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Abstract
Background:Lactic acid produced by tumors has been shown to overcome immune surveillance, by
suppressing activation and function of T cells in the tumor microenvironment. The strategies employed
to impair tumor cell glycolysis could improve immunosurveillance and tumor growth regulation.
Dichloroacetate (DCA) limits the tumor-derived lactic acid by altering the cancer cell metabolism.

In this study, the effects of lactic acid on the activation and function of T cells, were analyzed by
assessing T cell proliferation, cytokine production and the cellular redox state of T cells. We examined the
redox system in T cells by analyzing the intracellular level of reactive oxygen species (ROS), superoxide
and glutathione and gene expression of some proteins that have role in the redox system. Then we co-
cultured DCA-treated tumor cells with T cells to examine the effect of reduced tumor-derived lactic acid on
proliferative response, cytokine secretion and viability of T cells. 

Result:We found that lactate could dampen T cell function through suppression of T cell proliferation and
cytokine production as well as restrain the redox system of T cells by decreasing the production of
oxidant and antioxidant molecules. DCA decreased the concentration of tumor lactate by
manipulatingglucose metabolism in tumor cells. This led to increases in T cell proliferation and cytokine
production and also rescued the T cells from apoptosis.  

Conclusion:Taken together, our results suggest accumulation of lactic acid in the tumor
microenvironment restricts T cell responses and could prevent the success of T cell therapy. DCA
supports anti-tumor responses of T cells by metabolic reprogramming of tumor cells. 

1. Introduction
Cancer immunotherapy through adoptive cellular therapy (ACT) and its derivative, chimeric antigen
receptor (CAR) T cells, has shown clinical effectiveness for hematological malignancies and
immunogenic tumors such as melanoma but the e�cacy of ACT for solid tumors to date has been
limited and challenges still remain. This may in part be due to the microenvironment immunosuppressive
nature of tumor cells [1–3]. Metabolites produced by the cancer cells can inhibit T cells in the tumor
microenvironment, e.g. high concentrations of lactate and extracellular acidosis are typical features of
tumors [4, 5].

Lactic acid accumulation in tumors is a by-product of hypoxia which occurs when tumors switch to an
anaerobic metabolism. Also in the presence of oxygen some tumors undergo glycolysis, a phenomenon
called the Warburg Effect [6]. Acidi�cation by lactic acid promotes angiogenesis, immunosuppression
and metastasis all of which are associated with poorer clinical outcome [7]. Lactic acid produced by
highly glycolytic tumors has been shown to overcome immune surveillance by suppressing activation of
NK and in�ltrating T cells and inhibiting the proliferation and cytokine production of T lymphocytes [8, 9].
Some studies have shown that lactate has a relation with the reactive oxygen species (ROS) system.
Lactate causes an increase in ROS production [10]. High levels of ROS can be cytotoxic agents because
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of their capability of destroying DNA and other subcellular structures. On the other hand, ROS were shown
to be crucial second messengers for signaling of T cell receptor and T cell activation [11].

Strategies to impairment of Tumor cell glycolysis could improve immunosurveillance and tumor growth
regulation [12]. and manipulation of the enzymes involved in tumor cell glycolysis might be a way to
overcome immunosuppression [13]. Pyruvate Dehydrogenase Kinase (PDK) is a gatekeeper enzyme
regulating metabolism of glucose in tumors. PDK inactivates the pyruvate dehydrogenase complex (PDC)
through its phosphorylation. PDC converts pyruvate to acetyl-CoA, which is further metabolized in the
mitochondria. Overexpression of PDK has been reported in several tumors and is associated with
invasion, metastasis and chemotherapy drug resistance. High PDK expression contributes to a change in
glucose metabolism towards glycolysis rather than oxidative phosphorylation [14]. Thus, PDK inhibition
with the drug dichloroacetate (DCA) changes the cancer cell metabolism from glycolysis towards
mitochondrial glucose oxidation and as a result reduces lactate levels [15].

In this study, we show that lactate can dampen T cell function through suppression of T cell proliferation,
cytokine production, and TCR signaling. Lactate also suppressed the redox system of T cells and reduced
production of both oxidant and antioxidant molecules. Our studies open new avenues to manipulate the
metabolism of tumor cells by limiting tumor-derived lactate. Here, we tested the hypothesis of whether T
cell function could be enhanced by pharmacological targeting of tumor glycolysis. DCA decreased the
concentration of tumor lactate by suppression glucose metabolism of tumor cells leading to
improvement of T cell function. T cell proliferation and cytokine production were increased in an in vitro
co-culture test by pre-treating lymphoma cells with DCA. DCA also rescued the T cells from apoptosis.
Therefore, DCA can overcome immunosuppression of lactate in the tumor microenvironment and could
be useful for adoptive T cell immunotherapy.

2. Methods

2.1. Cell culture and media
The Raji cell line was acquired from the Iranian Biological Resource Center (IBRC). Cells were cultured In
RPMI 1640 (Gibco, USA) supplemented with 10% Fetal bovine serum (FBS)(Gibco) and 1%
penicillin/streptomycin (Sigma-Aldrich, USA) and incubated at 37°C in 5% CO2. FBS was heat-inactivated
for 30 minutes at 56°C before use. CD19 expression on Raji cells was analyzed by �ow cytometry
utilizing APC-conjugated anti-human CD19 antibodies (Miltenyi Biotec, Germany) prior to the
experiments.

