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Abstract

The success of cancer treatment relies on the composition of the tumour microenvironment which is
comprised of tumour cells, blood vessels, stromal cells, immune cells, and extracellular matrix
components. Barriers to effective cancer treatment need to be overcome, and the acidic
microenvironment of the tumour provides a key target for treatment. This review intends to provide
an overview of the effects that low extracellular pH has on components of the tumour
microenvironment and how they contribute to immune escape. Further, potential therapeutic
targets will be discussed.
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HIF — hypoxia-inducible factor
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HIF-1 — hypoxia-inducible factor-1
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HRE — hypoxia response element
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IL —interleukin

IL-1a — interleukin-1 alpha
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IL-12 — interleukin-12

IL-13 — interleukin13

IL-2 — interleukin-2
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NET — neutrophil extracellular trap

NFAT — nuclear factor of activated T cells

NF-kB — nuclear factor kappa B
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PD-1 - programmed cell death protein-1
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pHe — extracellular pH
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TIL — tumour infiltrating lymphocyte
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TME — tumour microenvironment
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TRAIL/Apo-2L — TNF-related apoptosis-inducing ligand
Treg —regulatory T cell

V-ATPase — vacuolar-type H* adenosine triphosphatase
VCAM-1 — vascular cell adhesion molecule 1

VEGF — vascular endothelial growth factor
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o —alpha
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1. Introduction

Understanding the effects of low extracellular pH (pHe) on tumour biology is vital to treating and
curing cancer. The tumour microenvironment (TME) is the physical niche in which a cell develops
into a tumour cell. This environment influences different stages of oncogenesis by inducing

angiogenesis, promoting sustained and uncontrolled clonal proliferation, stimulating invasion and
metastasis, and by assisting tumour cells in evading checkpoint regulation and avoiding cell death

(1].

The TME contains a number of different cell types including fibroblasts, innate and adaptive immune
cells, adipocytes, and endothelial cells (ECs), as well as extracellular matrix (ECM) components,
signalling molecules, and antibodies [2, 3]. These components within the TME, controlled and
manipulated by the tumour itself, co-operate in a series of complex interactions to create an
environment in which tumour cells adapt, survive, and spread to other tissues. As tumour cells
proliferate and tumour size increases, molecular and cellular changes occur in the TME [4].



Tumour cells use a number of strategies to evade the immune response including impaired antigen
presentation, the release of immunosuppressive molecules and extracellular vesicles (EVs)
(containing multiple humoral factors), and overexpression of checkpoint molecules [5, 6].
Checkpoint molecules, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed-death cell protein 1 (PD-1), are instrumental in preventing T cell activation. The T cell
receptor (TCR) binds to major histocompatibility complex (MHC) molecules presenting antigen, and
requires a second signal for activation. CD28 on the T cell binds to B7 molecules (CD80/CD86) on
antigen-presenting cells (APCs) (e.g. dendritic cells, macrophages) leading to stimulation of the T cell
[7]. CTLA-4 is a CD28 homolog that competes with a higher affinity for B7. It inhibits T cell
stimulation, and causes decreased interaction of T cells with APCs [7]. PD-1 also regulates T cell
activation by binding to its ligands programmed death ligand-1 (PD-L1) or PD-L2. This interaction
inhibits T cell proliferation, the production of interferon gamma (IFN-y), tumour necrosis factor alpha
(TNF-a) and interleukin-2 (IL-2), and decreased T cell survival. Many tumour cells express high levels
of PD-L1, which is associated with more tumour infiltrating lymphocytes (TILs) and worse prognosis

[7].

Evolution of the TME is strongly influenced by tumour cell metabolism which causes hypoxia,
glucose and nutrient depletion, waste accumulation, oxidative stress, lactate accumulation, and
increased extracellular acidosis [4, 8]. This acidic TME is incompatible with normal cell survival, with
low pHe promoting cancer development in all stages from dysplasia to malignant disease [8].
Tumour cells adapt to survive acid-mediated toxicity, evade the immune system, and escape
therapeutic intervention [9]. These strategies enable the fittest clones to survive in the acidic TME.
These factors, combined with the acidic microenvironment can affect both treatment
pharmacokinetics and effectiveness. This review focusses on how the acidic TME directly impacts
tumour cells, and how it manipulates both stromal and immune cells to drive immune escape. This
has implications for targeting specific processes in the acidic TME to improve therapeutic
intervention and patient outcomes.

1.1 Tumour cell metabolism lowers extracellular pH in the TME

The development of low pHe in tumours is associated with hypoxia. Although tumours promote
angiogenesis, the resulting vascular network is often chaotic and inefficient leading to reduced
oxygen and nutrient transport, and removal of metabolic waste [10]. Cancer cells have a high
demand for glucose, and use anaerobic glycolysis to maintain intracellular energy levels under
hypoxic conditions [3, 10]. This causes accumulation of H" ions and lactic acid in the TME. In
aggressive cancers, oncogenes drive aerobic glycolysis even under normoxic conditions, known as
the Warburg effect [11].

