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Abstract

The “glycolytic switch” also known as the “Warburg effect” is a key feature of tumor
cells and leads to the accumulation of lactate and protons in the tumor environment.
Intriguingly, non-malignant lymphocytes or stromal cells such as tumor-associated
macrophages and cancer-associated fibroblasts contribute to the lactate accumula-
tion in the tumor environment, a phenomenon described as the “Reverse Warburg
effect.” Localized lactic acidosis has a strong immunosuppressive effect and mediates
an immune escape of tumors. However, some tumors do not display the Warburg
phenotype and either rely on respiration or appear as a mosaic of cells with differ-
ent metabolic properties. Based on these findings and on the knowledge that T cell
infiltration is predictive for patient outcome, we suggest a metabolic-tumor-stroma
score to determine the likelihood of a successful anti-tumor immune response: (a) a
respiring tumor with high T cell infiltration (“hot”); (b) a reverse Warburg type with
respiring tumor cells but glycolytic stromal cells; (c) a mixed type with glycolytic and
respiring compartments; and (d) a glycolytic (Warburg) tumor with low T cell infiltra-
tion (“cold”). Here, we provide evidence that these types can be independent of the
organ of origin, prognostically relevant and might help select the appropriate immu-

notherapy approach.
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1 | HISTORICAL TIMELINE-THE
WARBURG EFFECT THEN AND NOW

In the early 20s of the last century, Warburg, Posener, and
Negelein® discovered a unique behavior of tumor tissue in vitro.
They examined respiration and glycolysis of different tissue sec-

tions and found that tumors exhibit an unusually high glycolytic

activity and production of lactic acid from glucose when com-
pared with normal tissues. Surprisingly, glycolysis was “aerobic”
and was not inhibited by oxygen in malignant cells meaning that
cancer cells lack the “Pasteur effect.” Carl F. Cori and Gerty Cori
confirmed this finding in living animals. Interestingly, the lactic
acid content of tumors was low in starving animals with low-glu-

cose levels and the authors concluded “up to a certain limit an
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excess of lactic acid can be completely eliminated into the blood

stream.” In another set of experiments, the Cori laboratory com-
pared blood that had passed through a tumor with normal venous
blood in chicken and observed decreased sugar and increased lac-
tic acid in blood from the tumor-bearing wing.>® In 1926, Otto
Warburg further analyzed the energy metabolism of tumors and
discussed possible ways to kill tumor cells through a “lack of en-
ergy”.* Warburg measured glucose and lactic acid in tumor arter-
ies and veins and found greater differences than the Coris. His
results showed that the concentration of glucose falls by about
57% after passing through a tumor, whereas normal tissues con-
sume about 2%-18% of the arterial glucose. Tumor veins con-
tained clearly more lactic acid than arteries, but this was not the
case for normal tissues. He stated that tumor cells obtain energy
in two ways, by respiration and fermentation and calculated that
about 66% of the glucose is used in fermentation and the rest for
respiration, but this may vary in different parts of the tumor based
on heterogeneity in glucose and oxygen availability. He concluded
that “it is necessary to stop both respiration and fermentation,
if cells are to be killed for want of energy”.5 Later in his life, he
changed his side of view and claimed that tumor cells are charac-
terized by a damaged respiration.®”

In contrast to these observations and numerous studies since,
two recent publications stated that the tumor environment con-
tains no elevated lactate levels in the interstitial fluid,®? and lac-
tate may accumulate preferentially in tumor cells. In this case, the
tumor stroma, for example, immune cells, would not face high-lac-
tate concentrations. However, Sullivan and colleagues examined
pancreatic ductal adenocarcinoma (PDAC), a tumor with high stro-
mal/fibroblast content. A possible explanation for low lactate lev-
els in this tumor model is a metabolic symbiosis in heterogeneous
tumors consisting of fibroblasts and highly glycolytic tumor cells.
Here, tumor cells produce and secrete lactate which is consumed
and used as a fuel for respiration by adjacent stromal cells.*%*
Alternatively, it has been shown by Sonveaux and colleagues that
respiring tumor cells in oxygenated regions take up lactate and
metabolize it.'? Low lactate levels may also occur in tumors where
lactate is eliminated by the blood stream in well-perfused tumor
regions. But compromised blood perfusion is a typical feature of
tumors and may help to build up extracellular levels of lactate and
protons in the tumor environment especially in tumors with highly
accelerated glycolysis. In tumors with extremely high glycolytic ac-
tivity, elevated lactate levels can also be detected in sera of tumor
patients.’>!* Accordingly, lactate levels have been suggested as
a prognostic biomarker in high-grade primary brain tumors and
metastatic lung cancer where elevated pretreatment serum lactate
levels were associated with worse progression free survival.*>*¢
Bringing an additional layer of complexity, in the “Reverse Warburg
Effect” stromal cells such as fibroblasts or macrophages undergo
“aerobic glycolysis” and produce lactic acid which can either ac-
cumulate or be utilized by cancer cells for mitochondrial oxidative
phosphorylation (OXPHOS).Y”Y? Thus, not only malignant cells but
also stromal cells contribute to tumor lactic acidosis. Furthermore,

acidosis is not only associated with lactic acid secretion, as an-
other major source of protons is CO,, produced in more oxygen-
ated tumor areas which is hydrated into HCO3™ and H* ions by
carbonic anhydrases leading to acidification.?°

Today, we know that tumors often represent a mosaic of tumor
cells with different metabolic properties. While some tumors rely
more on oxygen, others can be more glycolytic. Metabolic hetero-
geneity regarding glucose metabolism within and between human
lung tumors was nicely demonstrated by the group of DeBerardinis
using intraoperative 13C-glucose infusions in patients.21 The au-
thors concluded that enhanced glucose uptake by lung tumors
supplies glucose oxidation rather than enhanced lactate fermenta-
tion. On the other hand, in vivo isotope tracing in human clear cell
renal cell carcinomas (ccRCC) revealed enhanced glycolysis and
minimal glucose oxidation compared to adjacent kidney consistent
with the classical Warburg phenotype.?? A metabolic heterogene-
ity among ccRCC tumors was demonstrated by Brooks et al with
low or no 18F fluoro-deoxy-glucose (FDG) uptake in some tumors
but uniformly high uptake in other tumors.?® We studied T cell
infiltration in relation to tumor glucose transporter 1 (GLUT1) ex-
pression in ccRCC and identified two major tumor types. Classical
Warburg tumors with high GLUT1 expression and low T cell infil-
tration, and tumors with low tumor GLUT1 expression and high
T cell infiltration in the tumor (Figures 1 and 2).?* In line a recent
publication described a negative correlation between increased
glycolysis and CD8 T cell infiltration in colon cancer.”®> What is
more, GLUT1 expression inversely correlated with numbers of
CD3"* T cells in HNSCC and lung SCC.%¢

Two molecular subgroups with low- and high OXPHOS were
also identified in high-grade serous ovarian cancer. While low-OX-
PHOS tumors mainly exhibit a glycolytic metabolism, high-OX-
PHOS tumors rely on oxidative phosphorylation supported by
glutamine and fatty acid oxidation. Furthermore, distinct met-
abolic subtypes were described in PDAC cell line models. Here,
lipogenic tumor cell lines showed higher oxygen consumption and
greater mitochondrial content compared with glycolytic tumor
lines. In primary pancreatic tumor samples, the lipid subtype was
strongly associated with an epithelial phenotype, whereas the gly-
colytic subtype was associated with a mesenchymal phenotype.?’
Based on the negative correlation between glycolytic activity,
GLUT expression and T cell infiltration, these data suggest a stron-
ger immune cell infiltration in high-OXPHOS tumors compared to
tumors with glycolytic activity in ovarian and pancreatic cancer
(Figure 1).

These data also implicate that the “Warburg phenotype” is not
characteristic for all tumor entities and not even for all tumor cells
within one given tumor. Nevertheless, the work of Otto Warburg
and colleagues has an enormous impact on current cancer research
and diagnostics. Uptake of the positron-labeled glucose analogue
18F-fluoro-deoxy-glucose determined with positron emission to-
mography (18F-FDG-PET) is a well-established method for tumor
diagnosis and staging. Even disseminated and hematologic ma-

lignancies, such as lymphoma can be imaged by FDG-PET,?®?’
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FIGURE 1 A metabolic-tumor-stroma score (MeTS) to describe the tumor metabolic and cellular heterogeneity and to assess the quality

of anti-tumor immune response

demonstrating that not only solid tumors but also leukemia and lym-
phoma cells of different origin display an accelerated glucose me-
tabolism, which was confirmed by gene expression and functional
analysis.>32 Moreover, the discovery that oncogenes and tumor
suppressor genes are closely linked to and regulate the Warburg ef-
fect has led to a renewed interest in tumor metabolism which is now

regarded as a hallmark of cancer.®®

2 | WARBURG EFFECT IN TUMOR
STROMAL CELLS

The observed composition of tumors regarding both a cellular and
a metabolic heterogeneity lead us to propose the metabolic-tumor-
stroma score (MeTS) with following subtypes: (MeTS1) a respiring
tumor type; (MeTS2) a reverse Warburg type with respiring tumor
cells but glycolytic stromal cells; (MeTS3) a mixed type with both
glycolytic and respiring cells; and (MeTS4) a glycolytic (Warburg)
tumor (Figure 1). High metabolic heterogeneity puts into question
whether the PET signal is related to glucose metabolism of tumor
cells, stromal cells or both and to what extent in which tumor entity.
A shift in energy metabolism toward aerobic glycolysis is not only

a hallmark of cancer cells but also of activated immune cells. Here,

aerobic glycolysis is discussed as a prerequisite for T and NK cell ef-
fector functions.®*3” Moreover, high glycolytic activity is associated
with myeloid cell activation as shown for monocytes, macrophages
and dendritic cells (DCs).*%*? TLR signaling promotes glycolysis and
leads to a decline in OXPHOS.*3** Thus, 18F-FDG can be taken up
by glycolyticinflammatory cells and has been reported to accumulate
in acute and chronic inflammatory lesions, granulomatous diseases,
and autoimmune diseases. Accordingly, tumor-infiltrating immune
cells are also able to take up 18F-FDG and it has been shown that
high uptake of 18F-FDG by inflammatory cells is a frequent cause
of false positive results in 18F-FDG-PET.** However, it is difficult to
differentiate viable tumor cells from tumor-infiltrating immune cells
and similarly, to distinguish lymph node metastases from immune ac-
tivation in reactive lymph nodes.***” A clinical correlate of increased
activity of immune cells in tumors is the phenomenon of pseudo-pro-
gression. Tumor pseudo-progression describes an apparent tumor
growth after immunotherapy and might be explained by increased
tumoral inflammation after immune cell re-activation. Even though
challenging for patients and clinicians, tumor pseudo-progression in
a computer tomography (CT) scan or 18F-FDG-PET might precede a
good clinical response to immunotherapy.*® Importantly, the immune
activity can emit PET signals similar to those from tumors, and there-

fore, 18F-FDG-PET cannot differentiate a true progression from a



SISKA ET AL.

| WiLEY Immunological Reviews

RCC Pat. 2

RCC Pat. 1

pseudo-progression.*”>° Cancer-associated fibroblasts (CAFs) can
account for a high proportion of the tumor stroma and can contrib-
ute to the uptake of 18F-FDG. Shangguan et al’t analyzed the as-
sociation of CAFs with 18F-FDG signals in colon cancer and showed
that CAFs density correlated with the standardized uptake value.

