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ABSTRACT

METABOLIC-EPIGENETIC REGULATION OF MACROPHAGE POLARIZATION

Jordan T. Noe
May 14, 2021

Tumor-associated macrophages polarized to an M2 phenotype (M2-TAMS)
promote neo-angiogenesis, tumor-stromal matrix remodeling, and immuno-
evasion, which, collectively, contribute to immunotherapeutic resistance and
reduced cancer patient survival. Highly glycolytic “Warburg” cancer cells produce
lactate that independently drives naive MO—immunosuppressive M2 (M0—M2)
macrophage polarization, but the mechanisms have not been fully elucidated. The
atypical cytokine macrophage migration inhibitory factor (MIF) is a fundamental
underlying requirement for immunosuppressive M2 macrophage polarization. Still,
it is unknown whether a molecular link exists between lactate-supported and MIF-
dependent M2 macrophage polarization.

Using a combination of gene expression assays, chromatin
immunoprecipitation, and metabolomic analyses, we identified that M2
macrophages incorporate exogenous lactate into the TCA cycle, with subsequent
mitochondrial export as citrate and cleavage by ATP-citrate lyase (ACLY) to
generate nucleo-cytosolic acetyl-CoA for histone acetylation. For the first time, our

studies identify lactate as a bona fide mitochondrial metabolite in M2 macrophages



that supports metabolic reprogramming and macrophage-mediated
immunosuppression. These results enhance the understanding of the metabolic
interplay between lactate-producing “Warburg-like” tumors and
immunosuppressive macrophage phenotypes and may help identify molecular
targets for the development of TAM-directed immunotherapies.

Separately, we also identified that MIF is a critical determinant of metabolic
reprogramming during M2 macrophage polarization by sustaining mitochondrial
metabolism to support a metabolic-epigenetic link through a-ketoglutarate-
dependent histone demethylation. Additionally, our data suggest that a
CSN5/NRF2 pathway exists as an intermediary mechanistic link of MIF-dependent
metabolic reprogramming during M2 macrophage polarization. These results
suggest that small molecule MIF inhibition may be an efficacious
immunotherapeutic strategy by targeting metabolic reprogramming during M2-
TAM-mediated tumor progression.

Altogether, the work described in this dissertation expands our knowledge
of the metabolic-epigenetic regulations of M2 macrophage polarization by
identifying the contribution of mitochondrial lactate metabolism in ACLY-
dependent histone acetylation and by determining the contribution of MIF in

metabolic reprogramming-dependent histone demethylation.
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CHAPTER 1: INTRODUCTION

Tumor-Associated Macrophages

De novo immune reactivity to malignant cells dictates tumor progression
and, ultimately, patient survival (1,2). These tumor-immune responses are shaped
and characterized by several factors, including mutational burden, inflammatory
response, differential expression of cytokines and chemokines, and both tumoral
and stromal immune-suppressive checkpoint ligands and receptors (3).

Tumor-associated macrophages (TAMs) are innate myeloid immune cells
that regulate de novo anti-tumor immune response. Immature circulating
monocytes (4,5), or monocytic myeloid-derived suppressor cells (MDSCs) (6),
express chemokine trafficking receptors, such as CCR2, for extravasation out of
the circulation and into the tumor-stromal matrix (7,8). Once in the tumor
microenvironment (TME), monocytes recognize colony-stimulating factors, such
as colony-stimulating factor 1 (i.e., macrophage colony-stimulating factor, M-CSF),
that promotes intratumoral monocyte—TAM differentiation (9). While monocyte
infiltration/TAM differentiation represents the predominant ontogeny of TAMSs,
some tumors exhibit in situ proliferation of tissue-resident macrophages (10,11).

Intratumorally, TAM polarization is dictated by the composition of tumor-
derived vs. immune cell-derived cytokines (12,13), growth factors (9,14),
oxygenation (15,16), and metabolic substrate composition (17,18), among many
other factors. Altogether these factors govern whether TAMs are differentially
polarized towards an “M1-" or “M2-" macrophage phenotype that has anti- or pro-

tumor functions, respectively (Figure 1).
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Figure 1. Schematic of tumor-associated macrophage polarization.
Circulating monocytes are recruited to, and infiltrate into, the tumor stroma and
undergo differentiation to tumor-associated macrophages (TAMS). Intratumoral
TAMs are exposed to factors that stimulate anti-tumor M1 polarization or pro-tumor
M2 polarization. Adapted with permission from MacMillan Publishers Ltd.:
“Understanding Local Macrophage Phenotypes in Disease: Modulating
Macrophage Function to Treat Cancer.” Bronte V., Murray P.J... Springer Nature:

Nature Medicine. Copyright 2015.



M1”-TAMs have an inflammatory/immunostimulatory phenotype that
activates adaptive immune responses and produces inflammatory reactive oxygen
and nitrogen species (19), prostaglandins (20), and cytokines (21). During cancer-
related inflammation, early-stage dysplasia, and ensuing tumor initiation, M1-
TAMs promote anti-tumor responses via tumor-cell phagocytosis (22-24), tumor-
antigen presentation (25,26), and inflammatory biomolecules production (27,28).

Conversely, anti-inflammatory/immunosuppressive M2 macrophages
promote wound healing and resolution of chronic inflammatory responses that
would otherwise drive tumor initiation (29). However, in malignant settings of
established tumors, this otherwise beneficial M2-TAM phenotype is co-opted and
used to promote tumor progression through the evasion of anti-tumor immunity
(30-36), de novo neoangiogenesis (37,38), and extracellular matrix remodeling
(39) (Figure 2).

Investigators typically rely on various methodologies to define macrophage
phenotypes, including morphological and functional characteristics, phenotype-
associated expression of intracellular and cell-surface genes, and production of
bioactive molecules (40,41). Morphologically, pro-inflammatory M1 macrophages
are small and round with a “fried egg” appearance, while M2 macrophages are
more prominent with irregular cell bodies and extensive elongated spindle-like
projections (42). Functional assays to define macrophage phenotypes analyze the
relative ability to phagocytose different particles or suppress T lymphocyte
proliferation and cytokine production — the latter of which is a defining functional

hallmark of immunosuppressive M2 macrophage (43-45).
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Figure 2. M2-TAM pro-tumor effector functions. M2 polarized tumor-associated
macrophages promote tumor progression through several mechanisms, including
regulating tumor-promoting inflammatory cells and taming of an anti-tumor
adaptive immune response. Adapted with permission from MacMillan Publishers
Ltd.: “Tumor-Associated Macrophages as Treatment Targets in Oncology,”
Mantovani A., Allavena P., et al. Springer Nature: Nature Reviews Clinical

Oncology. Copyright 2017.



Gene expression analyses also define M2 macrophages based on
intracellular gene product markers (e.g., Resistin-like alpha — Retnla) (46,47) and
cell-surface receptors, including CD163 (i.e., macrophage scavenger receptor)
and CD206 (i.e., mannose receptor) (48). A defining hallmark of M2 macrophages
is the production of the bioactive factor Arginase 1 (ARG1) that depletes
extracellular arginine (19), resulting in metabolic immunosuppression of T cells that
require this amino acid for anti-tumor activity (49). In addition to ARG1, M2
macrophages produce other bioactive factors, including vascular endothelial
growth factor (VEGF - initiates de novo angiogenesis) (50), and matrix
metalloproteases (MMPs - alter the tissue-stromal matrix) (51,52). M2
macrophages also express multifunctional immunoregulatory cytokines such as
interleukin 10 (IL-10) and transforming growth factor-beta (TGF-B) (53,54), as well
as several (C-C motif) chemokine ligands such as CCL17 and CCL22 (55,56).

In vitro polarization of macrophages can occur with multiple stimuli, often
used alone or in combination, which adds another layer of complexity to succinctly
describing polarization phenotypes. M1 macrophage polarization occurs with
lipopolysaccharide (LPS), a pathogen-associated molecular pattern (PAMP) (57),
or with interferon-gamma (IFN-y), a Type Il interferon (58-60). LPS binds to toll-
like receptor 4 (TLR4) (61,62) and activates the nuclear factor kappa B (NF-kB)
signaling pathway (63,64). In contrast, IFN-y binds to the interferon-gamma
receptor (IFNGR) and triggers a signaling cascade involving Janus family kinases
1 and 2 (JAK1 and JAK2) (60) and signal transducer and activator of transcription

1 (STAT1) (65).



M2 macrophage polarization is induced in vitro by the immunoregulatory
Type Il cytokine IL-4, with or without another Type Il cytokine IL-13 (66). Polarizing
macrophages with IL-4 by itself results in binding to the cognate IL-4Ra receptor
that is in a heterodimeric complex with the common gamma (yC) receptor (67,68),
whereas IL-4/IL-13-dependent M2 macrophage polarization occurs through an IL-
4Ra/IL-13Ra heterodimeric receptor complex (67,69). While some divergent
signaling pathways are activated depending on the heterodimeric complex (70),
the predominant downstream effect is the activation of a JAK1/STAT6 signaling
cascade. Briefly, IL-4 binding to the ectodomain of IL-4Ra induces a
conformational change that activates the intracellular signaling domain (71),
resulting in JAK1 auto- and cross-phosphorylation at tyrosine residues (72). JAK1
phosphorylation, in turn, promotes STAT6 recruitment to the receptor signaling
domain that induces STAT6 phosphorylation (72), which causes STAT6
homodimerization, nuclear translocation, and STAT6-dependent transcription of
IL-4 induced gene products (73-75).

IL-4 is critical for initiating and maintaining a Th2 immune response — early
in this response, innate immune cells such as mast cells (76), yd T cells (77), NKT
cells (78,79), basophils (80), and eosinophils produce IL-4 that subsequently
modulates adaptive and innate immunity. Adaptive T cells and B cells activated by
IL-4 differentiate into Th2 helper T cells (81) and B effector 2 cells (82),
respectively, that produce more IL-4 resulting in a positive feedback loop. IL-4 also
regulates the innate immune system by promoting M2 macrophage polarization,

differentiation of dendritic cells (83), and feedback activation of eosinophils (84).



IL-4 plays a significant role during several physiological and pathological
processes. Physiologically, IL-4 provides immunity to parasitic helminths (e.g., flat
worms, hook worms, round worms) (85,86) and during protozoal infections (e.g.,
malaria and leishmania) (87,88). Overproduction of IL-4 drives pathological allergic
diseases by inducing the differentiation of B cells into plasma cells and
immunoglobulin class-switching to IgE (75). Pathologically, several cancers,
including colorectal carcinoma (89), non-small cell lung carcinoma (89), pancreatic
adenocarcinoma (90), and others utilize IL-4/IL-4Ra signaling for pro-proliferative
and anti-apoptotic effects. Importantly, in addition to these tumor cell-autonomous
effects, IL-4’s tumorigenic role is highly dependent on the IL-4-driven polarization
of M2-TAMs and subsequent suppression of anti-tumor immunity (91).

Notably, even in tumors not driven by IL-4, M2-TAMs in vivo are strikingly
similar in the genetic, phenotypic, and functional characteristics of in vitro IL-4
polarized M2 macrophages (92,93). Because of these close similarities, the
polarization of macrophages with IL-4 is arguably the gold-standard method to
currently model M2-TAMs (94). Investigators use these models to either identify
molecular mechanisms leading to M2 polarization in vitro and then validate the
phenotype with in vivo models or identify an M2-TAM phenotype in vivo and then
investigate the underlying mechanisms using in vitro IL-4-polarized macrophages.

Nonetheless, defining macrophage phenotypes in vivo is still challenging
due to the intratumoral heterogeneity of polarizing stimuli, metabolites, and
immune cell composition (41,95). This heterogeneity leads to a broad spectrum of

potential TAM activation/polarization profiles that evolve in a spatiotemporal



manner during tumor progression (93). For example, during chronic inflammation
that leads to tumor initiation (96), infiltrating naive MO macrophages are polarized
to a pro-inflammatory phenotype (MO—M1 polarization), but as these lesions
progress to late-stage tumors, the intratumoral TAMs lose their inflammatory
potential (21) and adopt an immunosuppressive phenotype (M1—>M2 re-
polarization) (97). In contrast, late-stage tumors that actively suppress anti-tumor
immunity recruit naive MO macrophages to the tumor stroma with direct
polarization to an immunosuppressive M2 phenotype (MO—M2 polarization) (98).
Despite this spatiotemporal and phenotypic heterogeneity, immunogenomic
analysis of 10,000 tumors across 33 tumor types revealed that an immunological
landscape dominated by M2-TAMs is associated with reduced anti-tumor
lymphocyte infiltration, enhanced tumor immune suppression, and worse patient
survival outcomes (Figure 3) (99).

In addition to retrospective associative analyses, M2-TAMs are also
significant forward-looking prognostic indicators of patient outcomes (100),
metastatic potential (101), and neoadjuvant immunotherapeutic resistance (102).
The result of enhanced M2-TAM infiltration in late-stage tumors is decreased
efficacious and durable clinical responses to immunotherapies, increased primary
tumor progression as well as secondary tumor formation, and, ultimately,
increased mortality (103). Therefore, investigating the mechanisms that drive pro-
tumorigenic M2-TAM effector functions may elucidate targetable pathways for
developing novel therapies to enhance the efficacy of immunotherapies and

extend the lives of patients diagnosed with late-stage cancers.
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Figure 3. Intratumoral M2-TAM content reduces patient survival. Immune
landscape C4 (teal) and C6 (magenta) subtypes conferred the worst prognosis and
displayed an M2-TAM dominated, low lymphocytic infiltrate, immunosuppressed
TME. Immune landscape C3 (green) subtype reveals an M1-TAM dominated,
inflammatory TME associated with increased survival. Reprinted from Cell Press:
Immunity. “The Immune Landscape of Cancer.” Thorsson V., Shmulevich 1., et al.

Copyright 2018, with permission from Elsevier.



Metabolic Reprogramming during Macrophage Polarization

Macrophage polarization also induces metabolic reprogramming for
differential utilization of metabolic pathways to support maximal activation of
phenotypes and effector functions (104). M1 macrophages utilize glycolysis with
terminal lactate secretion for adenosine triphosphate (ATP) production (105,106),
whereas anti-inflammatory macrophages rely on oxidative phosphorylation
(OXPHOS) in the mitochondria to obtain ATP (107,108). These metabolic
differences are evident with extracellular flux analysis — M1 macrophages
increase extracellular acidification rates (ECAR — indicative of glycolysis),
whereas M2 macrophages have high oxygen consumption rates (OCR —
indicative of mitochondrial metabolism) (109).