2.2. PBMC Isolation and T cell enrichment
Whole blood was taken from healthy donors. Using Ficoll–Paque density gradient centrifugation, human
peripheral blood mononuclear cells (PBMCs) were isolated. Isolated PBMCs were seeded into 24-well
plates (1.5×106 cells/well) and cultured in RPMI1640 containing 10%FBS and 100IU hIL-2 (Miltenyi
Biotec). To activate and enrich T cells, PBMCs were cultured with 3 ug/ml anti-CD3 antibody (Miltenyi
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Biotec) and 10 ug/ml anti-CD28 antibody (Miltenyi Biotec). After 4 days of incubation at 37°C purity of T
cells was assayed using APC conjugated anti-human CD3 (BioLegend, USA).

2.3. Lactate production in tumor cell media
Raji cells were seeded into 48-well plates at 2×105 cells per well and They were treated with DCA (Alfa
Aesar, USA) at 0.5 mM, 1 mM, 2 mM, 5 mM and 10 mM for 24 and 48h. To measure lactate production
the cell supernatants were harvested and lactate was measured using a colorimetric and lactate assay kit
(Greiner Diagnostic GmbH, Germany).

2.4. T cell proliferation and cytokine assay
Raji cells were treated with mitomycin C (25 µg/ml) (Sigma-Aldrich) for 30 minutes to prevent
proliferation. Then mitomycin treated Raji cells (2×105 cells/well) were cultured in 24-well plates in the
presence or absence of DCA (1 mM) for 24 h. The cell culture media containing DCA was removed and
replenished with fresh RPMI 1640 complete media and they were co-cultured with CFSE-labeled T cells
for 72h. In order to label T cells with Carboxy�uorescein succinimidyl ester (CFSE) (Life Technologies,
USA), the cells (1x106 cells/well) were treated with 2.5 µM CFSE dye, and then 4 ml of FBS was applied to
quench the reaction. CFSE-labeled T cells were co-cultured with Raji cells at 1:1 ratios (2×105 cells/well)
in RPMI1640 complete media without the presence of hIL-2 and anti-CD3/CD28 antibodies to induce the
unspeci�c proliferation of T cells. T cells (2×105 cells/well) also cultured without Raji cells in RPMI1640
complete media with and without lactic acid (20 mM) (Sigma-Aldrich) as a negative and positive control
of lactic acid. T cells (2×105 cells/well) were also cultured without anti-CD3/CD28 antibodies as
unstimulated T cells. Cells were stained with anti-CD3-APC (BioLegend) and after 72 hr, and CFSE dilution
of CD3-gated lymphocytes was calculated by �ow cytometry to evaluate their proliferation. T cell
proliferation was determined based on the difference between the mean �uorescence intensity of
stimulated and unstimulated cells. To measure the amount secreted IL-2 and IFN-γ by T cells, the
supernatant was harvested 24 hours after co-culture and assessed using ELISA.

2.5. Apoptosis assay, Annexin V staining
Raji cells (2×105 cells/well) were cultured in 24-well plates in the presence and absence of DCA (1 mM)
for 24 h. Then the cell culture media containing DCA was removed and DCA-treated cells were co-cultured
with T cells at 1:1 ratios (2×105 cells/well) for 48h. T cells (2×105 cells/well) were also cultured in the
absence of Raji cells in RPMI1640 complete media with and without lactic acid (30 mM) as negative and
positive controls of apoptosis. The apoptotic cells were measured using the Annexin V-FITC (�uorescein
isothiocyanate)/PI (propidium iodide) apoptosis detection kit (MBR, Iran). Brie�y, after 48h of incubation,
the cells were harvested and centrifuged at 1500 rpm for 10‘. Cells were collected and counted and
Annexin-V-FITC/PI labeling was carried out according to the instructions of the manufacturer (MBR, Iran).
The cells were then stained with anti-CD3-APC (BioLegend). Finally, the cells were analyzed by �ow
cytometry (BD FACSCalibur, Biosciences, USA).

2.6. Ros assay
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ROS and superoxide detection assay kits (ab139476, USA) were used to evaluate the production level of
intracellular ROS. T cells (2×105 cells/well) cultured in RPMI1640 complete media with and without lactic
acid (20 mM). After harvesting and washing, the cells were incubated with permeable green probe (reacts
with hydroxyl radicals (HO), hydrogen peroxide, peroxynitrite (ONOO ), peroxyradical (ROO) and nitric
oxide (NO)) and orange probe (in particular reacts with superoxide (O2 )) at 37°C for 30’. The level of the
antioxidant molecule GSH was measured with a GSH assay kit (ab112132, USA). After harvesting and
washing, the cells were incubated at 24°C with thiol green dye for 20 minutes. Finally, the cells were
analyzed by �ow cytometry. Based on the difference between the mean �uorescence intensity of lactic
acid treated and untreated cells, the production of ROS/superoxide and GSH was determined.