Glycolysis increases the production of both lactic acid and H* ions that cause the intracellular pH
(pHi) of the tumour cell to decrease [10]. A slightly alkaline pHi (7.0-7.4) is required to maintain
many cellular processes including cell adhesion, proliferation, metabolism, and apoptosis, while
intracellular acidification can block cell cycle progression [3, 10]. Histone acetylation, required to
allow access of chromatin to transcription factors, is negatively affected by decreasing pHi [10, 12].

To mitigate the effects of intracellular acidification, the pHi of cells is tightly controlled by the
hypoxia-inducible factor (HIF) family of transcription factors which regulate the expression of genes
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involved in lactate and hydrogen ion removal [10] (Figure 1). HIF proteins induce the transcription of
over 70 genes in tumours via the hypoxia response element (HRE) in their promoter regions,
including glucose transporters such as glucose transporter-1 (GLUT-1) and GLUT-3, and net acid
extruders such as monocarboxylate transporters (MCTs), hydrogen/potassium adenosine
triphosphatases (H*/K* ATPases), vacuolar-type H*-ATPases (V-ATPases), carbonic anhydrases (CAs),
and sodium-hydrogen exchangers (NHEs) [12] (Figure 1). Maintaining an alkaline pHi during
glycolysis results in extrusion of more H* ions from the cell with a concomitant decrease in
extracellular pH [12].
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Figure 1. The HIF family regulate lactate and hydrogen ion removal. As cells are positioned further away from
adequate blood supply, oxygen levels decrease to produce a hypoxic environment. HIF-1 promotes the
expression of glucose transporters GLUT-1, GLUT-3 which increase glycolysis, and expression of net acid
extruders. These are responsible for regulating pHi by transporting H+ and lactate out of the cell. These include
monocarboxylate transporters (MCTs), Vacuolar-type H+-ATPases (V-ATPases), and sodium-hydrogen
exchangers (NHEs). The resultant decrease in pHe contributes to metastasis and immune evasion.

Lactate extruded by tumour cells lowers the pH of the TME, however, lactate itself also has direct
immunosuppressive functions. Increased levels of lactate are sensed by both tumour and immune
cells in the TME, and impacts on the behaviour and function of these cells. Lactate efflux from
immune cells depends on the concentration gradient between the extracellular and intracellular
environment, and is prevented by the abundance of tumour-secreted lactate in the TME. The
accumulation of lactate in CD8* cytotoxic T lymphocytes (CTLs) impairs cytotoxicity by inhibiting
nuclear factor of activated T cells (NFAT), causing decreased IFN-y production. It promotes CTL and
natural killer (NK) cell apoptosis by increasing CTLA-4 and PD-L1 expression [13]. T cell polarization is
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also affected by lactate, with a decrease in anti-tumoural T helper 1 (Th1) cells with concomitant
increases in regulatory T cells (Tregs) [14]. Increased lactate causes a reduction of nicotinamide
adenine dinucleotide (NAD*) to NADH, leading to depletion of post-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) glycolytic intermediates and serine which are vital for T cell proliferation
[15]. Lactate also impacts on antigen processing and presentation, differentiation and activation of
dendritic cells (DCs), and induces a tolerogenic M2 tumour-associated macrophage (TAM)
phenotype [13].

1.2 The survival of adaptive cancer clones is promoted by the acidic TME

Normal mammalian cells cannot survive long in a microenvironment with an pHe of less than 7.2 [3].
The pHe of cancer cells is usually between 6.7-7.1, but can drop as low as 6.0 [10]. Heterogeneous
cell clones within the TME compete for space and resources, providing a selective survival advantage
over suboptimal clones. In addition, the presence of the proton extruder channels shown in Figure 1
provide an adaptive advantage. The acidic TME drives the evolution of cancer cells with more
malignant phenotypes adapted to survive the acidic TME [8]. Depending on the tumour type and
microenvironmental conditions, cancer cells have to adapt their metabolic strategies [8]. Cells
adapted to an acidic environment metabolize glucose more rapidly at low pH, and may adapt
alternate strategies in the hypoglycaemic TME including the metabolism of fatty acids [16].

