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The characteristic feature of a cancer microenvironment is the presence of a
highly elevated concentration of L-lactate in the tumor niche. The lactate-rich
environment is also maintained by commensal mucosal microbiota, which has
immense potential for affecting cancer cells through its receptoric and
epigenetic modes of action. Some of these lactate activities might be
associated with the failure of anticancer therapy as a consequence of the
drug resistance acquired by cancer cells. Upregulation of cellular DNA repair
capacity and enhanced drug efflux are the most important cellular mechanisms
that account for ineffective radiotherapy and drug-based therapies. Here, we
present the recent scientific knowledge on the role of the HCA1 receptor for
lactate and lactate intrinsic activity as an HDAC inhibitor in the development of
an anticancer therapy-resistant tumor phenotype, with special focus on cervical
cancer cells. In addition, a recent study highlighted the viable role of
interactions between mammalian cells and microorganisms in the female
reproductive tract and demonstrated an interesting mechanism regulating
the efficacy of retroviral transduction through lactate-driven modulation of
DNA-PKcs cellular localization. To date, very few studies have focused on the
mechanisms of lactate-driven enhancement of DNA repair and upregulation of
particular multidrug-resistance proteins in cancer cells with respect to their
intracellular regulatory mechanisms triggered by lactate. This review presents
the main achievements in the field of lactate impact on cell biology that may
promote undesirable alterations in cancer physiology and mitigate retroviral
infections.
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1 Introduction

The cancer tumor and the cancer microenvironment have been
recently presented as two-compartmental diseases that mutually drive
shape tumor
vascularization, and attenuate host immune system response. The

processes to sustain cancer energy demand,

characteristic feature of a settled cancer niche is the presence of high
concentrations of L-lactate in the tumor microenvironment area (even
40 mM),
(Hirschhaeuser et al,

which is regarded as a protumorigenic stimulus
2011). Accumulated evidence demonstrates
that aberrant glucose metabolism of cancer cells and its product
lactate may prime changes in cellular DNA repair mechanisms often
correlated with antineoplastic treatment failures rather than success
(Bhatt et al., 2015; Balboni et al., 2021; Govoni et al., 2021; Naik and
Decock, 2022). Thus, the emerging role of this molecule in the
development of cancer cells, chemo- and radio-resistance (Roland
et al., 2014; Wagner et al,, 2015; Wagner et al.,, 2017a; Wagner et al,,
2017b; Xie et al, 2017), and rearrangement of the host immune
response has been raised and has drawn the attention of oncologists
(Yabu etal., 2011; Wagner et al., 2016; Feng et al., 2017). Parallelly, the
human microbiota has been recognized as an essential source of small
modulatory molecules, including lactate and relative short-chain fatty
acids (SCFA). However, their substantial supportive physiological role
is still being unveiled (Lee et al., 2018; Martin-Gallausiaux et al., 2021).
Indeed, non-tumor-related high-lactate environment is normally
present in the gut, vagina, and oral cavity, where commensal lactic
acid Dbacteria extensively metabolize carbohydrates to lactate
1991; Lee et al., 2018). A
high concentration of lactate is the exclusive feature of the lower

(Englander et al,, 1959; Domingue et al,,

female genital tract (FGT). Vaginal secretions may contain up to
50 mM of lactate (Domingue et al,, 1991). Furthermore, lactic acid
bacteria of the oral cavity are responsible for short-term elevated levels
of lactic acid in the teeth plaque after sugar ingestion, exceeding, over
4-fold, the lactate concentration observed in FGT (Englander et al,,
1959). On the contrary, in fecal samples from healthy donors, lactate
produced by gut microbiota is immediately further metabolized
within the colon; however, inflammatory conditions may
significantly elevate lactate concentrations over 30-fold (Belenguer
et al., 2007). Here, we review the recent advances in knowledge about
lactate and its effects on DNA repair mechanisms. We focus on the
lactate-driven changes in the expression and translocation of DNA
repair  enzymes, signaling
through HCA1 receptor, and the role of monocarboxylate- and

involvement ~ of  lactate
ABC transporters in resistance to chemotherapeutics. Finally, we
discuss how these molecular alterations can lead to the mitigation
of retroviral infections by cervical epithelium and thus restrict the
retrovirus spread.
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FIGURE 1

(A) Chemical structures of lactic acid isomers, L-lactic acid

and D-lactic acid. (B) Lactic acid is a weak organic acid with pKa =
3.86, and in biological systems, lactic acid undergoes ionization to
produce carboxylate anion CH3CH(OH)COO™ (lactate) and

H*. Under cellular physiological pH (7.0-7.4), the lactate to lactic
acid ratio exceeds 1,000:1 according to the
Henderson—Hasselbalch equation, which describes the
mathematical relationship between the pH value, the log of the
acid dissociation constant (pKa), the molarity of the acid, and the
molarity of the base [pH = pKa + log;o (conjugate base/weak acid)].
(C) The simplified diagram of lactate generation and excretion in
eukaryotic cells. Glucose transport across the cell membrane is
facilitated by glucose transporters (GLUT1). In the cytosolic
compartment of the cell, glucose is converted to pyruvate via a
series of intermediate metabolites to yield a net of 2 molecules of
adenosine triphosphate (ATP) and reduced nicotinamide adenine
dinucleotide (NADH). Cells carrying anaerobic respiration (hypoxic
conditions and tumor cells) subsequently reduce pyruvate to
lactate and thus regenerate the pool of NAD*. Excretion of
resulting lactate along with protons (H*) is facilitated by
monocarboxylate transporters (MCTs) according to substrate and
H* concentration gradients.
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FIGURE 2