In a small cohort of patients, we analyzed stroma-rich tumors for
GLUT1 and CD3 expression by immunohistochemistry and detected
GLUT1 positive CAFs in a pancreatic carcinoma patient, however,
only in a subset of stromal cells (MeTS2a, Figure 3). In colon carci-
noma and mammary carcinoma tissues, CAFs were mainly GLUT1
negative and these areas were often highly infiltrated by CDS3-
positive T cells (MeTS3a, Figure 3).

In light of these observations, high 18F-FDG uptake can also
reflect an intense ongoing host reaction, such as after radiation
therapy, where 18F-FDG uptake by tumor tissues is often increased
despite the decreased viability of tumor cells. In an interesting study,
Mamede and colleagues analyzed the distribution of 18F-FDG in im-
munocompetent and immunodeficient mice bearing the same mu-
rine ovarian squamous cell carcinoma. Despite comparable tumor

growth and histology in both mice strains, the 18F-FDG signals were

FIGURE 2 GLUT1 expression and
CD8 T cell infiltration in clear cell renal
cell carcinoma (ccRCC). Shown are tissue
microarrays of two ccRCC patients.
Patient 1 displays ubiquitous GLUT1
expression in the tumor tissue while
lacking CD8 T cell infiltration. Patient

2 shows low tumor GLUT1 expression
and high CD8 T cell infiltration. Figure
adapted from (Singer et al 2011%%) with a
permission from the publisher

significantly higher in tumors in immunocompetent than in immuno-
deficient mice.* Thus, it was unlikely the tumor metabolic activity,
but rather an immune activation that led to the increased 18F-FDG
uptake.*®*%23% |n a murine mammary carcinoma model, 18F-FDG ac-
cumulation was even higher in macrophages in the outer zones of
necrosis than in tumor cells,>® in line with data from Seth et al who
demonstrated that tumor-associated macrophages (TAMs) produce
high amounts of lactate which in turn support tumor growth.’” These
tumors would classify as a reverse Warburg (MeTS2) type with re-
spiring tumor cells but glycolytic stromal cells. Recently, Jeong
et al nicely showed a positive correlation between CD68* TAMs and
18F-FDG uptake in NSCLC patients. Depletion of TAMs in a murine
model diminished 18F-FDG uptake of tumors and improved T cell in-
filtration.”® These data strongly indicate that high glycolytic activity
not only in tumor but also in stromal cells such as TAMs can impair
immune cell function.

The metabolic heterogeneity of tumors extends beyond different
populations having different metabolic requirements and tumor cells
show various metabolic interactions with stromal cells. For exam-

ple, it has been shown in pancreas cancer, that tumor cell-produced
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FIGURE 3 Representative images from three tumor entities correlating high glucose metabolism in tumor or stromal cells with T cell
infiltration. HE staining of primary resected carcinoma of the pancreas (column 1,2), the breast (column 3), and the colon (column 4,5)
without any neoadjuvant treatment (original magnification column 1: 133x, column 2, 3: 114x, column 4: 153x, column 5: 91x) and the

corresponding immunhistochemical staining of GLUT1 (middle row) and CD3 (lower row). Higher magnification of the marked areas is shown
in the lower part. The cancer-associated fibroblasts in pancreatic carcinoma are GLUT1-positive (*) with almost no CD3-positive T cells (**) in
the stroma. The breast cancer sample shows a strong staining for GLUT1 (+), while CD3-positive T cells are exclusively located in the GLUT1-

negative stroma (++). MeTS 2a,3a,3b: suggested scoring of the tumor-stroma metabolic interaction with infiltrating immune cells

lactate can be taken up by CAFs, which in turn produce alpha-keto-
glutarate, leading to TET activation and subsequent decreased cyto-
sine methylation and overexpression of CAFs inflammatory genes.56
In breast cancer, tumor cell-produced lactate can be taken up and
used by mesenchymal stroma cells and CAFs as an energy source.”’
On the other hand, CAFs are able to drive glycolysis in tumor cells—
Kumar et al showed that CAF-secreted hepatocyte growth factor
(HGF) induces tumor cell glycolysis and secretion of basic fibroblast
growth factor (bFGF). Interestingly, bFGF induces OXPHOS in CAFs,
leading to HGF production, thus closing the vicious circle.’® In a clin-
ical study, breast cancer patients with stage 0/1 tumors were treated
with N-acetylcysteine (NAC) to reduce oxidative stress in stromal
cells and decrease tumor growth. Interestingly, post-treatment biop-
sies showed that stromal (but not tumor) cells decreased expression
of the lactate exporter MCT4 as a result of NAC treatment, while the
proliferative index of tumor cells was reduced.”’

These studies confirm that tumors are heterogeneous, and high

glucose uptake is not necessarily a proxy for tumor cell viability and

proliferation but activated immune cells and other stromal cells such
as fibroblasts and macrophages can contribute. Therefore, glucose and
lactate levels in the tumor microenvironment can depend (a) on the
tumor metabolic type, (b) on the relative percentage of tumor-infiltrat-
ing cells such as immune cells, their type, and activation status, and (c)

on the type and quantity of stromal cells, such as fibroblasts (Figure 1).

3 | MOLECULAR BACKGROUND OF
THE WARBURG EFFECT IN TUMOR AND
STROMAL CELLS

Warburg proposed that cancer is caused by a metabolic “switch”
from mitochondrial respiration to aerobic glycolysis. However, in
following years numerous groups provided evidence of the impor-
tant role of respiration for tumor growth in several preclinical mod-
els and human tumor entities. We know that cancer development is

caused by genetic alterations and signaling networks downstream
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of oncogenes and tumor suppressors converge to adapt tumor cell
metabolism 6961

Mutations in the tricarboxylic citrate acid cycle enzymes succi-
nate dehydrogenase and fumarate hydratase have been identified
in a limited number of cancers. As a consequence, a dysfunction
of OXPHOS can induce the Warburg effect in tumor cells. Due to
these mutations, succinate and fumarate accumulate in mitochon-
dria and also leak out to the cytosol. They inhibit prolyl hydroxylase
enzymes leading to a pseudo-hypoxic response conveyed by hy-
poxia-inducible factors (HIF) that enhance glycolysis.®? In addition,
alterations in mitochondrial DNA have been reported in some types
of cancer, but their functional relevance and contribution to car-
cinogenesis is discussed controversially. Mitochondria are needed
as synthetic organelles to supply components for the generation of
nucleic acids, proteins and phospholipids; thus, tumor cells might

not be able to tolerate defective mitochondria in the long run.®® In

14 demonstrated that mitochondrial DNA mutations

line, Baker et a
are increased in number in early colon dysplasia but seem to be
negatively selected in the further course of cancer development.

The catalytic subunit of the mitochondrial H*-ATP complex
(B-F1-ATPase) is central for ATP synthesis during OXPHOS and in-
tegrates bioenergetic and death-signaling functions of mitochon-
dria. In line with the established role of mitochondrial dysfunction
in cancer, p-F1-ATPase is often downregulated in tumors com-
pared to healthy tissues. The group of Cuezva reported a repres-
sion of p-F1-ATPase in kidney, colon and breast carcinomas.®>¢¢
Moreover, some carcinomas upregulate the ATPase inhibitory fac-
tor 1, which inhibits the activity of the H*-ATP synthase.®” This
is of special importance for chemotherapy as downregulation of
mitochondrial ATP synthase is associated with drug resistance
linking the success of anti-cancer therapy to the (dys)function of
mitochondria.®®

Genetic alteration or loss of p53, one of the most frequently
mutated genes in cancer, also modulates the balance between res-
piration and glycolysis. p53-deficient cells show decreased oxygen
consumption and increased lactate production.69 Oncogenic trans-
formation does not only decrease the mitochondrial activity of
tumor cells but can directly accelerate glycolysis. For example, cells
lacking the tumor suppressor PTEN exhibit a glycolytic phenotype
reminiscent of the Warburg effect. This has been attributed to the
hyperactivation of PISK/AKT signaling as constitutive AKT activ-
ity accelerates glucose uptake and stimulates aerobic glycolysis in
transformed cells.”® In addition, the loss of PTEN leads to a stabiliza-
tion of 6-phosphofructo-2-kinase (PFKFB3) and increases synthesis
of its product fructose-2,6-bisphosphate.”* PFKFB3 has been shown
to be highly expressed and active in human cancer cells and fruc-
tose-2,6-bisphosphate is a key regulator of the glycolytic enzyme
phosphofructokinase-1. Selective inhibition of PFKFB3 in HCT-116
colon adenocarcinoma cells causes a marked decrease in glucose
uptake simultaneously with an increase in autophagy.72 Chronic in-
flammation can promote tumorigenesis and it has been shown that
pro-inflammatory cytokines such as TNFa and IL-17 stimulate glycol-

ysis in colorectal cancer cells.”®

Dysregulated expression of the MYC oncogene occurs in about
30% of human cancers and MYC overexpression induces mitochon-
drial glutaminolysis and triggers upregulation of glycolytic enzymes,
like lactate dehydrogenase (LDH) A.”* Oncogenic MYC also interacts
with HIFs. Hypoxia is characteristic for the tumor milieu as a result
of decreased tissue microcirculation. HIFs are stabilized in response
to hypoxia and induce the transcription of more than 70 genes via
hypoxia response elements, among them genes involved in glucose
metabolism like GLUT1, LDH or the monocarboxylate transporter 4
(MCT4) involved in lactate transport.75’76 But even under normoxic
conditions accumulation of the glycolytic products lactate and pyru-
vate can promote HIF-1 protein stability and regulate gene expres-
sion.”” Acidosis enables HIF to evade destruction in the presence
of oxygen as low pH elicits a transient and reversible loss of von
Hippel-Lindau (VHL) function by promoting its nucleolar seques-
tration.”® In summary, HIF activation and stabilization is not only
a result of hypoxic conditions but is also achieved under normoxia
through low pH, lactate or pyruvate.

Hypoxia and acidification also suppress the circadian clock
through diminished translation of clock constituents,”’ adding an-
other level of complexity to the metabolic regulation. Clock genes
control the circadian rhythm in mammalian cells and epidemiological
studies indicate that disruption of the circadian clock and decreased
expression of the clock components BMAL1 and PER2 contribute
to tumorigenesis. PER2 promotes p53 function, while BMAL1 ex-
pression is suppressed by MYC, suggesting bidirectional interac-
tions between clock proteins and key oncogenic regulators of tumor
metabolism.8°

Overall, a complex network of transcriptional regulators controls
tumorigenesis and metabolism. Even though metabolic reprogram-
ming may result from different driver mutations, it appears that
recurrent master regulators ultimately lead to common metabolic
phenotypes across multiple tumor entities. Accordingly, Peng and
colleagues analyzed TCGA samples across 33 cancer types and
characterized metabolic tumor subtypes. Master regulators of car-
bohydrate and nucleotide metabolism showed consistently poor
prognostic patterns across all analyzed cancer types whereas lipid
metabolism showed the opposite association.®* Accordingly, the ex-
pression of enzymes and transporters involved in glucose metab-
olism has been linked to unfavorable patient outcome in different

82,83 melan0m384,85

tumor entities such as hepatocellular carcinoma,
or urothelial carcinoma.®¢ Moreover, in oral squamous cell carcinoma
a high PET signal, thus a high glucose uptake, correlates with worse
prognosis83 and similarly, high intra-tumoral lactate concentration
predicts the occurrence of metastases and patient survival.t”#8
Thus, the phenomenon of lactate accumulation and acidification in
solid tumors is not simply a surrogate for hypoxia but is the result of
an interplay of different transcriptional master regulators and, im-
portantly, determines patient outcome.