Extracellular acidity also drives epithelial-mesenchymal transition (EMT), induces genetic instability
and DNA damage, redistribution of lysosomes, and promotes ECM remodelling and invasiveness [8].
During EMT, dynamic cytoskeletal reorganization is needed to enable morphology change,
migration, and invasive capabilities of cancer cells [17]. The acidic pHe regulates cytoskeletal
changes by promoting focal adhesion maturation, activating Rho-GTPases, and regulating
microfilament reorganization through B1-integrin-activated focal adhesion kinase (FAK) signalling
[17]. Reorganization of cytoskeletal proteins such as actin, tubulin, and vimentin, contributes to
acidic pHe-triggered morphology change and cell migration [17]. Genetic instability is induced by
extracellular acidosis which causes double-stranded DNA breaks through reactive oxygen species
(ROS) production, and prevention of damage repair [8]. This allows for the mutation of clones, and
selection of clones with survival advantages.

Extracellular acidity promotes autocrine transforming growth factor beta 2 (TGF-B2) signalling in
cancer cells, which enhances lipid droplet (LD) formation enabling storage of energy to resist
apoptosis [18]. Acidosis-induced TGF-B2 activation promotes EMT as well as fatty acid metabolism
[18]. Another advantage stimulated by chronic acidosis is the increase in distribution of lysosomes to
the plasma membrane where they protect the plasma membrane against acid-mediated damage
[19]. Lysosomes containing cathepsins are also stimulated, increasing ECM remodelling [20].

The acidic pHe shifts tumour cell metabolism. Human breast cancer cells under acute acidic pH
exposure show reduced proliferation, G1 cell cycle arrest, and increased cytoplasmic vacuolization
[21]. These cells reduce their glucose metabolism, while increasing their metabolism of both
glutamine and fatty acids [22, 23]. The acidic TME stimulates autophagy in which organelles and
proteins are self-digested to maintain metabolism and promote cell survival [21]. Cells that were
exposed to low pH for months had restored proliferative ability, however, autophagy markers LC3-II
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and double-membrane markers were maintained [21]. Thus autophagy may be used as an adaptive
strategy to maintain survival in an acidic TME.

Acidity also promotes release of EVs by cancer cells, with increasing numbers of EVs released as the
pHe drops from 7.4 to 6.5 [6]. EVs include microvesicles (MVs), exosomes, and apoptotic bodies,
which have different origins, properties, and functions [24]. Their main function is cell-cell
communication between local and distant cells. EVs can contain different lipids, nucleic acids, and
proteins, that are selectively taken up by stromal or tumour cells. They can confer molecules that
promote tumour cell survival and metastasis, angiogenesis, and suppression of immune cells [6, 24].

While the intrinsic effects of acidity are important for understanding tumour behaviour, acidity has
larger influence beyond the tumour itself. Here we describe the relationship between the acidic TME
and stromal cells, the influence of the acidic TME in mediating and manipulating immune evasion,
and potential therapeutic targets requiring investigation.

1.3 Stromal cells within the TME promote tumourigenesis

In solid tumours, cancer cells are embedded in stromal connective tissue that is also affected by the
acidity of the TME [8]. Numerous bi-directional interactions occur between cancer and stromal cells,
and the acidic TME can alter the composition and function of the stromal cells present [8].
Fibroblasts are abundant in the TME and play important roles in tumour growth, survival,
proliferation, migration and invasion [25, 26]. Fibroblasts are usually inactive, however through
interactions with tumour cells and other TME components, they are stimulated to become cancer-
associated fibroblasts (CAFs) that promote tumour growth. Although it remains to be seen whether
the acidic pHe plays a direct role in the activation of CAFs, the acidic TME promotes tumour cells to
release a number of factors which promote their activation including cytokines such as IL-6 and TGF-
B, and growth factors such as epidermal growth factor (EGF), platelet derived growth factor (PDGF),
and fibroblast growth factor 2 (FGF2) (Table 1) [1]. CAFs secrete matrix proteins and proteolytic
enzymes that degrade the ECM, chemokines and growth factors that promote cell growth,
proliferation and malignancy, as well as various cytokines that recruit immune cells to the TME
(Table 1) [1, 25]. CAFs can also contribute to extracellular acidification by secreting carbonic
anhydrase 9 (CA IX) into the TME[8]. In head and neck squamous cell carcinomas (HNSCC), CAFs have
been shown to have high glucose uptake, generate high levels of lactate, and have increased
expression of GLUT-1 and monocarboxylate transporter 4 (MCT-4) [27]. They therefore further
contribute to the acidity of the TME.

Endothelial cells line blood vessels in the TME, and are responsible for critical functions such as
angiogenesis, transportation of immune cells, and intra- and extravasation of tumour cells during
metastasis [28]. They adapt to survive low pHe, maintaining their pHi by extruding lactate via
carbonic anhydrase Il (CA 1) [29]. Tumour cells release EVs that transfer the EGF receptor (EGFR) to
ECs, activating the autocrine vascular endothelial growth factor (VEGF) pathway in ECs to promote
angiogenesis [30]. Induction of VEGF expression by ECs also downregulate the expression of
adhesion markers, such as intercellular cell adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1), on blood vessels in the TME. This prevents CTLs from infiltrating the tumour
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[31]. VEGF also stimulates PD-L1 expression, inhibiting CTLs [31]. Tumour-associated ECs also
preferentially attract immunosuppressive Tregs to the TME (Table 1) [31].

