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Abstract

Understanding of antigen-presenting cell (APC) participation in tissue inflammation and
metabolism has advanced through numerous studies using systems biology approaches. Previously
unrecognized connections between these research areas have been elucidated in the context of
inflammatory disease involving innate and adaptive immune responses. A new conceptual
framework bridges APC biology, metabolism, and cytokines in the generation of effective T-cell
responses. Exploring these connections is paramount to addressing the rising tide of multi-organ
system diseases, particularly chronic diseases associated with metabolic syndrome, infection, and
cancer. Focused research in these areas will aid the development of strategies to harness and
manipulate innate immunology to improve vaccine development, anti-viral, anti-inflammatory, and
anti-tumor therapies. This review highlights recent advances in APC “immunometabolism”
specifically related to chronic viral and metabolic disease in humans. The goal of this review is to
develop an abridged and consolidated outlook on recent thematic updates to APC
immunometabolism in the areas of regulation and crosstalk between metabolic and inflammatory
signaling and the integrated stress response and how these signals dictate APC function in
providing T-cell activation Signal 3.
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l. INTRODUCTION

T-cell activation by pathogens proceeds in an ordered sequence; recognition of antigen
through the T-cell receptor (TCR) in the context of “self” major histocompatability complex
(MHC) (Signal 1); co-stimulation through TCR accessory molecules CD28, CD80/CD86, or
intercellular adhesion molecule 1 (ICAM-1) (Signal 2); and a more enigmatic Signal 3
involving inflammatory cytokines provided by antigen-presenting cells (APCs). The
requirement for Signal 3 in CD8* T cells for acquisition of cytotoxic function has been well
established such that interleukin-12 (IL-12) can provide Signal 3 and endow CD8" cells with
cytotoxic ability, opposing the development of tolerance that occurs in the absence of this
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cytokine. Subsequently, IL-1p or type I interferons (IFNs) have been shown to act as Signal
3 for CD4™ T cells. The involvement of 1L-12, IL-1pB, and IFN /B strongly implicates
upstream Toll-like receptor (TLR)-driven signaling in APCs as a critical component
providing Signal 3 to T cells (Fig. 1A).

A critical component of APC activation involves signaling mediated by recognition of
pathogen-associated molecular patterns (PAMPs) by cell-surface and endosomal pattern-
recognition receptors (PRRs). Among the most well-characterized PRRs are the members of
the TLR family. Ultimately, many inflammatory stimuli activate inflammasomes and type |
IFN downstream of TLR signaling (Fig. 1B), Inflammation is only one function of APCs;
many APCs, particularly those of myeloid origin, are highly metabolic. Increased metabolic
activity in APCs occurs due to their role in phagocytosing and degrading dead and dying
cells. Through their functions in the removal of apoptotic and necrotic cells, APCs encounter
and metabolize bolus deliveries of lipids and cholesterol. APCs also produce and secrete a
large amount of cytokines, which can induce endoplasmic reticulum (ER) stress. How APCs
integrate this complex milieu of activating signals from multiple systems is not well
understood.

Understanding of APC immune activation and metabolism have advanced independently, but
major contemporary breakthroughs have demonstrated that these functions are related and
are often co-regulated. Manipulation of either function to achieve reciprocal effects in the
other pathway is a mechanism used by APCs and pathogens alike to maintain homeostasis or
facilitate pathogen replication. The goal of this review is to begin to assimilate these
conceptual advances into a systems-level understanding of APC activation, metabolism, and
function and to incorporate insights provided through application of advanced molecular
methods that have emerged recently among these disciplines into a unified concept of APC
“immunometabolism.” Section Il of this review examines the transcriptional control of
crosstalk between macrophage metabolism and inflammation. Section 111 provides an
overview of ER stress responses in APC function. Section IV highlights recent
developments in the regulation of inflammation by specific bioactive metabolites and
microRNAs (miRs). Section V briefly introduces several specific studies describing
integration of metabolism, inflammation, and ER stress.

Il. LIPID-ACTIVATED TRANSCRIPTION FACTORS AND MACROPHAGE
PHEONTYPE

A. Transcriptional Control of Macrophage Metabolism and Inflammatory Responses

The nuclear receptors liver X receptors (LXRs) are ligand-activated transcription factors, the
most well-described function of which is activation of metabolic gene expression in
response to cholesterol metabolites.! A role has emerged for TLRs and LXRs in a complex
reciprocal crosstalk between the immune and metabolic systems at the level of APCs,
particularly macrophages.

1. LXRs and Macrophage Metabolism—The two receptors of the LXR family, a and
B, are similar in sequence (77% amino acid similarity in DNA- and ligand-binding
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domains), but different in tissue distribution, with LXRB expressed ubiquitously and LXRa
being restricted to highly metabolically active sites including macrophages and the liver.1:2
The principle role of LXRs is to remove excess cholesterol at the cellular and organism
levels through the process of “reverse cholesterol transport” involving trafficking peripheral
cholesterol to the liver through high-density lipoproteins for excretion in the bile and feces.?
This is mediated through up-regulation of LXR target genes involved in cholesterol efflux
(ATP-binding cassette transporters including ABCAL) and apolipoprotein cholesterol
acceptors. In addition to cholesterol efflux, LXRs regulate fatty acid synthesis through up-
regulation of sterol regulatory element-binding protein (SREBP)-1¢3 and fatty acid
synthase (FAS).5> Carbohydrate metabolism is regulated by LXRs through suppression of
hepatic gluconeogenesis and induction of tissue uptake of glucose.2® LXRs also act as
glucose sensors regulating signaling in response to glucose through binding glucose directly
and induction of carbohydrate response element binding protein.”-8

