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I M M U N O L O G Y

Lactate supports a metabolic-epigenetic link 
in macrophage polarization
Jordan T. Noe1,2, Beatriz E. Rendon2, Anne E. Geller2,3, Lindsey R. Conroy4,5,  
Samantha M. Morrissey2,3, Lyndsay E.A. Young6, Ronald C. Bruntz6, Eun J. Kim2, Ashley Wise-Mitchell2, 
Mariana Barbosa de Souza Rizzo2, Eric R. Relich4, Becca V. Baby2, Lance A. Johnson7,8,  
Hayley C. Affronti9, Kelly M. McMasters2,10, Brian F. Clem1,2, Matthew S. Gentry6, Jun Yan2,3,10, 
Kathryn E. Wellen9, Ramon C. Sun4,5,8*, Robert A. Mitchell1,2,3,10*

Lactate accumulation is a hallmark of solid cancers and is linked to the immune suppressive phenotypes of 
tumor-infiltrating immune cells. We report herein that interleukin-4 (IL-4)–induced M0 → M2 macrophage 
polarization is accompanied by interchangeable glucose- or lactate-dependent tricarboxylic acid (TCA) cycle 
metabolism that directly drives histone acetylation, M2 gene transcription, and functional immune suppression. 
Lactate-dependent M0 → M2 polarization requires both mitochondrial pyruvate uptake and adenosine triphosphate–
citrate lyase (ACLY) enzymatic activity. Notably, exogenous acetate rescues defective M2 polarization and histone 
acetylation following mitochondrial pyruvate carrier 1 (MPC1) inhibition or ACLY deficiency. Lastly, M2 
macrophage–dependent tumor progression is impaired by conditional macrophage ACLY deficiency, further 
supporting a dominant role for glucose/lactate mitochondrial metabolism and histone acetylation in driving 
immune evasion. This work adds to our understanding of how mitochondrial metabolism affects macrophage 
functional phenotypes and identifies a unique tumor microenvironment (TME)–driven metabolic-epigenetic link 
in M2 macrophages.

INTRODUCTION
Highly glycolytic “Warburg-like” cancer cells take up glucose and 
produce lactate, which fundamentally changes the metabolic land-
scape of tumor microenvironments (TMEs) (1, 2). Although lactate 
has long been considered just a metabolic waste product of glycolytic 
tumors, it is becoming increasingly recognized as an important 
TME signal responsible for regulating the effector functions of a 
variety of tumor-infiltrating immune cells (3–5). A recent paradigm- 
shifting study revealed that circulating lactate—derived directly from 
glucose metabolism following glycolysis and lactate secretion—is 
actively metabolized through the mitochondrial tricarboxylic acid 
(TCA) cycle (6). Perhaps relatedly, tumor-derived lactate was shown 
to be sufficient to drive macrophage M2 polarization in a hypoxia- 
inducible factor–1 (HIF-1)–dependent manner (7), although 
the metabolic mechanism(s) involved has not yet been elucidated. 
Given that M2-polarized macrophages occupy a low-glucose/
high-lactate tumor stromal environment (8) and rely on mitochon-
drial metabolism (9, 10), an understanding of how lactate is func-
tionally metabolized and whether/how it regulates gene expression 
patterns will help to further elucidate the mechanisms by which the 
TME influences tumor-infiltrating macrophage functions.

Macrophages carry out both physiologic and pathophysiologic 
functions leading to health and disease (11). For example, anti- 
inflammatory, proangiogenic M2-polarized macrophages (TAMs) 
promote wound healing and resolution of immune responses (12), 
but in late-stage cancers, this phenotype is co-opted by tumors to 
evade antitumor immunity (13). Conversely, while proinflammatory 
M1 macrophages help eradicate tumors by enhancing antitumor 
immune responses, they also drive tumor development by contribut-
ing to chronic inflammation–associated cell damage and DNA 
mutations (14). Accumulating evidence demonstrates that macro-
phage polarization phenotypes are sensitive to local metabolites 
within the TME, which influence their immunophenotypes and 
effector functions (15–17). Notably, the nomenclature of in vitro and 
in vivo macrophage polarization is nuanced (11). Previous studies 
demonstrate that in vitro interleukin-4 (IL-4)–polarized M2 bone 
marrow–derived macrophages (BMDMs) have similar phenotypic 
characteristics to in  vivo immune-suppressive M2-like TAMs 
(18). In acknowledgement of previously established nomenclature 
guidelines (19), in vitro IL-4–polarized macrophages are M(IL-4) 
polarized and, for readability, will be referred to as M2 macro-
phages, and immunosuppressive TAMs will be referred to as 
M2-like TAMs.

Adenosine triphosphate (ATP)–citrate lyase (ACLY) enzymatic 
activity forms an important functional link between the TCA cycle 
and epigenetic histone acetylation (20). Specifically, glucose is first 
converted to pyruvate through glycolysis, which is then incorporated 
into the mitochondrial TCA cycle to produce citrate (21). A sub-
fraction of this glucose-derived citrate is extruded out of the 
mitochondria and cleaved by ACLY, resulting in increased nucleo- 
cytoplasmic pools of acetyl–coenzyme A (CoA) that can then be 
used for nuclear histone acetylation (20).

ACLY has pleiotropic functions in macrophage polarization as 
acetyl-CoA can support histone acetylation as well as de novo 
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lipogenesis (22). Initial studies in macrophages found that pharmaco-
logic ACLY inhibitors suppress M1 macrophage–mediated cytokine 
and prostaglandin E2 production (23, 24). In contrast, IL-4–dependent 
M2 macrophage polarization triggers Akt-mTORC1–dependent 
ACLY phosphorylation and activation (25). More recently, a con-
ditional macrophage ACLY-knockout transgenic model was used to 
identify an ACLY contribution to macrophage-dependent atheroscle-
rotic plaque formation (26). However, the absolute requirements 
for ACLY, and the metabolic substrates involved, in direct 
M0 → M2–like TAM polarization and effector functions have not 
been fully elucidated. Using gene expression analyses, chromatin 
immunoprecipitation (ChIP), and metabolomic approaches, we 
now report that direct IL-4–induced M0 → M2 macrophage polar-
ization interchangeably uses glucose or lactate as TCA cycle 
carbon sources to maximally drive ACLY-dependent histone acetyla-
tion at M2 gene- specific promoters, resulting in T cell suppressive 
functionality.

