Heliyon 11 (2025) e42098

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Identification of signaling networks associated with lactate
modulation of macrophages and dendritic cells

Rapeepat Sangsuwan ™", Bhasirie Thuamsang *, Noah Pacifici?,
Phum Tachachartvanich ©, Devan Murphy 4 Abhineet Ram “, John Albeck ¢, Jamal
S. Lewis ™"

@ Department of Biomedical Engineering, University of California, Davis, CA, 95616, USA

b Laboratory of Natural Products, Chulabhorn Research Institute, Bangkok, 10210, Thailand

¢ Laboratory of Environmental Toxicology, Chulabhorn Research Institute, Bangkok, 10210, Thailand

d Department of Molecular and Cell Biology, University of California, Davis, CA, 95616, USA

€ J. Crayton Pruitt Family Department of Biomedical Engineering, University of Florida, FL, 32611, USA

ARTICLE INFO ABSTRACT

Keywords: The advancement in the understanding of cancer immune evasion has manifested the develop-
Lactate ment of cancer immunotherapeutic approaches such as checkpoint inhibitors and interleukin
Immunomodulatory agonists. Although cancer immunotherapy breakthroughs have demonstrated improved potency
Dendritic cells . . .

Macrophages for cancer treatment, only a fraction of patients effectively respond to these treatments. Moreover,

there is compelling evidence indicating that cancer cells develop a unique microenvironment
through adaptive metabolic reprogramming, which aberrantly modulates host immunity to evade
immunosurveillance. As part of the tumor cell adaptive metabolic switch, lactate is produced and
released into the tumor environment. Recent studies have shown that lactate significantly mod-
ulates immune functions, especially in innate immune cells. Dendritic cells (DCs) and macro-
phages (M®s) are specialized antigen-presenting cells serving as key players in innate immunity
and anticancer-associated immune responses. Although most studies have shown that lactate
affects immune phenotypes (e.g., surface protein expression and cytokine production), the cell
signaling network mediated by lactate is not fully understood. In the present study, we identified
the key signaling pathways in bone marrow-derived DCs and M®s that were changed by cancer-
relevant concentrations of lactate. First, transcriptome analysis was used to guide notable
signaling pathways mediated by lactate. Subsequently, biomolecular techniques, including
immunoblotting, flow cytometry, and immunofluorescence imaging were performed to corrob-
orate the changes in these key signaling pathways at the protein level. The results indicated that
lactate differentially impacted the biochemical networks of DCs and M®s. While lactate mainly
altered STAT3, ERK, and p38 MAPK signaling cascades in DCs, the STAT1 and GSK-3p signaling in
M®s were the major pathways significantly impacted by lactate. This study identifies key
biochemical pathways in innate immune cells that are impacted by lactate, which advances our
understanding of the interplay between the tumor microenvironment and innate immunity.
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1. Introduction

Dendritic cells (DCs) and macrophages (M®s) are two key players in anticancer-associated immune responses. The immunological
functions of DCs and M®s in the tumor microenvironment (TME) profoundly govern the ability of the host immune system to eradicate
cancer cells [1-4]. The detection of tumor-associated antigens by these two immune surveilling cells—DCs and M®s—is the first key
event in anticancer immunity [1-3]. Upon antigen recognition, DCs and M®s orchestrate the adaptive immune responses by providing
T-cell-receptor specific ligands and costimulatory molecules for the activation and expansion of anti-tumor T cells [1-4]. These actions
collectively lead to a complete eradication of tumor-initiating cells by effector T cells at the tumor site [1-3]. However, it has been
shown that metabolic reprogramming by cancer cells markedly generates a unique TME, which modulates host immunity to ‘down
arms’, assumes more immunosuppressive states, and abdicates their roles in immune surveillance [5].