Table 1. The effects of acidic pHe on cells in the tumour microenvironment

Functional group Cell type Effect of acidic TME References
Stromal cells Fibroblasts N CCL7 and MMP secretion to enhance cell [1, 2, 25, 26]

migration and invasion

/M CXCL1 secretion to promote tumour cell

proliferation

N CXCL12 and FGF to promote tumour

growth

1 CXCL16

/M erythropoietin (EPO), FGF, and VEGF to

promote angiogenesis

N TGF-B to suppress T and NK cells

N IL-1B, IL-6, IL-8 production

A IL-6, TGF-B, IL-1a, EGF, PDGF, FGF2

stimulates activation of CAFs

Endothelial cells 1 expression of VEGF and FGF to promote [28, 31]

angiogenesis and cell migration

/M secretion of IL-6 and CSF-1

N recruitment of innate immune cells to
create an immunosuppressive environment
N PD-L1 expression to disable T cells

M Treg recruitment

/M polyunsaturated fats to support tumour
growth

{ apoptosis

J ICAM-1 and VCAM-1

Phagocytic and
antigen-presenting
cells

Myeloid-derived
suppressor cells
(MDSC)

N Recruitment to tumour site
N MDSC secretion of arginase and iNOS
1 immunosuppression of NK and T cells

[28, 33, 35, 36]

Neutrophils

Switch to N2 phenotype

N NETs release

M release of MMP-8, MMP-9 and NE to
promote ECM remodelling

{ Cytotoxic killing of tumour cells
‘MHydrogen peroxide and MPO release
MH*ATPase release to block NK and T cell
activity

[44, 46,47, 49]
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Functional group Cell type

Effect of acidic TME

References

Macrophages

Switch to M2 phenotype

‘M Th2 cytokine release e.g. IL-10 and TGF-B
to suppress T cells

N iNOS and ROS

N Prostaglandin release

M release of EGF, VEGF, CXCLS, IL-6 to
promote tumour cell survival and
angiogenesis

I MMP secretion to promote invasion
‘M oncogenic EV release

{ Antigen presentation

[2, 28, 39, 40,
42]

Dendritic cells

M anti-inflammatory cytokines e.g. IL-10

J Maturation and migration to lymph nodes
{ HLA class Il expression and antigen
presentation

{ co-stimulatory molecule expression
(cD40, CD80, CD86)

{ Pro-inflammatory cytokines e.g. IL-12
PD-L1 and CTLA-4

[10, 28, 38]

Natural Killer cells Natural Killer cells

N Anergy and apoptosis

{ Cytotoxic activity (perforin and granzyme
release)

' NKG2D expression and activation

{ IFN-y production

J Degranulation

J metabolic activity

Inhibited by TGF-B, IL-10

[33, 50-53]

T lymphocytes CD8* (cytotoxic)
and CD4* (helper)
T cells

N CTLA-4

/N Anergy and apoptosis

NNOS and arginase depletes arginine
needed to TCR function

J, CD3 T chain expression

{ release of cytokines e.g. IL-2, IFN-y, TNF-a
{ cytotoxic activity (perforin and granzyme
release)

{ STATS5, ERK, AKT, JNK, c-Jun and p38
phosphorylation

{ NFAT activation

J Metabolism, chemotaxis and proliferation
of T cells

L TCR activation - blocked by IDO converting
tryptophan to kynurenine

[11, 54, 55, 58-
66]

Regulatory T cells
(Tregs)

D numbers of Tregs recruited by IDO, TGF-B,
and CCL22

Lactic acid in TME supports Treg metabolism
D Immunosuppression of DCs, B Cells, T cells
and NK cells through release of TGF-B, IL-10
and IL-35

‘M VEGF to promote angiogenesis

[2, 33, 43, 68]

B cells B lymphocytes

{ recruitment to the TME
Different B cell subsets exert different effects
in different cancer types

[69, 70, 73]
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Functional group Cell type Effect of acidic TME References

Regulatory B cells Tumour metabolites and IDO recruit Bregsto  [69, 71, 75, 77,
(Bregs) tumour site 78, 80]