RESULTS
Lactate supports direct M0 → M2 macrophage polarization 
through mitochondrial pyruvate metabolism
To investigate how changing TME metabolite concentrations 
differentially affect M2 macrophage polarization, we first treated 
primary murine BMDMs with the T helper 2 cytokine IL-4 in the 
presence/absence of various concentrations of glucose and lactate. 
Removal of extracellular glucose significantly reduced the expres-
sion of canonical M2-associated gene products arginase 1 (Arg1) 
and C-C motif chemokine 22 (Ccl22)—an effect that was rescued in 
a dose-dependent manner with molar equivalent additions of exog-
enous lactate as assessed by quantitative polymerase chain reaction 
(qPCR) (Fig. 1A) and immunoblotting (fig. S1A). The concentra-
tions of exogenous lactate added are comparable to lactate levels 
found in the TME, which has been reported to be as high as 10 to 
30 mM concentrations (27). In addition to Arg1 and Ccl22, exogenous 
lactate also rescued the reduced expression of M2 macrophage– 
associated gene Retnla and Il-10 in glucose-free culture conditions 
(Fig. 1B). Because low pH (i.e., high acidity) has been shown to 
promote M2 polarization (28), we confirmed that sodium lactate 
does not result in significant reductions of pH (fig. S1B).

M2 macrophages rely on mitochondrial metabolism (9, 10), and 
lactate is readily converted to pyruvate, which can then enter the 
TCA cycle by mitochondrial import via the MPC1 transporter 
(21, 29). Hence, we next asked whether inhibition of MPC1 by 
UK-5099 (30) blocks lactate- and/or glucose-dependent M2 polariza-
tion. As shown in Fig. 1C, UK-5099 strongly inhibited IL-4–induced 
expression of M2-associated genes in primary BMDMs cultured in 
both glucose and lactate and, as shown in fig. S1 (C and D), pyruvate. 
To assess whether M1 polarization is similarly affected by inhibition 
of mitochondrial pyruvate uptake, we evaluated the expression of the 
canonical M1-associated gene product, Nos2, in lipopolysaccharide 
(LPS)/interferon- (IFN-)–polarized BMDMs pretreated with 
UK-5099 and found significant, but much more modest, reductions 
in Nos2 expression (fig. S1E) suggesting that M1 polarization is less 
dependent on mitochondrial metabolism consistent with previous 
reports (10). To assess whether loss of M2-associated gene expres-
sion is simply due to loss of cellular viability following inhibition of 
mitochondrial lactate metabolism, we conducted trypan blue exclusion 
test and found that UK-5099 has no significant effects on overall 

macrophage viability (fig. S1F). Last, to ensure that the inhibitory 
effects observed with UK-5099 on M2 polarization were due to 
specific MPC1 inhibition, we also tested mitoglitazone, a molecu-
larly distinct MPC inhibitor (31), which inhibited Arg1 expres-
sion in a dose-dependent manner (fig. S1G) and phenocopied 
the inhibition of the same UK-5099–sensitive M2-associated genes 
(fig. S1H).

Previous work by Colegio et al. determined that lactate-transporting 
monocarboxylate transporters (MCTs) are required for the induc-
tion of M2-associated genes (7). To better understand this mechanism, 
we determined the expression of the predominant lactate-exporting 
MCT1 and lactate-importing MCT4 in BMDMs cultured in exoge-
nous lactate or Lewis lung carcinoma (LLC)–conditioned super-
natants. The expression of MCT1 was reduced following lactate or 
LLC-conditioned media even in unpolarized BMDMs (fig. S2A, 
left), whereas the expression of MCT4 was induced in BMDMs 
polarized with IL-4 and cultured in either exogenous lactate or LLC 
supernatants (fig. S2A, middle). We also observed that the ratio of 
MCT4/MCT1 was generally elevated (i.e., high MCT4/MCT1 suggests 
overall lactate import) in both lactate- and LLC supernatant–treated 
BMDMs even in naïve macrophages (fig. S2A, right) suggesting that 
macrophages use MCTs in sensing extracellular/tumor-derived 
lactate to then drive M2 polarization.

Arguably, the most important functional consequence of M2-like 
TAMs is the acquisition of immune-suppressive activity that nega-
tively controls activation and antitumor cytolytic function of tumor- 
infiltrating CD8+ T cells (13). Hence, we next tested whether lactate 
functionally supports M2-polarized macrophage immunosuppression 
and whether it similarly requires mitochondrial pyruvate uptake. 
As shown in Fig. 1D, M2 macrophage polarization in the presence 
of glucose or lactate is equally sufficient to induce significant 
suppressive activity against anti-CD3/anti-CD28–activated CD8+ 
splenocyte proliferation (Fig. 1D, two left panels) and IFN- pro-
duction (Fig. 1D, two right panels). In addition, and consistent with 
the observed requirement for mitochondrial pyruvate uptake in 
glucose and lactate-dependent M2 gene expression (Fig.  1C), 
UK-5099 abrogated M2 macrophage–mediated immune-suppressive 
activity allowing for improved CD8+ T cell proliferation and IFN- 
production in both glucose and lactate culture conditions (Fig. 1D). 
Together, these data suggest that both glucose and lactate-derived 
mitochondrial pyruvate metabolism are necessary for maximal 
IL-4–induced M0 → M2 macrophage polarization and immuno-
suppressive function.