2.7. Real-Time PCR
T cells (2×105 cells/well) were cultured in RPMI1640 complete media with and without 20 mM lactic acid.
According to the manufacturer’s instruction, total RNA was extracted from T cells using RNX-plus solution
(RN7713C, Sinaclon, Iran) to determine levels of gene expression of NADPH oxidase subunit, gp91phox,
and antioxidant enzymes including SOD1, SOD2, Nrf2, and CAT. Purity and concentration of RNA
concentration were assessed using NanoDrop (Thermo Fisher). To eliminate genomic DNA the isolated
RNA was treated with DNase I (Fermentas, USA). cDNA was then synthesized by a cDNA synthesis kit
(Thermo Fisher Scienti�c, USA). Real-time PCR was performed using 2x SYBR Green qPCR Mix plus
(ROX) (Ampliqone, Denmark) on an ABI step one plus real-time PCR system (Applied Biosystem). Relative
expression levels of these genes were normalized by 18s rRNA as a housekeeping gene and calculated by
the 2 − ΔΔCt method. The primers sequences are listed in the supplementary data.

2.8. Flow cytometric analysis
All samples were acquired and analyzed on a BD FACS Calibur (BD Biosciences, USA) with FlowJo
software (v7.6.1). All experiments were conducted in triplicate and repeated three times.

2.9. Statistical analysis
Statistical analysis was performed using Prism 7 software. Comparisons between treatment groups were
conducted by independent t-test and ANOVA with Tukey’s post hoc test. Differences were accepted
statistically signi�cant when P < 0.05.

3. Results

3.1. Proliferation and cytokine secretion was suppressed by
lactic acid
We investigated the effect of lactic acid on various properties of T cells that have a role in T cell
activation. A crucial characteristic of a successful immune response is T cell proliferation and cytokine
secretion. We hypothesized that lactate has an immunosuppressive impact on the proliferation of T cells.
To determine the effects of lactic acid we compared the suppressive impact of media containing lactic
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acid and media without lactic acid on the proliferation of stimulated human T cells [�gure 1]. The lactic
acid concentration was set to 20 mM, which matches the lactate concentration experienced by T cells in
previously published studies in human and murine tumors [16–18]. Representative �ow cytometry data
of the CFSE staining are presented in Fig. 1B. As expected, lactic acid treated T cells exhibited
signi�cantly lower rates of proliferation compared to the control group [�gure 1C].

Next, we explored the effects of lactic acid on the production of T cell cytokines. T cells were stimulated
with anti-CD3 and anti-CD28 antibodies and the level of IL-2 and IFN-γ was assessed by ELISA in the
supernatants of cell culture after 24h [�gures 1D and 1E]. Reductions in IL-2 and IFN-γ secretion were
observed in T cells cultured with lactate. Finally, our data indicated that lactic acid inhibits the activation
of T cells by limiting their proliferation and cytokine production.

3.2. Lactic acid decreased ROS, Superoxide and Glutathione
in T Cells
We next asked how lactic acid may affect the cellular redox state of T cells as a factor responsible for
activation of T cell receptor signaling and immune responses by T cells. To study oxidative stress in T
cells we assessed the production of ROS, superoxide and intracellular levels of glutathione (GSH) in T
cells cultured in media containing lactic acid (20mM) [�gure 2]. At �rst, T cells were gated on a forward
vs. side scatter dot plot [�gure 2A]. Then gated lymphocytes were analyzed for ROS, superoxide and GSH
generation [�gure 2B]. Signi�cant decreases in ROS and O2- production were seen in the lactic acid-
treated T cells compared to the control group [�gures 2C and 2D]. We also observed that the intracellular
levels of GSH were signi�cantly lower in the T cells cultured with lactate compared to those cultured in
plain media [�gure 2E].

3.3. Gene Expression of Antioxidant Molecules decreased in
T cells
We next studied the effects of lactate on T cell oxidative stress molecules and the balance between
oxidants (NOX-gp91phox) and antioxidants (SOD1, SOD2, Nrf2, and CAT). Gene expression patterns in
lactate treated T cells were also examined. There was a signi�cant decrease in the expression of
gp91phox in T cells cultured in lactic acid compared to that the control group [�gure 2F]. A similar trend
was observed in gene expression of the antioxidant molecules SOD1, SOD2, Nrf2, and CAT and they were
signi�cantly reduced in lactate-treated cells compared to control T cells [�gure 2F].

3.4. DCA reduced lactate production of tumor cells
High-lactate and low-glucose environments, such as seen in the tumor microenvironment, are
immunosuppressive– particularly in the case of effector T cells. To manipulate tumor metabolic
conditions and to overcome tumor immunosuppressive effects we used DCA to target the production of
lactate in tumor cells. To assess the effects of DCA on lactate secretion of tumor cells we treated Raji
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cells with various concentrations of DCA and measured lactate concentrations in the supernatants of
tumor cells after 24h and 48h. Two time-points were chosen because we speculated it takes time to
observe DCA effects on the tumor cells. Our data shows DCA-treated tumor cells signi�cantly decreased
lactate production of lymphoma cells in comparison to untreated cells [�gure 3]. We also found that DCA
had suppressive effects within 24 hours and treating cells for 48h is not required, in addition, higher
dosages of DCA increased the suppressive effects. Doses higher than 2mM showed no further reduction
in lactate levels as they were toxic to the cells (unpublished). We thus chose a dose of 1mM DCA to
continue our study. At this dose the tumor cells appeared healthy and their ability to produce lactate was
reduced, supporting our conclusion that DCA inhibits lactate production by tumor cells.

