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Abstract
Lactate accumulation in the tumor microenvironment was shown to be closely re-
lated to tumor growth and immune escape, and suppression of lactate production 
by inhibiting lactate dehydrogenase A (LDHA) has been pursued as a potential novel 
antitumor strategy. However, only a few potent LDHA inhibitors have been devel-
oped and most of them did not show potent antitumor effects in vivo. To this end, we 
designed new LDHA inhibitors and obtained a novel potent LDHA inhibitor, ML-05. 
ML-05 inhibited cellular lactate production and tumor cell proliferation, which was as-
sociated with inhibition of ATP production and induction of reactive oxygen species 
and G1 phase arrest. In a mouse B16F10 melanoma model, intratumoral injection of 
ML-05 significantly reduced lactate production, inhibited tumor growth, and released 
antitumor immune response of T cell subsets (Th1 and GMZB+CD8 T cells) in the 
tumor microenvironment. Moreover, ML-05 treatment combined with programmed 
cell death-1 Ab or stimulator of interferon genes protein (STING) could sensitize the 
antitumor activity in B16F10 melanoma model. Collectively, we developed a novel po-
tent LDHA inhibitor, ML-05, that elicited profound antitumor activity when injected 
locally, and was associated with the activation of antitumor immunity. In addition, ML-
05 could sensitize immunotherapies, which suggests great translational value.
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1  |  INTRODUC TION

Metabolic reprogramming of tumors creates spatial and temporal 
heterogeneity in the TME, which profoundly affects the infiltra-
tion and phenotype of immune cells during tumor progression.1,2 
Among the different types of metabolic remodeling, the first rec-
ognized feature of metabolic reprogramming is aerobic glycolysis 
in cancer. Tumor cells prefer to use glycolysis and generate large 
amounts of lactate, which is secreted outside of cells even under ad-
equate oxygen supply, well-known as the Warburg effect.3 Lactate 
is the product of glycolysis, which promotes cell proliferation and 
neovascularization.4 Importantly, high levels of lactate lead to aci-
dosis of the TME and induce immunosuppression through multiple 
mechanisms, including the inhibition of monocyte differentiation to 
dendritic cells and dendritic cell activation,5 recruitment of myeloid-
derived suppressor cell-like immunosuppressive cell infiltration,6,7 
and the inhibition of T cells and natural killer cells.8,9 Therefore, inhi-
bition of lactate production in the TME has been pursued as a novel 
antitumor strategy or as an adjuvant for immunotherapy.

Lactate dehydrogenase A catalyzes the production of lactate in 
glycolysis,10 which is overexpressed in most types of cancers,11,12 
and its depletion led to the inhibition of tumor growth in multiple 
tumor models.13-15 Moreover, the absence of LDHA in bone mar-
row cells triggers antitumor immunity, and increased glycolysis in 
tumor are characteristics of immune system resistance to adaptive 
T cell therapies,16,17 suggesting the important impact of LDHA on 
the TME and immunotherapy. Therefore, inhibition of LDHA activity 
in tumors could improve the immune microenvironment and initiate 
antitumor immunity.

To date, several LDHA inhibitors have been developed. Oxamate 
is a pyruvate analogue that was developed as the first LDHA inhib-
itor; however, it has a very low effect on LDHA activity with IC50 
of approximately 800 μM.18 Since 2010, compounds such as FX-1119 
(Figure  1), N-hydroxyindole-2-carboxylates,20 dicarboxylic acids,21 
2-thio-6-oxo-1,6-dihydropyrimidines,22 2-amino-5-aryl-pyrazines,23 
and 3-hydroxy-2-mercaptocyclohex-2-enones24 have been reported 
as LDHA inhibitors with IC50 at micromolar or submicromolar lev-
els. Recently, more potent LDHA inhibitors have been developed 
with IC50 at nanomolar levels, such as quinoline 3-sulfonamides 
(GSK2837808A),25 GNE-140,26 and pyrazole-based compound 6327 

(Figure 1). However, most LDHA inhibitors did not show potent in 
vivo antitumor effects, which could relate to their inhibitory activ-
ity, metabolic stability, or route of administration. Furthermore, it 
remains unclear whether and how LDHA inhibitors improve the im-
munosuppressive TME to release antitumor immunity. To this end, 
in the current study we designed novel LDHA inhibitors and tested 
their antitumor activity both in vitro and in vivo, as well as their in-
fluence on the tumor immune microenvironment.

