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The tumor microenvironment (TME) is characterized by interactions among
various cells, including tumor cells, immune cells, stromal cells, and blood
vessels mediated by factors such as cytokines and metabolites. The
development of cancer immunotherapy in recent years has facilitated a more
comprehensive understanding of the TME. The TME changes with cancer type
and host immune status, as well as with therapeutic intervention. However,
studies on pH regulation of the TME have been mostly based on lactate, a
metabolite of tumor cells. Notably, the Warburg effect results in the increased
production of secreted lactate, thereby acidifying the extracellular
microenvironment and affecting the surrounding cells. Lactate inhibits the
activation and proliferation of CD8+ T cells, M1 macrophages, natural killer
(NK) cells, and dendritic cells, contributing to tumor cellimmune escape. It is also
involved in angiogenesis and tissue remodeling, as well as promotes tumor
growth and invasion. In this review, we have discussed the lactate-based pH
regulation in tumor cells in the TME and its effects on the other constituent cells.
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Adjustment of acid-base balance

In humans, the extracellular fluid has a slightly alkaline pH of 7.40 + 0.02. This
corresponds to an H+ ion concentration of 40 + 2 nEq/l and is regulated by the excretion of
volatile and non-volatile acids produced in the body. Volatile acids, such as H,COs3, are
produced as CO, from carbohydrates and fats, and approximately 15,000 mEq/day is
discharged from the lungs. Conversely, non-volatile acids include approximately 100 mEq/
day of amino acid metabolites and 30 mEq/day of phosphoric acid, a metabolite of nucleic
acids and ATP. Approximately 70 mEq/day (approximately 1 mEq/kg body weight) of
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non-volatile acids are neutralized by the kidneys using
approximately 60 mEq/day of bases derived from the diet. The
non-volatile acids produced are promptly scavenged by buffering
substances, thereby minimizing pH alterations. The bicarbonate
buffering system accounts for 60% of the extracellular fluid, the
bone buffering system, and Hb buffering system outside the cells,
whereas the HPO3™ and protein buffering systems are responsible
for buffering inside the cells. However, in pathological conditions
such as ischemia, inflammation, and systemic respiratory failure,
these buffer systems are dysregulated, thereby leading to local and
occasionally systemic acidemia (1). The gastrointestinal tract
controls the physiological pH by regulating the local neutral
range. Appropriate pH adjustment for local enzyme activation
regulates digestive function, especially because the different parts
of the digestive tract have different pH ranges (stomach pH 1.5-2,
duodenal pH 3-5, small intestinal pH 6, and large intestinal pH 7)
(2). Furthermore, an appropriate pH promotes diversity in the gut
microbiota, which produces metabolites that skillfully regulate host
immunity (3).

Osteoclasts promote an acidic microenvironment during bone
resorption. Osteoclasts adhere to the bone at the sealing zone, which
consists of polymerized actin; the demineralization of the bone is
promoted by releasing acid from cells through proton pumps (4).
These instances demonstrate the mechanisms by which living
organisms maintain their functions by adequately adjusting local
acid-base balance under physiological conditions.

Acidification mechanisms in the
tumor microenvironment

The extracellular pH, which is maintained at pH 7.4 in normal
tissues, decreases to approximately pH 6.8 in tumors. Decreased
extracellular pH in tumors has been reported in epithelial tumors
such as lung cancer, breast cancer, and melanoma, as well as in non-
epithelial tumors such as sarcoma (5-10). However, tumor tissue is
not uniformly acidic, and the pH varies from near neutral to
strongly acidic (11-14). This acidic TME is primarily attributed
to hypoxia and increased lactate levels owing to increased glycolysis
in cancer cells. The TME has a lactate concentration of 10-30 mM,
whereas that under physiological conditions is approximately 1.5-
3.0 mM (15).

Hypoxia is presumed to be caused by tumor vascular
abnormalities. Endothelial cell adhesion is looser in tumor blood
vessels than in normal blood vessels, resulting in increased vascular
permeability. Furthermore, the thickness of type IV collagen, which
constitutes the vascular basement membrane, is varied and irregular
in tumors depending on the site of the blood vessel; therefore,
tumor blood vessels have varying diameters and random
vasculature; thus, tumor arteries, veins, and capillaries lack a
hierarchical structure compared with that of normal blood vessels
(16). Consequently, cancer tissues have low blood flow despite the
abundance of blood vessels, thereby creating a hypoxic
microenvironment within the tumor tissue. Increasing
dysfunctional tumor blood vessels does not improve the hypoxic
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microenvironment but promotes tumor growth (17). The
interaction between blood vessels and cells within the tumor
further promotes angiogenesis and tumor growth, thereby
inducing a hypoxic environment (18, 19).

