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Abstract

Dendritic cells (DCs) are innate immune cells that are specialized to sense their
microenvironment, integrate the signals they receive, and convey this message to initiate
adaptive immunity, thereby shaping the nature of the immune response. Cellular metabolism has
been established to be a critical molecular mechanism regulating the function and activation of
immune cells, including those of DCs. In this thesis, I highlight our findings on how different
aspects of metabolism, including glycolysis, oxidative metabolism, and changes in whole-body
metabolism, influence DC function and activation. Strong Toll-like receptor stimulation has
previously been shown to rapidly induce glycolysis to fuel fatty acid synthesis and consequent
membrane expansion. We show that weak activation of DCs also increases their early glycolytic
activity, suggesting that enhanced glycolysis is a hallmark of DC activation regardless of the
strength of stimulation. Only the highly pro-inflammatory DCs, however, undergo long-term
glycolytic reprogramming that is associated with active HIF-1a., a transcription factor that
promotes glycolysis. We then assessed the role of glycolysis in a fundamental process of DCs—
cellular migration. We found that glycolysis is required for spontaneous DC motility as well as
chemokine-induced DC migration by promoting oligomerization of the chemokine receptor
CCR?7. In addition, we show that inhibition of glycolysis impairs DC migration in a house dust
mite-induced allergic asthma model in vivo. While glycolytic regulation of DC function and
activation has been relatively well-studied, there is less known about the role of mitochondrial
metabolism. Therefore, we next investigated the role of a major regulator of mitochondrial
metabolism, the transcriptional co-activator PGC-1p, in DCs. Bioenergetic profiles of PGC-1§-
deficient DCs reveal an impairment of oxidative metabolism and concurrent increase in

glycolytic activity. Lipopolysaccharide-activated DCs, which downregulate PGC-1[3 gene



expression and lose oxidative capacity over time, do not rely on PGC-13 for their bioenergetics.
In contrast, interferon-p-treated DCs maintain PGC-1f3 gene expression and mitochondrial
metabolism, and rely on PGC-1 for optimal bioenergetic capacity. PGC-1p deficiency also
affects the immune function of DCs by promoting T cell expansion and type 2 T helper cell
differentiation. We next examined conventional DC (cDC) subsets in vivo, comparing and
characterizing their mitochondrial and lipid content across different tissues. We found that these
metabolic features differ between cDC subsets across tissues, establishing that the specific tissue
microenvironment they reside in influences these phenotypes. When challenged with a metabolic
perturbation such as high-fat diet feeding, levels of intracellular lipid increase considerably,
while mitochondrial mass is greatly diminished. Collectively, our findings both expand our
understanding and underscore the importance of metabolic programming in regulating DC

biology.



Résumé

Les cellules dendritiques (CD) sont des cellules du systéme immunitaire inné qui sont
spécialisées pour réagir a leur microenvironnement, a intégrer des signaux qu’elles regoivent et a
transmettre les messages pour déclencher le systéme immunitaire adaptatif. Un mécanisme
essential pour I’activation des cellules immunitaires, incluant les CDs, est le métabolisme
cellulaire. Dans cette thése, nous soulignons les différents aspects du métabolisme qui influence
’activation et la fonction des CDs. Cela inclut la glycolyse, le métabolisme oxydatif et le
métabolisme général. Au préalable, il a été démontré qu’une forte stimulation du récepteur de
type Toll est impliquée dans I’augmentation de la glycolyse pour induire la biosynthese des
acides gras responsable de I’expansion de la membrane. Nous avons démontré qu’une faible
activation des CDs augmente les premieres étapes de la glycolyse, suggérant que 1’augmentation
de la glycolyse est une caractéristique de 1’activation des CDs. Néanmoins, seules les CDs pro-
inflammatoires vont suivre une reprogrammation glycolytique a long terme, associée avec
I’activation du facteur de transcription HIF-1a, promouvant la glycolyse. Nous avons donc
¢tudié le role de la glycolyse dans la migration cellulaire qui est un processus fondamental pour
les CDs. Nous avons trouvé que la glycolyse est nécessaire pour la motilité spontanée des CDs,
ainsi que pour leur migration induite par 1’activation et I’oligomérisation de récepteurs
chimiokine CCR7. De plus, nous avons montré que ’inhibition de la glycolyse limite la
migration des CDs dans un mode¢le in vivo d’asthme allergique induit par les acariens. Bien que
la régulation de la glycolyse dans la fonction et I’activation des CDs a déja bien été étudiée, le
role du métabolisme mitochondrial reste peu connu. Nous avons donc décidé d’investiguer le
réle d’un co-activateur transcriptionnel important dans le métabolisme mitochondrial : le PGC-

1B. Nous avons trouvé au travers des profils bioénergétiques que les CDs déficientes en PGC-1[3



ont un métabolisme oxydatif réduit et présente une augmentation de la glycolyse. Les CDs
activées par les lipopolysaccharides, ont une expression réduite du géne PGC-1f3 qui est associée
a une perte de la capacité oxydative, et ne dépendent pas de I’action de PGC-13 pour leur besoin
bioénergétique. A 1’opposé, les CDs traitées avec I’interféron B ont la capacité de maintenir
I’expression génique de PGC-1f et le métabolisme mitochondrial et repose sur 1’expression de
PGC-1B pour avoir des capacités bioénergétiques optimales. De plus, le manque de PGC-1f3
affecte aussi la fonction immunitaire des CDs en induisant I’expansion des cellules T et la
différentiation de lymphocyte Th2. Nous avons ensuite étudié le sous-ensemble des CDs
conventionnelles (CDc) in vivo, en comparant et caractérisant leur composition mitochondriale et
lipidique a travers différents tissus. Nous avons trouvé que les caractéristiques métaboliques
different entre les CDc selon leur tissu d’origine, montrant que le microenvironnement des CDc
influence leur phénotype. Lorsque les modeles animaux ont été soumis a des perturbations
métaboliques telles qu’un régime riche en graisse, nous avons observé que la quantité de lipides
intracellulaires augmente de maniére importante alors que la masse mitochondriale diminue
fortement. En conclusion, ces recherches accroissent nos connaissances sur la programmation

métabolique et souligne son importance sur la régulation des CDs.
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Contribution to original knowledge

e Differentially-activated DCs exhibit an increase in early glycolytic activity regardless of
the strength of the inflammatory phenotype.

e Strongly-activated DCs, but not weakly-activated DCs, exhibit increased HIF-1a and
iNOS expression, and undergo long-term glycolytic reprogramming.

e Glycolysis is required for optimal CCR7 oligomerization and therefore, chemokine-
induced migration by DCs. This process is not dependent on mitochondrial bioenergetics.

e PGC-1B deficiency in DCs leads to increased glycolysis and impaired oxidative
metabolism, which is in part due to reduced fatty acid oxidation.

o PGC-1 deficiency in DCs promotes T cell expansion and Th2 differentiation.

e Migratory cDCs have greater mitochondrial mass compared to resident cDCs in the LN.

e HFD challenge increases the frequency of all cDC subsets in white adipose tissue, with a
proportionally larger increase in cDC2A and cDC2B subsets compared to cDC1.

e HFD challenge in mice leads to a substantial drop in mitochondrial mass and increase in
intracellular lipid content in adipose tissue-associated DCs.

e Weight loss after HFD-induced obesity does not completely restore mitochondrial mass

in adipose tissue-associated DCs.
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CHAPTER 1 — Literature review

THE IMMUNOLOGICAL SYSTEM

Cellular players of the immune system

The immune system encompasses an intricate network of anatomical barriers, chemical
defenses, and cellular players that comprise innate and adaptive immunity (1). Innate immunity
is the early line of defense that includes physical barriers such as skin and mucosal epithelia,
chemical signals such as cytokines, and a range of cells with limited specificity to recognize
conserved molecular patterns or danger signals (1). Innate immune cells include monocytes,
macrophages, neutrophils, dendritic cells (DCs), mast cells, natural killer (NK) cells, and innate
lymphoid cells (ILCs) (2). These cells express germline-encoded pattern recognition receptors
(PRRs) that are stimulated by pathogen-associated molecular patterns (PAMPs) such as viral
RNA or bacterial endotoxins, and danger-associated molecular patterns (DAMPs), which are
molecules such as ATP that are released from dying cells and signal tissue damage (1). Several
innate immune cells, including macrophages and neutrophils, are phagocytic and have the ability
to engulf and clear pathogens and dead host cells (1).

In contrast, adaptive immune cells, which comprise T cells and B cells, express diverse
receptors that recognize specific antigens (1). T cells require context for their cognate antigen in
the form of major histocompatibility complex (MHC) molecules. For CD8" T cells, antigen is
recognized in the context of MHC class I (MHC I) molecules expressed by all nucleated cells,
while MHC class II (MHC II) expressed by professional antigen-presenting cells (APCs), such as
DCs, is required for CD4" T cells (1). B cells, however, possess their own antigen-presenting

abilities, and take up and present their cognate antigen to T helper (Th) cells, which in turn
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provide activating signals to the B cells. Some types of antigen, predominantly polysaccharides
from bacteria, can induce B cell activation independent of any T cell help (1). Upon activation,
effector T cells or B cells proliferate and differentiate to mount targeted immune responses.
Long-lived memory cells are also formed, poised to rapidly respond to previously encountered
pathogens (2).

Within adaptive immunity, cell-mediated immunity involves T cells, while B cells
engage in humoral immunity (2). CD4" T cells differentiate into different lineages of Th cells,
producing specific cytokines that influence other immune cells and help shape the nature of the
immune response (1). CD4" T cells can also differentiate into regulatory T (Treg) cells, which
have anti-inflammatory roles (1). CD8" T cells become cytotoxic T lymphocytes (CTLs) that
directly kill cells by secreting cytotoxic molecules such as granzymes or perforin, and inducing
apoptosis through cell surface interactions with target cells—making CTLs particularly effective
for immune responses against tumors and intracellular pathogens (1). In humoral immunity, B
cells produce antigen-specific molecules known as antibodies, which coat microbes expressing
the unique antigen and target them for phagocytosis (2). Antibodies can also activate the
complement system, which consists of a cascade of plasma proteins initiated by recognition of
antigen-antibody complexes by complement and resulting in lysis of the target cell and
recruitment of phagocytes (1). Together, these immune cell types and mediators execute a
context-specific immune response in a precisely balanced manner. Any loss of this balance can
lead to excessive inflammation and damage to the host or failure to remove the pathogen or
tumor.

These immune cells develop from hematopoietic stem cells (HSCs) in the yolk sac during

fetal development and in the bone marrow after birth (1). HSCs are multipotent cells that give
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rise to two main lineages: lymphoid, which includes T cells, B cells, NK cells, and ILCs, and
myeloid, which includes macrophages, monocytes, granulocytes (neutrophils, basophils,
eosinophils), DCs, mast cells, and erythrocytes (1) (Figure 1). The primary lymphoid organs are
the bone marrow, where HSCs develop into most immune cell types, and the thymus, where T
cell precursors from the bone marrow migrate to and mature (2). Secondary lymphoid organs,
which mainly include the spleen and lymph nodes, are sites of initiation for adaptive immunity
where cells are precisely organized for optimal interactions (1,3). Here, DCs play a major role in

this initiation.

Bridging of innate and adaptive immunity by dendritic cells

DCs bridge the innate and adaptive arms of immunity by migrating from peripheral tissues to
draining lymph nodes to communicate with T cells and instruct the immune response that ensues
(2). There are also DCs that are resident to lymphoid tissues and receive antigen via lymphatic
drainage or transfer from other cells (3,4). DCs comprise the subsets known as conventional or
classical DC (¢DC) 1 and ¢cDC2, and the cDC2 subset can be further divided into the cDC2A and
cDC2B subsets (5). The origin of another subset known as plasmacytoid DCs (pDCs) has been
debated, with several studies implicating either lymphoid or myeloid origins. Recently,
Rodrigues et al. has shown that pDCs are heterogeneous and primarily of lymphoid origin, with
minimal contribution by the myeloid progenitors, while Dress ef al. contend that pDCs are
exclusively of lymphoid origin and do not, in fact, share a common progenitor with cDCs (6,7).
In addition, cDCs and pDCs are functionally different, notably in the superiority of cDCs at
antigen presentation and pDCs in production of the antiviral immune mediators, type 1

interferons (IFNs) (4).
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cDCs are defined by lineage-determining transcription factors, such as ZBTB46 for all
cDCs; IRF8, BATF3, and ID2 for cDCl1s; IRF4, RELB, and RBPJ for cDC2s (4,8). cDC2A are
further defined by expression of TBET, while cDC2B express RORyt (5). Commitment of cDC
precursors (pre-cDCs) to either the cDC1 or cDC2 lineages is predetermined in the bone marrow
rather than in the peripheral tissues (9). The specific differentiation into cDC2A and cDC2B
subsets is influenced by their tissue microenvironment (5). Pre-cDCs leave the bone marrow and
seed both lymphoid and non-lymphoid tissues throughout the body, where they give rise to
immature cDCs (10). DCs can also be derived from monocytes, but they differ in their ontogeny,
as monocytes diverge from common DC precursors (CDPs) at the level of MDPs and can
develop into either monocyte-derived DCs or monocyte-derived macrophages (10). The
remainder of this review will focus on ¢cDCs and monocyte-derived DCs.

At the cell surface, cDCs express high levels of MHC II and CD11c. However, these
markers alone are not sufficient to identify DCs, as they overlap with certain macrophage
populations (4). In addition, cDCls are historically distinguished from ¢DC2s by their expression
of CD8a in lymphoid tissues and CD103 in non-lymphoid tissues, while cDC2s are distinguished
by CD11b expression in both lymphoid and non-lymphoid tissues (4). However, these
distinguishing markers are not always mutually exclusive, as intestinal cDCs have been
described to express both CD103 and CD11b (4). Ginhoux and colleagues have since
determined—through unsupervised high-dimensional analysis of flow cytometry and mass
cytometry—a set of markers to distinguish DC subsets across different tissues and several
mammalian species (including human and mouse) in a conserved manner (11). After excluding
CD64F4/80" macrophages and including cells that are MHC ICD11c¢"CD26", ¢cDCls and

cDC2s are distinguished by the expression of XCR1 and CD172a, respectively (11). In the
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spleen, cDC2A are ESAM'CLEC12A", while cDC2B are ESAM'CLEC12A" (5). The individual
cDC subsets have both distinct and overlapping functions (discussed in section Key dendritic cell

functions in immunity).

In vitro generation of dendritic cells

Dendritic cells are a relatively rare immune cell type, with cDCl1s and cDC2s each
generally comprising less than 1% of immune cells in most tissues at steady state. Exceptions
include the lung and skin, with cDC2s making up approximately 1.5% and 25% of CD45"
immune cells, respectively (12). Human ¢cDCl1s and ¢cDC2s found in blood make up 0.6% and
0.05% of peripheral blood mononuclear cells (PBMCs), respectively (13). Due to the scarcity of
DCs in vivo, most studies on DC biology have been performed on DCs that have been
differentiated in vitro.

A commonly utilized method for in vitro DC generation involves growing HSCs from
murine bone marrow in the presence of the cytokine granulocyte-macrophage colony-stimulating
factor (GM-CSF) (14). Due to the different hematopoietic progenitors that exist in the bone
marrow, the resulting cell composition from GM-CSF culture consists of a heterogeneous mix of
DCs and macrophages (15). Helft ez al. have identified that the population with high MHC 11
expression primarily contains DC-like cells, while those with intermediate MHC II expression
are more similar to macrophages (15). While heterogeneity within these cultures is important to
acknowledge, varied cell purity and extent of heterogeneity between studies occurs due to
variations in culture conditions (16). In addition, immature DCs must also be considered, as they
express comparatively lower levels of MHC II and upregulate MHC II upon activation (1).
Another common method, which includes IL-4 with GM-CSF for differentiating bone marrow,

partially limits but does not prevent the development of macrophages in the study by Helft ez a/
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(15). In vitro human DCs are most commonly generated from monocytes of PBMCs following
culture with GM-CSF and IL-4 as well (4).

Another method to generate DCs in vitro is to culture bone marrow cells with FMS-like
tyrosine kinase 3 ligand (FLT3L). The populations generated developmentally resemble the
cDCI1, ¢DC2, and pDC subsets (4). The disadvantage to this method, however, is that the cell
yield is relatively poor. A recent report introduces a system to improve the yield and immune
functions of the cDCl1-like cells by using Notch ligand-expressing OP9 cell lines to engage
Notch signaling of these cells (17). Overall, these culture methods provide valuable in vitro

strategies to study a rare cell type.

Key dendritic cell functions in immunity

Recognition of pattern-associated and danger-associated molecular patterns

DCs express a wide range of germline-encoded PRRs to recognize conserved molecular
patterns. Upon engagement of PRRs, intracellular signaling directs DCs to adopt context-specific
activation phenotypes, which then determine the differentiation of the T cells they stimulate.
Toll-like receptors (TLRs) are membrane-bound receptors that are found at the cell surface or on
intracellular endolysosomes (18). These receptors recognize a range of PAMPs primarily found
on bacteria and viruses, as well as several types of DAMPs. For example, TLR4 recognizes
lipopolysaccharide (LPS), a component on the outer membrane of Gram-negative bacteria. The
TLRs found intracellularly, which are TLR3, 7, 8, and 9, recognize nucleic acids derived from
bacteria or viruses (18). DAMPs released by dead or dying cells mainly engage TLRs, but some
bind other PRRs as well. Examples include mitochondrial DNA, which engage TLR9, and

nuclear histones, which activate TLR2 and TLR4 (19). Other intracellular PRRs include the
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cytosolic receptors retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), which are
enhanced upon viral infection and recognize viral double-stranded RNA, and NOD-like receptors
(NLRs), which recognize bacterial peptidoglycans (18).

C-type lectins are a large family of proteins with a very broad range of functions (20).
Membrane-bound C-type lectins (C-type lectin receptors; CLRs) bind a broad range of ligands,
but were initially named for their ability to bind carbohydrates (20). Importantly, they are the
primary PRRs that mediate anti-fungal immunity by recognizing carbohydrates on cells walls of
fungi. A common example is the CLR dectin-1, which mediates anti-fungal responses to
Candida albicans (21). Activation by PRR signaling instructs DCs about the type of pathogen or
danger signal that has been encountered, and allows them to respond appropriately.

Different cDC subsets express distinct sets of PRRs. For example, RNA sequencing
reveals that splenic cDCl1s exclusively express TLR3, TLR11 and TLR12, while both cDC2A
and cDC2B have greater expression of TLR1, TLRS, and TLR7 (5). Compared to cDC2A,
cDC2B preferentially express TLR2, TLR6, TLRS, and TLRO (5). By proteomics, lymphoid-
resident cDC2s were determined to more highly express RIG-I, which recognizes double-
stranded RNA, and NOD1, which recognizes bacterial peptidoglycan, compared to cDCls (22).
These differing profiles of PRR expression indicate divergent functions between the cDC

subsets.

Migration

From the bone marrow, pre-cDCs distribute via blood circulation to tissues throughout
the body (10). Within the tissues, the pre-cDCs differentiate into cDCs and continuously sample
their microenvironment by using long dendrite-like projections (10). Upon sensing of a threat,

they become activated, increasing C-C chemokine receptor 7 (CCR7) expression to migrate to
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the draining LN via the lymphatic system (10). Both cDC1s and cDC2s require CCR7 expression
to migrate and initiate an adaptive immune response, such as in the context of anti-tumor
immunity for cDCl1s (23), and during allergic asthma for cDC2s (24). DCs also migrate under
homeostatic conditions, presenting antigen derived from the host to promote the generation of
Treg cells and immune tolerance to self (25). CCR7 detects the chemokines C-C motif
chemokine ligand 19 and 21 (CCL19 and CCL21), which are expressed by lymphatic endothelial
cells and high endothelial venules, forming a gradient of chemokines that directs DCs to the
draining LN (26). Adhesion molecules, such as integrins and their ligands, also help mediate DC
migration along endothelial cells of the vasculature. An important study in mice with integrin-
deficient DCs reveals that while integrins are required for movement along a two-dimensional
surface such as endothelial or epithelial linings, they are dispensable for extravasation through
interstitial environments (27). Once the DC is within the tissue, it moves by protrusive flow of
actin. When the environment is especially dense, contraction of the trailing edge is mediated by
myosin II in order to push along the relatively inflexible nuclei (27). Chemokines further instruct
intranodal migration, segregating cDC1s and cDC2s to position them for optimal T cell
interactions (3). cDCl1s continue CCR7-dependent migration deep into the T cell zone, guided by
a network of fibroblastic reticular cells that produce CCL21 (3). Compared to cDCls, cDC2s,
however, express a higher ratio of C-X-C motif chemokine receptor 5 (CXCRS5) to CCR7,
positioning them at the T cell-B cell border mediated by a gradient of the CXCRS ligand
CXCL13 produced by follicular dendritic cells (which are not related to cDCs nor of

hematopoietic origin) (28).
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T cell priming

Several signals are provided by DCs to activate T cells in a context-specific manner.
First, antigen is presented on MHC I or MHC II to CD8" or CD4" T cells, respectively, that
possess the antigen-specific TCR (1). Proteins from intracellular pathogens are degraded by
proteasomes to generate peptides that are loaded onto MHC I molecules. DCs also have the
ability to ingest tumor cells or infected cells and present peptides from the ingested cells on
MHC I in a process known as cross-presentation (1). Extracellular proteins that have been
internalized by DCs are digested enzymatically in endosomes and lysosomes and primarily
presented on MHC II molecules (1). The type of MHC molecule in antigen presentation is
important for instructing the type of T cell response that takes place; activation of CTLs leads to
direct killing of cells that express the specific antigen, while activation of Th cells induces
cytokine production that stimulates other cells, such as B cells, macrophages, and CTLs, to
further enhance the immune response (1). In general, cDC1s are known to activate CD8" T cells
while cDC2s activate CD4" T cells (4). An exception to this is cDC1 induction of Th1 responses
(29-31). cDC2B are generally more pro-inflammatory than cDC2A, as cDC2B induce more Thl
and Th17 cells, while cDC2A induce more Th2 cells (5). Both cDCl1s and cDC2s are capable of
activating both T cell subsets in vitro, but they are restricted in vivo based on spatial organization
of DCs and T cells in the lymph node (3).

The second signal is the engagement of co-stimulatory molecules, which are required for
optimal T cell activation (1). Without co-stimulation, the T cell either fails to respond or enters a
state of hyporesponsiveness (1). There are multiple types of co-stimulatory molecules expressed
by antigen-presenting cells that engage corresponding ligands expressed by T cells (32).

Commonly studied examples are CD80 and CD86, which can increase upon activation and
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engage CD28 on T cells (32). The T cells also express inhibitory receptors CTLA-4 and PD-1,
which engage CD86 and PD-L1, respectively, on DCs to restrict inflammatory responses,
although inappropriate expression can lead to immune tolerance (32).

The final signal is cytokines, which determine the differentiation of the T cell by
activating specific transcription factors. Intracellular pathogens such as Listeria or Leishmania
promote IL-12 production by DCs, which induces Th1l and CTL differentiation (1). These T cells
are defined by TBET expression and IFN-y production (1). Th2 responses develop against
allergens and helminths, are defined by STAT6 and GATA-3 expression, and are associated with
the production of IL-4, IL-5, and IL-13 (1). Th2 cells stimulate and recruit other immune cells,
such as eosinophils and macrophages, to eliminate the threat and repair host tissue (1). IL-1, IL-
6, and TGF-B production induced by extracellular bacteria or fungi promote Th17 differentiation
defined by the transcription factor RORyt and production of IL-17 (33). Together, these context-

dependent signals from DCs help orchestrate the immune response.

CELLULAR METABOLISM IN THE REGULATION OF IMMUNE CELL FUNCTION AND
ACTIVATION

The vast and complex network of metabolic pathways found in the cell provides energy,
biosynthetic intermediates, as well as metabolites that act as signaling molecules or substrates for
enzymes (Figure 2). Engagement of specific metabolic pathways by immune cells has been

shown to be crucial for their precise development, differentiation, and function.
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Figure 2 — Metabolic pathways of the cell.

Some metabolic pathways of the cell, including glycolysis, oxidative phosphorylation and
tricarboxylic (TCA) cycle, fatty acid oxidation, fatty acid synthesis, and pentose phosphate

pathway. Select metabolites, enzymes, use and production of reducing agents and energy,

are shown.

26



Metabolic networks

Key metabolic regulators

Several proteins are central in the regulation of cellular metabolism by sensing and
integrating both intracellular and environmental changes. Some have been well-studied in a
variety of systems and play key roles in immunity. One such protein is mammalian target of
rapamycin (mTOR), which is a serine/threonine kinase and a core component of mTOR complex
1 (mTORC1) and mTOR complex 2 (mTORC?2) (34). These complexes are activated by
signaling induced by the nutrient status of the cell, or by extracellular cues such as growth
factors, TLR ligands, or cytokines (34,35). They regulate many metabolic processes, including
protein synthesis, mitochondrial biogenesis, and glucose and lipid metabolism (36). mTORC1
can promote glycolysis through hypoxia-inducible factor 1o (HIF-1a), which is a transcription
factor that induces the expression of glycolysis-related genes, and mTORC2 can promote
glycolysis through AKT (34). AMP-activated protein kinase (AMPK) is a glucose- and energy-
sensing factor that promotes catabolism, while inhibiting mTORCI activity and other anabolic

processes (37). These metabolic regulators play key roles in immune cell function and activation.

Glycolysis

Glucose is a major source of carbon for the cell. Glycolysis involves a series of steps
converting glucose into pyruvate, which can then become lactate or be shuttled into the
mitochondria to enter the tricarboxylic acid (TCA) cycle (38). The TCA cycle then generates
reducing agents to power oxidative phosphorylation (OXPHOS). From a bioenergetic
perspective, glycolysis is much less efficient than oxidative metabolism. However, advantages to

glycolysis are the more rapid generation of energy and production of specific biosynthetic
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intermediates. The reducing agent and substrate cofactor, NADH, is produced during glycolysis,
and the reduction of pyruvate to lactate re-generates NAD " needed to maintain glycolytic flux
and TCA cycle activity (38). In addition, there are intermediates that are common to other
metabolic pathways; importantly, glucose-6-phosphate branches off into the pentose phosphate
pathway, which generates nucleotide precursors as well as NADPH that is used in anabolic
pathways such as fatty acid synthesis (38).

