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ABSTRACT 

Resistance to anti-cancer therapies is a consequence of adaptation of 
cancer cells but also of maladaptation of tumor-infiltrating immune cells. 
The opposing roles acquired by the immune system have to be faced in 
order to fight tumor growth and therapy resistance. Effector immune cells 
are recruited and activated but they are blocked by the strong 
immunosuppressive nature of the tumor microenvironment (TME). 
Immune evasion and deregulation of energy metabolism are two 
hallmarks of cancer that may be functionally linked. Malignant cells which 
present a high glycolytic phenotype, besides creating metabolic 
demanding environments that encroach on the function of tumor-
infiltrating immune cells, also release immunosuppressive metabolites 
and by-products, such as lactate, forming a metabolic symbiosis with 
immune cells. This acidic TME has a strong impact in the profile of tumor-
infiltrating immune cells, being instrumental for immunosuppression. 
Therefore, in this review, we focus on key molecular mechanisms by 
which lactate metabolically modulates immune cell response during 
tumor development and progression. 

KEYWORDS: lactate; immune evasion; tumor microenvironment; 
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INTRODUCTION  

Crosstalk between Cancer Inflammation and Metabolism  

The first association between inflammation and cancer was 
documented in 1863 by Rudolf Virchow when he detected leukocytes in 
tumor tissues and made the connection between cancer and 
inflammation [1]. This hypothesis gained significant attention in the last 
few years leading to the recognition of the tumor-associated inflammation 
as a key hallmark of cancer [2,3]. Inflammation is characterized by a 
complex biological response to cellular damage, where the immune 
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system attempts to eliminate and neutralize the injury and initiates the 
regenerative and healing processes [4,5]. Commonly, inflammation is 
classically viewed as a feature of the innate immune system that could be 
recruited during tumor initiation or development and, according to 
numerous reports, elevated inflammatory mediators are associated to 
poor prognosis in cancer patients [5,6]. Tumor cells produce various 
cytokines and chemokines that attract leukocytes into the tumor niche, 
facilitating inflammation-mediated tumorigenesis. Likewise, prolonged 
inflammation triggers altered expression of oncogenes and tumor 
suppressor genes that will promote tumor aggressiveness [7]. Immune cell 
activation leads to important alterations in several signaling pathways in 
order to exert their effector function. This process is metabolically 
challenging as widely described, and therefore, immune cells reprogram 
their metabolism to sustain their energetic and metabolic needs. In the last 
years, immunometabolism has become one of the most exciting areas of 
translational research. Indeed, understanding how such metabolic 
pathways determine specific immune cell fate and the functional 
responses is crucial to understand and target cancer immune evasion [8].  

Another characteristic feature of tumor cells is deregulated 
metabolism. Indeed, cancer metabolism has emerged as an area of 
research in cancer biology that has increasingly gained attention and was 
also recognized as a hallmark of cancer [2,3]. This field allowed to 
understand the processes involved in malignant transformation and also 
identified suitable therapeutic targets that are altered in cancer cells [9]. 
In fact, in the 1920s Otto Warburg described that cancer cells display a 
glycolytic phenotype, with increase rates of glucose consumption, and 
consequently increase in lactate production regardless of oxygen 
availability [10,11]. In order to maintain pH homeostasis and avoid 
glycolysis inhibition due to a negative feedback mechanism, cells export 
lactate and protons into the extracellular milieu via Monocarboxylate 
Transporters (MCTs) [12]. The accumulation of lactate and protons into the 
extracellular space induces a drop in the extracellular pH, acidifying the 
surrounding environment [13–15]. As for cancer cells, immune cells also 
adapt their metabolic status as a consequence of changes in the 
surrounding microenvironment [16]. Effective immune cells have high 
metabolic demands for their activation and differentiation, while resting 
immune cells generate most of their energy from fatty acid oxidation 
(FAO) or from tricarboxylic acid (TCA) cycle, which is linked to the 
generation of ATP via oxidative phosphorylation (OXPHOS) [17,18], to 
maintain their housekeeping functions. 

Previously considered as a waste product of anaerobic metabolism in 
cancer, lactate represents an important signaling molecule involved in 
sophisticated mechanisms that shutdown anti-tumor immune responses 
and activate potent negative regulators of adaptive and innate immunity 
[19]. This review summarizes the key molecular mechanisms by which 
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lactate metabolically modulates the immune cell response during tumor 
development and progression.  