In the hypoxic environment, increased stability of hypoxia-
inducible factor 1 (HIF1) results in increased glycolysis and a
subsequent decrease in extracellular pH (20). HIF1 stabilization
promotes glucose uptake and metabolism by enhancing the
expression of glucose transporter type 1 (GLUT1). This metabolic
process produces ATP, which increases the levels of lactate and
protons (H+), consequently resulting in decreased intracellular pH.
To maintain a constant intracellular pH, membrane proteins such
as the Na+/H+ exchanger isoform 1 (NHE1) and ATPase and
monocarboxylate transporters 1, 4 (MCT1, 4) excrete lactate and
protons outside the cell, resulting in a decrease in external pH (21,
22). Notably, the TME lactate is presumed to increase tumor
angiogenesis by promoting CXCL8 production from vascular
endothelial cells, thereby exacerbating hypoxic conditions and
reducing the extracellular pH (23).

Adaptation of tumor cells to the
acidic tumor microenvironment

In 1924, Otto H. Warburg proposed a phenomenon known as
the Warburg effect, in which cancer cells exhibit increased lactate
production in an aerobic environment; this opposes the Pasteur
effect, which reports the suppression of lactate production by
oxygen. However, the Warburg effect does not indicate
suppression of aerobic respiration, and mitochondrial aerobic
respiration in cancer is enhanced compared with that in normal
tissue (24). Furthermore, intracellular acidification inhibits
enzymes, such as phosphofructokinase-1, involved in glycolysis;
however, decreasing the TME pH does not necessarily promote
glycolytic metabolism. Nonetheless, oxidative phosphorylation
results in the production of 36 ATP molecules per glucose
molecule, whereas glycolysis results in the inefficient production
of 2 ATP molecules. Therefore, the preference for inefficient
glycolytic metabolism in cancer cells has been actively
investigated. The Warburg effect is a bona fide phenomenon
observed in vitro and in vivo in animal models and patients with
cancer (25). Furthermore, H+ accumulation occurs in the non-
hypoxic regions of the tumors, suggesting that cancer cells
purposefully select aerobic glycolysis depending on the time and
environment (11, 12, 26). Aerobic glycolysis utilizes glycolytic
intermediates for the de novo synthesis of nucleotides, lipids, and
amino acids required for cell proliferation and, together with TCA
cycle metabolites, supports tumor growth (24, 27-29). Thus, tumor
cells increase lactate production and induce a decrease in
extracellular pH, whereas intracellular pH remains unaltered or is
slightly higher than that of normal cells.

Tumor cell pH is determined by anion exchangers (SLC4Al,
SLC4A2, and SLC4A3), proton transporter vacuolar ATPase (V-
ATPase), mono-carboxylate transporters (MCT1, MCT2, MCT3,
and MCT4), chloride/bicarbonate exchanger (SLC4A8), and the
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Na+/H+ exchanger 1 (SLC9A1), NHE1, Na+/K+ ATPase pump,
H+/Cl- symporter, and carbonic anhydrase (CA) (22, 30).
Furthermore, the transitional utilization of lactic acid has been
reported. Metastatic breast cancer cells found in bone produce
lactate, suggesting that they promote osteoclast differentiation and
metastatic niche formation (31). Furthermore, in glioma cells,
lactate stimulates transforming growth factor-B2 (TGF-f)
expression, a key regulator of cancer cell migration, invasion,
epithelial-to-mesenchymal transition, and metastatic niche
formation (32). Furthermore, as elucidated later in the text, an
acidic environment inhibits the action of anti-tumor immune cells,
including T lymphocytes, natural killer cells, and M1 macrophages.
Conversely, it activates immunosuppressive cells such as regulatory
T cells and M2 macrophages. Glycolytic selection in the aerobic
environment of tumor cells is not necessarily favorable for cancer
cell growth per se. By creating an acidic environment, acid-induced
immunosuppression is relatively beneficial and may form a
favorable tumor microenvironment for cancer.

Adaptation of T and NK cells to the
acidic tumor microenvironment

Effector T cells (CTL), which play a crucial role in anti-tumor
immune responses, differentiate and proliferate from naive CD8+ T
cells via stimulation from IL-2 produced by CD4+ T cells presented
with cancer antigens by dendritic cells. Activated CTLs kill cancer
cells by producing IFN-y and perforin. In contrast, regulatory T
cells (Treg), which are immunosuppressive, play a critical role in
immune tolerance and avoid immune responses against self while
suppressing anti-tumor immune responses by CTLs. In humans,
Tregs are mainly released from the thymus to the periphery as naive
Tregs and transform into effector Tregs upon antigen stimulation.
Effector Tregs suppress the maturation of antigen-presenting cells,
consume IL-2, and produce inhibitory cytokines (such as TGF-3
and IL-10), thereby suppressing the activation of cytotoxic T
lymphocytes (CTLs) and CD4+ helper T cells. Kumagai et al.
reported that PD-1 inhibitor treatment benefited patients with
lung and gastric cancers and high and low PD-1 expression on
effector T cells and Tregs, respectively (33).