3.5. Treating tumor cells with DCA improves the
proliferation capacity of T cells
To examine the function of the T cells co-cultured with tumor cells with regard to reduce lactate
production we explored the proliferative response of T cells after they were exposed to lactate-inhibited
tumor cells. T cells were stimulated with anti-CD3 and CD28 antibodies, labeled with CFSE dye and then
co-cultured with equivalent numbers of DCA treated and untreated Raji cells for 72h. T cells were also
cultured in the presence and absence of lactic acid (20 mM) as a positive and negative control for lactate
[�gure 4]. Representative �ow cytometry data of the CFSE staining are presented in Figs. 4B and 4C. As
expected DCA signi�cantly decreased the suppressive effect of lactate secreted by lymphoma cells on the
T cell proliferative responses [�gure 4D]. However the DCA-treated group did not proliferate as well as
those cultured in plain media but the rate of proliferation by the DCA-treated group was increased by 25%
compared to the DCA-negative group. Raji cells were also treated with mitomycin C for 30’ to prevent
proliferation. We were concerned whether mitomycin C could change the glucose metabolism of tumor
cells and dampen their lactate secretion. To address this we compared the concentrations of lactate in
the supernatants of mitomycin C-treated and untreated-Raji cells. The data displayed no difference in the
lactate production between the two groups [supplementary data 2].

3.6. Increased T cell cytokine secretion by inhibition of
lymphoma cells lactate production
Different groups of T cells were evaluated for cytokine production. ELISAs were used to examine IL-2 and
IFN-γ concentrations, main cytokines are employed for cell therapy. We examined cytokine concentrations
in the supernatants of T cells co-cultured with DCA-treated Raji cells [�gure 5]. DCA treatment led to
enhanced production of IFN-γ, and IL-2 by T cells compared to the DCA untreated group [�gures 5A and
5B]. Consistent with our previous �ndings DCA could not rescue cytokine production as well as the T cell
media-only group. Our results showed that IFN-γ secretion is more vulnerable to lactate compared to IL-2
[�gure 5C].

Lactate secreted by tumor cells in the DCA-negative group suppressed IFN-γ secretion nearly 3 times more
than IL-2 and DCA can nearly doubles the IFN-g secretion and decrease the IL-2/IFN-g ratio to 1.5.
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3.7. DCA rescued T cells from lactate
For evaluation of apoptosis induced by tumor-derived lactate we explored the exposure of cell surface
phosphatidylserine using Annexin V/PI double staining [�gure 6]. Representative results of �ow cytometry
data of the Annexin V/PI staining are presented in Fig. 6B. T cells cultured with lactic acid (30mM) served
as a positive control for apoptosis because this concentration of lactate was cytotoxic for T cells
[unpublished]. Flow cytometry analyses revealed a signi�cant positive effect for DCA on T cell viability.
The percentage of viable T cells in the DCA-treated group was nearly twice that in the DCA-untreated
group [�gure 6C]. The Annexin V/PI assay indicated that lactate induced late-stage apoptosis in T cells
and the difference of late apoptotic and necrotic cells was not signi�cant between the groups.

4. Discussion
A positive correlation has been reported between high levels of lactate and tumor progression in a variety
of tumors [18, 19]. The relationship between lactate levels in the tumor microenvironment and T cell
activation is a new concept in this context [20]. A signi�cant decline in CTL cytolytic activity was
observed in the low PH of the Tumor microenvironment in the tumor-bearing mice [21, 22]. In our study,
we found that lactic acid decreased the function of T cells in vitro and it has an immunosuppressive
impact on the proliferation of T cells. Prior studies have shown the inhibiting effect of lactate on effector
T cell proliferation[23]. One of the known mechanisms that tumor cells utilize to limit T cell proliferation is
lactate elevation which results in the blocking of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and 3-phosphoglycerate dehydrogenase, leading to the depletion of subsequent glycolytic intermediates
including the 3-phosphoglycerate derivative serine which is known to be an essential factor for
proliferation of T cells [16]. We have observed that lactic acid could also impair the IL-2 and IFN-γ
secretion of T cells. Consistent with previous �ndings it has been shown that lactic acid reduces IL-2, IFN-
γ, and granzyme B expression in human T cells [24]. Brand et al. proposed that that intracellular
acidi�cation restricts NFAT regulation, a signi�cant transcription factor involved in IFN-γ transcriptional
control. Besides, acidi�cation can also disrupt the translocation of NFAT to the nucleus [20, 25].