‘M IL-10, IL-35 and TGB-B production to

inhibit T cells and stimulate FoxP3 expression

in Tregs

N PD-1, PD-L1 and CTLA-4 expression to

block T and NK cells

1 adenosine production to suppress T cells

Impairs Th17 response

Suppresses IFN-y release by CTLs

1.4 Acidosis in the TME drives immune escape by inhibiting effector cells while promoting
immunosuppressive phenotypes

Immune cells comprise a large component of the TME, although their anti-tumour effects are mostly
downregulated. The immune cell infiltrate is comprised of innate immune cells (macrophages,
neutrophils, dendritic cells, innate lymphoid cells, myeloid-derived suppressor cells, and natural
killer cells), as well as adaptive immune cells (T cells and B cells). The presence of effector cells
including CD4 or CD8 T cells, and NK cells, is associated with good disease prognosis, while the
presence of regulatory immune cells such as monocyte derived suppressor cells (MDSCs), Tregs, and
regulatory B cells (Bregs) are linked to poor outcomes. During the early stages of tumour
development, cancer cells in the TME stimulate a weak immune response. Over time these cells
become resistant to the innate immune response, and go on to undermine and manipulate the
adaptive immune response.

1.4.1 Monocyte derived suppressor cells

Monocyte derived suppressor cells comprise a heterogeneous group of immature, poorly
differentiated myelomonocytic cells including monocytes, dendritic cells, macrophages, and
neutrophils [32]. Tumour exosomes can drive monocyte differentiation to immunosuppressive
MDSCs, and tumour cells secrete chemokine (C-X-C) motif ligand 1 (CXCL1) to recruit MDSCs to the
TME [28, 33]. In the acidic TME, MDSCs are activated by a number of cancer-derived signals
including IL-1B, IL-4, IL-6, I1L-13, toll-like receptors (TLRs), VEGF, and TGF-B [32, 34]. MDSCs
upregulate expression of arginase and inducible nitric oxide synthase (iNOS), thereby blocking
activation of NK cells and T cells (Table 1) [35, 36]. The numbers of circulating and TME-infiltrating
MDSCs correlate with tumour progression and poor patient outcomes [37].

1.4.2 Dendritic cells

The acidic pHe inhibits DC maturation, allowing them to become tolerogenic. Tolerogenic DCs have
reduced levels of co-stimulatory molecules such as CD80 and CD86, and increased levels of PD-L1
and CTLA-4 [28]. They also show reduced capacity to present antigen to T cells [10]. In mouse
models, extracellular acidosis causes damage to DC cytoskeletal structure, with reduced DC
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migration and altered membrane charges and membrane fluidity of DCs [38]. This may reduce DC
migration to lymph nodes and antigen presentation. Treatment of DCs with pH 6.5 medium also
impaired DC ability to stimulate T cells [38]. Tolerogenic DCs release immunosuppressive molecules
such as indoleamine 2,3-dioxygenase (IDO) and nitric oxide (NO) which suppress T cells, and
immunosuppressive cytokines TGF- and IL-10 which recruit Tregs (Table 1) [28].

1.4.3 Macrophages

Macrophages are actively recruited to tumours in response to growth factors such as VEGF, colony-
stimulating factor 1 (CSF-1), and granulocyte-macrophage colony-stimulating factor (GM-CSF),
cytokines (IL-6, IL-10 and TGF-B) and chemokines such as chemokine (C-C) motif ligand 2 (CCL2) and
CCL8 released by tumour and stromal cells in the TME [2, 28, 39]. Lactic acid in the TME drives
macrophage polarization towards the M2 phenotype, with the release of anti-inflammatory
cytokines, ROS production, and release of prostaglandins [2, 40, 41]. M2-like TAMs have poor
antigen-presenting capabilities as they downregulate human leukocyte antigen (HLA) class Il
expression, and suppress T cells by releasing IL-10 and TGF-f [40].They release growth factors,
cytokines and matrix metalloproteinases (MMPs) which further promote angiogenesis, tumour
survival, invasion and metastasis (Table 1) [2, 39, 40, 42]. High numbers of TAMs are found in many
tumour types and are correlated with poor prognosis [40]. TAMs also release chemokines such as
CCL22, which recruit Tregs to the TME [43].

1.4.4 Neutrophils

Neutrophils migrate to the tumour site in response to damage-associated molecular patterns
(DAMPs), chemokines and cytokines, although their role in the TME is controversial. Environmental
stimuli can drive neutrophil polarization towards either an anti-tumourigenic N1, or pro-
tumourigenic N2 phenotype. Acidic extracellular pH was shown to polarize neutrophils to an N2
phenotype in vitro [44]. In murine models, the absence of TGF-B can induce anti-tumourigenic
neutrophils (N1), that may recruit and stimulate activation of CD8" CTLs [45]. As the acidic TME
stimulates release of TGF-B by tumour cells and certain immune cells, this may favour the
development of the immunosuppressive N2 neutrophils. In addition to polarization, neutrophil
function is influenced by acidic extracellular pH. Studies conducted in vitro show that acidic pH
medium causes neutrophils to upregulate hydrogen peroxide production and myeloperoxidase
(MPO) release [46]. Extracellular acidosis also delays neutrophil apoptosis, allowing the neutrophils
to sustain an inflammatory response [46]. Neutrophils release neutrophil extracellular traps (NETSs)
that consist of nuclear or mitochondrial DNA, histones, and proteases [47]. The NETS stimulate the
nuclear factor kappa B (NF-kB) pathway, block apoptosis, and stimulate cell proliferation. They
promote ECM remodelling through release of proteolytic granules containing neutrophil elastase
(NE), MMP-8 and MMP-9, and MPO [47, 48]. Neutrophils also further contribute to acidosis in TME
by the release of granular H* ATPases, which block NK and T cell activity (Table 1) [49].
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1.4.5 Natural Killer Cells