2  |  MATERIAL S AND METHODS

2.1  |  Cell lines

A375, B16F10, EMT6, MIA PACA2, MDA-MB-468, HMCB, 4T-1, 
LLC, and PAN02 cells were obtained from ATCC. CAL51 cells were 
obtained from DSMZ. CAL51, LLC, and PAN02 cells were cultured in 
DMEM with 10% FBS and 1% P/S. MIA PACA2 cells were cultured 
in DMEM supplemented with 15% FBS and 2.5% horse serum and 
1% P/S. A375 cells were cultured in DMEM with 10% FBS and 1% 
P/S. EMT6 cells were cultured in Waymouth MB752 with 15% FBS, 
2 mM L-glutamine, and 1% P/S. All cells were cultured at 37°C in an 
incubator containing 5% CO2.

2.2  |  Lactate measurement

Tumor cells were plated into 96-well plates (1.5 × 104/well) and then 
treated with serial doses of compound or 1% DMSO as a vehicle 
control in serum-free medium. After 6 h, the cell supernatants were 
measured by lactate assay according to the instruction kit (A019-2; 
Nanjing Jiancheng). The EC50 was calculated by GraphPad software 
as the concentration–inhibition rate concentration curve.

2.3  |  Extracellular acidification rate assay

B16F10 cells (1 × 104/well) were inoculated in XF96 cell culture 
plates (#09021) overnight. After 6 h of treatment, cells were incu-
bated in assay solution containing 2 mmol/L glutamine in a CO2-free 

F I G U R E  1  Structures of representative lactate dehydrogenase A inhibitors
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incubator at 37°C for 1 h. Agilent Seahorse XF Glycolysis Stress Test 
Kit (#103020-100) was uesd to detect extracellular acidification rate. 
Prehydrated probe plates were replaced with XF Calibrant (pH 7.4, 
#100840–000) and incubated together with cell plates. After set-
ting the program, the probe plates were placed in the instrument for 
20 min to equilibrate, and then the cell plates were placed and as-
sayed in the XF-96 analyzer (Seahorse Bioscience) using Wave soft-
ware. The measurement of the extracellular acidification rate was 
expressed as mpH/min.

2.4  |  Animal studies

Animal experiments were approved by the Animal Care and Use 
Committee of the Shanghai Institute of Materia Medica and carried 
out according to the Ethics Guidelines for Animal Care. C57BL/6 
mice and nude mice were purchased from Beijing Viton Leve and 
held under specific pathogen-free conditions.

In a mouse melanoma model, B16F10 cells (1 × 105) were subcu-
taneously injected into 8-week-old C57BL/6 female mice or nude 
mice. When the tumor size reached approximately 100 mm3, mice 
were treated with vehicle (5% DMSO + 5% Kolliphor HS15 dissolved 
in saline), ML-05, or GNE140 at 50 mg/kg i.t., 100 mg/kg i.p., or 
100 mg/kg orally once daily. For assessment of the tumor growth 
inhibitory effect of blockade of LDHA in vivo, B16F10 cells (1 × 105) 
were subcutaneously injected into C57BL/6 female mice (8 weeks 
old). 2′-OMe (50 μl) and 5′-Chol (cholesterol) modified siLDHA 
(5 nmol; RiboBio) or saline was injected directly into the tumor tissue 
at 3-day intervals.

For drug combination experiments (ML-05 and PD-1 Ab), B16F10 
cells (1 × 105) were subcutaneously injected into C57BL/6 female 
mice (6–8 weeks). Mice were randomized to four treatment groups 
when the tumor size reached approximately 100 mm3: vehicle, PD-1 
Ab, ML-05, and ML-05 plus PD-1 Ab. ML-05 (50 mg/kg i.t.) was in-
jected daily and PD-1 Ab (BioXCell) at 200 μg i.p. per mouse every 
3 days. For the ML-05 combined with diABZI experiment, similarly, 
mice were randomized into different treatment groups: vehicle, 
diABZI, ML-05, and ML-05 plus diABZI. ML-05 was injected daily 
(50 mg/kg i.t.) and diABZI (0.5 mg/kg i.p.) on days 1, 4, and 7.