LACTATE IN THE TUMOR MICROENVIRONMENT  

Several evidence have shown that intermediate or end products of 
metabolic pathways not only function as feedback regulators and provide 
substrates to be used by other pathways, but also bind to cognate receptors 
to initiate de novo signaling cascades. The glycolysis end-product lactate, a 
3-carbon hydroxycarboxylic acid, is an essential metabolite that circulates 
at levels of 1–2 mM and acts as an inter-organ carbon shuttle in mammals 
[20,21] rising to 10 mM and even to 30–40 mM in the tumor 
microenvironment (TME) [22–24] and has been greatly associated with 
cancer aggressiveness (reviewed in [25]). Proton-coupled lactate efflux 
from cancer cells is an important player in the maintenance of the cancer 
acidic phenotype and contributes to several features of tumor progression 
by modulating the TME [2], including cell migration and invasion, 
angiogenesis, and escape to immune surveillance. As a consequence of 
high glycolytic flux or hypoxia, lactate is produced in the cytosol via the 
enzymatic activity of lactate dehydrogenase A (LDHA) [26]. LDHA is 
responsible for the rapid conversion of pyruvate into lactate with 
regeneration of NAD+, supporting the high glycolytic rates of cancer cells 
in which lactate is transported across the plasma membrane through 
MCTs and accumulated in the extracellular space. The first four isoforms 
(slc16a1/MCT1, slc16a7/MCT2, slc16a8/MCT3 and slc16a3/MCT4) were 
functionally validated to mediate the proton-linked plasma membrane 
transport of monocarboxylates such as lactate, pyruvate and ketone 
bodies [12]. MCT1-4 display distinct affinities for monocarboxylic acids 
which are associated with the expression patterns of these transporters 
within tissues (reviewed in [27]). However, given their physiological 
expression, MCT2 exhibits the highest affinity for monocarboxylates, 
followed by MCT1 and then MCT4. Extracellular lactate levels can be 
sensed by several cell types via lactate receptors such as G1-protein-
coupled receptors 81 and 132 (GPR81 and GPR132), hence modulating their 
function and metabolism [28,29]. Targeting lactate production, via LDHA, 
or transport, via MCTs has become a promising therapeutic opportunity in 
oncology. The discovery of an acidic pH in inflammatory and tumor sites 
aroused the interest of potential effects of lactate on cellular metabolism 
that might contribute to the modulation of immune cell function during 
inflammation in the TME. Several studies have highlighted the molecular 
mechanisms that govern the crosstalk between lactate metabolism and the 
immune system in tumors, and the impact of lactate in 
immunosuppression has been widely explored [22,30–34].  Although the 
knowledge on the molecular pathways underlying lactate-related 
immunomodulation in autoimmunity is just emerging, preliminary 
evidence indicates that extracellular lactate levels directly influence 
immune cell metabolism and cytokine production and may serve as a 
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negative feedback signal limiting inflammation [16]. Moreover, TME is 
highly heterogeneous, with both oxygenated and hypoxic areas, forcing 
tumor and stromal cells to adapt to the environment in order to 
survive [35]. Thus, highly glycolytic malignant cells, besides creating 
metabolic demanding environments (low glucose) that encroach on the 
metabolism and function of tumor-infiltrating immune cells, also release 
immunosuppressive metabolites and by-products (lactate) forming a 
metabolic symbiosis/parasitism with immune cells [36,37]. Surprisingly, 
shuttling of metabolites has been described as a new route that cancer 
cells use to evade the immune system [38]. The mechanism by which lactic 
acid influences immunosuppression is not fully understood however, it is 
thought that, on one hand, high concentrations of lactic acid exported by 
cancer cells block the export of lactic acid by glycolytic immune cells and, 
therefore, disturb their metabolism and function [39]; on the other hand, 
immune cells consume lactate as an energy source, which will impair the 
glycolytic flux necessary for the activated phenotype [40] and acts as 
signaling molecule [39]. In this context, lactate fuels oxidative cells in the 
TME [41], being this symbiotic association mediated by MCT4 
(preferentially mediates lactate efflux—present in highly glycolytic cancer 
cells) and MCT1 (preferentially mediates lactate uptake—present in 
stromal oxidative cells) [42]. The effect of lactate on inflammation was 
reported in acute pancreatitis and hepatitis models. The interaction 
between lactate and GPR81 in monocytes and macrophages, suppressed 
TLR4 and TLR9 mediated pro-inflammatory cytokine IL-1β and 
inflammasome components Nlrp3 and Casp1, via downregulation of NF-
κB [43]. Similarly, in a murine induced colitis model, lactate treatment 
prevented the rise of IL-6 serum levels, microbial translocation from the 
gut to liver and increased lactate concentration in the colon alleviates 
colitis [44]. The same group also demonstrated that lactate does not only 
downregulate TLR-mediated pro-inflammatory responses in macrophages 
and dendritic cells, but also in intestinal epithelial cells [45]. 