2. LXRs and Macrophage Inflammatory Responses

a. LXR Crosstalk with TL Rs: Numerous studies have demonstrated crosstalk between the
LXRs and inflammatory signaling through TLRs.2 Under inflammatory conditions, TLR3 or
TLR4 negatively affect cholesterol efflux through IFN regulatory factor 3 (IRF3)-mediated
suppression of LXR-induced expression of cholesterol transporters.® In this way,
inflammation contributes directly to foam cell development and atherosclerosis. Intriguingly,
this relationship appears to be, at least partially, bidirectional because activation of LXRs
reduces inflammatory gene expression induced by TLR4, IL-1, or tumor necrosis factor a
(TNF-a) signaling.10-11 An interesting interpretation of these results has been presented
recently suggesting that TLR activation decreases cholesterol efflux in a feedforward
mechanism to potentiate further amplification of TLR signaling and the inflammatory
response itself as an integrated response to pathogens.12 Ultimately, upon resolution of
infection and diminution of TLR agonists, established cholesterol accumulation induces
LXR activation as a natural “brake” to restore the system to homeostasis (Fig. 1C). A
constant low-level barrage of TLR agonists or inflammasome triggers (theoretically
provided by cholesterol crystal deposition or inflammatory modified lipoproteins) then could
circumvent this brake, establishing chronic inflammatory diseases.12 To fully understand the
impact of transcriptional crosstalk between inflammation and metabolism, it is necessary to
examine proposed mechanisms of this crosstalk.

b. M echanisms of Immune Modulation by L XRs: Direct and Indirect

Effects. Mechanisms of transcriptional activation of LXRs are relatively well described.
LXRs belong to the class of nuclear receptors that bind the promoters of target genes
containing LXR response elements (LXRES) in heterodimeric association with retinoid X
receptors.1:2 Nuclear receptors basally recruit co-repressors to these promoters, inhibiting
gene expression, which is further reinforced by histone deacetylases (HDACSs) and
chromatin-modifying factors.13.14 Particular corepressors on inflammatory genes include
silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) and nuclear
receptor corepressor.13:15-20 Upon ligand binding, co-repressors are released and exchanged
for co-activators to activate transcription of target genes 14.21-24
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Despite being the focus of intense research, the mechanism of inhibition of TLR-signaling
induced gene expression (of genes lacking LXREs and thus without direct binding by LXRs)
by these receptors has remained somewhat nebulous. An elaborate mechanism known as
“trans-repression” has been described for LXR control of inflammatory gene expression
involving SUMOylation by SUMO2 or SUMO3 and involving E3 ligase HDAC4.11.19.25-27
In this model, under normal conditions, the promoters of inflammatory genes (including
inducible nitric oxide synthase 2 [iNOS or NOS2]) are bound by repressors including
HDACSs, NCOR, or SMRT, preventing attachment of co-activators. Upon inflammatory
activation of TLR4, a signaling cascade results in ubiquitination and degradation of the
corepressor complex by the 19S proteasome. Concomitant activation of nuclear factor xB
(NF-xB) binding to sequence-specific elements in inflammatory gene promoters and
recruitment of co-activators induces target gene expression.::2 Ligand-induced
SUMOylation of LXR by SUMO2 or SUMO3 is proposed to allow LXR binding to the
corepressor complex, preventing its degradation by the proteasome and thus maintaining
repression of gene expression in the presence of inflammatory stimuli.1-2:18

A very recent study?® has presented a competing theory explaining the anti-inflammatory
effects of LXR activation on TLR signaling. In this model, transcriptional activation of
LXRs is linked directly to both cholesterol homeostasis and inflammatory repression
through direct transcriptional activation of the LXR target cholesterol transporter ABCA1L.
This work showed that ABCA1 affects inflammatory repression by reduction of lipid raft
cholesterol content reducing recruitment of myeloid differentiation primary response gene
88 (MYD88) and TNF receptor associated factor 6 (TRAF6), therefore inhibiting TLR
activation-induced phosphorylation of mitogen-activated protein kinases and activation of
NF-xB and ultimately leading to reduced expression of inflammatory target genes.28 The
relevance of this model was demonstrated for activation of TLR2, TLR4, and TLR9, but not
TLR3. Support for this model of LXR-mediated inflammatory repression has been provided
by earlier studies demonstrating that ABCAL and ABCG1 can negatively regulate TLR
signaling by depleting lipid rafts where TLR signaling complexes are assembled.29-31
Several studies have been published recently identifying non-coding regulatory miRs
(miR-33a and miR-33b) produced from parent genes of the SREBP family.31-34 The
SREBPs regulate fatty acid (SREBP-1c) and cholesterol (SREBP-2) biogenesis and miR-33
appears to reinforce these effects to elevate cellular cholesterol by targeting and reducing
ABCAL expression.32-34 Further contemporary support for the model has been presented in
a recent study reporting that miR-33 can enhance inflammatory gene expression by
modulating lipid rafts and NF-xB activation induced by TLR4 agonists in a mechanism
involving ABCA1 and ABCG1.3!