Tumor volume 

(
[

width2 × length
]

2

)

 was measured twice a week for 
all animal experiments. The mice were anesthetized and killed and 
the intact tumor tissue was removed for weighing.

2.5  |  Flow cytometry analysis

B16F10 cells (1 × 105) were subcutaneously injected into C57BL/6 
mice. Mice were treated with vehicle (5% DMSO + 5% Kolliphor 
HS15 dissolved in saline), ML-05, or GNE140 (50 mg/kg i.t.) daily 
for 7 days. Six hours after the last drug treatment, mouse tumor 
tissues were sheared to puree on ice and digested in solution con-
taining 0.01% DNase I and 0.1% type IV collagenase (Sigma-Aldrich) 

in RPMI-1640 serum-free medium at 37°C for 30 min. Tumor tis-
sues were filtered through a 70 μm cell strainer (BD Biosciences) 
after termination of digestion with serum-bearing medium. After 
the lysis of erythrocytes at room temperature, the cell precipitate 
was resuspended for counting. For intracellular cytokine staining, 
6 × 106 cells were inoculated in RPMI-1640 supplemented with 10% 
FCS and Leukocyte Activation Cocktail with GolgiPlug (550583; 
BD Pharmingen) for 5 h at 37°C. The cells were then washed with 
PBS and stained with Fixable Viability Stain 780 (565388; BD 
Pharmingen). Cells were then washed with MACS buffer (554656; 
BD Pharmingen) and stained with anti-CD45 BV510 (563891; BD 
Pharmingen), anti-CD3 APC (100236; BioLegend), anti-CD4 FITC 
(553046; BD Pharmingen), anti-CD45 FITC (103108; BioLegend), 
anti-CD8 BUV395 (563786; BD Pharmingen), anti-CD25 PE-CY7 
(552880; BD Pharmingen), anti-CD11B BUV395 (563553; BD 
Pharmingen), anti-F4/80 BV421 (123132; BD Pharmingen), and 
anti-CD86 PE-CY7 (105014; BD Pharmingen). After washing twice 
with MACS buffer, cells were fixed for 50 min and permeabilized by 
Staining Buffer Set (421403; eBioscience) and stained intracellularly 
with anti-IFN-γ BUV737 (612769; BD Pharmingen), anti-granzyme 
BV421 (396414; BD Pharmingen), anti-IL-17A BV421 (563354; 
BD Pharmingen), anti-FOXP3 PE (560480; BD Pharmingen), anti-
CD206 APC (141708; BD Pharmingen) for 50 min. Cells were fixed 
in paraformaldehyde for 10  min. Sorting was carried out on a BD 
LSRFortessa cell analyzer after cells were resuspended with MACS 
buffer. Data were analyzed with FlowJo software.

2.6  |  Statistical analysis

All data were expressed as mean ± SEM, and unpaired Student’s t-
test, or one-way or two-way ANOVA followed by Tukey’s multiple 
comparisons test as indicated. The statistical analyses were under-
taken using GraphPad Prism (version 8.0.1) software. Other meth-
ods are shown in the Appendix S1.

3  |  RESULTS

3.1  |  Design of novel LDHA inhibitor ML-05

GNE140 is a potent LDHA inhibitor possessing good molecular 
(LDHA IC50 = 3 nM) and cellular activity; however, it did not show an-
titumor activity in the MIA PaCa-2 xenograft model even at the dose 
of 400 mg/kg.26 Genentech previously reported another series of 
diketone compounds as LDHA inhibitors.24 Among them, compound 
31 was optimized as the most potent analogue (LDHA IC50 = 6 nM), 
however, this compound was found unstable in plasma due to its 
ester bond. To increase the in vivo stability, ML-01, an amide ana-
logue of compound 31, was prepared and tested. However, it dis-
played a significant decrease of activity as compared to its parent 
compound 31 (Figure  2A). We envisioned that replacing the phe-
nyl ring with various aromatic groups might increase the π–cation 
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interaction with Arg105. A series of aromatic amides (ML-02~05) 
based on the 5-(2,6-dichlorophenyl)-3-hydroxy-2-mercaptocyclohe
x-2-enone scaffold were designed and synthesized (Figure 2A). From 
compounds ML-02 to ML-05, it was found that (R)-1-(1-naphthyl)
ethylamine substitution (ML-05) displayed strong inhibitory activ-
ity against LDHA (IC50 = 18 nM), replacement of naphthalene ring 
with pyrazine (ML-03) or 2-substituted naphthalene ring (ML-04) re-
duced the inhibitory activity by almost 7~10-fold, and S-enantiomer 