From a bioenergetic standpoint, differential utilization of metabolic
pathways in macrophages makes sense. Pro-inflammatory macrophages quickly
respond to pathogens, and glycolysis rapidly supports cellular bioenergetics and
inflammasome activation (110,111). Following pathogen clearance, anti-
inflammatory macrophages resolve the inflammatory response to prevent excess
host tissue damage. A switch to mitochondrial OXPHOS ensures sustained cellular

bioenergetics needed for tissue homeostasis and wound resolution (112-114).

Macrophage Polarization and the TCA cycle

The tricarboxylic acid (TCA) cycle — also known as the citric acid or Krebs
cycle — is a series of enzyme-catalyzed reactions within the mitochondria that
serves as the terminal metabolic pathway for the oxidation of several

macronutrients (i.e., carbohydrates, amino acids, and fats) (115).
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Pyruvate metabolism is a critical link between carbohydrate metabolism and
the mitochondrial TCA cycle. Pyruvate is the end product of cytosolic glycolysis
produced from the sequential catabolism of a six-carbon glucose molecule into two
molecules of three-carbon pyruvate (116). Pyruvate is then either reduced to
lactate within the cytosol or enters into the mitochondria (117). While molecules
readily diffuse through the outer mitochondrial membrane into the intermembrane
space, the inner mitochondrial membrane is impermeable to most metabolites
(118). For transport into the mitochondrial matrix, pyruvate utilizes the
mitochondrial pyruvate carrier 1 (MPC1) (119,120), a hetero-oligomeric carrier
complex located in the inner mitochondrial membrane that is required for
mitochondrial pyruvate uptake. Following import into the mitochondria, pyruvate
undergoes oxidative decarboxylation by pyruvate dehydrogenase (PDH), resulting
in the production of acetyl-CoA (Ac-CoA) and reduced nicotinamide adenine
dinucleotide (NADH) (121).

Ac-CoA is a key anapleurotic metabolite for the TCA cycle. The two-carbon
acetyl group of Ac-CoA condenses with the last metabolite in the TCA cycle (122),
the four-carbon oxaloacetate, by the enzyme citrate synthase to form a six-carbon
citrate molecule (123,124) — the first metabolite in the TCA cycle. With continuous
TCA cycling, citrate is sequentially metabolized back to oxaloacetate with
concomitant production of the electron carriers NADH and flavin adenine
dinucleotide (FADH2) (116). These electron carriers then serve as an electron
source to fuel the electron transport chain (ETC), which governs mitochondrial

OXPHOS-dependent ATP production (125)
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Although the TCA cycle supports bioenergetics, the role of the TCA cycle in
macrophage polarization is not limited to ATP production. Macrophage polarization
can induce TCA cycle changes by regulating the activity of specific TCA cycle
enzymes and the expression of genes responsible for trafficking these metabolites
(126). This metabolic reprogramming allows for the dynamic ability for coordinated
accumulation of TCA cycle metabolites within the mitochondria and specific
distribution into different cellular compartments.

Combined metabolomics/transcriptomics provides compelling evidence
that dynamic regulation of TCA cycle metabolites initiates and maintains specific
macrophage effector functions (127). In particular, differential utilization of specific
TCA cycle metabolites is increasingly becoming accepted as critically important
control mechanisms governing macrophage transcriptional profiles and
phenotypes (126,127). Mechanistically, TCA cycle metabolites alter transcriptional
processes through several means, including influencing the stability of
transcription factors (28), regulating the activity of epigenetic enzymes for
chromatin remodeling (128), and serving as epigenetic modifications by direct

addition onto nuclear histones (129,130).

ATP Citrate Lyase and Ac-CoA metabolism

ATP-Citrate Lyase (ACLY) is a nucleo-cytosolic transferase that serves as
a metabolic-epigenetic link between TCA cycle-derived citrate, cytosolic Ac-CoA,
and histone acetylation (130-132). Spatiotemporal control is acetyl-CoA
metabolism is highly regulated as cytosolic Ac-CoA supports histone acetylation

and de novo lipogenesis. However, while the TCA cycle produces Ac-CoA, a

12



mitochondrial carrier that exports Ac-CoA into the cytosol has not been identified
(122,133). Therefore, to generate cytosolic Ac-CoA, macrophages export citrate
out of the mitochondria through the mitochondrial citrate carrier (i.e., SLC25A1 or
CIC), and then cytosolic TCA cycle-derived citrate is cleaved by ACLY to produce
nucleo-cytoplasmic oxaloacetate and Ac-CoA (Figure 4) (132).

Initial studies evaluating citrate metabolism in macrophages revealed that
citrate efflux from mitochondria supports pro-inflammatory macrophage effector
functions. TNF-a and IFN-y transcriptionally-induced CIC supports pro-
inflammatory NO and prostaglandin E2 (PGE-2) production (134,135) through two
separate mechanisms. CIC-mediated citrate export and subsequent ACLY-
dependent Ac-CoA production provides biosynthetic requirements for
PGE:2 production (132) and increased NADPH derived from ACLY-mediated
oxaloacetate production contributes to NADPH-dependent inducible nitric oxide
synthase (iINOS)-mediated NO production (136,137). Therefore, the trafficking of
citrate from the mitochondria during infection supports pathogen clearance by
macrophages through the production of pro-inflammatory mediators.

Recent studies have demonstrated that mitochondrial citrate export and
subsequent ACLY-mediated cleavage are critically important in driving anti-
inflammatory macrophage polarization through increased availability of nuclear
Ac-CoA and subsequent histone acetylation (138). Histone acetylation is an
epigenetic modification that regulates specific gene expression patterns and,
through ACLY-dependent production of Ac-CoA, serves as a novel link between

citrate metabolism/trafficking and M2 macrophage gene transcription (130,139).

13



|] Cytosol

\Glycolysis
A\

Pyruvate

. ;
Citrate «— > Citrate Pyruvate

ACLY ACLY| &
| |

Acetyl-CoA <—> Acetyl-CoA “
/ ACSSZT Acetylation

/ 7(:9 Acetate
/ o
Nucleus

Lipid Acetylation
synthesis

Acetate

Trends in Biochemical Sciences

Figure 4. Summary of spatiotemporal control of acetyl-CoA metabolism.
Cytosolic acetyl-CoA is produced following the mitochondrial export of TCA cycle-
derived citrate with subsequent cleavage by ACLY or from synthesis using
exogenous acetate by ACSS2. Cytosolic acetyl-CoA supports both lipid synthesis
and protein/histone acetylation. Reprinted from Cell Press: Trends in Biochemical
Sciences. “Spatiotemporal Control of Acetyl-CoA Metabolism in Chromatin
Regulation.” Sivanand S., Viney I., Wellen K.E... Copyright 2018, with permission

from Elsevier.

14



Covarrubias and colleagues identified that IL-4 functionally initiates
Akt/mTORC1 signaling cascades to increase ACLY phosphorylation/activation for
nucleo-cytoplasmic Ac-CoA production and histone acetylation-dependent
expression of anti-inflammatory gene products (140). Further supporting the role
of ACLY-dependent histone acetylation in regulating anti-inflammatory
macrophages was the finding that histone deacetylase 3 (HDAC3) — which
decreases histone H3 acetylation — serves as an epigenetic brake that prevents
M2 polarization (141). In this study, HDAC3 loss or inhibition increases the
expression of IL-4-induced M2 macrophage-associated gene products. Notably, a
recent study developed a macrophage-specific transgenic ACLY knockout model
and identified that genetic deficiency of macrophage-derived ACLY impairs M2
macrophage phenotypic characteristics (142).

Altogether, whether citrate promotes pro- or anti-inflammatory macrophage
phenotypes depends on the physiological context and differential trafficking of
metabolites, which ultimately dictate the molecular pathways that are activated.
Notably, recent studies identified that ACLY inhibitors have off-target effects that
could alter the interpretation of earlier studies (143). Nonetheless, as IL-4 induces
ACLY activation in vitro (140) and genetic ACLY deficiency impairs M2 polarization
(142), ACLY-dependent Ac-CoA production and subsequent histone acetylation is
likely a critical requirement of M2 polarization. Further studies are needed to
determine the metabolic substrates utilized by M2 macrophages to support ACLY-
dependent histone acetylation and also whether ACLY contributes to M2-TAM-

dependent immunosuppression and tumor progression.
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Tumor-Derived Lactate

Tumor-derived lactate serves as a potentially interesting link between M2-
TAM polarization and altered cancer cell metabolism, a central hallmark of
malignancy (144,145). Nearly a century ago, Otto Warburg discovered that some
tumor types preferentially metabolize glucose to lactate despite sufficient oxygen
levels, a term called aerobic glycolysis (146,147). Under physiological oxygen
partial pressure, non-transformed cells usually engage in the oxidative metabolism
of glucose through mitochondrial metabolism (148). Instead, these highly glycolytic
“Warburg-like” cancer cells metabolize glucose through glycolysis with subsequent
terminal lactate production and secretion (148). This metabolic phenotype
fundamentally changes the metabolic landscape of the TME as the copious
amounts of lactate produced result in significantly higher levels than in non-
malignant, tumor-adjacent healthy tissues (149).

Since the initial discovery of “Warburg-like” cancer cells, the resultant
lactate was thought to be a metabolic waste byproduct or used as an anabolic
source by providing carbon-precursors for tumor growth (150). However, lactate is
becoming recognized as a critical TME signal that regulates the effector functions
of a variety of tumor-infiltrating immune cells (129,151,152). In addition to the
tumor cell-autonomous anabolic effects, lactate also serves as a catabolic source
in some tumor types — paradigm-shifting studies revealed that circulating lactate,
derived from glycolysis and lactate secretion, can be actively metabolized in the

mitochondrial tricarboxylic acid (TCA) (153,154).
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Perhaps relatedly, tumor-derived lactate functionally regulates M2
macrophage polarization (17), although the metabolic mechanism(s) are not fully
elucidated. In this study, Colegio and colleagues identified that tumor-derived
lactate enhances M2 polarization of both TAMs in vivo and macrophages in vitro
(17). They also found a critical requirement for the transcription factor hypoxia-
inducible factor 1a (HIF-1a) in lactate-enhanced M2 macrophage polarization, but
a specific mechanistic molecular link of how lactate facilitates HIF-1a-dependent
transcription of M2 macrophage-associated gene products was not identified
(Figure 5). Since M2 macrophages undergo metabolic programming towards
enhanced mitochondrial TCA cycle activity (107,109), and M2-TAMs reside in the
low glucose/high lactate TME (18), understanding if lactate is metabolized during
M2 macrophage polarization and whether/how it regulates gene expression
patterns will help to elucidate the mechanisms by which the TME influences tumor-
infiltrating macrophage functions.

Recently, a pivotal study identified a metabolic-epigenetic link that directly
utilizes lactate to induce a functional switch of macrophage phenotypes (129) — in
an early polarization phase, inflammatory M1 macrophages engage their glycolytic
capacity for lactate anabolism to generate an acyl-CoA source (i.e., lactyl-CoA) for
histone modifications, termed lactylation, needed to eventually switch to an anti-
inflammatory M2 macrophage phenotype (M1—M2 repolarization). This likely
represents one of the mechanisms by which M1-TAMs in early-stage tumors

eventually repolarize to immunosuppressive M2-TAMs in late-stage tumors.
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Figure 5. Metabolic cooperation between tumor-derived lactate and M2-

TAMs. Glycolytic “Warburg-like” cancer cells secrete lactate into the TME, which
is taken up by tumor-associated macrophages to mediate the expression of M2-
TAM-associated gene products in a HIF-1a-dependent manner. Adapted with
permission from: “Tumor cells hijack macrophages via lactic acid.” Bronte V. Wiley

and Sons: Immunology and Cell Biology. Copyright 2014.
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In contrast to M1—M2 macrophage repolarization, direct polarization of
naive MO macrophages to an M2 phenotype (MO0—M2 polarization) initiates a
metabolic reprogramming away from glycolysis. Instead, it enhances mitochondrial
metabolism, tricarboxylic acid (TCA) cycle activity, and oxidative phosphorylation
(OXPHOS) (155). Given the significant requirement of and regulation for acyl-CoA
sources to modify histones for M2 polarization — coupled with the fact that MO—M2
macrophage polarization diverts away from lactate anabolism — this suggests that
other metabolites serve as acyl-CoA sources for epigenetic modifications needed

during direct MO—M2 macrophage polarization.

Macrophage Migration Inhibitory Factor (MIF)

Although IL-4 initiates metabolic reprogramming during direct MO—M2
macrophage polarization, additional regulators are needed to support and maintain
maximal M2-TAM polarization. Previously, the Mitchell Laboratory identified that
macrophage-derived expression of the atypical cytokine macrophage migration
inhibitory factor (MIF) regulates M2-TAM polarization in metastatic melanoma
(156) and oral squamous cell carcinoma (157). Elevated MIF levels are associated
with worsened clinical outcomes during malignancies, including endometrial
carcinoma (158), non-small cell lung carcinoma (159), hepatocellular carcinoma
(160), colorectal carcinoma (161), and several other cancer types (162,163).
Therefore, investigating the contribution of MIF in macrophage polarization may
provide further rationale for therapeutic MIF inhibition with current cancer

immunotherapies to enhance anti-tumor immunity.
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Identified initially over 50 years ago as a secreted lymphocyte product
associated with Type IV delayed-type hypersensitivity (164,165), MIF has become
one of the most enigmatic regulators of innate and adaptive immune responses.
Although the first description of a functional role for MIF was in adaptive immunity
by facilitating T cell responses (166), further characterization studies identified
MIF’s expression in myeloid lineage cells (167,168) and discovered its functional
importance in driving innate immune responses (169).

MIF expression/activity in macrophages contributes to the pathogenesis of
numerous inflammatory conditions, including bacterial sepsis (170-173),
rheumatoid arthritis (174,175), acute respiratory distress syndrome (ARDS)
(176,177), and atherosclerosis (174,178). Consistent with these findings, MIF
drives maximal inflammation-associated carcinogenesis and early-stage
hyperplasia (179) — this is especially true for inflammatory colitis, a significant risk
factor for colorectal adenoma development and adenocarcinoma progression
(180).

Initial studies looking at the contribution of MIF in governing anti-
inflammatory/immunosuppressive M2 macrophage activation determined that
paracrine acting, tumor-derived MIF initiates monocyte/macrophage-dependent
angiogenesis and ensuing tumor progression (181). Subsequent studies reported
that macrophage-derived MIF drives the angiogenic contribution of bone marrow-
derived macrophages (BMDMs) during teratoma formation, suggesting a dominant
role for monocyte/macrophage-derived MIF in M2 macrophage effector functions

(182).
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These findings were later confirmed in the Mitchell Laboratory using mouse
models of both primary and metastatic melanoma in MIF** and MIF’- mice (156).
In these studies, macrophage-derived MIF was necessary for maximal angiogenic
growth factor expression and immune-suppressive activities of melanoma
polarized TAMs. Notably, both MIF-deficient and MIF small molecule inhibitor 4-
IPP-treated TAMs revert to an M1-like polarization profile spontaneously
(156,157). These findings indicate that loss or inhibition of MIF efficiently
repolarizes intratumoral TAMs from an immunosuppressive/angiogenic, pro-tumor
phenotype to an immunostimulatory/non-angiogenic, anti-tumor phenotype with an
ensuing reduction in tumor outgrowth (156).