Using technical advances in promoter-enrichment-quantitative mass spectrometry, studies
have recently begun to identify LXR corepressors that are recruited specifically during the
contraction phase of transcriptional activation induced by LXR agonists (8—16Hrs).14 This
work demonstrated that nuclear receptor coactivator 5 (NCOAD), a corepressor that interacts
with LXR, is only recruited to target gene (ABCAL) promoters upon LXR ligand stimulation
during this contraction phase. Intriguingly, TLR3 (but not TLR4) agonists could enhance
recruitment of NCOADS and repression of gene expression at early time points only in the
presence of LXR ligand, providing an additional layer of complexity to LXR/TLR crosstalk.
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According to the corepressor—coactivator exchange and trans-repression mechanisms
outlined above, LXRs can affect gene expression in either direct or indirect fashion. It is
therefore not surprising that putative LXREs have been identified in a limited number of
inflammatory genes themselves, potentially allowing for more direct control of
inflammation by LXRs. Specifically, TNF-a and IFN-y genes have been reported to contain
LXREs and to respond to ligand stimulation.3%36 Although these reports are isolated, it will
be interesting to see how direct regulation of inflammatory genes by LXRs is integrated
contextually into the complex crosstalk that has been demonstrated to exist between LXRs
and innate immunity. To establish thematic understanding of APC effects on T-cell
activation and Signal 3, it is pertinent to emphasize direct effects of metabolic regulators on
Signal 3 itself.

c. LXRsand Signal 3: The mechanisms and effects described thus far demonstrate how
LXRs can affect inflammatory signaling. In the context of metabolic effects on APC
function, specifically T-cell Signal 3 provided by inflammasomes and type I IFNSs, it is
noteworthy that several direct effects of LXRs have been described. Inflammasome
activation proceeds in a two-signal cascade. An initial priming stimulus through TLR/

MY D88 activates NF-«xB as a first signaling cascade. NF-xB activation induces expression
of IL-1pB, IL-18, and NOD-, LRR-, and pyrin domain-containing 3 (NLRP3). A multi-
protein complex termed the inflammasome is assembled from NLRP3 and apoptosis-
associated speck-like protein (ASC). A second signaling cascade activated via a variety of
damage-associated molecular patterns (i.e., adenosine triphosphate, reactive oxygen species
[ROS] or PAMPs, and involving cell surface receptors such as pannexins and potassium
channels) activates NLRP3 and the cleavage function of the inflammasome. Once activated,
the inflammasome cleaves Pro-caspase 1 to the mature Caspase-1, which subsequently
cleaves pro-proteins of IL-1p and IL-18 to the mature forms that can be secreted and
function in inflammation and T-cell activation. In an early study on the anti-inflammatory
effects of LXRs, LXR activation was shown to reduce both lipopolysaccharide (LPS)-
induced expression of IL-1@ and IL-1B-induced expression of IL-6 and iNOS.10 A recent
report indicates that LXRs can similarly regulate 1L-18. In that study, LXR activation was
shown to inhibit both LPS-induced gene and protein expression of IL-18 and also processing
of Pro-1L-18 by regulating Pro-caspase-1 expression and activation. LXR ligand activation
also induced inhibitory IL-18 binding protein (IL-18BP).3” Having reviewed transcriptional
control of macrophage metabolism and inflammatory responses by LXRs, the next section
highlights a specific example of feedback regulation by a bioactive cholesterol metabolite
acting on another major metabolic transcription factor, SREBP-1.

B. Regulation of Macrophage Inflammatory Pathways by Bioactive Lipid Metabolites

Through interaction between TLR signaling and transcription factors such as LXRs,
inflammatory signaling in macrophages can affect macrophage metabolism. As described
above, metabolic signaling can also affect reciprocal changes in inflammation. Although the
LXRs couple cholesterol metabolism to the inflammatory response, another recently
described mechanism couples lipogenesis to inflammation and, importantly, directly affects
components of Signal 3 through the NLRP inflammasome and involves a signaling bioactive
lipid mediator. A recent report demonstrated that SREBP-1a protected mice from lethal
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challenge with LPS and lethal bacterial-induced sepsis.3® The mechanism was shown to
involve a direct interaction between SREBP-1a and inflammasome component NLRP-1a
(Fig. 1C). SREBP-1a induction of NLRP-1a was shown to be important for Caspase-1
activation and secretion of IL-1p and IL-12. Surprisingly, SREBP-1a was shown to be a
direct target of NF-xB, allowing LPS-induced inflammation to activate lipogenesis. A
subsequent study identified an unexpected activity of an IFN-induced metabolic enzyme,
cholesterol 25-hydroxylase (CH25H), producing a bioactive signaling lipid mediator, 25-
hydroxycholesterol (25-HC), and suppressing IL-1p-mediated inflammation downstream of
type | IFN. A series of studies had previously demonstrated that 25-HC inhibits maturation,
translocation, and resultant activation of SREBPs, critical control nodes of cholesterol and
fatty acid biosynthesis, through proteasomal degradation mediated by insulin-induced gene 1
(INSI1G1).39-43 In this study, the absence of CH25H and resultant elimination of 25-HC was
shown to allow exaggerated inflammasome activity with overproduction of IL-1 family
members due to loss of regulation by SREBP.** These studies identified 25-HC as a critical
component of IFN-induced inhibition of inflammasome signaling with a dual role in
regulation of lipogenesis through SREBPs.

