were found on the spleen of mice that received AE2 KO T cells than Ctrl T cells. 
n = 4. Data represent mean ± SEM. Analyzed using 2-way-ANOVAwith a posthoc Tukey test. **** = p < .0001, *** = p < .001, ** = p < .01, * = p < .05.
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B16OVA tumors were treated with Ae2 KO OT-1CD8+ T cells 
or with unmodified control OT-1CD8+ T cells. Tumor growth 
was significantly delayed, and overall survival was improved in 
mice that received ACT of Ae2 KO OT-1CD8+ T cells com-
pared to control OT-1CD8+ T cells (Figure 5e–g) (p < .0001 
and p < .05, respectively). In a parallel experiment,on day 21 
after tumor challenge and 14 d after ACT, mice were sacrificed 
to study the functionality of the transferredCD8+ cells. We 
found significantly more IFNγ-producingT cells in the spleens 
of mice that received Ae2 KOCD8+ T cells compared to control 
T cells in response to SIINFEKL (Figure 5h). Overall, these data 
indicate that silencing the expression of Ae2 inCD8+ T cells can 
enhance the efficacy of ACT immunotherapy.

Hvcn1 overexpression inCD8+ T cells enhances their 
function in acidic pH and improves the efficacy of T cell 
based ACT immunotherapy

An alternative way to silencing AE2 to avoid lymphocyte 
acidification could be the overexpression of hydrogen channels 
to maintain a basic intracellularpHieven in extracellular acid 
conditions. One of these basifier channels is Hvcn1. In order to 
overexpress Hvcn1 inCD8+ T cells, we modified the MSCV- 
IRES-Thy1.1-based RV vector (kindly provided by Dr A. Rao) 
to express murine Hvcn1 (MSCV-Hvcn1-IRES-Thy1.1). OT- 
1CD8+ T cells were retrovirally transduced and purified based 
on Thy1.1 expression. Then, Hvcn1 expression was measured 
via flow cytometry. It was observed that RV transduced T cells 
overexpressed Hvcn1 compared to control T cells that received 
the empty MSCV-IRES-Thy1.1 RV (Supplementary Fig. 9). To 
evaluate the functionality of the overexpressed Hvcn1 in the 
T cellpHi,CD8+ T cells transduced with Hvcn1 expressing RV 
or with the control were stimulated with anti-CD3beads in 
culture medium buffered at different pH. As occurred for 
Ae2 silencing, Hcvn1 overexpression onCD8+ T cells allowed 
a more alkalinepHiafter TCR stimulation (Supplementary 
Fig 7b). Importantly, Hvcn1 overexpressingCD8+ T cells pro-
liferated more intensely (Figure 6a) and secreted significantly 
more IL-2 (Figure 6b) and IFNγ as measured by ELISA and 
ELISPOT (Figure 6c,d) than controlCD8+ T cells in response to 
the SIINFEKL peptide even at acidic pH 6.5. Indeed, the great-
est differences were observed in the most unfavorable pH 
conditions tested for lymphocyte functionality (pH 6.5), 
where proliferation, IL-2 and IFN-γ production were signifi-
cantly higher in the Hvcn1 OT-1CD8+ T cells compared to 
control T cells. When Hvcn1-overexpressingOT-1CD8+ T cells 
were co-culturedwith B16OVA, they were able to lyse tumor 
cells significantly more than control T cells (Figure 6e), indi-
cating significantly higher cytotoxic potential. These data indi-
cate that overexpressing Hvcn1 onCD8+ T cells enhances their 
function in acidic pH, putatively makingCD8+ T cells more 
resistant to intratumor acidic conditions.

Next, we evaluated the effect of Hvcn1 overexpression on-
CD8+ T cells in vivo during ACT immunotherapy using 
Hvcn1-overexpressingor control OT-1CD8+ T cells in mice 
bearing B16OVA tumors. As was the case with Ae2 KOCD8+ 

OT-1 T cells, tumor growth was significantly delayed, and 
overall survival was slightly improved (two mice were cured, 
12.5%) in mice treated with Hvcn1-CD8+OT-1 T cells, when 

compared to mice receiving control OT-1CD8+ T cells 
(Figure 6f-h). In addition, a significantly higher number of 
OT-1CD8+ T cells were found infiltrating the tumor of mice 
treated with Hvcn1-CD8+OT-1 T cells compared to control 
Ot-1CD8+ T cells (Figure 6i). We found significantly more 
IFNγ-producingT cells in the spleens of mice that received 
Hvcn1-overexpressingCD8+ T cells compared to control 
T cells in response to SIINFEKL (Figure 6j). Overall, these 
data indicate that increasing the expression of theH+ channel 
Hvcn1 onCD8+ T cells can enhance the efficacy of ACT immu-
notherapy and the antitumor function of transferred T cells.