The Warburg effect, which is also known as aerobic glycolysis, is the engagement of
glycolysis despite the presence of sufficient oxygen, and is often observed in tumor cells and
activated immune cells (38). DCs, for example, experience a dramatic increase in glycolytic flux,
which is necessary for the pro-inflammatory functions induced by TLR ligands (39,40). In
addition, macrophages exhibit strongly elevated glycolysis following LPS-mediated activation
(41). The expression of glycolytic genes and inflammatory genes, notably IL-1p, is promoted by
enhanced stabilization and activity of HIF-1a by succinate and pyruvate kinase M2 (PKM2)
(41,42). Inhibition of glycolysis using the glucose analog 2-deoxyglucose impairs the
polarization of macrophages to an M1 phenotype, instead promoting the production of IL-10,
which is associated with an M2 phenotype (42). Further, effector T cells require an increase in
glycolysis for optimal IFN-y production upon activation (43,44). Glucose transporter 1 (GLUT1)
expression is necessary for the growth and survival of effector T cells, but not for Treg cells (45).
In fact, Th17 differentiation requires HIF-1ca-dependent glycolysis, while HIF-1a deficiency or
inhibition of glycolysis promote Treg differentiation (46). These examples demonstrate the
importance of glycolysis for bioenergetic and biosynthetic needs, and importantly, for the

differentiation and specific immune functions of many inflammatory immune cells.
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Some metabolic pathways of the cell, including glycolysis, oxidative phosphorylation and
tricarboxylic (TCA) cycle, fatty acid oxidation, fatty acid synthesis, and pentose phosphate
pathway. Select metabolites, enzymes, use and production of reducing agents and energy, are

shown.

Oxidative metabolism

The TCA cycle generates reducing agents as well as several metabolic intermediates that
intersect numerous other pathways. The reducing agents provide electrons to the electron
transport chain (ETC), generating membrane potential and consequently powering ATP
production in the process of OXPHOS (38). Many different carbon sources can fuel the TCA
cycle. Glutamine, for example, contributes a-ketoglutarate to the TCA cycle. Acetyl coenzyme
A (acetyl-CoA) primarily derives from either pyruvate that is processed from carbohydrates or
from the oxidation of fatty acids (38). To oxidize fatty acids, the fatty acids in the cytosol must
be transported into the mitochondria (47). The mitochondrial membranes are permeable to short-
chain fatty acids, but not to medium- and long-chain fatty acids, which require the addition of a
CoA group (creating fatty acyl-CoA), and then carnitine-dependent translocation into the
mitochondria coordinated by carnitine palmitoyltransferase 1 and 2 (CPT1 and CPT2) (47).
Units of acetyl-CoA are removed in a series of reactions, shortening the acyl-CoA by two
carbons and generating NADH and FADH,; in each round (47). The acetyl-coA can then join the
TCA cycle for the generation of energy and biosynthetic intermediates.

Preference for mitochondrial metabolism is often associated with steady-state and
regulatory immune phenotypes (48). In macrophages, for example, M2 polarization relies on
glutamine metabolism, while M1 polarization does not (49). In addition, OXPHOS, but not

glycolysis, is required for M2 differentiation (50). Although the TCA cycle for M2-like
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macrophages can use glucose-derived pyruvate, in the absence of glucose other carbon sources
like glutamine may be used, demonstrating metabolic flexibility of the cells (50). The importance
of oxidative metabolism is also demonstrated by immune cells in tumor microenvironments,
often displaying dysregulated oxidative metabolism associated with their suppressed functions.
For example, immunosuppressive neutrophils of 4T1 tumor-bearing mice exhibit greater
mitochondrial mass and respiration, and elevated ROS production (51). In a glucose-restricted
tumor microenvironment, this metabolic adaptation allows the neutrophils to engage in ROS-
mediated suppression of T cells with ROS produced by NADPH oxidase using NADPH from
mitochondria rather than glucose and or the pentose phosphate pathway (51). In other instances,
mitochondria of immune cells are dysfunctional, as in the example of TILs of clear cell renal
carcinoma, which have fragmented, hyperpolarized mitochondria that generate large amounts of
ROS (52). Treatment with a mitochondrial ROS scavenger can partially restore T cell activation
(52). These examples show that oxidative metabolism and modulation of these pathways can

determine immune phenotypes.

Lipid metabolism

Lipids have multiple purposes, serving as a source of energy, a component of
membranes, and metabolic precursors for certain signaling molecules and immune mediators
(48). Fatty acids can be synthesized by the cell or taken up from the environment, and excess
fatty acids are stores in lipid bodies in the cytosol (47). Synthesis of fatty acids requires citrate, a
metabolic intermediate generated by the TCA cycle, and NADPH, a reducing agent made by the
pentose phosphate pathway (38). Lipids can be enzymatically released from the lipid bodies by
lipolysis when needed (38). One study shows that lipolysis by the enzyme lysosomal acid lipase

supports CD8" memory T cell development by hydrolyzing lipid molecules in free fatty acids to
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use in fatty acid oxidation (FAO) (53). T cells also engage fatty acid synthesis for building their
membranes during growth and proliferation, with Th17 cells using de novo fatty acid synthesis
from glucose-derived citrate, while Treg cells preferentially uptake exogenous fatty acids (54).
Inhibition of key fatty acid synthesis enzyme acetyl-CoA carboxylase 1 (ACCI) attenuates
Th17-mediated autoimmune disease (54), further confirming the importance of engaging specific

metabolic pathways for immune cell differentiation and activation.

Dendritic cell metabolism

Dendritic cell metabolism during development

During DC development, there is an increase in anabolic programs, such as mitochondrial
biogenesis, to support the expansion of progenitors (38). Monocyte-derived DCs, for example,
have greater mitochondrial mass and respiration compared to the monocytes they differentiate
from (55). A major regulator of mitochondrial biogenesis, PGC-1a., rapidly increases in
expression early during monocyte differentiation into DCs, triggering the activation of its target
transcription factors, NRF-1 and TFAM (56). Fatty acid synthesis is required for normal DC
development as well, as inhibition of the process leads to reduced proliferation and elevated
apoptosis (57).

During both GM-CSF- and FLT3L-driven DC development, anabolic metabolism is
coordinated by mTOR (58,59). Inhibition of mTOR with rapamycin impairs DC development,
with a more profound effect on cDC1 compared to cDC2 in FLT3L-driven differentiation (58).
Deletion of PTEN, a negative regulator of PI3K upstream mTOR, accelerates cDC1 development
mediated by mTOR, emphasizing the precise regulation that is required for homeostatic

maintenance of DC composition (58). Although inhibition of anabolism impairs FLT3L-induced
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proliferation of DC progenitors, catabolism also has a role in DC differentiation by controlling
the balance of cDC subsets (60). Inhibition of catabolic processes by blocking FAO or AMPK
activity, for example, leads to increased cDC2 differentiation and reduced cDCI1 differentiation,
while the total cDC frequency remains unchanged (60). Conversely, presence of mitochondrial
ROS favors cDC2 differentiation, and scavenging the ROS increases the ratio of cDC1 to ¢cDC2.
ROS is required for the development of monocyte-derived DCs as well (55), which aligns with
evidence that monocyte-derived DCs have many overlapping features with cDC2s (5,61). The
exact mechanism by which mitochondrial ROS controls DC differentiation is not well

understood, but may involves its role as a secondary messenger (55).

Metabolic mechanisms regulating dendritic cell activation

Upon TLR activation, DCs dramatically shift their metabolic activity to glycolysis
(39,40). The early increase in glycolytic flux is controlled by TBK1-IKKe signaling and provides
glucose-derived pyruvate for the generation of citrate, which is used for de novo fatty acid
synthesis. This supports the expansion of the endoplasmic reticulum and Golgi membranes that
are required for the production and secretion of inflammatory mediators (40). CLR engagement
by B-glucans also induces early glycolytic reprogramming that depends on PI3K/TBK1/AKT
signaling (62). Intracellular stores of glucose in the form of glycogen contribute to early TLR
activation of DCs as well, with carbons from glycogen preferentially supporting citrate
production that is used for fatty acid synthesis (63).

During late activation of bone marrow-derived DCs (BMDCs), glycolysis remains
elevated and promotes optimal activation and cell survival (39). Due to the expression of

inducible nitric oxide synthase (iNOS or NOS2), which is promoted by TLR stimulation,
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BMDCs have gradually diminishing mitochondrial function due to inhibition of the ETC by
nitric oxide (64). This results in upregulation of glycolysis, likely to compensate for the loss in
mitochondrial ATP production. cDCs, however, do not express iNOS, and BMDCs are more
similar to iNOS-expressing inflammatory monocyte-derived DCs, which have been shown to
also require glycolysis for survival in vivo (64). Despite this difference, cDC stimulation by poly
I:C, a viral RNA mimic and TLR3 agonist, similarly reduces oxidative metabolism and increases
glycolysis by inducing type I IFN-dependent HIF-1oa gene expression (65). While glycolysis is
generally associated with DC activation, the presence of glucose after activation has been shown
to be inhibitory for the capacity of DCs to induce T cell proliferation and IFN-y production (66).
Through an mTOR/HIF-10/iNOS signaling circuit, glucose sensing by DCs determines their
functional outputs (66). This mechanism is thought to enhance DCs stimulation of T cells within
the lymph node, where they may face nutrient limitation due to high cellular density and
competition.

In DCs, HIF-1a, which promotes the expression of certain glycolytic genes, can be
stabilized by hypoxia or by TLR ligands like LPS under normoxia (67). HIF-1a-induced
glycolysis is activated by different pathways depending on the stimulus; while HIF-1a activity
by LPS activation requires MYD88-dependent NF-«B activity, HIF-1a activity promoted by
hypoxia does not (67,68). HIF-1a-controlled glycolytic metabolism is essential for the

immunogenicity of DCs (65), further highlighting the importance of glycolysis in DC activation.

Dendpritic cell metabolism in tolerance

Immune tolerance exists as a measure to prevent inflammatory responses towards self or

non-pathogenic antigens, such as dietary antigens. Tolerogenic DCs induce immune tolerance by
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inhibiting effector T cell function while promoting Treg cell expansion, supported by the
production of regulatory cytokines like IL-10 and TGF-f3, and the expression of inhibitory
surface molecules like PD-L1 and CTLA-4 (69). Disrupting the balance in the regulation of
tolerance can result in autoimmune disease or a suboptimal response against pathogens or
tumors.

Reprogramming of DC metabolism to induce tolerance is one of many mechanisms
tumors use to evade the immune system. Several amino acids or their metabolic derivatives have
an inhibitory effect on immune cell function. Melanoma-derived signaling protein WNTS5A
promotes FAO in DCs by triggering B-catenin signaling, which induces PPAR-y-driven
expression of CPT-1A (70). This elevated FAO activity fuels heme biosynthesis that is needed to
support the enzymatic activity of indoleamine 2,3-dioxygenase 1 (IDO), an immunoregulatory
enzyme that is involved in tryptophan catabolism (70). Kynurenine, a metabolite derived from
tryptophan, promotes the differentiation of Treg cells from naive CD4" T cells, further
establishing an immunosuppressive tumor microenvironment (70). Another way tumors induce
IDO expression in DCs is via myeloid-derived suppressor cells (MDSCs) (71), which are
generated during cancer progression by the action of tumor-derived factors on myeloid
progenitors (72). MDSCs express high levels of arginase 1 (ARG1), and polyamines produced
during decarboxylation of the ARG1 product ornithine can induce IDO expression in DCs,
promoting their tolerization (71). TGF-f alone can also act on DCs to increase their ARG1
expression, producing the necessary metabolites required to upregulate IDO expression and
confer immunosuppressive properties on the DCs (71). In addition, tumor-infiltrating DCs of
spontaneous mammary adenocarcinomas uptake relatively high levels of L-arginine compared to

splenic DCs (73). L-arginine metabolism by ARG in the tumor-infiltrating DCs suppresses anti-
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tumor CD8" T cell function, and pharmacological inhibition of ARG1 largely restores T cell
proliferation (73). Mutations in the TCA cycle enzyme isocitrate dehydrogenase is found in
several tumor types and produces the oncometabolite D-2-hydroxyglutarate, which inhibits IL-12
secretion by human monocyte-derived DCs (74). The metabolic reprogramming induced by LPS
is affected in the presence of D-2-hydroxyglutarate, with reduced lactate production and
enhanced cell respiration (74). These studies demonstrate that some amino acids or metabolite
derivatives may act on or be secreted by DCs to induce immune tolerance.

Another metabolite that has inhibitory properties is lactate, a metabolite that is often
abundant in the microenvironment of highly glycolytic tumor types. Tumor-associated
macrophages, for example, polarize to an M2-like phenotype when exposed to high levels of
lactic acid, thus favoring tumor growth (75). Lactic acid also reduces effector function and tumor
infiltration by T cells and NK cells, as demonstrated by improved tumor control in mice with
tumors expressing lower levels of lactate dehydrogenase A (LDHA) (76). Tumor-associated DCs
have impaired maturation and IL-12 secretion, which is prevented if lactic acid production by
melanoma cells is blocked by oxamic acid, an inhibitor of LDH activity (77). Conditioning by
lactic acid also reduces DC production of IL-12p70 and IFN-a., as well as cross-presentation and
anti-tumor immunity in vivo (78). The lactate produced by developing monocyte-derived DCs
cultured at higher density is inhibitory to their differentiation and acquisition of inflammatory
functions, with increased IL-10 production, but reduced pro-inflammatory cytokine production
and ability to induce Thl polarization (79). Tolerogenic DCs themselves have been shown to
secrete high levels of lactate, which inhibits proliferation of CD4" T cells (80). In all, lactate has

inhibitory effects on DCs and other immune cells.
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Tumors can also induce immune tolerance by promoting lipid accumulation in DCs.
Under physiological conditions, lipid bodies in DCs are not typically associated with impairment
of DC function. For example, two populations of hepatic DCs distinguished by their lipid content
have contrasting phenotypes: the population with high lipid content has much greater
immunogenicity, while the population with lower lipid levels induces tolerance by promoting
Treg cell generation (81). Inhibition of fatty acid synthesis in the DCs with high lipid content
impairs pro-inflammatory cytokine production and effector T cell activation, demonstrating a
direct role for lipids in promoting their immunogenicity (81). Lipid bodies in CD8a." ¢cDC1s also
play a critical role in cross-presentation (82). In the tumor microenvironment, however, lipid
accumulation in DCs leads to their dysfunction, as defined by their reduced capacity to process
antigen and stimulate T cells (83). Here, increased lipid uptake and fatty acid synthesis both
contribute to lipid accumulation. Pharmacological inhibition of fatty acid synthesis improves DC
function and therefore anti-tumor immunity (83). Another study has demonstrated that the lipids
that accumulate in tumor-associated DCs are oxidized, and that these oxidized lipids block cross-
presentation by preventing the trafficking of peptide-MHC I complexes to the cell surface
(83,84). The electrophilic properties of oxidized lipids, which endogenous non-oxidized lipid
bodies lack, cause the binding of oxidized lipids to heat shock protein 70 (HSP70) (84). This
impedes the interaction between HSP70 and peptide-MHC I complexes, resulting in the peptide-
MHC I complexes remaining co-localized at lysosomes and not at the cell surface (84). The
sources of the oxidized lipids in tumor-associated DCs have been shown to be through the uptake
of oxidized lipids in the tumor microenvironment via the scavenger receptor CD204, as well as
further triglyceride synthesis driven by the activation of ER stress factor XBP1 (83,85,86). In

summary, these studies establish that the type of lipids that accumulate in DCs are significant to
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their function; while oxidized lipids limit the immunogenic capacity of DCs, neutral lipids

generally do not.

Regulation of mitochondrial metabolism by transcriptional coactivator PGC-1p

PGC-1 coactivator targets and regulation

Transcription factors bind DNA in a sequence-specific manner in order to regulate gene
expression. They often require additional proteins that do not possess DNA-binding domains but
are necessary for carrying out enzymatic activities such as chromatin remodeling and recruitment
of RNA polymerase II. An example of such a regulator of transcription factors is the peroxisome
proliferator-activated receptor gamma coactivator 1 (PGC-1) family of transcriptional
coactivators, which consists of PGC-1a and PGC-1f, homologs that share extensive sequence
identity, and PGC-related coactivator (PRC), a less closely related member (87). PGC-1a and
PGC-1p have crucial roles in cellular metabolism as coactivators of numerous transcription
factors responsible for regulating the expression of nuclear-encoded mitochondrial genes.
Stimulation of these genes results in the increased metabolic activity by the mitochondria,
including B-oxidation of fatty acids and OXPHOS.

The PGC-1 coactivators target multiple transcription factors, including NRF-1 and NRF-
2, which promote the transcription of mitochondrial biogenesis and anti-oxidative genes; PPAR-
o/B/d, which induce FAO; PPAR-y, which regulates lipid uptake and storage; SREBP-1a/1¢/2,
which promote lipogenesis; and several others (87). The expression levels of the PGC-1 proteins
and their functions vary depending on the tissue that they are expressed. For example, PGC-1a

expression is induced by cold exposure in brown adipose tissue and targets PPAR-y to stimulate

programs of adaptive thermogenesis while PGC-1[3 expression remains unchanged (88,89). In
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contrast, PGC-1f expression is induced by dietary lipids in the liver to a much greater extent
than PGC-1a., coactivating the SREBP family of transcription factors (90). In skeletal muscle,
PGC-1a expression is induced by exercise, while PGC-1f expression is largely unchanged
despite being highly expressed (91,92). Skeletal muscle-specific deficiency of PGC-1a results in
largely normal mitochondria, although simultaneous knockout of both PGC-1a and PGC-1f3
leads to reduced oxidative metabolism but no change in mitochondrial mass, suggesting there is
some redundancy of these proteins (93). PGC-1 expression also promotes health and proper
tissue function in other tissues with high metabolic activity, such as the heart and brain (93,94).
Regulation of PGC-1 proteins occurs at both the post-translational and transcriptional
level (93). Their expression and activity are tightly and dynamically regulated to respond
efficiently to physiological cues. In skeletal muscle, AMPK directly phosphorylates PGC-1a.,
promoting its stability, in conditions of energy deficiency such as during exercise (95,96). PGC-
la is also protective to neural cells by promoting the expression of anti-oxidative genes (97).
Glycogen synthase kinase 33 (GSK3), which phosphorylates PGC-1a. to favor its
ubiquitination and subsequent degradation, is inhibited by oxidative stress, allowing PGC-1a. to
promote the expression of anti-oxidative genes in this setting (97). In addition, the histone
deacetylase SIRT1 deacetylates PGC-1a. in response to fasting signals in the liver (98). SIRT1
regulates the expression of gluconeogenic and glycolytic genes through PGC-1a, but does not
affect the mitochondrial genes that PGC-1a can target (98). p38 MAPK plays a role in
thermogenesis by phosphorylating both ATF-2 and PGC-1a to induce uncoupling protein 1
(UCP-1) expression (99). The promoter for the PGC-1a gene has a binding site for ATF-2, and

therefore, activated ATF-2 also promotes the gene expression of PGC-1a in brown adipose
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tissue, further elevating PGC-1a activity (99). Other binding sites at the promoter of the PGC-1a
gene include FOXO1 and cAMP response element-binding protein (CREB), which allow factors
that are responsive to cold, exercise, insulin, and more, to stimulate PGC-1a expression (100).
PGC-1p expression in the liver is induced by dietary lipids, but the exact mechanism regulating
this is not yet known (90). Further, while the regulation of PGC-1f expression has not been
carefully examined in comparison to studies on PGC-1a., there are likely similarities in

regulatory mechanisms due to their close homology.

PGC-1 coactivators in immunity

Currently, studies on the role of PGC-1 proteins in immunity is largely focused on PGC-
la, with few on PGC-18. In T cells, an important role for PGC-1a has been established in
maintaining metabolic fitness and function in the context of disease. Upon activation, T cells
increase glycolytic activity, mitochondrial biogenesis, and mitochondrial respiration (101).
Metabolic defects can develop from pathological environments, such as in cancer or chronic
infection, and severely impact their function. For example, CD8" T cells from patients with
chronic lymphocytic leukemia (CLL) display elevated mitochondrial respiration and membrane
potential, but upon activation, mitochondrial biogenesis and glucose uptake are impaired (102).
PGC-1a expression is lower in CLL CD8" T cells compared to the healthy control, which may
explain the impairment of mitochondrial biogenesis (102). Examination of chimeric antigen
receptor (CAR)-T cells prior to infusion into CLL patients reveals a positive correlation between
greater mitochondrial mass and complete response to CAR-T cell therapy (102). There have also
been recent studies that modulate the metabolic activity of dysfunctional T cells in order to

improve immune responses. Tumor-infiltrating lymphocytes (TILs) have reduced mitochondrial

39



mass and mitochondrial function, and enforcing PGC-1a expression improves their anti-tumor
effector functions (103). Overexpression of PGC-1a also favors the formation of central memory
rather than resident-memory CD8" T cells, promoting persistence of the cells and stronger anti-
tumor immunity in a mouse melanoma model (104). Exhausted virus-specific T cells in mice
infected with chronic lymphocytic choriomeningitis virus (LCMV) also exhibit metabolic
defects, with greater mitochondrial mass but increased mitochondrial depolarization occurring
early in the infection and resulting in bioenergetic insufficiencies (105). PD-1 and PD-L1
interactions were shown to repress the expression of PGC-1a, and blocking this interaction with
oPD-L1 improved the metabolic fitness of the T cells (105). Similar to the studies on TILs,
overexpressing PGC-1a in exhausted T cells also helps reverse some of their metabolic defects
and counteract exhaustion (105). These studies highlight the crucial role PGC-1a serves in
mitochondrial biogenesis and optimal T cell function, and as a promising target in therapeutic
strategies.

The role of PGC-1p in immunity has been examined in a few different cell types across
tissues. In macrophages, PGC-1p is necessary for alternative activation induced by IL-4 by
promoting FAO (106). STAT6, which mediates the transcriptional responses induced by IL-4,
also promotes PGC-1f expression, which in turn co-activates STATG6 in a feed-forward manner
(106). In addition, expression of PGC-1a and PGC-1f by skeletal muscle cells in
vivo dampens NF-«kB signaling induced by LPS injection and increases the levels of anti-
inflammatory cytokines such as IL-10 and decreases pro-inflammatory cytokine IL-12 in the
microenvironment (107,108). In cardiomyocytes, LPS reduces both PGC-1a and PGC-1
expression, suppressing FAO and promoting lipid accumulation (109). Restoring PGC-1f3

expression rescues FAO in these cells and reduces LPS-induced ROS production (109). In the
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brain, promotion of kynurenine aminotransferase 4 by NRF-2 and PGC-1f results in production
of kynurenic acid, which is known to be neuroprotective during sepsis (110). In human disease,
gout patients that possess a genetic variant of PPARGC1B with a missense single-nucleotide
polymorphism (SNP) have elevated IL-1f in plasma and higher NLRP3 expression in their
PBMCs compared to gout patients without this SNP (111). Overall, existing studies demonstrate

that PGC-1p expression is associated with an anti-inflammatory phenotype.

THE IMPACT OF DIET-INDUCED OBESITY IN IMMUNITY

Changes to immune cells in obesity

With adipose tissue expansion, extensive changes occur in the composition and number
of immune cells within the tissue. Chronic inflammation that results from these changes
significantly contributes to metabolic pathologies commonly associated with obesity, including
insulin resistance (112). Macrophages are the most abundant immune cell type found in adipose
tissue, where a spectrum of activation phenotypes exists (113). This includes alternatively-
activated M2-like macrophages that secrete immunomodulatory molecules like IL-10 and clear
apoptotic cells, maintaining homeostasis (113). During obesity, adipose tissue hyperplasia leads
to increased adipocyte stress and death, which results in adipose tissue macrophages surrounding
dead adipocytes and forming clusters known as crown-like structures (114). In addition, the
number of inflammatory macrophages increases as tissue-resident macrophages proliferate and
circulating monocytes are recruited into the tissue by inflammatory factors and differentiate into
macrophages (113). These macrophages adopt an inflammatory “metabolically-activated”

phenotype, which is an activation state distinct from M1- or M2-like macrophages, and is
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induced by stimuli, such as glucose, insulin, and fatty acids, that are associated with metabolic
syndrome (115). Macrophage accumulation associated with obesity directly promotes the
development of inflammation and systemic insulin resistance (116,117).

T cells are the next most abundant immune cell type in the adipose tissue after
macrophages (118). In fact, adipose tissue is a major reservoir for memory T cells (119). In an
obese setting, inflammatory CD8" T cells, Th1 cells, and Th17 cells accumulate in the adipose
tissue, while Treg cells decrease in frequency (120). The infiltration of CD8" T cells in adipose
tissue occurs before the accumulation of macrophages, with the CD8" T cells participating in the
recruitment and differentiation of macrophages (121). In contrast, Treg cells that express
abundant levels of IL-10 help maintain homeostasis in adipose tissue of lean mice (122). Other
immune cell types that contribute to establishing an anti-inflammatory environment include Th2

cells, invariant NKT cells and ILC2s (113).

Adipose tissue-associated dendritic cells

While adipose tissue-associated dendritic cells have not been extensively studied,
emerging evidence has established their roles in both maintaining homeostasis and driving
inflammation related to obesity. A major challenge has been distinguishing adipose tissue-
resident cDCs from macrophages due to their largely overlapping set of surface markers used for
identification, including CD11c, CD11b, MHC II, and F4/80 (4). One report discerns
macrophages from cDCs with CD64, using gene profiling to confirm the enrichment of
macrophages in the population of CD45"CD64 CD11c¢" cells, and ¢DCs in the CD45 CD64°
CD11c" cells (123). A high fat diet challenge leads to CCR7-dependent accumulation of cDCs in
adipose tissue that augments inflammation and insulin resistance, suggesting most cDCs are

recruited during obesity-related inflammation (123). Adipose tissue-associated DCs have also
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been found to contribute to inflammation by inducing Th17 differentiation (124) and promoting
macrophage infiltration of adipose tissue during obesity (125).

Another group further confirms the role of ¢cDCs in adipose tissue homeostasis and
inflammation by focusing on cells expressing ZBTB46, a transcription factor that distinguishes
cDCs from other immune cells, and dividing them into the cDC1 and ¢DC2 subsets based on
CD103 and CD11b expression, respectively (126). They found that cDC1s and cDC2s engage
the Wnt/B-catenin and the PPAR-y pathways, respectively, to promote an anti-inflammatory
microenvironment and maintenance of homeostatic conditions (126). Inhibition of these
pathways exacerbates the inflammation associated with diet-induced obesity, and consequently
increases insulin resistance in mice. Chronic over-nutrition reduces the level of Wnt ligands
available in the adipose environment for cDC1s and PPAR-y expression in cDC2s, leading to
increased cDC activation, as well as additional recruitment of ¢cDCs and other inflammatory cells
into the adipose tissue (126). A subpopulation of DCs containing perforin also has an important
regulatory role in maintaining immune homeostasis, as animals lacking these cells exhibit weight
gain, dyslipidemia, inflammation, and reduced insulin sensitivity independent of diet—
symptoms that were further exacerbated with high-fat diet feeding (127). Perforin-containing
DCs are known to selectively delete self-reactive T cells (128), and accordingly, animals lacking
this DC subpopulation were found to have increased CD4" and CD8" T cell numbers in the
adipose tissue directly responsible for the increased inflammation and consequent metabolic
pathologies (127). Together, these studies support the importance of adipose tissue-associated
cDCs and their ability to independently drive obesity-related inflammation, providing a firm

foundation for further study on the clinical implications of these cells in both health and disease.
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Rationale and objectives

As an abundant number of studies have clearly demonstrated (section Dendritic cell
metabolism), the metabolism of DCs and other immune cells is intimately involved in regulating
their development, activation, and function, and is therefore imperative in shaping an immune
response. | hypothesized different metabolic profiles correspond to specific inflammatory
phenotypes and that metabolism regulates multiple aspects of DC function. To further investigate
this, I explored several aspects of metabolism and their importance in DC biology.