Mitochondrial pyruvate metabolism supports metabolic 
reprogramming in M2 macrophages
While M1 macrophage polarization relies primarily on glycolytic 
metabolism and terminal lactate secretion (10), M2 polarization is 
accompanied by a metabolic shift toward mitochondrial metabo-
lism, TCA cycle activity, and oxidative phosphorylation (OXPHOS) 
(9, 10). However, the relative requirements, fate, and mechanism by 
which mitochondrial pyruvate metabolism controls gene expres-
sion programs and functional outcomes in M2 macrophage polariza-
tion are largely unresolved. Using extracellular flux analysis of 
BMDMs, we confirmed earlier studies (9, 10) showing that IL-4 
increases basal and maximal oxygen consumption rates (OCRs) 
and spare respiratory capacity (SRC) (Fig. 2, A and B). In contrast, 
pretreatment with UK-5099 reduces both steady-state and IL-4– 
induced OCR and SRC (Fig. 2, A and B). As expected, UK-5099 
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Fig. 1. Macrophages maintain M2 polarization in TME-like conditions through mitochondrial pyruvate/lactate metabolism. (A) Arg1 and Ccl22 expression of 
BMDMs starved in glucose-free (GF) media + 10% dialyzed fetal bovine serum (dFBS) (4 hours) before supplementation with glucose or lactate (as indicated), and then 
polarization with IL-4 (20 ng/ml) for 48 hours. ns, not significant. (B) M2-associated gene expression of BMDMs starved in GF media + 10% dFBS (4 hours) before supple-
mentation with glucose (5 mM) or lactate (10 mM) and polarization with IL-4 (20 ng/ml) for 48 hours. (C) M2-associated gene expression of BMDMs starved in GF 
media + 10% dFBS (4 hours) before pretreatment ± UK-5099 (25 M), supplementation with glucose (5 mM) or lactate (10 mM), and polarization with IL-4 (20 ng/ml) for 
48 hours. DMSO, dimethyl sulfoxide; mAbs, monoclonal antibodies. (D) Proliferation (left) and interferon- (IFN-) production (right), with representative images, of CD8+ 
T cells from splenocytes cocultured for 3 days with BMDMs that were pretreated ± UK-5099 (25 M) and polarized with IL-4 (20 ng/ml) or vehicle control [phosphate-buffered saline 
(PBS)] for 24 hours. Data are presented as means ± SEM and represent at least three independent experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by one-way analysis of vari-
ance (ANOVA) (A, B, and D) or two-way ANOVA (C) with Tukey’s post-test. CFSE+, carboxyfluorescein diacetate succinimidyl ester–positive.
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modestly enhanced basal extracellular acidification rate (ECAR), 
but this difference was largely attenuated following inhibition of 
OXPHOS (fig. S2B) with oligomycin A injection. Last, we identified 
that lactate can support the IL-4–mediated enhancement of OCR to 

a similar extent as glucose (fig. S2C). Combined, these findings 
suggest that exogenous lactate supports metabolic reprogramming 
during M2 polarization and that lactate may be undergoing metab-
olism within the TCA cycle in M2 macrophages.

Fig. 2. M2 macrophages actively metabolize lactate within the mitochondrial TCA cycle. (A) Trace, (B) (left) basal OCR, (middle) maximal OCR, and (right) SRC of 
BMDMs pretreated ± UK-5099 (25 M) and then polarized with IL-4 (20 ng/ml) or vehicle control (PBS) for 24 hours before extracellular flux analysis with oligomycin 
(oligo), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone plus antimycin A (Rot/Ant). Fractional enrichment of (C) lactate (left), pyruvate (middle), 
and citrate (right) in BMDMs starved in GF media + 10% dFBS (4 hours) before pretreatment with UK-5099 (25 M), supplementation with 13C-lactate (10 mM), and then 
polarization with IL-4 (20 ng/ml) for 6 hours. (D) Cumulative comparison of unlabeled (M0) versus labeled lactate (M1 to M2), pyruvate (M1 to M2), and citrate (M1 to M6). 
(E) Metabolic influx of lactate derived carbons into the TCA cycle and (F) percent dilution of M2- and total- (M2 to M6) citrate labeling into -ketoglutarate (-KG), as 
determined by 1–fractional enrichment (FE) of -KG/citrate, in BMDMs treated as previously indicated. Data are presented as means ± SEM of four (A and B) or three 
(C to F) replicates. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by two-way ANOVA (A to C) or Student’s t test (E).
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Tumor-derived lactate is sufficient to induce M2-associated 
gene expression (7), and lactate can be catabolized in the TCA cycle 
within specific organs (6) but whether, and if so how, macrophage 
polarization-specific lactate metabolism occurs is largely unknown. 
To address this, we conducted isotope tracing using uniformly 
labeled lactate ([U-13C]-lactate) in IL-4–polarized M2 BMDMs 
treated with ±UK-5099 in glucose-free RPMI. As shown in Fig. 2C, 
13C-lactate accumulates as fully labeled lactate (M + 3 isotopolog) in 
M2-polarized macrophages and is not affected by UK-5099 treat-
ment (Fig. 2C, left). In untreated M2-polarized BMDMs, 13C-lactate 
is converted to fully labeled pyruvate (M+3) (Fig. 2C, middle) and is 
also incorporated into the first round of the TCA cycle as (M + 2) 
citrate and (M + 3 – M + 6) citrate following subsequent TCA cycling 
(Fig.  2C, right). As expected, UK-5099 treatment reduces the 
fractional enrichment of M+2 citrate isotopolog with a corresponding 
increase in M+3 pyruvate, indicating that 13C-lactate–derived 
carbons are not being efficiently incorporated into the TCA cycle. 
Comparison of unlabeled (M+0) versus labeled lactate (M + 1 – M + 3), 
pyruvate (M + 1 – M + 3), and citrate (M + 1 – M + 6) shows the shifts 
in isotopolog labeling following UK-5099 treatment (Fig.  2D), 
which results in significant decreases in TCA cycle incorporation of 
13C-lactate–derived carbons (Fig. 2E). These findings suggest that 
lactate-derived mitochondrial pyruvate is sufficient for IL-4–induced 
metabolic reprogramming and that lactate is efficiently taken 
up in M2 macrophages and catabolized, via pyruvate, within the 
TCA cycle.

Resident TAMs actively take up exogenous glucose in the TME 
in vivo, which directly contributes to their protumorigenic activities 
(32). To determine whether IL-4–polarized M2 BMDMs preferen-
tially use glucose or lactate, we conducted isotope tracing studies on 
M2 BMDMs using uniformly labeled lactate ([U-13C]-lactate) in the 
presence or absence of equimolar amounts of unlabeled glucose for 
3 hours. Unexpectedly, we found that the accumulation of fully 
labeled lactate (M+3) and incorporation of 13C-lactate derived 
carbons into citrate (M+2) are not affected by the presence of 
unlabeled glucose (fig. S2D). Given that these findings may be solely 
attributed to a temporal effect as the incorporation of lactate-derived 
carbons into citrate requires fewer enzymatic steps than glycolysis, 
and glucose-derived incorporation into citrate achieves steady state 
at approximately 4 hours (33), we repeated this experiment for 
6 hours. We observed that while exogenous unlabeled glucose 
slightly reduced the accumulation of 13C-lactate (M + 3) with a 
concomitant increase in glucose-derived lactate (M + 0), there was 
no significant decrease in the incorporation of 13C-lactate–derived 
carbons into citrate (M + 2) (fig. S2E). M + 2 citrate was the most en-
riched isotopolog at this time point (fig. S2E, right), suggesting that 
lactate was preferentially used for citrate production in this model.