of ML-05 (ML-06) reduced potency by almost 5-fold. To gain deep 
insight into the molecular basis on inhibitory activity, molecular 
docking of ML-05 was investigated by using Schrödinger. From the 
docking prediction, the naphthalene group enables favorable π–
cation interaction with the guanidinium moiety of Arg105. In addi-
tion, the carbonyl of the amide moiety formed two hydrogen bonds, 
one with Tyr238 and one with Arg105 (Figure 2B), suggesting the 
importance of this functional group. We believe that these two 

F I G U R E  2  Design of lactate 
dehydrogenase A (LDHA) inhibitors 
and molecule docking. (A) Structure–
activity relationships of 3-hydroxy-2-
mercaptocyclohex-2-enone-containing 
compounds. The biochemical IC50 for 
inhibition of LDHA for each compound is 
shown. (B) Docking studies on compound 
ML-05 with the crystal structure of LDHA 
protein (PDB code 4R68)
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additional favorable interactions with the protein were responsible 
for the observed gain in potency for ML-05. As a result, compound 
ML-05 was selected for further evaluation.

3.2  |  ML-05 inhibited lactate production and 
glycolysis in cultured cells

Human-derived cancer cells were used to test the inhibitory activ-
ity of ML-05 on lactate production. ML-05 dose-dependently in-
hibited the production of lactate in A375, CAL51, and MIA PACA2 
cells with comparable potency with GNE140 after 6 h of treatment 
(Figure 3A–C). Furthermore, ML-05 was tested on the inhibition of 
lactate production in murine cancer cells. Similarly, ML-05 dose-
dependently inhibited the lactate production in B16F10, EMT6, and 
Panc02 cells with comparable potency with GNE140 after 6  h of 

treatment (Figure 3D–F). These data indicated that ML-05 could re-
duce lactate production in human-derived cells and murine-derived 
cells with comparable potency.

Melanoma is a highly glycolytic tumor, in which lactate induces 
an immunosuppressive TME and correlates with metastasis.28,29 
Inhibition of LDHA activity exerts antitumor effects by promoting 
T cell infiltration.17 Thus, we selected melanoma cells (B16F10) for 
further evaluation of compound ML-05. To verify the inhibitory ef-
fect of ML-05 on glycolysis, a glycolytic stress test was carried out 
on B16F10 cells by transient injection of ML-05 or GNE140 and 
subsequently with glucose and oligomycin using Seahorse technol-
ogy. The results showed that both ML-05 and GNE140 could dose-
dependently inhibit ECAR and glycolysis capacity (Figure  3G–I), 
whereas ML-05 showed less reduction on ECAR compared to that of 
GNE140 (Figure 3H,I), suggesting the transient inhibition on lactate 
production is weaker for ML-05.

F I G U R E  3  ML-05 inhibited lactate production and glycolysis in both human and murine cells. (A–C) Human cancer cells A375, CAL51, 
and MIA PACA2 were treated with serial doses of ML-05 or GNE140 for 6 h, and lactate levels in the supernatant were measured. Data are 
shown as mean ± SEM, n = 3. (D–F) Murine cancer cells B16F10, EMT6, and Panc02 were treated with serial doses of ML-05 for 6 h, and 
lactate levels in the supernatant were measured. Data are shown as mean ± SEM, n = 3. (G,H) Extracellular acidification rate (ECAR) curve of 
B16F10 cells as measured by Seahorse technology. Compounds (Comps) were injected as indicated, mean ± SEM was plotted, n = 5. (I) ECAR 
of (G) and (H) after glucose injection, reflecting the glycolytic capacity. ***p < 0.001, ****p < 0.001, compared to control group by using one-
way ANOVA
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3.3  |  ML-05 inhibited cell proliferation and 
promoted ROS production and G1 phase arrest