To date, most studies on DC metabolism have focused on activated DCs that display
strongly pro-inflammatory phenotypes. In Chapter 2, we explored the metabolic changes in DCs
stimulated by a range of stimuli. We found that DCs increase their early glycolytic activity
across a range of inflammatory phenotypes. Based on this finding, we next investigated the
importance of glycolysis in a crucial function common to DCs regardless of the strength of
activation: cellular migration.

In Chapter 3, we aimed to examine mitochondrial metabolism in DCs, as its role is not
well-studied in DCs. Moreover, the major mitochondrial regulator and transcriptional co-
activator, PGC-1, has not yet been examined in DCs. Interestingly, in many tissues, including
brown adipose tissue and skeletal muscle, PGC-1a expression is more dynamically regulated by
physiological cues compared to PGC-1f (93). In contrast, our early data showed that PGC-1f3
drastically changes with LPS stimulation of bone marrow-derived DCs. Thus, in Chapter 3, we
investigated the role of PGC-1f in regulating the metabolic status of DCs and its influence on
DC function and activation.

The importance of DCs in adipose tissue—both for maintaining homeostasis and for

driving obesity-associated inflammation—has recently been established but few studies have
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examined their metabolism. In Chapter 4, we sought to characterize cDC subsets, including the
previously unexamined cDC2A and cDC2B subsets, in adipose tissue with an improved strategy
to distinguish cDCs from macrophages. We measured metabolic features such as mitochondrial
and lipid content in ¢cDCs, and the changes that occur due to whole-body metabolic perturbation

caused by high fat diet (HFD)-induced obesity in mice.
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CHAPTER 2 — Glycolysis is essential for CCR7 oligomerization and dendritic cell

migration

Preface

The work presented in Chapter 2 has been published as an original research article:

Guak H, Al Habyan S, Ma EH, Aldossary H, Al-Masri M, Won SY, et al. Glycolytic
metabolism is essential for CCR7 oligomerization and dendritic cell migration. Nature
Communications. 2018 Jun 25;9(1):2463.

Abstract

Dendritic cells (DCs) are first responders of the innate immune system that integrate
signals from external stimuli to direct context-specific immune responses. Current models
suggest that an active switch from mitochondrial metabolism to glycolysis accompanies DC
activation to support the anabolic requirements of DC function. We show that early glycolytic
activation is a common program for both strong and weak stimuli, but that weakly-activated DCs
lack long-term HIF-1a-dependent glycolytic reprogramming and retain mitochondrial oxidative
metabolism. Early induction of glycolysis is associated with activation of AKT, TBK and
mTOR, and sustained activation of these pathways is associated with long-term glycolytic
reprogramming. We show that inhibition of glycolysis impaired maintenance of elongated cell
shape, DC motility, CCR7 oligomerization and DC migration to draining lymph nodes. Together,
our results indicate that early induction of glycolysis occurs independent of pro-inflammatory
phenotype, and that glycolysis supports DC migratory ability regardless of mitochondrial

bioenergetics.
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Introduction

Dendritic cells (DCs) are among the first responding immune cells to any infection,
injury or threat. DCs express a wide variety of pattern recognition receptors (PRRs), which are
germline-encoded receptors that recognize conserved moieties such as non-self
microbe/pathogen-associated molecular patterns (M/PAMPs) and danger-associated molecular
patterns (DAMPs), often released during cell death or injury. Membrane-bound PRRs include
Toll-like receptors (TLRs) and C-type lectin receptors (CLRs). DCs adopt different activation
phenotypes depending on the combination of receptors engaged and the context in which
activation occurs; this process is known as differential activation. Differential activation enables
DCs to transmit context-specific information to other cells of the immune system and
consequently direct the nature of inflammatory responses.

Regardless of their activation phenotype, DCs migrate from peripheral tissues to the
draining lymph node (LN) where they interact with other cells of the immune system. For
example, the activation phenotype of DCs directly determines T helper (Th) cell differentiation.
DCs that are stimulated with TLR ligands such as lipopolysaccharide (LPS) stimulate a pro-
inflammatory phenotype characterized by production of cytokines such as IL-12, IL-6, TNF-a.,
and moderate amounts of IL-10, and promote the differentiation of naive Th cells into IFN-y-
producing Th1 cells (1). DCs stimulated by the yeast component zymosan (Zym), which engages
TLR2, TLR6, and the CLR Dectin-1, produce less IL-12 and more IL-10 relative to LPS-
stimulated DCs, and promote the induction of Th17 cells (2,3). DCs that encounter the allergen
house dust mite (HDM) engage TLR2, TLR4, and Dectin-2, and produce very little pro-
inflammatory cytokines, but are able to promote the activation and differentiation of Th2 and

Th17 cells (4,5).

47



In recent years, cellular metabolism has become recognized as an important determinant
of immune cell inflammatory phenotype and function (6—12). Glycolysis and oxidative
phosphorylation (OXPHOS) are the main bioenergetic catabolic pathways, taking place in the
cytosol and mitochondria, respectively. Glucose-derived pyruvate can either be converted to
lactic acid and expelled from the cell, or completely oxidized in the mitochondria via the
tricarboxylic acid (TCA) cycle. The TCA cycle fuels OXPHOS by providing reducing agents to
drive the electron transport chain (ETC), consuming oxygen as the final electron acceptor.
Although OXPHOS supports a higher yield of ATP per molecule of glucose, induction of
glycolytic metabolism despite the presence of oxygen (i.e. the Warburg effect) is observed in
many cell types (13). We and others have shown that TLR-mediated DC activation results in a
striking Warburg-like metabolic shift to glycolysis, which is necessary to support their pro-
inflammatory phenotype (7,14,15). The immediate increase in glycolytic activity in TLR-
activated DCs was found to be required for de novo fatty acid synthesis to expand the
endoplasmic reticulum and Golgi to support the increased production and secretion of immune
mediators (14). In long-term activation of inducible nitric oxide synthase (iNOS)-expressing
DCs, TLR-induced nitric oxide (NO) production was shown to block electron transport, resulting
in the cessation of OXPHOS (15). Thus, in NO-producing cells, the increase in glycolysis was
found to be only necessary in the absence of OXPHOS (15). In DCs lacking iNOS, a long-term
shift to glycolytic metabolism also occurs, although this is thought to be driven by autocrine type
I interferon signaling through HIF-1a (16).

The importance of metabolic programming for the function of DCs has largely been
shown for highly pro-inflammatory DCs; however, activated DCs can take on distinct activation

phenotypes. We therefore examined the metabolic profiles of DCs activated by a more diverse
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range of stimuli, including both weak and strong activators of DCs, to determine the impact of
glycolytic metabolism on DC function. We found that regardless of activation stimulus, DCs
increase their glycolytic activity following stimulation. DCs activated with strong stimuli such as
LPS or Zym display increased glycolysis with a corresponding decrease in OXPHOS. However,
we found that HDM-activated DCs, which display a weak pro-inflammatory phenotype, also
rapidly increased glycolysis early following stimulation, but lacked long-term metabolic
reprogramming. TBK, AKT, and mTOR signaling pathways, which are known to regulate
glycolysis in DCs, were activated in DCs with either a weak or strong pro-inflammatory
phenotype. However, long term activation of these pathways and increased HIF-1a activation
occurred only in DCs with a highly pro-inflammatory phenotype. We demonstrate that
glycolysis, and not mitochondrial metabolism, is important for DC motility and migration, as
inhibition of glycolysis impaired the maintenance of elongated cell shape, DC motility, and DC
migration to draining lymph nodes in vivo. Importantly, glucose metabolism is also necessary for
CCR7 oligomerization, which is essential for efficient DC migration. These findings reveal that
glycolysis induction occurs independent of acquisition of a pro-inflammatory phenotype and

supports the migratory capacity of DCs.

Results

Differentially-activated DCs display distinct bioenergetic profiles

Stimulation of DCs with strong TLR agonists such as LPS promotes metabolic reprogramming
to glycolysis with concomitant loss of ATP-coupled mitochondrial respiration (7,14,15). To

assess whether this is a universal effect of PRR stimulation, we examined the bioenergetic
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profile of DCs stimulated with a range of activators that engage different PRRs (Table 1),
resulting in different inflammatory phenotypes. We measured surface expression of the co-
stimulatory molecules CD80, CD86, CD40, and MHC II (Fig. 1A, Supplementary Fig. 1A), as
well as the production of cytokines IL-12p40, TNF-a, IL-6, and IL-10 (Fig. 1B, Supplementary
Fig. 1B) following stimulation with these activators. “Strong” activators (i.e. LPS, Zym, and
curdlan) induced much greater surface marker expression and cytokine secretion compared to

“weak” activators (i.e. HDM and zymosan depleted of its TLR ligands (ZymD)).

Table 1 — DC activators

Activator PRRs engaged Concentration
Lipopolysaccharide (LPS) TLR4 10 or 100 ng/mL
House dust mite (HDM) TLR2/4, Dectin-2 50 pg/mL
Curdlan Dectin-1 25 or 50 pg/mL
Zymosan TLR2/6, Dectin-1 5 or 10 pg/mL
Zymosan-depleted (ZymD) Dectin-1 10 or 25 pg/mL

To assess metabolic reprogramming induced by these activators, we examined glucose
consumption and lactate production in DCs 18 h following stimulation with either strong or weak
DC activators. All DC activators stimulated increased glucose consumption and lactate
production relative to resting DCs, with strong DC activators generally displaying higher levels
of glucose metabolism than weaker activators (Fig. 1C). We next used Seahorse profiling,
measuring the extracellular acidification rate (ECAR, a measure of glycolysis) and oxygen
consumption rate (OCR, Fig. 1E), to determine the bioenergetic profiles of differentially-

activated DCs. Consistent with previously published reports (7,14,15), resting DCs engaged both
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OXPHOS and glycolysis, while LPS-treated DCs no longer displayed ATP-coupled
mitochondrial respiration and exclusively used glycolysis for ATP production (Fig. 1D,F,G).
Similar to LPS, stimulation with the highly pro-inflammatory activators curdlan and Zym
increased ECAR and decreased coupled respiration (Fig. 1D,F). Interestingly, weak DCs
agonists (HDM, ZymD) induced slight but consistent increases in ECAR while retaining coupled
respiration (Fig. 1D,F).

The difference in maximal mitochondrial respiratory capacity, measured after FCCP
treatment, and basal respiration is known as the spare respiratory capacity (SRC) (Fig. 1E,H).
DCs stimulated with strong activators (LPS, curdlan, Zym) most often displayed negligible SRC,
although in some experiments DCs stimulated with curdlan and Zym retained SRC, while the
SRC of weakly activated DCs was consistently similar to resting DCs (Fig. 1H). These data
indicate that differential DC activators can induce intermediate bioenergetic phenotypes in DCs,
resulting in the stimulation of glycolysis while retaining varying degrees of OXPHOS and

mitochondrial respiratory capacity.
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Figure 1 — Bioenergetic profiles of differentially-activated DCs

(A, B) Activation marker expression (CD80, CD86, CD40, and MHC II) and cytokine
production (IL-12p40, TNF-a., IL-6, and IL-10) were measured following 18 h activation with
indicated activators. (C) Glucose consumption (left) and lactate increase compared to the
unstimulated condition (right) were measured 18 h following stimulation. (D, F-H) ECAR and
OCR were measured using a Seahorse Bioanalyzer following an 18h stimulation. (E) Coupled
respiration is represented by the decrease in OCR from baseline after oligomycin treatment, and
is therefore the OCR attributed to ATP production. Spare respiratory capacity (SRC) is
represented by the increase in OCR from baseline after FCCP treatment. (F) Coupled respiration
as a percentage of total respiration. (G) Mean coupled respiration versus mean ECAR. (H) SRC.
Data shown in (A-C) are from 1 experiment representative of at least 3 independent experiments
(mean and s.d. of triplicates (A,C) or duplicates (B)). Data shown in (D, F-H) are from 3 to 7
experiments (depending on condition) (mean and s.e.m.). LPS: Lipopolysaccharide; HDM: house
dust mite; ZymD: Zymosan depleted of TLR ligands; Zym: Zymosan; ECAR: Extracellular
acidification rate; OCR: Oxygen consumption rate. Data were analyzed using ¢-test, comparing
each condition relative to the control. *** p<(0.001, ** p<0.01, * p<0.05

Early glycolytic flux is a hallmark of both weak and strong DC activators

Given that both strongly and weakly activated DCs increase glycolysis, regardless of their pro-
inflammatory nature, we monitored the bioenergetic states (ECAR and OCR) of differentially-
activated DCs in real-time following PRR stimulation. All differentially-activated DCs,
including those weakly activated by HDM or ZymD, displayed increased ECAR immediately
after stimulation (Fig. 2A, left). Short-term activation did not change the OCR of differentially-
activated DCs, except those stimulated with Zym and ZymD (Fig. 2A, right). The increase in
oxygen consumption observed with these stimuli was determined to be largely non-
mitochondrial (Supplementary Fig. 2), which is consistent with literature demonstrating that
Zym stimulates NADPH oxidase activity and the consequent production of reactive oxygen
species (3,17). The serine/threonine protein kinase AKT is known to be required for glycolytic

activity in TLR-activated DCs (14). Analysis of phospho-AKT (Ser473) levels following
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stimulation for 1h revealed increased, albeit variable, AKT activation in differentially-activated
DCs regardless of inflammatory stimulus (Fig. 2B). Thus, the downregulation of OXPHOS
observed in strongly-stimulated DCs is a long-term adaptation to PRR stimulation, while AKT
activation and increased glycolysis is an early event following activation and is independent of a
pro-inflammatory phenotype.

To further characterize glucose metabolism following DC activation, we investigated the
fate of *C-labeled glucose in activated DCs using stable isotope tracer analysis (SITA, Fig. 2C)
(18). DCs were activated with LPS, HDM, or Zym for 2h and pulsed with U-["*C]-glucose for an
additional 2h (Fig. 2C). Zym- and LPS-stimulated DCs displayed hallmark profiles of Warburg
metabolism, characterized by increased conversion of *C-glucose to *C-pyruvate and >C-
lactate (Fig. 2C). Consistent with their bioenergetic profile (Fig. 1), HDM-stimulated DCs
displayed increased *C-lactate production from *C-glucose, although at lower levels than
observed in LPS- or Zym-stimulated DCs (Fig. 2C). Moderate but consistent increases in >C-
glucose-derived TCA cycle intermediates were observed in activated DCs (Fig. 2C), suggesting
evidence of glucose conversion to acetyl-CoA. Of note was an increased abundance of unlabeled
a-ketoglutarate and succinate in strongly activated DCs (Fig. 2C), suggesting an alternative
carbon source is contributing to the increased production of these metabolites. DCs also
converted a significant amount (~30%) of '*C-glucose to alanine, indicating that glucose-derived
pyruvate has several metabolic fates — lactate, alanine, and acetyl-CoA — which are all produced

independent of pro-inflammatory phenotype.
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Figure 2 — Weakly-activated DCs undergo early glycolytic flux

(A) Indicated stimuli were injected onto DCs using the Seahorse Bioanalyzer and ECAR (left)
and OCR (right) were measured in real-time. (B) Immunoblot for total AKT and AKT
phosphorylated at Ser473 in DCs following 1 h of stimulation. (¢) The relative abundance of
various metabolites determined by GC-MS after activation for 2 h and pulse with *C-glucose.
Data shown are 1 experiment representative of (A) more than 3 experiments, (B) 3 experiments,
and (C) 2 experiments (mean and s.e.m. of 9 (unstimulated) or 10 (stimulated) replicates (A) or
triplicates (C)). Statistical analysis shown in (C) is for the comparison of the *C-labeled fraction
between each condition and the control condition using unpaired #-tests. *** p<0.001, ** p<0.01,
* p<0.05
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Loss of coupled respiration directly correlates with iNOS expression and NO production

Increased glycolytic metabolism in LPS-stimulated DCs has been reported to be required for
energy production due to the inhibition of mitochondrial respiration by NO (15). To determine
whether loss of mitochondrial metabolism also correlates with NO production in differentially-
activated DCs, iNOS expression and NO production were measured in DCs activated by various
stimuli. iNOS expression increased in a dose-dependent manner for curdlan and Zym (levels
plateaued after 10 pg/mL for Zym) (Fig. 3a), with corresponding increases in nitrite levels (Fig.
3B). In these strongly-activated DCs, the increase in iNOS expression and NO production
correlated with the loss of coupled respiration (Fig. 3C). Inhibition of mitochondrial oxidative
metabolism was further reflected by the little to no SRC remaining in the strongly-activated DCs
(Fig. 3D). No appreciable levels of iNOS or NO were induced by HDM or ZymD stimulation of
DCs (Fig. 3A-B), and both coupled respiration and SRC were maintained in these activated DCs
(Fig. 3C-D). Together, these data show that iNOS expression and NO production correlates with
the loss of coupled respiration in differentially-stimulated DCs and that an early increase in

glycolysis can occur regardless of whether iNOS is later induced.

Weakly inflammatory DCs lack long-term glycolytic reprogramming

Metabolic reprogramming in immune cells is reinforced by changes in expression of key metabolic
pathway genes that underlie changes at the biochemical level. To assess the impact of different
TLR agonists on DC metabolic reprogramming, we examined the kinetics of gene expression of
key enzymes in glycolysis following activation. During early stages of DC activation (4 h post-
stimulation), minor changes in the expression of Glutl/ and Hk2 were observed, but expression of

distal components of glycolysis (Pkm2, Gapdh, and Ldha) were unchanged (Fig. 4A, left).
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However, at late time points (18 h post-stimulation), DCs activated with pro-inflammatory stimuli
(LPS, curdlan and Zym) showed increased expression of glycolytic genes, whereas DCs stimulated
with “weak” activators HDM and ZymD showed little or no change in the expression of these
enzymes relative to resting DCs (Fig. 4A, right). These results suggest that increased early
glycolysis induced by stimulation occurs independent of large-scale changes in metabolic gene
expression. Metabolic reprogramming at the level of transcription occurs following long-term DC
activation in strongly pro-inflammatory DCs, but not in weakly-activated DCs.

The TBK-IKKZe signaling pathways have been identified as key kinases important for early
induction of glycolysis in DCs (14). We found that early activation of TBK, AKT and mTORC1
occurred regardless of the activation phenotype (Fig. 4B). However long-term activation of both
mTORCI1 (measured by phospho-S6K and phospho-S6 levels) and mTORC2 (measured by
phospho-AKT Ser473 levels) was associated only with the presence of a pro-inflammatory
phenotype (Fig. 4B). Analysis of the time course revealed that AKT and mTORCI1 activity was
progressively lost in HDM-stimulated DCs around 8-12 h following activation (Fig. 4C). Early
glycolysis induction by HDM, like LPS (14), could be prevented by AKT inhibition
(Supplementary Fig. 3). Interestingly, TBK phosphorylation levels were maintained in HDM-
stimulated cells (Fig. 4C). Stable HIF-1a protein expression was observed in LPS-stimulated DCs
between 8-18 h post-activation, but absent in HDM-stimulated DCs at all time points (Fig. 4C).
Consistent with the role of HIF-1a in glycolytic reprogramming, the absence of detectable HIF-1a
protein levels in DCs stimulated with weak agonists correlated with the lack of significant long-
term induction of HIF-1a-dependent glycolytic gene expression (Hk2, Ldha) (19) in these cells

(Fig. 4A). Induction of iNOS was also absent in HDM-stimulated DCs (Fig. 4D). These data are
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consistent with evidence linking mTORCI to long-term commitment to glycolysis by induction of

iNOS and HIF-1a (20).
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Figure 3 — iNOS expression and NO production is correlated with loss of coupled
respiration

DCs were stimulated for 18 h by activators at the indicated doses (ng/mL). (A) Geometric MFI
of iNOS, (B) nitrite (NO;") production, (C) coupled respiration and (D) SRC were measured as
described in Materials and Methods and in Figure 1. Data shown are from 1 experiment
representative of 3 experiments (mean and s.d. of duplicates (A,B), s.e.m. of 4 to 6 replicates
(C,D)). Data were analyzed using a one-way ANOVA. ***p<0.001, **p<0.01
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Figure 4 — Weakly activated DCs lack long-term metabolic reprogramming.

(A) Gene expression of glucose transporter Glutl and glycolytic enzymes Hk2, Pkm2, Gapdh,
and Ldha by DCs were measured after differential activation for 4 h (left) and 18 h (right). (B,C)
Immunoblot for p-AKT (Ser473), p-AKT (Thr308), p-TBK (Ser172), p-S6K, p-S6, HIF-1a, and
B-actin following (B) differential activation for 4 h and 18 h, and (C) activation by LPS or HDM
over a time course from 1 h to 18 h. (D) Geometric MFI of iNOS in DCs activated by LPS or
HDM over a time course from 1 h to 18 h. Data shown in (A) are fold changes from 3
experiments, (B,C) 1 experiment representative of 3 experiments, and (D) 1 experiment
representative of 2 experiments (mean and s.e.m. (A) and s.d. (D) of triplicates). Data were
analyzed using -test, comparing each condition relative to the control. *** p<0.001, ** p<0.01,
* p<0.05
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Induction of glycolysis is required for DC motility and migration

Our results indicate that early glycolytic flux is necessary for an aspect of DC function beyond
sustaining a pro-inflammatory phenotype. Activated DCs, regardless of activation phenotype,
must migrate to the draining LN to stimulate immune responses. Therefore, we examined the
impact of glucose availability on DC migration. Using live imaging via confocal microscopy, we
determined the cell velocity and displacement (distance travelled) in the presence or absence of
glucose in culture medium. Under glucose limiting conditions, DCs exhibited dramatic
reductions in motility, characterized by both reduced velocity and shorter overall distance
travelled (Fig. 5A, Supplementary Movie 1). To ensure that reduced DC motility was not due to
reduced cell viability, we cultured DCs in glucose-free medium and measured their motility upon
the addition of glucose (10 mM). DCs immediately increased both velocity and displacement
upon addition of glucose, displaying motility equal to that of DCs initially cultured in the
presence of glucose (Fig. 5B,C, Supplementary Movie 2). Adding the glycolytic inhibitor 2-
deoxyglucose (2-DG) significantly decreased DC velocity and displacement (Fig. 5C),
implicating glycolysis in this process. Culturing DCs without glucose or with 2-DG also
impacted DC morphology, stimulating the cells to become more round with retraction of
dendrites (Fig. 5D, Supplementary Fig. 4). When glycolytic activity was reduced, either by
glucose withdrawal or culture with 2-DG, DCs displayed metabolic compensation to
mitochondrial OXPHOS (Fig. 5E), allowing DCs to maintain cellular ATP levels (Fig. 5F).
These data demonstrate that DCs are capable of metabolic plasticity (shifting between glycolysis
and OXPHOS) to maintain ATP production. However, increased OXPHOS is not sufficient to
restore DC motility, and thus glycolysis is essential for DC motility. These data suggest that

glycolysis is necessary for cytoskeletal changes that support cell shape and motility.
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Figure 5 — Glycolysis is required for DC motility and morphology.

Images of DCs were captured over time using confocal microscopy. (A) Mean cell velocity (left)
and cell displacement (right) of DCs in the presence or absence of 10 mM glucose after 4h. (B)

Mean cell velocity (left) and cell displacement (right) of DCs cultured in the absence of glucose
following the addition of media with or without 10 mM glucose. (C) Mean cell velocity (left)
and cell displacement (right) of DCs cultured in the presence of glucose after the addition of
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media with or without 10 mM 2-deoxyglucose (2-DG). (D) Roundness (4 x A/(r x d*); top left)
and aspect ratio (d/s; bottom left) of DCs cultured without glucose after the addition of media
with or without 10 mM glucose, and roundness (top right) and aspect ratio (bottom right) of DCs
cultured in the presence of glucose after the addition of media with or without 10 mM 2-DG. (E)
Coupled respiration as a percentage of total respiration of DCs cultured without glucose and
following the addition of glucose (left), and of DCs cultured in the presence of glucose and
following the addition of 2-DG (right). (F) Fold change of ATP levels in DCs cultured with or
without glucose relative to glucose condition. Data in (A) represent 164 to 210 cells. Data in (B-
D) represent 179 to 268 cells from 1 experiment representative of 2 experiments. Data in (E) are
3-5 experiments (depending on condition) (mean and s.e.m.). Data in (F) are fold changes of 3
experiments (mean and s.e.m.). Data were analyzed using unpaired #-tests. *** p<0.001, **
p<0.01, * p<0.05

In vivo, upregulation of CCR7, the receptor for the chemokines CCL21 and CCL19, in
response to activating stimuli is necessary for DC migration to the draining lymph node. We
found that in vitro, glucose was essential for DC migration toward CCL21 (Fig 6A). Glucose
limitation had little effect on overall CCR7 expression on either resting or activated DC
populations, however decreased CCR7 expression on CCR7" DCs was observed (Fig. 6B,
Supplementary Fig. 5). Oligomerization of CCR7 monomers enables efficient DC migration
moreso than expression levels, and is necessary to guide DCs to the draining lymph node (21).
By fluorescence resonance energy transfer (FRET), we determined that CCR7 oligomerization
on DCs was significantly impaired under conditions of reduced glucose availability, both in the
absence and presence of activating stimuli (Fig. 6C). Finally, we examined DC migration toward
CCL21 by splenic DCs, and found that, like BMDC:s, splenic DC migration toward CCL21 was
reduced upon glucose limitation or when glycolysis was blocked by 2-DG (Fig. 6D).

To determine the impact of glycolysis on DC migration in vivo, we first examined the
ability of differentially-activated DCs injected in the footpad to migrate to draining lymph nodes.
CFSE-labeled DCs were left unstimulated or stimulated with either LPS or HDM, and then

injected subcutaneously into the footpads of mice. The size of the draining LNs increased

62



following injection of DCs compared to the PBS-injected control mice, but activated DCs
migrated to a greater extent to the LN than unstimulated DCs (Fig. 6E). Notably, LPS and HDM
promoted DC migration to a similar extent (Fig. 6E, right), indicating that migratory ability was
not entirely dependent on a pro-inflammatory phenotype. HDM-activated DCs treated with 2-DG
prior to injection displayed reduced migration to the draining LN (Fig. 6F), establishing a
requirement for glycolysis for effective DC migration in vivo. We confirmed this decrease in
migratory ability after 2-DG treatment was not due to reduced uptake of HDM by the DCs
(Supplementary Fig. 6).