We assessed oxidative stress in T cells because it was previously shown that ROS perform as
messengers for T cell receptor signaling in the steady-state and upon antigen recognition. Therefore, ROS
play a critical role in T cell activation [26–28]. Here we investigated the production of ROS, superoxide
and intracellular levels of GSH in T cells treated with lactate. We also examined gene expression of NOX-
gp91phox as an oxidant molecule and SOD1, SOD2, Nrf2 and CAT as antioxidants. Since under normal
conditions the levels of endogenous ROS are tightly regulated by different antioxidant systems inside the
cell [29]. Signi�cantly lower production of both oxidants and antioxidants was seen in the lactate-treated
T cells. The levels of gene expression paralleled this. Our observations were not supported in a recent
report showing a rapid and striking elevation of intracellular ROS which was caused by the exposure of
activated CD4 + T cells to lactate [30]. However in that report the levels of ROS in T cells were measured in
the presence of 10 mM of sodium lactate at three-time points. They assessed ROS at 5, 10 and 30’’ after
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the exposure of T cells to lactate. The levels of the ROS showed a downward trend from the �rst-time
point to the third-time point. We investigated the amount of oxidant and antioxidant molecules after
culturing T cells for 24h in the presence of 20mM of lactate. The duration of our test and lactate
concentrations were different from those in the recent study [30]. The mechanism(s) through which
lactate interrupts the redox system of T cells remains for future research.

A promising therapeutic strategy is to target the glycolysis pathway of tumor cells as the impairment of
glucose metabolism could cause defects in tumor cells growth and survival [31, 32] It further decreases
their lactate secretion and acidi�cation of the tumor microenvironment that impairs the T and NK cells'
anti-tumor immune responses [20, 22, 33]. Consequently, reducing the amounts of intratumoral lactate
and acidi�cation improves immunosurveillance potentially the effectiveness of cancer immunotherapies
[12, 34–36].

In recent years DCA which already is used for the treatment of lactic acidosis has been considered as an
anticancer agent [37, 38]. DCA targets cancer cells and inhibits pyruvate dehydrogenase kinase, the
inhibitor of pyruvate dehydrogenase. Therefore, DCA alters the metabolism of tumors from glycolysis
towards oxidative phosphorylation [39]. Activation of PDH induces pyruvate mitochondrial oxidation and
limits the metabolic advantage of tumor cells. Besides, DCA could prevent acidosis in the tumor
microenvironment by decreasing lactate secretion and thus leading to inhibition of tumor growth [40, 41].
The direct effects of DCA on cancer cells have been tested in most studies to date but here we have
focused on evaluating the effects of DCA on tumor-derived lactic acid and its impact on T cells. Our
results indicate that DCA can restore the T cell proliferative response and cytokine production from the
suppressive effect of tumor-derived lactic acid. DCA also reduced apoptosis in T cells and preserved their
viability. These data are in the line with the previous study in which diclofenac promoted anti-tumor
response of T cell by reprogramming tumor glycolysis and inhibiting their lactic acid production [36].
Activation, viability, and effector functions of T cells were maintained in vitro following diclofenac
treatment. They also showed that treatment of tumor cells with diclofenac caused an increase the in vitro
anti- PD-1-mediated T cell killing of tumor cells. Diclofenac also enhanced the response to the anti-PD-1
blockade in tumor-bearing mice [36], as there was a negative correlation between response to anti-PD-1
therapy and metabolic genes overexpression [42]. To better understand the impact of DCA on checkpoint
therapy we suggest further studies on using the combination of DCA and immune checkpoint inhibitors
to treat tumors are warranted.

5. Conclusion
Taken together our results suggest that the accumulation of lactic acid in the tumor microenvironment
restricts T cell responses and could interfere with the success of T cell therapy. For this reason, blocking
microenvironment acidi�cation prior to immunotherapy could strengthen the anti-tumor responses. It has
been shown that DCA supports anti-tumor responses of T cells by metabolic reprogramming of tumor
cells. DCA reduced the lactate production of tumor cells and preserved T cell activation. Tumor metabolic
alteration illustrates a promising strategy to develop novel immunotherapies or improve the existing ones.
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Our future research will be to evaluate DCA therapy in combination with adoptive cellular therapy
beginning with murine models in vivo.

6. Abbreviations
Dichloroacetate (DCA)

Adoptive cellular therapy (ACT)

Chimeric antigen receptor (CAR)

Reactive oxygen species (ROS)

Interleukin (IL)

Carboxy�uorescein succinimidyl ester (CFSE)

Glutathione (GSH)

Superoxide dismutase (SOD)

Catalase (CAT)

Mean �uorescence intensity (MFI)

Propidium iodide (PI)

7. Declarations
Ethics approval and consent to participate

All experimental protocols were approved by Tehran University of Medical Sciences Ethics committee. All
methods were also carried out in accordance with relevant guidelines and regulations and Informed
consent was obtained from all participants.

Consent for publication

Not applicable

Availability of data and materials

The datasets generated and analyzed during the current study are available from the corresponding
author on reasonable request.

Competing interests



Page 11/20

The authors declare that they have no con�icts of interest.

Funding

This publication was supported by grant number 42010 from the Tehran University of medical sciences.

Authors' contributions

H.R. and J.H. conceived the original idea. H.R., M.K., L.J., M.J.T. carried out the experiments. H.R., M.K.
and L.J., contributed to the interpretation of the results. H.R. wrote the manuscript with support from E.M.,
K.F.. J.M.P and H.R.M helped supervise the project. J.H. supervised the project.

Acknowledgment

Not applicable

8. References
1. Beavis PA, Slaney CY, Kershaw MH, Gyorki D, Neeson PJ, Darcy PK: Reprogramming the tumor

microenvironment to enhance adoptive cellular therapy. Seminars in immunology 2016, 28(1):64–
72.