Illustration of lactate and SCFA biogenesis in the common
mucosal niche of epithelial cells (EP) and lactic acid bacteria (LAB)
in humans. Under anaerobic conditions, glucose is preferentially
catabolized to L-lactate (LL) via glycolysis. Cancer cells also
utilize glucose to make L-lactate in the presence of sufficient
oxygen via aerobic glycolysis. Boosted glycolysis pathway
generates highly reactive intermediates detoxified through
methylglyoxal pathway to D-lactate. Generated L- and D-lactate
(DL) can be used to replenish the pyruvate pool for TCA cycling or
be exported via monocarboxylate transporters (MCT1-4) to
extracellular space. Healthy commensal microbiota of
gastrointestinal and urogenital tracts are able to produce lactate
and short-chain fatty acids through homo- and
heterofermentation of glucose. Locally produced lactate by EP
cells and lactate together with butyrate (B), acetate (A), and
propionate (P) by LAB can trigger neighboring EP cells through
specific GPCRs: hydroxycarboxylic acid receptors (HCA1/2) and
free fatty acid receptors (FFAR2/3). Alternatively, monocarboxylic
acids can be actively taken up by EP via MCTs or SMCT1 and exert
their intracellular inhibitory action on HDACs or to fuel the TCA
cycle (lactate and pyruvate, Pyr).

2 Lactate metabolic pathways in
human and associated microbiota

In normal cells, glucose is actively taken up by cellular
glucose transporters and follows consecutive enzymatic steps
to yield pyruvate and two molecules of ATP. This preliminary
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step, known as glycolysis, does not require oxygen. In the
anaerobic (hypoxic) condition, the pyruvate stays in the
cytoplasm and glucose is preferentially catabolized to lactate
as the source of L-lactate (Figures 1, 2). Under aerobic
conditions, the product of glycolysis (pyruvate) is further
transported to the mitochondria to undergo oxidative
phosphorylation (OXPHOS). After initial oxidization of
pyruvate by the pyruvate dehydrogenase (PDH) complex, the
resulting acetyl coenzyme A (CoA) follows a series of consecutive
chemical reactions known as tricarboxylic acid (TCA) cycles.
Finally, the combined chain of glycolysis, TCA, and oxidative
phosphorylation pathways yields a net of 36 molecules of ATP
from the oxidation of one molecule of glucose. In the early 20th
century, Otto Warburg discovered high glucose uptake and
preferential lactate production in cancer cells to support their
high ATP demand. These distinctive features of the Warburg
effect, namely, the high glycolysis rate and low OXPHOS, are
advantageous for highly proliferating tumor cells (Liberti and
Locasale, 2016). Apart from aerobic glycolysis, tumor cells could
also replenish the lactate pool on demand by engaging in
glutamine catabolism, known as glutaminolysis (DeBerardinis
et al,, 2007). Rapid cellular L-lactate build-up can be excreted by
monocarboxylate transporters (MCTs), which are essential for
the survival of cancer cells. MCTs, namely, MCT1 and MCT4, are
the key plasma membrane transporters that maintain two-way
transport of L-lactate together with H" according to substrate and
proton concentration gradients. Paradoxically, L-lactate
shuttling or feeding is commonly observed between cancer
hypoxic and normoxic sites (Goodwin et al, 2015) and
between astrocytes and neurons with the highest energy needs
(Dienel, 2019). In this form of metabolic symbiosis, L-lactate may
be used as a primary energetic molecule, sparing glucose for
highly glycolytic cells. Highly glycolytic cancer cells in the
hypoxic area of the tumor produce and export lactate through
a low-affinity MCT4, while tumor cells supplied with oxygenated
blood abundantly express a high affinity MCT1 for lactate to
maintain efficient monocarboxylate influx and feed their
oxidative phosphorylation pathway (Goodwin et al., 2015). In
turn, MCT1 is involved in lactate efflux in astrocytes to efficiently
feed neurons with lactate as an energy substrate (Powell et al.,
2020). Apart from the bioenergetic role of L-lactate, this molecule
exhibits low inhibitory effects on intracellular histone
deacetylases (HDAC) that result in protein modifications such
as acetylation (histones, HMGBI1) and lactylation (histones,
MAPK, citrate synthase, eIF5a) (Chen et al.,, 2021; Yang et al.,
2022). Furthermore, in the extracellular compartment, L-lactate
acts as a hormone through its specific surface receptor HCA1
(aka GPR81), expressed on various normal and cancer cells
(Ahmed, 2011; Brown and Ganapathy, 2020). All these unique
features of lactate enable this molecule to reshape cellular
metabolism and mimic aspects favorable for tumor
development under hypoxic conditions. An elevated L-lactate
level in the tumor niche, as a result of metabolic reprogramming
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through the rapamycin (mTOR) pathway cascade (Harachi et al.,
2018) increases the expression of HIF-1a and c-Myc (Dodd et al.,
2015; Liu et al., 2017). Concomitantly, these transcriptional
factors are crucial players in a maintenance of cancer cell
metabolism at a highly glycolytic rate via multiple and
distinctive mechanisms (Wang et al., 2021). First of all, both
HIF-1a and c-Myc participate in glucose feeding of cancer cells
by upregulation of the expression of glucose transporter 1
(GLUT1) (Wang et al, 2021). In addition to glycolysis
substrate transport, HIF-1a and c-Myc facilitate key steps of
glycolysis by positive regulation of hexokinase 2 (HK-II),
phosphofructokinase-1 (PFK-1), and pyruvate kinase M2
(PKM2) expressions (Li et al., 2020), and therefore increase
the
dehydrogenase. They also upregulate pyruvate dehydrogenase