lll. ROLE OF STRESS RESPONSES IN APC FUNCTION OF MACROPHAGES
AND DENDRITIC CELLS

A. Connection among Metabolic, ER, and Oxidative Stress in APC Functions

As discussed in the previous section, control of lipid metabolism is crucial for proper
functioning of immune cells. The transcription factors SREBP1 and LXR are involved in
macrophage and T-cell function and crosstalk through effects on metabolism and TLR and
inflammasome signaling.#>46 Metabolic disturbance accompanied by immune changes can
also exert a significant effect on cellular stress responses. There are a number of metabolic
byproducts and lipids, which can trigger activation of the ER stress response. As with TLR
signaling, there exists a bidirectional relationship between ER stress responses and lipid
metabolism. Conversely, ER stress can trigger activation of different factors and pathways
involved in lipid metabolism. Links between X-box-binding protein 1 (XBP1), a
downstream target of the unfolded protein response (UPR) sensor inositol-requiring enzyme
la (IREla), and metabolism have been studied extensively in the context of liver function.
XBP1 regulates transcription of many genes involved in fatty acid synthesis, including
SCD-1 (stearoyl-CoA desaturase-1), ACC2 (acetyl-CoA carboxylases 2), and DGAT?2
(diacyl glycerol acyl transferase). Upon exposure to tunicamycin (which disrupts
glycosylation of newly synthesized proteins, resulting in ER stress), liver tissue exhibited
down-regulation of lipid metabolic pathways of many genes such as FAS, SREBP1, PGC-1la
(peroxisome proliferator-activated receptor coactivator), CEBPa (CCAAT-enhancer-binding
protein a), and PPARa (peroxisome-proliferator-activated receptor a.).#” Acute ER stress
can also modulate cholesterol metabolism in human hepatoma cells by causing ABCA1
redistribution to tubular perinuclear compartments.#® Considering these strong connections
between metabolic signaling and ER stress, it is not surprising that ER stress signaling
affects the antigen-presenting functions of macrophages and dendritic cells (DCs).
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B. Understanding ER Stress Responses

The molecular signals released during infection or disease states are capable of eliciting
stress responses within immune cells. Many studies have described different roles of specific
stresses in aiding immune responses generated through APCs. The following section reviews
the contribution and manipulation of oxidative stress and ER stress toward optimal or
defective functioning of macrophages and DCs.

The ER is a large vesicular compartment that is actively involved in protein folding and
protein trafficking within cells. It is also critical to the proper function of other organelles
and multiple signaling cascades. An increase in secreted and membrane-embedded protein
translation or a decrease in protein-folding capacity can result in a buildup of unfolded or
misfolded proteins in the ER lumen, a condition known as ER stress. UPR is an adaptive
intracellular signaling pathway that responds to ER stress by attenuating global protein
translation and degrading unfolded proteins. Canonical UPR signaling is initiated by
activation of three ER membrane-bound transducers: IREla, Activating Transcription
Factor 6 (ATF6), and Double-Stranded RNA-Activated protein kinase-like ER kinase
(PERK). Through transcriptional and translational reprogramming, the UPR is a cellular
mechanism for stressed cells to adapt to and survive ER stress conditions. APCs, by virtue
of their secretory demand, rely heavily on ER functioning and subsequent UPR signaling.
Their reliance on ER makes them susceptible and sensitive to ER imbalance that
compromises ER function. Understanding how the UPR affects specific functions at the
cellular level and host-related factors that affect this are of great importance and this is
discussed below.

C. ER Stress in APCs

1. ER Stress in Regulation of APC Maturation and Differentiation—High-
mobility group box-1 (HMGBL) is a late inflammatory cytokine secreted by myeloid cells as
well as NK cells. Studies have demonstrated the role of HMGB1 as an immunoregulatory
molecule involved in DC maturation and differentiation. Recently, a study revealed that
silencing of XBP1 in HMGB1-treated DCs decreased the expression of MHCII, CD80, and
CD86 and resulted in a decrease in TNF-a production.#? Silencing of XBP1 also abrogated
the APC function of DCs, leading to reduced levels of IFN-y in T cells. Another target for
ER stress is protein tyrosine phosphatase 1B (PTP1B); a tyrosine phosphatase involved in
STAT3 dephosphorylation. Whereas ER stress activates PTP1B in skeletal muscle,?9 loss of
PTP1B causes a reduction in the DC maturation markers MHCII, CD80, and CD86 and
leads to defective podosome formation in DC upon LPS stimulation.>! Differentiation of
monocytes into macrophages is an important event in the initiation of immune responses.
Induction of ER stress in monocytes leads to attenuation of macrophage differentiation
capacity. THP1, a human monocytic cell line pretreated with an ER stress inducer, displayed
no alteration of forward and side scatter and no increase of CD11b and CD68 expression
level.52 Upon TLR signaling and immune activation, suppression of the C/EBP homologous
protein pathway of UPR signaling is important for macrophage survival during the immune
response.>3
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2. ER Stress in APC Antigen-Presenting Functions (Signal 1)—Potential effects
of ER stress on antigen presentation are suggested from the observation that peptides derived
from intracellular or extracellular pathogens are transported to the ER for association with
MHC molecules. The translocation pathway of MHC peptide toward the cell surface is also
initiated at the ER vesicular interface. Recently, a study described the role of HMG-CoA
reductase degradation protein 1 (Hrd1), an ER-resident E3 ubiquitin ligase, in MHC-I1I
expression on DCs,?* possibly by degrading transcription factor B lymphocyte-induced
maturation protein 1 (BLIMP1). Although this study ruled out the potential role of ER stress
in Hrd1-mediated MHC-I1 expression in DC, there might be a link between the ER stress
pathway IRE1a-XBP1 and degradation of BLIMP1. Regarding MHC-I expression, ER-
associated degradation (ERAD) is used by DCs to generate peptides for cross-presentation.
Moreover, the IRE1a-XBP1 branch of the ER stress response has been implicated in cross
presentation. In CD8a* DCs, deletion of XBP1 leads to excessive endonuclease activity of
IRE1a.5® Subsequently, activated IRE1a degrades mRNAs such as lysosomal-associated
membrane protein 1 (LAMP1), TAP-binding protein (TAPBP), and ER-Golgi intermediate
compartment protein 3 (ERGIC3), which are involved in the cross-presentation of antigen.
Autophagy-mediated antigen processing is another important arm of MHC-I cross-
presentation.®8 Microtubule-associated protein 1A/1B-light chain 3 (LC3), a key component
of the autophagy response, is activated upon ER stress. Phosphorylation of PERK induces an
elevation in LC3 processing, thereby contributing to initiation of autophagy.>’