2. Zhao L, Cao YJ: Engineered T Cell Therapy for Cancer in the Clinic. Frontiers in Immunology 2019,
10(2250).

3. Rostamian H, Fallah-Mehrjardi K, Khakpoor-Koosheh M, Pawelek JM, Hadjati J, Brown CE, Mirzaei
HR: A metabolic switch to memory CAR T cells: Implications for cancer treatment. Cancer Letters
2020, 500:107–118.

4. Gajewski TF, Meng Y, Blank C, Brown I, Kacha A, Kline J, Harlin H: Immune resistance orchestrated by
the tumor microenvironment. Immunological reviews 2006, 213:131–145.

5. de la Cruz-López KG, Castro-Muñoz LJ, Reyes-Hernández DO, García-Carrancá A, Manzo-Merino J:
Lactate in the Regulation of Tumor Microenvironment and Therapeutic Approaches. Frontiers in
Oncology 2019, 9(1143).

�. Ward PS, Thompson CB: Metabolic reprogramming: a cancer hallmark even warburg did not
anticipate. Cancer cell 2012, 21(3):297–308.

7. de la Cruz-López KG, Castro-Muñoz LJ, Reyes-Hernández DO, García-Carrancá A, Manzo-Merino J:
Lactate in the Regulation of Tumor Microenvironment and Therapeutic Approaches. Front Oncol
2019, 9:1143.

�. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, Gottfried E, Schwarz S, Rothe
G, Hoves S et al: Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood 2007,
109(9):3812–3819.

9. Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, Matos C, Bruss C, Klobuch S,
Peter K et al: LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by T and



Page 12/20

NK Cells. Cell metabolism 2016, 24(5):657–671.

10. Hashimoto T, Hussien R, Oommen S, Gohil K, Brooks GA: Lactate sensitive transcription factor
network in L6 cells: activation of MCT1 and mitochondrial biogenesis. FASEB journal: o�cial
publication of the Federation of American Societies for Experimental Biology 2007, 21(10):2602–
2612.

11. Yarosz EL, Chang CH: The Role of Reactive Oxygen Species in Regulating T Cell-mediated Immunity
and Disease. Immune network 2018, 18(1):e14.

12. Long Y, Gao Z, Hu X, Xiang F, Wu Z, Zhang J, Han X, Yin L, Qin J, Lan L: Downregulation of MCT 4 for
lactate exchange promotes the cytotoxicity of NK cells in breast carcinoma. Cancer medicine 2018,
7(9):4690–4700.

13. Kouidhi S, Ben Ayed F, Benammar Elgaaied A: Targeting tumor metabolism: a new challenge to
improve immunotherapy. Frontiers in immunology 2018, 9:353.

14. Sradhanjali S, Reddy MM: Inhibition of Pyruvate Dehydrogenase Kinase as a Therapeutic Strategy
against Cancer. Current topics in medicinal chemistry 2018, 18(6):444–453.

15. Sutendra G, Michelakis E: Pyruvate dehydrogenase kinase as a novel therapeutic target in oncology.
Frontiers in Oncology 2013, 3(38).

1�. Quinn III WJ, Jiao J, TeSlaa T, Stadanlick J, Wang Z, Wang L, Akimova T, Angelin A, Schäfer PM, Cully
MD: Lactate Limits T Cell Proliferation via the NAD (H) Redox State. Cell Reports 2020,
33(11):108500.

17. Walenta S, Salameh A, Lyng H, Evensen JF, Mitze M, Rofstad EK, Mueller-Klieser W: Correlation of
high lactate levels in head and neck tumors with incidence of metastasis. The American journal of
pathology 1997, 150(2):409.

1�. Walenta S, Wetterling M, Lehrke M, Schwickert G, Sundfør K, Rofstad EK, Mueller-Klieser W: High
lactate levels predict likelihood of metastases, tumor recurrence, and restricted patient survival in
human cervical cancers. Cancer research 2000, 60(4):916–921.

19. Girgis H, Masui O, White NM, Scorilas A, Rotondo F, Seivwright A, Gabril M, Filter ER, Girgis AH,
Bjarnason GA: Lactate dehydrogenase A is a potential prognostic marker in clear cell renal cell
carcinoma. Molecular cancer 2014, 13(1):1–10.

20. Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, Matos C, Bruss C, Klobuch S,
Peter K: LDHA-associated lactic acid production blunts tumor immunosurveillance by T and NK cells.
Cell metabolism 2016, 24(5):657–671.

21. Wang JX, Choi SY, Niu X, Kang N, Xue H, Killam J, Wang Y: Lactic Acid and an Acidic Tumor
Microenvironment suppress Anticancer Immunity. International Journal of Molecular Sciences 2020,
21(21):8363.

22. Calcinotto A, Filipazzi P, Grioni M, Iero M, De Milito A, Ricupito A, Cova A, Canese R, Jachetti E,
Rossetti M: Modulation of microenvironment acidity reverses anergy in human and murine tumor-
in�ltrating T lymphocytes. Cancer research 2012, 72(11):2746–2756.