Mitochondrial lactate metabolism does not affect signal 
transducer and activator of transcription 6 phosphorylation, 
HIF-1 stabilization, and protein lactylation during  
IL-4–induced M2 polarization
Initial studies designed to identify a mechanistic link between 
lactate-derived mitochondrial pyruvate metabolism and IL-4–induced 
expression of M2 macrophage–associated genes ruled out signal 
transducer and activator of transcription 6 (STAT6) phosphorylation 
(fig. S3A) and HIF-1 stabilization (17). Using HIF-oxygen depen-
dent degradation domain (ODD)–luciferase BMDMs to quantify 
HIF-1 stability demonstrated that, while IL-4 induced a modest 

increase in luciferase activity (i.e., HIF-1 stability), no effect was ob-
served with either UK-5099 or a succinate dehydrogenase inhibitor 
(34), Atpenin A5 (fig. S3B).

A recent study described an intriguing functional role for endoge-
nous, macrophage-derived, lactate being metabolized into an 
acyl-CoA (i.e., lactyl-CoA) and resulting in direct histone lactylation 
thus promoting functional LPS/IFN-–induced M1 → M2 macro-
phage repolarization (5). However, in our studies investigating 
direct IL-4–induced M0 → M2 polarization, we found no fractional 
enrichment of the M3 isotopolog (fig. S3C) and a very low relative 
abundance of lactate in the protein fraction (fig. S3D). Last, we 
determined whether lactate-derived -ketoglutarate may serve as a 
substrate for histone demethylation–dependent M0 → M2 macro-
phage polarization (35). Analysis of the 13C-lactate tracer studies 
revealed no discernable changes in the relative abundance (fig. S3D) 
or fractional enrichment of -ketoglutarate (fig. S3E).

ACLY supports M0 → M2 macrophage polarization 
and histone acetylation
Citrate can undergo TCA cycle mitochondrial export and subse-
quent cleavage by ACLY to form acetyl-CoA substrates for nuclear 
histone acetylation (20, 22). Analysis of our isotope tracing studies 
indicated that 20.32 and 20.52% of 13C- lactate–derived labeling of 
citrate isotopologs from the first TCA cycle round (M+2 citrate) 
and subsequent TCA cycling (M+3 – M+6 citrate), respectively, 
were not incorporated into -ketoglutarate (Fig. 2F). This dilution 
of 13C-citrate labeling into -ketoglutarate suggests that TCA cycle 
efflux of citrate may be occurring, which would, in theory, then be 
available for ACLY-dependent cleavage.

Consistent with this hypothesized role for mitochondrial 
pyruvate-dependent histone acetylation, glucose and lactate inde-
pendently increase total H3 (Fig. 3A), lysine residue–specific H3 
(Fig. 3B), and M2 gene promoter–specific (Fig. 3C) histone acetyla-
tion. Taking advantage of the fact that anabolism of acetate by 
acetyl-CoA synthetase short-chain family member 2 (ACSS2) can 
provide an alternative, mitochondrial-independent source of acetyl- 
CoA (36), we found that the addition of exogenous acetate very 
effectively rescues UK-5099–dependent inhibition of M2 macrophage– 
associated gene product expression (Fig. 3D), lysine residue–specific 
H3 (Fig. 3E), and M2 gene promoter–specific histone acetylation 
(Fig. 3F). Conversely, small-molecule inhibition of ACSS2 reduces 
the expression of M2-specific gene products in BMDMs polarized 
with exogenous acetate, but not lactate (fig. S3, F and G). To deter-
mine whether inhibition of mitochondrial lactate metabolism with 
UK-5099 and/or exogenous acetate supplementation nonspecifically 
induces alterations in global gene expression, we analyzed the ex-
pression of several “house-keeping” gene products. As seen in 
fig. S3H, while UK-5099 reduces the expression of IL-4–induced 
M2-associated gene products, the expression of the several house- 
keeping gene products was largely unaffected, consistent with prior 
observations that highly expressed/induced genes are more specifi-
cally regulated by histone acetylation compared to basally expressed 
genes (37). Overall, these findings indicate a requirement for lactate- 
derived acetyl-CoA in IL-4–induced M2 macrophage histone 
acetylation/gene expression and suggest a potential role for ACLY 
in this process.

In addition to lactate-derived acetyl-CoA production, lactate 
can be used to support OXPHOS. Following depletion of oxidizable 
metabolites (i.e., glucose and glutamine), cells can undergo a 



Noe et al., Sci. Adv. 7, eabi8602 (2021)     12 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 12

“lactate metabolic shift” where lactate is oxidized to maintain 
bioenergetics needed for cellular viability (38, 39). Notably, in all 
experiments in this investigation, BMDMs were supplemented with 
fresh glutamine for use as an alternative oxidizable metabolic 
substrate before IL-4–induced M2 polarization. In addition, because 
lactate oxidation supports ATP production, we conducted an ATP 
assay in BMDMs polarized in glucose-free media supplemented 
with glucose or lactate. As shown in fig. S3I, as compared to oligo-
mycin A treatment, which blocks ATP production (40), ATP levels 

were not significantly affected by depletion of glucose or lactate. To 
determine whether inhibition of mitochondrial lactate metabolism with 
UK-5099 treatment and/or exogenous acetate supplementation 
affects cellular bioenergetics, we next conducted an ATP assay and 
found no discernable changes in ATP levels with UK-5099 in contrast 
to the depletion of ATP following oligomycin A pretreatment (fig. S4A). 
Furthermore, oligomycin A pretreatment in IL-4–polarized M2 
BMDMs significantly decreased the concentrations of transcribed 
RNA, while total RNA concentrations were largely unaffected by 

Fig. 3. Mitochondrial lactate metabolism supports M2 polarization through ACLY-dependent histone acetylation. (A) Total acetylated histone H3 enzyme-linked 
immunosorbent assay, (B) lysine residue–specific acetylation immunoblot, and (C) H3K9ac ChIP of BMDMs starved in GF media + 10% dFBS (4 hours) before supplementation 
with glucose (5 mM) or lactate (10 mM) and polarization with IL-4 (20 ng/ml) for 6 hours. (D) M2 gene expression, (E) lysine residue–specific acetylation, and (F) H3K9ac 
ChIP of BMDMs starved in GF media + 10% dFBS (4 hours) before pretreatment ± UK-5099 (25 M), supplementation with lactate (10 mM) or acetate (10 mM), and 
polarization with IL-4 (20 ng/ml) for 48 (D) or 6 hours (E and F). Data are presented as means ± SEM and represent at least three experiments. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001 by one-way ANOVA (A and C) or two-way ANOVA (D and F) with Tukey’s post-test.