pyruvate pool for lactate formation by lactate
kinase-1 (PDK1), trigger inhibition of pyruvate dehydrogenase
via its phosphorylation, and thus slow-down TCA cycle entry by
pyruvate, its oxidative phosphorylation, and generation of
harmful reactive oxygen species (ROS) (Papandreou et al,
2006). Finally, HIF-la and c¢-Myc may activate lactate
dehydrogenase-5 (LDH-5), which promotes the conversion of
to L-lactate 2003)

concomitantly inhibit LDH-1 (that favors the conversion of

pyruvate (Koukourakis et al, and
pyruvate to acetyl-CoA and Krebs cycle entry), leading to
cellular lactate build-up (Wang et al, 2021). An excess of
cellular lactate is transported to the extracellular space along
with H*, mostly by MCT1/MCT4 (Figure 1). In part, these
processes are regulated by HIF-la (either MCT1 or MCT4)
(Ullah et al., 2006; Miranda-Gongalves et al., 2016) as well as
by c-Myc (MCT1) (Doherty et al, 2014). The extracellular
distribution of L-lactate and acidification of the cancer
microenvironment (by H* efflux) is a widely recognized
attribute of the tumor, and is essentially associated with
tumorigenesis and metastasis. L-Lactic acidosis within tumor
microenvironment (TME) is suppressive to the immune system,
induces an anergic state in T cells, and drives cancer escape from
lymphocyte infiltration (Certo et al., 2021). L-lactate, abundantly
present in a tumor niche, primes the differentiation of monocytes
into dendritic cells with an immunosuppressive phenotype
(Gottfried et al, 2006) or into macrophages with an
inflammatory protumor phenotype M2 (Colegio et al., 2014).
Hypoxia is known to be involved in fibroblast reprogramming to
cancer-associated fibroblasts (CAFs) via HIF-la pathways. In
that circumstance, cell metabolism moves to glycolysis,
demonstrated by higher lactate production (Fiaschi et al,
2012; Zeng et al, 2015). The increased CAF population
promotes cancer metastasis via facilitating angiogenesis,
alteration of ECM components and induction of cancer cell
invasion ability (Hielscher et al., 2013; Kai et al., 2016; Kalluri,
2016). Hypoxic and acidic conditions in the TME may also
confer a more drug-resistant tumor phenotype due to
enhanced expression of multidrug-resistance proteins in

cancer cells. Upregulation of HIF-1a in these conditions often
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translates into a higher abundance of membrane ABCBI,
ABCC1, and ABCG2 transporters and diminished drug
efficacy as a result of its enhanced efflux (Cheng and To,
2012; Chen et al.,, 2014; Lv et al., 2015).

In eukaryotic cells, D-lactate is produced exclusively as the
end product of methylglyoxal detoxification (Figure 2). Although
methylglyoxal can be produced as a by-product of degradation of
advanced glycation end products, protein, and fatty acid
metabolism (Allaman et al., 2015), enhanced glycolysis is the
dominant source of endogenous methylglyoxal. An elevated
concentration of glucose (e.g., hyperglycemia) boosts the
glycolysis pathway and accounts for increased break down of
the dihydroxyacetone phosphate (DHAP) and triosephosphates
glyceraldehyde-3-phosphate ~ (GAP).  Detoxification ~ of
methylglyoxal activity of Glyoxalase-1 (Glo-1)
followed by Glyoxalase-2 (Glo-2) action. Initially, Glo-1

requires

facilitates the formation of S-Lactoylglutathione from
hemithioacetal, which was previously generated in the
spontaneous reaction of methylglyoxal with reduced

glutathione (GSH). In the next step, S-Lactoylglutathione is
catalyzed into D-Lactate by Glo-2. Thus, when produced and
accumulated, both L- and D-lactate can affect specific
intracellular targets (HDACs) or be redistributed via MCT
efflux, or employed in OXPHOS after conversion to pyruvate
by L-lactate dehydrogenase (LDH) and D-lactate dehydrogenase
(LDHD) (Monroe et al., 2019), accordingly.

Human commensal microbiota, especially Lactobacilli,
colonize the gut, oral cavity, and female reproductive tract as
soon as the infant is breast-fed. In particular, the vaginal
commensal bacteria have developed via constant transmission
of species from the intestine to the vagina. Thus, vertical
transmission of microorganisms after oral administration
viably influences both gastrointestinal and vaginal microbiota
composition and immunity (Amabebe and Anumba, 2020). In
other words, microbes and their small, biologically active
mediators released in the vagina and the gut are explicitly in
reciprocal action. Plant high-chain carbohydrates and poly- and
oligosaccharides are utilized by lactic acid bacteria (LAB) by two

and
2020).
Streptococcus,
some Lactobacillus species)
the
Embden-Meyerhoff-Parnas pathway. The presence of L-LDH

main routes of substrate phosphorylation: homo-

(Petrova and Petrov,
Homofermentative LABs
Weissella,

carbohydrates  to

heterofermentation
(Lactococcus,
Leuconostoc, and

metabolize pyruvate  via
and D-LDH, which are stereospecific nicotinamide adenine
dinucleotide (NAD)-dependent enzymes, provides pyruvate
conversion either to the L or D isomer. Under specific
environmental conditions, for example, carbon shortage, the
could be the

heterofermentation process, which is a mixed-acid metabolism

homolactic metabolism reoriented  to
where pyruvate, acetate, and ethanol are also produced. Some
heterofermentative LABs like Leuconostoc and particular
Lactobacillus

species could employ the phosphoketolase
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pathway (PKP) for sugar fermentation. In this fermentation
pathway of pentoses, intermediate molecules of pyruvate and
acetyl-P are subsequently transformed to acetate and ethanol. In
addition to LABs, anaerobic intestinal bacterial strains possessing
butyryl-CoA:acetate-CoA transferase are able to further utilize
acetate to butyrate, or lactate to propionate via succinate/
acrylate/propanediol pathways (Duncan et al., 2002; Reichardt
et al., 2014; Amabebe and Anumba, 2020). Thus, symbiotic
human microbiota through mutual interactions can produce a
large number of small, biologically active compounds, namely,
lactate and SCFA: butyrate, acetate, and propionate (Parada
Venegas et al., 2019; Amabebe and Anumba, 2020) that can
exert profound local and distant effects on host systems, either
directly or via specific surface receptors.