Similar transcriptional networks and key players such as HIFs
and MYC described in cancer cells regulate metabolism in immune
cells and CAFs. Specific deletion of HIF-1a in CAFs reduced VEGF

production, angiogenesis and reduced myeloid infiltration which in
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turn restricted tumor growth.89 Moreover, HIF alters the function of
myeloid derived suppressor cells (MDSCs) in the tumor microenvi-
ronment and redirects their differentiation to TAMs hence providing
a mechanistic link between different myeloid suppressive cells in
the tumor microenvironment.”® In addition, HIF-1a selectively up-
regulates PD-L1 on MDSCs, but not other B7 family members and
blockade of PD-L1 abrogates MDSC-mediated T cell suppression.”!
In macrophages, tumor-conditioned media with high-lactate levels
stabilized HIF-1a protein under normoxic conditions. HIF induced
M2-polarization in TAMs and increased VEGF and arginase 1 ex-
pression, which play an important role in regulating tumor growth.
Collectively, these findings identify a mechanism of communication
between macrophages and tumor cells via lactate which may have
evolved to promote tumor growth.”? These data also suggest that
tumor-derived lactate can determine the suppressive phenotype of
different myeloid tumor-associated cell populations. A role for HIF
proteins has also been discussed in lymphoid cells as their activa-
tion stabilizes HIF proteins.%’94 Cho et al show an important role for
both, HIF-1a and HIF-2q, in triggering cytokine response and for the
induction of antigen specific B cells by CD4 T cells. Moreover, HIF-1a
is involved in CD4 Th17 polarization’® and important for the cyto-
lytic function of CD8 T cells.”®"” In contrast, Wang et al’* described
no apparent phenotype deleting HIF-1a, but the deletion of c-MYC
impaired T cell activation. In line, c-MYC increased the expression
of genes related to glucose and glutamine metabolism in T cells.”®
Furthermore, MYC upregulation has been reported in macrophages
associated with a M2-like phenotype and was detected in human
TAMs. In line, in vitro alternative polarization of macrophages re-
quires the transcription factor c-Myc.?”?

In summary, the same signaling pathways are essential for the
metabolic regulation in immune cells and tumor cells. However, in
tumor cells oncogenic regulation of these pathways results in a sta-
ble phenotype, whereas immune cells show a transient metabolic

reprogramming in response to activation or environmental factors.

4 | EVOLUTION OF THE WARBURG
EFFECT—BENEFITS FOR THE TUMOR

In 2004, Gatenby and Gillies asked “why do cancers have high

aerobic glycolysis?”1%°

and proposed that “cell populations with
upregulated glycolysis and acid resistance have a powerful growth
advantage, which promotes proliferation and invasion.” However,
the metabolism of glucose to lactate is less efficient compared to
oxidative phosphorylation, at least in terms of ATP production per
mol of glucose. Why would a proliferating cell use a less efficient
metabolism? A possible explanation is that proliferating cells have
requirements that extend beyond ATP as they need to replicate all
of its cellular contents such as nucleotides, amino acids, and lipids.
Vander Heiden and colleagues proposed that "the metabolism of
cancer cells, and indeed all proliferating cells, is adapted to facilitate
the uptake and incorporation of nutrients into the biomass needed

to produce a new cell”’°r Would this explain why the Warburg

effect provides an evolutionary benefit for tumor cells? The excess
lactate secretion that accompanies the Warburg effect leads to a
loss of three carbons that could be utilized for building blocks or ATP
production—an inefficient use of resources. In a more recent publi-
cation, the Vander Heiden group investigated the fraction of carbon
mass in cells derived from different nutrients and found that the ma-
jority of carbon mass is not derived from glucose but rather from
glutamine indicating that high glycolysis supports cell proliferation
through mechanisms beyond providing carbon for biosynthesis.'%?
Alongside its role in providing carbon for building blocks and en-
ergy generation, aerobic glycolysis results in a high rate of lactate
production. The maintenance of the glycolytic flux requires a con-
tinuous export of lactate and protons from the cancer cell, which is
carried out by MCTs. As a result, lactate and protons accumulate in
the tumor environment resulting in acidification of the extracellular
space. Acidification is a well-known feature of the tumor environ-
ment and can sustain tumor growth by promoting local invasion,

metastasis, and inhibiting anti-tumor immunity. Gatenby et al*®°

pro-
posed an “acid-mediated tumor invasion model” where an altered
glucose metabolism leads to acidification of the tumor milieu which
in turn allows tumor cells to form invasive cancers. In line, low extra-
cellular pH promotes metastasis in a human melanoma model'® and
buffering with bicarbonate prevented acidosis and reduced the for-
mation of spontaneous metastasis.'®* Accordingly, Mueller-Klieser
and colleagues have nicely shown that high-lactate levels in the pri-
mary lesion of human tumors correlate with the incidence of distant
metastases.®”# Therefore, the glycolytic phenotype of tumor cells
appears to facilitate tumor invasion and metastatic spread.

Another integral factor of sustained tumor growth and metasta-
sis is angiogenesis. Tumor-derived lactate can induce vessel forma-
tion through stimulation of VEGF production by endothelial cells.10°
Vegran et al'® have shown, that endothelial cells take up lactate
through MCT1, resulting in nuclear factor kB activation, expression
of IL-8, induction of IL-8-dependent angiogenesis and tumor growth.
In addition to the generally accepted mechanism of tumor vascu-
larization through sprouting of endothelial cells from pre-existing
vessels, some studies suggest a contribution of stem cell-derived
endothelial progenitors as well as cells from the myeloid lineage. We
found that incubation of tumor-associated DCs with pro-angiogenic
factors, such as vascular endothelial growth factor and oncostatin

M, led to trans-differentiation of DCs into endothelial-like cells.*®”

5 | IMMUNOLOGICAL CONSEQUENCES
OF THE WARBURG EFFECT—A METABOLIC
IMMUNE CHECKPOINT

Several publications underline the importance of immune cell infil-
tration for patient outcome. Galon and colleagues suggested in 2006
that the type, density, and location of immune cells within colorec-
tal tumor samples are a better predictor of patient survival than
classical histopathological methods.'°® We and others have shown

that tumor-derived lactate strongly inhibits both T cell and NK cell
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function and the differentiation and activation of myeloid
cells. 119111 This indicates that the tumor-promoting effect of lactate
and acidification may in part be related to its immunosuppressive
function and the metabolic phenotype of tumors may be decisive for
T cell activity and thereby for patient prognosis.

Myeloid cells such as MDSCs and TAMs are regarded as important
regulators of the tumor environment and perform key homeostatic
functions that allow tumor maintenance and growth. Concordant
with the hypothesis that lactate modulates myeloid effector func-
tions, Husain et al*'? described a decrease in the frequency of
MDSCs in the spleens of mice carrying Ldh-a depleted tumors in-
dicating that lactate promotes MDSC differentiation. Furthermore,
Shime et al**® demonstrated that lactate increases the transcription
and secretion of IL-23, a tumor-promoting cytokine involved in the
generation of Th17 cells, in human monocytes/macrophages. In ad-
dition, acidification of the tumor microenvironment can be sensed
by TAMs via GPR43 resulting in macrophage polarization toward a
tumor-promoting phenotype.114 Interestingly, TAMs are not only a
target of the tumor-induced lactate acidosis but are also important
producers of lactate. Seth and colleagues showed that TAMs express
LDH-A, secrete lactate in the tumor microenvironment and myeloid
specific deletion of LDH-A supported T cell anti-tumor response
and reduced tumor growth.'” Yet another player might contribute to
tumor lactate acidosis, as it has been demonstrated that glycolytic
CAFs release lactate which reduced the percentage of the anti-tu-
moral Thl subset, and increased regulatory T cells (Treg) cells in a
prostate cancer model, indicating an important immunosuppressive
role of the reverse Warburg effect.!'®

Therefore, targeting the Warburg effect in cancer and stromal
cells, such as via LDH-A inhibition could be an effective strategy to
reactivate the adaptive anti-tumor immune response.” It is widely
established that tumor-derived lactic acid and acidification impair
T and NK cell function.}#84112116117 NK cells from Ldha-depleted

tumors show improved cytolytic function and lactate treatment of
NK cells inhibits cytolytic function in vitro. Furthermore, LDH-A
expression in melanoma biopsies correlated with T cell activity and
LDH-A associated lactic acid production and acidification impaired
IFNy expression in tumor-infiltrating T cells and NK cells, thereby in-
hibiting tumor immunosurveillance and promoting tumor growth.84
A relation of the tumor metabolic status with an anti-tumor T cell
response has been observed in several entities and prominent exam-
ples are summarized in Table 1.

But what is the underlying mechanism for the profound impair-
ment of immune cell function through lactic acidosis? Stimulation
of monocytes and lymphoid cells results in accelerated glycolysis
which is crucial for their function. Glucose transporters, glycolytic
enzymes, and lactate transporters such as MCT1 and MCT4 are up-
regulated to support glycolytic activity in immune cells.3¢-3%118-120 7
assure the continuation of glycolysis, protons and lactate molecules
have to be exported by MCTs following a concentration gradient.
An inauspicious lactic acid gradient between the extracellular tumor
milieu and the cytoplasm of immune cells leads to uptake of lactate
and protons in immune cells, lowering the intracellular pH and limit-
ing the glycolytic flux which results in impaired monocyte and T cell
function.}**%121 On the molecular level, treatment of T cells with
lactic acid prevented TCR-triggered phosphorylation of JNK, c-Jun,
p38, and NFAT activation and lowered ATP levels causing a meta-
bolic catastrophe.s“*122 A very recent study in tumor cell lines and
murine macrophages shows that intracellular lactate, either endog-
enously produced or taken up, can directly bind to histone lysine
residues and trigger epigenetic modifications that guide macrophage
polarization.*?® This study raises the question, whether lactate has
yet unknown direct effects on gene expression or post-translational
modifications of proteins. Besides lactate production and acidifi-
cation, accelerated glucose metabolism of malignant and stromal

cells can result in a nutrient competition in the tumor environment.

TABLE 1 The relation of tumor glucose metabolism and anti-tumor T cell response

Metabolic feature

High tumor glucose uptake/

Tumor entity metabolism (MeTS 3/4)

Melanoma Decreased T cell activity, inferior

response to checkpoint blockade

Lower T cell infiltration, inferior
response to checkpoint blockade

Renal cell carcinoma

Colon cancer Lower CD8 T cell infiltration

Head and neck Lower CD8 T cell infiltration

squamous cell
carcinoma

Lung squamous cell Lower CD8 T cell infiltration

carcinoma
Lung adenocarcinoma
Lung carcinoma

Prostate cancer

High tumor-stroma glucose
metabolism (MeTS 2)

Lower T cell infiltration
Impaired anti-tumor T cell response

Reduced anti-tumoral Th1 cells

OXPHOS-dominant
tumor (MeTS 1) Ref.