Interestingly, results from murine in vitro and in vivo models suggest 
that glucose deficiency and lactate accumulation in the TME promote 
hurtful effects on the immune cells that were poised to infiltrate and 
destroy tumors [46]. It has been reported that carcinomas overexpressing 
LDHA have poor lymphocyte response. Also, it was shown that LDHA-
mediated production of lactate by melanoma tumor cells and subsequent 
TME acidification inhibits tumor surveillance by T and NK cells resulting 
in diminished IFN-γ production and tumor immune escape [47]. To date, 
several studies demonstrated strong effects of lactate and lactic acid on 
immune cell populations in vitro and in vivo as will be documented below. 

LACTATE IN INNATE IMMUNITY IN CANCER  

The interaction between innate and adaptive immune cells is crucial to 
regulate an effective immune response, and a wide variety of immune 
cells can be found in the TME. At the early beginning of inflammation, 
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neutrophils are the first cells to infiltrate upon inflammatory mediators 
released at the site of inflammation [5]. The importance given to 
neutrophils in cancer has increased in the last years. Indeed these cells 
have been detected already in a wide variety of human cancer types, 
including lung, breast and gastric cancers, melanoma, and others [48–50]. 
However, the role of tumor-associated neutrophils (TANs) in cancer is still 
controverse. While there is some evidence that TANs release cytokines and 
chemokines able to eliminate and fight cancer cells, other studies showed 
that these cells also have a prominent role in cancer immune evasion [51]. 
However, information about how lactate from the TME modulates TANs 
function is still scarce. It is described that lactate interfers with bone 
marrow vascular permeability reducing neutrophil mobilization through 
a GPR81 signaling dependent way [52]. Moreover, since neutrophils are 
best known as glycolytic cells, one may assume that lactate will have an 
impact in the metabolic profile of these cells and this metabolic 
reprogramming could prevent neutrophil effector functions. 

Among innate immune cells, myeloid cells, namely macrophages were 
the first cells to be described in human tumors [53] and can comprise up 
to half of the tumor-infiltrating immune cells [54], where they become 
tumor-associated macrophages (TAMs). Macrophages are known to 
present high functional plasticity, with the ability to express distinct 
functional programs in response to different stimuli [55,56]. The 
classically activated macrophages with a pro-inflammatory phenotype 
(M1-like) are responsible for the clearance of pathogens, with the 
production of inflammatory cytokines and high antigen presentation. 
However, they have a controversial role in tumor development. While 
some studies suggest that these M1-like macrophages display anti-tumor 
characteristics, others showed their contribution in tumor initiation by 
secretion of chemokines and cytokines such as IL-6, TNF, IL-1 and 
iNOS [57]. On the other hand, alternatively activated macrophages, with 
an anti-inflammatory phenotype (M2-like) participate in angiogenesis and 
tissue remodeling and repair, displaying pro-tumor characteristics [58]. 
Emerging evidence reveals that M1-like and M2-like macrophages engage 
distinct metabolic demands. For instance, M1-like macrophages enhance 
their anabolic metabolism, including anaerobic glycolysis, pentose 
phosphate pathway activation and fatty acid synthesis while, M2-like 
macrophages rely on OXPHOS to support their metabolic demands. These 
metabolic alterations offer checkpoints to fine-tune macrophage behavior 
and strongly influence their functions in the TME [46].  