Finally, to examine the migration of endogenous DCs in vivo, we administered HDM
intranasally and monitored DC migration from the lung to the mediastinal LN (22). At the time
of stimulation, animals were treated with or without i.p. administration of 2-DG (23).
Administration of 2-DG during allergic inflammation induced by HDM did not significantly
impair the migration and accumulation of total immune cells (Fig. 6G). However, consistent with
our adoptive transfer experiment (Fig. 6F), 2-DG administration reduced the migration of
endogenous CD1 1¢"MHCII™ DCs to the lung in response to HDM (Fig. 6G). Together these data
indicate that induction of glycolysis in DCs in vivo is essential to support DC motility and CCR7
oligomerization necessary for DC migration, regardless of PRR stimulus and activation

phenotype.
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Figure 6 — Inhibition of glycolysis impairs CCR7 oligomerization and reduces DC

migration to the draining lymph node.

(A) DCs incubated with or without 10 mM glucose for 4h migrate towards CCL21 for 2h. (B)
Total CCR7 expression levels were measured and (C) CCR7 oligomerization was determined by
FRET of DCs left unstimulated or stimulated with LPS or HDM with or without 10 mM glucose
for 6h. (D) DCs isolated from the spleen were cultured with or without 10 mM glucose or 2-DG
for 6h, then migrate towards CCL21 for 2h. (E) CFSE-labeled DCs stimulated were injected
subcutaneously into the footpads of mice and the popliteal LNs were harvested after 45h. Total
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cell number (left) and CFSE" cells (right) from dLNs were determined. (F) CFSE-labeled DCs
were stimulated with HDM with or without 10 mM 2-DG prior to footpad injection and LN
harvest as in (E). (G) Cell numbers from mediastinal LNs of mice treated i.n. with 40 pg HDM
or saline, and i.p. with 2-DG or saline. Data in (A-C) are from 1 experiment representative of 3
experiments (mean and s.d. of triplicates). Data in (d,e) are from 2 experiments (mean and s.e.m.
of 6 mice (D), 4 mice for PBS control and 8 mice for other conditions (E)). Data shown in (F)
are from 1 experiment representative of 3 experiments (mean and s.e.m. of 2 mice (PBS), 3 mice
(unstimulated), or 4 to 5 mice (other conditions)). Data in (G) are from 2 experiments, with
closed and open circles representing mice from different experiments (mean and s.e.m. of 3 mice

for saline control and 14 mice for other conditions). Data were analyzed using one-way
ANOVA. #¥* p<0.001, ** p<0.01, * p<0.05

Discussion

Reprogramming of cellular metabolism following immune cell activation is integral to
support their activation and function. The majority of studies examining cellular metabolism in
DCs use TLR agonists that induce strongly pro-inflammatory activation states (7,14,15,24),
which collapses mitochondrial respiration and promotes aerobic glycolysis. By examining DCs
stimulated with differential TLR agonists, we demonstrate that the bioenergetic profile of DCs is
far more heterogeneous than previously reported. While strong pro-inflammatory activators, such
as LPS, Zym, and curdlan, collapse ATP-coupled mitochondrial respiration and promote a
prominent switch to glycolysis, DCs activated with TLR agonists that promote alternative DC
activation with low inflammatory potential retain mitochondrial respiration. Using "*C-glucose
tracing techniques, we demonstrate differential use of glucose-derived carbon in DCs stimulated
with differential DC agonists, indicating diverse metabolic pathways usage by DCs depending on
activation stimulus. The common metabolic link between highly- and weakly-inflammatory DCs
is the immediate induction of glycolysis. We demonstrate that glycolysis is required for DCs to

efficiently migrate in vitro, to retain their characteristic dendritic morphology, and to home to
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secondary lymphoid organs in vivo. Mechanistically, CCR7 oligomerization, which is essential
for efficient DC migration (21), was found to be highly dependent on glycolysis. Together our
data implicate the early upregulation of glycolysis as a key mechanism supporting DC migration,
in addition to supporting a pro-inflammatory phenotype of strongly activated DCs.

Previous work has established that inflammatory signals promote a metabolic shift to
glycolysis in DCs (7,14). Our data here indicate that induction of glycolysis is not limited to DCs
that acquire a highly pro-inflammatory phenotype. DCs treated with HDM, which induce Th2
differentiation (22), did not exhibit a detectable inflammatory phenotype, but strongly induced
the activation of TBK, AKT, mTORC1 and mTORC2, and showed an early increase in
glycolysis (Fig. 2, 4C) (14). In contrast to LPS stimulation, HDM-activated DCs maintained
OXPHOS and SRC similar to unstimulated DCs. SRC is linked to the total mitochondrial
capacity available to cells, and can be used under conditions of stress to produce energy and
maintain cell viability (25). The lack of SRC in LPS-stimulated DCs limits their adaptability
when glucose levels are limiting (15). Thus, while early glycolysis stimulated by all TLR
agonists supports DC migration, the greater SRC in alternatively activated DCs argues that they
can engage mitochondrial respiration for ATP production and are more metabolically flexible
than pro-inflammatory DCs. In fact, in many experiments, Zym- and curdlan-activated DCs
retained some coupled respiration while increasing glycolysis (Fig. 1C) suggesting that complete
loss of OXPHOS may be unique to inflammatory DCs stimulated with certain agonists such as
LPS. Of note, results obtained using ZymD were highly variable depending on the batch of
ZymD. When ZymD was weakly activating, DCs acquired inflammatory and metabolic

phenotypes similar to HDM-activated DCs; however more stimulatory batches of ZymD
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sometimes led to a stronger pro-inflammatory phenotype with metabolic characteristics more
similar to Zym-activated DCs.

Despite the fact that HDM induces no appreciable pro-inflammatory phenotype in DCs
(as measured by upregulation of MHC, costimulatory molecules, and cytokine production),
HDM stimulated the activation of TBK, AKT, and mTORC1/2. Whether these pathways regulate
cell shape and motility in DCs beyond their involvement in glycolysis will be the subject of
future study. Despite the activation of mMTORC1 in HDM-activated DCs, we did not observe
significant stabilization of HIF-1a or induction of iNOS. Interestingly, TBK phosphorylation
levels were maintained in HDM-stimulated cells even after AKT and mTORC1/2 activity had
subsided suggesting that TBK may have another role in HDM-activated DCs at later time points.

We confirm that long-term metabolic reprogramming is modulated in part by HIF-1a in
pro-inflammatory DCs (20,26). HIF-1a is stabilized under conditions of hypoxia and promotes
expression of glycolytic genes to allow cells to generate more energy by glycolysis in the
absence of oxygen. In several immune cell types, including DCs, HIF-1a can be stabilized by
LPS stimulation even under normoxic conditions, consequently promoting aerobic glycolysis
(27-29). Jantsch et al. demonstrated that HIF-1a regulates DC activation by LPS (24), and our
results here demonstrate that HIF-1a protein also accumulates when DCs are stimulated by other
strong activators like LPS, Zym and curdlan. These results are in line with a recent report
demonstrating that HIF-1a is responsible for sustained glycolytic reprogramming in DCs (20).
Weakly-activated DCs, such as those stimulated by HDM or ZymD, did not significantly
increase HIF-1a protein expression, in agreement with the lack of glycolytic reprogramming we

observed in these DCs.
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The induction of NOS triggered by TLR agonists and subsequent NO production is
known to inhibit mitochondrial respiration (15), and NO promotes HIF-1a stabilization under
normoxic conditions (20,30). We show here that the expression of iNOS and production of NO
induced by a variety of DC activators, including those that engage CLRs, is directly correlated
with the loss of coupled respiration. Pro-inflammatory DCs reduced coupled respiration in a
dose-dependent manner, while DCs stimulated by weak activators HDM and ZymD did not
appreciably increase iNOS or NO levels even at higher doses, thus maintaining coupled
respiration. Therefore, we hypothesize that NO simultaneously inhibits mitochondrial function
and stabilizes HIF-1a, reducing mitochondrial metabolism and promoting glycolysis,
respectively. The differential usage of these metabolic pathways in DCs was dependent on the
strength of activation, which was based on the nature and dose of the particular stimuli. Long-
term metabolic programming at the transcriptional level stimulated by strong agonists likely
depends on the presence of NO. DCs that do not express iNOS have been shown to similarly
alter their metabolic activity in the presence of exogenous NO, which can be derived from other
cells such as inflammatory macrophages (15,20), indicating that environmental factors beyond
TLR agonists can help shape DC metabolism.

Here we show that glycolysis is important for the elongated shape of DCs and their
ability to migrate. Migration is a crucial aspect of DC function; DCs that encounter foreign
antigen must migrate to the draining LN to alert the adaptive immune system regardless of the
strength or type of activation. One of our key observations is that mitochondrial bioenergetics is
not sufficient to support these cellular features, but rather early activation of glycolysis is
essential. Following activation, DCs upregulate CCR7, the receptor for CCL19 and CCL21,

which enables them to be guided to the lymph nodes by CCL21 produced by lymphatic
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endothelial cells. Recently, CCR7 oligomerization has been shown to be essential for efficient
DC migration by forming a signaling hub to optimize signal transduction (21). We found that
CCR7 oligomerization was specifically dependent on glucose availability in DCs. Accordingly,
blocking glycolysis was sufficient to disrupt optimal DC migration to the draining LN. However,
this defect in migration is not solely due to CCR7 oligomerization but also due to a defect in
motility. In vitro, we observed that DCs possess a rounded morphology in the absence of
glucose, while adopting a more dynamic and elongated phenotype when glucose is present,
implying strongly that glycolysis may play a crucial role in cytoskeletal remodeling.

In human prostate and breast cancer cell lines, cell migration is exploited to facilitate
metastasis, and increased glycolytic activity has been shown to be associated with greater
cytoskeletal rearrangements and therefore cell motility (31). Interestingly, the ATP generated
from OXPHOS was not sufficient to support cell shape and migration. A possible explanation for
this requirement for glucose-derived ATP is that local ATP is used for actin polymerization at
specific areas of the cytoskeleton such as for the formation of actin-rich structures lamellipodia,
filopodia, and podosomes. This compartmentalization of glycolytic activity allows for rapid ATP
production locally at the cytoskeleton rather than throughout the cell for the energetically-
demanding remodeling processes (32). Vessel branching via migrating endothelial cells has been
shown to be regulated by glycolysis, with glycolytic activator PFKFB3 playing a major role (33).
PFKFB3 was found to be enriched in lamellipodia, promoting local glycolytic activity to
generate ATP at these actin-rich structures (33). In addition to bioenergetic requirements, another
mechanism for glycolytic control of cytoskeletal remodeling involves the association of the
glycolytic enzyme aldolase to the cytoskeleton. A recent study describes the regulation of

glycolysis by phosphoinositide 3-kinase (PI3K), which activates the GTPase RAC to mobilize

69



the cytoskeleton, and consequently releasing the actin-bound aldolase (34). Our data show that
without glycolysis, there is little motility of the cytoskeleton, suggesting a feed-forward loop
may exist where glycolytic activity is needed for cytoskeletal reorganization necessary to release
aldolase to further increase glycolysis. Additional work will be necessary to reveal how
glycolysis can support the cytostructure and motility of DCs.

Inhibiting glucose availability may also alter signaling pathways in DCs that affect their
migratory responses. AMPK, a cellular energy sensor that is activated in response to increased
AMP:ATP or ADP:ATP ratios, can antagonize mTORCI1 activity (35). mTORCI1 inhibition can
affect cytoskeletal dynamics by preventing the protein expression of small GTPases (36).
mTORC?2 also regulates cytoskeletal reorganization via protein kinase CC activity (37).
Therefore, altered AMPK and/or mTOR activity could contribute to the observed defects in cell
shape, motility and migration following glucose deprivation or 2-DG treatment. Additionally,
since in vivo administration of 2-DG can affect multiple cell types, it is possible that defects in
other cells are contributing to the migratory defect observed in these experiments.

Defined metabolic pathways are increasingly being shown to direct specific cellular
functions. Previously, induction of glycolysis was thought to primarily support the bioenergetic
and catabolic demands of a highly pro-inflammatory phenotype (14). We demonstrate that
regardless of activation phenotype, DCs increase glycolysis upon activation, and that glycolysis,
and not mitochondrial bioenergetics, is essential to maintain DC cell shape, promote
oligomerization of the chemokine receptor CCR7, and enable DC migration. Our data suggest
that nutrient competition in chronic inflammatory and in particular, tumour microenvironments,
in addition to inhibiting DC activation, may also interfere with DC migratory capacity, limiting

their ability to migrate to draining lymph nodes to orchestrate adaptive immune responses.
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Experimental procedures

Mice

Female wild-type C57BL/6 mice or BALB/C were purchased from Charles Rivers Laboratories
at 6-8 weeks of age (Montreal, QC Canada). Animals were maintained in a specific pathogen-
free environment. All experiments were conducted following the guidelines of the Canadian
Council of Animal Care, as approved by the McGill University Animal Care Committee.

Animals were randomly assigned to the different treatment groups. Investigators were not

blinded.

In vitro bone marrow-derived DC generation and stimulation

Bone marrow extracted from C57BL/6 mice was cultured in the presence of 20 ng/mL GM-CSF
(PeproTech) in “complete DC medium” (CDCM) containing RPMI-1640 (Corning) medium
with 10% fetal calf serum (FCS) (Hyclone), 2 mM L-glutamine (Wisent), 100 U/mL penicillin-
streptomycin (Wisent), and 0.01% B-mercaptoethanol (Gibco). After 8 to 10 days, DCs were
collected, seeded at 2 million cells/mL, and stimulated where indicated with lipopolysaccharide
(LPS; O111:B4 Sigma-Aldrich), house dust mite (HDM; low endotoxin from Greer
Laboratories), curdlan (InvivoGen), zymosan (InvivoGen), or zymosan-depleted (38)
(InvivoGen). HDM was labeled with Alexa Fluor 647 in indicated experiments with the Alexa
Fluor 647 Protein Labeling Kit (Invitrogen). Glucose-withdrawal experiments used glucose-free
RPMI-1640 (Wisent) supplemented with 10% dialyzed FCS (Wisent), 2 mM L-glutamine, 100

U/mL penicillin-streptomycin, and 0.01% B-mercaptoethanol.
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Splenic DC isolation

Flt3L-expressing B16 cells were subcutaneously injected into C57BL/6 mice (3.5 x 10°
cells/mouse) in order to expand the DC population (39). After approximately 2 weeks, the tumor-
bearing mice were sacrificed and the spleens were harvested for DCs. Spleens were digested
with 1 mg/mL collagenase and 10 pg/mL DNase I (Roche), and red blood cells lysed with ACK
lysis buffer. Splenic DCs were purified using the Pan DC Isolation Kit (Miltenyi), according to

the manufacturer’s protocol.

Seahorse assay

An XF-96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to analyze real-time
changes of the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR). DCs
were seeded in XF-96 cell culture plates at 7.5 x 10* cells/well in CDCM with or without stimuli.
After incubation for the indicated time points, the media was removed and replaced with warmed
unbuffered “Seahorse medium” (XF Assay Base Medium with 10 mM glucose, unless specified
glucose-free, 10% FCS, and 2 mM L-glutamine) at pH 7.4. Where indicated, the DCs were
treated with 1 uM oligomycin, 1.5 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP), and
100 nM rotenone with 1 pM antimycin A (all Sigma-Aldrich). For analyzing real-time changes
in ECAR and OCR immediately upon activation, DCs were plated in XF-96 cell culture plates at
7.5 x 10" cells/well in “Seahorse medium”, and the stimuli were injected into the wells by the XF

analyzer.
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Metabolite analysis

Nova Bioanalyzer

Supernatant was collected from BMDCs stimulated for 18h, and spun down to remove any cells
and debris. Supernatants were then run on the Nova Bioanalyzer to measure the levels of various

metabolites, including lactate and glucose.

GC-MS analysis of °C metabolites

Gas chromatography-mass spectrometry (GC-MS) metabolite analysis was conducted as
previously described (40). Briefly, 5 x 10° BMDCs were cultured with indicated activators in
CDCM for 2h. Following activation, the medium was changed to glucose-free RPMI (with 10%
dialyzed FCS, Wisent) containing 11 mM U-["*C]-glucose (Cambridge Isotope Laboratories) for
2h. Metabolites were extracted from cells using dry ice-cold 80% methanol, followed by
sonication and removal of cellular debris by centrifugation at 4°C. Metabolite extracts were
dried, derivatized as tert-butyldimethylsilyl (TBDMS) esters, and analyzed via GC-MS as
previously described (41). Uniformly deuterated myristic acid (750 ng/sample) was added as an
internal standard following cellular metabolites extraction, and metabolite abundance was
expressed relative to the internal standard and normalized to cell number. Mass isotopomer

distribution was determined using a custom algorithm developed at McGill University (42).

LC-MS analysis of nucleotides
Nucleotide levels were determined by liquid chromatography-mass spectrometry (LC-MS), as
previously described (18). BMDCs were cultured with or without glucose for 4h, and then

washed with cold 150 mM ammonium formate solution pH of 7.4 and extracted with 600 uL. of
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31.6% MeOH/36.3% ACN in H,O (v/v). Cells were lysed and homogenized by bead-beating for
2 minutes at 30Hz using a 5 mm metal bead (TissueLyser II — Qiagen). Cellular extracts were
partitioned into aqueous and organic layers following dimethyl chloride treatment and
centrifugation. Aqueous supernatants were dried by vacuum centrifugation with sample
temperature maintained at -4°C (Labconco, Kansas City MO, USA). Pellets were subsequently
resuspended in 25 pl of H,O as the injection buffer. For semi-quantitative targeted metabolite
analysis of mono-, di-, and tri-phosphate nucleoside, samples were injected onto an Agilent 6430
Triple Quadrupole (Agilent Technologies, Santa Clara, CA, USA). Chromatography was
achieved using a 1290 Infinity ultra-performance LC system (Agilent Technologies, Santa Clara,
CA, USA) consisting of vacuum degasser, autosampler and a binary pump. Separation was
performed on a Scherzo SM-C18 column 3 pm, 3.0x150mm (Imtakt Corp, JAPAN) maintained
at 10°C. The chromatographic gradient started at 100% mobile phase A (5 mM ammonium
acetate in water) with a 5 min. gradient to 100% B (200 mM ammonium acetate in 20% ACN /
80% water) at a flow rate of 0.4 ml/min. This was followed by a 5 min hold time at 100% mobile
phase B and a subsequent re-equilibration time (6 min) before next injection. A sample volume
of 5 uL of sample was injected for analysis. Sample temperature was maintained at 4°C before
injection.

The mass spectrometer was equipped with an electrospray ionization (ESI) source and samples
were analyzed in positive mode. Multiple reaction monitoring (MRM) transitions were optimized
on standards for each metabolite quantitated. Transitions for quantifier and qualifier ions are
described in the table below. Gas temperature and flow were set at 350°C and 10 1/min
respectively, nebulizer pressure was set at 40 psi and capillary voltage was set at 3500V. Relative

concentrations were determined by integrating area under the curve for the quantifying MRM
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transition and compared to external calibration curves. Data were analyzed using MassHunter

Quant (Agilent Technologies, Santa Clara, CA, USA).

Compound Precursor ion | Quantifier ion | Qualifier ion
(m/z) (m/z) (m/z)
ATP 508.0 136.0 410.1
ADP 428.0 136.0 348.1
AMP 348.0 136.1 118.9
CTP 484.0 112.1 97.1
CDP 404.0 112.0 69.0
CMP 324.0 112.1 69.1
TTP 483.0 81.1 53.0
TDP 403.0 81.1 207.0
TMP 323.0 207.1 126.9
GTP 524.0 152.0 134.9
GDP 444.0 152.0 97.0
GMP 364.0 152.1 97.0
ITP 509.0 137.0 97.1
IDP 429.0 137.0 97.0
IMP 349.0 137.0 110.0
UTP 485.0 97.1 113.0
UDP 405.0 97.0 69.2
UMP 325.0 97.0 113.0

All LC/MS grade solvents and salts were purchased from Fisher (Ottawa, Ontario Canada):
dichloromethane (DCM), water (H,0), acetonitrile (ACN), methanol (MeOH) and ammonium
acetate. The authentic metabolite standards were purchased from Sigma-Aldrich Co. (Oakville,

Ontario, Canada).

Enzyme-linked immunosorbent assay
The cytokines IL-6, IL-12p40, TNFa, and IL-10 were measured in the supernatant of activated

cells as described in the Ready-Set-Go!® ELISA protocol from eBioscience.
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Flow cytometry

Antibodies used for flow cytometry analysis of surface marker expression on BMDCs are the
following: anti-CD11c (N418), anti-CD40 (1C10), anti-CD80 (16-10A1), anti-CD86 (GL1), and
anti-I-A/I-E (M5/114.15.2) (all eBioscience). Antibodies used for flow cytometry analysis of
cells from mediastinal LNs are the following: anti-CD19 (eBio1D3), anti-F4/80 (BMS)
(eBioscience), anti-CD3¢ (145-2C11), anti-CD45 (30-F11), anti-CD11c (N418), and anti-I-A/I-E
(M5/114.15.2) (BioLegend). For staining of intracellular protein iNOS (C-11) (Santa Cruz
Biotechnology), samples were first fixed with IC Fixation Buffer (eBioscience) and stained in
Permeabilization Buffer (eBioscience). Samples were acquired on the BD LSR Fortessa and data

analyzed using FlowJo software.

Live imaging

DCs were seeded at 3 x 10 cells per well in complete DC medium with or without 10 mM
glucose in an 8-chamber cover glass plate (Lab-Tek). Cells were allowed to settle at 37°C for 4h,
and then imaged using a ZEISS LSM700 confocal microscope and a 20X 0.8NA objective lens.
Cells were imaged every 3 minutes for 2h in a humidified chamber with 5% CO, and heated to
37°C. Either 10 mM glucose of 10 mM 2-DG was added as a bolus where indicated, and imaged
for another 3h. ZEN black was used to obtain images from ZEISS LSM700 confocal microscope
and movies were analyzed using ZEN blue and ImagelJ/Fiji software (National Institute of
Health). Shape descriptors were calculated using the Analyze Particles tool in ImagelJ/Fiji and in-
house custom macros. Aspect ratio was calculated as the ratio of the major axis (d) to the minor
axis (s) (AR = d/s) and values are equal to or greater than 1. Roundness was calculated by the

equation R = 4A/(nd”), where A is area, and has values between 0 (oblong) and 1 (perfect circle).
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Immunoblot

Protein lysates were prepared in 1% CHAPS lysis buffer with protease inhibitor and phosphatase
inhibitor, then quantified by BCA assay (Pierce). Samples were run on 10% gels by SDS-PAGE,
and proteins were transferred by electrophoretic wet transfer to PVDF membranes. Membranes
were blot for p-TBK Ser172 (D52C2), p-AKT Ser473 (D9E) and Thr308 (D25E6), total AKT
(C67ET), p-S6K Thr389, p-S6 Ser240/244, B-actin (all Cell Signaling), and HIF-1a (Cayman
Chemicals), all diluted to 1:1000 except for HIF-1a (1:500). Incubation with primary antibody
overnight was followed by incubation with horseradish peroxidase—linked antibody to rabbit IgG
for 45 minutes. Enhanced chemiluminescence (Perkin Elmer or Amersham) was used to develop

the blots. Scans of the original blots are in Supplementary Fig. 7.

Quantitative RT-PCR

RNA was purified from cells using TRIzol (Invitrogen) and cDNA was synthesized with a
reverse transcription kit (Applied Biosystems) to perform a SYBR-based real-time PCR (Applied
Biosystems) with primers from Integrated DNA Technologies. Data was generated using the

AACq method. Relative gene expression was normalized to that of HPRT.
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Primers

Gene Sequence
Forward: CTG GAC CTC AAA CTT CAT TGT GGG
Glut! Reverse: GGG TGT CTT GTC ACT TTG GCT GG
Forward: CCG TGG TGG ACA AGA TAA GAG AGA ACC
e Reverse: GGA CAC GTC ACA TTT CGG AGC CAG
Forward: GGT ATC GCA GCA GGA ACC GAA GTAC
Phms Reverse: GCT GGG TCT GAA TGA AGG CAG TC
Forward: GTC GGT GTG AAC GGA TTIT G
Gapdh Reverse: TAG ACT CCA CGA CAT ACT CAG CA
Forward: TGT CTC CAG CAA AGA CTACTGT
Lha Reverse: GAC TGT ACT TGA CAA TGT TGG GA

Transwell assay

DCs incubated for 4 to 6h in specified conditions were seeded in the inserts of 24-well Transwell
plates (5 pm polycarbonate membrane; Costar) at 4 x10° cells per insert. CCL21 (250 ng/mL) in
media with or without glucose was added to the bottom chambers. Cells were allowed to migrate
for 2h at 37°C. Cells that migrated into the bottom chambers and cells remaining in the insert
were collected and counted on the BD LSR Fortessa using counting beads (123count eBeads,

eBioscience). Results are expressed as the percentage of cells that migrated of total cells.

In vivo migration experiments
Footpad injection
BMDCs were stained with carboxyfluorescein succinimidyl ester (CFSE) and stimulated for 6h

with the indicated activators. After 6h, cells were collected and resuspend in PBS at 20 x 10°
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cells/mL. 5 x 10° (25 pL) cells were injected subcutaneously into each rear footpad of C57BL/6
mice. After 45h, the draining popliteal lymph nodes were isolated (popliteal lymph nodes from
each mouse were pooled) and digested with DNase I (10 pg/mL) and collagenase D (1 mg/mL).
CFSE" cells in the dLNs were detected by flow cytometry and cells were counted using

123count eBeads (eBioscience).

HDM-induced allergic asthma model

To investigate effects of 2-DG on DC activation and migration, female Balb/c (7 to 8 weeks)
were briefly anaesthetized with isoflurane and treated intranasally with 40 pg of low endotoxin
HDM (LE-HDM; Greer) in a volume of 30 pL.. Mice were injected intraperitoneally with 500
mg/kg body weight 2-DG or control saline in a volume of 200 uL, daily, starting one day prior to
LE-HDM delivery. Mice were sacrificed 72h after application of LE-HDM, and mediastinal LNs
were collected for flow cytometry analysis. CD11¢"MHCII™ cells were gated on viable CD45"

cells from which cells expressing CD19, CD3g, and F4/80 were excluded.

Fluorescence resonance energy transfer (FRET)

CCR7 oligomerization was determined by FRET. BMDCs were stimulated in the presence or
absence of glucose (10 mM) or 2-DG (10 mM) for 6h. Cells were stained for 45 minutes with
PE-labeled CCR7 and APC-labeled CCR7 (clone 4B12; eBioscience) at a 1:200 dilution in the
presence of Fc block at 37°C. Samples were washed and acquired on the BD LSR Fortessa
without compensation. FRET was calculated as previously described (43), using the following

formula:
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FRET unit = (E3poth — E3none) — ([E3apc — E3nonel X[E2potn/E2apc]) — ([E3pE
— E3nonel X[Elpotn/E1pg])
where E1 is the fluorescence detected at 580 nm upon excitation at 561 nm, E2 is the
fluorescence detected at 670 nm upon excitation at 640 nm, and E3 is the fluorescence detected

at 670 nm upon excitation at 561 nm. The positive population percentage was used for E stained

with neither PE nor APC (Eyone), PE only (Epg), APC only (Eapc), or both PE and APC (Epot)-

Statistical analysis

Data were analyzed using GraphPad Prism software (version 6). An unpaired student’s t-test was
performed to determine statistical significance between two samples and significance was
considered to be when p values were less than 0.05. Stars without lines indicate significance
when compared to control. A one-way ANOVA was performed to determine statistical

significance between multiple groups.