Thus far, a unifying mechanism of how MIF contributes to these seemingly
divergent M1 (inflammatory/immune-stimulatory) and M2 (anti-
inflammatory/immune-suppressive) macrophage phenotypes is still lacking. One
potential explanation could be that MIF provides an amplification or general
activation phenotype in macrophages that acts to support generalized M1 or M2
gene expression patterns — this could be through promoting metabolic,
transcriptional, and epigenetic pathways that broadly contribute to the general
activation properties of infiltrating macrophages. It is also possible that differential
expression of MIF receptors governed by microenvironmental polarization cues
could explain the M1 vs. M2 effects of MIF. Nevertheless, it is becoming
increasingly evident that MIF plays an essential regulatory role in governing TAM-

dependent tumor initiation, progression, and metastatic potential.
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MIF-dependent signaling mechanisms

MIF elicits bio-actions via both extracellular and intracellular mechanisms.
Prototypical outside-in signaling occurs by extracellular MIF binding to receptor/co-
receptor complexes on the cell surface. In contrast, intracellular MIF acts in a
receptor-independent manner by interacting with various intracellular proteins and
enzymes, thereby modifying their specific effector functions (Figure 6) (183).

MIF is upregulated and secreted in response to various activating ligands
such as DAMPs (184), PAMPs (170,185), and environmental metabolic changes
(183,186). Once secreted, MIF signals in either a paracrine or autocrine fashion
by binding to transmembrane receptors, leading to intracellular transduction
cascades (186,187). The Bucala group initially identified CD74, the invariant chain
of the major histocompatibility complex Il (MHCII), to be a primary cognate receptor
for MIF (188). Extracellular binding of MIF to cell surface CD74 initiates signal
transduction through the ERK MAP kinase cascade resulting in cellular
proliferation and prostaglandin E2 (PGE-2) production (188).

As CD74 does not possess a cytoplasmic tail capable of instigating
downstream signaling, CD74-dependent signaling requires the formation of a
heterodimeric receptor complex (189). During canonical CD74 signaling cascade,
CD74 forms a complex with CD44 that allows for activation of the ERK MAP kinase
pathway (189). In addition to signaling through CD74/CD44 complexes, MIF has
also been shown to be a non-cognate ligand for the chemokine receptors CXCR2,
CXCR4, and CXCRY7 and acts as a chemokine-like molecule resulting in monocyte

activation of Gai- and integrin-dependent adhesion and recruitment (190-192).
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Figure 6. Schematic of MIF’s intracellular and extracellular mechanisms of
action. Intracellular MIF will either interact with CSN5 to regulate cullin RING
ubiquitin ligase (CRL) substrates or undergo secretion out of the cell. Extracellular
MIF can bind to 1) a CD44/CD74 heterodimer to regulate CSN5 activity and the
MEK/ERK signaling pathway, 2) a CXCR2 or CXCR4/CD74 heterodimer to
regulate the MEK/ERK and PI3K/AKT pathways, or 3) CXCR4/CXCR7
heterodimer or CXCR4/CXCR7/CD74 heterotrimer to regulate both the PISK/AKT

and MEK/ERK pathways. Created with BioRender.com.
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Given that these receptors are variably expressed on numerous immune
cell types implicated in tumor immune responses, the effector function(s) and
biological activities elicited by extracellular MIF are likely highly dependent on
signals stemming from the TME and immune landscape within the tumor stroma
that control the relative expression of each receptor.

In addition to its extracellular receptor-dependent functions, cytosolic MIF
binds to several different intracellular proteins to modulate their biological activities.
The best characterized of these intracellular effectors is the COP9-signalosome
subunit 5 (CSN5), which is an essential determinant of cullin-RING ligase (CRL)-
dependent protein turnover (193,194). CSN5 can also dissociate from the CSN
complex to facilitate transactivation of c-Jun transcription and, in this context, is
also referred to as Jun-activation domain-binding protein (Jabl) (195).
Bernhagen’s group first identified that MIF negatively regulates the activity of
cytosolic Jabl on both steady-state and stimulus-induced AP-1-dependent
transcription (196,197). Given that AP-1 is associated with the activation of pro-
inflammatory responses in numerous immune cell types (198,199), an anti-
inflammatory/immunosuppressive role for MIF might be expected when
intracellular MIF concentrations are sufficient to inhibit Jabl/CSN5 functionally.
That being said, extracellular MIF/CD74 interaction is shown to functionally
activate c-Jun phosphorylation and increase AP-1-dependent transcription (200-
202), so it is conceivable, if not likely, that the relative balance between
extracellular and intracellular MIF levels in the TME or circulation at any given time

dictates the ensuing MIF-associated phenotype.
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Beyond MIF’s activities regulating AP-1 through Jabl binding, MIF also
modulates CSN5-dependent ubiquitylation/proteasomal degradation of various
proteins. These include p27XiP! (196), Cdc25A (203), E2F family members (203),
and, more recently, HIF-1a (204,205). In hypoxic tissues, such as the TME, there
is a reciprocally synergistic relationship between MIF and HIF-1a; hypoxia-driven
HIF-1a stabilization and subsequent transcriptional regulation promotes enhanced
expression of MIF (206), and this ensuing increase in MIF expression amplifies the
transcriptional response of HIF-1a (204). Given the critical role of HIF-1a in
regulating the phenotypes and relative differentiation/maturation of multiple
different immune cell types (207), intracellular MIF-mediated HIF-1a stabilization
may be a centrally important mechanism of action responsible for several of the
MIF-associated pro/anti-tumor immune phenotypes.

It is likely that MIF’s site of action — either extracellular or intracellular — and
which receptor/co-receptor or intracellular protein/enzyme that MIF interacts with
is ultimately responsible for specific phenotypes elicited by MIF. Given both MIF’s
ability to regulate several types of tumor-infiltrating immune cells and its pleiotropic
nature due to multiple potential signaling mechanisms, it will be imperative to
characterize and define the relative contributions of the intermediary

mechanism(s) required for MIF-dependent control of tumor immunity.

MIF and metabolic reprogramming
Interestingly, the Mitchell Laboratory previously identified that MIF might
regulate mitochondrial metabolism (unpublished). Additionally, a recent

investigation identified that down regulation of MIF results in significantly impaired
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mitochondrial dynamics leading to mitochondrial membrane potential
depolarization in cancer cell lines (208). Given that MIF is a critical requirement for
M2 macrophage polarization and M2 polarization requires metabolic
reprogramming towards mitochondrial metabolism, MIF may regulate M2
macrophage polarization by supporting mitochondrial metabolism.

Following mitochondrial damage, the electron transport chain becomes
highly inefficient, leading to both the accumulation of partially reduced products
and non-oxidized substrates (209). The ETC consists of five transmembrane
protein complexes that oxidize substrates and then transfer the generated
electrons within a ubiquinone pool to reduce oxygen into water (210). Interestingly,
ETC Complex Il (also known as Succinate Dehydrogenase — SDH) oxidizes the
TCA cycle metabolite succinate; therefore, SDH serves as a direct link between
the ETC and the TCA cycle (211). As mitochondria become damaged, the activity
of the ETC complexes (i.e., SDH) decreases, resulting in succinate accumulation
(209). Succinate is a highly pro-inflammatory metabolite that drives M1
macrophage polarization by interfering with the activity of several enzymes (212).

Alpha-ketoglutarate (aKG)-dependent dioxygenases (aKGDs) are a class
of enzymes that use aKG as a cofactor with molecular oxygen as a substrate to
add hydroxyl group modifications to proteins (213). In the process of hydroxylation,
aKG becomes oxidized to succinate, which can then feedback-inhibit akGDs by
antagonizing their enzymatic activity (214). Therefore, the relative ratio of aKG to
succinate concentrations regulates the activity of aKGDs (i.e., high aKG/succinate

supports high aKGD activity).
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Several aKGDs have been identified to regulate macrophage polarization,
so the relative aKG/succinate ratio influences the ability of macrophages to obtain
a specific phenotype (28,128,212). For example, a low aKG/succinate ratio
supports M1 polarization by allowing for LPS-induced NF-kf signal pathway
activation (128). In this mechanism, high succinate levels block the activity of an
aKGD (i.e., prolyl hydroxylase — PHD) that antagonizes NF-k3 activation by the
hydroxylation and subsequent degradation of a critical NF-k cofactor.

Additionally, a high aKG/succinate ratio supports M2 polarization by
activating histone lysine demethylase 6B (KDM6B; also known as Jumonji domain-
containing 3, histone lysine demethylase — JMJD3) (128,215). The interaction
between JMJD3 and aKG serves as a metabolic-epigenetic link in regulating M2
macrophage polarization. High levels of aKG are needed for JMJD3’s enzymatic
activity to remove tri-methylated groups from the lysine 27 residue on histone H3
(H3K27me3) (128). H3K27 tri-methylation is a repressive epigenetic mark that
usually blocks the expression of M2-associated gene products (215). Therefore,
the metabolic reprogramming towards mitochondrial metabolism during M2
polarization is needed to generate sufficient aKG to activate JMJD3-dependent
demethylation of H3K27me3 marks to allow for transcriptional expression.

Interestingly, MIF depletion or inhibition functionally repolarizes
macrophages from a pro-tumor/immunosuppressive M2 phenotype to an anti-
tumor/immunostimulatory M1 phenotype (156). Given that both of these
phenotypes are regulated by relative aKG/succinate levels, MIF-dependent control

of macrophage phenotypes may be due to mitochondrial metabolism-mediated
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balancing of the aKG/succinate ratio. In this model, MIF supports the mitochondrial
metabolism needed to prevent succinate accumulation that would otherwise block
the aKG-dependent, JMJD3-mediated demethylation of repressive H3K27me3
marks that must be removed for maximal M2 macrophage polarization.
Conversely, MIF inhibition would lead to mitochondrial dysfunction, with a resultant
accumulation of succinate, thus lowering the aKG/succinate ratio to enable LPS-

induced NF-kf signaling needed for M1 macrophage polarization.

The MIF/CSN5/NRF2 pathway in mitochondrial metabolism

Although MIF regulates mitochondrial metabolism in cancer cell lines (208),
the underlying mechanistic effectors are undefined. Previously, the Mitchell
Laboratory determined that MIF-dependent M2 macrophage polarization occurs
independently of its cognate receptor CD74 (unpublished). This indicates that MIF
regulates M2 polarization in a receptor-independent manner, potentially by binding
to CSNb5. Interestingly, nuclear factor E2-related factor 2 (NRF2) — a master
regulator of mitochondrial biogenesis and integrity (216) — is regulated by CSN5
activity in macrophages (217), which suggests that NRF2 may be a mechanistic
link between MIF and M2 macrophage-associated mitochondrial metabolism
(218). Mechanistically, kelch-like ECH-associated protein 1 (KEAP1) negatively
regulates NRF2 by forming a complex with cullin-RING ligase 3 (CUL3) to mediate
the ubiquitination and subsequent proteasomal degradation of NRF2 (219).
Previous investigations have identified that CSN5 mediates NRF2 stabilization by

controlling the KEAP1:CUL3 complex (217). Therefore, MIF may functionally bind
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to CSN5 to promote NRF2 stability to sustain subsequent mitochondrial

biogenesis/metabolism needed for M2 macrophage polarization (Figure 7).

The following Aims will examine these hypotheses:

Aim 1: Delineate the mechanistic effectors of mitochondrial lactate
metabolism in M2-macrophage polarization: This aim will utilize
metabolic flux assays, isotope tracing metabolomic analyses, and
chromatin immunoprecipitation (ChIP) in ex vivo M2 macrophage
polarization models to test the hypothesis that mitochondrial lactate
metabolism supports M2 polarization through TCA cycle-derived citrate
production and subsequent ACLY-dependent histone acetylation. The
findings of this aim will be validated in vivo using a subcutaneous tumor
model of lung cancer.

Aim 2: Determine the mechanistic contributions of MIF in
lactate/pyruvate-mediated M2 TAM polarization: This aim will utilize
metabolic flux assays, gene expression assays, and ChlIP to identify the
contribution of MIF-dependent mitochondrial lactate/pyruvate metabolism
and M2 polarization to determine if MIF supports these processes by
functionally controlling CSN5-dependent NRF2 stabilization and ensuing

mitochondrial metabolism.
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Figure 7: Schematic of the hypothesized mechanism of MIF-dependent
mitochondrial metabolism during M2 macrophage polarization. Intracellular
MIF binds to CSN5 to promote the stabilization of NRF2 to allow for NRF2 nuclear
translocation and transcriptional expression of NRF2-dependent genes required

for metabolic reprogramming toward mitochondrial metabolism during M2

macrophage polarization.
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CHAPTER 2: MITOCHONDRIAL LACTATE METABOLISM SUPPORTS M2
MACROPHAGE POLARIZATION THROUGH ACLY-DEPENDENT HISTONE

ACETYLATION

Introduction

Highly glycolytic “Warburg-like” cancer cells take up glucose and produce
lactate, which fundamentally changes the metabolic landscape of tumor
microenvironments (TME) (146,147). Although lactate was long considered a
metabolic waste product of glycolytic tumors solely, it is increasingly becoming
recognized as a vital TME signal that regulates the effector functions of various
tumor-infiltrating immune cells (129,151,152). A paradigm-shifting study revealed
that circulating lactate — derived from glucose metabolism following glycolysis and
lactate secretion — is actively metabolized in the mitochondrial tricarboxylic acid
(TCA) cycle (153). Perhaps relatedly, tumor-derived lactate drives M2 macrophage
polarization in a HIF-1a-dependent manner (17), although the metabolic
mechanism(s) are not fully elucidated. As M2 polarized tumor-associated
macrophages (TAMs) occupy a low glucose/high lactate TME (18) and rely on
mitochondrial metabolism (107,109), an understanding of how lactate is
metabolized and whether/how it regulates gene expression patterns will help to
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 (41). For example, M2- TAMs promote wound
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healing and resolution of immune responses (220), but in late-stage cancers, the
tumors co-opt this phenotype to evade anti-tumor immunity (103). Conversely,
while M1-TAMs eradicate tumors by enhancing anti-tumor immune responses,
they also drive tumor development by contributing to chronic inflammation-
associated cellular damage (95). Accumulating evidence demonstrates that
macrophage phenotypes are sensitive to local metabolites within the TME that, in
turn, influence their immunophenotypes and effector functions (104,126,127).