Monocytes are leukocytes generated primarily in the bone marrow but 
can also be found in the blood and spleen. Monocytes circulate in the 
bloodstream and differentiate into macrophages or dendritic cells in 
response to chemotactic signals from different tissues. They are 
responsible for phagocytosis, antigen presentation and production of 
cytokines [59]. To date, several studies show the effect of lactate on 
monocytes and macrophages in vitro. High levels of lactate (20 mM) at a 
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pH of 7.4 inhibited monocyte migration in the Boyden chamber 
system [60]. Moreover, when cultured in the presence of lactate, 
monocytes and macrophages produce less pro-inflammatory cytokines 
and chemokines and decrease their glycolytic rates [33,60,61]. For 
instance, TNF secretion was suppressed by lactic acid in a co-culture model 
of human monocytes with multicellular tumor spheroids [61]. Also, lactic 
acid secreted by tumor cells activate the IL-23/IL-17 [62,63] pro-
inflammatory pathway but not the Th1 pathway [63]. After activation, 
both monocytes and macrophages rely on glycolysis to support their 
function [33,61]. In order to sustain glycolysis, lactate should be exported, 
however, extracellular acidification reduces the export of lactate by 
monocytes and macrophages, impairing glycolysis and consequently the 
expression of pro-inflammatory mediators [61,64]. Lactate can also have a 
signaling role in driving cancer immune evasion, as it was shown to 
induce M2-like macrophage polarization by activating the ERK/STAT3 
signaling pathway [65], although others have proposed that high levels of 
tumor-derived lactate drives M2-like macrophage polarization through 
stabilization of HIF-1α, increasing the levels of Arginase 1 (ARG1) and 
vascular endothelial growth factor (VEGF) [66]. Ohashi and co-workers 
showed that dichloroacetate (DCA), an inhibitor of pyruvate 
dehydrogenase kinase, suppresses the activation of the IL-23/IL-17 
pathway and the expression of ARG1 in TAMs, induced by lactic acid. 
Importantly, tumor-bearing mouse spleen treated with DCA decreased 
ARG1 expression in tumor-infiltrating immune cells and increased the 
number of IFN-γ-producing CD8+ T cells and NK cells [67]. GPR132 (G 
protein coupled-receptor 132), a lactate receptor/sensor highly expressed 
in macrophages, promotes the M2-like phenotype, facilitating breast 
cancer metastasis [29]. Lactate can also inhibit pro-inflammatory 
responses in macrophages in a GPR81 (G protein coupled-receptor 81)-
independent manner [33]. A recent study explored the relationship 
between lactic acid concentration and M2-like macrophage polarization in 
biopsies from patients with head and neck squamous cell carcinoma 
(HNSCC), by measuring the expression of M2 macrophage markers, CSF1R 
and CD163. Tumors with high lactic acid concentration showed higher 
levels of CSF1R and CD163 expression, suggesting that tumor-derived lactic 
acid promotes M2-like macrophage polarization in human HNSCC [68]. 
Furthermore, lactate derived from a pancreatic tumour cell line induced 
polarization of THP1 (human monocytic cell line) into an M2-like 
phenotype [69]. In a microfluidic device, lactate exported by bladder 
cancer cell lines reprogrammed TAMs to an M2-like phenotype, while 
blockage of MCTs interrupted the lactate shuttle, and consequently 
inhibited the M2-like phenotype [70]. In summary, these data show that 
tumor-derived lactate skews macrophages towards a pro-tumoral 
phenotype.  