Metabolic reprogramming has been considered a key characteristic of cancer, required for tumor transformation and progression
[6-9], enabling cancers to adapt to stimuli from TME through plasticity in nutrient acquisition and utilization [6-9]. Cancer cells can
undergo metabolic reprogramming, reverting to a mode where their metabolic activities mainly rely on glycolysis instead of oxidative
phosphorylation [10]. As part of this adaptive metabolic switch, a glucose molecule is converted to two molecules of pyruvate, which is
subsequently reduced to lactate by a lactate dehydrogenase (LDH) enzyme [5]. Further, lactate is subsequently exported and/or
secreted through a monocarboxylate transporter [5]. With the high extent of glycolytic flux in cancer metabolic reprogramming,
lactate is extensively produced and secreted into the TME at relatively high concentrations ranging from 4 to 50 mM, whereas the
normal physiological level of lactate is approximately 1.5-3 mM [9,11-17]. Over the last decade, several lines of evidence have
indicated that lactate is not just a product of glycolysis but rather plays a critical role in immunomodulation, particularly in surveilling
cells including DCs and M®s. For example, our previous in vitro study [18] as well as other findings done in breast cancer tissues or
multicellular tumor spheroids [19-22] have shown that high lactate levels subverted DCs to a more tolerogenic phenotype as evi-
denced by reduced inflammatory cytokine production and impaired ability for antigen presentation. It has been shown in animal
studies that the suppression of major histocompatibility complex (MHC) antigen presentation caused by elevated levels of lactate
dampened the priming of T cells by tolerogenic DCs, which in turn, mitigated the initiation of anti-tumor responses in lung tumor
tissues [23]. The immunomodulatory effect of lactate is also coherently observed in M®s. Likewise, cancer cell-derived lactate pro-
moted an immunosuppressive phenotype in M®s, inducing M2 polarization. The levels of colony-stimulating factor 1 receptor
(CSF1R), CD163, Vegf and Argl, as well as other immunosuppressive markers in M®s were increased in response to higher concen-
trations of lactic acid derived from various kinds of cancers including skin, colon, breast, head, neck, cervical, and pancreatic cancers
[24-31]. Moreover, a plethora of studies have now reported on lactate as an immunosuppressive agent for various immune cells
[20-22,24-27,29,32-35]. For instance, lactate inhibits the cytotoxic immune response of NK cells and promotes cancer progression
and metastasis [32]. Brand et al. revealed that lactic acid produced by LDHA in glycolysis produced acidification, impaired cytokine
production such as IFN-y and reduced activity of tumor-infiltrating T cells and NK cells, therefore promoting the tumor growth in
melanoma patients [32]. Yet, there is conflicting evidence which indicates that lactate either acts as an immune stimulator or has no
effect on immune cells. Factors attributable to this discrepancy include different experimental designs, cell types, and confounding
factors, such as acidity. Indeed, acidity itself was found to improve antigen presentation of DCs as exposure of hydrochloric acid to DCs
enhanced endocytosis and increased the expression of MHC-II, CD11c, and costimulatory molecules CD80 and CD86, as well as
improved MHC class I-restricted antigen presentation by DCs [36]. Conversely, the acidity of TME was reported to induce G
protein-coupled receptor (GPCR) expression and promote M2 polarization [37]. Moreover, our group previously uncovered the role of
lactate in preventing TAK-1 phosphorylation in the canonical NF-kB pathway in DCs challenged with LPS after lactate treatment [18].
Together with our following study, DC and M® modulation after lactate treatment even without LPS challenge indicated that other
networks were involved in the immunomodulation effect of lactate. Altogether, it is imperative to unveil the full effect of lactate, and
its biomolecular network in innate immune cells, particularly DCs and M®s. Our understanding of the immunophenotypes associated
with the tumor microenvironment and their molecular underpinnings would profit the fight against cancer tremendously.

While the use of human immune cells is often constrained due to availability, complexity and invasiveness, mice serve as a valuable
alternative in biomedical studies, allowing for translational research relevant to humans. Murine bone marrow (BM)-derived cells are
particularly robust for studying immune functions, largely due to their accessibility and ability to be freshly isolated [38]. Recently, we
investigated the immunomodulatory effect of lactate on murine BMDCs and BMM®s under buffered conditions [39]. It is important to
note that the concentration of lactate used in the current study mirrors levels observed in cancer [9,11-17]. This is significant, as it
enables the findings from murine cells to be extrapolated to the tumor microenvironment in human cancers. Interestingly, lactate
significantly dampened the lipopolysaccharide (LPS)-induced DC maturation and reduced IL-12 production [39]. In addition, lactate
also consistently promoted immunosuppressive phenotypes in M®s towards M2 polarization by upregulating the expression of several
M2 markers [39]. Although most studies on the immunomodulatory effects of lactate have focused on phenotype characterization
including protein surface markers and cytokine productions, molecular signaling changes relating to anticancer-associated immune
responses due to elevated lactate in these two key innate immune cells have not been fully unveiled. To address this knowledge gap, we
performed transcriptome analysis followed by several molecular biological assays including immunoblotting, flow cytometry, and
immunofluorescence staining. Collectively, this study provides insights into the molecular mechanisms of lactate immune modulation
and the ability of this special molecule to retrain critical signaling pathways in innate immune cells. The implications are quite sig-
nificant as we seek to uncover more efficacious therapies to counteract cancer.
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2. Materials and methods
2.1. Animal protocol

C57BL/6J mice, 6-12 weeks old, were obtained from Jackson Laboratory (Bar Harbor, ME). All animals were maintained in a
specific pathogen-free environment in the University of California, Davis facilities and handled in accordance with the experimental
protocol (#21139) approved by the University of California Institutional Animal Care and Use Committee (IACUC). This work was
performed during the 2020-2022 period under the aforementioned approved IACUC protocol.