Data availability

The authors declare that the data supporting the findings of this study are available within the

paper and its Supplementary Information files.
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Supplementary figures
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Figure S1 — Surface marker expression and cytokine production by differentially-activated
DCs.

(A) Expression of surface markers CD86, CD40, and MHC II and (B) production of cytokines
IL-12p40, TNF-a, IL-6, and IL-10, were determined after stimulation with increasing doses of

activators for 18h. Data in (A,B) are 1 experiment representative of at least 3 experiments (mean
and s.d. of duplicates).
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Figure S2 — Rapid oxygen consumption induced by Zym and ZymbD is primarily non-
mitochondrial.

DCs were untreated or stimulated with Zym and ZymD, followed by treatment with oligomycin,
FCCP, and antimycin/rotenone. The antimycin and rotenone inhibit mitochondrial respiration,
and the remaining oxygen consumption is non-mitochondrial. Data shown are 1 experiment
representative of 3 experiments (mean and s.e.m. of 6 replicates).
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Figure S3 — Early glycolytic flux by LPS and HDM is prevented by AKT inhibition.

ECAR of DCs treated with or without AKT inhibitor triciribine for 1h and stimulated with LPS
(top) or HDM (bottom) for 1h. Data are of 1 experiment representative of 2 independent

experiments (mean and s.e.m. of 6 replicates).
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0 mM glucose + 10 mM glucose

10 mM glucose +10mM 2-DG

Figure S4 — Inhibition of glycolysis results in rounded cell morphology.

Representative images from the live imaging experiment analyzed in Fig. 5. DCs cultured in the
absence of glucose (top), and in the presence of glucose (bottom). Glucose and 2-DG were added
to the top and bottom conditions, respectfully, and cell shape was examined.
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Figure S5 — CCR?7 expression on DCs.

Geometric MFI of CCR7 in the CD11¢'Gr-1" (left) and CD11¢"Gr-1"CCR7" (right) populations
of DCs left unstimulated or activated 6h with LPS or HDM in the presence or absence of
glucose. Data are of 1 experiment representative of 3 independent experiments (mean and s.d. of
triplicates).
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Figure S6 — Inhibition of glycolysis does not affect phagocytosis of HDM by DCs.

HDM labeled with Alexa Fluor 647 (AF647) dye was added to DCs cultured in the presence or
absence of glucose or 2-DG for 4h. Data shown are of 1 experiment representative of 2
experiments.
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CHAPTER 3 — The role of PGC-1p in oxidative metabolism and immune function

of dendritic cells

Abstract

Dendritic cells (DCs) are innate immune cells with a crucial role of initiating adaptive
immunity. Cellular metabolism has been shown to be an important regulator of dendritic cell
function; however, mitochondrial metabolism in DCs is not well-studied. We found that the gene
expression of PGC-1p, a transcriptional co-activator and major regulator of mitochondrial
metabolism, changes dynamically when DCs are activated with lipopolysaccharide (LPS). We
then examined the role of PGC-1p in the metabolic state of DCs, and found that PGC-1J3
deficiency in DCs shifts their bioenergetic profile to be more glycolytic and less oxidative.
Accordingly, PGC-1p deficiency affects the metabolic status of IFN-f-treated DCs, which
maintain their oxidative metabolism, while that of LPS-activated DCs is not significantly
changed. PGC-1f-deficient DCs also have unchanged total mitochondrial mass and components
of the electron transport chain, increased autophagic flux, and impaired fatty acid oxidation, as
evaluated by reduced expression of enzymes of this pathway and reduced capacity for palmitate
oxidation. In addition, the immune function of DCs is altered by PGC-1f deficiency, increasing
their capacity to induce T cell expansion and Th2 differentiation. Collectively, these results

demonstrate PGC-1f regulates metabolic programming and immune function of DCs.
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Introduction

Dendritic cells (DCs) are innate immune cells that act as a bridge between innate and
adaptive immunity. DCs are found in most tissues throughout the body, constantly patrolling and
sampling their microenvironment. When DCs encounter foreign material, such as pathogens,
they migrate to the draining lymph node and activate T cells in a context-specific manner.

Numerous studies in recent years have established cellular metabolism as an essential
regulator of immune cell function and activation, including that of DCs (1-3). Two of the main
energy-generating pathways are glycolysis and oxidative phosphorylation. In glycolysis, glucose
is broken down into pyruvate, which can become lactate or be shuttled into the mitochondria and
enter the tricarboxylic (TCA) cycle. The TCA cycle produces reducing agents that fuel the
electron transport chain (ETC) with oxygen as the final electron acceptor, thus consuming
oxygen in the process of oxidative phosphorylation. Both glycolysis and the TCA cycle generate
metabolic intermediates that intersect numerous other metabolic pathways. Fatty acids are
another important source of energy and metabolic intermediates. Fatty acid oxidation (FAO) also
occurs in the mitochondria, with fatty acids being processed into acetyl-coA prior to joining the
TCA cycle.

At steady state, DCs engage both glycolysis and oxidative metabolism. Upon Toll-like
receptor (TLR) stimulation, DCs are known to rapidly upregulate their glycolytic activity, which
is required for optimal DC activation (4). At late-stage activation, glycolysis maintains survival
of TLR-activated DCs (1). Conversely, an increase in FAO drives the generation of tolerogenic
DCs (5,6). While the role of glycolysis in regulating DC function has been well studied (1,4,7),

the role of mitochondrial metabolism in DCs requires more extensive investigation.
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The peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1) group of
transcriptional co-activators are major regulators of mitochondrial metabolism. This group
comprises PGC-1a and PGC-1f, which are close homologs, and a less closely related member
PGC-related coactivator (PRC) (8). PGC-1 proteins interact with and promote the activity of
several transcription factors—including but not limited to PPARa/p/6/y, NRF1/2, ERRa/p//y,
and SREBP1a/lc/2—that regulate mitochondrial metabolism, lipid metabolism, and other
aspects of cellular metabolism (reviewed in (8)). PGC-1a and PGC-1p regulate the expression of
overlapping sets of genes but can have distinct functions in different tissues. For example, in the
liver, PGC-1a enhances the expression of genes for gluconeogenesis in response to fasting, while
PGC-1p has a key role in lipogenesis and lipoprotein secretion in response to dietary fats (9,10).
In addition, PGC-1p promotes cellular respiration that is more highly coupled to energy
production in myoblasts compared to PGC-1a (11).

Existing studies on PGC-1 proteins in the context of immunity have largely been focused
on PGC-1a, with a relatively small number on PGC-18. For example, PGC-1a has been
described to be important for promoting anti-tumor immunity by enforcing mitochondrial
biosynthesis and metabolic fitness in T cells (12,13) In DCs, PGC-1a drives the differentiation of
human monocyte-derived DCs (14). In macrophages, PGC-1f3 promotes oxidative metabolism to
drive alternative activation in response to IL-4 (15). These examples illustrate that PGC-1
proteins can modulate immune cell function through metabolic reprogramming. The role of
PGC-1p in DCs, however, has not yet been described. We hypothesized that due to the
importance of PGC-1 transcriptional co-activators in regulating mitochondrial metabolism, PGC-

1B would also be required for optimal mitochondrial metabolism in DCs.
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Our study demonstrates the importance of PGC-1f in maintaining oxidative metabolism
in DCs. From our characterization of the metabolic and transcriptional changes that occur in DCs
treated with LPS or IFN-f, we found that PGC-1f gene expression dramatically decreases with
LPS stimulation in DCs, but levels are maintained in IFN-B-treated cells. PGC-1p deficiency
impairs oxidative metabolism and shifts the bioenergetic balance towards glycolysis. The blunted
mitochondrial metabolism in PGC-1-deficient DCs is not due to reduced mitochondrial mass or
ETC components, but rather in part due to diminished FAO. PGC-1B-deficient DCs also exhibit
elevated autophagic activity. Functionally, this PGC-1f deficiency in DCs results in enhanced
CD4" T cells expansion and IL-4 production. In all, PGC-1p-mediated programming of

metabolism in DCs controls their immune functions.

Results

Metabolic profiling of differentially-activated DCs

Lipopolysaccharide (LPS), a bacterial component, is well-established to induce
glycolysis in DCs (1,4). In bone marrow-derived DCs, LPS stimulates nitric oxide production,
which gradually inhibits oxidative phosphorylation and cause the DCs become reliant on
glycolysis (19). Although the metabolic effect of the antiviral mediator interferon-f3 (IFN-B) is
not as well-studied as that of LPS, in plasmacytoid DCs, IFN-f has been shown to promote FAO
(20). To compare the metabolic profiles of LPS-activated and IFN-B-treated DCs, we measured
the oxygen consumption rate (OCR) of these cells using the Seahorse bioanalyzer, with
sequential treatments with mitochondrial inhibitors determining parameters of mitochondrial

function (Fig. 1A). Using this assay, we confirmed that LPS- and IFN-B-treated DCs have
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contrasting bioenergetic profiles (Fig. 1A), with LPS-activated cells being non-responsive to
mitochondrial inhibitors as previously established (19) and IFN-B-treated DCs having greater
maximal respiration than unstimulated DCs.

Ppargclb, which encodes the protein PGC-1p, is substantially downregulated upon LPS
stimulation and mostly maintained with IFN-f treatment (Fig. 1B). This effect is independent of
nitric oxide, as LPS-stimulated DCs lacking nitric oxide synthase 2 (NOS2 or iNOS) similarly

downregulated Ppargclb (Fig. S1).
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Figure 1 — Metabolic profiling of differentially-activated DCs

DCs were stimulated with LPS (100 ng/mL) or IFN- (1000 U/mL) for 18 hours and (A) OCR
was measured by Seahorse bioanalyzer over time with sequential treatments with oligomycin
(oligo), FCCP, and antimycin and rotenone (anti/rot). (B) Gene expression of Ppargcib relative
to Hprt. Data are of one experiment representative of at least three experiments (mean and (A)
s.d. of five replicates, (B) s.e.m. of triplicates).

PGC-1p-deficient DCs have impaired oxidative metabolism and increased glycolysis

To determine how PGC-1p affects the bioenergetic metabolism of DCs, we examined
bone marrow-derived DCs that were deficient in PGC-1p either by retroviral transduction with

shRNA targeting Ppargclb (shPpargclb; Fig. S2A) or by differentiating bone marrow from
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transgenic mice expressing loxP-flanked Ppargclb and Cre under the CD11c promoter.
Ppargcla expression is barely detectable and does not noticeably increase to compensate for the
lack of Ppargcib (data not shown). We determined that DCs transduced with shPpargcb have
reduced basal OCR and spare respiratory capacity (SRC; difference between maximal OCR and
basal OCR) (Fig. 2A, S2B). In contrast, the basal ECAR of PGC-1B-deficient DCs is higher, and
it is further elevated with FCCP treatment while failing to substantially raise OCR (Fig. 2B),
suggesting that the PGC-1B-deficient DCs at basal metabolism are already operating at close to
maximal oxidative capacity. To determine whether this higher ECAR is due to increased
glycolytic activity, we used sequential addition of glucose, oligomycin, and 2-deoxyglucose by
the Seahorse bioanalyzer to measure glycolytic function (Fig. 2C, S2C). Glycolysis (difference
between ECAR in the presence of glucose and non-glycolytic ECAR) and glycolytic capacity
(maximal ECAR after oligomycin treatment) are indeed higher in PGC-1B-deficient DCs (Fig.
2C, S2C). Further, gene expression of glucose transporter 1 (Slc2al) is upregulated in PGC-1§-
deficient DCs compared to control DCs under conditions of glucose withdrawal (Fig. 2D),
suggesting increased dependence by the cells on glycolytic metabolism.

ATP production rates attributed to oxidative phosphorylation and glycolysis were
calculated using Seahorse assay measurements and demonstrate that the ATP production rate due
to oxidative phosphorylation is reduced in PGC-1B-deficient cells both basally and at maximal
oxidative capacity (Fig. 2E, left). Conversely, the ATP production rate by glycolysis is greater in
PGC-1pB-deficient cells at basal metabolic rates and not significantly changed at maximal
oxidative capacity (Fig. 2E, right). Individual experiments display a consistent trend of higher
total ATP production in PGC-1f-deficient DCs at basal respiration, but lower at maximal

oxidative capacity, suggesting that these cells have impaired capacity to generate energy (Fig.
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2F). This difference is further highlighted by the reduced fold change of ATP production rates
from basal metabolism to maximal oxidative capacity in PGC-1B-deficient DCs (Fig. 2F, right).
Compared to DCs transduced with shPpargclb, DCs derived from bone marrow of Ppargelb™
CD11¢ mice reveal a similar metabolic profile but with smaller differences, exhibiting
significantly reduced SRC, elevated glycolysis and glycolytic capacity, and consistently but
insignificantly reduced Jarpox at maximal oxidative capacity, and unchanged basal metabolic
activity (Fig. S2B-E). Together, these results demonstrate that PGC-1f deficiency diminishes

oxidative metabolism while augmenting glycolytic metabolism.
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Figure 2 — PGC-1p-deficient DCs have impaired oxidative metabolism and increased

glycolysis

DCs were transduced with control shRNA or Ppargclb shRNA and (A) OCR was measured by
Seahorse bioanalyzer over time with sequential treatments with oligomycin (oligo), FCCP, and
antimycin and rotenone (anti/rot). Basal oxygen consumption rate (OCR) and spare respiratory
capacity (SRC) are determined from these measurements (right). (B) Basal and maximal (with
FCCP) levels of OCR and ECAR from experiment in (A). (C) ECAR was measured over time
with sequential treatments with glucose, oligomycin, and 2-deoxyglucose (2-DG). From this
graph (left), glycolysis (difference between ECAR after glucose addition and non-glycolytic
ECAR before glucose addition) and glycolytic capacity (maximal ECAR after oligomycin
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treatment) were determined. (D) Gene expression of GLUT1 gene Slc2al relative to Hprt levels
in DCs cultured in 10, 1, or 0 mM glucose for 6 hours. (E) ATP production rates by oxidative
metabolism (Jatpox) and glycolysis (Jarpglyc) calculated from Seahorse assay measurements
(see Methods) at basal (left) and maximal (right) respiratory rates. (F) Total ATP production
rates (Jarptotal) at basal metabolism and maximal oxidative capacity determined by adding
Jatpox and Jappglyc from (E), and fold change of these measurements from basal metabolism to
maximal oxidative capacity represented in the rightmost graph. Data in (A-D) are one
experiment representative of (A-B) five experiments and (C) three experiments (mean and s.d. of
five to six replicates per condition). Data in (D) are of one experiment representative of two
experiments (mean and s.e.m. of triplicates). Data in (E) are five experiments pooled together,
with each individual experiment represented by a circle. Statistical significance was determined
by (A,C) unpaired t-test, (D) two-way ANOVA, or (E,F) paired ¢-test. * p <0.05, ** p <0.01,
% p <0.001, **** p <0.0001

Effect of PGC-1p on metabolic phenotype of differentially-activated DCs

We next investigated how PGC-1p deficiency affects the metabolic phenotypes of
differentially-activated DCs. Since stimulation by LPS results in rapid downregulation of
Ppargclb expression (Fig. 1F), we hypothesized PGC-1J deficiency would not have a
considerable effect on the metabolism of LPS-activated DCs. IFN-B-treated DCs, in contrast,
maintain PGC-1J expression, and therefore were predicted to be affected by PGC-1f deficiency.
As expected, ATP production rates by LPS-activated DCs were not significantly affected by
PGC-1p deficiency (Fig. 3A). ATP production rates by oxidative metabolism in IFN-B-treated
DCs lacking PGC-1p, however, were impaired at both basal metabolism and maximal respiration
(Fig. 3B). Basal ATP production rates by glycolysis were higher in PGC-1B-deficient DCs
treated with IFN-f (Fig. 3B). These data confirm that PGC-1p is required for optimal

bioenergetic output in differentially-activated DCs that use oxidative metabolism.
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Figure 3 — Effect of PGC-1p on metabolic phenotype of differentially-activated DCs

DCs that were stimulated with (A) LPS (100 ng/mL) or (B) IFN-B (1000 U/mL) and ATP
production rates by oxidative metabolism (Jatpox) and glycolysis (Jatpglyc) were calculated
from Seahorse assay measurements at basal metabolism and maximal oxidative capacity.
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Colored circles are control DCs and open circles are DCs transduced with Ppargclb shRNA, and

both were stimulated with (A) LPS or (B) IFN-f. Data in (A-B) are of (A) three or (B) five

experiments pooled together, with each individual experiment represented by a circle. Statistical

significance was determined by paired #-test. * p < 0.05, ** p < 0.01
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PGC-1B-deficient DCs exhibit reduced FAO but unchanged total mitochondrial mass

Since PGC-1 co-activators are known to be important for mitochondrial biogenesis in
many tissues (21), we examined whether the impaired OCR by PGC-1p-deficient DCs was due
to reduced mitochondrial content. By flow cytometry, we determined that the mean fluorescence
intensity (MFT) of a dye to measure mitochondrial mass is not reduced in PGC-1f-deficient DCs
(Fig. 4A). The levels of voltage-dependent anion channel (VDAC), typically used as a loading
control for mitochondrial content, also remained unchanged (Fig. 4B). Since total mitochondrial
content is not affected by PGC-18 loss, we next explored whether any changes in the levels of
ETC components could account for the diminished OCR. However, ETC component levels were
also unchanged (Fig. 4B). Processing of different substrates, including fatty acids, can contribute
to the OCR. Since PGC-1f is known to target transcription factors that regulate lipid metabolism
(10,22), we examined whether components involved in FAO were affected by PGC-1f3
deficiency. We determined that gene expression of Hadha and Cptla, which encode enzymes
involved in key steps of FAO, were reduced in PGC-1p-deficient DCs (Fig. 4C). CPT-1a protein
expression was similarly diminished (Fig. 4D, Fig. S3). In addition, control DCs more readily
utilize fatty acids as fuel after nutrient starvation compared to PGC-1B-deficient DCs, as
determined by OCR when the cells are in the presence of BSA-conjugated palmitate (Fig. 4E).
Together, these data suggest that the reduced oxidative metabolism by PGC-1B-deficient DCs is

likely in part due to impaired FAO, and not due to diminished mitochondrial biosynthesis.
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Figure 4 — PGC-1pB-deficient DCs exhibit reduced fatty acid oxidation, but unchanged total
mitochondrial mass

DCs were transduced with control shRNA or Ppargclb shRNA. (A) Mitochondrial mass of DCs
stained with MitoSpy Green or MitoTracker Deep Red, with geometric MFIs represented as fold
changes relative to the control condition. (B) Protein expression of complexes I-V of the ETC
and VDAC of control or PGC-1-deficient DCs cultured with 0, 1, or 10 mM glucose for 6
hours. (C) Gene expression fold changes of Cptla (left) and Hadha (right) relative to Hprt. (D)
Relative intensity of bands representing CPT-1a visualized by Western blot shown in Fig. S3.
(E) DCs were cultured in nutrient-limiting media for 6 hours and OCR was measured
immediately following addition of either BSA or BSA-conjugated palmitate. Data from (A,C)
are of (A) three and (C) four experiments pooled together, with each individual experiment
represented by a circle. Data from (B) is one experiment representative of three. Data from (D) is
the average of two experiments. Data from (E) is of one experiment. Statistical significance was
determined by (A,C) paired ¢-test or (D,E) two-way ANOVA. * p <0.05, ** p <0.01, **** p <
0.0001
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PGC-1p-deficient DCs have reduced mitophagy and increased autophagic flux

Recent reports suggest PGC-1a regulates autophagy (23,24); therefore, we examined whether
PGC-1B also controls autophagy in DCs. BNIP3 is a protein that can promote cell death or
survival by stimulating apoptosis or autophagy of mitochondria (mitophagy), respectively,
depending on the stress signals the cell receives (25). Cells were cultured in either full glucose
conditions or in the absence of glucose to induce nutrient stress. In addition, chloroquine
treatment blocks the fusion of the autophagosome and lysosome, resulting in accumulation of
autophagosome proteins. In control cells, glucose deprivation results in increased levels of
BNIP3, which is further elevated with chloroquine treatment (Fig. SA). In PGC-1B-deficient
cells, BNIP3 levels do not increase to an equivalent extent with glucose deprivation or with
chloroquine treatment (Fig. 5A), suggesting that upregulation of BNIP3 expression is impaired in
these cells. To address whether the pro-apoptotic function of BNIP3 was affected, we used flow
cytometry to detect apopototic cells and found there was no significant difference between
control and PGC-1B-deficient cells (Fig. S4). In contrast to BNIP3 expression, the expression of
autophagy-related proteins sequestosome 1 (SQSTM1) and microtubule-associated protein 1
light chain 3 (LC3) was elevated in PGC-1p-deficient DCs. Gene expression of SQSTMI is also
elevated with glucose deprivation (Fig. 5B). LC3 is involved in autophagosome formation, with
LC3-I as the cytoplasmic form and LC3-II as the modified form that associates with
autophagosomes. The relative intensity of LC3-II normalized to B-actin levels shows that LC3-11
increases with chloroquine treatment to a greater extent in PGC-1f-deficient cells (Fig. 5C).
Autophagic flux, measured by determining the difference in intensity of LC3-II in the presence
or absence of chloroquine for a given condition, is elevated in PGC-1-deficient cells as well

(Fig. 5D, right).
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Figure 5 — PGC-1B-deficient DCs have reduced mitophagy and enhanced autophagic flux

DCs were transduced with control shRNA or Ppargclb shRNA, and then cultured in 0 or 10 mM
glucose for 6 hours and 50 uM chloroquine (CQ) was added for the last 2 hours of culture. (A)
BNIP3, (B) SQSTM1/p62, and (C) LC3I/1I (left) were visualized by Western blots. (D) Ratio of
relative intensity of LC3II to B-actin from blot in (C) (left). Autophagic flux was calculated by
determining the difference between the intensity of LC3-1I normalized to B-actin in the presence
and absence of chloroquine (right). Data are one experiment representative of (A-D) two
experiments. Statistical significance in (B) was determined by two-way ANOVA. * p <0.05, ***
p <0.001

PGC-1B-deficient DCs have reduced pro-inflammatory cytokine production and promote T

cell expansion and Th2 differentiation

We examined how PGC-1f deficiency affects the immune functions of DCs. First, we

determined that PGC-1B-deficient DCs, whether unstimulated or treated with LPS or IFN-§,
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express higher levels of MHC class II, a molecule for antigen presentation, and reduced levels of
PD-L1, an immunomodulatory ligand, compared to control DCs (Fig. 6A, S6A). In addition,
PGC-1pB-deficient DCs produce lower levels of pro-inflammatory cytokines IL-12/23p40, TNF-
a,, and IL-6 (Fig. 6B, S6B). We co-cultured ovalbumin-specific CD4" T cells with DCs pulsed
with whole ovalbumin protein and found that PGC-1B-deficient DCs that were unstimulated or
IFN-B-treated induced greater IL-4 production by CD4" T cells (Fig. 6C, S6C), suggesting PGC-
1B-deficient DCs promote Th2 differentiation. Since LPS promotes a strong Th1 response, LPS-
activated DCs induced minimal IL-4 production as expected. Other cytokines, including TNF-a.,

IL-2, and Th1-associated IFN-y, were not significantly different between T cells primed by
control DCs or DCs lacking PGC-1 (Fig. S6D). PGC-1p-deficient DCs also promote CD4" T

cell expansion, regardless of the inflammatory phenotype of the DCs (Fig. 6D, S6E).

Discussion

Previous studies have demonstrated that cellular metabolism is crucial for the regulation
of immune cell function and activation (2,3). In this study, we aimed to investigate the role of the
transcriptional co-activator PGC-1f, a major regulator of mitochondrial metabolism, in DCs. To
compare contrasting metabolic profiles, we selected LPS and IFN-f to treat DCs. We have
shown that unstimulated DCs deficient in PGC-1 expression have impaired oxidative
metabolism, but elevated glycolytic activity. PGC-1p deficiency similarly affects the metabolism
of [FN-B-treated DCs, which normally maintain their mitochondrial metabolism, while the
metabolism of LPS-activated DCs is unaffected. The increase in glycolytic rates is likely a

compensatory mechanism by the PGC-1B-deficient DCs to maintain intracellular ATP levels in
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Figure 6 — PGC-1pB-deficient DCs promote T cell expansion and Th2 differentiation

DCs were transduced with control shRNA or Ppargclb shRNA, (A) stimulated with LPS (100
ng/mL) or IFN-B (1000 U/mL) for 18 hours, and MHC class II and PD-L1 surface expression
were measured by flow cytometry and represented as geometric MFI. (B) DCs were stimulated
with or without LPS for 4 hours, and intracellular levels of cytokines IL.-12/23p40, TNF-a, and
IL-6 were determined by flow cytometry. Numbers in red represent percentage of cells positive
for IL-12/23p40 and TNF-a, or geometric MFI for IL-6. DCs stimulated with LPS (5 ng/mL) or
IFN-B (50 U/mL) for 6 hours in the presence of whole ovalbumin protein (9 pg/mL for cytokine
production and 3 pg/mL for proliferation) were co-cultured with OT-II CD4" T cells, and (C) IL-
4 production after 4 days and (D) proliferation by the T cells after 3 days were measured. Data
are from one experiment representative of (A) > three experiments (mean and s.d. of triplicates),
(B-D) three experiments.

response to the drop in ATP production by the mitochondria. While gene expression of glucose
transporter Slc2al in PGC-1f-deficient DCs is comparable to that of control DCs in full glucose
conditions, glucose deprivation results in a greater fold change in Slc2al expression. This result
suggests that the DCs cannot sufficiently shift their metabolic activity to mitochondrial
metabolism due to the loss of PGC-1p and increased reliance on glycolysis.