Dendritic cells (DCs) are professional antigen presenting cells (APCs), 
capable of capturing, processing and presenting antigens to T cells, 
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initiating primary T-cell responses. Besides linking innate and adaptive 
immunity, DCs promote tolerance to self-antigens, minimizing 
autoimmune reactions [71]. Upon resting state, DCs exhibit an immature 
phenotype, but upon antigen encounter, undergo a process of 
“maturation”, where they become activated and enhance the expression 
of costimulatory molecules (CD80/CD86), major histocompatibility 
complex II (MHC-II), production of cytokines such as IL-12 and increase 
glycolytic rates. Once activated, DCs migrate to lymph nodes, presenting 
antigens to antigen-specific adaptive immune cells (T and B cells) [72]. 
Infiltration of DCs in the tumor microenvironment, where they become 
tumor associated dendritic cells (TADCs), positively correlates with patient 
survival and improved prognosis. However, their role in cancer 
progression is still debatable, since studies demonstrate that TADCs 
express low levels of costimulatory molecules, low production of IL-12 and 
limited antigen-presenting capacity [73]. High levels of lactate cause 
acidification of the tumor microenvironment, and there is opposing data 
regarding the effect of lactate itself or low extracellular pH on the 
functionality of DCs. In vitro studies show that acidification of the culture 
medium by addition of HCl enhanced endocytosis and increased the 
expression of MHC-II, CD11c and costimulatory molecules CD80 and CD86 
by DCs [74], while addition of lactate to culture medium reduced the 
expression of CD1a, CD83 and HLA-DR. Besides, DCs cultured with lactate 
decreased the production of IL-12, increased production of IL-10 and 
displayed reduced migratory capacity. In a murine glioma model the 
treatment with diclofenac, a LDHA inhibitor, reduced intratumoral lactate 
levels that resulting in reactivation of DCs toward Toll-like receptor (TLR) 
stimulation, which inhibited accumulation and activation of Tregs [75]. 
Furthermore, blockade of lactic acid production in melanoma and 
prostate multicellular tumor spheroids co-cultures reverted the TADC 
phenotype to normal [76,77]. This raises the possibility that low 
extracellular pH facilitates the impact of lactate on DC activity. As it is well 
described, MCTs transport lactate coupled with protons following a 
concentration gradient [15]. In this sense, the high concentration of lactate 
in the tumor microenvironment, produced by hyperglycolytic cancer cells, 
blocks the export of lactic acid from DCs necessary to sustain the high 
glycolytic rates of activated DCs and thus hinder their metabolism and 
function.  

Natural killer (NK) cells are cytotoxic lymphocytes of the innate 
immune system, which display activity against cells under stress such as 
tumor cells. NK cells present both activating and inhibitory receptors. 
Healthy cells express major histocompatibility complex I (MHC-I) on their 
surface, which is an inhibitory signal for NK cells. However, tumor cells 
lose MHC-I expression, therefore the signal from inhibitory receptors is 
diminished, activating NK cells to eliminate tumor cells directly through 
exocytosis of granules containing proteases (known as granzymes), or 
indirectly through secretion of cytokines such as IFN-γ. NK cells also 
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interact with other immune cells to regulate their activity [78]. Similar to 
other immune cells, NK cells are also affected by lactate. Lactate inhibits 
NK cell activity, by downregulation of the activating receptor NKp46 and 
inhibiting the secretion of granzymes. Furthermore, this 
immunosuppressive effect of lactate was enhanced in a low extracellular 
pH environment [79]. Another study demonstrates that tumor derived 
lactate inhibits NK cell activity, in which tumors with reduced lactate 
production showed increased infiltration of NK cells. Exposure to lactate 
caused NK cell apoptosis and interfered with the regulation of nuclear 
factor of activated T cells (NFAT), reducing production of IFN-γ [47].  

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous 
population of immature immune cells from the monocytic and 
granulocytic pathway, that expand in pathological conditions such as 
chronic inflammation and cancer. MDSC generation and accumulation is 
caused by cancer cells overexpressing colony-stimulating factors, leading 
to deregulated hematopoiesis. MDSCs promote tumor growth and mediate 
immune tolerance, as MDSC activity was originally associated with T cell 
immunosuppression, however, recent studies demonstrate that it also 
interacts with macrophages, DCs and NK cells [80,81]. LDHA knockdown 
in pancreatic cancer cells decreases the number of MDSCs in the tumor 
niche [79]. Tumor-derived lactate promotes MDSC proliferation and 
survival, which inhibits NK cell activity [47]. This evidence suggests that 
lactate can promote an immunosuppressive environment indirectly 
through other immune cells. 