Good response to 84.119.173.175

checkpoint blockade®
24,172

25

26

26

55
17

115

2A contradictory finding by Najjar et al*’# who found high tumor OXPHOS as a barrier to checkpoint blockade.
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A metabolic interplay between tumors and immune cells has been
demonstrated in murine models.3*12* These studies suggested that
a glucose poor environment limits glycolysis of tumor-infiltrating T
cells which suppresses effector functions. In contrast, Tregs seem
to be more resistant to the metabolic challenges in the tumor en-
vironment. Angelin et al'?® reported that Tregs can maintain their
immunosuppressive function even in low-glucose, high-lactate en-
vironments based on their metabolic status and reduced glycolytic
activity. The transcription factor Foxp3 downregulates MYC and gly-
colysis and induces oxidative phosphorylation. In addition, enforced
glycolysis decreases the immunosuppressive function of Tregs and
conversely, expression of Foxp3 opposes mTORC1 mediated met-
abolic switch toward glycolysis.44 These metabolic adaptations in
Tregs could be a physiological mechanism of peripheral tolerance
in tissues with low-glucose and high-lactate concentrations, such
as the intestinal tract or ischemic tissues. These sites require a cer-
tain level of immune tolerance, avoiding unwanted reactions against
self-antigens or commensal bacteria. Even though glucose levels are
decreased in multiple tumor types analyzed up to now, the average
glucose level rarely fall below 1 mmol/L.8#12¢ Intriguingly, these lev-
els will most likely not limit key T cell effector functions.*?”?? In rec-
tal carcinomas and ovarian peritoneal metastases, however, Walenta
et al*?® reported glucose levels below 1 mmol/L in over 65% and
40%, respectively, of all tumors, indicating that specifically in these
tumor entities nutrient competition may play an important role.

In conclusion, these data clearly demonstrate that tumor-derived
lactate and acidification have a broad spectrum of effects and reg-
ulate tumor growth and metastasis at different levels, for example,
via promotion of cell motility and evasion, modulation of tumor-as-
sociated stromal fibroblasts, stimulation of endothelial cells and sup-

pression of anti-tumor immune cells.

6 | LACTATE ACCUMULATION AND
ACIDIFICATION—FUNDAMENTAL
IMMUNOSUPPRESSIVE STRATEGIES

Apart from their role in the tumor environment, lactate accumula-
tion and acidification are evolutionary conserved phenomena that
occur in localized inflammation. It has been known for decades
that the synovial fluid of patients with arthritis contains high-
lactate concentrations and that synovial fluid acidosis positively
correlates with joint destruction.’®® Gobelet et al described lac-
tate concentrations up to 23 mmol/L (a more than 20-fold increase
compared to serum) in non-gonococcal septic arthritis. Lactate
levels in synovial fluid from patients with a chronic inflammation,
such as rheumatoid arthritis (RA) were around 6 mmol/L in this
study.131 Three major factors have been proposed to induce a local
lactic acidosis in inflamed tissues: (a) tissue hypoxia through dam-
aged small blood vessels, (b) increased metabolic activity of leuko-
cytes, and (c) the accumulation of short-chain fatty acids produced
by bacteria.’®?>*33 Moreover, high LDH activity has been described
in the synovial fluid of RA patients with a shift from LDH1 and

LDH2 isoforms to the glycolysis-associated isoforms LDH4 and
LDH5.2%* Lactate is then taken up via the sodium-lactate trans-
porters in T cells thereby leading to entrapment and functional
changes that drive chronic inflammation.*® Lactate uptake also
results in increased IL-17 production via PKM2/STAT3 signaling
and enhanced fatty acid synthesis.136 Interestingly, the presence
of synovial lactate has also been proposed as a fast clinical diag-
nostic tool to identify patients with septic arthritis.**”*%®

Long known and widely accepted, the acidification of the skin
represents a pillar of its barrier function. It has been observed that
low pH of the skin regulates its permeability, improves the integrity
and cohesion of stratum corneum (SC), and increases anti-microbial
defenses.’? Interestingly, Hatano et al reported that acidification
inhibits infiltration of Th2 cells into the skin. Furthermore, low pH
prevents the production of IL-1a and TNF, indicating immunosup-
pression.’*® These observations lead to preclinical and clinical trials
that aimed to lower skin pH and induced acidification of SC was able
to delay progression of atopic dermatitis.*** Furthermore, systemic
acidosis can affect the inflammatory milieu of the skin; Tzeng et al**?
induced systemic acidosis through hypercapnia, leading to an im-
proved survival of skin allografts in mice. This was mediated through
a reduction of pro-inflammatory cytokines, decreased immune cell
infiltration and NF-kB activation.

Thus, lactate accumulation and local lactic acidosis are evolu-
tionary conserved mechanisms that both prevent an infection and
accompany the inflammation. High lactate and low pH in inflamed
tissues might be beneficial, such as through being a natural “anti-
septic” or through a confinement of T cells at the inflammatory site,
thus supporting a clearance of the pathogen. At the same time, they
might do harm by inhibiting cytolytic function of CD8 T cells or in-
ducing a Th17 phenotype in CD4 T cells.

7 | TARGETING THE WARBURG EFFECT
FOR TUMOR THERAPY AND IMMUNE
ACTIVATION

It appears that tumors exploit metabolic pathways that are universal
and can be beneficial for the resolution of inflammation in a non-
malignant setting, as discussed above. The dramatic increase in gly-
colytic activity in MeTS4 tumors as well as their dependency on the
Warburg effect appears to provide an ideal target for therapy. Even
though a direct metabolic modulation of tumors is challenging, sev-
eral preclinical and clinical studies addressed the metabolic vulner-
ability of tumors and identified promising targets.

Highly accelerated glycolytic activity was regarded a unique
feature of tumor cells for a long time, but strategies to target the
Warburg phenotype were sparse. Beside some early trials admin-
istering the glucose analogue 2-deoxy-glucose to patients,*3144
no major efforts were made. The situation, however, has changed
and in the meantime there is a myriad of drugs available either
to block the glycolytic pathway itself or to reverse acidity in the

tumor microenvironment, extensively reviewed by Feichtinger
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et al.}**> Among those drugs, 3-bromo-pyruvate, inhibiting glycer-
146

aldehyde 3-phosphate dehydrogenase,™® gained great attention
due to convincing results in preclinical studies, but enthusiasm was
dampened as specificity and safety concerns were raised.**” One
of the most common structures to target the Warburg effect is the
LDH-A. More than 1000 FDA approved drugs against LDH-A are
now available; however, only a few of them are tested in preclinical
or clinical trials. Some of them lack specificity, show side effects
(reviewed in ¥*8), or their clinical use is hampered by a low potency.

| 149151 g analogue FX11,%%2 ox-

Some examples include gossypo
amate or quinolone-3-sulfonamide.’®® Others showed promising
results in preclinical studies, but are not yet tested in clinical trials,
such as the pyrazol-based inhibitor GNE-140.2415% Surprisingly,
recent studies show anti-glycolytic properties of vitamin C.15¢1%7
Nevertheless, targeting LDH-A alone might not be sufficient to
significantly reduce lactate secretion in certain cancers as only a
double knock out of both isoforms LDH-A and LDH-B resulted in
a complete block in lactate secretion.'®® Finally, drugs targeting
MCT1 and MCT4 are currently investigated in preclinical stud-
ies5?160 with the MCT1 inhibitor AZD3956 being tested in a clin-
ical trial (NCT01791595). Beside these more specific inhibitors,
the well-known non-steroidal anti-inflammatory drug diclofenac
and its derivative lumiracoxib block both MCT1 and MCT4!%161
and reduce lactate secretion. In addition, immune-modulatory
drugs such as lenalidomide act on these transporters by disrupt-
ing the MCT-CD147 axis, which is essential for their membrane
expression.t6?

A highly glycolytic tumor metabolism is also associated with re-
sistance to conventional therapies. Such Warburg effect-mediated
therapy resistance were observed with the proteasome inhibitor
bortezomib in multiple myeloma cells, carboplatin in non-small-cell
lung'®® and paclitaxel in lung cancer cells.*®* Furthermore, a study
by Zhao et al revealed that heat shock factor 1 and LDH-A drive gly-
colysis and induce resistance to trastuzumab, an anti-HER2 receptor
antibody in breast cancer cells.!®> Mechanisms of how tumor gly-
colysis mediates therapy resistance are not completely elucidated,
but this phenomenon has repeatedly been linked to the activity of
P-glycoprotein (P-gp), which actively pumps cytotoxic drugs such as
doxorubicin and paclitaxel out of the cell and the activity of P-gp
increases in hypoxia and acidosis.’®® Another mechanism how tu-
mors benefit from acidosis, and which is frequently neglected, is
the “ion trapping”—a process where charged compounds such as
chemotherapeutics cannot pass a cellular membrane due to de-
creased permeability.*®” Therefore, a combination of anti-glycolytic
therapy and acidification reversal might strengthen the therapeu-
tic outcome and this approach is being currently tested in clinical
trials (NCT01748500, NCT01069081, NCT01163903). Whether
using conventional or experimental approaches to target cancer
cells, tumor stroma should not be neglected; in several entities, the
role of stromal cells, such as CAFs, has been established in ther-
apy resistance. Several approaches have been proposed to target
CAFs. For example, pharmacological targeting by sibrotuzumab and

pirfenidonen was able to prevent CAFs activation and thus tumor

growth.*681? Other strategies for stromal cell targeting were sum-
marized by Dykes et al.”°

Given that the accumulation of lactate and acidification block the
anti-tumor function of T and NK cells and foster the differentiation
and activity of immune cell populations supporting tumor growth
such as Tregs or MDSCs, the Warburg effect limits the success of
immunotherapeutic approaches. In line, the efficacy of adoptive T
cell transfer can be limited due to increased tumor glycolytic activ-
ity.171 Furthermore, first studies in humans show a correlation be-
tween a high glycolytic activity in tumors and a low response rate
to checkpoint blockade.'?Y"2 Accordingly, good response to immu-
notherapy was associated with enriched mitochondrial metabolism
in melanoma patients.'”3 Surprisingly, the opposite finding was re-
ported regarding PD-1 blockade in a melanoma study showing that
tumor oxygen consumption was associated with T cell exhaustion
and progression under checkpoint blockade.'’* Nevertheless, the
efficacy of checkpoint blockade was improved by LDH suppression
in murine tumors. 19175176 Glycolytic tumor stroma (equivalent to
MeTS2a) might drive cancer progression even in the presence of
non-glycolytic tumor cells (Figure 1). In line with the work of Seth
et al'” inhibition of pyruvate dehydrogenase kinase by dichloroac-
etate targeted macrophages and decreased T cell and NK cell sup-
pression in tumors.}””

As the Warburg phenotype is not specific for tumor cells or
tumor-promoting stromal cells, but a common feature of prolifer-
ating and activated immune cells, such as effector T cells and NK
cells,3#353738178179 the application of glycolytic inhibitors could
exert side effects on the immune system. Buffering, therefore,
might be an alternative strategy to reduce the negative effects of
tumor acidification not interfering with immune cell activation.104180
Accordingly, different buffering approaches such as the administra-
tion of bicarbonate or proton pump inhibitors (PPls) promoted im-
munotherapy.'8383 Moreover, Vishvakarma and collegues showed
that the application of PPIs resulted in an enhanced recruitment of
M1 macrophages and shifted the cytokine profile toward tumor cy-
totoxic cytokines. Finally, this study showed that macrophages iso-
lated from PPI treated tumors, which were adoptively transferred
in tumor-bearing mice, showed superior capacity to control tumor
growth. 184

Glycolytic restriction might not affect all immune cell popula-
tions to the same extent; it has been shown that under low-glu-
cose conditions, T cells show a remarkable flexibility and while
proliferation decreases, effector functions are preserved.'?712%185
Therefore, glycolytic inhibitors might be beneficial evenin a tumor
setting. In line, lenalidomide has been shown to promote IL-2 ex-
pression in T cells.'® Notably, the response to adoptive T cell
transfer was improved by the application of the LDH-A inhibitor
GNE-140."* Finally, we investigated the effect of diclofenac and
lumiracoxib in vitro and in vivo. Lowering glycolytic activity re-
duced proliferation of T cells but effector functions were not al-
tered and NSAIDs supported checkpoint inhibition in vitro and in
vivo. Furthermore, it has been proposed by different studies that

lowering glycolytic activity but supporting mitochondrial fitness
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and enhancing fatty acid metabolism in T cells might strengthen
their anti-tumor immune response.®”'?! This view is further sup-
ported by a recent study of Ma et al showing that in contrast to
in vitro activated T cells which display hallmarks of Warburg me-
tabolism, physiologically activated CD8 T cells displayed greater
rates of oxidative metabolism in vivo, as assessed by 13C-glucose

infusion techniques in an infection model.'??