ATP-citrate lyase (ACLY) forms an essential link between the TCA cycle
and epigenetic histone acetylation (130). Specifically, glucose is converted to
pyruvate through glycolysis and then incorporated into the TCA cycle to produce
citrate (119). A subfraction of this glucose-derived citrate is extruded out of the
mitochondria and cleaved by ACLY, resulting in nucleo-cytoplasmic pools of Ac-
CoA for histone acetylation (130).

ACLY has pleiotropic roles in macrophage polarization as Ac-CoA can
support histone acetylation and de novo lipogenesis (122). Initial studies found that
ACLY inhibitors suppress M1 macrophage-mediated cytokine and PGE:2
production (132,221). In contrast, interleukin-4 (IL-4)-dependent M2 macrophage
polarization triggers Akt-mTORC1-dependent ACLY activation (140). More
recently, a conditional macrophage Acly-knockout transgenic model identified a
novel ACLY contribution to macrophage-dependent atherosclerotic plaque stability
(142). However, the requirements for ACLY, and the metabolic substrates
involved, in direct MO—M2 TAM polarization and effector functions are not fully

elucidated.
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Using gene expression analyses, chromatin immunoprecipitation, and
metabolomic approaches, we report that direct MO—M2 macrophage polarization
interchangeably utilizes glucose or lactate as TCA cycle carbon sources to
maximally drive ACLY-dependent histone acetylation at M2 gene-specific

promoters, resulting in T cell suppressive functionality.
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Materials and Methods

Mice: Wild-type C57BL/6 mice were obtained from Harlan Laboratories (Dublin,
VA). B6/SJL mice were obtained from Jackson Laboratory (Bar Harbor, ME).
ACLY" mice have been previously reported (222), and bones from UBC-Cre
ERT2; ACLY" mice were kindly provided by Dr. Kathryn Wellen. Animals were
maintained under specific pathogen-free conditions and handled in accordance
with the Association for Assessment and Accreditation of Laboratory Animals Care
international guidelines. The Institutional Animal Care and Use Committee
(IACUC) at the University of Louisville approved experiments. 6-16-week-old mice

were used in all experiments.

Cell culture and BMDM differentiation: Mice were euthanized by CO2 asphyaxiation,

and death was confirmed by cervical dislocation. Bone marrow cells from the tibias
and femurs were differentiated in RPMI-1640 supplemented with FBS (5%) and
recombinant murine M-CSF (25 ng/mL: Peprotech) for seven days. For the
inducible Acly-depletion experiments, Aclyf UBC Cre ERT2 BMDMs were treated
with 4-hydroxytamoxifen (5 puM) or vehicle control on day four of differentiation.
Following differentiation, the cells were counted and plated at 1.3x108 BMDMs/mL
in RPMI-1640 supplemented with 10% FBS (without M-CSF) overnight. The
following day the BMDMs were washed with PBS and starved of glucose by

addition of glucose-free RPMI-1640 supplemented with 10% dialyzed FBS and
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2mM L-glutamine for 4-6 hours before treatment with the indicated compounds and

stimulated with recombinant murine IL-4 (20 ng/ml: Peprotech) for 4-48 hours.

RNA purification and RT-gPCR: Total RNA was extracted using RNeasy Mini Kit

(QIAGEN) following the manufacturer’s instructions. The resulting RNA was
guantified using a Nanodrop 8000 UV-visible spectrophotometer (Thermo
Scientific), and the cDNA was synthesized with a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Quantitative measurement of cDNA levels
was performed using TagMan Fast Advanced Master Mix (Applied Biosystems)
with TagMan Gene Expression Primers (Applied Biosystems) on a 7500 Fast Real-
Time PCR System (Applied Biosystems). Relative expression profiles of mRNA
levels were calculated using the comparative Ct method (2-*2CY) using 18s rRNA

levels as an endogenous reference control.

Immunoblotting: Cells were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors, homogenized, and samples were denatured in LB sample
buffer at 98°C. 5-20 ug of protein was loaded into a 4-20% Mini-PROTEAN TGX
Gel (Bio-Rad Laboratories) and separated by electrophoresis before being
transferred onto Immobilon-P PVDF membrane (EMD Millipore). After blocking,
membranes were probed overnight at 4°C with primary Abs and then for 1 hour at
room temperature with secondary Abs. The blots were developed using Pierce

ECL Plus Western Blotting Substrate (Thermo Scientific).
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In vitro BMDM-T cell coculture assay: BMDMs were treated with UK-5099 (25 uM)

or DMSO in the presence of the indicated metabolites * IL-4 for 24 hours before
being collected, washed, counted via trypan blue exclusion, and live cells were
plated in 96-well plates. BMDMs were then co-cultured with CFSE-labeled
splenocytes from syngeneic mice in the presence of anti-CD3/anti-CD28 agonistic
antibodies for three days. The cells were stimulated with PMA/lonomycin plus
GolgiPlug for 6 hours and then stained with anti-CD8 or anti-CD4 mAbs and
fixed/permeabilized for intracellular IFN-y staining. The data was 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) and
incubated in 5% CO2 at 37°. The next day, wells were pre-treated with UK-5099
(25uM) or DMSO for 30 mins, followed by polarization with IL-4 for 16 hours. One
hour prior to extracellular flux analysis, the growth medium was replaced with XF
Assay Medium (Seahorse Bioscience, Billerica, MA, USA) and incubated in a non-
COz incubator. The oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were measured using an XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, Billerica, MA, USA) according to the manufacturer's instructions.
During the assay, wells were injected with oligomycin (5 uM), FCCP (2 uM), and
rotenone (1 pM)/antimycin A (5 pM). Each condition was performed in 4-6

replicates and analyzed using Seahorse Wave 2.6 Desktop Software (Agilent).
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13C-Lactate Labeling: 1x10” BMDMs were plated for 24 hours in complete RPMI-

1640. The next day the cells were switched to glucose-free RPMI-1640 for six
hours. The BMDMs were then pre-treated with UK-5099 or DMSO for 30 minutes
before IL-4 polarization in '3C-Lactate. After six hours of labeling, cells were
washed twice with ice-cold 0.1x PBS and extracted with 1 mL 50% methanol
containing 20 uM L-norvaline (internal control). Polar (aqueous layer) and insoluble
fractions (protein) were separated by centrifugation at 4°C and 15,000 rpm for 10
minutes. The polar fraction was dried by SpeedVac (Thermo) 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 H20 followed by the addition of equal
part 6N HCI. The samples were vortexed thoroughly and incubated at 95 °C for 2
hours. All reactions were quenched with 100% methanol with 200 pM L-norvaline
and then incubated on ice for 30 minutes. The supernatant was collected after
centrifugation at 15,000 rpm at 4 °C for 10 minutes and was subsequently dried by

SpeedVac followed by derivatization.

Sample Derivatization: Dried polar and hydrolyzed pellet samples were derivatized

by the addition of 50 pL of 20 mg/ml methoxyamine hydrochloride in pyridine.

Samples were incubated at 30°C for 90 minutes, followed by centrifugation at
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15,000 rpm for 10 minutes. The supernatant was transferred to a V-shaped amber
glass chromatography vial, followed by the addition of 80 pL of N-methyl-
trimethylsilyl-trifluoroacetamide (MSTFA) and incubation for 30 minutes at 37°C.

The derivatized samples were then analyzed by GC-MS.

GC-MS Quantitation: An Agilent 7800B gas-chromatography (GC) coupled to a

7010A triple quadrupole mass spectrometry detector equipped with a high-
efficiency source was used for this study. GC-MS protocols were similar to those
described previously(223), except a modified temperature gradient was used for
GC: Initial temperature was 130°C, held for 4 minutes, rising at 6°C/min to 243°C,
rising at 60°C/min to 280°C, and held for 2 minutes. The electron ionization (EI)
energy was set to 70 eV. 13C isotopologues were identified by selected ion
monitoring (SIM) of the following ions at known retention times: alpha-
ketoglutarate; 304-209, alanine; 218-221, citrate; 465-471, lactate; 219-222,
pyruvate; 174-177. Scan (m/z:50-800) and full scan mode were used for target
metabolite analysis. Metabolites were identified using the FiehnLib metabolomics
library (available through Agilent) by retention time and fragmentation pattern, and
guantitation was performed using Agilent MassHunter Workstation Software.
Natural abundance correction was performed using IsoCorrectoR software, and
relative abundance was corrected for recovery using the L-norvaline standard and

adjusted to protein input (224).
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Histone acetylation ELISA: 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 manufacturer’s
protocols. Briefly, 1x10” BMDMs were polarized for 4-6 hours in the indicated
conditions before collection using Cell Striper (Corning), incubation with pre-lysis,
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 ELISA assay wells for two hours at room temperature. The wells were then
washed and incubated with the secondary antibody-containing solution for one
hour on an orbital shaker. The wells were then developed with the enzyme reaction
solution for 5 minutes before being quenched and measured for absorbance at

450 nm.

Chromatin immunoprecipitation (ChiIP): ChIP was performed using the SimpleChip

Enzymatic Chromatin IP Kit (Cell Signaling Technology; CST) according to the
manufacturer’'s instructions. Briefly, 1.2x10” BMDMs were fixed with 1%
formaldehyde, 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
antibody (CST — C5B11) overnight at 4° C. The chromatin was recovered with
Protein G Agarose Beads, eluted, and the cross-links were reversed with Elution

Buffer and Proteinase K overnight at 65° C. Input and immunoprecipitated DNA
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was analyzed by Real-Time gPCR, 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 (225). Briefly, Acly** and Acly’ BMDMs (CD45.2*) were
polarized with 1L-4 for 24 hours before being mixed with LLC cells (CD45.2%) at a
1:2.5 ratio, respectively, in Matrigel (Corning) and injected s.c. into the flanks of
congenic B6.SJL mice (CD45.1%). On day seven post-injection, palpable tumors
were measured three times a week, and the tumor volume was calculated by the
following formula: (length x width?)/2. At the experimental endpoint on day 16 post-
injection, the mice were euthanized, and the tumors were resected, weighed, and
digested in RPMI-1640 containing collagenase 1V, hyaluronidase, and DNase | for
30 minutes at 37°. Aliquots of the single-cell suspensions were either stimulated
with PMA/I plus GolgiPlug for 6 hours before staining or directly stained with the

indicated mADbs.

Statistical Analysis: All representative data are presented as the mean + SEM and

are presented and analyzed for statistical significance using GraphPad Prism 8.3
(GraphPad Software. La Jolla, California, USA). Analysis with one-way or two-way
ANOVA was utilized when the data presented had one or more independent

variables, respectively. Tukey’s post-test was utilized for multiple comparisons.
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Results

Lactate supports direct M0—M2 macrophage polarization through
mitochondrial pyruvate metabolism

To investigate how changing TME metabolite concentrations differentially
impact M2 macrophage polarization, we treated primary murine bone marrow-
derived macrophages (BMDMs) with the Th2 cytokine IL-4 in the
presence/absence of various concentrations of glucose and lactate. Removal of
extracellular glucose reduced the expression of canonical M2-associated gene
products Arginase 1 (Argl) and C-C motif chemokine 22 (Ccl22) — an effect that
was rescued in a dose-dependent manner with molar equivalent additions of
exogenous lactate as determined by gPCR and immunoblotting (Figure 8).
Notably, the concentrations of lactate added are comparable to levels found in the
TME, which are as high as 10-30 mM (149). In addition to Arg1l and Ccl22, lactate
also rescued the reduced expression of M2 macrophage-associated gene
products Retnla and 1I-10 in glucose-free culture conditions (Figure 9).

Since M2 macrophages rely on mitochondrial metabolism (107,109), and
lactate is converted to pyruvate that enters the TCA cycle by mitochondrial import
via mitochondrial pyruvate carrier 1 (MPC1) (119,120), we asked whether MPC1
inhibition by UK-5099 (226) blocks lactate and glucose-dependent M2 polarization.
As shown in Figure 10, UK-5099 inhibited IL-4-induced expression of M2-
associated gene products in primary BMDMs cultured in glucose, lactate, and, as

shown in (Figure 11), pyruvate.
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Figure 8: Lactate dose-dependently rescues loss of M2 polarization following
glucose deficiency. (A) gPCR analysis of Argl and Ccl22 expression in BMDMs
treated with IL-4 (48hr) in glucose-free media supplemented with glucose or lactate
at the indicated concentrations. (B) Immunoblot of Argl expression in BMDMs
treated with IL-4 (48hr) in glucose-free media supplemented with glucose (Glu) or
lactate (Lac) at the indicated concentrations. Data are the mean = SEM of three
replicates. *p<0.05, **p<0.01, ***p<0.001 by two-way ANOVA with Tukey’s post-
test. Immunoblot is representative of three replicates.
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Figure 9: M2 macrophage polarization is maintained in tumor
microenvironment-like conditions of low glucose/high lactate. qPCR analysis
of M2 macrophage-associated gene product expression in BMDMs treated with IL-
4 (48hr) in glucose-free media supplemented with glucose (5mM) or lactate
(10mM). Data are the mean + SEM of three replicates. *p<0.05, **p<0.01,

***p=<0.001 by one-way ANOVA with Tukey’s post-test.
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Figure 10: Mitochondrial pyruvate/lactate metabolism is a critical
requirement of M2 macrophage polarization. gPCR analysis of M2
macrophage-associated gene product expression in BMDMs treated with IL-4
(48hr) £ UK-5099 (25uM) in glucose-free media supplemented with glucose (5mM)
or lactate (10mM). Data are the mean + SEM of three replicates. *p<0.05, **p=<0.01,

***p<0.001 by two-way ANOVA with Tukey’s post-test.
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Figure 11: Glucose and lactate support M2 polarization through the
production of pyruvate. (A) gPCR analysis of M2 macrophage-associated gene
product expression in BMDMs treated with IL-4 (48hr) £ UK-5099 (25uM) in
glucose-free media supplemented with glucose (5mM), pyruvate (10mM), or
lactate (10mM). (B) Immunoblot of Argl expression in BMDMs treated with IL-4
(48hr) £ UK-5099 (25uM) in glucose-free media supplemented with glucose (G,
5mM), pyruvate (P, 10mM), or lactate (L, 10mM). Data are the mean + SEM of
three replicates. *p<0.05, **p<0.01, ***p<0.001 by two-way ANOVA with Tukey’s

post-test. Immunoblot is representative of three replicates.
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To ensure that the inhibitory effects with UK-5099 were due to specific
MPC1 inhibition, we tested Mitoglitazone, a molecularly distinct MPC inhibitor
(227). Pre-treatment with Mitoglitazone both inhibited Argl expression in a dose-
dependent manner and phenocopied the inhibition of UK-5099-sensitive M2-
associated gene products (Figure 12).