T and B lymphocytes as well as NK cells are present at the tumour site. NK cells are vital for curtailing
tumour growth, as they are able to directly kill tumour cells by using death receptor-mediated
apoptosis, and by releasing perforin and granzyme [40]. Tumour cells escape NK cytotoxicity by
downregulating their surface antigens. Natural killer group 2D (NKG2D) receptors that are vital for
NK cell function are blocked by NKG2D ligands on tumour-derived exosomes [50]. NK cells are
inhibited in the acidic TME. Acidic pH and lactate accumulation in the TME results in decreased IFN-y
production by NK cells [51]. Within the acidic TME, NK cells are also less efficient at producing pro-
inflammatory cytokines, and their function is inhibited by cytokines secreted by tumour cells and
other immune cells such as TGF-B and IL-10 [52]. When exposed to tumour-conditioned media of
low pH, NK cells undergo apoptosis caused by decreasing intracellular pH and mitochondrial stress
[53].

1.4.6 T cells (CD4, CD8 and Treg)

The intratumoural T cell population is heterogeneous and includes naive, effector, memory, or
regulatory T cells. CD8+ CTLs recognize tumour antigens presented on HLA molecules, and then
release perforin-containing granules that damage the tumour cell membrane, and granzyme which
causes apoptosis by damaging tumour cell DNA [54]. Once the CTL is activated, maturation and
clonal expansion occur with the release of immuno-stimulatory cytokines including IL-2, IFN-y, and
TNF-a+ [54]. The release of these factors is important in sustaining anti-tumour immunity, and in
developing immunological memory [54].

CTL activation is sustained by the presence of CD4* T cells, particularly Th1 cells, which provide
essential cytokine support. Tumours evade a Th1 response through downregulation of HLA
molecules, release of EVs and immunosuppressive cytokines, and loss of cell adhesion molecules
such as ICAM-1. The acidic microenvironment however drives T cell differentiation towards Th2,
Th17, or Treg polarisation [55]. Th2 and Th17 cells promote angiogenesis and tumour growth, and
inhibit Thl immunity [56]. Some T cells are sensitive to changes in pH and reduced glucose
availability and are thus inhibited in the acidic TME [57].

The acidic TME affects T cell metabolism, as elevated glycolysis in cancer cells themselves can limit
the availability of glucose to other cells [57, 58]. T cells increase their glucose uptake when they
encounter a stimulatory antigen in order to proliferate and support effector functions [58]. Owing to
poor vasculature within the TME, there is tough competition between cells for nutrients [59].
Although tumour cells can become quiescent in the absence of glucose or switch to fatty acid
metabolism, activated T cells cannot survive or expand without glucose [58]. Lactate, released as a
waste product by tumour cells, downregulates T cell metabolism and blocks lactate export from T
cells [59]. Lactic acidosis impairs TCR-triggered phosphorylation of c-Jun N-terminal kinase (JNK), c-
Jun and p38 [60]. Acidosis impairs CTL function, blocks signalling through NFAT, reduces IL-2, IFN-y,
perforin and granzyme production, and increases anergy and apoptosis [58, 61-63]. In the presence
of lactic acid, CTL motility is reduced and contact with tumour cells is prolonged. This prolonged
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contact means that the number of tumour cells they interact with is reduced, and this slows down
the rate of serial cytotoxic killing, allowing tumour cells to escape death [64].

T cells require both arginine and tryptophan to function. Tumour cells release IDO into the TME
which converts tryptophan into kynurenine. This blocks T cell activation and proliferation, and
promotes T cell apoptosis. A lack of tryptophan in the TME also causes downregulation of the TCR -
chain in cytotoxic T cells, which impairs their function [65]. The acidic TME also contains elevated
levels of arginase 1 and (iNOS which deplete arginine [11, 65]. Arginine is crucial to T cell function as
it is also required for the expression of the TCR Z-chain [35], and depleting it blocks T cell
proliferation, activation, glycolysis, and cytokine production [11, 66]. The acidic TME also reduces
CTL motility and prolongs cell-CTL contact which reduces the number of CTL-tumour cell interactions
and hence tumour cytolysis [64].