ML-05 has pan-inhibitory activity against human and murine cancer 
cells, with higher potency in A375, CAL51, MDA-MB-468, B16F10, 
4T1, and PAN02 cells and less potency in MIA PACA-2, HMCB, 
EMT6, and LLC cells compared to GNE140 (Figure 4A). Specifically, 
the IC50 of ML-05 on B16F10 cells was 23 μM and further explored 
for the mechanisms involved in the inhibition of cell proliferation. 
ML-05 dose-dependently inhibited ATP production of B16F10 cells 
(Figure  4B). Glycolysis reduces the carbon flow from pyruvate to 
the Krebs cycle, thus minimizing the production of ROS and allow-
ing tumor cells to be protected from oxidative stress. Indeed, LDHA 
inhibition could promote ROS production, which induces oxidative 
stress and restrains tumor progression.19 Consistently, ML-05 pro-
moted the production of ROS in B16F10 cells with the highest induc-
tion at 25 μM, while higher level of ML-05 (50 μM) induced less ROS 
might relate to the death of high ROS production cells (Figure 4C).

Next, we determined the effect of ML-05 on the cell cycle. ML-05 
induced G1 cell cycle arrest at all doses tested, and G1 arrest was more 
pronounced at the two higher doses (25 and 50 μM) (Figure 4D,E). 
In addition, we examined the expression of c-Myc, p-Rb/Rb, CDK2, 
and cyclin A, which are G1 cell cycle regulators. c-Myc and p-Rb/
Rb are upstream positive regulators of the cell cycle, and we found 
their expression was reduced by ML-05 in a dose-dependent manner 
(Figure 4F). Concordantly, the association of cyclin A and CDK2 is 
required for G1/S transition31 and thus their decrement by ML-05 
treatment was associated with G1 phase arrest. Collectively, these 
results indicated that ML-05 has a pan-inhibitory effect on cancer 
cell proliferation, which was associated with decrease in ATP pro-
duction and increase in ROS production and G1 phase arrest.

3.4  |  ML-05 inhibited growth of B16F10 melanoma 
in immunocompetent mice

ML-05 did not inhibit the growth of B16F10 allograft tumor in immu-
nocompetent C57BL/6 mice by oral administration or i.p. injection, 
similar to GNE140 (Figure S1A–D). Considering the intratumoral in-
hibition of lactate production might alleviate local immunosuppres-
sive TME, we tested the antitumor effect of ML-05 by intratumoral 
injection. Interestingly, ML-05 could significantly inhibit the growth 
of B16F10 allograft tumor with a TGI rate of 60% and reduce the 
tumor weight, whereas GNE140 only showed modest antitumor 
activity without statistical difference on tumor growth or tumor 
weight (Figure 5A,B), and neither impacted on the body weight of 
mice (Figure 5C). The reduction of lactate production in tumor tis-
sues was confirmed by measuring the lactate level after 6 h of ML-05 
treatment before mice were killed (Figure S1E). To further confirm 
whether the antitumor effect of ML-05 is through the inhibition of 
LDHA activity, we used LDHA siRNA by intratumoral injection in the 
B16F10 allograft tumor model, to observe whether local knockdown 
of LDHA expression could exert antitumor effects. Consistently, 

local knockdown of LDHA exerted significant tumor inhibition with 
a TGI rate of 40% (Figure 4D), which was less than the TGI rate of 
ML-05, suggesting that ML-05 inhibited the tumor growth mainly 
through the inhibition of LDHA.

We next asked whether the antitumor effect of ML-05 acted 
through the improvement of TME, as ML-05 was also able to di-
rectly inhibit cancer cell proliferation. Thus, we used nude mice 
implanted with B16F10 tumor cells, which are deficient in T cells. 
Interestingly, the antitumor effect of ML-05 was largely diminished 
in nude mice, and GNE140 also did not show significant inhibition of 
tumor growth or tumor weight in nude mice, nor on the body weight 
of mice (Figure 5E–G). These data suggested the antitumor effect of 
ML-05 acts mainly through immune activation, as direct tumor cell 
inhibition was insufficient to antagonize tumor growth. It should be 
noted that nude mice are deficient in T cells, suggesting that T cells 
might play an important role in the antitumor effect of ML-05.