Extracellular acidosis suppresses T cell-mediated immunity,
and neutralization of tumor acidity reportedly improves
antitumor responses to immunotherapy. Lowering the pH of the
TME likely induces anergy in human and mouse tumor-specific
CD8+ T cells through mTORCI inhibition, thereby reducing
cytolytic activity and cytokine production (34).

Several studies have reported on the effect of lactate on T cells,
which is the primary cause of TME pH reduction. Many effector T cells
are inactivated by glucose depletion and elevated lactate levels triggered
by tumor cells, as their proliferation and cytokine production are
highly dependent on glycolysis (35). Inhibition of glycolysis in CD4+
helper T cells and CTLs also reduces cell motility associated with
decreased responsiveness to chemokines (36). Furthermore, the high
lactate concentration in the TME inhibits lactate efflux from T cells,
thereby reducing cytokine production and cytotoxic activity (37, 38).
In contrast, in Treg cells, the master transcription factor forkhead box
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P3 (FOXP3) makes energy production less reliant on glycolysis and
more on oxidative phosphorylation, which improves survival and
maintains immune suppressive function in low-glucose and high-
lactate environments (39, 40). Thus, TME lactate elevation reduces
effector T cell function and attenuates anti-tumor immunity without
affecting Treg cell function. Furthermore, lactate in the TME reduces
the release of soluble granule contents such as perforin and granzyme
from NK cells, decreases the production of cytokines such as IFN-yand
TNF-oiand indirectly suppresses NK cell function by increasing
MDSCs (41-43). Moreover, the effects of the acidic TME on NK
cells are reversible: oral administration of bicarbonate to a lymphoma
mouse model and raising the TME pH to the physiological pH of 7.2—-
7.5 increased the production of IFN-y by NK cells and suppressed
tumor growth (44).

Adaptation of macrophages to the
acidic tumor microenvironment

Macrophages are divided into M1 and M2 phenotypes. M1
macrophages are responsible for innate immune responses through
the secretion of inflammatory cytokines, phagocytosis of foreign
substances, and the presentation of antigens. They are involved in
Thl-type responses. Thl cytokines such as IFNy and IL-12 and
foreign antigens such as lipopolysaccharide (LPS) induce
differentiation to the M1 phenotype. Conversely, M2 macrophages
are induced by Th2 cytokines such as IL-4, IL-10, and IL-13 and play
pivotal roles in immunosuppression, tissue remodeling, and
angiogenesis. TAMs often exhibit M2-like traits in many malignant
tumors and act as tumor promoters (45). IL-10 and TGF-f3 secreted
by TAMs suppress Thl, as well as induce regulatory T cells, thereby
suppressing T cell immune responses (46).

An acidic TME favors polarization to M2 macrophages in vitro
and in vivo and additionally increases angiogenic vascular endothelial
growth factor (VEGF) production (47, 48). The lactate-induced M2
macrophage polarization reportedly involves the ERK-STAT3
signaling pathway (49), HIFlow stabilization (50), and G protein-
coupled receptor 132 (GPR132) activation. Furthermore, Zhang
et al. reported that post-translational modification of histone
proteins by lactyl groups derived from lactate induces M2
polarization (51). Furthermore, lactate inhibits monocyte
differentiation into dendritic cells, and high lactate levels in the TME
may interfere with dendritic cell formation and accumulation (52).

Adaptation of myeloid-derived
suppressor cells to the acidic
tumor microenvironment

Myeloid-derived suppressor cells (MDSCs) are classified into
granulocytic/polymorphonuclear MDSCs (PMN-MDSCs) and
monocytic MDSCs (M-MDSCs) according to their origin. A
hallmark of MDSCs is their ability to inhibit immune responses,
including those mediated by T, B, and NK cells. M-MDSCs and
PMN-MDSCs share features that facilitate suppression of immune
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responses, including the activation of STAT3 expression, induction of
ER stress, expression of arginase 1, and expression of S100A8/A9.
Furthermore, PMN-MDSCs preferentially use reactive oxygen species
(ROS), peroxynitrite, arginase 1, and prostaglandin E2 (PGE2) to
mediate immunosuppression, whereas M-MDSCs mediate nitric oxide
(NO), induce immunosuppression through immunosuppressive
cytokines such as IL-10 and TGFB and immunomodulatory
molecules such as PDLI1 (53).