3. ER Stress in Cytokine Production by APCs (Signal 3)—The role of ER stress
responses in cytokine production has been widely studied in macrophages. ER stress has
been shown to amplify cytokine production upon stimulation with TLR ligands. TLR2 and
TLR4 ligands induce IRE1a activation in mouse J774 macrophages.>® Furthermore,
activation of IREla in macrophages inhibited XBP1 splicing. IL-1p transcription was
shown to be induced by IREla in a glycogen synthase kinase 3p (GSK3p)-dependent
manner. GSK3, in turn, inhibits XBP1 splicing and thereby the transcriptional activity of
XBP1s at inflammatory target genes, including TNF-a..>® Upon stimulation, IREla
signaling is activated in a ubiquitination-dependent manner by TRAF6. This prevents the
dephosphorylation by protein phosphatase 2A (PP2A) and subsequent inactivation.60 ATF4,
one of the downstream targets of the PERK pathway of UPR signaling, binds directly to the
IL-6 promoter.51 The ER stress response is also involved in the production of IFNs and IFN-
stimulated genes (1SGs) through phosphorylation and nuclear translocation of IRF3 (Fig.
1B). Treatment with the ER stress inducer thapsigargin induces activation of stimulator of
IFN genes (STING), an ER-resident protein. STING-induced IRF3 phosphorylation
mediated by TANK-binding kinase 1 (TBK1) in turn induces transcription of ISGs. Retinoic
acid-inducible gene | (RIG-I)-like receptor signaling also modulates IFN-p levels through a
mechanism involving ER stress.52

In DCs, XBP1 can act as a double-edged sword. Under normal conditions, XBP1 enhances
lipid metabolism in an ER-stress-dependent manner in response to inflammatory stimuli.83
This activity is necessary for optimum cytokine production by DCs by expanding the ER
and Golgi compartment. Conversely, during tumor progression, DCs exposed to ROS
reprogram XBP1 activity, thereby impairing lipid metabolism resulting in enhanced
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acquisition of immunosuppressive phenotype in DCs.83 Thymic stromal lymphopoietin
(TSLP) produced by epithelial cells, as well as DCs themselves, acts on DCs to drive
differentiation of T-Helper 2 (TH2) cells.54 Chemical induction of ER stress using
tunicamycin (TM) or thapsigargin in conjunction with dectin-1 increased TSLP secretion
from mDCs. This secretion of TSLP in mDCs is dependent on the IREla and PERK
pathway of ER stress response because siRNA against these targets abrogated the production
of TSLP by mDCs in a mechanism dependent on IL-1p production by the IRE1a branch of
ER stress pathway.®® This demonstrates that specific control of different arms of the UPR is
crucial for optimal functioning of antigen presentation in macrophages and DCs. Given
transcriptional crosstalk and the role of ER stress in macrophage metabolism and
inflammatory responses, studies elucidating a connection between bioactive lipids, miRs,
and the IFN response would be crucial for the development of therapeutic agents.

IV. IFNS AND STEROL METABOLISM

In addition to transcriptional regulation of inflammation and metabolism by LXRs and the
ER stress response, a contribution of bioactive metabolites to these processes has been
described. Numerous microbial pathogens target host cell lipid metabolism to attain
essential structural components required for replication. Cholesterol in particular, but also
fatty acids and other metabolites, have been shown to be critical for replication of a number
of human pathogens, viral, bacterial, and parasitic. It is attractive to speculate that host
innate immune responses may have co-evolved to re-direct or override pathogen co-opted
metabolic pathways to aide pathogen elimination. Compelling contemporary evidence for
the existence of such pathways of specifically anti-viral immunity has been presented
recently, elaborating a link between type | IFNs and cholesterol metabolism86 and
independently for the putative IFN-stimulated cholesterol metabolism gene product CH25H
and its enzymatic product 25-HC in the context of viral infection. New discoveries and the
adaptation of new technologies in pursuit of understanding the intricate regulation of these
pathways has prompted re-evaluation of this simplistic view of the host response as
fundamentally reactionary and instead a concept emerges of an evolutionary “arms race” of
actions and reactions by both host and pathogen in an ancient, yet undoubtedly still
evolving, fight for survival.6”