LACTATE IN ADAPTIVE IMMUNITY IN CANCER  

Adaptive or acquired immunity is the second line of defense of the 
immune system against non-self pathogens, also referred as specific 
immunity. It is mediated by T and B lymphocytes and its role is to 
recognize and eliminate non-self antigens during the process of antigen 
presentation, and develop immunological memory [82]. T cells are 
grouped in two major subsets, CD4+ T Helper cells (Th) and CD8+ Cytotoxic 
T cells (CTL). Th cells mediate the acquired immune response, by the 
release of a plethora of cytokines that influence the activity of other 
immune cells. Th cells can have 4 distinct fates, determined by different 
signals upon interaction with antigens. These are Th1, Th2, Th17 and Treg 
cells. Th1 cells initiate Th1 immune response, which is more effective 
against intracellular bacteria, is characterized by the release of cytokines 
such as IFN-γ and IL-2 and being the effector cells macrophages and CD8+ 
T cells, while Th2 cells initiate a Th2 immune response, more effective 
against extracellular parasites, characterized by the production of IL-4 
and IL-10 by the effector cells eosinophils, basophils and B cells [83]. Th17 
cells produce IL-17 and mediate immune responses against extracellular 
bacteria [84,85]. Treg cells participate in the suppression of the immune 
response, by the production of IL-10 and TGF-β [83]. CTLs are T 
lymphocytes that kill cancer cells that are either damaged or infected. 
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CTLs recognize specific antigens bound to MHC-I molecules in antigen 
presenting cells through their TCRs (T-cell receptors). Once activated, CTLs 
undergo clonal expansion, proliferate rapidly and travel throughout the 
body searching for cells that carry that specific antigen, to eliminate them 
[82]. B lymphocytes circulate in blood plasma and lymph and are 
responsible for the production of antibodies. Once B cells recognize an 
antigen through their BCRs (B-cell receptors), and receive additional 
signals from Th cells, they differentiate into plasma cells, capable of 
secreting antibodies against that unique antigen [86]. 

Upon antigen presentation, activated T cells undergo metabolic 
reprogramming and increase their glycolytic flux, which is essential for 
their proliferation and effector functions. Effector T cells and Th17 cells 
rely on aerobic glycolysis, while Treg cells rely on oxidative 
phosphorylation to produce ATP [87]. Acidity of the extracellular 
environment has been reported to have an impact on T cell activity. 
Lactate levels are increased in inflammatory pathologies [22,88]. Lactate 
accumulated in the synovial joints of rheumatoid arthritis (RA) patients, 
as LDHA and MCT4 activity was increased in RA synovial tissue [16]. 
Sodium lactate interacts with the transporter SLC5A12 on the surface of 
CD4+ T cells, leading to impaired migration, downregulation of glycolytic 
enzymes and production of IL-17. Lactic acid interacts with the 
transporter MCT1 on the surface of CD8+ T cells, impairing migration and 
cytoxicity. Neither the presence of sodium lactate or acidification of the 
culture medium with HCl alone affected CD8+ T cell migration, suggesting 
that the presence of both lactate and H+ is necessary to regulate CD8+ T cell 
motility. Decreased T cell motility, resulting in their retention in the 
synovial joint, coupled with increased production of IL-17 drives chronic 
inflammation in RA [22]. The first studies showing the effect of low pH, T 
were cells cultured in medium containing HCl and they described the 
impairement of proliferation, cytotoxicity and cytokine production 
[89,90]. High lactate concentrations in the extracellular medium block the 
export of lactate by activated T cells, disturbing their metabolism and 
function [91]. Lactate suppresses proliferation and cytokine production of 
CTLs [47,91], by interfering with the TCR-triggered phosphorylation and 
activation of JNK/c-Jun and p38 pathways, blocking IFN-γ production [92]. 
Moreover, Lactic acid suppressed the proliferation and cytokine 
production of human cytotoxic T lymphocytes (CTLs) up to 95% and led to 
a 50% decrease in cytotoxic activity. Importantly, blockade of MCT1 
resulted in impaired CTL function. Since export of lactate is essential for 
proper clonal expansion of activated T cells [93], one can conclude that 
high lactic acid concentrations in the tumor environment block lactic acid 
export in T cells, thereby disturbing their metabolism and function [91].  

However, neutralizing the extracellular pH abrogated the effect of 
lactate [89]. This demonstrates that acidification of the medium synergizes 
with lactate to promote an immunosuppressive environment. In addition, 
tumor-derived lactate downregulates the expression of FAK family-
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interacting protein FIP200, resulting in naive T cell apoptosis, autophagy 
impairment and consequently, poor antitumor immunity [94]. The acidic 
tumor microenvironment is permissive for the accumulation of Treg cells, 
as their frequency in tumor sites often correlates with poor prognosis in 
several cancers. Inhibition of glycolysis, as a consequence of high levels of 
extracellular lactate, increases the expression of transcription factor 
FoxP3, an important transcription factor for Treg cell function [92]. FoxP3 
stimulates the oxidation of extracellular lactate to fuel mitochondrial 
activity, providing Treg cells with a metabolic advantage in high-lactate 
conditions [65]. This adaptation of Treg cells to acidic conditions 
potentiates their immune suppressive function. However, the effect of 
lactate in B cell function remains to be elucidated [47]. 