3 Cellular mechanisms for lactate
sensing and lactate intracellular
delivery

Eukaryotic cells sense the external environment mostly via
specific membrane metabotropic receptors. These sensors
principally include G-protein-coupled receptors (GPCR) and
receptor tyrosine kinases (RTKs), and a number of them (e.g.,
LPARI, ATIR, IGF-1R, EGFR) have an established role in cancer
development and spread (Xu and Huang, 2010; Liu et al., 2016).
Recently, the special attention of scientists has been attracted by
small, biologically active compounds, namely, lactate, butyrate,
acetate, and propionate as they are produced locally and can be
sensed by target cells in distant tissues via specific surface
receptors: HCAl (GPR81), HCA2 (GPR109A), FFAR2
(GPR43), and FFAR3 (GPR41), respectively (Carretta et al,
2021). Interestingly, L-lactate has been attributed to the
function of a hormone acting via HCA1 in an autocrine or
paracrine fashion. The list of lactate effectory cells bearing
HCALI includes adipose tissue cells (Liu et al., 2009), brain
cells (Bozzo et al, 2013; Morland et al., 2015), tumor cells
(Roland et al., 2014; Wagner et al., 2015), among others. The
receptor for lactate, namely, hydroxycarboxylic acid receptor 1
(HCA1), belongs to the GPCR family that couples to Gi protein.
Three natural ligands for HCA1 have been recognized so far:
L-lactate, D-lactate, and 3,5-dihydroxybenzoic acid (DHBA) (Li
et al, 2014; Wagner et al, 2015). After lactate or DHBA
stimulation, activated HCA1 inhibits adenylyl cyclase and
related cAMP pathways while initiating the PKC/MAPK
pathway in a Pertussis toxin-sensitive fashion (Li et al., 2014).
Particularly, the inhibition of GBy subunit-dependent signaling
by pretreatment of the skeletal muscle cells or CHO-HCA1 cells
with M119K inhibitor ceased ERK1/2 activation and subsequent
IGF-1R activation in the presence of HCA1 ligands (Li et al,
2014). In addition, subsequent downstream pathways
including MEK1/2-ERK1/2-p90RSK axis (Ohno et al, 2018),
PI3K/Akt-CREB signaling pathway (Lee et al, 2016), and
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arrestin-f2-dependent signaling (Hoque et al., 2014) have
been described. Previously, Raychaudhuri and colleagues
proposed another GPy subunit-dependent signaling pathway
upon lactate stimulation. A study on intratumoral
plasmacytoid dendritic cells showed lactate-triggered Gpy-
dependent cytosolic free Ca®* mobilization followed by
calcineurin phosphatase activation, resulting in type I IFN
downregulation (Raychaudhuri et al., 2019).

Recent literature contains several reports describing lactate’s
impact on the activity of cellular DNA repair machinery and its
consequences, mostly in cancerous cervical epithelial cells
(Wagner et al, 2015). These mechanisms are mediated by
(HDAC),

resulting in changes in nuclear chromatin compactness as well

intracellular inhibition of histone deacetylase
as governed by HCA1 signaling pathways, described above in
detail. Monocarboxylate transporters (MCT's) coordinate cellular
lactate influx and thus render its intracellular biological activity.
Four monocarboxylate transporters (MCT1-4) have been
identified in eukaryotic cells (Pinheiro et al., 2009; Moschen
et al,, 2012; Payen et al., 2020), which play a major role in two-
way transport of monocarboxylates across the plasma membrane
that depends on substrate and proton gradient. MCT1 and
MCT4 isoforms are abundantly expressed in cancer cells and
are considered as promising molecular targets for new anticancer
modalities (Payen et al, 2020). Subsequently, our studies
role of MCTs in
enhancement of the DNA repair capacity of cervical cancer

unveiled the positive lactate-driven
cells (Wagner et al, 2015). Complimentary experiments with
the use of a pan-MCT inhibitor, an a-CHCA, have shown that
lactate-driven stimulation of cellular DNA repair machinery and
enhanced cell survival are related to its intracellular activity.
Interestingly, these effects were in part related to HCAI status, as
HeLa cells expressing shRNA against HCAR1 showed a
significantly lower mRNA level for MCT4, compared to
control shRNA-expressing cells. Similar observations of partial
control of HCA1 over MCTs have also been demonstrated in
numerous studies on pancreatic, breast cancer, and HSCC
(Roland et al,, 2014; Jia et al., 2020; Ishihara et al., 2022).
Inside cells, lactate and butyrate share similar intrinsic
inhibitory activities against cellular HDACs. HDACs and their
opposing counterparts HATSs
orchestrate protein acetylation in the cytosolic and nuclear