A. Lipid Signaling in Inflammatory Processes: Sterol Metabolism and Type | IFN

While evidence was accumulating steadily from multiple studies implicating TLRs and
inflammatory signaling in transcription factor regulation of host metabolic pathways in
APCs, a landmark study demonstrating this effect in anti-viral immunity was published in
the journal PLOS Biology in 2011.%6 Using a time-series analysis of microarray data in
murine bone-marrow derived macrophages (BMDMs) either infected with virus or treated
with IFN-y, the investigators demonstrated selective, coordinated negative regulation of the
complete sterol pathway.56 Gene and protein expression of all major sterol pathway nodes
were reduced by viral infection. IFNs were shown to be sufficient for down-regulation of the
sterol pathway, whereas other inflammatory cytokines including IL-1f, TNFa, and IL-6
could not mediate this effect. IFN-induced down-regulation of the sterol pathway resulted in
reduced steadystate concentrations of free cholesterol and other major sterols in virus-
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infected or IFN-treated cells. Experiments confirmed that biochemically simulating the
cellular IFN response to virus by inhibition of the sterol pathway is anti-viral both /n vitro
and /n vivo and additional experiments implicated the proximal isoprenoid branch of sterol
biosynthesis, particularly geranylgeranyl transferase type I, as the specific target of the
cellular response against virus. Indeed, geranylgeraniol itself alleviated the anti-viral activity
of IFN-B. The investigators demonstrated down-regulation of sterol biosynthesis for diverse
enveloped and non-enveloped DNA and RNA viruses. Molecular mechanistic experiments
demonstrated that type I IFN, type I IFN receptor (IFNAR), and tyrosine kinase 2 (Tyk2)
receptor signaling are required for the reduction of sterol biosynthesis in a mechanism that
involves transcriptional and translational down-regulation of sterol response element binding
protein 2 (SREBP2). Inhibition of SREBP2 is proposed to be the terminal effector
mechanism of the IFN response as a master switch allowing compounding of small negative
changes in multiple intermediates to affect pathway inhibition of sterol synthesis. The
investigators described a two-step model for anti-pathogenic inhibition of sterol biosynthesis
in which a first signal is provided by pathogen activation of PRRs (including TLRS)
inducing a type | IFN response. The second signal is then provided by type I IFN signaling
through IFNAR impinging upon SREBP2 activation. Presciently at the time, the
investigators noted that their notion of anti-viral activity of inhibiting SREBP2 implicated
“negative feedback on SREBP-2 via oxysterol metabolites.” In short order, just such an
interaction was indeed described in the context of multiple viruses for the oxysterol 25-HC.

A fascinating update to this general theory has been elaborated recently in a study
demonstrating that virus infection or type I IFN treatment of macrophages altered the
balance of lipid metabolism to reduce de novo synthesis specifically and increase import of
cholesterol and fatty acids in an IFNAR-dependent manner.58 Experimentally engineering an
altered balance in the “set point” of lipid metabolism in mice by targeting SREBP cleavage-
activating protein (SCAP) and thereby reducing lipid biogenesis relative to import
phenaocopied virus infection or type | IFN effects in reducing lipid synthesis and provided
protection against viral infection. Remarkably, anti-viral activity was shown to be mediated
by spontaneous and specific induction of a type | IFN response which was IFNAR-
dependent in the absence of SCAP and ultimately discovered to be mediated by effects on
SREBP2. In human and mouse studies, knockdown of SREBP2 spontaneously induced a
type | IFN response that protected against multiple viruses in vitro. Finally, the mechanism
of spontaneous induction of type I IFN was shown to involve cyclic GMP-AMP (cGAMP)
synthase (CGAS), STING, TBK1, and IRF3.58 Importantly, in cells that were infected or
exposed to IFN, compensatory increases in lipid import opposing decreased synthesis
essentially maintained total lipid levels in cells. This prompted the investigators to propose a
new theory that “acutely decreasing synthesized cholesterol appears to provide a novel
“danger” signal that activates a type | IFN-mediated anti-viral response” and
“reprogramming of lipid metabolism is to alter the balance between lipid synthesis and
scavenging, rather than to decrease lipid pool sizes.” This suggests that lipids delivered to
cells by exogenous uptake are less favorable to invading pathogens than de novo synthesized
lipids, a provocative conclusion that suggests that there are still many unanswered questions
in the interplay between host metabolism and anti-pathogen inflammatory responses. The
unique interaction between sterols and IFN signaling suggested control by bioactive lipid
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mediators. The next section highlights a newly described example of metabolic regulation by
the aforementioned 25-HC.

B. Regulation of Macrophage Anti-Viral Activity by Bioactive Lipid Metabolites

CH25H and its enzymatic product, 25-HC, comprise a unique example of a metabolic circuit
with an emerging and seemingly independent role in immunity. The most historically well-
defined role of 25-HC is inhibition of cholesterol biogenesis through inhibitory effects on
HMG-CoA reductase (HMGCR), the rate-limiting enzyme of the mevalonate pathway.
42,4369 25.HC also regulates SREBPs through interactions involving SCAP and
INSIG1.39-43

Unexpectedly, an exciting new role for CH25H and 25-HC in innate immunity has been
described recently. In a series of studies, a molecular pathway was delineated in which
murine macrophages significantly up-regulated CH25H in response to TLR stimulation,
leading to production and secretion of 25-HC.7%.71 Humans voluntarily injected with a TLR4
agonist also demonstrated increased serum 25-HC.”9 Notably, studies in mice demonstrated
the strongest TLR activation-induced effect on CH25H in tissues with substantial resident
macrophage populations.”172 This pathway was subsequently confirmed in DCs and shown
to involve TLR3/4, TIR-domain-containing adapter-inducing IFN-B (TRIF), IRF3/NF-xB,
IFN-B, IFNAR, and Janus kinase and signal transducer and activator of transcription 1 (JAK/
STAT1), ultimately inducing CH25H responsible for converting cholesterol to 25-HC, which
is then secreted’3:74 (Fig. 1B). Another study has raised the possibility that IRF1 may also
cooperate with STAT1 in the induction of CH25H.7°