Arguably, the most critical effector function of M2-TAMs is their immune-
suppressive activity that inhibits the activation and anti-tumor cytolytic function of
tumor-infiltrating CD8* T cells (103). As such, we tested if lactate supports M2
macrophage immunosuppression and whether it also requires mitochondrial
pyruvate uptake. As shown in Figure 12, M2 macrophage polarization in the
presence of glucose or lactate significantly suppresses the proliferation and IFN-y
production of anti-CD3/anti-CD28-activated CD8* splenocytes. Consistent with the
requirement for mitochondrial pyruvate uptake in glucose/lactate-dependent M2
gene expression, UK-5099 abrogated glucose/lactate-dependent M2
macrophage-mediated immune-suppressive activity allowing for improved CD8* T
cell proliferation and IFN-y production (Figure 13). Altogether, these data suggest
that glucose- or lactate-derived mitochondrial pyruvate metabolism is necessary

for maximal MO—M2 macrophage polarization and immunosuppressive function.

M2 macrophages actively metabolize lactate within the TCA cycle

M2 polarization induces a metabolic shift towards mitochondrial
metabolism, TCA cycle activity, and OXPHOS (107,109), but the relative
contribution of mitochondrial pyruvate metabolism to this metabolic

reprogramming during M2 macrophage polarization is largely unresolved.

46



A Argl
— *okk
T 1.5-
L\L/ %k %k %k
5
‘% 1.0 =
4
5
x
W 0.5+
()
=
K
g 00 T
& & & S
Q o N N
<O Y Y
B M2 macrophage gene products
S 2.0
g *k *k * *k HDMSO
=z MitoG
IS 1.5 T
g - :
5 1.0 pe=
5 + 1] .
L
£ 05 5 i
©
E 0.0 gty = =] —a—
Argl CCL22 IL-10 Retnla

Figure 12: Inhibition of mitochondrial pyruvate uptake with Mitoglitazone
phenocopies the loss of M2 macrophage polarization following UK-5099 pre-
treatment. (A) gPCR analysis of Argl expression in BMDMs treated with IL-4
(48hr) £ Mitoglitazone (MitoG) at the indicated concentrations. (B) gPCR analysis
of M2 macrophage-associated gene product expression in BMDMs treated with IL-
4 (48hr) = MitoG (25uM). Data are the mean + SEM of three replicates. *p<0.05,

**p<0.01, ***p<0.001 by one-way ANOVA (A) or two-way ANOVA (B) with Tukey’s

post-test.
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Figure 13: Mitochondrial lactate/pyruvate metabolism is required for
macrophage-mediated suppression of T cell activation. (A) Proliferation and
(B) IFN-y production, with representative images, of CD8+ T cells co-cultured with
the indicated macrophages. Data are the mean + SEM of three replicates. *p<0.05,

**p<0.01, ***p=<0.001 by one-way ANOVA with Tukey’s post-test.
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Utilizing extracellular flux analysis of BMDMs, we confirmed that, as
previously reported (107,109), IL-4 increases basal and maximal oxygen
consumption rates (OCR) and spare respiratory capacity (SRC) (Figure 14). In
contrast, pre-treatment with UK-5099 reduces both steady-state and IL-4-induced
OCR and SRC (Figure 14). These findings indicate that mitochondrial
lactate/pyruvate uptake is required for M2 macrophage metabolic reprogramming

Tumor-derived lactate supports M2 polarization (17), and lactate can be
catabolized in the TCA cycle (153) — but whether M2 macrophage-specific lactate
metabolism occurs is largely unknown. To address this, we conducted isotope
tracing using uniformly labeled lactate ([U-'3C]-lactate) in M2 polarized BMDMs
treated with and without UK-5099. As shown in Figure 15, 13C-lactate accumulates
intracellularly as fully labeled lactate (M+3 isotopologue) in M2 polarized
macrophages and is not affected by UK-5099 treatment. In untreated M2 polarized
BMDMs, 13C-lactate is converted to fully labeled pyruvate (M+3) and incorporated
into the initial round of the TCA cycle as (M+2) citrate and (M+3 — M+6) citrate
following subsequent TCA cycling (Figure 15). In contrast, UK-5099 treatment
reduces the fractional enrichment of initial and cycling citrate isotopologues, with
a corresponding increase in fully labeled pyruvate. Comparison of un-labeled
versus labeled lactate, pyruvate, and citrate shows the shift in the distribution of
isotopologue labeling following UK-5099 treatment (Figure 16), which results in
significant decreases in the metabolic influx of *C-lactate-derived carbons into the

TCA cycle (Figure 16).
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Figure 14: Mitochondrial lactate/pyruvate metabolism supports metabolic
reprogramming during M2 macrophage polarization. (A) Extracellular flux
analysis of the trace, (B, left) basal oxygen consumption rate (OCR), (B, middle)
maximal OCR, (B, right) and spare respiratory capacity (SRC) in BMDMs treated
with IL-4 (24hr) + UK-5099 (25uM) before extracellular flux analysis with
oligomycin (oligo), FCCP, and rotenone plus antimycin A (Rot/Ant). Data are the
mean + SEM of four replicates. *p<0.05, **p<0.01, ***p=<0.001 by two-way ANOVA

with Tukey’s post-test.
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Figure 15: M2 macrophages actively metabolize lactate within the
mitochondrial TCA cycle. (A) Schematic of metabolomic isotope tracing of *3C-
lactate-derived carbons (labeled in red) being incorporated into the TCA cycle
(above, left). Fractional enrichment of (B) lactate, (C) pyruvate, (D) and citrate in
BMDMs treated with IL-4 (6hr) £+ UK-5099 (25uM) in glucose-free media
supplemented with 13C-lactate (10mM). Data are the mean + SEM of three

replicates. *p<0.05, **p<0.01, ***p<0.001 by two-way ANOVA with Tukey’s post-

test.
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Figure 16: Lactate-derived carbons are incorporated into the TCA cycle
during M2 polarization (A) Cumulative comparison of unlabeled (MO) vs. labeled
lactate (M1 — M2), pyruvate (M1 — M2), and citrate (M1 — M6) (left) in BMDMs
treated with IL-4 (6hr) + UK-5099 (25uM) in glucose-free media supplemented with
13C-lactate (10mM). (B) Metabolic influx of lactate-derived carbons into the TCA
cycle in BMDMs treated with IL-4 (6hr) + UK-5099 (25uM) in glucose-free media
supplemented with 3C-lactate (10mM). Data are the mean + SEM of three

replicates. *p<0.05, **p=<0.01, ***p=<0.001 by student’s t-test.
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Altogether, 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 within the TCA cycle.

M2 macrophages link lactate metabolism and M2 gene transcription through
mitochondrial pyruvate-dependent histone acetylation

Initial studies designed to identify a mechanistic link between lactate-
derived mitochondrial pyruvate metabolism and expression of M2 macrophage-
associated gene products ruled out STAT6 phosphorylation and HIF-1a
stabilization (126). Neither glucose-deprivation nor UK-5099 pre-treatment
affected the phosphorylation of STAT6 in BMDMs when examined at both shorter
(15 min) or longer (120 min) time points following IL-4 induced M2 polarization
(Figure 17). Using HIF-ODD-luciferase BMDMs to quantify HIF-1a stability
demonstrated that, while IL-4 induced a modest increase in luciferase activity (i.e.,
HIF-1a stability), no effect was observed with either UK-5099 or a succinate
dehydrogenase inhibitor (228), Atpenin A5 (Figure 17).

A recent study described a functional role for endogenous, macrophage-
derived lactate being metabolized into an acyl-CoA (i.e., lactyl-CoA) and resulting
in histone lactylation, thus promoting M1—M2 macrophage repolarization (129).
However, it is not known whether protein lactylation plays a role in direct MO—M2
in our studies investigating MO—M2 direct polarization. Analysis of isotope tracing
data, we found very low relative abundance and no fractional enrichment of the M3
isotopologue of lactylated-substrates (Figure 18). This finding suggests that M2

polarization occurs independently of histone lactylation.
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Figure 17: Mitochondrial lactate metabolism supports M2 macrophage
polarization independent of STAT6 signaling and HIF-1a stabilization. (A)
Immunoblotting analysis of phosphorylated STAT6 (pSTAT6) in BMDMs treated
with IL-4 (as indicated) + UK-5099 (25uM) in glucose-free media supplemented
with glucose (10mM) or lactate (10mM). (B) Luciferase activity in ODD-Luc
BMDMs treated with IL-4 (24hr) + UK-5099 (25uM) or Atpenin A5 (25uM). Data
are the mean = SEM of two replicates. Immunoblot is representative of three

replicates.
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Figure 18: Mitochondrial lactate metabolism does not affect protein

lactylation during M2 macrophage polarization: (A) Fractional enrichment and
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UK-5099 (25uM) in glucose-free media supplemented with 13C-lactate (10mM).

Data are the mean + SEM of three replicates.
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Finally, a-ketoglutarate serves as a substrate for histone demethylation-
dependent MO—M2 macrophage polarization (128), and pyruvate catabolism can
sustain the production of a-ketoglutarate through two distinct metabolic pathways
— indirectly through the TCA cycle itself and directly through alanine transaminase,
which converts glutamate and pyruvate into a-ketoglutarate and alanine. Analysis
of the *C-lactate tracer studies revealed no noticeable changes in the relative
abundance or fractional enrichment of a-ketoglutarate or alanine (Figure 19).
These findings suggest that lactate-mediated MO—M2 macrophage polarization

occurs independently of these previously identified pathways/mechanisms.

ATP-citrate lyase supports M0—M2 macrophage polarization and histone
acetylation

Citrate can undergo mitochondrial export and subsequent cleavage by
ATP-citrate lyase (ACLY) to form Ac-CoA substrates for histone acetylation
(122,130). Analysis of our isotope tracing studies indicated that 20.32% and
20.52% of lactate-derived citrate isotopologues from the first TCA cycle round
(M+2 citrate) and subsequent TCA cycling (M+3 — M+6 citrate), respectively, are
not incorporated into a-ketoglutarate (Figure 20A), suggesting TCA cycle efflux.
Consistent with a role for mitochondrial pyruvate-dependent histone acetylation,
glucose and lactate independently increase total H3 (Figure 20B), lysine-residue
specific H3 (Figure 20C), and M2 gene promoter-specific (Figure 20D) histone
acetylation. These findings suggest that mitochondrial lactate metabolism can
sustain the Ac-CoA levels that are needed for histone acetylation during M2

macrophage polarization.
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Figure 19: Mitochondrial lactate metabolism supports M2 macrophage
polarization independent of a-ketoglutarate and alanine levels. (A) Relative
abundance and (B) fractional enrichment of alpha-ketoglutarate (aKG) and alanine
in BMDMs treated with IL-4 (6hr) £ UK-5099 (25uM) in glucose-free media
supplemented with 13C-lactate (10mM). Data are the mean + SEM of three

replicates.
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Figure 20: Histone acetylation during M2 polarization is maintained in low
glucose/high lactate tumor microenvironment-like conditions. (A) Metabolic
efflux of lactate-derived carbons, via citrate, out of the TCA cycle in BMDMs treated
with IL-4 (6hr) £ UK-5099 (25uM) in glucose-free media supplemented with 13C-
lactate (10mM). (B) Total acetylated histone H3 ELISA, (C) lysine residue-specific
acetylation immunoblot, and (D) H3K9ac chromatin-immunoprecipitation (ChlP) in
BMDMs treated with IL-4 (6hr) in glucose-free media supplemented with glucose
(5mM) or lactate (10mM). Data are the mean + SEM of three replicates. *p<0.05,

**p<0.01, ***p<0.001 by one-way ANOVA with Tukey’s post-test.
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Nucleo-cytoplasmic Ac-CoA is produced by the ACLY-dependent cleavage
of mitochondrial-derived citrate or by an alternative, mitochondrial-independent
pathway via Ac-CoA synthetase short-chain family member 2 (ACSS2)-dependent
activation of acetate. Interestingly, exogenous acetate rescues the loss of M2
macrophage-associated gene product expression (Figure 21), global lysine-
residue-specific histone acetylation (Figure 22), and M2 gene promoter-specific
histone acetylation (Figure 22) when mitochondrial lactate metabolism is inhibited
by UK-5099. Conversely, small-molecule inhibition of ACSS2 reduces the
expression of M2-specific gene products in BMDMs polarized with exogenous
acetate but not lactate (Figure 23). These findings indicate a requirement for Ac-
CoA in M2 macrophage histone acetylation/gene expression and suggest a role
for ACLY in lactate-dependent M2 polarization.

ATP-citrate lyase is necessary for M2-associated gene expression, immune-
suppressive activity, and M2 TAM-dependent tumor progression

To validate a requirement for ACLY in MO—M2 macrophage polarization,
we used a small molecule inhibitor of ACLY, BMS-303141, and asked whether it
can inhibit lactate-dependent M2 macrophage Argl expression. Unexpectedly,
while BMS-303141 attenuated IL-4/lactate-induced Argl expression, exogenous
acetate was not able to reverse this inhibition is in contrast to the effect with UK-
5099 (Figure 24). However, prior investigations have identified that ACLY inhibitors
may have off-target effects (143), and this was further validated through
discussions with Dr. Kathryn Wellen, who discovered ACLY-dependent histone

acetylation (130).
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Figure 21: Exogenous acetate rescues the loss of lactate-enhanced M2

macrophage polarization following MPC1 inhibition. gqPCR analysis of M2

macrophage-associated gene product expression in BMDMs treated with IL-4

(48hr) £ UK-5099 (25uM) in glucose-free media supplemented with lactate (10mM)

or acetate (10mM). Data are the mean + SEM of three replicates. *p<0.05,

**p<0.01, ***p=<0.001 by two-way ANOVA with Tukey’s post-test.

60



A
H3K9ac

Lactate: + - + -

Acetate: - + - +

UK-5099: - - + +

B Argl Ccl22

5 ae_ 5 ,_ DMSO
g_ 15 " ns E— 4 * K % ns IUK-5099
10+ 1<
[&] (]
= IS
ey e
o )
c 54 c
(0] (]
(&) (&)
(1] ]
< <
(92] 0- ™
T T

Lactate Acetate

Lactate Acetate

Figure 22: Exogenous acetate maintains histone acetylation during M2
macrophage polarization following MPC1 inhibition. (A) Immunoblot of lysine
residue-specific acetylation and (B) H3K9ac ChIP in BMDMs treated with IL-4 (6hr)
+ UK-5099 (25uM) in glucose-free media supplemented with lactate (10mM) or
acetate (10mM). Data are the mean + SEM of three replicates. *p<0.05, **p<0.01,
***p<0.001 by two-way ANOVA with Tukey’'s post-test. Immunoblot is

representative of three replicates.
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Figure 23: ACSS2 is required for acetate- but not lactate-enhanced M2
macrophage polarization. (A) Immunoblot and (B) gPCR analysis of Argl
expression in BMDMs treated with 1L-4 (48hr) + ACSS2i (as indicated) in glucose-
free media supplemented with lactate (10mM) or acetate (10mM). Data are the
mean + SEM of three replicates. *p<0.05, **p<0.01, ***p<0.001 by two-way

ANOVA with Tukey’s post-test. Immunoblot is representative of three replicates.
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Figure 24: Acetate does not rescue the loss of M2 polarization following
pharmacological ACLY inhibition. Immunoblot of Argl expression in BMDMs
treated with IL-4 (48hhr) £ UK-5099 (25uM) or BMS-303141 (20pM) in glucose-
free media supplemented with glucose (5mM), lactate (10mM), or acetate (10mM).