(histone acetyltransferases)
compartments of the cells. Additionally, butyrate could
specifically drive auto-acylation of acetyltransferase p300, thus
enabling self-activation and prime chain reaction of histone/
protein acetylation (Thomas and Denu, 2021). In such a model of
enhanced process of histone acetylation (hyperacetylation), more
relaxed and  transcriptionally  permissive  chromatin
conformation is promoted. The opposite effects are seen in
the HAT/HDAC interplay, resulting in hypoacetylation of
histones,  translating into  transcriptionally  repressive
chromatin states along with higher condensation states. Such

characteristics have been recently reported (Latham et al., 2012;
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Wagner et al.,, 2015). Both authors confirmed that inhibition of
HDAC enzymatic activity by butyrate or lactate induced a
significantly higher acetylation level of histones H3 and H4,
followed by a decrease in DNA compactness (Wagner et al,
2015). While butyrate is considered a strong inhibitor of HDACs,
lactate is characterized by weak to moderate inhibitory activity of
HDAC I/II with IC50 = 124 mM and 32 mM for L-lactate and
D-lactate, respectively (Wagner et al,, 2015). This study revealed
lactate D isomer as a more effective molecule than L-lactate with
regard to inhibition of HDAC I/II, histone H3/H4 acetylation,
chromatin relaxation, and stimulation of the Erk signaling
pathway. Although the difference between histone acetylation
rendered by these two lactate isomers was demonstrated, these
changes translated into enhanced chemoresistance of cervical
cancer cells regardless of the isomer treatment (Wagner et al,
2015). Interestingly, in human lymphoma B experimental
settings, D-lactate isomer could induce ILI3 expression and
IL-13 secretion to a higher extent than the established strong
HDAC SAHA (suberoylanilide
hydroxamic acid/Vorinostat) and butyrate (Wagner et al,

inhibitors, for example,
2016). Thus, lactate, a lactic acid bacteria fermentation
product, could be considered as a significant player in
and

epigenetic and function of chromatin,

attributed to the regulation of gene expression, including

regulation

DNA repair proteins. Collectively, such interplay among
HDAC inhibitors and HATs may promote DNA repair
processes as a result of an established repair-proficient
chromatin state, attracting signaling and repair proteins
(Wagner et al., 2015; Wagner et al.,, 2021).

4 Lactate-driven upregulation of the
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FIGURE 3

Role of lactate in the mobilization of DNA repair proteins

and protection against anticancer radiotherapy or drug-based
therapies. Abundance of lactate in pericellular and intracellular
compartments as a result of MCT1/4-driven flux of lactate
triggers upregulation of particular DNA repair proteins of NHEJ
and HR systems in the nucleus, for example, DNA-PKcs, BRCAL,
and nibrin. Promotion of HCAL signaling by lactate, and
acetylation of chromatin due to lactate inhibitory activity
against histone deacetylases (HDACs) induce transcription of
DNA repair genes and recruitment of DNA-PKcs, BRCAL, and
nibrin to nuclear compartment. The lactate-rich environment
accelerates processing of genomic DNA damaged by
anticancer drugs/radiation and thus promotes the survival of
cancer cells. Upregulation of cellular DNA repair capacity is one
of the most important cellular mechanisms that account for
ineffective cervical anticancer radiotherapy and drug-based
therapies.
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cervical anticancer radiotherapy and drug-based therapies
(Figure 3). According to Wagner group findings, incubating
cells with lactate induces relaxation of chromatin, which
translates into a transcriptionally active chromatin state and a
subsequent positive regulation of essential genes implicated in
cellular DNA repair, namely, LIG4, NBSI, and APTX (Wagner
et al., 2015). Interestingly, impairment of DNA ligase IV (LIG4),
nibrin (NBS1), or aprataxin (APTX) activity as a result of genes’
deleterious mutation leads to severe disorders in DNA damage
response known as LIG4 syndrome, Nijmegen breakage
syndrome (NBS), and Ataxia oculomotor apraxia-1 (Chun
and Gatti, 2004; Chrzanowska et al, 2012; Altmann and
Gennery, 2016). In the follow-up study with the use of
selective ligand DHBA for lactate

receptor, we have
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documented positive and significant effects of the lactate receptor
stimulation on the mRNA expression of several genes including
BRCA1, BRCA2, NBS1, XRCC6, and PARD3. The level of
transcripts for BRCAI and NBSI was raised markedly and
translated into a significantly higher protein level (BRCA1). In
the complementary experiments with the use of shRNA,
detrimental effects of HCARI silencing were observed on
BRCA1 and NBS1 protein nuclear localization as their nuclear
presence dropped markedly (Wagner et al., 2017b). Along with
BRCA1 and nibrin, which represent crucial elements of the DNA
homologue repair (HR) pathway, the key enzyme of the non-
homologue end-joining pathway (NHE]), namely, DNA-PKcs
(DNA-dependent protein kinase catalytic subunit), has also been
found to be profoundly affected by intracellular lactate presence.
Recently, nuclear translocation of DNA-PKcs in cervical
epithelial cancer cells has been observed after stimulation with
L- or D-lactate. In particular, the enhanced presence of highly
DNA-PKcs positive cells was reported for HeLa, CaSki, and
C33A cell lines. Similarly, the lactate-driven DNA-PKcs
translocation phenomenon was also found to be true for
glioblastoma cells MO59K (Wagner et al., 2021). Additionally,
L- and D-lactate were also reported to induce activation of DNA-
PKcs in nuclear compartment by phosphorylation of the protein
at Ser 2056 (Wagner et al., 2015).