3.5  |  ML-05 increased Th1 and cytotoxic CD8T 
cells in TME

Given the antitumor effect of ML-05 was related to T cells and adap-
tive immunity, we further investigated how ML-05 impacts on tumor 
infiltrating immune cell subsets, which could account for the antitu-
mor effect. The T cell subsets were gated, as shown in Figure 6A,B, 
and we found ML-05 treatment did not induce significant changes in 
CD3+ T, CD4+ T, or CD8+ T cells (Figure 6C–E). In a further analysis 
of the CD4+ T subsets, we found ML-05 but not GNE140 induced 
a significant increase in Th1 cells (Figure 6F), but neither had a sig-
nificant influence on Th17 or Treg cells (Figure 6G,H). For the CD8+ 
T cell subsets, we found the levels of GMZB+CD8 T cells were dra-
matically increased by ML-05 but not GNE140 treatment (Figure 6I), 
with no significant change for IFN-γ+CD8+ T cells (Figure 6J). These 
results suggested the increase of Th1 and GMZB+CD8 T cells in the 
TME under ML-05 treatment could play a critical role in mediating 
its antitumor effect. In contrast, GNE140 did not show any impact 
on Th1 or GMZB+CD8 T cells in the TME, which could explain its 
marginal antitumor effect in vivo.

Furthermore, we also determined the changes in macrophages 
and subsets under ML-05 treatment, the functions of which are 
closely related to lactate level.31,32 However, the frequency of mac-
rophages did not show significant changes after ML-05 treatment 
(Figure S2A), nor for the subsets, including M1 and M2 macrophages 
and M1  /  M2 ratios (Figure  S2B–D). These results suggested the 
frequency of tumor infiltrating macrophages were not significantly 
affected by ML-05. In addition, we further explored the influence of 
ML-05 on mouse primary macrophages, which were used to observe 
the effect of ML-05 on M1 and M2 differentiation under lactate co-
incubation. We found that lactate co-incubation could decrease the 
differentiation of M1 and increase the differentiation of M2 from M0. 
ML-05 treatment significantly reversed the M1 and M2 macrophage 
differentiation (Figure S2E), suggesting that ML-05 could modulate 
the differentiation of macrophages under lactate induction.
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3.6  |  ML-05 enhanced antitumor effects of PD-1 
Ab and STING agonist

As ML-05 could increase Th1 and GMZB+ CD8T cells in B16F10 
TME, we next determined whether it could enhance the efficacy 
of immunotherapy. Programmed cell death-1 is a well-known im-
mune checkpoint, and PD-1 Ab has achieved great success in clinic 
patients bearing with “hot tumors”. However, a large proportion of 
“cold tumors” are refractory to anti-PD-1 therapy, and some stud-
ies have reported that the excessive lactate could induce an immu-
nosuppressive TME.33,34 Therefore, we tested whether ML-05 and 
PD-1 Ab have a combined antitumor effect. In the B16F10 tumor 
model, PD-1 Ab was given i.p. twice a week, and ML-05 was given 
i.t. daily. As shown in Figure 7A, PD-1 Ab did not show significant 
inhibition of B16F10 tumor growth or weight, whereas the combina-
tion of ML-05 and PD-1 Ab exerted a much more dramatic inhibition 
on tumor growth and weight than monotherapy (Figure 7B), without 
impacting on body weight (Figure 7C).

Innate immunity is essential for immune surveillance and acti-
vating the innate immune signaling pathways is now emerging as an 
important strategy in cancer immunotherapy. Among them, STING 
agonist is a hot topic based on its potent activation on antitumor 
immune response. To explore the combined effect of ML-05 with 
STING agonist, we used a STING agonist (diABZI) developed by 
GSK.35 In the B16F10 tumor model, diAZBI was given i.p. and ML-05 
was given i.t. We found a slightly higher inhibition of tumor growth in 
the combined group compared to monotherapy (Figure 7D). Tumor 

weight was much lower in the combined treatment group com-
pared monotherapy (Figure 7E), without impacting on body weight 
(Figure 7F).