Immunoblot is representative of three replicates.
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Given that potential off-target effects may explain why acetate could not
rescue the loss of M2 macrophage polarization following pharmacological ACLY
inhibitions, we next utilized an inducible Acly-knockout transgenic mouse model
(UBC-Cre-ERT2 Acly”™ mice). As shown in Figure 25, ACLY-deficiency
phenocopies UK-5099-mediated inhibition of mitochondrial pyruvate uptake on
reducing M2-associated gene expression in macrophages polarized in lactate but
did not affect acetate-dependent polarization. Additionally, ACLY-deficiency
reduces lysine-residue-specific histone acetylation, which can be rescued with the
addition of exogenous acetate (Figure 26). Notably, ACLY-deficient BMDMs
maintained high viability and expression of the macrophage terminal differentiation
marker F4/80 (Figure 27), suggesting that loss of M2 polarization following ACLY
depletion is not due to these factors.

Given that the defining effector function hallmark of M2 macrophages is
their ability to suppress anti-tumor immunity leading to enhanced tumor growth, we
utilized an in vivo tumor admixture murine model to investigate a requirement for
ACLY in M2 macrophage-mediated tumor progression (225). Lewis Lung
Carcinoma (LLC) cells were co-injected with Acly** or Acly”- M2 polarized BMDMs
(CD45.2%) into congenic B6.SJL mice (CD45.1*) (Figure 28). While tumors bearing
Acly** M2 polarized BMDMs had increased tumor growth, end-point tumor weight,
and gross tumor burden vs. 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 (Figure 29).
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Figure 25: Exogenous acetate rescues the loss of lactate-enhanced M2
macrophage polarization from ACLY-deficiency. qPCR analysis of M2
macrophage-associated gene product expression in Acly** and Acly” BMDMs
treated with IL-4 (48hr) in glucose-free media supplemented with lactate (10mM)
or acetate (10mM). Data are the mean + SEM of three replicates. *p<0.05,

**p<0.01, ***p=<0.001 by two-way ANOVA with Tukey’s post-test.
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Figure 26: Exogenous acetate maintains histone acetylation ACLY-deficient
macrophages during M2 polarization. Immunoblot of lysine residue-specific
acetylation in Acly** and Acly” BMDMs treated with IL-4 (6hr) in glucose-free
media supplemented with lactate (10mM) or acetate (10mM). Immunoblot is

representative of three replicates.

66



BMDM Viability BMDM Differentiation

200
ns ns

[uy

o

o
1

150

100

MFI (F4/80)

%Trypan Blue (-)
3
]
3
]

Acly*™  Acly” Acly*™  Acly”

Figure 27: BMDM differentiation is intact in ACLY-deficient macrophages. (A)
Viability and (B) differentiation in Acly** and Acly’”- BMDMs treated with M-CSF
(7d) in complete RPMI medium. Data are the mean + SEM of (A) seven and (B)

three replicates. *p<0.05, **p<0.01, ***p<0.001 by students t-test.
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Figure 28: Schematic of experimental workflow for the in vivo ACLY tumor-
admixture model. Acly** and Acly’- BMDMs are polarized with IL-4 for 24 hours
before being mixed with LLC cells (ratio 1:2.5) and injected s.c. into congenic
B6.SJL mice. Tumor volume is measure over 16 days with digital calipers, and
mice are euthanized at the experimental endpoint. The resultant tumors are
surgically resected, weighed, and digested into single-cell suspensions for flow

cytometric analyses.
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Figure 29: ACLY is required for maximal macrophage-mediated tumor
progression. (A) Growth (B) weight, (C) gross dissections of tumors consisting of
LLC cells only, LLC cells + M2 polarized Acly** BMDMs, or LLC cells + M2
polarized Acly” BMDMs. Data are the mean + SEM of eight replicates. *p<0.05,

**p<0.01, ***p=<0.001 by two-way ANOVA with Tukey’s post-test.
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Flow cytometric analyses of intratumoral immune cells revealed a lack of
residual Acly** or Acly’ CD45.2* TAMs (Figure 30), 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, CD8* T
cells, or CD4*/CD8* T cell ratio (Figure 31), suggesting that macrophage-derived
ACLY did not affect total intratumoral T cell infiltration per se in this model.
However, tumors from LLC/Acly’- macrophage co-injection had significantly fewer
IFN-y-expressing CD8* T cells and CD4* helper T cells compared to LLC/Acly**
macrophage co-injection tumors (Figure 32). These findings suggest that
intratumoral, M2 macrophage-derived ACLY is necessary for maximal TAM
immunosuppressive activity and that loss of ACLY allows for a more robust anti-
tumor immune response resulting, ultimately, in reduced tumor growth and

progression.
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Figure 30: Injected TAMs are absent at tumor end-point. Percentage of
CD45.2*F4/807 cells at day 16 from tumors consisting of LLC cells only, LLC cells
+ M2 polarized Acly+/+ BMDMSs, or LLC cells + M2 polarized Acly-/- BMDMs. Data
are the mean + SEM of eight replicates. *p<0.05, **p<0.01, ***p<0.001 by two-way

ANOVA with Tukey’s post-test.
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and (C) CD4*/CD8* T cell ratio from tumors consisting of LLC cells only, LLC cells
+ M2 polarized Acly+/+ BMDMSs, or LLC cells + M2 polarized Acly-/- BMDMs. Data
are the mean = SEM of eight replicates. *p<0.05, **p<0.01, ***p=<0.001 by two-way

ANOVA with Tukey’s post-test.
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Figure 32: TAM-derived ACLY mediates the suppression of anti-tumor
immune responses Percentage of (A) IFN-y*CD8* T cells and (B) IFN-y*CD4* T
cells, with respective representative flow plots, from tumors consisting of LLC cells
only, LLC cells + M2 polarized Acly+/+ BMDMs, or LLC cells + M2 polarized Acly-
/- BMDMs. Data are the mean + SEM of eight replicates. *p<0.05, **p=<0.01,

***p<0.001 by two-way ANOVA with Tukey’s post-test
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Discussion

Solid TMEs represent a unique, physiologic paradigm of a high lactate/low
glucose metabolic compartment in human pathology (147,151). Prior studies have
shown that higher lactate concentrations in the TME drive both innate and adaptive
immune responses (17,152), but whether, and if so how, lactate controls gene
expression patterns and functional immune phenotypes is largely unknown.

Our studies reveal that M2 polarized macrophages utilize 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 immune suppressive activity. 3C-lactate tracing
metabolomics demonstrates that extracellular lactate is efficiently converted to
pyruvate, imported into mitochondria, and further metabolized by the TCA cycle to
citrate, of which ~20% is calculated to be effluxed out of the mitochondria. Our data
further suggest that this lactate metabolism drives histone acetylation in a manner
that requires Ac-CoA generation by ACLY, which is necessary for maximal M2
gene expression, immune-suppressive activity, and tumor progression.

Recently, a metabolic-epigenetic link was identified where M1
macrophages utilize glycolysis for lactate anabolism to generate lactyl-CoA for
histone lactylation-dependent M1—M2 macrophage transition (129). Our findings,
however, indicate that MO0—M2 macrophage metabolic reprogramming
preferentially allows for lactate catabolism — via mitochondrial pyruvate (155) — to
generate Ac-CoA for use in histone acetylation-dependent gene expression. It's

not unreasonable to speculate that, in early developing tumors where glucose
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supplies are high and lactate is low, M1 macrophages with high glycolytic/low TCA
activity (i.e., low citrate levels) can afford to utilize glycolysis-derived lactate as a
source of epigenetic lactylation and initiation of M1—M2 transition. As these same
tumors grow and expand (with concomitant reductions in glucose and increases in
extracellular lactate), M2 macrophage metabolic reprogramming occurs, resulting
in high TCA activity and, since glucose is scarce, these M2 macrophages begin to
utilize lactate as a source of both oxidative fuel and, via citrate efflux, histone
acetylation.

Although our studies did not find a direct link between lactate or glucose-
dependent M2 polarization and HIF-1a stabilization, they do support the previously
described requirement for HIF-1a in driving lactate-induced M2 polarization (17).
In this scenario, we envision that lactate-dependent histone acetylation allows for
maximally efficient HIF-1a-dependent transcription at a subset of HIF-1a-sensitive
M2-associated acetylated gene promoters (17).

ACLY serves as a metabolic nexus to supply nucleo-cytosolic pools of Ac-
CoA from mitochondrial citrate for lipid synthesis, prostaglandin production, and
histone acetylation (122,131). We show that ACLY is necessary to support histone
acetylation and subsequent maximal expression of M2 macrophage-associated
gene products. In a recent study, Van den Bossche and colleagues utilized an
independent, macrophage-specific, conditional Acly transgenic model to show that
chronic loss of ACLY in vivo stabilized atherosclerotic plaques and suggested that
ACLY contributes to fatty acid metabolism, efferocytosis, and M2 polarization

phenotypes (142). In our current study, we utilized bone marrow-derived
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macrophages from an inducible Acly knock-out transgenic model to assess acute
ACLY deletion on direct MO—M2 polarization and to validate defective histone
acetylation using exogenous acetate. Importantly, 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-y*CD8* and CD4" T lymphocytes.

Numerous ACLY inhibitory compounds are being developed as anti-cancer
agents (229). Although the initial rationale for ACLY antagonists as anti-tumor
agents was based on disrupting tumor cell fatty acid biosynthesis secondary to
glucose addiction, it will be important in future translational studies to assess
collateral effects on tumor-infiltrating immune effector cells and the relative
disruption of transcriptional reprogramming, polarization/ differentiation
phenotypes, and immune suppressive functions. Since infiltrating TAMs are a
dominant source of anti-tumor T cell suppressive activity in late-stage malignant
tumors, which can functionally skew immune checkpoint blockade (ICB) clinical
efficacy (103), ACLY targeting may represent a unique immunotherapeutic

approach to alleviate ICB resistance in the future.
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CHAPTER 3: MIF-DEPENDENT REGULATION OF M2 MACROPHAGE

POLARIZATION THROUGH MITOCHONDRIAL METABOLISM

Introduction

Macrophage migration inhibitory factor (MIF) is an atypical cytokine that is
highly secreted in several tumor types (158-160), and elevated levels of MIF drive
enhanced tumor progression that ultimately results in poorer patient outcomes
(161-163). Although initially described as having pro-inflammatory roles in acute
pathologies (179), MIF is increasingly being recognized as a critical regulator of
immunosuppressive phenotypes in a variety of tumor-infiltrating immune cells in a
malignant setting (230). MIF has pleiotropic roles in the suppression of anti-tumor
immunity — in particular, several reports have identified that MIF promotes
TAM/MDSC-mediated tumor progression (231,232).

Previously, Yaddanapudi and colleagues discovered that host-derived MIF
mediates maximal in vivo polarization of TAMs to an immunosuppressive/anti-
inflammatory M2 phenotype (156), although the underlying mechanistic
mechanism(s) have not been fully elucidated. Additionally, small-molecule
inhibition of MIF with 4-IPP functionally repolarizes TAMs from an
immunosuppressive M2 phenotype to a pro-inflammatory, anti-tumor M1-TAM
phenotype with a resultant enhancement of tumor immunity and subsequent delay
in tumor outgrowth. Therefore, therapies that include MIF targeting, in combination
with current immune-checkpoint inhibitors, represent an attractive clinical strategy

to enhance the anti-tumor immune response in patients with cancer.
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MIF’s pleiotropic nature in regulating infiltrating immune cell effector
functions is likely due to its multiple downstream molecular mechanisms (183).
Extracellular MIF can exert autocrine or paracrine signaling by binding to a variety
of different receptor complexes that include its cognate receptor, CD74 (188),
along with non-cognate receptors such as CD44, CXCR2, CXCR4, and CXCR?7,
to activate several intracellular signaling cascades including the PI3K/AKT and
MEK/ERK pathways (189,190,233). In contrast, intracellular MIF — either
endogenously derived or accumulated following extracellular uptake — binds to
COPS signalosome subunit 5 (CSN5) to regulate the deneddylation of cullin RING
ligases (CRLs) (196). CRLs mediate the ubiquitination of several proteinaceous
substrates (194), which is necessary for the targeting of these proteins for
proteasomal-dependent degradation. Interestingly, while several of the MIF-
dependent receptor- and CSN5-mediated downstream effects have been identified
to regulate specific immune cell phenotypes (203,204,234), the relative
contribution(s) of extracellular or intracellular MIF in regulating M2-TAM
polarization remain unelucidated.

A critical determinant of M2 macrophage polarization is the ability to
undergo metabolic reprogramming towards enhanced tricarboxylic acid (TCA)
cycle activity and mitochondrial oxidative phosphorylation (107,109,114,235).
Previous investigations have identified that this metabolic reprogramming not only
to fulfills necessary bioenergetic requirements but also that specific TCA cycle
metabolites functionally regulate transcriptional mechanisms needed for the

expression of M2-associated gene products (127). In particular, enhanced TCA
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cycling supports the generation of alpha-ketoglutarate (aKG) to maintain a high
aKG/succinate level that is needed for aKG-dependent demethylation of
trimethylated lysine 27 residues on histone H3 (H3K27me3) via jumonji C
demethylase (JMJD3) (128,215). In contrast, mitochondrial dysfunction causes
defective activity of electron transport chain (ETC) complexes (212), such as
succinate dehydrogenase (SDH), that results in the accumulation of succinate — a
pro-inflammatory TCA cycle metabolite (28). Interestingly, recent studies in non-
immune cells have found that MIF regulates mitochondrial dynamics to maintain
functional ETC activity (208), which suggests that macrophage-derived MIF may
support maximal M2 macrophage polarization by sustaining the mitochondrial
metabolism needed to maintain the correct relative balance of TCA cycle
metabolites.