Noe et al., Sci. Adv. 7, eabi8602 (2021)     12 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 12

UK-5099 treatment (fig. S4B). Notably, to limit generalized meta-
bolic dysfunction, minimal concentrations of oligomycin A were 
used to inhibit ATP synthase (40). Given that inhibition of cellular 
bioenergetics with oligomycin A induced significant generalized 
cellular dysfunction in BMDMs, in contrast to UK-5099 treatment, 
this suggests that while lactate oxidation is likely occurring, the 
predominant contribution of mitochondrial lactate metabolism in 
IL-4–induced M2 gene expression is for lactate-derived acetyl-CoA 
production and subsequent ACLY-dependent histone acetylation.

ACLY is necessary for M2-associated gene expression, 
immune-suppressive activity, and M2 TAM–dependent 
tumor progression
To validate a requirement for ACLY in M0 → M2 macrophage 
polarization, we used an inducible ACLY-knockout transgenic mouse 
model (UBC-Cre-ERT2 Aclyf/f mice). As shown in Fig. 4A, ACLY 
deficiency phenocopies UK-5099–mediated inhibition of mitochon-
drial pyruvate uptake on reducing M2-associated gene expression 
in macrophages polarized in lactate but did not affect acetate- 
dependent polarization. In addition, ACLY deficiency reduces lysine 
residue–specific histone acetylation—an effect that can be rescued 
with exogenous acetate (Fig. 4B). ACLY-deficient BMDMs maintained 
high viability (fig. S4C) and expression of the macrophage terminal 
differentiation marker F4/80 (fig. S4D), suggesting that loss of M2 
polarization following ACLY depletion is not due to these factors.

Given that the defining effector function hallmark of M2 macro-
phages is their ability to suppress antitumor immunity leading to 
enhanced tumor growth, we next used an in vivo tumor admixture 
murine model (41) to investigate a potential requirement for ACLY 
in M2 macrophage–mediated tumor progression. LLC cells were 
co-injected with Acly+/+ or Acly−/− M2-polarized BMDMs (CD45.2+) 
into congenic B6.SJL mice (CD45.1+) (Fig.  4C). While tumors 
bearing Acly+/+ M2-polarized BMDMs had increased tumor growth 
(Fig. 4D), end point tumor weight (Fig. 4E), and gross tumor 
burden (fig. S4E) versus LLC cells alone, tumors bearing Acly−/− 
M2-polarized BMDMs exhibited marked reductions in tumor 
outgrowth and end point tumor burden compared to tumors bearing 
Acly+/+ M2 BMDMs.

Flow cytometric analyses of immune effector cells within tumors 
revealed a lack of residual Acly+/+ or Acly−/− CD45.2+ TAMs (fig. S4F), 
suggesting nearly complete loss of initiator TAMs at the time of our 
end point analysis. No discernable differences were found between 
percentages of infiltrating CD4+ T cells (fig. S4G, left), CD8+ T cells 
(fig. S4G, middle), or CD4+/CD8+ T cell ratio (fig. S4G, right), sug-
gesting that TAM-derived ACLY did not directly affect total intra-
tumoral T cell infiltration per se in this model. However, tumors 
from LLC/Acly−/− M2 BMDMs co-injection had significantly fewer 
IFN-–expressing CD8+ T cells (Fig. 4F, left) and CD4+ helper T cells 
(Fig. 4F, right) compared to LLC/Acly+/+ M2 BMDM co-injection 
tumors. These findings suggest that ACLY expression/activity in 
intratumoral M2 macrophages is necessary for maximal TAM 
immunosuppressive activity and that loss of ACLY allows for a 
more robust antitumor immune response resulting, ultimately, in 
reduced tumor growth and progression.

DISCUSSION
Solid TMEs represent a unique, physiologic paradigm of a high- 
lactate/low-glucose metabolic compartment in human pathology 

(1, 3). Several prior studies have shown that higher lactate concen-
trations in the TME are sufficient to drive both innate and adaptive 
immune responses (4, 7), but whether, and if so how, lactate specif-
ically controls gene expression patterns and functional immune 
phenotypes is largely unknown.

Our studies now reveal that IL-4–induced M2 macrophages 
functionally use extracellular lactate to fuel mitochondrial TCA 
cycling and oxidative metabolism. Lactate fully compensates for 
low or absent glucose in driving M2 macrophage–associated gene 
expression patterns and functional immune suppressive activity. 
13C-lactate tracing metabolomics demonstrates that extracellular 
lactate is efficiently converted to pyruvate, imported into mitochon-
dria, and further metabolized by the TCA cycle to citrate. Our data 
further suggest that this lactate-derived citrate is effluxed out of the 
mitochondria to specifically drive histone acetylation in a manner 
that requires acetyl-CoA generation by ACLY, which is necessary 
for maximal M2 gene expression, immune-suppressive activity, and 
tumor progression.

Recently, a very novel metabolic-epigenetic link was identified where 
M1 macrophages were found to use glycolysis for lactate anabolism 
to generate lactyl-CoA and resulting in histone lactylation–dependent 
LPS/IFN-–induced M1 → M2 macrophage transition (5). Our 
findings, however, indicate that IL-4–induced M0 → M2 macro-
phage metabolic reprogramming preferentially allows for lactate 
catabolism— via mitochondrial pyruvate (42)—to generate sufficient 
acetyl-CoA for use in histone acetylation–dependent gene expres-
sion. It is not unreasonable to speculate that, in early developing 
tumors where glucose supplies are high and lactate is low, M1 
macrophages with high glycolytic/low TCA activity (i.e., low citrate 
levels) can afford to use terminal glycolysis–derived lactate as a 
direct source of epigenetic lactylation and initiation of M1 → M2 
transition. As these same tumors grow and expand (with concomi-
tant reductions in glucose and increases in extracellular lactate), M2 
macrophage metabolic reprogramming occurs resulting in high 
TCA activity and, because glucose is scarce, these early M2 macro-
phages can begin to use lactate both as a source of oxidative fuel 
and, via citrate efflux, as a source of histone acetylation.