4  |  DISCUSSION

Glycolysis produces large amounts of lactic acid, which exacerbates 
the immunosuppressive TME and promotes tumor progression. 
Lactate dehydrogenase A is the main catalyzing enzyme for lactate 
production, and there were positive correlations between LDHA and 
tumor progression.36-38 Thus, inhibiting LDHA activity and lactate pro-
duction is expected to promote the antitumor immune response or 
sensitize immunotherapy. GNE140 shows the most potent activity on 
LDHA inhibition, but did not show potent antitumor activity in vivo.26 
Similar to GNE140, ML-05 did not dramatically inhibit B16F10 tumor 
growth in vivo by systemic administration. Therefore, we hypothesized 
that targeting lactate production in local tumor tissue might be suit-
able to reverse the immunosuppressive TME. Intriguingly, this concept 
was confirmed by the intratumoral injection of ML-05, which showed 
a dramatic inhibition on B16F10 tumor growth in vivo. These results 
suggested that local treatment with an LDHA inhibitor could be an ap-
propriate antitumor approach for future development.

Although we found the antiproliferative effect of ML-05 in cul-
tured cancer cells, this effect was not sufficient to produce pro-
nounced tumor inhibition in vivo, as shown in nude mice. Notably, 
the antitumor effect was observed in immunocompetent mice, 

F I G U R E  4  ML-05 inhibited cell proliferation and ATP production, and induced reactive oxygen species (ROS) production and G1 phase 
arrest. (A) Antiproliferative activity of ML-05 or GNE140 against various human or murine cancer cell lines. Cancer cell lines were treated 
with serial concentrations of ML-05 or GNE140 for 72 h. IC50 (μM) values are shown as mean ± SEM from two or three independent 
experiments. (B) B16F10 cells were treated with ML-05 at indicated concentrations for 24 h. Cellular ATP levels were determined 
by fluorescence assay and normalized by the number of live cells, mean ± SEM, n = 3. (C) B16F10 cells were treated with indicated 
concentrations of ML-05 for 24 h, and cellular ROS levels were determined by median DCFDA fluorescence. Mean ± SEM, n = 3. (D) B16F10 
cells were treated with indicated concentrations of ML-05 for 24 h, and the cell cycle was analyzed by propidium iodide staining. (E) Cell 
cycle distribution of (D). (F) B16F10 cells were treated with indicated concentrations of ML-05 for 24 h, and the expression of cell cycle 
associated proteins were measured by immunoblotting. **p < 0.01, ***p < 0.001, ****p < 0.001, compared to control group using one-way 
ANOVA
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suggesting the restoration of immune response is critical to the anti-
tumor effect of ML-05 in vivo. To explore the immune activation as-
sociated with ML-05 treatment, we analyzed the infiltrating immune 
cell subsets in B16F10 tumor tissues. Interestingly, we found that 
ML-05 treatment could dramatically increase the frequency of Th1 
and GMZB+CD8 T cells, which are two important antitumor immune 
subsets.39 In contrast, GNE140 did not show significant antitumor 
activity nor any effect on T cell infiltration in tumors, which might re-
late to its metabolic or other issues; the exact mechanism needs to be 
further explored. Notably, highly glycolytic tumors could dampen T 
cell antitumor activity by limiting glucose use and promoting lactate 
accumulation.9,17,40,41,42 Lactate dehydrogenase A could affect the 
immune response of T cells through the PI3K-Akt-Foxo1 pathway,43 
and high lactate levels inhibited cytokine production and impaired 
the lytic function of cytotoxic T cells.44 Our results substantiated 
that the inhibition of LDHA could restore the antitumor immunity 
of Th1 and GMZB+ CD8 T cells in melanoma, although it did not 
have a significant impact on total T cells, CD4+ T cells, or CD8+ T 

cells. Lactate could polarize macrophages to an M2-like state but in-
hibit the polarization to an M1-like state that favors tumor growth.45 
However, there were no significant changes in the frequencies of 
M1-like or M2-like macrophages, which might relate to their dynamic 
changes in the TME under ML-05 treatment; however, we might not 
have captured the changes in macrophages at the right time. Thus, 
we tested the influence of ML-05 on macrophages in primary macro-
phages, and found that ML-05 could reverse the polarization of M2 
and M1 induced by lactate. Therefore, the reactivation of macro-
phage function by ML-05 might also contribute to antitumor activity, 
which could further promote the activation of Th1 and GMZB+ CD8 
T cells. Given the complex and dynamic changes of immune subsets 
in the TME under ML-05 treatment, further study is required to fully 
determine the impact of ML-05 on immune activation.