Hvcn1 overexpression enhances the efficacy of CAR T cell 
immunotherapy

To study if Hvcn1 overexpression can also improve the efficacy 
of CAR T cell-basedtherapy, we combined these strategies by 
overexpressing Hvcn1 in CAR T cells against human GPC3. 
The antitumor efficacy of the GPC3 CAR T cells was tested in 
mice bearing PM299L-GPC3-tumors.Thus, mice were treated 
with5 × 106Hvcn1+ GPC3 CAR T cells or GPC3 CAR T cells 
purified by FACs sorting as described in methods.Hvcn1+ 

T cells were also used as control. GPC3 CAR T cells that 
overexpressed Hvcn1 delayed tumor growth significantly 
more efficiently than control GPC3 CAR T cells increasing 
overall survival (Figure 7a,b). These data indicate that over-
expression of Hvcn1 can enhance CAR T cell immunotherapy.

Discussion

Tumor acidity is one of the key driving forces that renders the 
TME an immunosuppressive milieu for antitumor immune 
cells. The large amounts of protons and lactate produced by 
tumors as a consequence of anaerobic glycolysis lead to extra-
cellular acidification (pH6.2–6.8) which has a suppressive effect 
on T cellfunction.5,6 Adoptive cell therapies based on ex vivo 
expanded tumor-infiltratinglymphocytes and genetically mod-
ified T cells to express tumor-specificchimeric receptors can be 
affected by this hostile microenvironment. As other groups 
have previouslydescribed,37,38 we found that a pH as low as 
6.5 led to impaired proliferation and production of IFNγ and 
IL-2 in response to TCR stimulation in both murine and 
humanCD4+ andCD8+ T cells. These differences are even 
more pronounced when the strength of TCR stimulation is 
suboptimal (0.01–0.1 ng/ml of SIINFEKL peptide for murine 
OT-1CD8+ T cells, and an antiCD3/CD28 beads 1:10 ratio), 
suggesting that acidity might raise the activation threshold in 
T cells. The acidic pH-inducedimpairment of T cell function 
was significantly overcome by DIDS, a pharmacological inhi-
bitor of theCl−/HCO3− exchangers (AEs). The alkalinizing 
effect of DIDS on T cellpHimight explain its capacity to 
improve T cell proliferation and function even at low pH 
conditions.

Despite the lack of data on the use of DIDS in vivo and 
regardless of the fact that its targets, the AEs, are widely 
expressed in many cell types, we assessed its potential 
immune-enhancingeffect in tumor-bearingmice. We pre-
viously confirmed that DIDS had no effect on the growth 
of tumor cell lines B16OVA or LLCOVA in vitro. However, 
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administration of DIDS to tumor-bearingmice resulted in 
a significant delay in tumor growth. This in vivo effect was 
not observed when the tumor was implanted in NSG mice, 
indicating that the impact of DIDS on the immune system 
was relevant for the antitumor effect. DIDS treatment 
enhanced the endogenous T cell antitumor immune 
response, with a significant increase in the numbers of 
tumor-specificCD8+ andCD4+ T cells infiltrating the 

tumor and present in the tumor draining lymph nodes 
and the spleen. This beneficial effect of DIDS was also 
observed in combination with adoptive T cell transfer 
immunotherapy of antitumorCD8+ T cells. Mice treated 
with DIDS after ACT with OT-1CD8+ T cells showed 
a significant delay in tumor growth, and an increase in 
the overall survival of mice bearing B16OVA or LLCOVA 
tumors. This improvement in survival was concomitant to 