Before elaboration of the CH25H/25-HC molecular circuit, pioneering studies demonstrated
anti-viral activity of this oxysterol against multiple viruses.”6-80 After the description of this
circuit, in rapid succession, evidence accumulated demonstrating anti-viral activity of 25-HC
generalizable to a wide array of essentially unrelated viruses that may also be relevant to
other side-chain-substituted derivatives of cholesterol.#2.75.81-84 Most of these effects
involve SREBP modulation by 25-HC, but an additional activity against oxysterol-binding
proteins (OSBPs) and OSBP-related proteins (ORPs) involving phosphatidylinositol 4-
kinase (P14K) has also been described.83:84 An anti-viral effect of 27-hydroxycholesterol
(27-HC) and 24-hydroxycholesterol (24-HC) has also been demonstrated.#2:81 Notably, a
number of studies have identified anti-viral activity of CH25H/25-HC against HCV
potentially involving multiple mechanisms.43:69.78.79.85-87 Finally, an exciting study has
been published recently examining the non-coding transcriptome in HCV-infected cells in
the presence and absence of 25-HC treatment, demonstrating that 25-HC alters the miR
environment of these cells. miR-185 and miR-130b were shown to be induced by 25-HC
treatment in infected cells and to inhibit HCV through a mechanism involving regulation of
hepatic lipid metabolism and virus-induced lipid microenvironments (miR-185 and
miR-130b) and an effect on IFNs (miR-130b).88 Having reviewed the crosstalk among IFN
signaling, cholesterol biosynthesis, and cholesterol metabolites in anti-viral immunity, the
next section highlights an exciting new development in small, non-coding RNA regulation of
these processes.
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C. Prospective: Regulating the Regulators— Sterol Biogenesis and miRs

Concurrently with more thorough description of the interaction between host metabolism
and immunity, the discovery of anti-viral pathways in invertebrates involving small RNA-
mediated gene silencing and their correlates among the non-coding portion of the human
genome, regulatory small RNAs, including miRs, have led to a paradigm shift in our
understanding of the regulation of diverse cellular processes, including immune responses.
This unique confluence of small RNAs, biochemical pathway regulation, and immune
responses prompted studies investigating whether miRs might function to reinforce the IFN-
mediated down-regulation of sterol biosynthesis elucidated in previous studies.5¢ Using
systemic global analysis of RNA turnover via 4-thiouridine labeling, a unique regulatory
mechanism involving cellular miR control of metabolic pathways that function in anti-viral
immunity was uncovered.8% Upon IFN treatment of murine BMDMs, the investigators
confirmed the previously described reduction in synthesis and abundance of sterol pathway
transcripts including a major effect on SREBFZ (the gene encoding SREBP2). miR analysis
identified increased synthesis and abundance of miR-155 and miR-342 in IFN-treated and
mCMV-infected cells that was sensitive to type | IFN and IFNAR. miR-342 induction by
IFN was shown to be regulated coordinately with the transcript from which the miR is
derived, namely Enavasodilator stimulated phosphoprotein gene (EVL). miR-342 was shown
to reduce the abundance of major transcripts of the sterol biosynthesis pathway through a
regulatory interaction involving direct binding to the SREBF2 promoter with downstream
reduction in immature and mature SREBP2 protein. miR-342 was also shown to reduce
repressive function of the SREBF2-derived miR (miR-33), which was previously shown to
target ABCA1 and ABCG1. Expectedly, miR-342 reduced levels of cholesterol metabolites
in cells upon overexpression. Similar to the previous study, the miR-342-induced down-
regulation of sterol metabolism resulted in broad-spectrum anti-viral activity.’®:”” These
studies from multiple groups*2:68.89 have effectively combined insights from the integrated
understanding of macrophage inflammatory pathways and metabolic signaling to make
remarkable progress in advancing conceptual understanding of immunometabolism and
present a compelling argument for describing innate immunity and metabolism as an
integrated system.

V. SYSTEMS-LEVEL INTEGRATION: LIPID METABOLISM AND ER STRESS

We have examined metabolism and ER stress and described how both biological systems
impinge upon inflammation and immunity. However, metabolism, ER stress, and
inflammation can also affect one another. Indeed, examples of integrative crosstalk have
begun to emerge recently. The LXR target gene lysophosphatidylcholine acyltransferase 3
(Lpcat3) has been shown to regulate lipid-induced ER stress and inflammatory activation of
proto-oncogene tyrosine-protein kinase Src (c-Src) through control of membrane
composition and saturation.%% Macrophage fatty acid binding protein-4 (aP2) has been
shown to act as a major regulator mitigating lipid-induced ER stress involving PERK and
XBP-1 through actions on the LXR pathway and LXR targets including SCD-1 and FAS.%!
In turn, ER stress has been shown to be a major contributor to hepatic steatosis through
activation of SREBPs% and ER stress can also inhibit cholesterol efflux and synthesis
through LXR-independent effects on ABCA1 and effects on HMGCR.93 Therefore, it is
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appropriate and essential to view macrophages as major integrators of independent and
dependent signals in the immune, metabolic, and ER stress responses.