Furthermore, we asked whether LDHA inhibitor could sensitize 
immunotherapy. As is well-known, B16F10 is a “cold tumor” that is 
resistant to PD-1/L1 therapy, thus we tested whether ML-05 could 
sensitize the antitumor effect of PD-1 Ab in the B16F10 tumor 

F I G U R E  5  In vivo antitumor effect of ML-05. (A) Effect of ML-05 on B16F10 tumor growth in C57BL/6 mice. Tumors were intratumorally 
injected with vehicle (5% DMSO +5% Kolliphor HS15), ML-05 (50 mg/kg), or GNE140 (50 mg/kg) per day. Data represent mean ± SEM, 
n = 6. ***p < 0.001, two-way ANOVA. ns, no statistical significance. (B) Tumor weight. *p < 0.05, one-way ANOVA. (C) Body weight of mice 
shown in (A). (D) Effect of lactate dehydrogenase A (LDHA) siRNA treatment on B16F10 tumor growth in C57BL/6 mice. siLDHA (5 mmol) 
was intratumorally injected twice a week. Results represent mean ± SEM, n = 6. *p < 0.05, two-way ANOVA. (E) Effect of ML-05 or GNE140 
on B16F10 tumor growth in nude mice. Tumors were intratumorally injected with vehicle or ML-05 or GNE140 (50 mg/kg) per day. Data 
represent mean ± SEM, n = 6, two-way ANOVA. ns, no significant difference. (F) Tumor weight. (G) Body weight of mice of (E)

F I G U R E  6  Effect of lactate dehydrogenase A (LDHA) inhibition on infiltrating immune cells in B16F10 tumors. B16F10 tumors were 
intratumorally treated with vehicle, ML-05, or GNE140 (50 mg/kg/day), and tumor infiltrating immune cells were determined by flow 
cytometry. (A,B) Gating strategy for the CD4+ T subsets and CD8+ T subsets of flow cytometry analysis. Numbers in graphs indicate the 
percentage of cells. Plots of data from representative ML-05 samples are shown. (C) CD3+ T cells. (D) CD4+ T cells. (E) CD8+ T cells. (F) 
Interferon-γ (IFN-γ)+CD4+ T cells (T helper 1). (G) Interleukin (IL)-17A+CD4+ T cells (Th17). (H) CD25+ and FOXP3+ CD4+ T cells (regulatory 
T cells). (I) Granzyme B+CD8+ T cells. (J) IFN-γ+CD8+ T cells. Data are represented as mean ± SEM, n = 5–6. Plot data from representative 
tumors are shown. *p < 0.05, **p < 0.01, one-way ANOVA. FSC, forward scatter; ns, no statistical significance; SSC, side scatter
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model. Interestingly, the combined use of ML-05 and PD-1 Ab pro-
duced much higher inhibition of B16F10 tumor growth, suggesting 
the ML-05 could turn “cold tumors” to “hot tumors” and has the po-
tential to expand the patient population that benefits from immune 
checkpoint therapy. This finding is concordant with the knockout 
of LDHA in mice with enhanced response to CTLA-4 Ab.47 In addi-
tion, activating the innate immunity is emerging as a novel antitumor 
strategy; among them, STING stands out as a promising new tar-
get.48-50 Herein, we tested the combination of ML-05 with a STING 
agonist, diABZI. Although there was only a slight increase in the inhi-
bition of tumor growth compared to monotherapy, the tumor weight 
of the combined group decreased remarkably, suggesting the tumor 
tissues became more “inflamed” with combined therapy. These re-
sults indicated the LDHA inhibitor could sensitize both innate and 
adaptive immunotherapy.

In summary, we developed a novel LDHA inhibitor, ML-05, 
which showed potent inhibition on lactate production, ROS produc-
tion, and cell cycle arrest. ML-05 could release antitumor immunity 
through increasing the function of Th1 and GMZB+ CD8+ T cells in 

vivo and potentially macrophages, suggesting it has the potential 
to turn “cold tumors” into “hot tumors”. Importantly, inhibition of 
LDHA in the local TME could sensitize immunotherapies, like PD-1 
Ab and STING agonist, which might expand the number of patients 
that would benefit from their clinical application; inhibition of LDHA 
demonstrated great translational value. These findings underscore 
that targeting LDHA in the local TME is a feasible antitumor strat-
egy, especially for glycolytic-dependent tumors, and provide a basis 
for development of LDHA inhibitors in the future.
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