Figure 6. Hvcn1 overexpression enhancesCD8+ T cell function and antitumor immunity. Hvcn1 overexpressing OT-1CD8+ T cells A) proliferated, and secreted B) IL-2, and 
C, D) INFγ significantly more than CtrlCD8+ T cells in response to SIINFEKL cognate Ag even at acidic pH. E) Hvcn1-overexpressingOT-1CD8+ T cells were able to lyse 
B16OVA melanoma cells significantly better than CtrlCD8+ T cells at different effector:tumor (E:T) cell ratios. C57B/l6 mice were challenged with B16OVA and 7 d after, 
they were given ACT with5 × 106 Hvcn1-overexpressingor Ctrl OT-1CD8+ T cells intravenously. F, G) Tumor growth was significantly delayed by ACT immunotherapy 
with Hvcn1-overexpressingCD8+ T cells compared to CtrlCD8+ T cells. H) Overall survival was increased by ACT immunotherapy with Hvcn1-overexpressingOT-1CD8+ 

T cells compared to CtrlCD8+ T cells even though significance was not achieved. Significantly more Ag-specificT cells were found I) infiltrating the tumor and J) in the 
spleens of mice that received ACT with Hvcn1-overexpressingOT-1CD8+ compared to Ctrl T cells. n = 4. Data represent mean ± SEM. Analyzed using 2-way-ANOVAwith 
Tukey’s post hoc. **** = p < .0001, *** = p < .001, ** = p < .01, * = p < .05. In vivo data show two experiments combined, n = 16.
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an increase in the number ofCD8+ T cells expressing gran-
zyme B, IFNγ and TNFα suggesting that intratumoral pH 
acidification of transferred T cells impairs their antitumor 
activity. These results are in line with recent reports show-
ing that neutralizing tumor acidity with bicarbonate mono-
therapy or in combination with other immunotherapies 
improved antitumor responses in murinemodels.8 There 
are other alternative pharmacologic approaches that could 
indirectly lead to the control of intracellular acidification. 
Potassium-sparingdiuretics (amiloride) for metabolic 
alkalosiscompensation,39 and the use of inhibitors for car-
bonic anhydraseIX40 or lactate dehydrogenase(LDH)41 are 
being considered to improve antitumor therapies. However, 
the efficacy of these agents to neutralize tumor pH or their 
effects on antitumor immunotherapy is not known. Other 
pathways associated with the control ofpHithat are also 
under consideration for intervention include the use of 
inhibitors of monocarboxylate transporters (MCT) 
(reviewedin42), the vacuolar-typeH+-ATPaseprotonpump,15 

the sodium-hydrogenexchanger 1(NHE-1)43 orAe2.25 In 
preliminary experiments, we studiedCD8+ T cell function 
in the presence of MCT inhibitors (AR-C155858,α-cyano 
-4-hydroxycinnamic acid, AZD3965 and diclofenac sodium 
salt) that impair lactate transport. We could observe an 
improvement on T cell proliferation in the presence of 
diclofenac sodium salt (at 0.01 and 0.1 mM) after TCR 
stimulation, but not with the other inhibitors (not 
shown). A recent report showed that diclofenac lowers 
lactate secretion of tumor cells and improves anti-PD1- 
inducedT cell killing in vitro delaying tumor growth in -
vivo.44 However, other works have reported an inhibition of 
IFN-γ production and T cell proliferation in the presence 
of diclofenac during T cellactivation.45 It has been also 
reported that sodium lactate, can either enhance or impair 
T cell proliferation depending on thedose,46 suggesting 
a complex role for lactate during T cell activation. Further 
studies are needed to determine the role of MCT inhibitors 
in lactate transport across the membrane, thepHiand con-
sequently on T cell function.

Moreover, the use of inhibitors for enzymes, ion chan-
nels and anion exchangers that are ubiquitously expressed 
in different cell types may pose toxicity problems that must 
be carefully considered. For these reasons, we planned to 

directly genetically modify lymphocytes to provide them 
with the tools to resist TME acidification and preserve 
their antitumor activity while minimizing the risk for treat-
ment-relatedtoxicities.