8 | CONCLUSION AND OUTLOOK

Almost 100 years after its first description, many new tumor-
promoting aspects of the Warburg effect have been discovered
beside its classical role in energy generation. The “waste products”
lactate and acidification have profound impact on tumor angio-
genesis, migration and last but not least on the anti-tumor immune
response. Importantly, not only tumor cells but also activated stro-
mal cells such as fibroblasts and macrophages can produce lactate
in the so called “Reverse Warburg effect,” contributing to tumor
lactic acidosis and shaping the immune response even in tumors
with oxidative metabolism in malignant cells. Therefore, the im-
munosuppressive microenvironment does not solely depend on
the metabolic phenotype of tumor cells but also on the composi-
tion and activation status of stromal cells. Based on the impor-
tant role of T cell infiltration for patient outcome, we suggest a
metabolic-tumor-stroma score (MeTS) to determine the likelihood
of a successful anti-tumor immune response. We define four
major metabolic tumor types (Figure 1): (MeTS1) OXPHOS tumors,
(MeTS2) a reverse Warburg type with OXPHOS in tumor cells but
high glycolysis in stromal cells, (MeTS3) a mixed type with glyco-
lysis and OXPHOS, and (MeTS4) a highly glycolytic Warburg type.
MeTS1 tumors may show the best response to immunotherapy
without further intervention, MeTS2 tumors could benefit from
stroma-targeted approaches, while in MeTS3-MeTS4 tumors with
increasing levels of lactate and acidification, targeting glycolysis
and/or stromal cells might be essential to allow an effective im-
mune response, which is of special importance in the context of
cancer immunotherapy.

CONFLICT OF INTEREST

None.

ORCID
Peter J. Siska

Kathrin Renner

https://orcid.org/0000-0002-1521-6213
https://orcid.org/0000-0002-7116-1368

Marina Kreutz https://orcid.org/0000-0001-8762-9861

REFERENCES
1. Warburg O, Posener E, Negelein E. Ueber den Stoffwechsel der
Tumoren. Biochem Z. 1924;152:309-344.
2. Cori CF, Cori GT. The carbohydrate metabolism of tumors I. The
free sugar, lactic acid, and glycogen content of malignant tumors. J
Biol Chem. 1925;64:11-22.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Immunological Reviews

. Cori CF, Cori GT. The carbohydrate metabolism of tumors II.

Changes in the sugar, lactic acid, and CO2-combining power of
blood passing through a tumor. J Biol Chem. 1925;65:397-405.
Warburg O, Wind F, Negelein E. Ueber den Stoffwechsel von
Tumoren im Koerper. Klinische Wochenschrift. 1926;5:829-832.

. Warburg O, Wind F, Negelein E. The metabolism of tumors in the

body. J Gen Physiol. 1927;8:519-530.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg's contribu-
tions to current concepts of cancer metabolism. Nat Rev Cancer.
2011;11:325-337.

Warburg O. On respiratory impairment in cancer cells. Science.
1956;124:269-270.

. Garcia-Canaveras JC, Chen L, Rabinowitz JD. The tumor met-

abolic microenvironment: lessons from lactate. Cancer Res.
2019;79:3155-3162.

Sullivan MR, Danai LV, Lewis CA, et al. Quantification of microen-
vironmental metabolites in murine cancers reveals determinants
of tumor nutrient availability. Elife. 2019;8:1-27.

Choi J, Kim DH, Jung WH, Koo JS. Metabolic interaction between
cancer cells and stromal cells according to breast cancer molecular
subtype. Breast Cancer Res. 2013;15:R78.

Koukourakis MI, Kalamida D, Mitrakas AG, et al. Metabolic coop-
eration between co-cultured lung cancer cells and lung fibroblasts.
Lab Invest. 2017;97:1321-1331.

Sonveaux P, Végran F, Schroeder T, et al. Targeting lactate-fu-
eled respiration selectively kills hypoxic tumor cells in mice. J Clin
Invest. 2008;118:3930-3942.

Stone SC, Rossetti RAM, Alvarez KLF, et al. Lactate secreted by
cervical cancer cells modulates macrophage phenotype. J Leukoc
Biol. 2019;105:1041-1054.

Fischer K, Hoffmann P, Voelkl S, et al. Inhibitory effect
of tumor cell-derived lactic acid on human T cells. Blood.
2007;109:3812-3819.

Shih C-C, Lee T-S, Tsuang F-Y, et al. Pretreatment serum lac-
tate level as a prognostic biomarker in patients undergoing
supratentorial primary brain tumor resection. Oncotarget.
2017;8:63715-63723.

Vlachostergios PJ, Oikonomou KG, Gibilaro E, Apergis G. Elevated
lactic acid is a negative prognostic factor in metastatic lung cancer.
Cancer Biomark. 2015;15:725-734.

Seth P, Csizmadia E, Hedblom A, et al. Deletion of lactate dehydro-
genase-A in myeloid cells triggers antitumor immunity. Cancer Res.
2017;77:3632-3643.

Wilde L, Roche M, Domingo-Vidal M, et al. Metabolic coupling
and the reverse Warburg effect in cancer: implications for novel
biomarker and anticancer agent development. Semin Oncol.
2017;44:198-203.

Pavlides S, Whitaker-Menezes D, Castello-Cros R, et al. The re-
verse Warburg effect: aerobic glycolysis in cancer associated fi-
broblasts and the tumor stroma. Cell Cycle. 2009;8:3984-4001.
Corbet C, Feron O. Tumour acidosis: from the passenger to the
driver's seat. Nat Rev Cancer. 2017;17:577-593.

Hensley C, Faubert B, Yuan Q, et al. Metabolic heterogeneity in
human lung tumors. Cell. 2016;164:681-694.

Courtney KD, Bezwada D, Mashimo T, et al. Isotope tracing of
human clear cell renal cell carcinomas demonstrates suppressed
glucose oxidation in vivo. Cell Metab. 2018;28:793-800 e2.
Brooks SA, Khandani AH, Fielding JR, et al. Alternate meta-
bolic programs define regional variation of relevant biological
features in renal cell carcinoma progression. Clin Cancer Res.
2016;22:2950-2959.

Singer K, Kastenberger M, Gottfried E, et al. Warburg phenotype
in renal cell carcinoma: high expression of glucose-transporter 1
(GLUT-1) correlates with low CD8(+) T-cell infiltration in the tumor.
Int J Cancer. 2011;128:2085-2095.


https://orcid.org/0000-0002-1521-6213
https://orcid.org/0000-0002-1521-6213
https://orcid.org/0000-0002-7116-1368
https://orcid.org/0000-0002-7116-1368
https://orcid.org/0000-0001-8762-9861
https://orcid.org/0000-0001-8762-9861

198

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

SISKA ET AL.

Immunological Reviews

Vasaikar S, Huang C, Wang X, et al. Proteogenomic analysis of
human colon cancer reveals new therapeutic opportunities. Cell.
2019;177:1035-1049 e19.

Ottensmeier CH, Perry KL, Harden EL, et al. Upregulated glu-
cose metabolism correlates inversely with CD8+ T-cell infil-
tration and survival in squamous cell carcinoma. Cancer Res.
2016;76:4136-4148.

Daemen A, Peterson D, Sahu N, et al. Metabolite profiling strat-
ifies pancreatic ductal adenocarcinomas into subtypes with dis-
tinct sensitivities to metabolic inhibitors. Proc Natl Acad Sci USA.
2015;112:E4410-E4417.

Bredella MA, Steinbach L, Caputo G, Segall G, Hawkins R. Value of
FDG PET in the assessment of patients with multiple myeloma. Am
J Roentgenol. 2005;184:1199-1204.

Durie BG, Waxman AD, D'Agnolo A, Williams CM. Whole-
body (18)F-FDG PET identifies high-risk myeloma. J Nucl Med.
2002;43:1457-1463.

Altenberg B, Greulich KO. Genes of glycolysis are ubiquitously
overexpressedin 24 cancer classes. Genomics. 2004;84:1014-1020.
Boag JM, Beesley AH, Firth MJ, et al. Altered glucose metabo-
lism in childhood pre-B acute lymphoblastic leukaemia. Leukemia.
2006;20:1731-1737.

Suganuma K, Miwa H, Imai N, et al. Energy metabolism of leukemia
cells: glycolysis versus oxidative phosphorylation. Leuk Lymphoma.
2010;51:2112-2119.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell. 2011;144:646-674.

Chang C-H, Curtis J, Maggi L, et al. Posttranscriptional con-
trol of T cell effector function by aerobic glycolysis. Cell.
2013;153:1239-1251.

Gubser PM, Bantug GR, Razik L, et al. Rapid effector function
of memory CD8+ T cells requires an immediate-early glycolytic
switch. Nat Immunol. 2013;14:1064-1072.

Jacobs SR, Herman CE, Maclver NJ, et al. Glucose uptake is limiting
in T cell activation and requires CD28-mediated Akt-dependent
and independent pathways. J Immunol. 2008;180:4476-4486.
Peng M, Yin N, Chhangawala S, Xu K, Leslie CS, Li MO. Aerobic
glycolysis promotes T helper 1 cell differentiation through an epi-
genetic mechanism. Science. 2016;354:481-484.

Assmann N, O'Brien KL, Donnelly RP, et al. Srebp-controlled glu-
cose metabolism is essential for NK cell functional responses. Nat
Immunol. 2017;18:1197-1206.

Freemerman AJ, Johnson AR, Sacks GN, et al. Metabolic re-
programming of macrophages: glucose transporter 1 (GLUT1)-
mediated glucose metabolism drives a proinflammatory
phenotype. J Biol Chem. 2014;289:7884-7896.

Dietl K, Renner K, Dettmer K, et al. Lactic acid and acidification in-
hibit TNF secretion and glycolysis of human monocytes. J Immunol.
2010;184:1200-1209.

Krawczyk CM, Holowka T, Sun J, et al. Toll-like receptor-induced
changes in glycolytic metabolism regulate dendritic cell activation.
Blood. 2010;115:4742-4749.

Palsson-McDermott EM, Curtis AM, Goel G, et al. Pyruvate kinase
M2 regulates Hif-1alpha activity and IL-1beta induction and is a
critical determinant of the Warburg effect in LPS-activated mac-
rophages. Cell Metab. 2015;21:65-80.