Although our studies did not find a direct link between lactate- or 
glucose-dependent M2 polarization and HIF-1 stabilization, they 
do support the previously described requirement for HIF-1 in 
driving tumor-derived lactate-induced M2 polarization that was 
done in the absence of IL-4 (7). The differences between our obser-
vations and Colegio et al. might be explained by different ex vivo 
macrophage polarization models (i.e., tumor-derived lactic acid 
versus IL-4–induced polarization requiring sodium lactate). 
Nonetheless, we envision that in vivo these mechanisms coexist by 
which lactate-dependent histone acetylation allows for maximally 
efficient HIF-1–dependent transcription at a subset of HIF-1–
sensitive M2-associated gene promoters (7).

ACLY serves as a metabolic nexus to supply nucleo-cytosolic 
pools of acetyl-CoA from mitochondrial citrate to be used for lipid 
synthesis, prostaglandin production, and histone acetylation 
(22, 43). We now show that ACLY is necessary to support histone 
acetylation and subsequent maximal expression of M2 macrophage– 
associated gene products. In a very recent study, Van den Bossche 
and colleagues (26) used an independent, macrophage-specific, 
conditional ACLY transgenic model to show that chronic loss of 
ACLY in vivo stabilizes atherosclerotic plaques and suggested that 
ACLY contributes to fatty acid metabolism, efferocytosis, and M2 
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Fig. 4. ACLY is required for maximal M2 macrophage polarization and tumor progression. (A) M2 gene expression and (B) lysine residue–specific acetylation of 
Acly+/+ and Acly−/− BMDMs starved in GF media + 10% dFBS (4 hours) before supplementation with lactate (10 mM) or acetate (10 mM) and polarization with IL-4 (20 ng/ml) 
for 48 (A) or 6 hours (B). (C) Schematic works flow of in vivo tumor admixture model. (D) Growth and (E) weight of tumors consisting of LLC cells only, LLC cells + M2- 
polarized Acly+/+ BMDMs, or LLC cells + M2-polarized Acly−/− BMDMs. (F) IFN- production in CD8+ cytotoxic T cells (left) and CD4+ helper T cells (right) in the respective 
tumors. Data are presented as means ± SEM of three (A and B) or eight (D to F) replicates. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by two-way ANOVA (B) or one-way ANOVA 
(D to F) with Tukey’s post-test.
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polarization phenotypes. In our current study, we used BMDMs 
from an inducible ACLY knockout transgenic model that allowed 
us to assess acute ACLY deletion on direct IL-4–induced M0 → M2 
polarization and to validate defective histone acetylation using 
exogenous acetate. Using in vitro M2-polarized Acly+/+ and Acly−/− 
primary macrophages, we identified that, in a more chronic model 
of macrophage ACLY deficiency, M2 macrophage–dependent tumor 
growth and progression were significantly impaired, coincident 
with increased numbers of infiltrating IFN-+CD8+ and IFN-+CD4+ 
T lymphocytes. We observed that TAM ACLY deficiency led to a 
more marked reduction in tumor weight compared to volume. 
While we do not have any experimental explanation for this 
currently, we suspect that this discrepancy likely lies in changes in 
tumor density due to specific differences in cellularity and/or 
composition of the tumor stromal matrix, as would be expected 
with greater T cell–dependent oncolytic activities in the TAM 
ACLY-deficient tumors.

Future studies are certainly warranted to better and more 
completely understand the following unanswered questions: (i) 
Do ACLY-expressing M2-like TAMs use lactate in vivo for the 
observed phenotypic effects on tumor growth and antitumor 
immunity? (ii) How much, if any, does TAM-derived lactate (sec-
ondary to glycolysis-mediated lactate excretion) contribute to sub-
sequent TAM uptake of lactate? (iii) What is the relative contribution 
of lactate-dependent oxidation to bioenergetic metabolism (i.e., 
OXPHOS, and amino acid synthesis) versus lactate-derived acetyl- 
CoA production in supporting M2 polarization? With respect to 
the latter question, our current data identified that most of the basal 
OCR is resistant to UK-5099 treatment, which indicates that mito-
chondrial lactate uptake only partially supports oxidative metabolism 
and suggests that other metabolic substrates are predominantly 
used for bioenergetic support. In addition, approximately 20% of 
13C-lactate–derived carbons were lost during the conversion from 
citrate to -ketoglutarate, which suggests to us that this portion of 
lactate-derived carbons may be undergoing export out of the mito-
chondria while the rest of the lactate-derived carbons are retained 
in the TCA cycle to help maintain bioenergetic homeostasis.

Our metabolomic analysis of IL-4–polarized M2 BMDMs sug-
gests that if both glucose and lactate are sufficiently abundant in the 
TME, then M2-like TAMs may preferentially use lactate-derived 
carbons for citrate production. Potential reasons for this include the 
fact that pyruvate production from lactate requires fewer enzymatic 
steps and the fact that lactate to pyruvate conversion generates 
NADH (reduced form of nicotinamide adenine dinucleotide), which has 
a feedback inhibitory effect on glycolytic enzymes like glyceraldehyde- 
3-phosphate dehydrogenase (44). Given the recent findings that 
TAMs in vivo take up a substantial amount of glucose in glucose- 
replete TMEs (32), future studies into the relative utilization of 
glucose versus lactate in vivo will help to better clarify whether/how 
nutrient partitioning in the TME changes in a spatiotemporal and/or 
polarization-specific manner.

Numerous ACLY inhibitory compounds have been identified 
and are being developed as anticancer agents (45). Although the 
initial rationale for ACLY antagonists as antitumor agents was based 
primarily on disrupting tumor cell fatty acid biosynthesis secondary to 
glucose addiction, it will be important in future translational studies 
to also assess collateral effects on tumor-infiltrating immune effector 
cells and the relative disruption of transcriptional reprogramming, 
polarization/ differentiation phenotypes, and immune- suppressive 

functions. Because infiltrating M2-like TAMs represent a dominant 
source of antitumor T cell–suppressive activity in late-stage malignant 
tumors, which can functionally skew immune checkpoint blockade 
(ICB) clinical efficacy (13), ACLY targeting may represent a unique 
immunotherapeutic approach to alleviate ICB resistance in the future.