MIF’s intracellular binding parther CSN5 has been implicated in controlling
mitochondrial metabolism in macrophages by regulating the stabilization of nuclear
factor erythroid 2-related factor (NRF2) (217,236). NRF2 is a critical regulator of
mitochondrial metabolism by affecting mitochondrial membrane potential, ETC
activity, and mitochondrial biogenesis (216). Under basal conditions, NRF2 is
actively targeted for proteasomal degradation via the Cullin 3-containing CRL
complex (219). Although whether MIF can regulate NRF2 stabilization through
CSN5 in macrophages has not been determined, these findings suggest that a
MIF/CSN5/NRF2 pathway may serve as an intermediary mechanistic link between
macrophage-derived MIF and M2-TAM polarization through mitochondrial

metabolism.
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Using a combination gene expression assay, steady-state metabolomics,
and chromatin immunoprecipitation, we report that MIF is a critical regulator for
metabolic reprogramming during MO—M2 macrophage polarization by supporting
mitochondrial metabolism for aKG-dependent H3K27me3 demethylation via the
MIF/CSN5/NRF2 pathway. This study identifies a critical metabolic-epigenetic link
by which MIF contributes to M2-TAM polarization and immunosuppressive
capacity and provides a further rationale that pharmacological MIF targeting may

be a clinically effective therapeutic strategy to enhance anti-tumor immunity.
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Materials and Methods

Mice: Wild-type C57BL/6 mice were obtained from Harlan Laboratories (Dublin,
VA). MIF- C57BL/6 mice were maintained by the Mitchell Laboratory. Animals
were maintained under specific pathogen-free conditions and handled in
accordance with the Association for Assessment and Accreditation of Laboratory
Animals Care international guidelines. The Institutional Animal Care and Use
Committee (IACUC) at the University of Louisville approved experiments. 6-16-

week-old mice were used in all experiments.

Cell culture and BMDM differentiation: Mice were euthanized by CO2 asphyxiation,

and death was confirmed by cervical dislocation. Bone marrow cells from the tibias
and femurs were differentiated in RPMI-1640 supplemented with FBS (5%) and
recombinant murine M-CSF (25 ng/mL: Peprotech) for seven days. 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 PBS and starved of glucose by addition of glucose-free RPMI-1640
supplemented with 10% dialyzed FBS and 2mM L-glutamine for 4-6 hours before
treatment with the indicated compounds and stimulated with recombinant murine

IL-4 (20 ng/ml: Peprotech) for 4-48 hours.

RNA purification and RT-gPCR: Total RNA was extracted using RNeasy Mini Kit

(QIAGEN) following the manufacturer's instructions. The resulting RNA was
quantified using a Nanodrop 8000 UV-visible spectrophotometer (Thermo

Scientific), and the cDNA was synthesized with a High-Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems). Quantitative measurement of cDNA levels
was performed using TagMan Fast Advanced Master Mix (Applied Biosystems)
with TagMan Gene Expression Primers (Applied Biosystems) on a 7500 Fast Real-
Time PCR System (Applied Biosystems). Relative expression profiles of mRNA
levels were calculated using the comparative Ct method (222Y) using 18s rRNA

levels as an endogenous reference control.

Immunoblotting: Cells were lysed in RIPA buffer supplemented with protease and

phosphatase inhibitors, homogenized, and samples were denatured in LB sample
buffer at 98°C. 5-20 ug of protein was loaded into a 4-20% Mini-PROTEAN TGX
Gel (Bio-Rad Laboratories) and separated by electrophoresis before being
transferred onto Immobilon-P PVDF membrane (EMD Millipore). After blocking,
membranes were probed overnight at 4°C with primary Abs and then for 1 hour at
room temperature with secondary Abs. The blots were developed using Pierce

ECL Plus Western Blotting Substrate (Thermo Scientific).

Extracellular Flux Analysis: For extracellular flux assays of MIF-deficiency, MIF**

and MIF"- BMDMs were plated in Seahorse XF96 cell culture microplates
(Seahorse Biosciences, Agilent) overnight followed by polarization with I1L-4 for 16
hours. For extracellular flux assays of pharmacological MIF inhibition, MIF**
BMDMs were plated in Seahorse XF96 cell culture microplates (Seahorse
Biosciences, Agilent) overnight followed by treatment with or without 4-IPP (25uM)
for thirty minutes and then polarization with IL-4 for 16 hours The oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) was measured

using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA,
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USA) according to manufacturer’s instructions. During the assay, wells were
injected with oligomycin (5 uM), FCCP (2 uM), and rotenone (1 pM)/antimycin A (5
KM). Each condition was performed in 4-6 replicates, and data was analyzed using

Seahorse Wave 2.6 Desktop Software (Agilent).

Chromatin immunoprecipitation (ChlP): ChIP was performed using the SimpleChip

Enzymatic Chromatin IP Kit (Cell Signaling Technology; CST) according to the
manufacturer’'s instructions. Briefly, 1.2x10” BMDMs were fixed with 1%
formaldehyde, 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
antibody (CST — C5B11) overnight at 4° C. The chromatin was recovered with
Protein G Agarose Beads, eluted, and the cross-links were reversed with Elution
Buffer and Proteinase K overnight at 65° C. Input and Immunoprecipitated DNA
was analyzed by Real-Time gPCR and the data are presented as percent of the

total input chromatin.

Statistical Analysis: All results representative data presented as the mean + SEM

and analyzed for statistical significance using GraphPad Prism 8.3 (GraphPad
Software. La Jolla, California, USA). Analysis with one-way or two-way ANOVA
was utilized when the data presented had one or more independent variables,

respectively. Tukey’s post-test was utilized for multiple comparisons.
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Results

MIF supports metabolic reprogramming during M0—M2 macrophage
polarization

MIF can regulate glucose metabolism (208,237) to support pyruvate
production, and we previously found that mitochondrial pyruvate metabolism is a
critical determinant of M2 macrophage polarization (Chapter 2). To investigate
whether MIF is necessary for mitochondrial pyruvate-mediated M2 polarization, we
treated primary MIF** and MIF’- bone marrow-derived macrophages (BMDMs)
with the Th2 cytokine IL-4 in glucose-free RPMI supplemented with either glucose,
pyruvate, or lactate. As shown in Figure 33, molar equivalent addition of
exogenous glucose, pyruvate, or lactate is sufficient to restore expression of the
canonical M2 macrophage associated gene product Arginase 1 (ARG1) in MIF**
BMDMs polarized in glucose-free media. In contrast, these metabolites did not
restore the loss of IL-4-induced ARG1 expression in MIF-deficient BMDMs (Figure
33), which suggests that the defect in M2 polarization following MIF deficiency is
not due to decreased pyruvate production (i.e., glycolysis) and is instead
downstream of pyruvate metabolism.

Following production, MPC1-mediated mitochondrial pyruvate import fuels
TCA cycling and mitochondrial metabolism (119,120) for enhanced mitochondrial
oxygen consumption rates (OCR) needed to support maximal M2 polarization
(107,109). Therefore, we next utilized extracellular flux analysis and asked whether

loss or inhibition of MIF affects mitochondrial OCR in BMDMs.
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Figure 33: MIF-deficiency impairs M2 polarization downstream of cytosolic
pyruvate production. Immunoblot of ARG1 expression in MIF** and MIF"
BMDMs treated with IL-4 (24hr) in glucose-free media supplemented with or
without glucose (G, 5mM), pyruvate (P, 10mM), or Lactate (L, 20mM). Immunoblot

is representative of three replicates.
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Remarkably, while IL-4 increases basal and maximal OCR, as previously
reported (109), in MIF** BMDMs, MIF-deficiency decreases both steady-state and
IL-4-induced mitochondrial OCR in BMDMs (Figure 34A). Importantly, small
molecule pharmacological inhibition of MIF with 4-IPP entirely recapitulates the
defect in mitochondrial OCR following MIF deficiency (Figure 34B). Given the
defect in OCR in MIF-deficient BMDMS, even at steady-state, these findings
indicate the MIF is an underlying requirement for metabolic reprogramming during
naive MO—M2 macrophage polarization and that acute MIF inhibition is capable
of impairing mitochondrial metabolism in MIF-sufficient BMDMs.

Given our previous findings that mitochondrial pyruvate metabolism is
mechanistically linked to histone acetylation-mediated M2 polarization (Chapter 2),
we next hypothesized that MIF-dependent mitochondrial metabolism supports M2
polarization through TCA cycle-derived Ac-CoA production. Unexpectedly, in
contrast with UK-5099-dependent inhibition of mitochondrial pyruvate uptake, loss
of M2 polarization following acute MIF inhibition with 4-IPP was not able to be
rescued with the addition of exogenous acetate (Figure 35). This indicates that
MIF-dependent mitochondrial metabolism supports M2 polarization independent
of histone acetylation and instead through a different mechanism.

To further determine if loss of M2 macrophage polarization following MIF
deficiency or inhibition was attributed to impaired mitochondrial metabolism, we
next examined the effect of specific mitochondrial ETC Complex Il (i.e., SDH)
inhibition on the expression of M2 macrophage-associated gene products with

comparison to MIF-deficiency (228).
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Figure 34: Deficiency and pharmacological inhibition of MIF impair metabolic
reprogramming during M2 polarization. (A) Oxygen consumption rates (OCR)
trace in MIF** and MIF- BMDMs treated with or without IL-4 (24hr) and (B) MIF**
BMDMs treated with or without IL-4 (24hr) £ 4-IPP (25uM) before extracellular flux
analysis with oligomycin (oligo), FCCP, and rotenone plus antimycin A (R/A). Data
are the mean + SEM of three replicates. *p<0.05 by two-way ANOVA with Tukey’s

post-test.
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Figure 35: MIF-deficiency impairs M2 polarization independent of
mitochondrial pyruvate metabolism-dependent histone acetylation.
Immunoblot of ARG1 expression in BMDMs treated with IL-4 (24hr) £ UK-5099
(25uM) or 4-IPP (25uM) in glucose-free media supplemented with glucose (5mM),
lactate (10mM), or acetate (10mM). Immunoblot is representative of three

replicates.
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As seen in Figure 36, inhibition of SDH with Atpenin A5 pre-treatment in
MIF** BMDMs decreases Argl expression in a dose-dependent manner to levels
that are comparable to those found with MIF-deficiency. Although Atpenin A5
treatment also reduces Argl expression in MIF- BMDMs — likely due to residual
mitochondrial metabolism in MIF-deficient M2 macrophages as seen in Figure 34A
— the decrease in Argl expression in Atpenin A5-treated, M2-polarized MIF**
BMDM s is comparable to the levels found in untreated M2-polarized MIF-BMDMs
(Figure 36). These findings indicate that ETC Complex 1l (SDH) inhibition
phenocopies MIF-deficiency and further suggests that MIF supports M2
macrophage polarization by sustaining mitochondrial metabolism.

SDH oxidizes succinate, thus decreasing intracellular succinate levels (228)
that would otherwise inhibit aKG-dependent enzymes through competitive
feedback inhibition (213). A previous study identified that enhanced aKG levels are
required to support an elevated aKG/succinate ratio for the maximal enzymatic
activity of JIMID3-mediated H3K27me3 demethylation (128). Therefore, we next
utilized steady-state metabolomics to determine whether MIF-deficiency alters the
relative aKG/succinate ratio during M2 macrophage polarization. Interestingly,
while our findings identified that MIF-deficiency did not change aKG levels per se,
there was a dramatic increase in succinate levels with a resulting decrease in the
relative aKG/succinate levels (Figure 37), which is consistent with impaired histone
demethylation-dependent M2 macrophage polarization (128). These findings
suggest that MIF sustains mitochondrial metabolism to prevent the accumulation

of succinate that would otherwise impair M2 macrophage polarization.

89



Argl

% % %k

S 15—
° *k ok * Kk
LL
E’ %k k Kok ok
S 104
@z 10 HMIF+/+
[} A
s MIF
x
Ll 0.5=-
(O]
>
k&
(] —
o 0.0
AN
& N N\
OQ QQ QQ
O > S
Cal

Figure 36: Inhibition of Succinate Dehydrogenase phenocopies MIF-
deficiency during M2 macrophage polarization. qPCR analysis of Argl
expression in MIF** and MIF- BMDMs treated with IL-4 (24hr) + Atpenin A5 (AA5)
at the indicated concentrations. Data are the mean + SEM of three replicates.

*p<0.05, **p=<0.01, ***p<0.001 by two-way ANOVA with Tukey’s post-test.
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Figure 37: MIF deficiency impairs the a-ketoglutarate/succinate ratio.
Relative abundance of a-ketoglutarate (aKG, left), succinate (middle),
aKG/succinate ratio (right) in MIF** and MIF- BMDMs treated with IL-4 (6 hr). Data

are the mean = SEM of two replicates.
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To determine whether the altered aKG/succinate ratio following MIF-
deficiency functionally regulates M2 macrophage polarization, we next utilized a
cell-permeable analog of aKG, dimethyl-aKG (DM-aKG) (128), and examined the
expression of M2 macrophage-associated gene products. As shown in Figure 38A,
DM-aKG can rescue the loss of ARG1 expression in M2-polarized MIF- BMDMs
in a dose-dependent manner. Furthermore, the addition of 5mM DM-aKG to 4-IPP-
treated MIF** BMDMs functionally rescues the loss of M2 macrophage
polarization (Figure 38B). Interestingly, the functional rescue with 5mM DM-aKG
was attenuated when higher concentrations of 4-IPP were administered, which
suggests that complete inhibition of MIF further exacerbates a decrease in the
aKG/succinate ratio that then requires higher concentrations of DM-aKG for a
functional rescue.

A high aKG/succinate ratio is needed for JMJD3-dependent H3K27me3
demethylation during M2 macrophage polarization (128,215). Therefore, we
utilized ChIP to investigate the hypothesis that MIF-dependent mitochondrial
metabolism maintains a high aKG/succinate ratio to promote H3K27me3
demethylation. Remarkably, inhibition of MIF with 4-IPP significantly increased the
levels of both enhancer- and promoter-specific H3K27me3 in M2 polarized
BMDMs, and the addition of exogenous DM-aKG was sufficient to decrease
H3K27me3 levels to those comparable to control BMDMs (Figure 39). This finding
suggests that MIF functionally supports aKG-dependent histone demethylation of
M2 macrophage gene enhancers and promoters through mitochondrial

metabolism.
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Figure 38: Exogenous a-ketoglutarate functionally rescues M2 polarization
in MIF-deficient or -inhibited macrophages. (A) Immunoblot of ARG1
expression in MIF** and MIF- BMDMs treated with IL-4 (48hrs) in glucose-free
media supplemented with glucose (5mM) or dimethyl-a-ketoglutarate (DM-aKG) at
the indicated concentrations. (B) Immunoblot of ARG1 expression in MIF**
BMDMs treated with IL-4 (48hrs) + 4-IPP (at indicated concentrations) in glucose-
free media supplemented with glucose (5mM) or DM-aKG (5mM). Immunoblots

are representative of three replicates.
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Figure 39: MIF-inhibition impairs aKG-dependent histone demethylation
during M2 macrophage polarization. H3K27me3 chromatin-
immunoprecipitation (ChIP) of Argl enhancer (left) and promoter (right) in BMDMs
treated with IL-4 (6hr) in glucose-free media supplemented with glutamine (2mM)
or dimethyl-aKG (DM-aKG, 2mM). Data are the mean + SEM of three replicates.