CONCLUDING REMARKS  

Accumulating evidence support the idea that understanding how 
metabolism controls immune cell function could provide new therapeutic 
opportunities for the many diseases associated with immune system 
deregulation, including cancer. Definitely, both cancer and activated 
immune cells depend on aerobic glycolysis to fulfill their energy demands 
in order to proliferate and function. In a highly hostile TME, while on one 
hand cancer cells gobble glucose which will result in a competition for 
available nutrients affecting immune effector cell metabolism and 
consequently their function, proliferation, as well as differentiation, on 
the other hand, cancer cells will produce large amounts of lactate which 
will result in acidification of the TME. Indeed, lactate is reported to be one 
of the most important metabolite of the TME that modulates the 
metabolism of innate and adaptive immune system that either subverts 
the anti-tumorigenic functions toward pro-tumorigenic functions or 
enhances the immune suppressive functions thereby potentiating tumor 
progression [95] (Figure 1). Notably, since Tregs prefer oxidative 
metabolism to proliferate and survive, it is expectable that excess lactate 
will not negatively impact on Tregs metabolic profile and indeed can be 
used as energy source allowing their maintenance in the acidic TME [96].  

Given the importance of lactate in the immunosuppressive phenotype 
of cancer cells, inhibition of lactate production could be one of the 
important strategies being considered for cancer therapy [97]. In line with 
this, Brand and co-workers showed that LDHA inhibition in cancer cells 
increased the infiltration of IFN-γ-producing T and NK cells and 
significantly decreased tumor growth [47]. Accordingly, blocking 
acidification prior to immunotherapy improved anti-tumor response [90]. 
Lactate transporters (MCTs) could be also potential targets to revert TME 
acidification and recover immune cell function. First, their inhibition in 
cancer cells will control the concentration of lactate in the TME and 
secondly, they are major players in the tumour metabolic symbiosis, 
namely lactate shuttling between cancer and stromal cells, which was 
already denoted by previous encouraging studies [98]. Blocking TME 
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acidification could also be accomplished by inhibiting different pH 
regulators for e.g., V-ATPase and NHE1, or by the addition of bicarbonate 
into the TME [92]. Indeed, neutralizing tumor acidity with bicarbonate was 
associated with T-cell infiltration, with consequent decrease in tumor 
growth and, importantly, potentiated immunotherapies [99]. For instance, 
a promising class of ATPase inhibitors in cancer are the proton pump 
inhibitors (PPIs), that include omeprazole, esomeprazole among others. 
These compounds, already in clinical use for gastric acid control,  have 
been successfully used to suppress tumor growth in vitro and in vivo [15]. 
Importantly, using esomeprazole to buffer TME improves T cell 
infiltration in the tumor mass and delayed cancer progression [90]. 
Interestingly, Cariporide, a specific and powerful NHE1 inhibitor, also 
promoted activation of pro-inflammatory TAMs and increased cytotoxic T 
cell infiltration into mouse glioma tumors [100]. The massive advances in 
stimulating anti-tumor immunity by checkpoint blockade raises 
significant questions about how tumors and the tumor microenvironment 
inhibit immune cell function and how this can be overcome. Therefore, 
development of therapies that block the acidification of TME aiming to 
recover effector and memory T cells and reduce suppressive functions of 
Tregs hold significant potential for cancer immunotherapy.  

 

Figure 1. Impact of lactate in immunosuppression. Highly glycolytic cancer cells export lactate and induce 
TME acidification that strongly skewed immune response by altering tumor infiltrating immune cells. TAM: 
tumor associated macrophages; TADC: tumor associated dendritic cells; CD8+ T: cytotoxic T lymphocytes; 
NK: natural killer; Treg: T regulatory cells; MDSC: myeloid-derived suppressor cells; GLUT: glucose 
transporters; MCT1/4: monocarboxylate transporters 1/4; LDH-A: lactate dehydrogenase A; Lac: lactate; grey 
arrows: possible mechanism. 
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