MDSCs reportedly upregulate PD-L1 expression and PD-1-
mediated suppression of T cells through the lactate-induced HIFlo
pathway in TMEs (54). Furthermore, MDSCs may promote the
formation of tumor blood vessels by enhancing the production of
angiogenic factors such as VEGF through the lactate-induced HIF1o
pathway in TMEs, further contributing to the hypoxic conditions (43).
VISTA, an immune checkpoint molecule expressed in MDSCs, is
directly induced by acidification, resulting in immunosuppression (55).

Adaptation of cancer-associated
fibroblasts to the acidic tumor
microenvironment

In some cancers, such as breast and pancreatic cancers, cancer-
associated fibroblasts (CAFs) are the most prominent stromal cell
type, and their presence is associated with a poor prognosis. They
have various origins, including resident tissue fibroblasts educated
by primary cells, mesenchymal cells recruited from the bone
marrow to the TME, and adipocyte-derived progenitor cells. The
functions of CAFs in the TME are also diverse and participate in
promoting tumor progression, including direct cancer cell
proliferation, immunosuppression, angiogenesis, and promotion
of extracellular matrix (ECM) remodeling. These functions are
mediated by complex reciprocal signaling interactions with cancer
cells, the ECM, and infiltrating immune cells (56).

CAF directly interacts with prostate cancer cells to promote lactate
production through the expression of the glucose transporter GLUT1
and to induce TME acidification by releasing lactate via
monocarboxylic acid transporter-4 (MCT4). Simultaneously, it
induces Th1 cell suppression and Treg-induced immunosuppression
(57, 58). Thus, CAF promotes metabolic-based tumor growth with
TME acidification by interacting with tumor cells.

Approaches of alkalization of the
acidic TME

As described above, TME acidification by cancer cells is
considered to be one of the immune escape mechanisms and
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causes poor clinical outcomes. Therefore, in addition to alkalizing
agents such as bicarbonate, inhibitors against membrane-bound
proton transporters, such as NHE1, Na+/K+ ATPase pump, V-
ATPase, H+/Cl- symporter, MCT, and CA have been attempted to
be developed as alkalizing therapy for TME (59, 60). In clinical
practice, there is a report that the prognosis was improved by
alkalizing therapy, using urinary pH as an indicator of
alkalinization (61-63). In addition, CAIX inhibitors, which are
intensively researched (64), have been reported to enhance ICI
antitumor effects in preclinical models, and clinical applications of
combined immunotherapy and alkalizing therapy are expected in
the future.

Conclusion

Tumors exploit the local acidification using lactate to interact
with the cells that constitute the TME and facilitate immune escape,
which involves the suppression of immune cells with anti-tumor
activity, activation of immunosuppressive cells, and promotion of
the malignant transformation of CAF-forming stroma and
proliferation of tumor blood vessels. The development of
therapeutics that inhibit pH-responsive proteins, such as MCT,
and the administration of buffers to adjust the pH level of the TME
may be further explored as potential therapeutic alternatives.

Author contributions

MH and KY wrote the manuscript. Both authors contributed to
the article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1175563
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hosonuma and Yoshimura

References

1. Kraut JA, Madias NE. Metabolic acidosis: pathophysiology, diagnosis and
management. Nat Rev Nephrol (2010) 6:274-85. doi: 10.1038/nrneph.2010.33

2. Fallingborg J. Intraluminal pH of the human gastrointestinal tract. Dan Med Bull
(1999) 46:183-96.

3. Duncan SH, Louis P, Thomson JM, Flint HJ. The role of pH in determining the
species composition of the human colonic microbiota. Environ Microbiol (2009)
11:2112-22. doi: 10.1111/§.1462-2920.2009.01931.x

4. Tsukasaki M, Takayanagi H. Osteoclast biology in the single-cell era.
Inflammation Regener (2022) 42:27. doi: 10.1186/s41232-022-00213-x

5. Gerweck LE, Seetharaman K. Cellular pH gradient in tumor versus normal tissue:
potential exploitation for the treatment of cancer. Cancer Res (1996) 56:1194-8.