2.2. Generation of BM-derived dendritic cells and macrophages

Denderitic cells and M®s were isolated from male and female C57BL/6J mice in accordance with the University of California, Davis
IACUC-approved guidelines, following a previously published protocol [39]. Briefly, mice were euthanized using CO, followed by
cervical dislocation. Bone marrow cells were harvested by extracting the tibias and femurs, then using a 25-gauge needle to flush the
interior of the long bones with RPMI medium supplemented with 10% (v/v) fetal bovine serum (FBS, Corning), 100 U/mL pen-
icillin/streptomycin (Hyclone), 1 mM sodium pyruvate (Lonza), 1% (v/v) nonessential amino acids (100X, Lonza). The resulting cell
suspension was passed through a 70 pm strainer (Becton Dickinson) and centrifuged at 300 r.c.f. for 5 min. The filtered cells were
treated with ACK lysis buffer (Lonza) for 5 min at room temperature to lyse red blood cells, followed by centrifugation at 300 r.c.f. for 5
min to isolate leukocytes. The leukocytes were then resuspended in DMEM/F-12 (1:1) medium with 10% (v/v) FBS (Corning), 100
U/mL penicillin/streptomycin (Hyclone), 1 mM sodium pyruvate (Lonza), 1% (v/v) nonessential amino acids (100X, Lonza), and a
differentiation-specific factor: either 10 ng/mL GM-CSF (R&D Systems) for DC media or 10% (v/v) L-929 supplement for M® media, as
previously described [39]. The cells were seeded into tissue culture flasks and incubated for 48 h to enable attachment of differentiated
cells. On day 2, only nonadherent cells were collected, moved to low-attachment plates, and cultured in fresh DC or M® media for
precursor cell expansion. On day 6, adhesion and proliferation of the cells were facilitated by transferring them to tissue culture plates.
Following differentiation, the cells were exposed to either 50 mM sLA or control media for 48 h at 37 °C, following previously
established protocols [39]. They were then processed for RNA extraction, Western blot analysis, and immunofluorescence staining.

2.3. RNA isolation procedures and sequencing

RNA was harvested from DCs and M®s (1 million cells/well) exposed to either control media or 50 mM sLA, using the same protocol
mentioned in 2.2. TRIzol reagent (1 mL/well, Thermo Fisher Scientific) was added to the cells, followed by chloroform addition to
facilitate phase separation. RNA was precipitated from the aqueous phase using a 1:1 ratio of ethanol. The isolated nucleic acid
material was purified, DNAse-treated, and concentrated using an RNA Clean & Concentrator kit (Zymo Research). The samples were
subjected to quality assessment using LabChip GX nucleic acid analyzer at the UC Davis DNA core. The top-scoring technical replicates
were selected and sent to the DNA Core via 3-Tag-Seq (QuantSeq) Library Preparation and Illumina HiSeq 4000. Gene expression
levels between the sLA-treated and control groups were analyzed in R using the limma-voom pipeline, and adjusted p-values were
calculated using the Benjamini-Hochberg procedure. For each comparison, the log fold change (Log2FC) and adjusted p-value levels
for each comparison were used for further analysis.

2.4. Downstream analysis of differentially expressed genes

The genes for each comparison group were threshold-filtered by an adjusted p-value less than or equal to 0.05 and a magnitude of
Log2FC greater than 0.5. The significant genes of sLA vs. control comparisons in DCs and M®s were compared using an online bio-
informatics tool (https://bioinformatics.psb.ugent.be/webtools/Venn/) to yield a condensed list of 63 differentially expressed genes.
Enrichment analysis of this gene set was performed using an online Enrichr tool (https://maayanlab.cloud/Enrichr/). This analysis
was used to check for significant terms within Wikipathways and Gene Ontology Biological Processes enrichment lists for potential key
pathway candidates. For graphical representation of gene expression via volcano plots and heatmaps, R packages EnhancedVolcano
and pheatmap were used, respectively. Visualization of pathway expression change was performed via Omicsoft bioinformatics
software.