O'Neill LA, Pearce EJ. Immunometabolism governs dendritic cell
and macrophage function. J Exp Med. 2016;213:15-23.

Gerriets VA, Kishton RJ, Johnson MO, et al. Foxp3 and Toll-like
receptor signaling balance Treg cell anabolic metabolism for sup-
pression. Nat Immunol. 2016;17:1459-1466.

Juweid ME, Cheson BD. Positron-emission tomography and as-
sessment of cancer therapy. N Engl J Med. 2006;354:496-507.
Mamede M, Saga T, Ishimori T, et al. Differential uptake of (18)
F-fluorodeoxyglucose by experimental tumors xenografted into

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

immunocompetent and immunodeficient mice and the effect of
immunomodification. Neoplasia. 2003;5:179-183.

Pektor S, Bausbacher N, Otto G, et al. Toll like receptor mediated
immune stimulation can be visualized in vivo by [(18)F]FDG-PET.
Nucl Med Biol. 2016;43:651-660.

Fujimoto D, Yoshioka H, Kataoka Y, et al. Pseudoprogression in
previously treated patients with non-small cell lung cancer who re-
ceived nivolumab monotherapy. J Thorac Oncol. 2019;14:468-474.
Dimitrakopoulou-Strauss A. Monitoring of patients with meta-
static melanoma treated with immune checkpoint inhibitors using
PET-CT. Cancer Imnmunol Inmunother. 2019;68:813-822.

Hunt SJ, Seraj SM, Alavi A. PET assessment of immune effects from
interventional oncology procedures. PET Clin. 2019;14:477-485.
Shangguan C, Gan G, Zhang J, et al. Cancer-associated fibroblasts
enhance tumor (18)F-FDG uptake and contribute to the intratu-
mor heterogeneity of PET-CT. Theranostics. 2018;8:1376-1388.
Strauss LG. Fluorine-18 deoxyglucose and false-positive results: a
major problem in the diagnostics of oncological patients. Eur J Nucl
Med. 1996;23:1409-1415.

Yamada S, Kubota K, Kubota R, Ido T, Tamahashi N. High accu-
mulation of fluorine-18-fluorodeoxyglucose in turpentine-induced
inflammatory tissue. J Nucl Med. 1995;36:1301-1306.

Kubota R, Yamada S, Kubota K, Ishiwata K, Tamahashi N, Ido T.
Intratumoral distribution of fluorine-18-fluorodeoxyglucose in
vivo: high accumulation in macrophages and granulation tissues
studied by microautoradiography. J Nucl Med. 1992;33:1972-1980.
Jeong H, Kim S, Hong B-J, et al. Tumor-associated macrophages
enhance tumor hypoxia and aerobic glycolysis. Cancer Res.
2019;79:795-806.

Bhagat TD, Von Ahrens D, Dawlaty M, et al. Lactate-mediated
epigenetic reprogramming regulates formation of human pan-
creatic cancer-associated fibroblasts. eLife. 2019;8: https://doi.
org/10.7554/eLife.50663

Rattigan YI, Patel BB, Ackerstaff E, et al. Lactate is a mediator of
metabolic cooperation between stromal carcinoma associated
fibroblasts and glycolytic tumor cells in the tumor microenviron-
ment. Exp Cell Res. 2012;318:326-335.

Kumar D, New J, Vishwakarma V, et al. Cancer-associated fibro-
blasts drive glycolysis in a targetable signaling loop implicated in
head and neck squamous cell carcinoma progression. Cancer Res.
2018;78:3769-3782.

Monti D, Sotgia F, Whitaker-Menezes D, et al. Pilot study demon-
strating metabolic and anti-proliferative effects of in vivo anti-ox-
idant supplementation with N-Acetylcysteine in Breast Cancer.
Semin Oncol. 2017;44:226-232.

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabo-
lism. Nat Rev Cancer. 2011;11:85-95.

Levine AJ, Puzio-Kuter AM. The control of the metabolic switch
in cancers by oncogenes and tumor suppressor genes. Science.
2010;330:1340-1344.

King A, Selak MA, Gottlieb E. Succinate dehydrogenase and fu-
marate hydratase: linking mitochondrial dysfunction and cancer.
Oncogene. 2006;25:4675-4682.

Chatterjee A, Mambo E, Sidransky D. Mitochondrial DNA muta-
tions in human cancer. Oncogene. 2006;25:4663-4674.

Baker KT, Nachmanson D, Kumar S, et al. Mitochondrial DNA
mutations are associated with ulcerative colitis preneoplasia
but tend to be negatively selected in cancer. Mol Cancer Res.
2019;17:488-498.

Isidoro A, Casado E, Redondo A, et al. Breast carcinomas fulfill
the Warburg hypothesis and provide metabolic markers of cancer
prognosis. Carcinogenesis. 2005;26:2095-2104.

Willers IM, Isidoro A, Ortega AD, Fernandez PL, Cuezva JM.
Selective inhibition of beta-F1-ATPase mRNA translation in human
tumours. Biochem J. 2010;426:319-326.


https://doi.org/10.7554/eLife.50663
https://doi.org/10.7554/eLife.50663

SISKA ET AL.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Esparza-Molto PB, Cuezva JM. The role of mitochondrial H(+)-ATP
synthase in cancer. Front Oncol. 2018;8:https://doi.org/10.3389/
fonc.2018.00053

Shin YK, Yoo BC, Chang HJ, et al. Down-regulation of mitochon-
drial FAFO-ATP synthase in human colon cancer cells with induced
5-fluorouracil resistance. Cancer Res. 2005;65:3162-3170.
Matoba S, Kang JG, Patino WD, et al. p53 regulates mitochondrial
respiration. Science. 2006;312:1650-1653.

Elstrom RL, Bauer DE, Buzzai M, et al. Akt stimulates aerobic gly-
colysis in cancer cells. Cancer Res. 2004;64:3892-3899.
Cordero-Espinoza L, Hagen T. Increased concentrations of fruc-
tose 2,6-bisphosphate contribute to the Warburg effect in phos-
phatase and tensin homolog (PTEN)-deficient cells. J Biol Chem.
2013;288:36020-36028.

Klarer AC, O’Neal J, Imbert-Fernandez Y, et al. Inhibition of
6-phosphofructo-2-kinase (PFKFB3) induces autophagy as
a survival mechanism. Cancer Metab. 2014;2:2 https://doi.
org/10.1186/2049-3002-2-2

Straus DS. TNFalpha and IL-17 cooperatively stimulate glucose
metabolism and growth factor production in human colorectal
cancer cells. Mol Cancer. 2013;12:78.

Shim H, Dolde C, Lewis BC, et al. c-Myc transactivation of LDH-A:
implications for tumor metabolism and growth. Proc Natl Acad Sci
USA. 1997;94:6658-6663.

Brahimi-Horn MC, Pouyssegur J. HIF at a glance. J Cell Sci.
2009;122:1055-1057.

Semenza GL. Hypoxia-inducible factors in physiology and medi-
cine. Cell. 2012;148:399-408.

Lu H, Forbes RA, Verma A. Hypoxia-inducible factor 1 activation
by aerobic glycolysis implicates the Warburg effect in carcinogen-
esis. J Biol Chem. 2002;277:23111-23115.

Mekhail K, Gunaratnam L, Bonicalzi ME, Lee S. HIF activation
by pH-dependent nucleolar sequestration of VHL. Nat Cell Biol.
2004,6:642-647.

Walton ZE, Patel CH, Brooks RC, et al. Acid suspends the Circadian
clock in hypoxia through inhibition of mTOR. Cell. 2018;174:72-87.
e32. https://doi.org/10.1016/j.cell.2018.05.009

Walton ZE, Altman BJ, Brooks RC, Dang CV. Circadian Clock's can-
cer connections. Annu Rev Cancer Biol. 2018;2:133-153.

Peng X, Chen Z, Farshidfar F, et al. Molecular characterization and
clinical relevance of metabolic expression subtypes in human can-
cers. Cell Rep. 2018;23:255-269 e4.

Kitamura K, Hatano E, Higashi T, et al. Proliferative activity in he-
patocellular carcinoma is closely correlated with glucose metabo-
lism but not angiogenesis. J Hepatol. 2011;55:846-857. https://doi.
org/10.1016/j.jhep.2011.01.038

Kunkel M, Forster GJ, Reichert TE, et al. Detection of recurrent
oral squamous cell carcinoma by [18F]-2-fluorodeoxyglucose-
positron emission tomography: implications for prognosis and pa-
tient management. Cancer. 2003;98:2257-2265.

Brand A, Singer K, Koehl G, et al. LDHA-associated lactic acid
production blunts tumor immunosurveillance by T and NK
cells. Cell Metab. 2016;24:657-671. https://doi.org/10.1016/j.
cmet.2016.08.011

Pinheiro C, Miranda-Gongalves V, Longatto-Filho A, et al. The
metabolic microenvironment of melanomas: prognostic value of
MCT1 and MCT4. Cell Cycle. 2016;15:1462-1470.

Choi JW, Kim Y, Lee JH, Kim YS. Prognostic significance of lac-
tate/proton symporters MCT1, MCT4, and their chaperone
CD147 expressions in urothelial carcinoma of the bladder.
Urology. 2014;84:245.e9-245.e15. https://doi.org/10.1016/j.urolo
gy.2014.03.031

Brizel DM, Schroeder T, Scher RL, et al. Elevated tumor lactate
concentrations predict for an increased risk of metastases in head-
and-neck cancer. Int J Radiat Oncol Biol Phys. 2001;51:349-353.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Immunological Reviews

Walenta S, Wetterling M, Lehrke M, et al. High lactate levels predict
likelihood of metastases, tumor recurrence, and restricted patient
survival in human cervical cancers. Cancer Res. 2000;60:916-921.
Kim JW, Evans C, Weidemann A, et al. Loss of fibroblast HIF-
lalpha accelerates tumorigenesis. Cancer Res. 2012;72:3187-3195.
Corzo CA, Condamine T, Lu L, et al. HIF-1alpha regulates func-
tion and differentiation of myeloid-derived suppressor cells in the
tumor microenvironment. J Exp Med. 2010;207:2439-2453.
Noman MZ, Desantis G, Janji B, et al. PD-L1 is a novel direct target
of HIF-1alpha, and its blockade under hypoxia enhanced MDSC-
mediated T cell activation. J Exp Med. 2014;211:781-790.

Colegio OR, Chu N-Q, Szabo AL, et al. Functional polarization of
tumour-associated macrophages by tumour-derived lactic acid.
Nature. 2014;513:559-563.

Cho SH, Raybuck AL, Blagih J, et al. Hypoxia-inducible factors
in CD4(+) T cells promote metabolism, switch cytokine secre-
tion, and T cell help in humoral immunity. Proc Natl Acad Sci USA.
2019;116:8975-8984.

Wang R, Dillon C, Shi L, et al. The transcription factor Myc con-
trols metabolic reprogramming upon T lymphocyte activation.
Immunity. 2011;35:871-882.

Bottcher M, Renner K, Berger R, et al. D-2-hydroxyglutarate in-
terferes with HIF-1alpha stability skewing T-cell metabolism to-
wards oxidative phosphorylation and impairing Th17 polarization.
Oncoimmunology. 2018;7:e1445454.