In contrast to its impact on T effector cells, the acidic TME is supportive of Treg presence and
activity. Their presence correlates with poor outcomes in many tumour types. Tregs are recruited to
the TME by stimuli such as hypoxia, the secretion of factors such as VEGF, HIF-a and IDO by tumours,
and by tumour-associated chemokines such as TGF- and CCL22 [43, 67]. Studies in murine models
show that unlike T effector cells, Tregs thrive under glucose restriction [68]. Instead of metabolizing
glucose, tumour-associated Tregs upregulate pathways that metabolize lactic acid which is abundant
in the TME. This increases Treg survival and proliferation, supporting the idea that the acidic TME
provides metabolic support for Tregs [68]. Tregs contribute to the immunosuppressive TME by
releasing additional TGF-B, IL-10 and IL-35, which suppress DCs, B cells, NK cells, and T cells [2, 67]
(Table 1). Tregs express granzyme B and perforin, allowing them to directly kill CTLs and NK cells
[43]. They also express CTLA-4 and compete with T cells for CD28 binding, and downregulate CD80
and CD86 expression in APCs [43].

1.4.7 B cells and Bregs

The TME recruits B cells and controls the localization of the different B cell subsets [69, 70].
Phenotypically distinct B cell subsets play different functional roles in tumour responses, and can be
either pro- or anti-tumourigenic [71, 72]. The B cell chemoattractant CXCL13, secreted by tumour
cells and dendritic cells, recruits B cells to the tumour site [69]. Antigens released by tumour cells
trigger a humoral response. These antigens can be expressed as a result of mutations, gene
overexpression, or expression of aberrant markers not common to that cell type [72]. Some tumour-
associated antigens are recognized by B cells, leading to the production of antibodies that aid in
killing tumour cells through activation of the complement pathway and stimulating phagocytosis by
macrophages, or by activating NK cells [72]. B cells also stimulate T cell responses such as T cell
activation in response to antigen presentation, clonal expansion, and memory T cell formation [69].
In some instances, B cells may also exhibit direct cytotoxic activity, by killing tumour cells via
granzyme B or via TNF-related apoptosis-inducing ligand (TRAIL/Apo-2L)-dependent mechanisms
[69, 73]. The presence of tumour infiltrating B cells is associated with good prognosis in some
cancers (e.g. non-small cell lung carcinoma and melanoma) [70, 71, 74], and contribute to both
humoral and cellular immunity [69]. In other cancers, such as head and neck squamous cell
carcinomas and ovarian cancers, they have little to no beneficial impact [70]. This may in part be due
to the high degree of functional plasticity and the high degree of heterogeneity in B cell subsets [70].
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Bregs are a subpopulation of B cells that have immuno-regulatory or suppressive properties. Unlike
other cell types, there are a number of different Breg phenotypes depending on the tumour type
and location [75], leading to the idea that they are not lineage specific but arise as a result of
environmental stimuli [76]. Although the acidic TME recruits and promotes the differentiation of
other immunosuppressive cells such as MDSCs, the direct effect of the acidic TME on Breg
differentiation is not known. Tumour cell metabolites can induce Bregs via the peroxisome
proliferator-activated receptor a (PPARa) [77], and IDO released by MDSCs has been shown to
induce Breg differentiation in vitro [78]. Bregs inhibit other immune cells by releasing
immunosuppressive cytokines such as IL-10, IL-35, and TGF-B [71]. Bregs release TGF- which
converts CD4+ T cells into Tregs [79], IL-35 which promotes Treg differentiation and impairs Th17
responses [75], while IL-10 producing Bregs suppress IFN-y production by CTLs [80]. They also
perform suppressive functions through direct contact with immune cells, and by upregulating PD-L1
and CTLA-4 they block T and NK cell responses [69]. Some Bregs subtypes (CD73*) induce adenosine
production, which causes T cell suppression [71]. The release of pro-inflammatory cytokines by DCs
is also suppressed by Bregs, enabling Bregs to indirectly block Th1 and Th17 differentiation [76]
(Table 1). Thus Bregs present in the TME help facilitate immune escape, and provide a potential
therapeutic target for future immunotherapy research.

1.5 The acidic tumour microenvironment is a therapeutic target

Chemotherapy is the leading cancer therapy worldwide, alone or in combination with surgery and/or
radiotherapy, but limitations including drug resistance exist, with increased instances of relapse, and
increased morbidity and mortality for patients [4].

An acidic microenvironment reduces the effectiveness of anti-tumour immunity [81]. The acidic TME
alters drug structure and charge. This reduces their uptake into tumour cells, and affects the delivery
and efficacy of anti-cancer drugs, as well as chemotherapy and radiation [9, 10]. This has prompted
evaluation of the TME as a therapeutic target. Elements of the TME provide promising targets for
therapy, including the ECM, immune cells, and stromal cells. Trials targeting tumour-associated
leukocytes have had variable and limited success [82-85].