2.5. Western blot analysis

Cells were exposed to either control media or 50 mM sLA, using the same protocol mentioned in 2.2. Following the treatment, cells
were lysed and protein lysate samples were collected and quantified based on previously published protocol [40]. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted on a mini gel apparatus, using 7.5% or 4-20% precast poly-
acrylamide gels, Mini-PROTEAN® TGX™ (Bio-rad #4561023, #4561094). The sample and electrode buffers were prepared according
to the Laemmli procedure. Protein electrophoresis samples were heated at 95 °C for 10 min with 2-mercaptoethanol to reduce disulfide
bonds. The membranes were subsequently blocked overnight at 4 °C in 10 mL of tris-buffered saline with 0.1% (v/v) Tween-20 (TBST),
supplemented with 5% (w/v) bovine serum albumin (Roche). The membrane was incubated with each primary antibody targeting
phosphorylated STAT1 (p-STAT1, Tyr701, D4A7, Cell signaling technology (CST) #7649), p-STAT2 (Tyr690, CST #4441), p-STAT3
(Ser727, CST #9134), p-SAPK/JNK (Thr183/Tyr185, 81E11, CST #4668), p-SAPK/JNK (Thr183/Tyr185, 98F2, CST #4671), p-NF-xB
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p65 (Ser536, 93H1, CST #3033), p-Catenin (Ser45, D2U8Y, CST #19807), p-Akt (Ser473, CST #9271), p-Akt (Thr308, D25E6, CST
#13038), p-Akt (Ser473, DIE, CST #4060), Akt (pan) (C67E7, CST #4691), p-PTEN (Ser380, CST #9551), p-GSK-3f (Ser9, D85E12,
CST #5558), p-c-Raf (Ser259, CST #9421), p-PDK1 (Ser241, C49H2, CST #3438), p-p44/42 MAPK (Erkl/2, Thr202/Tyr204,
D13.14.4E, CST #4370), p-p38 MAPK (Thr180/Tyr182, D3F9, CST #4511), and p-actin (CST #4967). The membrane was then washed
with TBST, and a secondary antibody was incubated for 1 h. The membrane was then washed with TBST followed by chem-
iluminescence detection using HRP substrate (SuperSignal West Pico/Femto Chemiluminescent 98 Substrate (Pierce)). Membrane
imaging was performed on a Gel Doc System (Bio-Rad). The levels of protein expression normalized to the actin were determined using
ImagelJ.

2.6. Flow cytometry

Cells were exposed to either control media or 50 mM sLA, using the same protocol mentioned in 2.2. After sLA exposure for 48 h,
Fcy receptors on DCs and M®s were blocked by incubating the cells with antibodies against CD16,/CD32 (Fcy III/II Receptor) (clone
2.4G2, 1gG2b, k); (BD Pharmingen #553142) in 5% FBS (v/v) for 20 min at 4 °C. This was followed by a 25-min staining with cell-
specific markers: anti-CD11c (N418) (Thermo Fisher Scientific #63-0114-82) for DCs; anti-F4/80(BM8.1) (CST #88154) for M®).
The cells were washed twice and subsequently stained with UV Zombie dye (BioLegend #423107) to identify viable cells. For
intracellular staining, cells were fixed and permeabilized using an intracellular fixation and permeabilization buffer set (Thermo Fisher
Scientific). They were then stained with antibodies targeting phosphorylated proteins: p-STAT1 (Tyr701, 58D6, CST #8009), p-STAT3
(Tyr705, Thermo Fisher Scientific #12-9033-42), p-GSK-3p (Ser9, D85E12, CST #5558), p-p44/42 MAPK (Erk1/2, Thr202/Tyr204,
197G2, CST #13148), p-p38 MAPK alpha (Thr180, Tyr182, Thermo Fisher Scientific #MA5-36913). The stained cells were analyzed
using an Attune NxT Flow Cytometer (Thermo Fisher Scientific), collecting at least 10,000 events per sample. Data were processed
using Attune software (Thermo Fisher Scientific). Singlets of live cell populations were gated based on UV Zombie dye staining
(Fig. S1). Cells were further identified using specific markers—CD11c for DCs and F4/80 for M®s—and their respective protein ex-
pressions were analyzed. Positive staining gates were established using fluorescence-minus-one (FMO) controls.

2.7. Immunofluorescence staining

Cells were seeded at a density of 7500 cells/well in 96-well plates. After 24 h, cells were treated with 50 mM sLA or media with no
sLA for 48 h (At least 10 wells per treatment condition). At 48 h post-sLA treatment, cells were fixed with 2% (v/v) paraformaldehyde
final concentration in phosphate-buffered saline (PBS) for 15 min. Cells were then permeabilized with 100% methanol for 10 min,
washed with PBS, and blocked with blocking buffer (1% (w/v) BSA in PBS with 0.1% (v/v) Tween [PBST]). for 1 h at room
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Fig. 1. RNA sequencing and analysis. (A) Schematic presentation of the experimental design. Bone marrow progenitor cells were harvested from
mice and differentiated into M®s or DCs over the course of 6 days. On day 10, both cell types were treated with sLA or left untreated as a control.
After 48 h, the total RNA in M®s and DCs was collected, purified and sequenced [39]. (B) Overall pipeline of RNA handling and analysis. Following
the RNA extraction, the material was purified and RNA quality was assessed. Then, the samples were sequenced and aligned to a mouse genome to
generate a differential gene expression output for each treatment comparison [39]. (C) Bar graphs showing the significance of gene ontology
enrichment terms. Notable pathways were marked with a red asterisk. (D) Bar graph displaying the significance of Wikipathway enrichment terms.
Notable pathways were marked with a red asterisk.
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temperature. Cells were then incubated at 4 °C overnight with primary antibodies in the blocking buffer: GSK-3f (Ser9, D85E12, CST
#5558) diluted at 1:400 ratio, or p-STAT-1 (Tyr701, 58D6, CST #9167) diluted at 1:400 ratio. Cells were then washed twice with
PBST, and subsequently stained with a secondary antibody in blocking buffer, Alexa Fluor 647-conjugated anti-rabbit (Life Tech-
nologies #A-21245) diluted at 1:500 ratio, followed by Hoechst-33342 (Life Technologies #H3570) diluted at 1:5000 in PBS for
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Fig. 2. Heatmap visualization of differentially expressed genes in pathways modulated by sLA treatment in DCs and M®s. Heatmaps are shown for
(A) PI3K, (B) JAK/STAT, (C) Wnt, (D) ERK, (E) NF-«B, and (F) p38 MAPK.
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nuclear DNA staining. Plates were then imaged on a Nikon Eclipse Ti inverted microscope (Nikon) with 40X/0.95 NA Plan Apo
objective lens, equipped with a Lumencor SOLA or Lumencor SPECTRA X light engine. Fluorescence filters used in the experiment were
DAPI (custom ET395/25x - ET460/50 m - T425lpxr, Chroma) and Cy5 (49006, Chroma) filter sets. An image was captured from the
center of each well for every replicate under the treatment conditions.