Doedens AL, Phan AT, Stradner MH, et al. Hypoxia-inducible
factors enhance the effector responses of CD8(+) T cells to per-
sistent antigen. Nat Immunol. 2013;14:1173-1182. https://doi.
org/10.1038/ni.2714

Palazon A, Tyrakis PA, Macias D, et al. An HIF-l1alpha/VEGF-A
axis in cytotoxic T cells regulates tumor progression. Cancer Cell.
2017;32:669-683 e5.

Chou C, Pinto AK, Curtis JD, et al. c-Myc-induced transcription
factor AP4 is required for host protection mediated by CD8+ T
cells. Nat Immunol. 2014,;15:884-893.

Pello OM, De Pizzol M, Mirolo M, et al. Role of c-MYC in alterna-
tive activation of human macrophages and tumor-associated mac-
rophage biology. Blood. 2012;119:411-421.

Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycoly-
sis? Nat Rev Cancer. 2004;4:891-899.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the
Warburg effect: the metabolic requirements of cell proliferation.
Science. 2009;324:1029-1033.

Hosios A, Hecht V, Danai L, et al. Amino acids rather than glucose
account for the majority of cell mass in proliferating mammalian
cells. Dev Cell. 2016;36:540-549.

Rofstad EK, Mathiesen B, Kindem K, Galappathi K. Acidic extracel-
lular pH promotes experimental metastasis of human melanoma
cells in athymic nude mice. Cancer Res. 2006;66:6699-6707.
Robey IF, Baggett BK, Kirkpatrick ND, et al. Bicarbonate increases
tumor pH and inhibits spontaneous metastases. Cancer Res.
2009;69:2260-2268.

Beckert S, Farrahi F, Aslam RS, et al. Lactate stimulates endothelial
cell migration. Wound Repair Regen. 2006;14:321-324.

Vegran F, Boidot R, Michiels C, Sonveaux P, Feron O. Lactate influx
through the endothelial cell monocarboxylate transporter MCT1
supports an NF-kappaB/IL-8 pathway that drives tumor angiogen-
esis. Cancer Res. 2011;71:2550-2560.

Gottfried E, Kreutz M, Haffner S, et al. Differentiation of human
tumour-associated dendritic cells into endothelial-like cells: an
alternative pathway of tumour angiogenesis. Scand J Immunol.
2007;65:329-335.

Galon J, Costes A, Sanchez-Cabo F, et al. Type, density, and loca-
tion of immune cells within human colorectal tumors predict clini-
cal outcome. Science. 2006;313:1960-1964.


https://doi.org/10.3389/fonc.2018.00053
https://doi.org/10.3389/fonc.2018.00053
https://doi.org/10.1186/2049-3002-2-2
https://doi.org/10.1186/2049-3002-2-2
https://doi.org/10.1016/j.cell.2018.05.009
https://doi.org/10.1016/j.jhep.2011.01.038
https://doi.org/10.1016/j.jhep.2011.01.038
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.urology.2014.03.031
https://doi.org/10.1016/j.urology.2014.03.031
https://doi.org/10.1038/ni.2714
https://doi.org/10.1038/ni.2714

200

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

SISKA ET AL.

Immunological Reviews

de la Cruz-Lopez KG, Castro-Munoz LJ, Reyes-Hernandez DO,
Garcia-Carranca A, Manzo-Merino J. Lactate in the regulation
of tumor microenvironment and therapeutic approaches. Front
Oncol. 2019;9:https://doi.org/10.3389/fonc.2019.01143
Gottfried E, Kreutz M, Mackensen A. Tumor-induced modu-
lation of dendritic cell function. Cytokine Growth Factor Rev.
2008;19:65-77.

Puig-Kréger A, Muniz-Pello O, Selgas R, et al. Peritoneal dialy-
sis solutions inhibit the differentiation and maturation of human
monocyte-derived dendritic cells: effect of lactate and glu-
cose-degradation products. J Leukoc Biol. 2003;73:482-492.
Husain Z, Huang Y, Seth P, Sukhatme VP. Tumor-derived lactate
modifies antitumor immune response: effect on myeloid-derived
suppressor cells and NK cells. J Immunol. 2013;191:1486-1495.
Shime H, Yabu M, Akazawa T, et al. Tumor-secreted lactic acid
promotes IL-23/IL-17 proinflammatory pathway. J Immunol.
2008;180:7175-7183.

Bohn T, Rapp S, Luther N, et al. Tumor immunoevasion via acido-
sis-dependent induction of regulatory tumor-associated macro-
phages. Nat Immunol. 2018;19:1319-1329.

Comito G, Iscaro A, Bacci 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;38:3681-3695.

Harmon C, Robinson MW, Hand F, et al. Lactate-mediated acidifi-
cation of tumor microenvironment induces apoptosis of liver-res-
ident NK cells in colorectal liver metastasis. Cancer Immunol Res.
2019;7:335-346.

Fischer B, Muller B, Fisch P, Kreutz W. An acidic microenvironment
inhibits antitumoral non-major histocompatibility complex-re-
stricted cytotoxicity: implications for cancer immunotherapy. J
Immunother. 2000;23:196-207.

Murray CM, Hutchinson R, Bantick JR, et al. Monocarboxylate
transporter MCT1 is a target for immunosuppression. Nat Chem
Biol. 2005;1:371-376.

Renner K, Bruss C, Schnell A, et al. Restricting glycolysis pre-
serves T cell effector functions and augments checkpoint ther-
apy. Cell Rep. 2019;29:135-150.e9. https://doi.org/10.1016/j.
celrep.2019.08.068

Cham CM, Gajewski TF. Glucose availability regulates IFN-gamma
production and p70Sé6 kinase activation in CD8+ effector T cells. J
Immunol. 2005;174:4670-4677.

Marin E, Bouchet-Delbos L, Renoult O, et al. Tolerogenic dendritic
cells regulate immune responses through lactate synthesis. Cell
Metab. 2019;30:1075-1090.

Mendler AN, Hu B, Prinz PU, Kreutz M, Gottfried E, Noessner E.
Tumor lactic acidosis suppresses CTL function by inhibition of p38
and JNK/c-Jun activation. Int J Cancer. 2012;131:633-640.

Zhang DI, Tang Z, Huang HE, et al. Metabolic regulation of gene
expression by histone lactylation. Nature. 2019;574:575-580.

Ho P-C, Bihuniak J, Macintyre A, et al. Phosphoenolpyruvate
is a metabolic checkpoint of anti-tumor T cell responses. Cell.
2015;162:1217-1228.

Angelin A, Gil-de-Gémez L, Dahiya S, et al. Foxp3 reprograms T cell
metabolism to function in low-glucose, high-lactate environments.
Cell Metab. 2017;25:1282-1293.e7. https://doi.org/10.1016/j.
cmet.2016.12.018

Walenta S, Goetze K, Voelxen N, Mueller-Klieser W. Immunological
and translational aspects of glycolytic metabolism in various
human tumor entities clinical immunology. Endocr Metab Drugs.
2017;4:37-46.

Dziurla R, Gaber T, Fangradt M, et al. Effects of hypoxia and/or
lack of glucose on cellular energy metabolism and cytokine pro-
duction in stimulated human CD4+ T lymphocytes. Immunol Lett.
2010;131:97-105.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Renner K, Geiselhoringer A-L, Fante M, et al. Metabolic plasticity
of human T cells: preserved cytokine production under glucose
deprivation or mitochondrial restriction, but 2-deoxy-glucose
affects effector functions. Eur J Immunol. 2015;45:2504-2516.
Tripmacher R, Gaber T, Dziurla R, et al. Human CD4(+) T cells
maintain specific functions even under conditions of extremely
restricted ATP production. Eur J Immunol. 2008;38:1631-1642.
Geborek P, Saxne T, Pettersson H, Wollheim FA. Synovial fluid ac-
idosis correlates with radiological joint destruction in rheumatoid
arthritis knee joints. J Rheumatol. 1989;16:468-472.

Gobelet C, Gerster JC. Synovial fluid lactate levels in septic and
non-septic arthritides. Ann Rheum Dis. 1984;43:742-745.

Erra Diaz F, Dantas E, Geffner J. Unravelling the interplay be-
tween extracellular acidosis and immune cells. Mediators Inflamm.
2018;2018:1-11. https://doi.org/10.1155/2018/1218297

Ward TT, Steigbigel RT. Acidosis of synovial fluid correlates with
synovial fluid leukocytosis. Am J Med. 1978;64:933-936.

Pejovic M, Stankovic A, Mitrovic DR. Lactate dehydrogenase activity
and its isoenzymes in serum and synovial fluid of patients with rheu-
matoid arthritis and osteoarthritis. J Rheumatol. 1992;19:529-533.
Haas R, Smith J, Rocher-Ros V, et al. Lactate regulates metabolic
and pro-inflammatory circuits in control of T cell migration and ef-
fector functions. PLoS Biol. 2015;13:e1002202.

Pucino V, Bombardieri M, Pitzalis C, Mauro C. Lactate at the
crossroads of metabolism, inflammation, and autoimmunity. Eur J
Immunol. 2017;47:14-21.

Lenski M, Scherer MA. The significance of interleukin-6 and lac-
tate in the synovial fluid for diagnosing native septic arthritis. Acta
Orthop Belg. 2014;80:18-25.

Shu E, Farshidpour L, Young M, Darracq M, lves TC. Utility of
point-of-care synovial lactate to identify septic arthritis in the
emergency department. Am J Emerg Med. 2019;37:502-505.

Fluhr JW, Behne MJ, Brown BE, et al. Stratum corneum acidifica-
tion in neonatal skin: secretory phospholipase A2 and the sodium/
hydrogen antiporter-1 acidify neonatal rat stratum corneum. J
Invest Dermatol. 2004;122:320-329.

Hatano Y, Man M-Q, Uchida ¥, et al. Maintenance of an acidic stra-
tum corneum prevents emergence of murine atopic dermatitis. J
Invest Dermatol. 2009;129:1824-1835.

Lee HJ, Yoon NY, Lee NR, Jung M, Kim DH, Choi EH. Topical acidic
cream prevents the development of atopic dermatitis- and asth-
ma-like lesions in murine model. Exp Dermatol. 2014;23:736-741.
Tzeng Y-S, Wu S-Y, Peng Y-J, et al. Hypercapnic acidosis prolongs
survival of skin allografts. J Surg Res. 2015;195:351-359.

Landau BR, Laszlo J, Stengle J, Burk D. Certain metabolic and
pharmacologic effects in cancer patients given infusions of 2-de-
oxy-D-glucose. J Natl Cancer Inst. 1958;21:485-494.

Laszlo J, Landau B, Wight K, Burk D. The effect of glucose ana-
logues on the metabolism of human leukemic cells. J Natl Cancer
Inst. 1958;21:475-483.

Feichtinger RG, Lang R. Targeting L-lactate metabolism to over-
come resistance to immune therapy of melanoma and other tumor
entities. J Oncol. 2019;2019:2084195.

Ko YH, Pedersen PL, Geschwind JF. Glucose catabolism in the rab-
bit VX2 tumor model for liver cancer: characterization and target-
ing hexokinase. Cancer Lett. 2001;173:83-91.

Darabedian N, Chen TC, Molina H, Pratt MR, Schonthal AH.
Bioorthogonal profiling of a cancer cell proteome identifies a large
set of 3-bromopyruvate targets beyond glycolysis. ACS Chem Biol.
2018;13:3054-3058.