MATERIALS AND METHODS
Mice
Wild-type C57BL/6 mice were obtained from Harlan Laboratories 
(Dublin, VA). B6/SJL mice were obtained from the Jackson Laboratory 
(Bar Harbor, ME). Aclyf/f mice have been previously reported (36), 
and bones from UBC-Cre ERT2; Aclyf/f mice were provided by 
K. Wellen. Animals were maintained under specific pathogen–free 
conditions and handled in accordance with the Association for 
Assessment and Accreditation of Laboratory Animals Care interna-
tional guidelines. The Institutional Animal Care and Use Committee 
at the University of Louisville approved the experiments. Six- to 
16-week-old mice were used in all experiments.

Cell culture and BMDM differentiation
Mice were euthanized by CO2 asphyxiation, and death was con-
firmed by cervical dislocation. Bone marrow cells from the tibias 
and femurs were differentiated in RPMI 1640 supplemented with 
fetal bovine serum (FBS) (5%) and recombinant murine macro-
phage colony-stimulating factor (M-CSF) (25 ng/ml; PeproTech) 
for 7 days. For the inducible ACLY depletion experiments, Aclyfl/fl 
UBC Cre ERT2 BMDMs were treated with 4-hydroxytamoxifen 
(5 M) or vehicle control on day 4 of differentiation. Following 
differentiation, the cells were counted and plated with RPMI 
1640 supplemented with 10% FBS (without M-CSF) overnight. The 
following day, the BMDMs were washed with phosphate-buffered 
saline (PBS) and starved of glucose by addition of glucose-free 
RPMI 1640 (Gibco) supplemented with 10% dialyzed FBS (dFBS) 
and 2 mM l-glutamine for 4 to 6 hours before treatment with the 
indicated compounds and stimulated with recombinant murine 
IL-4 (20 ng/ml; PeproTech) for 4 to 48 hours.

RNA purification and real-time qPCR
Total RNA was extracted using RNeasy Mini Kit (QIAGEN) following 
the manufacturer’s instructions. The resulting RNA was quantified 
using a NanoDrop 8000 ultraviolet-visible spectrophotometer 
(Thermo Fisher Scientific), and the complementary DNA (cDNA) 
was synthesized with the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Quantitative measurement of cDNA 
levels was performed using TaqMan Fast Advanced Master Mix 
(Applied Biosystems) with TaqMan Gene Expression Primers 
(Applied Biosystems) on the 7500 Fast Real-Time PCR System 
(Applied Biosystems). Relative expression profiles of mRNA levels 
were calculated using the comparative Ct method [2−(Ct)] using 
18S ribosomal RNA levels as an endogenous reference control.

Immunoblotting
Cells were lysed in radioimmunoprecipitation assay buffer supple-
mented with protease and phosphatase inhibitors and homogenized, 
and samples were denatured in LB sample buffer at 98°C. Five to 
20 g of protein were loaded into a 4 to 20% Mini-PROTEAN TGX 
Gel (Bio-Rad Laboratories) and separated by electrophoresis before 
being transferred onto an Immobilon-P polyvinylidene difluoride 
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membrane (EMD Millipore). After blocking, membranes were 
probed overnight at 4°C with primary antibodies (Abs) and then for 
1 hour at room temperature with secondary Abs. The blots were 
developed using Pierce ECL Plus Western Blotting Substrate (Thermo 
Fisher Scientific).

In vitro BMDM–T cell coculture assay
BMDMs were treated with UK-5099 (25 M) or dimethyl sulfoxide 
(DMSO) in the presence of the indicated metabolites ± IL-4 (20 ng/ml) 
for 24 hours before being collected, washed, and counted via trypan 
blue exclusion, and live cells were plated in 96-well plates. BMDMs 
were then cocultured with carboxyfluorescein diacetate succinimidyl 
ester–labeled splenocytes from syngeneic mice in the presence of 
anti-CD3/anti-CD28 agonistic Abs for 3 days. The cells were 
stimulated with phorbol 12-myristate 13-acetate (PMA)/ionomycin 
plus GolgiPlug for 6 hours and then stained with anti-CD8 or 
anti-CD4 monoclonal Abs (mAbs) and fixed/permeabilized for 
intracellular cytokines staining. The data were acquired using a 
FACSCanto cytometer (BD Biosciences) and analyzed using FlowJo 
V10 software (Tree Star, Ashland, OR).

Extracellular flux analysis
For extracellular flux assays, BMDMs were plated in Seahorse XF96 
cell culture microplates (Seahorse Biosciences, Agilent) overnight and 
then pretreated with UK-5099 (25 M) or DMSO for 30 min followed 
by polarization with IL-4 (20 ng/ml) for 16 hours. The OCR and ECAR 
were measured using the XF96 Extracellular Flux Analyzer (Seahorse 
Bioscience, Billerica, MA, USA) according to the manufacturer’s 
instructions. During the assay, wells were injected with oligomycin 
(5 M), carbonyl cyanide p-trifluoromethoxyphenylhydrazone 
(2 M), and rotenone (1 M)/antimycin A (5 M). Each condition 
was performed in four to six replicates, and data were analyzed 
using Seahorse Wave 2.6 Desktop Software (Agilent).

CellTiter-Glo luminescent ATP assay
A total of 1 × 105 BMDMs were plated for 24 hours in 100 l of 
complete RPMI 1640 into opaque-walled 96-well plates. The next 
day, the cells were switched to glucose-free RPMI 1640 + 10% dFBS 
for 4 hours before being pretreated with UK-5099 (25 M) or oligo-
mycin A (10 nM; positive control); supplemented with glucose 
(5 mM), lactate (10 mM), or acetate (10 mM); and polarized with 
IL-4 (20 ng/ml) for 24 hours. The plate was then allowed to equilibrate 
to room temperature for 30 min before 100 l of the CellTiter-Glo 
Reagent was added to each well. The plates were then shaken on an 
orbital shaker for 5 min and then allowed to incubate for 10 min at 
room temperature before the luminescence was measured on a 
SpectraMax iD3 plate reader (Molecular Devices).