6. Ashby BS. pH studies in human malignant tumours. Lancet (1966) 2:312-5.
doi: 10.1016/s0140-6736(66)92598-0

7. Naeslund J, Swenson KE. Investigations on the pH of malignant tumors in mice
and humans after the administration of glucose. Acta Obstet Gynecol Scand (1953)
32:359-67. doi: 10.3109/00016345309157588

8. Thistlethwaite AJ, Leeper DB, Moylan DJ3rd, Nerlinger RE. pH distribution in
human tumors. Int ] Radiat Oncol Biol Phys (1985) 11:1647-52. doi: 10.1016/0360-3016
(85)90217-2

9. Zhang X, Lin Y, Gillies R]. Tumor pH and its measurement. J Nucl Med (2010)
51:1167-70. doi: 10.2967/jnumed.109.068981

10. van den Berg AP, Wike-Hooley JL, van den Berg-Blok AE, van der Zee J,
Reinhold HS. Tumour pH in human mammary carcinoma. Eur J Cancer Clin Oncol
(1982) 18:457-62. doi: 10.1016/0277-5379(82)90114-6

11. Rohani N, Hao L, Alexis MS, Joughin BA, Krismer K, Moufarrej MN, et al.
Acidification of tumor at stromal boundaries drives transcriptome alterations
associated with aggressive phenotypes. Cancer Res (2019) 79:1952-66. doi: 10.1158/
0008-5472.CAN-18-1604

12. Helmlinger G, Yuan F, Dellian M, Jain RK. Interstitial pH and pO2 gradients in
solid tumors in vivo: high-resolution measurements reveal a lack of correlation. Nat
Med (1997) 3:177-82. doi: 10.1038/nm0297-177

13. Griffiths JR. Are cancer cells acidic? Br ] Cancer (1991) 64:425-27. doi: 10.1038/
bjc.1991.326

14. Kompanje EJ, Jansen TC, van der Hoven B, Bakker J. The first demonstration of
lactic acid in human blood in shock by Johann Joseph scherer (1814-1869) in January
1843. Intensive Care Med (2007) 33:1967-71. doi: 10.1007/s00134-007-0788-7

15. Ribatti D, Nico B, Crivellato E, Vacca A. The structure of the vascular network of
tumors. Cancer Lett (2007) 248:18-23. doi: 10.1016/j.canlet.2006.06.007

16. McDonald DM, Choyke PL. Imaging of angiogenesis: from microscope to clinic.
Nat Med (2003) 9:713-25. doi: 10.1038/nm0603-713

17. Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, Gale NW,
et al. Blockade of DII4 inhibits tumour growth by promoting non-productive
angiogenesis. Nature (2006) 444:1032-7. doi: 10.1038/nature05355

18. Jiang X, Wang J, Deng X, Xiong F, Zhang S, Gong Z, et al. The role of
microenvironment in tumor angiogenesis. /] Exp Clin Cancer Res (2020) 39:204.
doi: 10.1186/513046-020-01709-5

19. Gao J, Zhang X, Jiang L, Li Y, Zheng Q. Tumor endothelial cell-derived
extracellular vesicles contribute to tumor microenvironment remodeling. Cell
Commun Signal (2022) 20:97. doi: 10.1186/s12964-022-00904-5

20. Choudhry H, Harris AL. Advances in hypoxia-inducible factor biology. Cell
Metab (2018) 27:281-98. doi: 10.1016/j.cmet.2017.10.005

21. Izumi H, Torigoe T, Ishiguchi H, Uramoto H, Yoshida Y, Tanabe M, et al.
Cellular pH regulators: potentially promising molecular targets for cancer
chemotherapy. Cancer Treat Rev (2003) 29:541-9. doi: 10.1016/s0305-7372(03)
00106-3

22. Pouyssegur J, Dayan F, Mazure NM. Hypoxia signalling in cancer and
approaches to enforce tumour regression. Nature (2006) 441:437-43. doi: 10.1038/
nature04871

23. Végran F, Boidot R, Michiels C, Sonveaux P, Feron O. Lactate influx through the
endothelial cell monocarboxylate transporter MCT1 supports an NF-kB/IL-8 pathway
that drives tumor angiogenesis. Cancer Res (2011) 71:2550-60. doi: 10.1158/0008-
5472.CAN-10-2828

24. DeBerardinis RJ, Chandel NS. We need to talk about the warburg effect. Nat
Metab (2020) 2:127-9. doi: 10.1038/s42255-020-0172-2

25. Gatenby RA, Gillies RJRJ. Why do cancers have high aerobic glycolysis? Nat Rev
Cancer (2004) 4:891-9. doi: 10.1038/nrc1478

26. Fukumura D, Xu L, Chen Y, Gohongi T, Seed B, Jain RK. Hypoxia and acidosis
independently up-regulate vascular endothelial growth factor transcription in brain
tumors in vivo. Cancer Res (2001) 61:6020-24.

27. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the warburg
effect: the metabolic requirements of cell proliferation. Science (2009) 324:1029-33.
doi: 10.1126/science.1160809

Frontiers in Oncology

10.3389/fonc.2023.1175563

28. Vander Heiden MG, DeBerardinis R]. Understanding the intersections between
metabolism and cancer biology. Cell (2017) 168:657-69. doi: 10.1016/j.cell.2016.12.039

29. Ghergurovich JM, Lang JD, Levin MK, Briones N, Facista SJ, Mueller C, et al.
Local production of lactate, ribose phosphate, and amino acids within human triple-
negative breast cancer. Med (N Y) (2021) 2:736-54. doi: 10.1016/j.med;j.2021.03.009

30. Parks SK, Chiche ], Pouysségur J. Disrupting proton dynamics and energy
metabolism for cancer therapy. Nat Rev Cancer (2013) 13:611-23. doi: 10.1038/nrc3579

31. Lemma S, Di Pompo G, Porporato PE, Sboarina M, Russell S, Gillies R], et al.
MDA-MB-231 breast cancer cells fuel osteoclast metabolism and activity: a new
rationale for the pathogenesis of osteolytic bone metastases. Biochim Biophys Acta
Mol Basis Dis (2017) 1863:3254-64. doi: 10.1016/j.bbadis.2017.08.030

32. Baumann F, Leukel P, Doerfelt A, Beier CP, Dettmer K, Oefner PJ, et al. Lactate
promotes glioma migration by TGF-beta2-dependent regulation of matrix
metalloproteinase-2. Neuro Oncol (2009) 11:368-80. doi: 10.1215/15228517-2008-106

33. Kumagai S, Togashi Y, Kamada T, Sugiyama E, Nishinakamura H, Takeuchi Y,
et al. The PD-1 expression balance between effector and regulatory T cells predicts the
clinical efficacy of PD-1 blockade therapies. Nat Immunol (2020) 21:1346-58.
doi: 10.1038/s41590-020-0769-3

34. Calcinotto A, Filipazzi P, Grioni M, Iero M, De Milito A, Ricupito A, et al.
Modulation of microenvironment acidity reverses anergy in human and murine tumor-
infiltrating T lymphocytes. Cancer Res (2012) 72:2746-56. doi: 10.1158/0008-
5472.CAN-11-1272

35. Macintyre AN, Gerriets VA, Nichols AG, Michalek RD, Rudolph MC,
Deoliveira D, et al. The glucose transporter Glutl is selectively essential for CD4 T
cell activation and effector function. Cell Metab (2014) 20:61-72. doi: 10.1016/
j.cmet.2014.05.004

36. Pucino V, Certo M, Bulusu V, Cucchi D, Goldmann K, Pontarini E, et al. Lactate
buildup at the site of chronic inflammation promotes disease by inducing CD4+ T cell
metabolic rewiring. Cell Metab (2019) 30:1055-1074.e8. doi: 10.1016/
j.cmet.2019.10.004

37. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, et al.
Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood (2007)
109:3812-9. doi: 10.1182/blood-2006-07-035972

38. Xia H, Wang W, Crespo J, Kryczek I, Li W, Wei S, et al. Suppression of FIP200
and autophagy by tumor-derived lactate promotes naive T cell apoptosis and affects
tumor immunity. Sci Immunol (2017) 2:eaan4631. doi: 10.1126/sciimmunol.aan4631

39. Gerriets VA, Kishton R], Nichols AG, Macintyre AN, Inoue M, Ilkayeva O, et al.
Metabolic programming and PDHK1 control CD4+ T cell subsets and inflammation. J
Clin Invest (2015) 125:194-207. doi: 10.1172/JCI76012

40. Angelin A, Gil-de-Gomez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3
reprograms T cell metabolism to function in low-glucose, high-lactate environments.
Cell Metab (2017) 25:1282-1293.¢7. doi: 10.1016/j.cmet.2016.12.018

41. Husain Z, Seth P, Sukhatme VP. Tumor-derived lactate and myeloid-derived
suppressor cells: linking metabolism to cancer immunology. Oncoimmunology (2013)
2:€26383. doi: 10.4161/0nci.26383

42. Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al.
LDHA-associated lactic acid production blunts tumor immunosurveillance by T and
NK cells. Cell Metab (2016) 24:657-71. doi: 10.1016/j.cmet.2016.08.011

43. Husain Z, Huang Y, Seth P, Sukhatme VP. Tumor-derived lactate modifies
antitumor immune response: effect on myeloid-derived suppressor cells and NK cells. ]
Immunol (2013) 191:1486-95. doi: 10.4049/jimmunol.1202702

44. Potzl ], Roser D, Bankel L, Homberg N, Geishauser A, Brenner CD, et al.
Reversal of tumor acidosis by systemic buffering reactivates NK cells to express IFN-
gamma and induces NK cell-dependent lymphoma control without other
immunotherapies. Int ] Cancer (2017) 140:2125-33. doi: 10.1002/ijc.30646

45. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity (2014) 41:49-61. doi: 10.1016/j.immuni.2014.06.010