Page 13/20

23. Angelin A, Gil-de-Gómez L, Dahiya S, Jiao J, Guo L, Levine MH, Wang Z, Quinn III WJ, Kopinski PK,
Wang L: Foxp3 reprograms T cell metabolism to function in low-glucose, high-lactate environments.
Cell metabolism 2017, 25(6):1282–1293. e1287.

24. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, Gottfried E, Schwarz S, Rothe
G, Hoves S: Inhibitory effect of tumor cell–derived lactic acid on human T cells. Blood 2007,
109(9):3812–3819.

25. Molkentin JD: Calcineurin–NFAT signaling regulates the cardiac hypertrophic response in
coordination with the MAPKs. Cardiovascular research 2004, 63(3):467–475.

2�. Yarosz EL, Chang C-H: The role of reactive oxygen species in regulating T cell-mediated immunity
and disease. Immune network 2018, 18(1).

27. Franchina DG, Dostert C, Brenner D: Reactive oxygen species: involvement in T cell signaling and
metabolism. Trends in immunology 2018, 39(6):489–502.

2�. Vodjgani M, Salehi Z, Izad M: The in�uence of reactive oxygen species in the immune system and
pathogenesis of multiple sclerosis. Autoimmune Diseases 2020, 2020.

29. Ray PD, Huang B-W, Tsuji Y: Reactive oxygen species (ROS) homeostasis and redox regulation in
cellular signaling. Cellular signalling 2012, 24(5):981–990.

30. Pucino V, Certo M, Bulusu V, Cucchi D, Goldmann K, Pontarini E, Haas R, Smith J, Headland SE, Blighe
K: Lactate buildup at the site of chronic in�ammation promotes disease by inducing CD4 + T cell
metabolic rewiring. Cell metabolism 2019, 30(6):1055–1074. e1058.

31. Michelakis E, Webster L, Mackey J: Dichloroacetate (DCA) as a potential metabolic-targeting therapy
for cancer. British journal of cancer 2008, 99(7):989–994.

32. Pedersen PL: 3-Bromopyruvate (3BP) a fast acting, promising, powerful, speci�c, and effective “small
molecule” anti-cancer agent taken from labside to bedside: introduction to a special issue. In.:
Springer; 2012.

33. Müller B, Fischer B, Kreutz W: An acidic microenvironment impairs the generation of non-major
histocompatibility complex‐restricted killer cells. Immunology 2000, 99(3):375–384.

34. Cascone T, McKenzie JA, Mbofung RM, Punt S, Wang Z, Xu C, Williams LJ, Wang Z, Bristow CA,
Carugo A: Increased tumor glycolysis characterizes immune resistance to adoptive T cell therapy.
Cell metabolism 2018, 27(5):977–987. e974.

35. Pilon-Thomas S, Kodumudi KN, El-Kenawi AE, Russell S, Weber AM, Luddy K, Damaghi M,
Wojtkowiak JW, Mulé JJ, Ibrahim-Hashim A: Neutralization of tumor acidity improves antitumor
responses to immunotherapy. Cancer research 2016, 76(6):1381–1390.

3�. Renner K, Bruss C, Schnell A, Koehl G, Becker HM, Fante M, Menevse A-N, Kauer N, Blazquez R,
Hacker L: Restricting glycolysis preserves T cell effector functions and augments checkpoint therapy.
Cell reports 2019, 29(1):135–150. e139.

37. Tataranni T, Piccoli C: Dichloroacetate (DCA) and Cancer: an overview towards clinical applications.
Oxidative medicine and cellular longevity 2019, 2019.



Page 14/20

3�. James MO, Jahn SC, Zhong G, Smeltz MG, Hu Z, Stacpoole PW: Therapeutic applications of
dichloroacetate and the role of glutathione transferase zeta-1. Pharmacology & therapeutics 2017,
170:166–180.

39. Kankotia S, Stacpoole PW: Dichloroacetate and cancer: new home for an orphan drug? Biochimica et
Biophysica Acta (BBA)-Reviews on Cancer 2014, 1846(2):617–629.

40. Gammage PA, Frezza C: Mitochondrial DNA: the overlooked oncogenome? BMC biology 2019,
17(1):53.

41. Stacpoole PW, Nagaraja NV, Hutson AD: E�cacy of dichloroacetate as a lactate-lowering drug. The
Journal of Clinical Pharmacology 2003, 43(7):683–691.

42. Ascierto ML, McMiller TL, Berger AE, Danilova L, Anders RA, Netto GJ, Xu H, Pritchard TS, Fan J,
Cheadle C: The intratumoral balance between metabolic and immunologic gene expression is
associated with anti–PD-1 response in patients with renal cell carcinoma. Cancer immunology
research 2016, 4(9):726–733.

Figures

Figure 1



Page 15/20

Lactic acid inhibited T cell Proliferation and cytokine secretion. Human T cells were labeled with CFSE
dye, stimulated for 72h with anti-CD3ε/CD28 antibody, and then cultured in media with or without lactic
acid (20mM). After 24h the supernatants were collected and assessed for cytokine production by ELISA.
Proliferation was analyzed by CFSE dilution through �ow cytometry. (A) Representative gating strategies.
Cells were gated on a forward vs. side scatter dot plot. (B) Histograms show the percentage of divided T
cells. (C) The bar graph displays the average percentage of proliferated T cells in the presence or absence
of lactic acid. (D and E) Bar graphs depict the concentrations of IL-2 and IFN-γ. Data are presented as
mean ± SD from 3 separate experiments. An Independent T-test was used to examine the difference
between the two groups. (***P < 0.001) IL: interleukin, CFSE: carboxy�uorescein succinimidyl ester, SD:
standard deviation.