2.8. Image processing and immunofluorescence measurements

Images were processed using custom MATLAB software which identified nuclear and cytosolic compartments [41]. Prior to cell
segmentation, background intensity was subtracted from the images. Background intensity was calculated using images taken from an
empty well in the 96-well plate. Following appropriate cell segmentation, the images were quantified further for fluorescence in-
tensity. For p-STAT1 measurements, only the average pixel intensity within the nuclear area was included in calculations, whereas for
GSK-3p measurements, the average of whole cell pixel intensity was used. Treatment average measurements were then used to
calculate fold changes between treatment and control conditions. The fold change method was used to normalize batch effects between
replicate experiments.

2.9. Other statistical analysis

Statistical analyses were conducted using a two-tailed one-sample t-test to compare the means of each treatment group. A p-value of
<0.05 was considered statistically significant. All analyses were performed using Prism software (Version 8, GraphPad). Data are
presented as means =+ standard error of the mean (S.E.) from at least three biological replicates.

3. Results
3.1. Gene expression analysis reveals numerous genes and pathways significantly affected by sodium lactate (sLA) treatment

To gain insight into the transcriptional response to sLA in DCs and M®s, a genome-wide RNA-sequencing study was performed
(Fig. 1A—B). Here, samples were treated with sLA for 48 h (N = 5 biological replicates per treatment, n = 3 technical replicates). All
treated samples used in this study had an RNA Quality Score (RQS) of >7.5 (range 0-10) confirming that all RNA samples had excellent
quality and integrity [13].

Following RNA sequencing, sLA exposure in DCs and M®s exhibited significant gene expression changes as demonstrated in the
volcano plots reported previously [39]. The differentially expressed genes were filtered using thresholding of adjusted p-value <0.05
and |Log2FC| >0.5. Then, overlapped genes between DC and M® comparison groups isolated 63 significant genes used for enrichment
analysis. The significance values of Gene Ontology Biological Process terms and Wikipathway terms for this condensed gene list are
shown in Fig. 1C—D. The two analyses highlighted some molecular pathways involving general inflammatory cascades associated with
immunomodulatory effects of sSLA namely, the Janus kinase (JAK)-signal transducer and activator of transcription (STAT), phos-
phoinositide 3-kinases (PI3Ks), extracellular signal-regulated kinase (ERK), nuclear factor kappa enhancer of activated B cells (NF-kB),
p38 mitogen-activated protein kinases (MAPK), and Wnt signaling pathways (Fig. 1—2). Further, heatmap visualization of differen-
tially expressed genes in these pathways following sLA treatment in DCs and M®s is depicted in Fig. 2A—F.

3.2. Protein expression analysis hints at pathways that were associated with sLA modulation

The transcriptomic data indicated that JAK/STAT, PI3K, ERK, NF-kB, p38 MAPK, and Wnt pathways were major signaling cascades
affected by sLA exposure. As such, we probed these initial findings by quantifying the phosphorylation levels of some critical proteins
in these pathways identified by transcriptome analysis. p-STAT1, p-STAT2, p-STAT3, p-JNK, p-PTEN, p-GSK-3, p-c-Raf, p-PDK1, p-
ERK, and p-p38 MAPK were analyzed for the protein level using a Western blot technique (Fig. S2—3, 3A, 3B, and 3D). It should be
noted that some proteins including p-NF-xB, g-Catenin, and p-Akt were also assayed but not detected due to the antibody sensitivity
and protein expression challenges. The detected bands of proteins were analyzed, and the results are depicted in Fig. S2—3, 3A, 3B, and
3D. There was a significant increase in the phosphorylation of STAT3, ERK, and p38 MAPK in sLA-treated DCs compared to the un-
treated control. For sLA-treated M®s, the phosphorylation levels of STAT1 and STAT2 were significantly increased, while the level of
phosphorylated GSK-3p was reduced upon sLA exposure.