46. Savage ND, de Boer T, Walburg KV, Joosten SA, van Meijgaarden K, Geluk A,
et al. Human anti-inflammatory macrophages induce Foxp3+ GITR+ CD25+
regulatory T cells, which suppress via membrane-bound TGFbeta-1. ] Immunol
(2008) 181:2220-6. doi: 10.4049/jimmunol.181.3.2220

47. El-Kenawi A, Gatenbee C, Robertson-Tessi M, Bravo R, Dhillon J,
Balagurunathan Y, et al. Acidity promotes tumour progression by altering
macrophage phenotype in prostate cancer. Br | Cancer (2019) 122:556-66.
doi: 10.1038/s41416-019-0710-4

48. Crowther M, Brown NJ, Bishop ET, Lewis CE. Microenvironmental influence on
macrophage regulation of angiogenesis in wounds and malignant tumors. J Leukoc Biol
(2001) 70:478-90. doi: 10.1189/j1b.70.4.478

49. MuX, Shi W, Xu Y, Xu C, Zhao T, Geng B, et al. Tumor-derived lactate induces
M2 macrophage polarization via the activation of the ERK/STATS3 signaling pathway in
breast cancer. Cell Cycle (2018) 17:428-38. doi: 10.1080/15384101.2018.1444305

50. Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al.

Functional polarization of tumour-associated macrophages by tumour-derived lactic
acid. Nature (2014) 513:559-63. doi: 10.1038/nature13490

frontiersin.org


https://doi.org/10.1038/nrneph.2010.33
https://doi.org/10.1111/j.1462-2920.2009.01931.x
https://doi.org/10.1186/s41232-022-00213-x
https://doi.org/10.1016/s0140-6736(66)92598-0
https://doi.org/10.3109/00016345309157588
https://doi.org/10.1016/0360-3016(85)90217-2
https://doi.org/10.1016/0360-3016(85)90217-2
https://doi.org/10.2967/jnumed.109.068981
https://doi.org/10.1016/0277-5379(82)90114-6
https://doi.org/10.1158/0008-5472.CAN-18-1604
https://doi.org/10.1158/0008-5472.CAN-18-1604
https://doi.org/10.1038/nm0297-177
https://doi.org/10.1038/bjc.1991.326
https://doi.org/10.1038/bjc.1991.326
https://doi.org/10.1007/s00134-007-0788-7
https://doi.org/10.1016/j.canlet.2006.06.007
https://doi.org/10.1038/nm0603-713
https://doi.org/10.1038/nature05355
https://doi.org/10.1186/s13046-020-01709-5
https://doi.org/10.1186/s12964-022-00904-5
https://doi.org/10.1016/j.cmet.2017.10.005
https://doi.org/10.1016/s0305-7372(03)00106-3
https://doi.org/10.1016/s0305-7372(03)00106-3
https://doi.org/10.1038/nature04871
https://doi.org/10.1038/nature04871
https://doi.org/10.1158/0008-5472.CAN-10-2828
https://doi.org/10.1158/0008-5472.CAN-10-2828
https://doi.org/10.1038/s42255-020-0172-2
https://doi.org/10.1038/nrc1478
https://doi.org/10.1126/science.1160809
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.1016/j.medj.2021.03.009
https://doi.org/10.1038/nrc3579
https://doi.org/10.1016/j.bbadis.2017.08.030
https://doi.org/10.1215/15228517-2008-106
https://doi.org/10.1038/s41590-020-0769-3
https://doi.org/10.1158/0008-5472.CAN-11-1272
https://doi.org/10.1158/0008-5472.CAN-11-1272
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2019.10.004
https://doi.org/10.1016/j.cmet.2019.10.004
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1126/sciimmunol.aan4631
https://doi.org/10.1172/JCI76012
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.4161/onci.26383
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.4049/jimmunol.1202702
https://doi.org/10.1002/ijc.30646
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.4049/jimmunol.181.3.2220
https://doi.org/10.1038/s41416-019-0710-4
https://doi.org/10.1189/jlb.70.4.478
https://doi.org/10.1080/15384101.2018.1444305
https://doi.org/10.1038/nature13490
https://doi.org/10.3389/fonc.2023.1175563
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hosonuma and Yoshimura

51. ZhangD, TangZ, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation of gene
expression by histone lactylation. Nature (2019) 574:575-80. doi: 10.1038/s41586-019-1678-1

52. Gottfried E, Kunz-Schughart LA, Ebner S, Mueller-Klieser W, Hoves S,
Andreesen R, et al. Tumor-derived lactic acid modulates dendritic cell activation and
antigen expression. Blood (2006) 107:2013-21. doi: 10.1182/blood-2005-05-1795

53. Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the
era of increasing myeloid cell diversity. Nat Rev Immunol (2021) 21:485-98.
doi: 10.1038/s41577-020-00490-y

54. Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al. PD-L1 is
a novel direct target of HIF-1c, and its blockade under hypoxia enhanced MDSC-
mediated T cell activation. ] Exp Med (2014) 211:781-90. doi: 10.1084/jem.20131916

55. Johnston RJ, Su LJ, Pinckney ], Critton D, Boyer E, Krishnakumar A, et al.
VISTA is an acidic pH-selective ligand for PSGL-1. Nature (2019) 574:565-70.
doi: 10.1038/541586-019-1674-5

56. Lavie D, Ben-Shmuel A, Erez N, Scherz-Shouval R. Cancer-associated fibroblasts
in the single-cell era. Nat Cancer (2022) 3:793-807. doi: 10.1038/543018-022-00411-z

57. Comito G, Iscaro A, Bacci M, Morandi A, Ippolito L, Parri M, et al. Lactate
modulates CD4+ T-cell polarization and induces an immunosuppressive environment,
which sustains prostate carcinoma progression via TLR8/miR21 axis. Oncogene (2019)
38:3681-95. doi: 10.1038/s41388-019-0688-7

58. Fiaschi T, Marini A, Giannoni E, Taddei ML, Gandellini P, De Donatis A, et al.
Reciprocal metabolic reprogramming through lactate shuttle coordinately influences

Frontiers in Oncology

06

10.3389/fonc.2023.1175563

tumor-stroma interplay. Cancer Res (2012) 72:5130-40. doi: 10.1158/0008-5472.CAN-
12-1949

59. Hamaguchi R, Isowa M, Narui R, Morikawa H, Wada H. Clinical review of
alkalization therapy in cancer treatment. Front Oncol (2022) 14:1003588. doi: 10.3389/
fonc.2022.1003588

60. Neri D, Supuran CT. Interfering with pH regulation in tumours as a therapeutic
strategy. Nat Rev Drug Discov (2011) 16:767-77. doi: 10.1038/nrd3554

61. Hamaguchi R, Narui R, Morikawa H, Wada H. Improved chemotherapy
outcomes of patients with small-cell lung cancer treated with combined alkalization
therapy and intravenous vitamin c. Cancer Diagn Progn (2021) 1:157-63.
doi: 10.21873/cdp.10021

62. Hamaguchi R, Narui R, Wada H. Effects of alkalization therapy on
chemotherapy outcomes in metastatic or recurrent pancreatic cancer. Anticancer Res
(2020) 40:873-80. doi: 10.21873/anticanres.14020

63. Kciuk M, Gielecinska A, Mujwar S, Mojzych M, Marciniak B, Drozda R, et al.
Targeting carbonic anhydrase IX and XII isoforms with small molecule inhibitors and
monoclonal antibodies. ] Enzyme Inhib Med Chem (2022) 37:1278-98. doi: 10.1080/
14756366.2022.2052868

64. Chafe SC, McDonald PC, Saberi S, Nemirovsky O, Venkateswaran G, Burugu S,
et al. Targeting hypoxia-induced carbonic anhydrase IX enhances immune-checkpoint
blockade locally and systemically. Cancer Immunol Res (2019) 7:1064-78. doi: 10.1158/
2326-6066.CIR-18-0657

frontiersin.org


https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1182/blood-2005-05-1795
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1084/jem.20131916
https://doi.org/10.1038/s41586-019-1674-5
https://doi.org/10.1038/s43018-022-00411-z
https://doi.org/10.1038/s41388-019-0688-7
https://doi.org/10.1158/0008-5472.CAN-12-1949
https://doi.org/10.1158/0008-5472.CAN-12-1949
https://doi.org/10.3389/fonc.2022.1003588
https://doi.org/10.3389/fonc.2022.1003588
https://doi.org/10.1038/nrd3554
https://doi.org/10.21873/cdp.10021
https://doi.org/10.21873/anticanres.14020
https://doi.org/10.1080/14756366.2022.2052868
https://doi.org/10.1080/14756366.2022.2052868
https://doi.org/10.1158/2326-6066.CIR-18-0657
https://doi.org/10.1158/2326-6066.CIR-18-0657
https://doi.org/10.3389/fonc.2023.1175563
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Association between pH regulation of the tumor microenvironment and immunological state
	Adjustment of acid-base balance
	Acidification mechanisms in the tumor microenvironment
	Adaptation of tumor cells to the acidic tumor microenvironment
	Adaptation of T and NK cells to the acidic tumor microenvironment
	Adaptation of macrophages to the acidic tumor microenvironment
	Adaptation of myeloid-derived suppressor cells to the acidic tumor microenvironment
	Adaptation of cancer-associated fibroblasts to the acidic tumor microenvironment
	Approaches of alkalization of the acidic TME
	Conclusion
	Author contributions
	References