*p<0.05, **p=<0.01, ***p<0.001 by two-way ANOVA with Tukey’s post-test.
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To identify the intermediary mechanistic effectors between MIF and
mitochondrial metabolism-dependent M2 macrophage polarization, we first
determined the requirement of MIF’s cognate cell-surface receptor CD74 during
M2 polarization (188). Surprisingly, IL-4-induced Argl expression is fully intact in
CD747- BMDMs (data are not shown), suggesting that MIF promotes M2
polarization independent of CD74 signaling. An alternative but equally important
receptor-independent function for MIF involves COP9 signalosome subunit 5
(CSND5) (196), which regulates CRL-dependent protein degradation. Therefore, we
next treated MIFY* and MIF- BMDMs with MLN4924 — a NEDDS8 activating
enzyme inhibitor that mimics CSN5’s deneddylase activity (236). While MLN4924
dose-dependently increased ARG1 expression in M2-polarized MIF** BMDMs,
this effect was dramatically more pronounced in M2-polarized MIF- BMDMs to the
extent that there were no significant differences in ARG1 expression between
MIF** and MIF- BMDMs (Figure 40), which suggests that MIF promotes M2
macrophage polarization, in part, by regulating CSN5 activity.

In macrophages, CSN5 regulates the stability of nuclear respiratory factor
2 (NRF2) (217), which is a master regulator of mitochondrial metabolism,
biogenesis, and M2 polarization (216). To determine if MIF influences NRF2
stabilization, we next examined nuclear NRF2 levels (i.e., NRF2 stabilization
results in nuclear translocation (219)) at steady-state and during M2 polarization
in MIF** and MIF7- BMDMs and identified noticeable reductions in NRF2 levels in
MIF-deficient BMDMs (Figure 41), suggesting that MIF may bind to CSN5 to

support NRF2 stabilization during M2 macrophage polarization.
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Figure 40: CSN5-like inhibition of CRL neddylation restores M2 polarization
in MIF-deficient macrophages. Densitometric analysis of ARG1 expression in
MIF** and MIF- BMDMs treated with IL-4 (6hr) + MLN4924 at the indicated
concentrations. Data are the mean + SEM of four replicates. *p<0.05, **p=<0.01,

***p<0.001 by one-way ANOVA with Tukey’s post-test.
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Figure 41: Nuclear NRF2 stabilization is lost in M2-polarized MIF-deficient
macrophages. Immunoblot of NRF2 expression in MIF** and MIF’- BMDMs
treated with IL-4 (24hrs) in glucose-free media supplemented with pyruvate

(10mM) or lactate (10mM). Immunoblot is representative of three replicates.
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DISCUSSION

The findings of this study suggest that macrophage-derived MIF contributes
to IL-4-induced M2 polarization by supporting a metabolic-epigenetic link through
mitochondrial metabolism and aKG-dependent histone demethylation. During this
study, it was reported that MIF deficiency in cancer cells leads to a loss of
mitochondrial integrity (208). Our extracellular flux analyses validate and extend
these findings as we found that loss of MIF in macrophages leads to a defect in
mitochondrial OCR. Notably, MIF-deficiency impaired both steady-state and IL-4
enhanced mitochondrial metabolism, which suggests that MIF is an underlying
requirement for metabolic reprogramming during M2 polarization. Additionally,
pharmacological inhibition of MIF with 4-IPP phenocopies the loss of mitochondrial
metabolism with MIF-deficiency. Previous studies have found that 4-IPP treatment
impairs M2 macrophage polarization while also functionally promoting an M2—M1
macrophage re-polarization that in turn allows for an efficient anti-tumor immune
response and subsequently delayed tumor outgrowth (156,232). As M2
polarization relies on metabolic reprogramming towards mitochondrial metabolism
(107,109), it is interesting to speculate that the immunotherapeutic benefit of 4-IPP
treatment for malignancies is attributed, in part, to the impairment of metabolic
reprogramming in M2-polarized TAMs.

Mitochondrial metabolism in M2 macrophages allows for the dynamic
regulation and accumulation of specific TCA cycle metabolites (127). In our earlier

investigations, we identified that mitochondrial lactate metabolism supports TCA
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cycle production of citrate for ACLY-dependent Ac-CoA synthesis for subsequent
histone acetylation. Unexpectedly, exogenous acetate was not able to rescue the
loss of M2 macrophage polarization in MIF-deficient BMDMs, which suggests that
MIF supports M2 polarization through a different mitochondrial-dependent
mechanism. Fortuitously, during our study, Liu and colleagues identified that
another TCA cycle metabolite, aKG, is critical during M2 macrophage polarization
for aKG-dependent histone demethylation (128). These findings were particularly
intriguing because the enzymatic activity of these histone demethylases is
dynamically regulated agonistically by aKG and antagonistically by succinate
(213,214), coupled with the fact that SDH is ETC Complex Il that forms a critical
link between the TCA cycle and OXPHOS (211). Therefore, loss of mitochondrial
integrity and disruption of the mitochondrial ETC, in particular Complex Il (i.e.,
SDH), leads to succinate accumulation that in turn antagonizes histone
demethylases (213,215). Consistent with our findings of decreased OCR in MIF-
deficient BMDMs, our steady-state metabolomics analysis identified that MIF-
deficiency in macrophages leads to a significant increase in succinate levels, which
suggests that MIF regulates intracellular aKG/succinate levels through
mitochondrial metabolism.

Using the cell-permeable analog of aKG, DM-aKG, to modulate intracellular
aKG/succinate levels, we found that DM-aKG fully rescues loss of M2 polarization
in MIF-deficient and MIF-inhibited macrophages. This finding further supports the
suggestion that MIF regulates mitochondrial reprogramming during M2

polarization to support aKG-dependent histone demethylases. This is also
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consistent with the results that DM-aKG supplementation decreases H3K27
trimethylation in 4-IPP treated BMDMs. Therefore, 4-IPP treatment to increase
succinate levels in combination with glutaminase inhibitors, which lower aKG
levels (238), represents an attractive therapeutic strategy to synergistically reduce
intracellular aKG/succinate levels to inhibit histone demethylase-dependent M2
macrophage polarization.

Lastly, identifying the intermediary molecular mechanism(s) between MIF
and mitochondrial metabolism is critical to understanding 4-IPP’s mechanism of
action and its further development as a viable immunotherapeutic treatment. The
findings that MLN-4924 increases M2 polarization in MIF-deficient BMDMs
suggest that MIF regulates M2 macrophages, in part, by binding to and regulating
CSN5 activity. Previous studies have identified that CSN5 regulates NRF2
stabilization in macrophages (217). As NRF2 is a notable rheostat of mitochondrial
metabolism (216) and that MIF-deficient macrophages have decreased nuclear
NRF2 levels, this suggests that a MIF/CSN5/NRF2 axis regulates metabolic
reprogramming towards mitochondrial metabolism during M2 macrophage
polarization. Given that MIF regulates several downstream signaling pathways
(183), it will be essential to identify the relative contributions of the
MIF/CSN5/NRF2 axis in combination with other downstream MIF-dependent

effectors in M2 macrophage polarization.
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CHAPTER 4: SUMMARY AND FUTURE DIRECTIONS

Altogether this body of work identifies and describes critical metabolic-
epigenetic links that regulate M2 macrophage polarization. Specifically,
mitochondrial lactate/pyruvate metabolism supports the transcriptional expression
of M2 macrophage-associated gene products through ACLY-dependent histone
acetylation (Chapter 2). This metabolic-epigenetic link is then, in turn, reliant on
MIF-dependent metabolic reprogramming and mitochondrial metabolism for aKG-
mediated histone demethylation (Chapter 3). These two aims identify the
interdependence between these two metabolic-epigenetics links to obtain efficient
and maximal M2 macrophage polarization.

The principal novel findings presented in the first aim are: 1) Macrophages
undergoing direct M0—M2 polarization utilize lactate catabolism within the
mitochondria, 2) Macrophage-derived ACLY mechanistically links mitochondrial
metabolism with histone acetylation and tumor-associated macrophage (TAM)-
dependent tumor progression, and 3) Lactate-derived carbons are utilized in a
direct metabolic-epigenetic link between mitochondrial TCA cycle metabolism and
histone acetylation.

We identified for the first time, to our knowledge, that lactate is a bona fide

. . . . . 13
catabolic mitochondrial substrate in M2-polarized macrophages. Our  C-lactate
isotope tracing metabolomics identified that M2 polarized macrophages efficiently
take up exogenous lactate, with subsequent conversion to pyruvate, mitochondrial

entry via MPC1, and incorporation into the TCA cycle as citrate. The use of isotope
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tracing versus steady-state metabolomics was advantageous as this allowed us to
definitively track the metabolic path of lactate-derived carbons into TCA cycle
metabolites (116). Notably, this study utilized pharmacological inhibition of
mitochondrial pyruvate uptake via the canonical MPC1 inhibitor UK-5099
(119,120), which was then further validated by a molecularly distinct MPC1
inhibitor (227). Since full-body homozygous transgenic knockout of MPC1 is
embryonic lethal (239,240), it will be intriguing in future studies to determine the
feasibility of developing an inducible or conditional macrophage MPC1 transgenic
model to validate macrophage-specific mitochondrial lactate metabolism during
M2 polarization

In this study, we developed an inducible macrophage ACLY transgenic
model to study the contribution of TAM-specific ACLY in tumor progression. We
identified that ACLY-dependent histone acetylation is required for MO0—M2
polarization and that TAM-derived ACLY supports in vivo suppression of infiltrating
anti-tumor T cell responses and subsequent TAM-mediated tumor outgrowth.
During this study, Baardman and colleagues developed a conditional ACLY
knockout mouse model to study the contribution of macrophage-derived ACLY in
atherosclerotic plaque progression (142). Since our study is the first report to
describe a role for macrophage-specific ACLY in driving suppression of anti-tumor
immunity, future utilization of the recently described macrophage conditional ACLY
transgenic model will be informative to extend further our understanding of ACLY’s

regulation of macrophage-mediated tumor immunosuppression.
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Our studies also suggest that lactate provides a direct carbon source for
Ac-CoA production via citrate conversion and functionally determines the relative
accumulation of acetyl groups onto M2 gene promoter-specific histone lysine
residues. To our knowledge, this is the first description of specific lactate-derived
carbons being used for acetyl-histone modifications that ultimately drive
macrophage gene expression and T cell immune suppressive activity. During our
study, we attempted to indirectly trace lactate-derived carbons into acetyl-histone
groups by quantifying histone bound acetate based on an alkylation and GC-
MS/MS (241), but this method was not sensitive enough to detect **C-lactate-
derived acetate in primary M2-polarized BMDMs. The development of a more
robust protocol that combines isotope tracing, peptide immunoprecipitation, and
HPLC-MS/MS will be helpful to quantify lactate-derived acetyl-histone
modifications directly (129).

The principal novel findings presented in the second aim are 1) MIF is a
critical underlying requirement of metabolic reprogramming during M2
macrophage polarization, 2) MIF-dependent mitochondrial metabolism maintains
an a-ketoglutarate/succinate ratio conducive histone demethylation-mediated M2
polarization, and 3) MIF supports metabolic reprogramming during M2
macrophage polarization by regulating a CSN5/NRF2 axis.

We identified for the first time, to our knowledge, that MIF regulates
metabolic reprogramming in macrophages to allow for IL-4-enhanced
mitochondrial metabolism. Our extracellular flux analyses identified defective

mitochondrial OCR in both naive MO and M2-polarized MIF-deficient or 4-IPP-
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inhibited macrophages, which suggests that MIF is an underlying requirement for
the ability of macrophages to undergo metabolic reprogramming. Previous studies
have indicated that MIF modulates mitochondrial dynamics in human cancer cell
lines (208). Further investigations into whether macrophage-derived MIF regulates
mitochondrial quality (i.e., integrity and activity) vs. quantity (i.e., biogenesis) will
be particularly informative to extending this newly identified molecular contribution
of MIF in macrophage polarization.

In this study, we identified that MIF serves as a metabolic-epigenetic link
during macrophage polarization through mitochondrial metabolism and aKG-
dependent, M2 macrophage-associated gene promoter and enhancer-specific
H3K27me3 demethylation. Intriguingly, the relative aKG/succinate ratio — which is
impaired with MIF deficiency — is a critical determinant on M2 polarization (128),
and restoration of this ratio with exogenous oKG functionally rescues M2
polarization and histone demethylation in MIF-deficient macrophages. It will be
interesting to determine whether combinatorial therapeutic targeting of MIF (i.e.,
increasing succinate) and glutaminolysis (i.e., decreasing aKG (238)) provides
synergistic effects in reducing the aKG/succinate ratio to further potentiate a
functional immunosuppressive, pro-tumor M2-TAM—immunostimulatory, anti-
tumor M1-TAM repolarization with subsequent enhancement of tumor immunity.

Lastly, our studies also suggest that MIF supports metabolic
reprogramming during M2 macrophage polarization, in part, by regulating a
CSN5/NRF2 axis. Several studies have identified that MIF is a critical regulator of

TAM- and MDSC-dependent immunosuppression and subsequent tumor
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progression (156,232,242), but the underlying mechanistic effects have not been
fully elucidated. The finding that intracellular MIF likely plays a dominant role in
TAM/MDSC effector functions is particularly exciting as this suggests that
therapeutic MIF targeting with small molecule inhibitors, such as 4-IPP (243), will
be more clinically efficacious than the currently available antibody-based therapies
that target MIF’s extracellular, receptor-dependent mechanisms (242,244).
Therefore, further head-to-head comparisons of these differential therapeutic
strategies will be informative in validating and extending the potential clinical
benefit of 4-IPP, and other small molecule MIF inhibitors, in targeting MIF-
dependent immunosuppression and tumor progression.

Altogether, these findings highlight the functional significance of metabolic-
epigenetic links in the regulation of M2 macrophage polarization. Understanding
the metabolic-epigenetic coordinations needed to activate specific transcriptional
networks that are required to elicit macrophage phenotypes and effector functions
is critical in developing immunotherapeutic targeting strategies. The findings in this
body of work identified multiple insights that can, and should, be leveraged for the
future development of immunotherapies to enhance tumor immunity leading to

robust and durable clinical responses in patients diagnosed with cancer.
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