VI. CONCLUDING REMARKS: OUTLOOK

According to the model developed by Tall and Yvan-Charvet,12 TLR- and IFN-mediated
inflammation is initially a protective response to pathogens and feedforward inhibition of
cholesterol efflux (Fig. 1B) and biogenesis and promotion of cholesterol uptake prolong and
strengthen the TLR signal. Eventually, accumulation of cholesterol overrides the TLR effect
and induces homeostatic activation of LXRs to remove cholesterol and restore balance in the
system (Fig. 1C). Crosstalk between the systems is likely an evolutionary check on a futile
cycle of simultaneous lipid biogenesis and catabolism, operating in response to conflicting
signals in opposing pathways. According to this interpretation, prolonged low-level
stimulation of TLRs (perhaps by cholesterol crystals, as suggested in Tall and Yvan-
Charvet!2) and possibly accentuated by ER stress (Fig. 1B) could produce a dangerous
pathogenic cycle as has been described in atherosclerosis. Here, it has been observed that
different areas of immunological foci, specifically atherosclerotic plaques, have distinctly
different macrophage profiles with more inflammatory cells toward the interior of plaques
yet, paradoxically, abundant anti-inflammatory macrophages toward the plague periphery.94
This could be explained by temporal effects because the macrophages toward the plaque
periphery could be those that have activated restorative metabolic activities such as LXRs,
whereas those in the plaque core are subject to the inhibition of LXR induced by TLRs. The
ultimate result of this crosstalk may prove pathogenic when the inflammatory activities in
core macrophages are incapable of eliminating the offending stimulus and the anti-
inflammatory macrophages (which have enhanced tissue-building and matrix-depositing
capability) at the plaque periphery actively promote pathogen invasion or inflammatory
activation and sustenance of the inflammatory TLR signal in the plaque core.

The emerging understanding of reciprocal interactions between inflammation and
metabolism at the level of transcriptional control, ER stress, bioactive lipid mediators, and
miRs are theoretically complex and involve an extensive network of checks and balances
(Fig. 1). The multi-dimensional nature of this integrated-systems-level inter-relatedness has
intriguing implications for the exquisite and intricate control of these pathways in
homeostasis and underscores the involvement of major regulatory nodes such as LXRs,
SREBPs, and IRE1a. Just as importantly, understanding how disturbances in the system are
exploited acutely during pathogen infection can lend important insights into systems-level
disturbance engendered during chronic inflammatory diseases. Indeed, many of the major
breakthroughs discussed in this review involve astute targeted perturbations in the
inflammatory network producing unexpected but highly informative corrections achieved
through metabolic reprogramming. Although these discoveries advance our understanding of
the system itself and its regulation, they have dubious implications against the backdrop of
the steady march of chronic diseases. The outlook presented in Tall and Yvan-Charvet,12
specifically regarding atherosclerosis but likely applicable to a number of chronic diseases
with an inflammatory component, is particularly inspiring. A new outlook of the systems-
level integration of inflammatory and metabolic inputs, informed by the breakthroughs
highlighted in this review, suggests a reason for optimism. Namely, increased understanding
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of these connections can empower researchers and physicians to make targeted interventions
in these diseases that may achieve signal amplification and graded improvements in both
measures, inflammation and metabolism, to ultimately improve health-related outcomes.

Empowering research to move forward by producing a consolidated theoretical model is
important to encourage development of the theory, but must also acknowledge deficiency in
current understanding. Although there is a reason for optimism, the outlook must be
presented with caution. Many of the studies in this review focus on disease models and
systemic perturbations in mouse systems. There are reported differences in regulation and
expression of miR-33 in mouse and human.3! Similarly, regulation of inflammasome
components by SREBPs has been suggested to be an artefact of back-crossing deficits in in-
bred mouse strains.?® At least one report has challenged IFN sensitivity of CH25H in
humans®” and, in particular, many aspects of CH25H and 25-HC expression and regulation
are not understood in humans, where protein expression of CH25H is reported to be low.8°
With these concerns in mind, acknowledgment must be made of studies that include a
focused effort to realize applicability of findings across experimental models and consider
translational impact. The excellent study by the Bensinger group achieves these goals
laudably, melding studies in knock-out mice with /in vitro experiments in primary human
cells, including cells from patients with relevant human in-born errors of metabolism.®8 It is
the goal of the authors that careful application of the theoretical model developed in this
review in studies designed from the outset with an understanding of application and
translation to human disease may allow rapid advancement of these concepts to the clinical
setting and allow physicians and researchers to continually improve and update our
understanding of immunometabolism.
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ABBREVIATIONS

25-HC 25-hydroxycholesterol

ABC ATP-binding cassette
APC antigen-presenting cell
CD cluster of differentiation

CH25H cholesterol 25-hydroxylase

DC dendritic cell
IEN interferon
IL interleukin

IFNAR type I IFN receptor

IREla inositol-requiring enzyme la
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IRF interferon regulatory factor

LXR liver X receptor

MHC major histocompatability complex
miR microRNA

NF-xB nuclear factor xB

NLRP NOD-, LRR-, and pyrin-domain-containing protein

SREBP sterol regulatory element-binding protein

TLR Toll-like receptor

TNF tumor necrosis factor
UPR unfolded protein response
XBP1 X-box-binding protein 1
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FIG. 1.
Immunometabolic signaling pathways contribute to regulation of T-cell responses by APCs.

(A) Activation signaling for CD4+ T cells; Signal 1 TCR engagement by the MHC:peptide
complex; Signal 2 co-stimulatory activation through CD28; and Signal 3-activating cytokine
signal provided by IL-1 family members or type | IFN. (B) Inflammatory activation by
PAMPS through TLR3 or TLR4; signaling through NF-xB, or IRF3; and induction of
inflammatory gene expression. (C) Metabolic activation of transcription factors through
oxysterols produced upon cholesterol accumulation (LXR) and induction of metabolic gene
expression. Inhibitory interactions are presented in red and are described in the text.
Activating interactions are presented in green and are also described in the text.
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