Another DNA repair gene regulated by L-lactate has been
reported in the study by Govoni and colleagues (Govoni et al.,
2021). Authors reported a decrease in cisplatin activity against
gastrointestinal cancer cells, which was the consequence of
upregulation of genes involved in DNA repair after exposition
to L-lactate. These changes included enhanced expression of
mismatch repair system (MMR) and nucleotide excision DNA
repair genes, for example, LIGI and PCNA, which presumably
diminished cisplatin antineoplastic
inhibition of LDH activity,
downregulated expression of numerous genes of homologue
recombination: BRCA1, BRCA2, RAD50, RAD51, MREI11, and
NBSI in SW620 cells. Predictably, the effects of LDH inhibition
were mostly reversed by supplementation of cancer cells with
10 mM L-lactate (Balboni et al.,
reports by Qu and colleagues, lactate originated from Candida

potency. Conversely,

a lactate-limiting enzyme,

2021). According to recent

tropicalis, a conditional pathogenic fungus in colorectal cancer
patients, has been found to downregulate the expression of
MLHI involved in MMR through the HCAl-cAMP-PKA-
CREB axis in colorectal cancer cells (Qu et al., 2021).
Collectively, such upregulation of numerous DNA repair
proteins accounting for enhanced DNA repair mechanisms in
a lactate-rich environment could inevitably translate into
accelerated processing of DNA damage and resistance to
DNA-damaging-based anticancer modalities.
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FIGURE 4

Schematic representation of the known reciprocal interplays
between lactate receptor (HCAL), lactate transporters (MCTs), and
multidrug-resistance proteins (MRPs). Under modest lactate
levels, DNA-damaging anticancer drugs reach therapeutic
concentration inside cancer cell, exert DNA damage, and trigger
apoptosis (low lactate level). Rich lactate conditions in the tumor
niche as a consequence of excessive glycolysis of cancer cells or
symbiotic microbiota activity drive MCT-dependent lactate flux
and develop epigenetic changes that positively drive MRP
expression. Parallelly, lactate stimulates surface HCA1 that
positively regulates expression of MCT1/4 and MRPs. Positive
feedback loop of lactate-HCA1-MCT-lactate and lactate-HCA1-
MRPs axis boosts activity of ABCB1, ABCC1, and ABCG2 in cancer
cells along with decrease of anticancer drug bioavailability.
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5 The role of lactate in maintaining
DNA protection through modulation
of multidrug-resistance proteins

In physiological conditions, the ATP-binding cassette (ABC)
protein family is responsible for preventing over-accumulation of
toxins within the cell by active efflux of many xenobiotics,
including anthracyclines, taxanes, and vinca alkaloids, from
the cell. Many of them interact with DNA and cause its
damage, resulting in cell death. While such a mechanism
supporting cells is a desirable feature in normal cells, the
efflux may protect tumor cells against anticancer drugs. Thus,
their presence in many tumors often results in multidrug
resistance, which is responsible for unsuccessful cancer
therapy outcomes. One of the best studied transporters of the
ABC protein family is ABCB1 (ATP-binding cassette sub-family
B member 1; P-glycoprotein), known to render chemoresistance
to several clinically used chemotherapeutics such as doxorubicin,
paclitaxel, and vincristine (Yang et al., 2017). Other well-known
protein-mediated multidrug-resistance phenotypes are ABCG2
(BRCP) and ABCC1 (MRP1), involved in chemoresistance to
amptothecin analogues and vinca alkaloids, folate-based
antimetabolites, anthracyclines, and anti-androgens (Moitra,
2015; Yang et al., 2017).

Interestingly, accumulating scientific evidence indicates the
role of lactate and its metabolites in regulating the ABC proteins
responsible for the induction of multidrug resistance (Figure 4).
In our previous studies, we revealed upregulation of ABCBI in
lactate-stimulated cervical cancer cells in an HCAl-dependent
manner (Wagner et al,, 2017a). Indeed, HCAL silencing resulted
in downregulation of ABCBI, suggesting the presence of a direct
relationship between both transmembrane proteins. In addition,
diminished expression of ABCB1 in HCA1l-compromised cells
translated into a higher accumulation of doxorubicin in cells,
with DHBA, the
lower accumulation of

while lactate stimulation
HCA1
ABCBI substrates in cells. In other words, cells exhibiting
of

HCAL1 deprivation showed pronounced sensitivity to growth

receptor
agonist, resulted in a

reduced expression of ABCBl as a consequence
inhibition after exposition to doxorubicin in comparison to
control cells, while wild-type HeLa treated with DHBA
exhibited acquired resistance to apoptosis after doxorubicin
treatment. Convergent results have recently been observed in
hepatic carcinoma cells, where lactate stimulation resulted in an
ABCBI-dependent induction of chemoresistance (Soni et al.,
2020).

chemoresistance against doxorubicin along with upregulation

Soni and colleagues showed lactate-induced
of HCA1 protein and increased expression of the ABCB1 gene.
Similar to our observation, downregulation of HCA1 sensitized
cells to doxorubicin treatment, which was correlated with
ABCB1 downregulation (Soni et al, 2020). Taking into
account the abovementioned

observations, we postulate

that lactate modulates the level of ABCBI1 protein in an
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HCA1-dependent manner. Nevertheless, it seems that lactate
might also be involved in regulating ABC transporters in the
HCAI1 independent pathway. Previously, lactate was reported to
induce Snail expression through the TGF-p1-dependent pathway
(Li et al., 2018) and induce TAZ expression in lung cancer cells
(Huang et al., 2020). Later, Dong and colleagues proposed that
Snail and TAZ coordinated by lactate form complexes with AP-1
which, in turn, activate ABCCI expression in non-small cell lung
cancer cells (Dong et al., 2020). In particular, they have shown
resistance of lung cancer cells to etoposide as a result of lactate-
induced ABCCI1 expression. Finally, it seems that lactate might
also regulate ABC transporters’ expression more directly through
epigenetic mechanisms. It has been proposed that lactate may be
an important transcriptional regulator through inhibition of
HDAC activity and induction of histone hyperacetylation,
both known for deregulation of gene transcription (Latham
et al, 2012). Moreover, it is well established that the
expression and function of ABC proteins like ABCBI,
ABCC1, and ABCG2 are modulated by pharmacological
inhibition of HDACs (Shi et al, 2020; You et al, 2020).
Hence, it clearly appears that lactate can also modulate the
level of ABC transporters by regulating the level of histone
acetylation.