3.3. Single cell analyses of the protein signaling molecules identified from the Western blot results are consistent

Further evaluation using flow cytometry and fluorescence imaging was performed to interrogate the effect of sLA on these critical
signaling proteins in a single cell manner. Results from flow cytometric analysis corroborated those from the Western blot analysis,
demonstrating that sLA promoted the activation of STAT3, ERK, and p38 MAPK pathways in DCs, compared to the control (Fig. 3A and
C). Consistency of the protein expression in sLA-treated M®s was also observed where STAT1 was markedly activated while the level of
phosphorylated GSK-3p was reduced relative to the control (Fig. 3A and E). It should be noted that STAT2 phosphorylation was not
examined for flow analysis and immunofluorescence imaging due to a lack of commercial availability of the appropriate antibodies. In
addition to flow cytometry, immunofluorescence was used to confirm the modulating effect of sSLA on these signaling pathways in M®s.
Fluorescence imaging showed that the expression of p-STAT1 and p-GSK-3p was upregulated and downregulated, respectively, in M®s
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Fig. 3. Effect of sLA on signaling proteins of interest in DCs and M®s. (A) Schematic experiment was depicted. DCs and M®s were exposed to either
50 mM sLA or control media, and incubated for 48 h. For Western blot analysis, proteins were separated by size and then transferred to the
membrane. Protein detection was done using primary antibodies against several proteins including p-STAT3, p-ERK1/2, p-p38 MAPK, p-STAT1, p-
STAT2, p-GSK-3p and p-actin. For flow cytometry, DCs cell suspensions were stained with fluorescently tagged anti-CD11c, p-STAT3, p-ERK and p-
p38 MAPK. M®s were stained with fluorescently tagged anti-F4/80, p-STAT1 and p-GSK-3p. The analysis of the phosphorylated protein expression
was performed using a flow cytometer. (B), (D) Western blot results with represented blots showed the effect of sLA on the levels of p-STAT3, p-
ERK1/2 and p-p38 MAPK for DCs. For M®s, p-STAT1, p-STAT2, p-GSK-3p were shown for the effect of sLA. (C), (E) Flow cytometric assessment
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revealed the levels of phosphorylated proteins expression in DCs and M®s after sLA treatment. The data are demonstrated as the mean + S.E. from
at least three independent experiments, with statistically significant differences calculated by comparing each treatment group to the control. The
following symbols indicate the corresponding p-values: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by a two-tailed one-
sample t-test.

exposed to sLA (Fig. 4A—G). Based on transcriptomic data, pathway mapping diagrams of different notable pathways impacted by sLA
treatment in DCs and M®s are depicted in Fig. SA—E.

4. Discussion

In cancers, the TME has numerous endogenous factors that can mediate the regulation of immune responses [1-4], including
lactate. Lactate, a byproduct of elevated glycolytic flux, is one of the pivotal molecules in TME that exerts an immunomodulating effect,
seemingly biased towards cancer immune evasion, especially in DCs and M®s [6-9]. Several studies have demonstrated that DCs and
M®s exposed to LA results in the suppression of pro-inflammatory responses including pro-inflammatory surface markers and cyto-
kines [20-35]. However, the signaling networks influenced by sLA exposure in DCs and M®s are still not clear. This is a significant
knowledge gap not only in malignant tissue but also in mammalian physiology, given the ubiquity of lactate. Moreover, understanding
the underlying molecular mechanisms by which sLA fine-tunes antitumor immunity could be instrumental for the rational design of
therapeutic agents against cancers.

Generally, the phosphorylation of proteins is the key post translational modification essential for cell signal transduction [42]. In
most cases, phosphorylation involves an activation of proteins in signaling cascades for example, STAT and MAPK pathways [43-48].
The STAT pathways are broadly involved in the perturbation in immune function, including infection, immune tolerance, barrier
function, and cancer prevention [43-45]. A previous study showed that STAT3 signaling was linked to the induction of a tolerogenic
immune response due to its role in the downregulation of costimulatory molecules [49]. Interestingly, even in an inflammatory
environment, STAT3 regulated stable tolerogenic properties of DCs [50]. STAT3-deficient DCs demonstrated enhanced immune ac-
tivity as indicated by an increase in cytokine production and T-cell activation [51], underscoring the importance of STAT3 on DC
activation. In our study, we showed that p-STAT3 was upregulated in DCs exposed to sLA, which may impair DC maturation and result
in reduced capacity to prime T cells. STAT1 and STAT2 have different roles in immunity—they are critical components in interferon
(IFN) signaling, which regulates the host response during pathogen infection [52-61]. A study by Gopal et al. shed some light on the
role of STAT2 during influenza and bacterial infection [55]. In influenza-infected Stat2—/— mice, there was an increase in levels of the
inflammatory cytokines, and an increase in levels of the Type 2 cytokines (IL-4 and IL-5) [55]. Interestingly, the BMM®s in Stat2—/—
mice elicited both M1 and M2 macrophage phenotypes based on the gene and surface antigen expression during infection [55]. Here,
we observed an upregulation of p-STAT1 and p-STAT2 in M®s exposed to sLA. Inferentially, this may lead to impaired macrophage
differentiation and downstream immune activation. Collectively, STAT signaling pathways are adversely affected by sLA in both DCs
and M®s, providing insight on imbalances in regulation of cancer-associated immune activity.