Granchi C, Paterni |, Rani R, Minutolo F. Small-molecule inhibitors
of human LDH5. Future Med Chem. 2013;5:1967-1991.

Tuszynski GP, Cossu G. Differential cytotoxic effect of gossypol on
human melanoma, colon carcinoma, and other tissue culture cell
lines. Cancer Res. 1984;44:768-771.


https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.1016/j.celrep.2019.08.068
https://doi.org/10.1016/j.celrep.2019.08.068
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1155/2018/1218297

SISKA ET AL.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Baggstrom MQ, Qi Y, Koczywas M, et al. A phase Il study of AT-101
(Gossypol) in chemotherapy-sensitive recurrent extensive-stage
small cell lung cancer. J Thorac Oncol. 2011;6:1757-1760.

Suk Heist R, Fain J, Chinnasami B, et al. Phase /Il study of AT-101
with topotecan in relapsed and refractory small cell lung cancer. J
Thorac Oncol. 2010;5:1637-1643.

Le A, Cooper CR, Gouw AM, et al. Inhibition of lactate dehydro-
genase A induces oxidative stress and inhibits tumor progression.
Proc Natl Acad Sci USA. 2010;107:2037-2042.

Billiard J, Dennison JB, Briand J, et al. Quinoline 3-sulfonamides
inhibit lactate dehydrogenase A and reverse aerobic glycolysis in
cancer cells. Cancer Metab. 2013;1:19.

Rai G, Brimacombe KR, Mott BT, et al. Discovery and optimization
of potent, cell-active pyrazole-based inhibitors of lactate dehydro-
genase (LDH). J Med Chem. 2017;60:9184-9204.

Boudreau A, Purkey HE, Hitz A, et al. Metabolic plasticity under-
pins innate and acquired resistance to LDHA inhibition. Nat Chem
Biol. 2016;12:779-786.

Cui B, Luo Y, Tian P, et al. Stress-induced epinephrine enhances
lactate dehydrogenase A and promotes breast cancer stem-like
cells. J Clin Invest. 2019;129:1030-1046.

Yun J, Mullarky E, Lu C, et al. Vitamin C selectively kills KRAS and
BRAF mutant colorectal cancer cells by targeting GAPDH. Science.
2015;350:1391-1396.

Zdralevi¢ M, Brand A, Di lanni L, et al. Double genetic disruption of
lactate dehydrogenases A and B is required to ablate the "Warburg
effect" restricting tumor growth to oxidative metabolism. J Biol
Chem. 2018;293:15947-15961.

Doherty JR, Yang C, Scott KEN, et al. Blocking lactate export by
inhibiting the Myc target MCT1 disables glycolysis and glutathione
synthesis. Cancer Res. 2014;74:908-920.

Marchiq I, Le Floch R, Roux D, Simon MP, Pouyssegur J. Genetic
disruption of lactate/H+ symporters (MCTs) and their subunit
CD147/BASIGIN sensitizes glycolytic tumor cells to phenformin.
Cancer Res. 2015;75:171-180.

Sasaki S, Futagi Y, Ideno M, et al. Effect of diclofenac on SLC16A3/
MCT4 by the Caco-2 cell line. Drug Metab Pharmacokinet.
2016;31:218-223.

Eichner R, Heider M, Fernandez-Saiz V, et al. Inmunomodulatory
drugs disrupt the cereblon-CD147-MCT1 axis to exert antitumor
activity and teratogenicity. Nat Med. 2016;22:735-743.

Liu Y, He C, Huang X. Metformin partially reverses the carbo-
platin-resistance in NSCLC by inhibiting glucose metabolism.
Oncotarget. 2017;8:75206-75216.

Sun H, Zhu A, Zhou X, Wang F. Suppression of pyruvate dehydro-
genase kinase-2 re-sensitizes paclitaxel-resistant human lung can-
cer cells to paclitaxel. Oncotarget. 2017;8:52642-52650.

Zhao Y, Liu H, Liu Z, et al. Overcoming trastuzumab resistance
in breast cancer by targeting dysregulated glucose metabolism.
Cancer Res. 2011;71:4585-4597.

Lotz C, Kelleher DK, Gassner B, Gekle M, Vaupel P, Thews O. Role
of the tumor microenvironment in the activity and expression of
the p-glycoprotein in human colon carcinoma cells. Oncol Rep.
2007;17:239-244.

Mahoney BP, Raghunand N, Baggett B, Gillies RJ. Tumor acidity,
ion trapping and chemotherapeutics. I. Acid pH affects the dis-
tribution of chemotherapeutic agents in vitro. Biochem Pharmacol.
2003;66:1207-1218.

Takai K, Le A, Weaver VM, Werb Z. Targeting the cancer-associ-
ated fibroblasts as a treatment in triple-negative breast cancer.
Oncotarget. 2016;7:82889-82901.

Polydorou C, Mpekris F, Papageorgis P, Voutouri C, Stylianopoulos
T. Pirfenidone normalizes the tumor microenvironment to improve
chemotherapy. Oncotarget. 2017;8:24506-24517.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Immunological Reviews

Dykes SS, Hughes VS, Wiggins JM, Fasanya HO, Tanaka M,
Siemann D. Stromal cells in breast cancer as a potential therapeu-
tic target. Oncotarget. 2018;9:23761-23779.

Cascone T, McKenzie JA, Mbofung RM, et al. Increased tumor gly-
colysis characterizes immune resistance to adoptive T cell ther-
apy. Cell Metab. 2018;27(5):977-987.e4. https://doi.org/10.1016/j.
cmet.2018.02.024

Ascierto ML, McMiller TL, Berger AE, et al. The intratumoral
balance between metabolic and immunologic gene expression is
associated with anti-PD-1 response in patients with renal cell car-
cinoma. Cancer Immunol Res. 2016;4:726-733.

Harel M, Ortenberg R, Varanasi SK, et al. Proteomics of mela-
noma response to immunotherapy reveals mitochondrial depen-
dence. Cell. 2019;179(1):236-250.e18. https://doi.org/10.1016/j.
cell.2019.08.012

Najjar YG, Menk AV, Sander C, et al. Tumor cell oxidative metab-
olism as a barrier to PD-1 blockade immunotherapy in melanoma.
JCl Insight. 2019;4(5): https://doi.org/10.1172/jci.insight.124989
Daneshmandi S, Wegiel B, Seth P. Blockade of lactate dehydro-
genase-A (LDH-A) improves efficacy of anti-programmed cell
death-1 (PD-1) therapy in melanoma. Cancers. 2019;11(4):450-
https://doi.org/10.3390/cancers11040450
ZhangY-X,Zhao Y-Y,Shen J,etal. Nanoenabled modulation of acidic
tumor microenvironment reverses anergy of infiltrating T cells and
potentiates anti-PD-1 therapy. Nano Lett. 2019;19:2774-2783.
Ohashi T, Akazawa T, Aoki M, et al. Dichloroacetate im-
proves immune dysfunction caused by tumor-secreted lactic
acid and increases antitumor immunoreactivity. Int J Cancer.
2013;133:1107-1118.

Donnelly RP, Loftus RM, Keating SE, et al. mTORC1-dependent
metabolic reprogramming is a prerequisite for NK cell effector
function. J Immunol. 2014;193:4477-4484.

Macintyre AN, Gerriets VA, Nichols AG, et al. The glucose trans-
porter Glutl is selectively essential for CD4 T cell activation and
effector function. Cell Metab. 2014;20:61-72.

Potzl J, Roser D, Bankel L, et al. Reversal of tumor acidosis by sys-
temic buffering reactivates NK cells to express IFN-gamma and
induces NK cell-dependent lymphoma control without other im-
munotherapies. Int J Cancer. 2017;140:2125-2133.

Calcinotto A, Filipazzi P, Grioni M, et al. Modulation of microenvi-
ronment acidity reverses anergy in human and murine tumor-infil-
trating T lymphocytes. Cancer Res. 2012;72:2746-2756.
Pilon-Thomas S, Kodumudi KN, El-Kenawi AE, et al. Neutralization
of tumor acidity improves antitumor responses to immunotherapy.
Cancer Res. 2016;76:1381-1390.

Yuan YH, Zhou CF, Yuan J, et al. NaHCO3 enhances the antitumor
activities of cytokine-induced killer cells against hepatocellular
carcinoma HepG2 cells. Oncol Lett. 2016;12:3167-3174.
Vishvakarma NK, Singh SM. Immunopotentiating effect of proton
pump inhibitor pantoprazole in a lymphoma-bearing murine host:
Implication in antitumor activation of tumor-associated macro-
phages. Immunol Lett. 2010;134:83-92.

Salerno F, Guislain A, Cansever D, Wolkers MC. TLR-mediated in-
nate production of IFN-gamma by CD8+ T cells is independent of
glycolysis. J Immunol. 2016;196:3695-3705.

Gandhi AK, Shi T, Li M, et al. Inmunomodulatory effects in a phase
Il study of lenalidomide combined with cetuximab in refractory
KRAS-mutant metastatic colorectal cancer patients. PLoS One.
2013;8:e80437.

Menk AV, Scharping NE, Rivadeneira DB, et al. 4-1BB costimulation
induces T cell mitochondrial function and biogenesis enabling cancer
immunotherapeutic responses. J Exp Med. 2018;215:1091-1100.
Scharping NE, Menk AV, Moreci RS, et al. The tumor microen-
vironment represses T cell mitochondrial biogenesis to drive


https://doi.org/10.1016/j.cmet.2018.02.024
https://doi.org/10.1016/j.cmet.2018.02.024
https://doi.org/10.1016/j.cell.2019.08.012
https://doi.org/10.1016/j.cell.2019.08.012
https://doi.org/10.1172/jci.insight.124989
https://doi.org/10.3390/cancers11040450

2 | wiLev-

189.

190.

191.

SISKA ET AL.

intratumoral T cell metabolic insufficiency and dysfunction.
Immunity. 2016;45:374-388.

Sukumar M, Liu J, Ji'Y, et al. Inhibiting glycolytic metabolism en-
hances CD8+ T cell memory and antitumor function. J Clin Invest.
2013;123:4479-4488.

Zhang Y, Kurupati R, Liu L, et al. Enhancing CD8(+) T cell fatty acid
catabolism within a metabolically challenging tumor microenviron-
ment increases the efficacy of melanoma immunotherapy. Cancer
Cell. 2017;32:377-391 €9.

Siska PJ, Beckermann KE, Mason FM, et al. Mitochondrial dys-
regulation and glycolytic insufficiency functionally impair CD8 T
cells infiltrating human renal cell carcinoma. JCl Insight. 2017;2(12):
https://doi.org/10.1172/jci.insight.93411

192. MakEH, Verway MJ, Johnson RM, et al. Metabolic profiling using sta-
ble isotope tracing reveals distinct patterns of glucose utilization by
physiologically activated CD8(+) T cells. Immunity. 2019;51(5):856-
870.e5. https://doi.org/10.1016/j.immuni.2019.09.003

How to cite this article: Siska PJ, Singer K, Evert K, Renner K,
Kreutz M. The immunological Warburg effect: Can a
metabolic-tumor-stroma score (MeTS) guide cancer
immunotherapy? Immunol Rev. 2020;295:187-202. https://doi.
org/10.1111/imr.12846



https://doi.org/10.1172/jci.insight.93411
https://doi.org/10.1016/j.immuni.2019.09.003
https://doi.org/10.1111/imr.12846
https://doi.org/10.1111/imr.12846