Figure 2

Lactic acid suppressed cellular redox system of T cells. T cells were cultured in media with or without
lactic acid (20 mM). Cells were incubated with the green and orange probes that react with ROS and
superoxide. To measure GSH, cells were incubated at 24°C with thiol green dye. Finally, the cells were
analyzed by �ow cytometry. Based on the differences between the mean �uorescence intensity of lactic
acid-treated and untreated cells, the production of ROS, superoxide, and GSH were determined. (A) Shows
representative gating strategies for ROS, superoxide and GSH production in T cells. Cells were gated on a
forward vs. side scatter dot plot. (B) Representative histograms displayed MFI of ROS, superoxide,and
glutathione in untreated (blue line) and lactic acid-treated group (red line). Bar graphs show the
production of ROS(C), Superoxide (D), and glutathione (E) in T cells. Data are presented as mean ± SD
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from a representative experiment (n = 3). An Independent T-test was used to examine the difference
between the two groups. (F) Gene expression of the oxidant molecule NOX-gp91phox and the antioxidant
molecules SOD1, SOD2, Nrf2, and CAT in lactic acid-treated and un-treated T cells were examined. Bar
graphs show gene expression levels of (a) gp91phox, (b) CAT, (c) SOD1, (d) SOD2, and (e) Nrf2 in the
lactic acid-treated T cells normalized to T-media group. (*P < 0.05, ***P < 0.001) GSH: glutathione, SOD:
superoxide dismutase, CAT: catalase, MFI: mean �uorescence intensity, SD: standard deviation.

Figure 3

DCA reduced tumor-derived lactate. 2 × 105 Raji cells were treated with various concentrations of DCA.
Lactate concentrations in the tumor cell supernatants were measured after 24h and 48h. Lactate was
measured using the colorimetric assay. Data are presented as mean ± SD from a representative
experiment (n = 3). Two-way ANOVA was used to examine the difference between groups. Tukey’s post
hoc test was used to compare means. (***P < 0.001) DCA: Dichloroacetate
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Figure 4

DCA enhances proliferation capacities of T cells. 2 × 105 mitomycin C-treated Raji cells were cultured in
the presence or absence of DCA (1 mM) for 24 h. After removal of DCA, CFSE-labeled T cells were co-
cultured with DCA treated-Raji cell at a 1:1 ratio for 72 hin the presence of anti-CD3ε/CD28 antibody. Anti-
CD3 staining was used to differentiate T cells from tumor cells. CFSE dilution was used as an indicator of
cell proliferation. (A) Representative gating strategy. Cells were gated on a forward vs. side scatter dot
plot and CD3 positive cells were gated. (B) Histograms depict the percentage of divided T cells in �ve
groups. (C) Overlaid histogram CFSE labeled T cells. (D) The bar graph displays the average percentage
of proliferated T cells in different conditions. Data are presented as mean ± SD from 3 different
experiments. One-way ANOVA was used to examine the difference between groups. Tukey’s post hoc test
was used to compare means. (***P < 0.001) IL: interleukin, CFSE: carboxy�uorescein succinimidyl ester,
SD: standard deviation.
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Figure 5

DCA elicits enhanced T cell cytokine secretion. 2 × 105 T cells were co-cultured at a 1:1 ratio with DCA
treated Raji cells. The supernatants were collected after 24 h and the levels of IFN-γ (a) and IL-2 (b) were
evaluated by ELISA. (C) IFN-γ and IL-2 levels normalized to the T-Media group. Data are presented as
mean ± SD from 3 different experiments. One-way ANOVA was used to examine the difference between
groups. Tukey’s post hoc test was used to compare means. (***P < 0.001) IL: interleukin, SD: standard
deviation.
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Figure 6

DCA increased T cell viability. 2×105 DCA-treated Raji cells were co-cultured with T cells at 1:1 ratios for
48h. The apoptotic cells were measured using the annexin V/PI apoptosis detection kit. Anti-CD3 staining
was used to differentiate T cells from tumor cells. (A) Representative gating strategy. Cells were gated on
a forward vs. side scatter dot plot and CD3-positive cells were gated. (B) Flow cytometry density plots
representing annexin V (X-axis) and PI (Y-axis) staining of T cells. Annexin V-positive and PI-negative
staining indicating early apoptosis. Both the annexin V and PI-positive populations show late apoptosis,
annexin V-negative and PI-positive population depict necrosis, both the annexin V and PI-negative
staining indicating live cells. (C) Bar graphs display the average percentage of 4 groups of cells
populations in different conditions (Mean ± SD of three assays). Two-way ANOVA was used to examine
the difference between groups. Tukey’s post hoc test was used to compare means. (***P < 0.001) ns: Not
signi�cant, PI: propidium iodide, SD: standard deviation.
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