Apart from the STAT signaling pathway, MAPK pathway has been shown to tightly regulate both pro- and anti-inflammatory
immune responses [46-48]. The main MAPK sub-families comprise p38 MAPK, JNK, and ERK, which play a pivotal role in the
innate immune responses through the three-module phosphorylation cascade acting on specific serine and threonine amino acid
residues of protein kinases [46-48]. Specific to innate immunity, previous studies suggested that the maturation of human
monocyte-derived DCs (MODCs) was regulated through the MAPK signaling pathway [46,62,63]. In the maturation process of MODCs,
upregulation of key stimulatory molecules namely CD40, CD80, CD83, CD86, and MHC class II molecules is pivotal for downstream
stimulation of naive T cells in the primary immune response [46,62,63]. During maturation, MODCs also secreted several cytokines
including IL-12 p70 to facilitate immune activity [46,62,63]. p38 MAPK and ERK are the two subfamilies of the MAPK pathway that
have been intensively studied due to the availability of specific inhibitors [46,62,63]. The inhibition of p38 MAPK caused a drastic
reduction in the surface expression of CD40, CD80, CD86, HLA-DR, and CD83 induced by LPS in immature MODCs and also inhibited
the production of IL-12 p40 and IL-12 p70 [46,62,63]. The allostimulatory capacity of MODCs activated by LPS was also decreased by a
p38 MAPK inhibitor [46,62,63]. Overall, the p38 MAPK signaling pathway activated the expression of key stimulatory surface mol-
ecules, cytokine production, and allostimulatory functions of the DCs [46,62-64]. The conclusions on ERK inhibition in stimulated DCs
are less clear [65,66]. In some instances, ERK inhibition did not hinder the upregulation of CD80, CD86, CD83, HLA-DR, or CD40
during LPS or TNF-a challenge in MODCs [65,66]. Meanwhile, a slight increase in the surface expression of CD83, CD86, or MHC class
II was mediated by ERK inhibition during DC maturation induced by stimuli such as UVB or NiCl, [57,65,66]. Similar to p38 MAPK
inhibition, the inhibition of ERK dampened the production of pro-inflammatory cytokines (TNF-a, IL-1p, IL-6, or IL-8) induced by LPS
or NiCl, [46,63,65,66]. On the other hand, the inhibition of ERK increased the productions of IL-12 p40 and IL-12 p70 in response to
LPS or TNF-a [46,65,67,68]. Depending on the maturation stimuli, ERK inhibition either had no effect or induced an allostimulatory
phenotype of MODCs [46,63,65-68]. Taken together, the production of cytokines and the expression of co-stimulatory molecules
during maturation in MODCs are profoundly complex and rather differentially regulated through different subfamilies of the MAPK
signaling pathways [46,63,65-68]. Here, we demonstrated that sLA exposure increased the phosphorylation of p38 MAPK and ERK in
immature DCs. The change in the phosphorylation of the two key MAPK proteins in the immature DCs due to the presence of sLA may
cause an imbalance in this important biochemical network, and further, dysregulated immunosurveillance by DCs in cancerous tissue.

Tumor cell-intrinsic Wnt signaling plays a key role in the evasion of antitumor immunity in several human cancers [69-71]. One of
the prominent routes in mediating the Wnt signaling pathway is via the activity of glycogen synthase kinase-3 (GSK-3) [72]. GSK-3
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Fig. 4. Immunofluorescence was performed to further confirm the effect of sLA on the signaling proteins of interest in M®s. (A) Schematic
experiment was depicted. M®s were exposed to either 50 mM sLA or control media, and incubated for 48 h. Cells were washed with PBS, then fixed
and permeabilized and blocked. Subsequently, cells were incubated with primary antibodies against p-GSK-3p or p-STAT1. The plates were imaged
using a fluorescence microscope equipped with a 40X objective lens, capturing both (D), (E) standard and (F), (G) zoomed-in views. (B), (D), (F)
Immunofluorescence results with represented images revealed the levels of phosphorylated proteins: p-STAT1 in M®s after sLA treatment. (C), (E),
(G) Immunofluorescence results with represented images revealed the levels of phosphorylated proteins: p-GSK-3p in M®s after sLA treatment. The
data are demonstrated as the mean + S.E. from at least three independent experiments, with statistically significant differences calculated by
comparing each treatment group to the control. The following symbols indicate the corresponding p-values: *p < 0.05 as determined by a two-tailed
one-sample t-test.