To determine how PGC-1p deficiency leads to impaired oxidative metabolism, we first
examined mitochondrial content since PGC-1 proteins are known to be important for
mitochondrial biogenesis in certain contexts. However, mitochondrial mass was not consistently
different between control and PGC-1-deficient DCs, nor were the levels of ETC components
(Fig. 4A,B). PGC-1 proteins also have a role in FAO by co-activating transcription factors, such
as PPARa, to promote transcription of FAO enzymes (22,26). The gene expression of the
enzymes CPT-1a and HADHA and the protein levels of CPT-1a were decreased in PGC-1§-
deficient DCs, suggesting that impaired FAO contributes to the lowered oxidative metabolism in

these cells.
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Another potential contributor to the diminished oxidative metabolic rates may be the
accumulation of dysfunctional mitochondria. BNIP3, a protein involved in mitophagy, is reduced
in expression in PGC-1B-deficient DCs (Fig. 5A). This may lead to impaired recycling of
mitochondria, which can promote the accumulation of dysfunctional mitochondria (27). Further,
this may mask any change in total mitochondrial mass that results from diminished
mitochondrial biosynthesis due to PGC-1p deficiency. A clear link has been established in
previous studies between mitochondrial dysfunction and impairment of immune cell function.
For example, T cells in the tumor microenvironment or in chronic viral infection have
dysfunctional mitochondria and impaired effector functions; overexpression of PGC-1a helps
restore these defects (13,28).

While mitophagy may be impaired, our data suggests autophagy is elevated in PGC-1§-
deficient DCs. This result is in contrast with a few studies showing positive regulation by PGC-
la and PGC-1p in muscle cells: PGC-1a deficiency results in a reduction in autophagy, and
PGC-1p overexpression upregulates autophagy-related genes (23,29). Similarly, another study
describes that the upregulation of autophagy-related genes induced in skeletal muscle cells by
exercise is attenuated in PGC-1a-deficient mice (24). Potential explanations for these conflicting
findings may be that PGC-1f-deficient DCs either do not impair autophagy or the nutrient
requirements that result from metabolic defects of PGC-1B-deficient DCs exceed any inhibitory
effects of autophagy. Further study is required to determine whether stress signals are present
due to bioenergetic or nutrient insufficiencies in DCs lacking PGC-1p. The activation of the
energy-sensing kinase AMPK, for example, can upregulate glycolysis as well as autophagy (30)

—rprocesses we observed in PGC-1f-deficient DCs.
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We examined whether PGC-1B-deficiency in DCs resulted in functional defects. We
found that PGC-1f-deficient DCs had reduced pro-inflammatory cytokine production, but
elevated MHC II expression. Surprisingly, PGC-1B-deficient DCs that were unstimulated or
IFN-B-treated—both maintaining their mitochondrial metabolism—induce IL-4 production in
antigen-specific CD4" T cells. This was an unexpected result since PGC-1 deficiency in
macrophages is known to promote type 1 immunity (15) and IL-4 is a type 2 cytokine. Elevated
autophagic flux is known to promote antigen presentation on MHC class II molecules in innate
immune cells (31), which is in line with our findings that PGC-1f-deficient DCs display greater
autophagic activity and higher MHC class II surface expression. This likely contributes to the
enhanced expansion of T cells by PGC-1B-deficient DCs as well.

There are other reported cases of DCs with mitochondrial dysfunction promoting Th2
differentiation. DCs that are infected with the intracellular pathogen Chlamydia muridarum and
deficient in enolase 1 (ENOL1), a glycolytic enzyme that converts 2-phosphoglycerate to
phosphoenolpyruvate, display reduced pyruvate production, fragmented mitochondria, and
increased capacity to promote Th2 immunity (32). ENO1-deficient DCs differ from PGC-18-
deficient DCs in that ENO1-deficient DCs have lower MHC II expression compared to control
DCs (32). Accordingly, the T cells they stimulate have reduced proliferation. Moreover, DCs
deficient in sirtuin 1 (SIRT1), an NAD -dependent deacetylase, and infected with respiratory
syncytial virus (RSV), have dysfunctional mitochondria compared to RSV-infected wild-type
DCs, exhibiting increased depolarization, greater mitochondrial ROS production, and decreased
mitochondrial respiration (33). RSV-infected DCs normally induce an anti-viral Th1 response,

but SIRT1 deficiency skews this response to Th2 and Th17 immunity (33). These studies suggest
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that mitochondrial dysfunction in DCs impacts T cell polarization by favoring Th2

differentiation, although the exact mechanism by which this occurs requires further investigation.
In all, our findings highlight the importance of PGC-1f in maintaining an oxidative

metabolic program in DCs, and its effect on DC activation and function. This knowledge

provides further insight into how the regulation of cellular metabolism can affect immunity.

Experimental procedures

Mice

Nos2-/- mice and OT-II mice were obtained from Jackson Laboratory. Ppargelb™ mice were
kindly provided by the lab of Jennifer Estall (Institut de recherches cliniques de Montréal) and
generated by the lab of Daniel Kelly (University of Pennsylvania). Ppargc1b™" mice were
crossed with CD11c¢ mice. C57BL/6 were bred and maintained at the Van Andel Research
Institute in a specific pathogen-free environment. All animal studies were carried out in
compliance with Animal Use Protocol 18-09-026 approved by the Van Andel Research Institute

Institutional Animal Care and Use Committee and used at 8 to 20 weeks of age.

In vitro differentiation and retroviral transduction of dendritic cells

Bone marrow from the tibia and femur of C57BL/6 mice was extracted and seeded at day 0 in 6-
well non-tissue culture-treated plates at 7.5 x 10° non-erythrocytes/well or at 1 x 10° non-
erythrocytes/well if the cells were to undergo retroviral transduction. The cells were cultured in
the presence of 20 ng/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF; from

Peprotech) in complete DC medium (CDCM): RPMI-1640 medium (Corning) containing 100

U/mL penicillin-streptomycin (Gibco), 2 mM L-glutamine (Gibco), 55 uM -mercaptoethanol
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(Gibco), and 10% heat-inactivated Nu-Serum (Corning), with media changes at days 3 and 6. For
retroviral transductions, the sequence for the Ppargclb short hairpin RNA (shRNA) was
obtained from RNAi Codex and cloned into the LMP retroviral vector expressing a human CD8
reporter (16). Retrovirus containing a control shRNA (firefly luciferase) or the Ppargcib shRNA
were produced by 293T cells transfected using Lipofectamine 2000 (Invitrogen). After 48 hours,
supernatant containing retrovirus was collected and applied to day 2 DC culture and spun at 2500
rpm 30°C for 90 minutes. At day 8 or 9, DCs were harvested and sorted on either CD11c¢ (for
DCs differentiated from bone marrow of Ppargclb™ CD11¢™ mice) or human CDS (for
retrovirally transduced DCs) using anti-biotin microbeads (Miltenyi). Sorted cells were seeded at
a final density of 1 x 10° cells/mL and were left unstimulated or stimulated with 100 ng/mL LPS
(Escherichia coli O111:B4; Invivogen) or 1000 U/mL IFN-B (PBL Interferon Source) unless

otherwise stated for the indicated length of time.

Metabolic assay

DCs were analyzed by Seahorse XFe96 Analyzer (Agilent) to measure ECAR and OCR in real-
time. DCs were seeded at 7 x 10* cells/well in CDCM and stimulated for the indicated length of
time. For the XF Cell Mito Stress Test (Agilent), the cell medium was replaced with XF RPMI
base medium containing 10 mM glucose, 2 mM glutamine, and 5% FBS, with pH adjusted to
7.4. The DCs were sequentially treated with oligomycin (1.5 uM), FCCP (1.5 uM), and
antimycin/rotenone (both 1 uM). For the XF Glycolysis Stress Test (Agilent), the cell medium
was replaced with XF RPMI base medium containing 2 mM glutamine and 5% FBS, but no
glucose. The DCs were sequentially treated with glucose (10 mM), oligomycin (1.5 uM), and 2-

deoxyglucose (50 mM). For the XF Palmitate Oxidation Stress Test (Agilent), DCs were
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cultured for 6 hours in nutrient-limiting media (RPMI-1640 containing 0.5 mM glucose, | mM
L-glutamine, 1% FBS, 55 uM B-mercaptoethanol, 100 U/mL penicillin-streptomycin, and 0.5
mM carnitine), followed by replacing this with XF RPMI base medium containing 2 mM glucose
and 0.5 mM carnitine. BSA or BSA-conjugated palmitate was added immediately prior to
starting the run. For all assays, cells were placed at 37°C in the absence of CO, for
approximately 1 hour prior to the start of each run. After each run, cells were stained with 20 uM
of Hoescht stain (ThermoFisher Scientific) for 15 minutes at 37°C and imaged using a Cytation
imaging reader (BioTek). Measurements from the assay were then normalized by cell number.
Bioenergetic rates were calculated based on protocols developed by Mookerjee et al., and
adapted by Ma et al (17,18). Jarp rates by glycolysis (Jarpglyc) and oxidative metabolism
(Jatpox) were calculated by ECAR or OCR, respectively, before any drug treatment for basal
metabolism, and after FCCP treatment for maximal respiration. Jarptotal rates represent the sum

of JATpglyc and JATPOX.

Quantitative RT-PCR

RNA was isolated using TRIzol (ThermoFisher Scientific) according to manufacturer’s
instructions. cDNA was obtained using RT MasterMix (Applied Biological Materials) and used
to perform a SYBR-based real-time PCR (BioLine) with primers (Table 1) from Integrated DNA
Technologies. Data were generated using the AACq method. Relative gene expression was

normalized to that of hypoxanthine-guanine phosphoribosyltransferase (HPRT).
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Table 1 — List of primers used for gPCR

Gene name Forward primer Reverse primer
CTT GCT AAC ATC ACA GAG GAT
Ppargclb GGC AGG TTC AAC CCC GA ATC TTG
CTG GAC CTC AAA CTT CAT TGT | GGG TGT CTT GTC ACT TTG GCT
Slca2l GGG GG

Sgstml CCT CAG CCCTCT AGG CATTG | TTCTGG GGT AGT GGG TGT CA

Hadha AGT GGA AAG CGT GACTCCAG | ACATCCACA CCCACTTCGTC

Cptla GGA CTC CGC TCG CTC ATT ACCTTG ACC ATA GCC ATC CAG
Hprt AGG ACCTCT CGA AGT GTT GG | GGCTTT GTATTT GGC TTT TCC

T cell co-culture

DCs were pulsed with ovalbumin (Worthington) and left unstimulated or stimulated with 5
ng/mL LPS or 50 U/mL IFN-B for 6 hours before co-culture with isolated CD4" T cells from OT-
IT mice expressing transgenic T cell receptors specific for ovalbumin. T cells were isolated using
EasySep Mouse CD4" T cell Isolation Kit (StemCell). To examine T cell proliferation, OT-II T
cells were stained with Cell Proliferation Dye eFluor 450 (Invitrogen) according to
manufacturer’s instructions prior to co-culture with DCs. At day 3, T cells were collected and
stained with antibodies for flow cytometry. To examine intracellular cytokine production, at day
4, T cells were treated with PMA (50 ng/mL) and ionomycin (500 ng/mL) for 4 hours, with

brefeldin A for the last 2 hours, and then stained with antibodies for flow cytometry.

Flow cytometry

Cells were washed with wash buffer (PBS containing 1% FBS, 1 mM EDTA, and 0.05% sodium
azide) and stained with eFluor 506 Fixable Viability Dye (Invitrogen) and Fc block (anti-
CD16/CD32) prior to staining with cell surface markers, which include human CD8 (OKT-8),

CDI11c (N418), MHC-II (M5/144.15.2), PD-L1 (10F.9G2) for DCs and CD44 (IM7) for T cells.
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To examine intracellular cytokines, which include IL-12p40 (C17.8), TNF-a (MP6-XT22), and
IL-6 (MP5-20F3) for DCs, and IFN-y (XMG1.2), IL-4 (11B11), IL-2 (JES6-5H4), and TNF-a
(MP6-XT22) for T cells, cells were fixed with IC Fixation Buffer (Invitrogen) for 30 minutes,
followed by cell permeabilization using Permeabilization Buffer (Invitrogen), and > 1 hour of
intracellular cytokine staining. For mitochondrial staining, cells were stained with 50 nM
MitoSpy Green (BioLegend) or 50 nM MitoTracker Deep Red (ThermoFisher Scientific) in
HBSS at 37°C for 20 minutes. Apotracker Green (BioLegend) was used at 400 nM according to
manufacturer’s instructions to detect apoptotic cells. Samples were acquired on the Cytoflex

(Beckman Coulter) or Aurora (Cytek) and analyzed using FlowJo software.

Western blot

Protein lysates were prepared in RIPA lysis buffer with protease inhibitor and phosphatase
inhibitor, then quantified by detergent compatible protein assay (Bio-Rad). Samples were run on
10% or 12.5% gels using SDS-polyacrylamide gel electrophoresis, and proteins were transferred
by Turbo transfer system (Bio-Rad) onto methanol-activated polyvinylidine fluoride membranes.
After blocking for 1 hour with 5% milk, membranes were incubated overnight at 4°C with
antibodies against B-actin (13ES5), LC3I/II, SQSTM1 (D1Q5S), and BNIP3 (all from Cell
Signaling Technology), and CPT-1a (8F6AE9) and Total OXPHOS Rodent WB Antibody
Cocktail (both from Abcam), all at 1:1000 in 4% BSA. The Total OXPHOS Rodent WB
Antibody Cocktail contains antibodies against complex I subunit NDUFBS, complex II iron-
sulfur protein subunit, complex III core protein 2, complex IV subunit I, and complex V alpha
subunit. Following washes with Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T),

membranes were incubated with horseradish peroxidase-linked antibody to rabbit or mouse IgG
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in 5% milk for 45 minutes. Enhanced chemiluminescence using SuperSignal substrate

(ThermoFisher Scientific) and ChemiDoc (Bio-Rad) were used to develop blots.

Statistical analysis

Data were analyzed using GraphPad Prism software (version 9). An unpaired or paired Student’s
t-test was performed as indicated to determine statistical significance between two conditions. A
two-way analysis of variance was performed to determine statistical significance between
multiple groups. Differences between conditions were considered significant when P values were

below 0.05.

Supplementary Figures
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Figure S1 — NOS2 expression does not affect Ppargclb expression

DCs derived from wild-type (WT) or Nos2-/- (KO) mice were left unstimulated or stimulated
with LPS (100 ng/mL) or IFN-$ (1000 U/mL) for 18 hours. Fold changes of Ppargclb
expression was made relative to Hprt. Data are from one experiment representative of two
experiments.
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Figure S2 — PGC-1B knockdown efficiency and bioenergetic phenotype of PGC-13 KO DCs

(A) Gene expression of Ppargclb in DCs transduced with control shRNA or Ppargclb shRNA
to confirm knockdown. (B-E) Bone marrow-derived CD11c" DCs from wild-type (WT) or
Ppargcl b"" CD11c-cre (KO) mice were examined by Seahorse bioanalyzer, measuring (B) OCR
over time with sequential treatments with oligomycin (oligo), FCCP, and antimycin and rotenone
(anti/rot). Basal oxygen consumption rate (OCR) and spare respiratory capacity (SRC) were
determined from these measurements (right). (C) ECAR was measured over time with sequential
treatments with glucose, oligomycin, and 2-deoxyglucose (2-DG). From this graph (left),
glycolysis (difference between ECAR after glucose addition and non-glycolytic ECAR before
glucose addition) and glycolytic capacity (maximal ECAR after oligomycin treatment) were
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determined. (D) ATP production rates by oxidative metabolism (Jatpox) and glycolysis
(Jarrglyc) calculated from Seahorse assay measurements (see Methods) at basal (left) and
maximal (right) respiratory rates. (E) Total ATP production rates (Jarptotal) at basal metabolism
and maximal respiration determined by adding Jatpox and Jarpglyc from (D). Data in (A-C) are
one experiment representative of (A) > three experiments, (B) three experiments, and (C) two
experiments. Experiments in (B-C) have six replicates per condition. Data in (D,E) are three
experiments pooled together, with each individual experiment represented by a circle. Statistical
significance was determined by (B,C) unpaired #-test or (D,E) paired #-test. * p <0.05, ** p <
0.01
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Figure S3 — CPT-1a protein levels are reduced in PGC-1B-deficient DCs

DCs were transduced with control shRNA or Ppargclb shRNA and incubated with or without 10
mM of glucose for 6 hours in the presence or absence of chloroquine (50 uM) for the last 2
hours. CPT-1a and B-actin were visualized by Western blot. Data are one experiment
representative of two experiments.
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Figure S4 — Frequency of apoptotic cells are not affected by PGC-1p deficiency

DCs that were transduced with control shRNA or shPpargc1b were examined for apoptosis,
represented by the frequency of cells that were positive for both ApoTracker Green and efluor
506 Fixable Viability Dye. Data are of one experiment (mean and s.d. of triplicates).

117



MHC class Il B IL-12p40 TNF-a IL-6

S 20 100 *k 100 * 50 *
x + —_ =
:_: 15 — WT g 80 +CI5 80 . 40 = WT
s = Ko & 60 L 60 ® 30
L T40 £ 40 < 20 0 KO
e S < 20 R 20 T
(QOD’ 0 0 1 1 1 0 1 1 1 0 1 1 1
LPS IFN-B - LPS IFN-B - LPS IFN-B - LPS IFN-B
. D
. Unstimulated LPS IFN-B 3 Control 3 shPpargetb
A 106 1
105 1 IL-4 IFN-y
w0t ] b i 10 WT 107 g p=00os3 40
i Y655 | P o7 | { ¥ 636 . 817 I %30
10t 4 E 6 1 Z
= i 20
< 47 =
107 4 ° 2 > 10
106 4
10° 1 0 - 0
10° 1 ] i KO - LPS IFN-B - LPS IFN-B
I o4 ¢ 1 7 o | ] b 124
a TNF-a IL-2
O -10° 4 1 1 80 80
-10* 0 10*10%10%107 -10* 0 10% 10510107 -10* O 10* 105108107 .
IL-4 > N 60 5 60
Z 40 = 40
o
2 20 > 20
g Unstimulated LPS IFN-B 0 - 0 -
g 100§ ] ] - LPS IFN-B - LPS IFN-B
o 804 1 i
B 60; ] ] WT
N 40 1 ] 0O KO
g 204 ] ]
g N N L -

Proliferation »

Figure S5 — Immune phenotype of PGC-1 KO DCs

Bone marrow-derived CD11¢" DCs from wild-type (WT) or Ppargcl V" CDI1c-cre (KO) mice
were left unstimulated or stimulated with LPS or IFN-f3 for (A) 18 hours and MHC-II expression
measured, (B) 4 hours and intracellular cytokine production of IL-12p40, TNF-a, and IL-6 were
measured by flow cytometry. (C) WT and KO DCs left unstimulated or stimulated with LPS (5
ng/mL) or IFN-f (50 U/mL) and pulsed with whole ovalbumin protein (12 pg/mL for cytokine
production and 4 pg/mL for proliferation) for 6 hours, were subsequently co-cultured with OT-II
CD4" T cells, and (D) intracellular production of IL-4, IFN-y, TNF-a., and IL-2 after 4 days and
(E) proliferation after 3 days were measured by flow cytometry. (D) DCs transduced with
control ShRNA or shPpargclb co-cultured with OT-II CD4" T cells, with graphs corresponding
to the experiment in Fig. 6C. Data are from one experiment representative of (A,D) three
experiments (mean and s.d. of (A) triplicates, (D) duplicates), (B,C,E) one experiment (mean
and s.d. of duplicates). * p <0.05, ** p <0.01
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CHAPTER 4 — Characterization of conventional dendritic cell subsets at

homeostasis and in high fat-diet induced obesity

Abstract

The conventional dendritic cell (¢cDC) subsets in vivo, which include ¢cDC1, ¢cDC2A, and
cDC2B, have shared and distinct immune functions and metabolic profiles in lymphoid tissues.
How these profiles compare in other tissues is not well-studied. Here, we characterize and
compare the proportions and activation as well as the mitochondrial and lipid content of cDC
subsets in several tissues and how these metabolic features are altered by a high fat diet (HFD)
challenge. We found that the frequencies of all cDC subsets in white adipose tissue are elevated
during HFD-induced obesity, and that cDC2A and cDC2B increase to a proportionally greater
extent than do ¢cDC1. In addition, mitochondrial mass drops considerably, while intracellular
lipid content increases in all adipose tissue-associated cDCs. The differences in metabolic
features of cDC subsets across tissues at steady state and HFD-induced obesity indicate that they
are regulated, in part, by their environment. Weight loss after discontinuation of HFD feeding
does not completely restore the levels of mitochondrial mass, suggesting that some metabolic

damage due to HFD-induced obesity persists in cDCs.
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Introduction

Dendritic cells (DCs) are innate immune cells that possess an exceptional capacity for
responding to changes in their environment. DCs comprise conventional DCs (¢cDCs) and
plasmacytoid DCs (pDCs). ¢cDCs, the primary focus of our study, are known for their superior
antigen presenting abilities, while pDCs are characterized by their capacity to produce mass
quantities of type I interferons during antiviral immunity (1). cDC can be further divided into
subsets referred to as cDC1 and ¢cDC2, defined by the expression of the transcription factors
interferon regulatory factor 8 (IRF8) and IRF4, respectively (1,2). cDC2s can be further divided
into cDC2A and cDC2B subsets, based on mutually exclusive expression of the transcription
factors TBET and RORyt, respectively (3,4). They possess differing inflammatory properties in
lymphoid tissues, with cDC2A being considered more anti-inflammatory and cDC2B more
stimulatory (3). cDCs originate from hematopoietic stem cells in the bone marrow, which
develop into pre-cDCs before exiting and seeding tissues throughout the body, where they
mature into cDCs. While there is evidence that pre-cDCs have pre-determined fates to develop
into cDC1 or cDC2 (5), the study by Brown et al. suggests that further differentiation into
cDC2A and ¢cDC2B subsets are directed by cues from the microenvironment of the tissues that
the pre-cDCs seed (3).

The cDC subsets share several functions, including sensing of foreign material, migration
to the lymph node, and stimulation of T cells. However, these subsets are also distinct from each
other based on the range of materials they are stimulated by and the T cell subsets they
preferentially activate. cDCls are superior at cross-presenting antigen, and they therefore play an
important role in immune responses involving CD8" T cell responses, such as responses against

tumors and intracellular pathogens (6). cDC2s are more involved in antigen presentation on
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MHC class Il to CD4" T cells, inducing, for example, T helper 2 (Th2) differentiation during an
allergic response, or Th17 during autoimmune disease (7,8). Further, cDC subsets are precisely
positioned within the lymph node to favor interactions with specific T cell subsets; cDC1 and
¢DC2 primarily interact with CD8" and CD4" T cells, respectively, although ¢cDC1 can activate
CD4" T cells as well during a type 1 response (9). cDC subsets also exhibit different metabolic
phenotypes that have been shown to be important for their distinct functions; splenic cDC1
possess more mitochondria and exhibit greater oxidative metabolism than cDC2 (10).
Transcriptional signatures reveal that cDC2A are enriched for pathways related to glucose
metabolism, while cDC2B are characterized by pathways related to lipid metabolism, although
the functional effects of these signatures were not examined (3). Currently, there are few studies
comparing the metabolic differences between cDC subsets outside of the spleen.

The immune cell composition of adipose tissue differs between lean and obese
conditions. During high-fat diet-induced obesity, the number of immune cells in the adipose
tissue increases and shifts in the proportions of regulatory immune cells such as Treg cells and
M2-like macrophages, to more inflammatory cells such as neutrophils, Thl and Th17 cells, and
M1-like macrophages, with macrophages being the most abundant immune cell type (11). While
the role of macrophages in obesity is well-established, the importance of adipose tissue-
associated DCs in homeostasis or inflammation is only beginning to be understood. One study
demonstrates that the accumulation of DCs in adipose tissue during high-fat diet (HFD)
challenge significantly contributes to inflammation and insulin resistance (12). In mice, CD11c"
cells found in adipose tissue of HFD-fed mice promotes Th17 differentiation in vitro (13). In
humans with obesity, a positive correlation has been established between body mass index and

Th17 cell frequency (14). DCs also play an important role in maintaining immune homeostasis
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of visceral adipose tissue, with the cDC1s and cDC2s suppressing inflammation via the Wnt/j-
catenin and PPAR-y pathways, respectively (15). Impairment of these pathways exacerbates
inflammation promoted by diet-induced obesity (15). Despite these recent advances in
knowledge, not all studies on adipose tissue-associated DCs adequately discern cDCs from
macrophages, as markers defining their distinct lineages have been established relatively recently
(3,16).

In this study, we characterize cDC subsets and their composition, activation, and
metabolic properties between several tissues and during a metabolic perturbation by HFD
challenge of mice. We show that the differences in metabolic properties such as mitochondrial
and lipid content that have been described in cDC subsets of the spleen are not necessarily
identical in other tissues, highlighting the importance of tissue environment in influencing the
metabolism of ¢cDC subsets. In addition, perturbing the environment with HFD feeding results in
an impaired mitochondrial phenotype in all cDC subsets. Removal of the HFD, however, does
not completely restore this mitochondrial impairment in cDC2s, suggesting long-term

reprogramming is caused by the HFD feeding.

Results

Comparison of metabolic phenotypes of ¢cDC subsets in lymphoid and non-lymphoid tissues

To characterize the differences in mitochondrial phenotype between ¢cDC subsets across
select tissues in mice, we examined cDCs in the spleen, inguinal and brachial lymph nodes (LN),
and the epididymal white adipose tissue (eWAT) (Fig. S1A). Mitochondrial mass and

mitochondrial membrane potential were both measured by staining with mitochondrial dyes and
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assessed by flow cytometry. Mitochondrial mass reflects the amount of mitochondria in the cell,
while the membrane potential represents the functional state and energy storage of the
mitochondria. Splenic cDC have lower mitochondrial mass than cDC in the LN and eWAT (Fig.
1A). Comparing subsets reveals that splenic cDC1 contain more mitochondria than splenic
cDC2, but cDC2B are closer to ¢cDC1 in mitochondrial content than cDC2A (Fig. 1A). Similar
results are seen with mitochondrial membrane potential of splenic cDC (Fig. 1B). cDC subsets in
the LN and eWAT, however, are not significantly different from each other in mitochondrial
content (Fig. 1A), although eWAT c¢DC2B do have higher mitochondrial membrane potential
than eWAT cDC1 and cDC2A. (Fig. 1C). Staining of neutral lipids in cDC reveals a similar
pattern in splenic cDC as mitochondrial mass, with splenic cDC1 and ¢cDC2B containing more
intracellular lipid than cDC2A (Fig. 1D). Both eWAT ¢DC2A and cDC2B, however, contain
more lipid than eWAT cDCI1, and LN ¢DC do not show significant differences in lipid content
(Fig. 1D). The difference in lipid content between subsets is not solely due to cell size (Fig.
S1B). Together, these data demonstrate that cDC metabolism varies between subsets and tissues,

suggesting that the specific tissue environment influences their metabolic phenotype.
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Figure 1 — Comparison of mitochondrial and lipid content in cDC subsets across tissues

cDCs from the spleen, inguinal and brachial lymph nodes (LN), and epididymal white adipose
tissue (eWAT) were examined by flow cytometry and represented as geometric mean
fluorescence intensity (MFI). (A) Mitochondrial mass by MitoSpy Green staining. (B)
Mitochondrial membrane potential by TMRM staining. C) Ratio of TMRM to MitoSpy Green
geometric MFI from (A) and (B). (D) Neutral lipids staining by BODIPY. Data are of one
experiment representative of three experiments for spleen and eWAT, and two experiments for
LN. *p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001

Comparison of metabolic phenotypes of migratory and tissue-resident cDC subsets in the

lymph node

To further examine the LN ¢DC populations, we separated the MHC class II (MHC-
IT) Lin cells into migratory and resident cDC based on positive CD11c and MHC II expression,

with migratory cDC expressing higher levels of MHC-II and resident cDC expressing
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intermediate levels (Fig. S2A) (19). There are no significant differences in MHCII levels
between cDC subsets within the same group (Fig. S2B). While there is no significant difference
in mitochondrial staining between cDC1 and ¢cDC2 subsets when examining total MHC
II'CD11c" cells (Fig. 1A), dividing this population into migratory and resident cDC reveals that
mitochondrial mass and mitochondrial membrane potential are greater overall in migratory cDC
compared to resident cDC (Fig. 2A, B). This result suggests that migratory cDC require greater
metabolic activity. Within the migratory cDC subsets, cDC1 have the highest mitochondrial
mass compared to both cDC2 subsets. Similar to splenic cDC, lymph node-resident cDC1 and
cDC2B have comparable mitochondrial mass levels that are greater than that of cDC2A (Fig.
2A). Mitochondrial membrane potential normalized to mass is higher in cDC2 subsets compared
to cDC1 in migratory subsets, while in resident cDCs, this value is higher in cDC1s compared to
cDC2B (Fig. 2C).