Based on the beneficial effect of DIDS treatment in vivo, we 
focused on the Ae2 anion exchanger. Previous studies reported 
that Ae2-deficientmice exhibit marked splenomegaly, expan-
sion of theCD8+ T cell compartment, and an increase in the 
production of cytokines, which favor the development of-
autoimmunity.24 It was also reported that Ae2 deficiency favors 
the alkalinization ofCD8+ T cells after TCR stimulation enhan-
cing cell proliferation and IL-2production.23 Although those 
mice were whole-bodyknockouts for Ae2, these data highlight 
the relevance of Ae2 forCD8+ T cells to maintainpHihome-
ostasis and modulate immune responses. These experiments 
prompted us to evaluate the effect of Ae2 silencing on the 
antitumor activity of Ag-specificCD8+ T cells. Using CRISPR/ 
Cas9 technology we generated OT-1CD8+ T cells lacking Ae2. 
As observed in vitro with DIDS treatment, Ae2-deficientOT- 
1CD8+ T cells proliferated better than Ae2 proficient T cells 
and produced more IL-2 and IFNγ upon TCR stimulation with 
the SIINFEKL peptide. This improvement was observed at all 
pH levels tested, including the acidic pH 6.5 condition. When 
injected into tumor-bearingmice, Ae2-silencedOT-1CD8+ 

T cells delayed tumor growth more efficiently than Ae2- 
expressingT cells. When we isolated these cells from the spleen 
of tumor-bearingmice, we found higher numbers of 
SIINFEKL-specificT cells in mice treated with OT-1CD8+ 

T cells lacking Ae2. These results may indicate that Ae2 silen-
cing makesCD8+ T cells more resistant to acidic conditions.

As an alternative to the silencing of the acidifier anion 
exchangers, we also tested the possibility of maintaining 
a more basicpHiby overexpressing proton extruder channels. 
Proton pump inhibitors (PPI) have been used to reduce proton 
extrusion by tumor cells and smooth the acidification of TME 
while inducing tumor cell apoptosis and inhibition of tumor-
growth.47–51 These studies elegantly described the effects of 
inhibiting acid extrusion in tumor cells but did not characterize 
the effects of PPIs on tumor infiltrating lymphocytes except 
formacrophages.50 These PPIs might involve the risk of indu-
cing T cell apoptosis as was described for the inhibition of 
HVCN1 in Jurkat T cells.12 On the other hand, there are 
serious concerns about the increased cancer risk associated 

Figure 7. Hvcn1 overexpression improves the efficacy of CAR T cell immunotherapy. C57BL/6 mice were challenged subcutaneously with1 × 106 PM299L-GPC3 
embedded in matrigel and 7 d later they were irradiated and treated with5 × 106CD8+ T cells overexpressing Hvcn1, GPC3 CAR T cells or Hvcn1 overexpressing GPC3 
CAR T cells. A) Tumor growth and B) survival were measured overtime. n = 6–8. **** = p < .0001.
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with the long-termuse of PPIs (reviewedin52). In our study, we 
considered a different alternative to protect the T lymphocytes 
from excessive intracellular acidification in the TME by 
exploiting the basifying effect that these proton pumps can 
exert. For this reason, we genetically modified T cells to over-
express Hvcn1. We found that overexpression of Hvcn1 in 
lymphocytes increases their proliferative and cytokine- 
producingcapacities even under acidic pH culture conditions. 
Notably, we observed that at pH as low as 6.5, where unmodi-
fied OT-1CD8+ T lymphocytes do not respond appropriately to 
antigenic stimulation with the SIINFEKL peptide, Hvcn1- 
overexpressingOT-1CD8+ T cells have a high functional activ-
ity, similar to that observed at physiological pH for unmodified 
T lymphocytes. These results suggest that Hvcn1 protects the 
cells from excessive acidification facilitating the TCR signaling 
that, as was previously described, is impaired by the acidic pH 
leading to an anergicstate.7 When mice bearing B16OVA 
tumors were treated with these Hcvn1-expressingCD8+ OT- 
1 T cells, we found a significant delay in tumor growth, 
although only 12.5% of mice were able to totally reject the 
tumor and survive. This is particularly relevant in a model in 
which adoptive T cell transfer experiments are not very effi-
cient because OVA antigen expression is rapidly lost due to 
immunepressure.53,54 Interestingly, Hvcn1 overexpression 
improved the antitumor efficacy of GPC3 CAR-T cells in 
a murine model of hepatocellular carcinoma, suggesting that 
the control of excessive pHi acidification can also have 
a positive effect in CART cell-basedtherapies for solid tumors.

In conclusion, we have found that silencing of the 
acidifier Ae2 or the overexpression of the proton channel 
Hvcn1 may offer an advantage for lymphocytes thus 
improving their functionality in unfavorable acidic pH 
conditions present in the TME and might constitute an 
alternative for the improvement of cancer therapies based 
in the adoptive cell transfer of T lymphocytes.
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