comprises two isoforms, GSK-3a and GSK-3f, which have been closely associated with inflammation [72]. GSK-3 regulates multiple
immune cells, including M®s, T cells, and DCs by influencing their viability, proliferation, differentiation, migration, and macrophage
phenotype. GSK-3 activity is regulated by phosphorylation at certain locations [72]. Phosphorylation at tyrosine (Tyr) residue 279 and
Tyr 216 promotes activation, while that at serine (Ser) residue 21 and Ser 9 lead to the inhibition of GSK-3a and GSK-3p activities,
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Fig. 5. Pathway mapping diagrams of different notable pathways aberrantly modulated by sLA treatment in DCs and M®s. For DCs, pathway
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Fig. 5. (continued).

respectively [72]. Even though several studies have reported a relationship between immune activity, Wnt signaling pathway, and
phosphorylation of GSK-3, the results are still controversial [72]. It has been reported that GSK-3 mediates inflammatory responses
(tumor necrosis factor-a, IL-1p, IL6, and IL12 production) in human monocytes. Further, application of GSK-3 inhibitors provided an
anti-inflammatory response, which led to beneficial effect in models of multiple inflammatory diseases including arthritis, colitis,
diabetes, and atherosclerosis [72-74]. Our result showed that sLA exposure significantly decreased the phosphorylation on Ser 9 of
GSK-3p. The modulatory effect of sLA on the activity of GSK-33 might have downstream impacts on the global biochemical signaling
that regulates immunophenotypes of M®s.

Previously, we investigated the immunogenic effect of sSLA on DCs and M®s during immature stage (without LPS challenge). DCs
exposed to a biologically-relevant concentration of sLA in TME (50 mM) for 48 h marginally demonstrated no significant differences in
surface expressions of CD80, CD86, MHC class II, compared to untreated DCs [39]. However, the exposure of DCs to sLA down-
regulated the expression of CCR7, a molecule associated with the mobilization of innate immune cells [39]. In addition, we observed
that sLA-treated DCs were ineffective in stimulating allogenic T cells, as demonstrated by the allogeneic mixed lymphocyte reaction
[39]. Interestingly, LPS-challenged DCs pretreated with sLA reduced the production and secretion of IL-12 p70 [39]. The results
presented herein help to fill the knowledge gap in the previous study by providing insight into key signaling protein molecules
mediated by sLA. For instance, based on our observations (and other published literature), we can infer that the phosphorylation of
STATS3, due to lactate exposure, may contribute to the downregulation of CCR7 expression and allostimulatory capacity, further
substantiating previously reported findings [49-51]. Moreover, sLA exposure may compromise DC activation through the dysregu-
lation of p-STAT3 and p-ERK, which can downregulate IL-12 p70 secretion [39]. With respect to M®s, we previously showed that
sLA-exposed M®s were polarized toward pro-tumor, M2-like phenotype as evidence by the downregulation of CD38 (anti-tumoral
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marker, M1) and upregulation of CD163 and Argl (pro-tumor markers) [39]. Surprisingly, M®s preserved their ability to stimulate T
cells despite exposure to sLA. In addition, M®s after sLA exposure had little effect on CCR7 expression [39]. In the present study, M®s
had altered phosphorylation of STAT1, STAT2 and GSK-3p after sLA treatment. Collectively, the imbalance in these three signaling
molecules may result in aberrant polarization of M®s [39]. However, more comprehensive studies using phosphoproteomic analysis,
specific inhibitors or gene editing approaches are required to fully understand the mechanisms involved in cancer-mediated immu-
nomodulation, especially regarding a high lactate level in the TME. Critically, this study only considers a single time window following
lactate exposure. However, these signaling cascades are dynamic and have varying states and effects with respect to time after
exposure to a modulating molecule. It is critical that future studies capture the full temporal picture of lactate modulation of immune
cells. Nevertheless, this study will serve as a guide for which signaling networks should be probed in the future.

5. Conclusions

Altogether, this study revealed key signaling pathways significantly impacted by sLA exposure in two key players of anticancer
immunity—DCs and M®s. Lactate exposure in bone marrow-derived DCs significantly disrupted STAT3, ERK, and p38 MAPK signaling
cascades, while in bone marrow-derived-M®s, immunomodulating effects of SLA are more pronounced in the STAT1, STAT2 and GSK-
3p signaling pathways. These results were corroborated via multiple assays including RNA sequencing and flow cytometry. Impor-
tantly, this knowledge may serve as a basis for further optimizing cancer immunotherapy through the inhibition of key signaling
pathways modulated by lactate, a major metabolic by-product in the tumor microenvironment.
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