6 Lactate and short-chain fatty acids
link host DNA repair mechanisms and
chromatin rearrangement with viral
life cycle

The cellular DNA repair machinery is responsible for
protection of the host genome integrity by responding to
damaged nuclear DNA or sensing mis-localized self-nucleic
acids. After viral infection or during viral replication, foreign
different
compartments. Such viral nucleic acid forms can imitate

genetic material is spread in intracellular
unrepaired host DNA in the nucleus, thus recruiting and
signaling pathways of
cellular DSB (DNA double-strand break) repair machinery.
Since DSB repair systems, mostly HR and NHE]J, have the

ability to sense foreign or damaged nucleic acids, their cellular

activating canonical downstream

components may have extensive interactions with numerous
2020).
interactions can restrict viral infection into the cell by

different viruses (Hristova et al, Such mutual
signaling its invasion and/or hamper virus replication and
growth by restraining viral nucleic acids. These observations
are evident for numerous NHE] components and viral
counterparts, for example, herpes simplex virus 1 (HSV-1)
(Trigg et al, 2017), Kaposi sarcoma-associated herpesvirus
(KSHV) (Cha et al, 2010), vaccinia virus (VACV) (Peters
et al, 2013), human T-cell leukemia virus type (HTLV-1)
(Wang et al., 2017), hepatitis B virus (HBV) (Li et al., 2016),

and more. Opposed proviral activities of NHE] were also
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observed as a consequence of neutralization or hijacking of NHE]
components by viral processes for their own benefit. In
particular, such interactions that lead to activation or
enhancement of the viral life cycle have been reported for
adenoviruses (AV) (Baker et al., 2007; Nebenzahl-Sharon
et al, 2019), adeno-associated viruses (AAV) (Choi et al,
2010), herpes simplex virus 1 (Muylaert and Elias, 2007;
Smith et al., 2014; Edwards et al., 2018), VACV (Luteijn et al,,
2018), John Cunningham virus (JC) (Darbinyan et al., 2004), and
parvovirus B19 (Munakata et al, 2005), among others.
Interestingly, the indispensable role of the NHE] repair system
in retroviral integration is widely accepted, though the role of
DNA-PKcs in the HIV cycle is still disputable, especially in non-
CD4 cells (Liu et al,, 2013; Hughes et al., 2020; Wagner et al.,
2021). The presence of viral proteins and their activity in host
cells often contribute to altered activity of DSB repair pathways
together with the attraction of particular DNA repair proteins to
viral replication sites. Apart from NHE], HR repair (Mehta and
Laimins, 2018), base excision repair (BER) (Bogani et al., 2009),
nucleotide excision repair (NER) (Lu et al.,, 2007; Feng et al.,
2019), single-strand break (SSB) repair (Nukuzuma et al., 2013)
and mismatch repair (MMR) systems (Wang et al., 2008) could
also serve as the interaction site with a range of proteins of viral
origin.

Symbiotic microbiota colonization of the skin and mucosal
surfaces is fundamental for human life. Mucosal microorganisms
generate a range of biologically active molecules that not only
protect against pathogen colonization but also regulate the host
defense response against infectious pathogens (Pickard et al.,
2017). The primary end products resulting from intestinal
microbes’ carbohydrates and starch catabolism are short-chain
fatty acids: acetate, butyrate, and propionate, among others. L-
and D-Lactate produced by most mucosal microbiota can be
rapidly utilized by converting these molecules to butyrate
(Bourriaud et al., 2005). Butyrate has received great attention
since first observations on its effects on reactivation of several
viruses in vitro and in vivo and possible use as a therapeutic arm
against the virus-associated malignancies. Such a mechanism of
butyrate-mediated regulation of the viral latent-to-lytic switch
must involve a complex model of chromatin reshaping. This
most likely includes mechanisms of histone modifications and
acetylation of nonhistone proteins through HDAC inhibition
and possibly recruitment of host DNA repair proteins. Westphal
and colleagues showed that clinical doses of y-irradiation and
butyrate can induce lytic infection of EBV in lymphoblastoid cell
lines as well as in EBV-positive B-cell tumors in vivo (Westphal
et al, 2000). Similarly, butyrate treatment of latently infected
B-cells with EBV resulted in the induction of EBV lytic-phase
genes and gene products (thymidine kinase) and driven
apoptosis in cells concomitantly treated with ganciclovir
(Perrine et al, 2007). Among other SCFA small molecules,
phenylbutyrate and valproic acid have also been studied as
oncolytic primers in cells, mice, and patients harboring EBV
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or KSHV (Feng and Kenney, 2006; Phillips and Griffin, 2007;
Lechowicz et al., 2009; Jones et al., 2010). Additionally, multiple
SCFAs isolated from periodontal pathogens have been shown to
reactivate retroviruses in Jurkat and primary T-cell models of
HIV-1 latency (Das et al, 2015). In these experiments, the
authors observed higher concentrations of butyric acid,
isobutyric acid, isovaleric acid, propionic acid, and acetic acid
in the saliva of individuals suffering from periodontal disease.
Concomitantly, the saliva of these patients strongly induced
HIV-1 transcription through concurrent repression of histone
methylation and acetylation at the proviral promoter.