13C-lactate labeling
A total of 1 × 107 BMDMs were plated for 24 hours in complete 
RPMI 1640. The next day, the cells were switched to glucose-free 
RPMI 1640 + 10% dFBS for 4 hours. The BMDMs were then 
pretreated with UK-5099 (25 M) or DMSO for 30 min before IL-4 
(20 ng/ml) polarization in 13C-Lactate (10 mM). In the preferential 
utilization experiments, unlabeled 12C-Glucose (5 mM) was added 
simultaneously. After 3 or 6 hours of labeling, cells were washed twice 
with ice-cold 0.1× PBS and extracted with 1 ml of 50% methanol con-
taining 20 M l-norvaline (internal control). Polar (aqueous layer) 
and insoluble fractions (protein) were separated by centrifugation 

at 4°C and 15,000 rpm for 10 min. The polar fraction was dried by 
SpeedVac (Thermo Fisher Scientific) followed by derivatization. The 
protein pellet was subsequently washed four times with 50% methanol 
and once with 100% methanol to remove polar contaminants and 
dried by SpeedVac.

Pellet hydrolysis
Hydrolysis of the protein pellet was performed by first resuspending 
the dried pellet in deionized H2O followed by the addition of equal 
part 6 N HCl. The samples were vortexed thoroughly and incubated 
at 95°C for 2 hours. All reactions were quenched with 100% metha-
nol with 200 M l-norvaline and then incubated on ice for 30 min. 
The supernatant was collected after centrifugation at 15,000 rpm at 
4°C for 10 min and was subsequently dried by SpeedVac followed 
by derivatization.

Sample derivatization
Dried polar and hydrolyzed pellet samples were derivatized by the 
addition of 50 l of methoxyamine hydrochloride (20 mg/ml) in 
pyridine. Samples were incubated at 30°C for 90 min followed by 
centrifugation at 15,000  rpm for 10  min. The supernatant was 
transferred to a v-shaped amber glass chromatography vial, followed 
by the addition of 80 l of N-methyl-trimethylsilyl-trifluoroacetamide 
and incubation for 30 min at 37°C. The derivatized samples were 
then analyzed by gas chromatography–mass spectrometry (GC-MS).

GC-MS quantitation
An Agilent 7800B GC coupled to a 7010A triple quadrupole MS 
detector equipped with a high-efficiency source was used for this 
study. GC-MS protocols were similar to those described previously 
(46), except that a modified temperature gradient was used for GC: 
Initial temperature was 130°C, held for 4 min, rising at 6°C/min to 
243°C, rising at 60°C/min to 280°C, and held for 2 min. The 
electron ionization energy was set to 70 eV. 13C isotopologs were 
identified by selected ion monitoring of the following ions at known 
retention times: -ketoglutarate, 304 to 209; citrate, 465 to 471; 
lactate, 219 to 222; pyruvate, 174 to 177 and lactate, 219 to 222. 
Scan [mass/charge ratio: 50 to 800] and full-scan mode were used 
for target metabolite analysis. For determination of protein lactyla-
tion, lactate, 219 to 222 was used to identify lactate in the hydrolyzed 
protein pellet sample. Metabolites were identified using the FiehnLib 
metabolomics library (available through Agilent) by retention time and 
fragmentation pattern, and quantitation was performed using Agi-
lent MassHunter Workstation Software. Natural abundance correc-
tion was performed using IsoCorrectoR software, and relative abundance 
was corrected for recovery using the l-norvaline standard and ad-
justed to protein input (47).

Histone acetylation enzyme-linked immunosorbent assay
Histones were extracted using the EpiQuick Total Histone Extraction 
Kit (EpiGentek) and analyzed using the EpiQuick Total Histone H3 
Acetylation Detection Fast Kit (EpiGentek) according to the manu-
facturer’s protocols. Briefly, 1 × 107 BMDMs were polarized for 4 to 
6 hours in the indicated conditions before collection using Cell 
Striper (Corning), incubation with prelysis, and then lysis buffer. 
The histone containing supernatant fraction was collected and 
treated with the balance buffer before 150 ng of the histone extract 
was added to the enzyme-linked immunosorbent assay wells for 
2 hours at room temperature. The wells were then washed and 
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incubated with the secondary Ab-containing solution for 1 hour on 
an orbital shaker. The wells were then developed with the enzyme 
reaction solution for 5 min before being quenched and measured 
for absorbance at 450 nm.

Chromatin immunoprecipitation
ChIP was performed using the SimpleChip Enzymatic Chromatin 
IP Kit [Cell Signaling Technology (CST)] according to the manu-
facturer’s instructions. Briefly, 1.2 × 107 BMDMs were fixed with 
1% formaldehyde and lysed, and then the nuclei were isolated. The 
chromatin was digested with Micrococcal Nuclease and then 
sonicated to lyse the nuclear membrane. The cross-linked chromatin 
was immunoprecipitated with anti-H3K9ac Ab (CST, C5B11) over-
night at 4°C. The chromatin was recovered with Protein G Agarose 
Beads and eluted, and the cross-links were reversed with Elution 
Buffer and Proteinase K overnight at 65°C. Input and immunopre-
cipitated DNA were analyzed by real-time qPCR, and the data are 
presented as percent of the total input chromatin.

In vivo tumor admixture model
The tumor admixture model was performed as previously described 
(41). Briefly, Acly+/+ and Acly−/− BMDMs (CD45.2+) were polarized 
with IL-4 for 24 hours before being mixed with LLC cells (CD45.2+) 
at a 1:2.5 ratio, respectively, in Matrigel (Corning) and injected 
subcutaneously into the flanks of congenic B6.SJL mice (CD45.1+). 
Beginning on day 7 after injection, palpable tumors were measured 
three times a week, and the tumor volume was calculated by the 
following formula: (length × width2)/2. At the experimental end 
point on day 16 after injection, the mice were euthanized, and the 
tumors were resected, weighed, and digested in RPMI 1640 con-
taining collagenase IV, hyaluronidase, and deoxyribonuclease I for 
30 min at 37°C. Aliquots of the single-cell suspensions were either 
stimulated with PMA/ionomycin plus GolgiPlug for 6 hours before 
staining or directly stained with the indicated mAbs.

Statistical analysis
All result representative data are presented as the means ± SEM and 
analyzed for statistical significance using GraphPad Prism 8.3 
(GraphPad Software, La Jolla, California, USA).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8602

View/request a protocol for this paper from Bio-protocol.
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