General buffer therapy is a direct approach to target tumour pH. In a murine model, neutralization
of tumour acidity by bicarbonate increased susceptibility to checkpoint inhibitors such as anti-CTLA-4
and anti-PD-1, and improved survival [81]. Research into inhibiting proton extruder systems in
humans is being explored (summarized in Table 2), but as these systems are redundant, targeting
more than one may be necessary for successful treatment. The use of proton pump-inhibitors (PPls)
and other drugs to prevent extrusion of protons by tumour cells look promising to increase pHe. An
important caveat is the impact of these interventions on the pHi and normal cellular processes [86].

Other approaches exploit the acidic environment including use of pH-sensitive drug delivery systems
to deliver drugs selectively to the tumour [86]. pH-sensitive nano-carriers including peptides,
liposomes, and polymeric nanoparticles (NPs) have been used with some success. These systems
remain stable and intact at normal physiological pH, but are released in acidic environments [86].
This targeted therapy reduces systemic toxicity and allows more predictable pharmacokinetics [4,
86]. In mouse models, pH-responsive acetazolamide nanoparticles (ACE-NPs) disintegrate in acidic
solution, resulting in rapid release of acetazolamide (ACE) which inhibits expression of CA IX and
increases the alkalinity of the pHe [87].
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Table 2. Proton extruder system targets

Effector molecular target = Therapeutic Rationale References
treatment
Vacuolar-ATPase (V- Proton pump Decrease pHi and prevention of [90, 91]
ATPase) proton pump inhibitors (PPIs) e.g. protons being extruded into the TME.
omeprazole
Increased T cell infiltration.
Decreased cell proliferation
Increase effects of chemotherapy
Archazolid Inhibits endocytic activation of the [92, 93]
Rho-GTPase Racl and prevents
metastasis.
Induces apoptosis.
Inhibits proliferation.
Anti-epileptic drugs Reduce tumour growth and [94, 95]
e.g. Phenytoin metastasis
Sodium-hydrogen Amiloride or Blocks Na+ extrusion and pHi [86, 96, 97]
exchanger-1 (NHE1) cariporide increase.
Impairs growth factor-induced DNA
synthesis
Decreases proliferation
Voltage gated sodium Anti-epileptic drugs Inhibits tumour growth [96]
channels (VGSCs) partially inhibit VGSCs
Antibiotics (e.g. Increase mitochondrial ROS [98]
clofazimine) production and stimulate apoptosis
Monocarboxylate MCT inhibitor e.g. Partially inhibit MCT [57, 86, 96]
transporters (MCTs) bioflavonoids
lonidamine Acts on MCT-1 to reduce pHi and [99, 100]
sensitize cells to hyperthermia.
Inhibits glycolysis and mitochondrial
respiration
Statins Partially inhibit MCT-1 and MCT-4 [96, 101]
Carbonic anhydrases (CAs) CA inhibitor e.g. Impair growth of primary tumour. [86, 96, 102]
acetazolamide, Reduces cell proliferation and
sulfonamide metastasis.
Stimulates T cell function
Coumarins Inhibits carbonic anhydrase IX and XII  [86, 103]

Inhibits tumour growth and
metastasis
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Effector molecular target  Therapeutic Rationale References

treatment

Monoclonal antibody Inhibit CA and tyrosine kinase [104]
therapy e.g. Imatinib activity.

and nilotinib

Small molecule Decrease in metastatic burden [102]

inhibitor SLC-0111

(targets CA IX and CA Reduced metastasis

Xii) Inhibit tumour growth

Some NPs target immune cells within the TME and reduce the effects of hypoxia and acidity.
Manganese dioxide NPs reduce hypoxia in cancer spheroids by catalysing degradation of hydrogen
peroxide to produce oxygen. This revived NK cell cytotoxic activity [88]. Calcium-assisted NPs
promote T cell activity and proliferation and prevent relapse and activity in a breast cancer mouse
model [89].

2. Conclusion

Tumour cell metabolism drives an acidic TME, selecting for tumour cells with evolved survival
strategies in a hypoxic and hypoglycaemic environment. The acidic TME inhibits immune cell activity
and has implications for prognosis and treatment. Despite compelling evidence from in vitro and
animal studies, few drugs that interfere with tumour pH have reached clinical trials because of
redundancy in pH-mediating proteins in humans being targeted. New approaches to therapy should
consider the acidic microenvironment. The use of pH-responsive nanoparticles is promising, as these
can be used to affect tumour cells directly, impact on the TME, and positively influence the
proliferation and activity of immune cells. In combination with other conventional therapies
currently used, manipulating the acidic TME may aid in successful treatment of cancer patients.
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