Among other HDAGCs, special attention has been drawn to
SIRT1 activity, which is implicated in cellular DNA repair
processes and the viral life cycle (Budayeva et al, 2015).
SIRT1 is a protein that belongs to a group of sirtuins (HDAC
III) actively promoting HR in human cells, and this activity
requires WRN (Werner helicase) (Uhl et al., 2010). According to
a recent report by Taniguchi and colleagues, SIRT1 is a protein
deacetylase involved in the maintenance of genome integrity by
stabilizing the extrachromosomal amplification structures
(Taniguchi et al., 2021). Thus, it is likely that the activity of
cellular SIRT1 may be crucial for viral episome fate. Indeed,
numerous studies have reported the involvement of SIRT1 in the
regulation of HPV replication (Uhl et al., 2010; Das et al., 2017;
James et al, 2020). Das and colleagues demonstrated that
SIRT1 regulates the recruitment of the DNA repair protein
WRN to the replicating DNA to control the levels and fidelity
of replicating HPV 16 E1-E2 regulatory genes (Das et al., 2019).
Furthermore, SIRT1 activity via acetylation of histones HI
(Lys26) and H4 (Lysl6) supported both RADS51
NBS1 recruitment to the HPV31 genome, thus demonstrating

and

that SIRT1 can be a crucial controller of numerous facets of
human papillomavirus life cycle (Langsfeld et al,, 2015). In the
HIV-1 life cycle, SIRT1 contributes directly to viral latency, and
suppression of SIRT1 with Sirtinol (SIRT1 inhibitor) or SAHA
induces HIV-1 transactivation (Das et al, 2015). Other
SIRT1 inhibitors, nicotinamide and Ex257, suppressed HBV
replication or transcription in vitro and in vivo (Li et al,
2016; Deng et al, 2017). Interestingly, inhibition of
SIRT2 with the specific inhibitor AGK2 brought a new
therapeutic option for controlling HBV infection (Yu et al,
2018). Recent literature shows a lack of direct evidence for
lactate-mediated SIRT1 regulatory action on the viral life
effects
SIRT1 expression in kidney cells resulting in increased global

cycle.  Nevertheless, lactate  inhibitory on
H3 and H3K9 acetylation have been recently reported (Miranda-
Gongalves et al.,, 2020).

The recent study by Wagner and colleagues provided a
new aspect of the host cells and commensal microbiota
interplay in the female reproductive tract and demonstrated
a distinctive mechanism implicated in the resistance of
eukaryotic cells to viruses (Wagner et al., 2021). The high

concentration of lactate maintained by symbiotic lactic acid
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bacteria is the exclusive feature of the lower female genital
tract. This study has demonstrated, for the first time, that
incubation of cervical cancer cells in the presence of lactate
impairs the process of retrovirus transduction (Figure 5). As
previously stated, lactate-cell stimulatory pathways comprise
the activation of the membrane lactate-specific
HCAI receptor and the inhibition of HDAC that results in
enhanced histone H3 and H4 acetylation and the decrease of
nuclear chromatin compactness. In our experiments, we have
reported a nuclear increase of DNA-PKcs in cervical
epithelial cell cultures exposed to 20mM of L- or
D-lactate, concurrent with a reduction in transduction
efficacy of retroviral vectors. In other words, DNA-PKcs
translocation, which is the crucial protein of the NHE]
machinery translates into inhibition of lentiviral
transduction rates. Though the DNA-PK complex was
previously reported to be essential for efficient lentiviral
integration, we have observed DNA-PKcs acting as a
negative regulator of viral transduction. Probably, in this
particular  experimental setting, mitigated retroviral
transduction success was a consequence of the unfavorable
composition of the DNA-PK complex (DNA-PKcs, Ku70,
and Ku80) (Anisenko et al., 2020) at the viral ¢cDNA
integration site. Further detailed experiments with the use
of 3,5-dihydroxybenzoic acid, specific HCA1 agonist, and
sodium butyrate, a potent HDAC inhibitor, demonstrated the
combined two pathway-dependent effects of lactate on
nuclear recruitment of DNA-PKcs. Taken together, these
findings demonstrated the unique function of lactate at the
ground of microorganism-mammalian interactions and
illustrated the mechanism of the innate activity of lactate
in the suppression of lentiviral transduction through elevated

nuclear retention of DNA-PKcs.
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FIGURE 5

Illustration of the possible role of lactate in anti-retroviral
protection of the female genital tract as a consequence of lactate
action through its receptor (HCA1) and as a HDAC inhibitor.
Under normal conditions (high lactate level), symbiotic
microbiota produce L-/D-lactate which can be sensed by
cervical epithelial cells equipped with a specific receptor for
lactate. Microbiota-derived lactate stimulates surface HCAL,
induces cAMP signaling, and triggers cAMP/EPAC/PKA-
dependent shuttling of DNA-PKcs to nuclear compartment

(1 pathway). HCAL1 signaling also increases MCT expression
followed by monocarboxylate influx, which, in turn, positively
regulates HCAL expression. In the nuclear compartment, lactate
and butyrate inhibit histone deacetylases (HDACs), thus
promoting histone acetylation by histone acetylases (HACs).
Acetylated histones induce chromatin relaxation and
recruitment of DNA-PKcs to the nucleus (2 pathways). Finally,
enhanced nuclear localization of DNA-PKcs protects cells from
lentiviral (e.g., HIV-1) transduction. Lactate shortage (low lactate
level), for example, as a result of cervicovaginal microbiota
dysbiosis, accounts for insufficient anti-lentiviral protection.
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Current research has demonstrated the dual role played by
lactate in the cancer niche and lactate-rich microenvironment.
Under physiological conditions, a high lactate level reproduces
highly  accessible DNA
mechanisms, thus stimulating DNA repair dynamics, significantly

nuclear environment for repair
enhancing wound healing, and suppressing retrovirus infection. On
the other hand, malignant tissue benefits from lactate presence to
increase its resistance to anticancer therapies based on drug and
ionizing radiation-targeting cancer DNA damage. The theatre of
mutual interactions gets even more complex in the zone of influence
of commensal microbiota. Lactic acid bacteria are constantly shaped
by age, diet, and whole-life exposures to drugs that also affect their
metabolite production and thus possible lactate and SCFA
interaction capacity. Collectively, lactate represents a small
molecule with a significant impact on local and distant

homeostasis with the feature of a double-edged sword in human life.
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