Staining of intracellular neutral lipids shows that migratory cDC have greater lipid
content compared to resident cDC (Fig. 2D). Migratory cDC1 have more lipid content than
cDC2 subsets, while LN-resident cDC2B have similar lipid levels as cDC1 and slightly more
than cDC2A (Fig. 2D).

Since cell size could affect the total mitochondrial and lipid content of each cell, we
compared the forward scatter (FSC), which is a measure of cell size, between migratory and
resident cDC. The FSC had minimal shifts between the migratory and resident cDC (Fig. 2E).
Side scatter (SSC), which is a measure of cellular granularity and internal complexity, was
considerably greater in migratory cDC compared to resident cDC (Fig. 2E). Since cellular
organelles can affect the SSC (20), this suggests the greater mitochondrial mass in migratory

cDC is not an outcome of increased cell size. Comparing FSC between cDC subsets within the
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migratory and LN-resident populations shows that cDC1 are larger in cell size than both cDC2A
and cDC2B (Fig. 2F). In the migratory population, cDC2A are slightly larger than cDC2B, but
they are not significantly different in the LN-resident population (Fig. 2F). In regard to SSC,
migratory cDC1 exhibit greater SSC than cDC2A and ¢cDC2B, and resident cDC1 and cDC2B
have greater SSC than resident cDC2A (Fig. 2F). In summary, migratory cDC are slightly larger
in size and possess considerably more internal complexity than LN-resident cDC. Within these
populations, cDCI1 are larger than both cDC2 subsets. cDC1 have more internal complexity than

both cDC2 subsets in the migratory population and just cDC2A in the LN-resident population.

Changes in cDC proportion and activation over time in high fat diet-fed mice

Since we see that the metabolic phenotypes of cDC subsets are influenced by their tissue
environment, we sought to introduce a metabolic perturbance to the mice with high-fat diet
(HFD) feeding. To determine how early changes in DC composition and activation occur, we fed
mice HFD and examined the cDC in the spleen and eWAT over several timepoints between one
and twelve weeks of feeding. The percentage of body fat expands early and steadily increases
over time (Fig. 3A). The percentage of cDC1 and ¢cDC2 in the eWAT SVF also increases within
one week of HFD feeding (Fig. 3B). In addition, the ratio of cDC2 to ¢cDCI1 increases within two
weeks of HFD feeding and this ratio starts to decrease and approach control conditions after
week 8 (Fig. 3C). MHC II expression, which can shift when cDC are stimulated, is also affected
by HFD (Fig. 3D). MHC II expression by both cDC1 and cDC2 is negatively correlated with
eWAT mass across all examined weeks (Fig. 3D; cDC1 p = 0.0245, cDC2 p = 0.0304),
suggesting that HFD or the consequent gain of body fat reduces the capacity of DCs to present
antigen on MHC I1. In the spleen, however, MHC II expression of cDCs is not correlated to

eWAT mass (Fig. S3).
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Figure 2 — Comparison of mitochondrial and lipid content in migratory and lymphoid-
resident ¢cDC subsets

Migratory and tissue-resident cDC subsets cDC1, cDC2A, and cDC2B were examined in pooled
inguinal and brachial lymph nodes by flow cytometry. (A) Mitochondrial mass by MitoSpy
Green staining. (B) Mitochondrial membrane potential by TMRM staining. (C) Ratio of TMRM
to MitoSpy Green geometric MFI from A and B. (D) Neutral lipid staining by BODIPY. (E)
Representative plot and histograms of overlaid migratory and resident cDC. (F) Forward scatter
(FSC) and side scatter (SSC) represented by arbitrary units. Data are of one experiment
representative of two experiments. Mean and s.e.m. of six mice per condition. * p <0.05, ** p <
0.01, *** p <0.001, **** p <0.0001
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Figure 3 — HFD-induced changes to ¢cDC proportions and activation over time

Mice were fed control diet or HFD and ¢cDCs were examined in the spleen and eWAT at 1, 2, 4,
8, and 12 week(s) of feeding. (A) Percentage of body fat as determined by EchoMRI
measurements. (B) Proportion of cDC1 and cDC2 of the stromal vascular fraction (SVF) of the

131



eWAT in HFD-fed mice relative to control diet-fed mice. (C) Ratio of cDC2 to ¢cDC1 frequency
of eWAT SVF in HFD-fed mice relative to control diet-fed mice. (D) Simple linear regression of
expression of MHC class II by cDC1 and ¢cDC2 of eWAT versus eWAT mass for mice fed HFD
across all weeks, with significance for each subset expressed by p value. Data are of one
experiment. Mean and s.e.m. of three mice per condition. * p < 0.05, ** p <0.01, *** p <0.001,
Fackk p < 0.0001

Changes in cDC proportion, activation, and metabolic phenotype in high fat diet-fed mice

Next, we investigated the changes in mitochondrial and lipid content in cDC subsets that
are caused by HFD feeding by examining cDCs from mice fed either control diet or HFD for six
weeks. This is a relatively short feeding period where weight gain occurs without extensive
pathologies of organs (21). After six weeks, mice fed HFD gained approximately four-fold more
body fat percentage over control mice and did not significantly increase their lean mass (Fig.
4A). The mass of eWAT and the cell count of the isolated stromal vascular fraction (SVF) was
similarly increased in the HFD-fed mice (Fig. 4B-C, S4A-B). The frequency of all cDC subsets
also increased with HFD feeding (Fig. 4D), with the proportion of both cDC2A and cDC2B
increasing to a greater extent than cDC1 (Fig. 4E). In the spleen, the total cellularity does not
change based on diet, although there is a small but significant increase in frequency of cDC1 and
decrease in cDC2A to cDCI1 ratio (Fig. 4F-H, S4D). Also notable is that at steady state, the
frequency of each cDC subset differs when comparing cDCs of the adipose tissue and those of
lymphoid tissue, with cDC2B have the greatest frequency in adipose tissue but lowest in the
spleen (Fig. 4D,G). Mitochondrial staining reveals drastically diminished mitochondrial mass
and mitochondrial membrane potential in ¢cDC found in the eWAT of HFD-fed mice (Fig. 41-K).
The intracellular lipid content of these cells is also greatly elevated (Fig. 4L). Building on the
results from Fig. 3, here MHC II expression after a six-week HFD challenge is confirmed to be

decreased for all eWAT cDC subsets (Fig. S4C). Splenic cDC, however, do not have
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significantly different mitochondrial mass, membrane potential, or lipid content, except for a
small decrease in cDC2B mitochondrial mass in HFD-fed mice (Fig. S4E-H). Overall, this data
demonstrates that after six weeks of HFD feeding, eWAT cDC have greatly reduced

mitochondria mass, while splenic cDC have minimal changes.

Mitochondrial changes in ¢cDC subsets after weight loss following HFD challenge

We next examined whether changes in mitochondrial metabolic phenotype and proportions of
cDCs in response to HFD persist once mice are no longer on HFD. We fed mice with either a
control diet or HFD for eight weeks, then placed all mice on the control diet for an additional
eight weeks (Fig. 5A). The body fat percentage of the mice that had been on HFD decreased
once the HFD was removed but plateaued after four weeks (Fig. 5SA). While the cell count of
isolated SVF from the eWAT of the fatter mice is still greater than that of control mice, the
percentage of cDC subsets returns to levels of the control mice that were never fed HFD (Fig.
5B-D). The ratio of ¢cDC2 to cDC1 is no longer greater in the fatter mice; in fact, the ratio of
cDC2A to c¢DCl is reduced, while cDC2B to cDC1 is no longer significantly different from the
control mice (Fig. 5SE). There were no changes in the frequency of cDC subsets in the spleen as
well (Fig. S5A,B). Despite the proportions of eWAT cDC subsets returning to control values, the
mitochondria of the cDC2 subsets continue to exhibit an impaired phenotype (Fig. SF-H). While
the mitochondrial mass and membrane potential of eWAT cDC1 are now equivalent in both diet
conditions, these measurements are reduced in both cDC2A and ¢cDC2B from mice formerly fed
HFD (Fig. 5D). In the spleen of these mice, the mitochondrial mass is also lower in the cDC2
subsets compared to the control condition, while the mitochondrial membrane potential is largely
unchanged (Fig. 5I-K). We examined whether this reduced mitochondrial mass is due to the

higher body fat percentage of the mice that were formerly fed HFD, and there is no correlation
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(Fig. S5C). These data suggest that cDC2, unlike ¢cDC1, do not recover from the mitochondrial

impairment resulting from HFD feeding within eight weeks of weight loss.
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Figure 4 —- HFD-induced changes to mitochondrial and lipid content in ¢cDC subsets of the
spleen and adipose tissue

Mice were fed control diet or HFD for six weeks and ¢cDC1, cDC2A, and cDC2B were examined
in spleen and eWAT by flow cytometry. (A) Fat and lean mass at six weeks of feeding as
measured by EchoMRI. (B) eWAT mass. (C) Cell count of viable SVF isolated from eWAT. (D)
Percentage of each cDC subset of viable SVF. (E) Ratio of the frequency of cDC2A or cDC2B
from D to ¢cDC1. (F) Viable splenocyte cell count. (G) Percentage of each cDC subset of viable
splenocytes. (H) Ratio of the frequency of cDC2A or cDC2B from G to ¢cDC1. (I) Mitochondrial
mass by MitoSpy Green staining. (J) Mitochondrial membrane potential by TMRM staining. (K)
Ratio of TMRM to MitoSpy Green geometric MFI from (I) and (J). (L) Lipid content by
BODIPY staining. Data are of one experiment representative of (A-J, L) three experiments or
(K) one experiment. Mean and s.e.m. of six mice per condition. * p <0.05, ** p <0.01, *** p <
0.001, **** p <0.0001
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Figure 5 — Mitochondrial changes in cDC subsets of the spleen and adipose tissue after
weight loss following HFD challenge

Mice were fed control diet or HFD for eight weeks and all mice were fed control diet for an
additional eight weeks. (A) Percentage of body fat over time as measured by EchoMRI. (B) Cell
count of viable SVF isolated from eWAT. (C) Percentage and (D) cell count of each cDC subset
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of viable eWAT SVF. (E) Ratio of the frequency of cDC2A or cDC2B of eWAT SVF to ¢cDCI.
Of eWAT SVF, (F) mitochondrial mass by MitoSpy Green staining, (G) mitochondrial
membrane potential by TMRM staining, and (H) ratio of TMRM to MitoSpy Green geometric
MFI from (F) and (G). Of splenocytes, (I) mitochondrial mass by MitoSpy Green staining, (J)
mitochondrial membrane potential by TMRM staining, and (K) ratio of TMRM to MitoSpy
Green geometric MFI from (I) and (J). Data are of one experiment. Mean and s.e.m. of six mice
per condition. * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001

Discussion

The recently described roles of DCs in both maintaining visceral adipose tissue
homeostasis and promoting inflammation establish their significance in diet-induced obesity and
the associated pathophysiology (12,15). In this study, we have characterized the differences in
mitochondrial and lipid content in cDC subsets across tissues and upon metabolic perturbation
with HFD challenge. HFD-induced changes include increased numbers of all cDC subsets, with
proportionally greater expansion of cDC2s, decrease in mitochondrial content, and increase in
lipid content. We have also found that weight loss after HFD challenge does not completely
restore this decrease in mitochondria in cDCs.

Due to several surface markers overlapping between cDCs and macrophages, such as
CDl1lc, MHC II, and CD11b, many studies on adipose tissue-associated cDCs have likely
included macrophages in their analysis. We therefore used analysis to more reliably distinguish
cDCI1, cDC2A, and cDC2B across different tissues while excluding macrophages (3,16). We
have confirmed that splenic cDC1s contain more mitochondria than splenic ¢cDC2s (10), and
have further characterized the cDC2A and cDC2B subsets. While cDC2s on average have less
mitochondria, cDC2B are closer in mitochondrial content to cDC1 and have more mitochondria
than cDC2A. In the LN, tissue-resident cDCs exhibit the same pattern of mitochondrial content

between subsets, while in migratory cDCs, there are no significant differences between cDC2A
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and cDC2B. Overall, migratory cDCs in the LN have greater mitochondrial mass and
intracellular lipids, likely to fulfil the high bioenergetic demand and coordination required by
cellular migration (22).

Unlike lymphoid-resident cDCs, eWAT cDCs lack significant differences in
mitochondrial mass between subsets. However, both eWAT cDC2 subsets have more lipid
content than cDCl1s, which is not attributed to cell size (Fig. SIC). These results are also in
contrast to the patterns seen in lymphoid tissue-resident cDCs, where cDC2 subsets have either
comparable or lower lipid content than cDC1s. The metabolic contribution to immune function
of the cDC2A and ¢cDC2B subsets has not been examined in great detail, although the established
link between mitochondrial function and functions of splenic cDCl1s and cDC2s (10) suggests
there is a likely role. Thus, the differing pattern of mitochondrial and lipid content of cDC2A and
cDC2B between tissues raises the question of how much the subsets differ in function in the
eWAT, and remains to be examined.

We observed that intracellular lipid content is higher in cDC1 and ¢cDC2B of lymphoid
tissues compared to cDC2A. Lipid bodies in splenic cDC1 have been reported to serve as
scaffolds for antigen cross-presentation machinery (23). Although ¢cDCls are the predominant
subset that cross-presents, inflammatory cDC2s have also been shown to present antigen to both
CD4" and CD8" T cells during respiratory virus infection (24). In the liver, two distinct
populations of DCs were identified based on intracellular lipid levels and the population with
higher lipid content was found to have greater immunogenicity, displaying enhanced cytokine
production and T cell activation (25). Their pro-inflammatory functions were directly related to
their lipid levels, as inhibiting fatty acid synthesis impaired these functions as well (25). This

characteristic is in line with splenic cDC2B being reported as having greater pro-inflammatory
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characteristics compared to cDC2A (3). In regards to their metabolism, lipids can serve as a fuel
source used by the relatively high abundance of mitochondria in cDC2B, generating energy and
metabolic intermediates required for their functions. Whether the increased lipids serve solely as
metabolic support or to mediate their inflammatory function in other ways remains to be
determined.

With HFD challenge, the lipid content of all cDC subsets in the eWAT increase
substantially, likely through uptake and storage of the excess free fatty acids in the tissue
microenvironment. During HFD challenge, expanding adipose tissue mass contributes to
inflammation by releasing increased levels of free fatty acids as well as pro-inflammatory
cytokines such as TNF-a and IL-1f (26). Typically, polyunsaturated fatty acids (PUFAs) have
anti-inflammatory effects, while saturated fatty acids (SFAs) are pro-inflammatory (27).
Accordingly, PUFAs have been shown to lead to decreased expression of MHC II and co-
stimulatory molecules in bone marrow-derived DCs, while SFAs like lauric acid upregulate co-
stimulatory marker expression in monocyte-derived DCs (27-29).

Our results show that MHC II expression is consistently reduced in cDCs with HFD
challenge. After removal of HFD challenge, MHC II expression for eWAT cDC2s largely
returns to control levels. Since MHC II expression is also correlated with eWAT mass, together
these results suggest that MHC II suppression may be due to the elevated FFAs from HFD-
induced expansion of adipose tissue mass. However, this conflicts with findings that adipose
tissue-associated DCs have increased MHC II expression after HFD feeding, although the HFD
in this particular study was administered for considerably longer (up to 20 weeks), which could
account for a different inflammatory profile as a result of extensive metabolic pathologies (12).

With a long HFD challenge, the increased MHC II expression may be due to the enhanced

139



inflammatory signals resulting from chronic inflammation. Another study shows that adipocytes
themselves increase MHC II expression within two weeks of HFD feeding, activating adipose
tissue-resident T cells (30). MHC II expression in macrophages was not affected within this time
frame and DCs were not examined. In intestinal stem cells, however, HFD suppresses MHC 11
expression by perturbing PRR and IFN-y signaling, which are pathways that promote MHC II
expression (31). Thus, the effects of HFD on MHC II expression may be cell-specific and
dependent on the length of the HFD challenge. The suppressive effects of PUFAs on MHC 11
expression may also play a role. In addition, fatty acid synthesis has been shown to be essential
for DC maturation, and blocking this process reduces MHC II expression (32). Therefore, the
effects of HFD on MHC II expression may be due to overloading of the DCs with fatty acids
released from diet-induced adipose tissue expansion and the consequent inhibition of fatty acid
synthesis. However, the exact mechanism regulating HFD-induced suppression of MHC II
expression remains to be determined.

We have found that six weeks of HFD challenge also results in the reduction of
mitochondrial mass and membrane potential in all eWAT cDC subsets. Mitochondrial
dysfunction due to over-nutrition is commonly observed in several tissues, including skeletal
muscle, liver, and central nervous system (33-35), although this has not been previously
examined in DCs. Multiple factors have been implicated in mitochondrial dysfunction due to
over-nutrition, both as drivers and as consequences of diet-induced metabolic perturbations. In
skeletal muscle of diabetic mice, increased oxidative stress and ROS production results in
reduced mitochondrial biogenesis and function (36). Treatment of these mice with antioxidants
helps restore mitochondrial integrity (36). In the central nervous system, chronic HFD

consumption leads to oxidative stress as well, with myelin-producing oligodendrocytes being
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particularly susceptible (35,37). Some studies show that insulin signaling in cardiomyocytes
promotes mitochondrial fusion and oxidative metabolism, and that defective insulin signaling
due to insulin resistance leads to diabetic cardiomyopathy (38,39). These studies suggest that
mitochondrial dysfunction is a result of other metabolic perturbations of chronic HFD feeding,
including oxidative stress or insulin resistance.

However, development of diabetes in mice typically requires multiple weeks of HFD
feeding (21,40), and the reduction of OXPHOS-related genes in skeletal muscle takes place as
early as three days of feeding (41), suggesting that mitochondrial dysfunction can arise before
insulin resistance is established. In line with these findings, overloading of mitochondria with
lipids occurs due to diet-induced obesity and leads to insulin resistance in skeletal muscle (33).
Mitochondrial stress results from excessive but incomplete FAO activity and consequent toxic
accumulation of partially degraded fatty acids (33). Further, mice lacking malonyl-CoA
decarboxylase, an enzyme that promotes FAQO, resist diet-induced glucose intolerance, indicating
that the elevated FAO helps drive obesity-related insulin resistance (33). Treatment of HFD-fed
mice with resveratrol, a polyphenol found in grape skin, increases mitochondrial biogenesis and
function (42). Despite comparable body weight, these mice exhibit improved insulin sensitivity
and general health (42). Together, these studies indicate multiple mechanisms are involved in
inducing mitochondrial dysfunction caused by HFD feeding, both preceding and following
pathological changes. Although we did not measure insulin resistance in our study, six weeks of
HFD feeding (Fig. 4) is typically considered shorter than chronic feeding (> 8 weeks) and before
insulin resistance is established (21,40). Therefore, at six weeks of HFD feeding, lipid toxicity is

the more likely mechanism by which mitochondrial dysfunction in DCs occurs rather than
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insulin insensitivity. However, further study is required to determine the exact mechanisms by
which HFD feeding induces mitochondrial dysfunction in DCs.

After changing to a control diet following eight weeks of HFD challenge, mitochondrial
content of eWAT cDCls during HFD feeding returns to control levels, while mitochondria of
eWAT c¢DC2A and cDC2B remain impaired. This observation coupled with our finding that
cDC2 subsets expand to a greater extent than cDCl1s do suggests that cDC2s are more sensitive
to the effects of HFD-induced obesity. Macrophages in adipose tissue of mice that undergo
weight loss after 12 weeks of HFD feeding retain a pro-inflammatory profile (43), which is in
line with our findings that the phenotype of adipose tissue-associated DCs is not restored despite
weight loss.

In all, to further our understanding about these cells, we have characterized metabolic
differences between cDCs of different tissues, demonstrating that these features are influenced
by their microenvironment. Our results also provide further insight into some of the metabolic

changes cDCs undergo during a diet-related metabolic perturbation.

Experimental procedures
Mice

C57BL/6 were bred and maintained at the Van Andel Research Institute in a specific
pathogen-free environment. At 8 weeks of age, mice were placed on a control diet (13% fat;
rodent diet 5010) or a rodent diet containing 60 % fat (D12492; Research Diets, Inc.) for the
indicated length of time. Lean and fat mass of mice were measured weekly using an EchoMRI
instrument. Male mice were used in all experiments except for the experiment in Fig. 3 in which

female mice were used. All animal studies were carried out in compliance with Animal Use

142



Protocol 18-09-026 approved by the Van Andel Research Institute’s Institutional Animal Care

and Use Committee.

Spleen and lymph node digestion

Spleens were injected with digestion buffer, which is HBSS with Ca®" and Mg*"
containing 1 mg/mL collagenase D (Roche) and 10 pg/mL DNase I (Roche), and incubated for
20 minutes at 37°C. The spleens were then mashed and incubated for an additional 20 minutes at
37°C. The digested spleen suspension was filtered through a 70 um cell strainer, followed by red
blood cell lysis for 2 minutes, and cell resuspension in wash buffer (PBS with 1% FBS, 1 mM
EDTA, 0.05% sodium azide). LNs were placed in digestion buffer and cut up with dissection
scissors, followed by shaking at 200 rpm for a 30-minute incubation at 37°C. The digested LN
suspension was filtered through a 70 um cell strainer, and resuspended in wash buffer. Viable
cells in the single cell suspension were counted using an Accuri flow cytometer (BD

Biosciences) and excluding 7-AAD" cells.

Isolation of the stromal vascular fraction of eWAT

Digestion of epididymal white adipose tissue (¢eWAT) is adapted from previously
established protocols (17,18). Digestion buffer containing 3% BSA, 1.2 mM CaCl2, 1.0 mM
MgCl2, 0.8 mM ZnCl2, and 0.8 mg/mL collagenase II (Worthington Biochemical) in HBSS was
used to digest adipose tissue, using 10 mL of digestion buffer if less than 0.8 g of adipose tissue
or 20 mL of digestion buffer if more. Adipose tissue was minced and transferred to digestion
buffer and incubated at 37°C with 200 rpm agitation, vortexing tubes every 10 minutes until
tissue chunks were no longer present. Samples were spun at 300 x g for 10 minutes, supernatant

(containing adipocytes) discarded, and cell pellet washed with RPMI-1640 containing 10% FBS.
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The cell suspension was transferred to a 70 um cell strainer, then centrifuged at 300 x g for 5
minutes, followed by RBC lysis for 2 minutes, and quenching the reaction with RPMI containing
10% FBS. This cell suspension was transferred to a 40 um cell strainer, centrifuged again at 300
x g for 5 minutes, and resuspended in wash buffer for cell counting and staining for flow

cytometry.

Flow cytometry

For mitochondrial or lipid dyes, cells were stained with 25 nM MitoSpy Green
(BioLegend), 25 nM TMRM (ThermoFisher Scientific), or 250 nM BODIPY 493/503
(ThermoFisher Scientific) in HBSS for 20 minutes at 37°C. Cells were then washed and stained
with eFluor 506 fixable viability dye in PBS and blocked with Fc block (anti-CD16/CD32;
ThermoFisher Scientific), followed by staining for surface molecules using antibodies against
CDl1c (N418), MHC II (M5/144.15.2), PD-L1 (10F.9G2), F4/80 (BM&), CD64 (X54-5/7.1),
XCRI1 (ZET), CD172a (P84), CLEC12A (5D3/CLEC12A), and markers for “lineage” (Lin) CD3
(17A2), CD19 (1D3), B220 (RA3-6B2), Ly6G (IAB-Ly6G), and NK1.1 (PK136) (purchased
from BioLegend or ThermoFisher Scientific). After staining, cells were washed and fixed with
IC Fixation Buffer (ThermoFisher Scientific) prior to sample acquisition on the Aurora spectral

cytometer (Cytek) and data analysis using FlowJo software.

Statistical analysis
Data were analyzed using GraphPad Prism software (version 9). A two-way analysis of
variance was performed to determine statistical significance between multiple groups.

Differences between conditions were considered significant when P values were below 0.05.
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Supplementary figures
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(A) Gating strategy of cDC subsets on a representative spleen sample based on Guilliams et a/
(16). Viable single cells are gated on CD64  cells, and then MHC II'Lineage(CD3, CD19,
NKI.1, B220, Ly6G) CD11c" cells. cDC1 and ¢DC2 subsets are defined by XCR1 and CD172a
expression, respectively. cDC2 are further divided into CLECI2A" (¢cDC2B) and CLEC12A-
(cDC2A), based on Brown et al (3). (B) Cell size as represented by FSC of cDCs from the
spleen, inguinal and brachial LNs, and eWAT. Data are of one experiment representative of three
experiments. * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001
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Simple linear regression of expression of MHC class II by ¢cDC1 and ¢cDC2 of spleen versus
eWAT mass for mice fed HFD across all weeks, with significance for each subset expressed by p

value.
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Mice were fed control diet or HFD for six weeks and ¢cDC1, cDC2A, and cDC2B were examined
in spleen and eWAT by flow cytometry. In isolated SVF from the eWAT, (A) viable cell count
(B) cell count per gram of eWAT, and (C) MHC II expression of each cDC subset were
measured. In the spleen, (D) viable cell count, (E) mitochondrial mass by MitoSpy Green
staining, (F) mitochondrial membrane potential by TMRM staining, (G) TMRM to MitoSpy
Green geometric MFI ratio, and (H) neutral lipids by BODIPY staining were measured. Data are
one experiment representative of three experiments. ** p <0.01, *** p <0.001, **** p <0.0001
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Figure S5

Mice were fed control diet or HFD for eight weeks and all mice were fed control diet for an
additional eight weeks. In the spleen, (A) frequency of each cDC subset of viable cells and (B)
ratio of cDC2A or cDC2B to ¢cDCI frequency were determined. (C) Simple linear regression of
mitochondrial mass as measured by MitoSpy Green staining of eWAT ¢DC subsets versus
eWAT mass for mice formerly fed HFD. Data are of one experiment.
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CHAPTER 5 — Discussion

Summary

The regulation of immune cells at all stages—from development to activation—requires
extensive changes in metabolic activity. The data presented in this thesis highlight several
aspects of metabolism and their roles in regulating DCs. In Chapter 2, the results show the
necessity for glycolysis in DC activation and migration, demonstrating that an early increase in
glycolysis occurs in activated DCs regardless of the strength of pro-inflammatory phenotype.
Long-term glycolytic reprogramming, however, takes place in highly pro-inflammatory DCs and
coincides with HIF-1a and iNOS activity. This glycolytic activity was found to be required for
optimal DC motility as well as CCR7 oligomerization for chemokine-induced migration. Next,
Chapter 3 focuses on oxidative metabolism and the role of PGC-13—a major regulator of
mitochondrial and lipid metabolism—in DC function and activation. We found that PGC-1f3
gene expression changes dynamically with LPS activation. Examination of PGC-1f deficiency in
DCs reveals an altered bioenergetic profile, with reduced oxidative metabolism and increased
glycolysis. Further, the effect PGC-1p deficiency has on the immune function of DCs includes
enhanced MHC II surface expression and promotion of T cell expansion and Th2 differentiation.
Finally, Chapter 4 characterizes the differences in mitochondrial and lipid content of cDC
subsets in lymphoid and non-lymphoid tissues in vivo at both steady state and with a metabolic
perturbation. This data shows the effect that changes in whole-body metabolism due to HFD
challenge has on cDCs, with increased expansion of all cDC subsets, reduced mitochondrial

content, and increased intracellular lipid levels. Together, this work highlights the importance of
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multiple facets of metabolism in regulating DC function and activation, further contributing to

our understanding of the role of metabolism in immunity.

The relationship between cellular metabolism and the cytoskeleton

Data in Chapter 2 describes the requirement of glycolysis for DC motility. Multiple
studies that have investigated the link between glycolysis and the cytoskeleton provide additional
insight into the regulatory mechanisms that may be taking place. The dynamic remodeling of the
cytoskeleton that occurs during cell motility is energetically demanding, most notably for the use
of ATP in actin polymerization and GTP by the Rho family of GTPases and microtubules.
Although OXPHOS is more efficient at generating ATP, the requirement of glycolysis for cell
motility has been observed in multiple systems for over forty years (129-131). Unlike the
enzymes involved in OXPHOS, glycolytic enzymes are not partitioned by membrane-bound
organelles. However, coordination of cell movement demands local energy production furnished
through compartmentalization of glycolysis. Indeed, it has long been observed that many
glycolytic enzymes are associated with the cytoskeleton (132—134). The anchoring of glycolytic
enzymes at the cytoskeleton also promotes the efficiency of glycolysis by bringing the enzymes
in close proximity (135).

More recently, specific compartmentalization of glycolytic enzymes has been shown to
be important for cytoskeletal remodeling required for cell motility. The PI3K-AKT pathway
links several types of cell surface receptors—including growth factor receptors, T-cell receptors,
B-cell receptors, TLRs and integrins—to metabolic changes, primarily promoting glycolysis
(136,137). PI3K signaling substantially colocalizes with F-actin bundles at membrane

protrusions and participates in a positive feedback loop of actin polymerization (138). Aldolase,

154



a glycolytic enzyme that converts fructose-1,6-bisphophsate to glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate, is associated with F-actin (139). Upon actin remodeling
coordinated by PI3K and RACI1, aldolase is released, activating its function in the glycolytic
pathway (139). These studies suggest that PI3K signaling is a mechanism that spatially regulates
glycolysis at areas of active cytoskeletal remodeling. Another enzyme that localizes at the
cytoskeleton in 6-phosphfructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), which
converts fructose-6-phosphate to fructose-2,6-bisphosphate and increases glycolytic activity
(140). PFKFB3 compartmentalizes at cell protrusions through actin interactions in endothelial
cells to promote their migration during vessel formation (140). In Treg cells, glucokinase, a
hexokinase isozyme, inducibly associates with the cytoskeleton following PI3K-mTORC2
signaling to generate energy to fuel Treg cell migration (129).

Compartmentalized metabolism may also help direct the flux of metabolites to specific
pathways. For example, PKM2 was found to be co-localized with F-actin at cell protrusions in
macrophages (141). Under hypoxic conditions, macrophages have enhanced migratory capacity,
attributed in part to HIF-1a-pyruvate dehydrogenase kinase 1 (PDK1) signaling that redirects
flux of pyruvate away from the TCA cycle and instead into lactate production, leading to
localized energy generation (141). In DCs, NAD" produced by LDHA has been shown to support
actin polymerization and thus migration (142). Generation of NAD" can help sustain glycolytic
flux, as glycolytic enzyme GAPDH requires NAD" for its enzymatic reaction. Inflammatory
macrophages in the encephalomyelitis mouse model of multiple sclerosis likely rely on a similar
mechanism, as they also require LDHA as well as lactate transporter MCT-4 for infiltration into
the brain (143). Together, these studies suggest a close relationship and reciprocal regulation

between glycolytic enzymes and cytoskeletal remodeling.

155



Cellular metabolism can also be affected by interactions with the extracellular matrix
(ECM). Integrins couple the cytoskeleton and the ECM to generate traction along a surface
during cell migration. Integrins are also chief mediators of mechanotransduction, a process by
which mechanical stimuli such as stiffness are translated to biochemical signals, which impact
functions (144—146). Integrin signaling engages signaling cascades that promote cell spreading
and survival, and stimulates pathways such as PI3K/AKT known to affect cellular metabolism
(147). Although there is a well-established link between cytoskeletal rearrangements, integrin
signaling and mechanotransduction in immune cells (146,148), how these processes directly
affect cellular metabolism and migratory capacity of immune cells is currently not well
understood. However, a number of studies in other cell types suggest that integrin engagement
and signaling result in changes in metabolism (149). For example, a recent study establishes a
link between integrins, mechanotransduction and glycolysis (150). Cells can sense the stiffness
of their environment through engagement of integrins. Under low adhesion and reduced integrin
signaling (low stiffness), E3 ubiquitin ligase TRIM21 can be released from the actin cytoskeleton
to target rate-limiting enzyme phosphofructokinase (PFK) for degradation, resulting in
downregulation glycolysis (150). As integrin engagement is often localized to establish cell
polarity in migrating cells, it is likely a mechanism that triggers localized glycolysis at areas of
active cytoskeletal rearrangements. Indeed, recent findings reveal that DC metabolism is also
regulated by mechanotransduction, with higher environmental stiffness increasing inflammatory
function and glycolytic flux in DCs (151). Under chronic inflammatory conditions, stiffness can
increase in tissues, potentially influencing DC metabolism, and therefore, their migratory ability.

Subcellular localization of mitochondria also plays an important role in immune cell

migration. Mitochondria have been shown to accumulate at the rear (uropod) of migrating T cells
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in response to CXCL12 or CCL21 (152). Mitochondrial Rho GTPase-1 (MIRO-1) contributes to
mitochondrial redistribution by coupling mitochondria to microtubule dynein motors, thereby
facilitating their positioning to the cell uropod (153). This redistribution of mitochondria requires
mitochondrial fission, which is regulated by the GTPase dynamin-related protein 1 (DRP1), and
DRP1 deficiency results in impaired T-cell transmigration across endothelial cells as well as
infiltration into tumors (154). Localized mitochondrial ATP is necessary for the ATP-dependent
phosphorylation of myosin light chain (MLC), which activates the ATPase activity of myosin II
that is required for contraction of the actin cytoskeleton at the cell rear (152,154). While most
mitochondria localize to the cell rear, a smaller portion of mitochondria accumulate near the
front of the migrating T cell (155). The mitochondria provide ATP that is released and acts on
the cell’s purinergic P2X4 receptor, which promotes the formation of actin protrusions (155).
Neutrophils, despite generating energy primarily through glycolysis (156), have also been shown
to exhibit this differential activation of mitochondria in response to a chemoattractant (157). The
minor portion of mitochondria that localizes to the front of the cell displays higher membrane
potential and is enhanced by local mTOR signaling (157). In addition, disruption of components
of the ETC and antioxidant proteins in neutrophils of zebrafish hampers their migratory abilities,
demonstrating the importance of the ETC and redox status, respectively, for neutrophil motility
(158). Together these studies provide evidence that mitochondria with contrasting metabolic
properties localized to either ends of polarized immune cell, and that both groups significantly
support migration. Mitochondrial metabolism in DCs and its maintenance by the transcriptional
co-activator PGC-1f is the focus of Chapter 3. Although we have not yet examined how DC

motility or migration may be affected by PGC-1p, these studies suggest that mitochondrial

dysfunction would likely alter the dynamics of DC migration. Despite the fact that PGC-13
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deficiency results in increased glycolytic activity, there is a slight bioenergetic insufficiency due
to impaired oxidative metabolism, thus energy derived from glycolysis is not likely being
prioritized for an energetically demanding process like migration. However, whether metabolic

regulation by PGC-1f does affect DC migration remains to be determined.

The influence of diet on immune responses

Nutrient availability in microenvironments—whether in primary or secondary lymphoid
tissues or in inflamed peripheral tissues—will impact the metabolic pathways used by cells to
support their bioenergetic and biosynthetic needs (159). How local nutrient availability affects
immune homeostasis and response to infection adds another dimension to our understanding of
host immunity. For example, the increased metabolic demands of both tumor cells and activated
immune cells may lead to competition for nutrients in the tumor microenvironment. Anti-tumor
immunity can be influenced by nutrient depletion the tumor microenvironment, such as glucose
restriction by tumors impairing T cell effector function (160), and glutamine depletion promoting
the differentiation of T cells into Treg cells (161). Nutrient competition in the dense lymph node
environment likely also occurs, potentially impacting both spatial organization of immune cells
and egress to the periphery.

We showed in Chapter 4 some of the effects HFD challenge has on ¢cDCs, including
preferential increase in the proportion of cDC2s, and an increase in intracellular lipid levels, but
a significant decrease in mitochondrial mass. The model of HFD-induced obesity has been useful
for examining other diseases that eventually develop after long-term feeding, such as type 2
diabetes, nonalcoholic fatty liver disease, and cardiomyopathy (162). Importantly, there is also a
change in the amount and composition of circulating nutrients, but the effects of the diet itself

are not always distinguished from the effects of diet-induced consequences such as obesity on
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immune cells. However, studies examining systemic altering of nutrient availability, largely
through diet manipulations, are demonstrating profound effects on immune function. ILC2s, for
example, take up large amounts of fatty acids from their environment, and pharmacologically
inhibiting intestinal absorption of dietary fatty acids impairs their expansion and cytokine
production during helminth infection (163). A ketogenic diet, which contains low amounts of
carbohydrates and high fat, is protective in mice during an influenza A virus infection by
promoting the expansion of yd T cells in the lung (164). These yd T cells promote lung barrier
integrity, although the precise mechanism by which this occurs requires further investigation
(164). Dietary amino acids can also be essential for optimal immune responses. Dietary
restriction of the essential amino acid methionine, for example, reduces disease severity in the
experimental autoimmune encephalomyelitis model of multiple sclerosis by limiting the
expansion of Th17 cells (165). Methionine is required for synthesizing the methyl donor S-
adenosyl methionine, which in turn provides methyl groups for histone methylation (165).
Methionine restriction in effector T cells results in partial reduction of histone methylation marks
and downregulation of certain genes, including those involved in cell proliferation and the Th17-
defining 7/17a, thus resulting in an impaired Th17 response (165). In addition, mice fed a diet
lacking non-essential amino acids serine and glycine exhibit a reduced number of antigen-
specific CD8" T cell when challenged with Listeria monocytogenes infection (166). While
cytokine production of these T cells is not affected, their proliferative capacity is impaired, as
serine metabolism was shown to be necessary for purine nucleotide biosynthesis (166). These
studies on how systemic changes in nutrient availability affect immune responses emphasize the

importance of diet in health and disease.
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Dietary regulation of PGC-1 proteins

In Chapter 4, we found that HFD-induced obesity leads to decreased mitochondrial mass
in DCs. This is also observed in other cell types, including skeletal muscle and hepatocytes, and
is linked to diet-induced metabolic perturbations (167,168). In line with these observations, mice
lacking PGC-1a in white adipose tissue develop insulin resistance associated with impaired lipid
metabolism (169). HFD challenge also reduces the gene expressions of both PGC-1a and PGC-
1B in skeletal muscle cells (170). In Chapter 3, we showed that PGC-1f deficiency in DCs
results in reduced oxidative metabolism, but unchanged total mitochondrial mass. Certain dietary
regulators improve pathological consequences of diet-induced obesity, in part by promoting
mitochondrial metabolism and biosynthesis, such as through the induction of PGC-1 proteins
(171). Consumption of the long-chain polyunsaturated fatty acids (PUFAs) eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), which are found in fish oil, restores PGC-1a gene
expression in white adipose tissue and skeletal muscle of HFD-fed mice (172,173). Although the
mice gain a similar amount of weight, those given EPA and DHA exhibit improved insulin
sensitivity of skeletal muscle cells (173). PUFAs have also been described to promote anti-
inflammatory functions in immune cells, including that of DCs (174).

Butyrate is a short-chain fatty acid that is a fermentation product of dietary fiber by gut
bacteria and is also found in certain foods like butter; it improves insulin sensitivity and prevents
increase in body fat percentage in HFD-fed mice (175). Dietary butyrate supplementation
increases PGC-1a gene expression and protein levels, and accordingly, the mitochondrial
biogenesis and function in both skeletal muscle and brown adipose tissue (175). Butyrate is also
known to have anti-inflammatory effects on intestinal DCs by promoting the expression of

immunosuppressive enzymes retinaldehyde dehydrogenase and IDO (176,177). These DCs
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induce the differentiation of naive T cells into Treg cells, which is protective against
inflammation-associated colitis and colon cancer in mice (176). While the effect of butyrate and
PUFAs on adipose tissue-associated DCs has not yet been examined, these studies suggest it is
likely these DCs would also upregulate PGC-1a and possibly PGC-1f3 expression and contribute
to the overall anti-inflammatory environment.

Although we examined adipose tissue-associated CD11c" cells that lack PGC-1p, we did
not find any significant changes in cell numbers, activation markers, or mitochondrial content. A
likely explanation for this is that PGC-1a may compensate for PGC-1f deficiency in ¢cDCs in
vivo. Thus, cDC-specific genetic ablation of both PGC-1oa and PGC-1f may allow us to better

investigate the role of PGC-1 proteins and mitochondrial metabolism of ¢DCs in vivo.

Challenges in studying metabolism in DCs

As mentioned earlier, a caveat of BMDCs differentiated in the presence of GM-CSF is
the heterogeneity of the culture (15). Another caveat to these cells is their expression of iNOS
upon TLR stimulation, as in vivo-derived cDCs do not express iNOS (38). Since nitric oxide
inhibits mitochondrial metabolism by binding components of the ETC, the effect of nitric oxide
on DC metabolism must be taken into consideration. According to Everts ef al., detectable LPS-
induced iNOS expression and nitric oxide production occurs at around six hours post-stimulation
(64). Thus, the inhibition of the ETC in LPS-activated DCs only occurs past six hours and does
not affect the early increase in glycolysis (40,64). Although TLR-activated bone marrow-derived
DC:s differ from c¢DCs in their expression of iNOS, they correspond more closely with TNF and
iNOS-producing (TIP)-DCs that develop from monocytes in certain inflammatory contexts, such

as infection with Listeria monocytogenes (178). In addition, other cells such as macrophages and
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endothelial cells produce nitric oxide in inflammatory settings in response to cytokines (179).
Nitric oxide can easily diffuse across cell membranes, affecting not only pathogens with their
antimicrobial activity, but other host cells as well (180). For example, nitric oxide also acts on
smooth muscle cells to induce vasodilation, thereby promoting blood flow and immune cell
recruitment to the inflammatory site (179). iNOS-deficient BMDC:s in the presence of iNOS-
expressing wild-type BMDC:s still have impaired oxidative metabolism when activated with
LPS, suggesting that extrinsic nitric oxide is capable of inhibiting oxidative metabolism (66).
Overall, the effects of nitric oxide on metabolic mechanisms regulating DC function are
necessary to consider when translating in vitro experiments in BMDCs to in vivo DCs, whether
they are monocyte-derived or conventional, and at steady state or in an inflammatory context
with nitric oxide present.

While studying metabolic mechanisms in in vitro-differentiated DCs has certain
advantages, their metabolism has adapted to the in vitro setting which differs from the in vivo
environment. For example, stable isotope tracing demonstrates that CD8" T cells activated in
response to Listeria monocytogenes are much more oxidative than CD8" T cells activated in vitro
(181). However, examining the metabolism of DCs in vivo presents another set of challenges.
Due to the scarcity of established protocols for culturing cDCs ex vivo, the harsh processing that
is involved in isolating tissue cDCs, and the relatively low cell numbers, it is difficult to move
away from in vitro cultures. DCs have been shown to be sensitive to mechanical stimulation, as
they respond to mechanical forces by upregulating MHC II and co-stimulatory marker
expression, but not cytokine production (182). The process of FACS sorting itself contributes to
cell stress. In fact, FACS sorting exerts mechanical stress on cell membranes by activating

mechanosensory signaling, which leads to changes in metabolites associated with plasma
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membranes (183). FACS-sorted cells also exhibit altered redox states, with large increases in
ROS levels as well as in the ratio of oxidized glutathione to reduced glutathione (184). Further,
levels of many metabolites, including intermediates of glycolysis, the TCA cycle, and the
pentose phosphate pathway, are reduced in FACS-sorted cells (184). Addition of serum to the
sorting buffer could partially mitigate some of the changes in redox state and metabolite levels
(184). DCs are relatively short-lived, especially after being stressed or activated, and there is
currently an absence of protocols for the maintenance of tissue-derived cDCs ex vivo. Even
following sorting, the relatively low yield of DCs limits their application.

Despite these challenges, recent advances have presented potential methods for
investigating the metabolism of ¢cDCs in vivo. Single-cell strategies in particular allow for the
examination of low numbers of cells. One group presents a flow cytometry-based strategy
termed Met-Flow for analyzing metabolic changes in immune populations with a panel of
fluorochrome-conjugated antibodies that target key metabolic proteins, including rate-limiting
enzymes, as well as lineage-defining and activation markers (185). Applying this strategy to
human PBMCs confirms previously established metabolic profiles of different immune cell types
(185). Further, by examining ten metabolic proteins, Met-Flow could define immune populations
at a comparable resolution to approximately 500 metabolic genes by single cell RNA sequencing
(185). Another study describes a method termed single-cell metabolic regulome profiling
(scMEP) and expands the number of targets to 41 key proteins across a range of metabolic
pathways, including metabolite transporters, enzymes, and transcription factors, along with
lineage-specific markers (186). This panel is detected by mass cytometry or cytometry by time of
flight (CyTOF), and the metabolic profile alone can predict the identity of the vast majority of

immune cells (94% average) in whole human blood (186). Applying this strategy on single-cell
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suspensions of colorectal carcinoma, healthy adjacent tissue, and other tissues, reveals diverse
metabolic profiles that are cell- and tissue-dependent (186). Albeit with a smaller number of
metabolic features that include mitochondrial and lipid content, data in Chapter 4 also confirms
that cDC subset phenotypes are shaped by the tissue microenvironment.

These methods do not, however, reveal the spatial organization of different metabolic
phenotypes throughout a tissue. By adapting the sScMEP approach to multiplexed ion beam
imaging by time of flight (MIBI-TOF), metabolic features of immune cells could also be
measured from intact tissue sections (186). This method has the additional advantage of
evaluating the spatial distribution of metabolic markers. Examination of human tissue sections
from patients with colorectal carcinoma reveals that the metabolic features of immune cells
along the tumor-immune boundary differ from those that are more distant, identifying a unique
metabolic niche at this boundary (186). Indeed, metabolic competition in the tumor
microenvironment between immune cells and tumor cells can modulate immune cell function
(160). These technological approaches offer promising options to examine cDCs, since they are a

relatively rare in vivo cell population.

Clinical implications
Cancer immunotherapy

The ability of DCs to initiate antigen-specific immune responses makes them ideal tools
to harness and manipulate to generate efficient, targeted immunity. Precision immunotherapy
against tumors using DCs has especially been an area of great interest. Of the cDC subsets,
cDCls typically promote anti-tumor immunity by cross-presenting tumor-associated antigens to

CD8" T cells and promoting Th1 differentiation of CD4" T cells. Tumors have, however,
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developed mechanisms to evade detection and killing by DCs and other immune cells. The tumor
microenvironment is often immunosuppressive, preventing optimal development, recruitment, or
anti-tumor effector functions of immune cells. Therefore, promising studies have demonstrated
that DCs in combination with other immunotherapies that combat these immunosuppressive
effects enhance anti-tumor responses. For example, in mouse melanoma models, the anti-tumor
response by CD103" cDCls is greatly enhanced by the combined therapy of PD-L1 blockade,
FLT3L to expand DC progenitors, and the TLR3 ligand poly I:C to induce DC maturation and
activation (187). While cDC1s have been the main focus in the initiation of anti-tumor immune
responses, cDC2s also have the capacity to elicit anti-tumor CD4" T cell responses if the
immunosuppressive effects of Treg cells are removed (188). Thus, treatment of mice with anti-
CTLA-4 to deplete Treg cells improves cDC2 migration to the tumor-draining lymph node,
expression of co-stimulatory molecules, and promotes the expansion of Thl-like cells (188).
Moreover, in patients with melanoma, there is a correlation between progression-free survival
and more abundant cDC2 but lower Treg cell frequency (188). Another immune evasion strategy
is inhibiting the recruitment of DCs to the tumor. Tumor-derived prostaglandin E2 (PGE2)
inhibits the function of intratumoral NK cells and chemokine receptor expression by cDCls
(189). Genetic deletion of cyclooxygenases in tumor cells prevents PGE2 production and allows
NK cells to produce the chemokines CCL5 and XCL1, which recruit cDCls to tumors (189). The
cDCls, in turn, subsequently transport tumor-associated antigen to the tumor-draining lymph
node in a CCR7-dependent manner and activate T cells (23,189). Targeting of CCR7 expression
on DCs by tumor-derived factors therefore greatly impairs anti-tumor immune responses (190).
Tumor-derived ligands for the nuclear receptor liver X receptor, for example, inhibit CCR7

expression on DCs (190). In addition, glucose restriction in the tumor environment can occur due
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to nutrient competition between immune cells and tumor cells (160). Therefore, in light of our
findings in Chapter 2 on the importance of glycolysis for CCR7 oligomerization, impaired
CCR7-mediated migration of DCs as a consequence of glucose restriction by tumor cells is
another likely mechanism that allows tumor cells to evade the immune system. Using
pharmacological agents to manipulate the metabolism of either immune cells or tumor cells can
be challenging to target directly due to their reliance on overlapping metabolic pathways.
However, many clinical trials using DC-based cancer immunotherapies generate DCs from
patient monocytes isolated from peripheral blood, allowing for in vitro manipulation (191). In
general, promising results from clinical trials using DC-based therapies to treat various cancer

types are in combination with other standard therapies (191,192).

Metabolic induction of tolerogenic DCs

In contrast to strategies in cancer immunotherapy to enhance DC immunogenicity,
approaches in treating autoimmune diseases require the induction of immune tolerance. Several
pharmacological agents induce a tolerogenic phenotype in DCs, including the biologically active
form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH),D3), and the corticosteroid
dexamethasone (193). These agents are commonly used separately or together to induce
tolerance, primarily on human monocyte-derived DCs in vitro. Profiling of 1,25(OH),Ds and
dexamethasone reveals they enrich for several of the same anti-inflammatory pathways in DCs
(194), but that 1,25(OH),Ds induces more potent changes (195). DCs treated with 1,25(OH),Ds
have relatively high rates of glycolysis and oxidative metabolism (196,197). Exposing
1,25(0OH),Ds-treated DCs to hypoxia does not impair their ability to reduce IFN-y production by
T cells, while inhibiting glycolysis partially restores the ability of the DCs to induce T cell

proliferation (196). Inhibiting FAO, however, does not restore the T cell stimulating capacity of
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DCs. In line with these findings, the enzyme PFKFB4, which activates the glycolysis rate-
limiting enzyme PFK1, is strongly upregulated in 1,25(OH),;Ds-treated DCs (197). The inhibition
of PFKFB4 does not affect the capacity for these cells to induce Treg cell expansion, but does
affect the suppressive functions of the Treg cells (197). Together, these reports demonstrate the
importance of glycolysis for the tolerogenic functions of 1,25(OH),Ds-treated DCs. Another
study examines DCs treated with both 1,25(OH),D; and dexamethasone and find they also
display higher oxidative metabolism and glycolytic capacity (198). In this case, however,
inhibiting FAO in these cells partially restores T cell activation (198). Inconsistencies across
studies are likely a reflection of different experimental conditions, as well as metabolic
adaptability and partial reliance on multiple pathways for the functions of tolerogenic DCs. A
clinical trial examined the use of tolerogenic DCs generated in the presence of dexamethasone
and vitamin D3 to treat rheumatoid arthritis (199). These DCs were also co-cultured with
synovial fluid from the inflamed joints of each patients, which allowed them to load the auto-
antigens unique to each patient (199). This was followed by direct injection of these cells into
inflamed joints (199). The trial deemed the treatment to be safe, and a few patients experienced
some improvement of symptoms (199). Completed and ongoing phase I clinical trials based on
tolerogenic DCs have also explored the efficacy of these cells in treating other autoimmune
diseases, including type 1 diabetes, Crohn’s disease, and multiple sclerosis (200). The results of

these studies will inform on further design of DC-based immunotherapies going forward.
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Final conclusion

DCs have a superior capacity to rapidly sense their microenvironment and stimulate
context-specific immune responses. Their role in immunity is regulated in a highly precise
manner, which, when dysregulated, can result in an overactive immune system, such as in
autoimmune diseases, or poor clearance of pathogens or cancer cells. We aimed to characterize
and determine how metabolism regulates this balance in DCs. Our findings highlight the
importance of metabolism in regulating crucial DC functions, including the necessity for
glycolysis in DC migration, and the role of mitochondrial regulator PGC-1f in maintaining
oxidative metabolism and inducing T cell differentiation. We also characterized specific
metabolic features, such as mitochondrial and lipid content, in cDCs in vivo across several
tissues and with HFD challenge as a metabolic perturbation. Overall, this work contributes to our
understanding of DC biology and provides avenues for further study on the metabolic regulation

of DC function and activation.
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