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ABSTRACT OF THE DISSERTATION
Highly Selective Roles of Key Transcription Factors in Genome-Wide Toll-Like
Receptor-Induced Nucleosome Remodeling in Activated Macrophages
by
An-Chieh Feng
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2021

Professor Stephen T. Smale, Chair

Macrophages play a critical role in bridging the innate and adaptive immune
systems, which requires timely and precise transcription control when responding to
danger signals. Gene expression networks in macrophages have been profiled
extensively in recent decades with the advancement of high-throughput sequencing
technologies. However, unveiling critical mechanistic insights into control of diverse
transcriptional networks has proven to be challenging. Recent evidence has suggested
that the accessibility of chromatin structure can provide an integral means of transcription
regulation. We have used the relatively recent Assay for Transposase-Accessible
Chromatin using Sequencing (ATAC-seq) method to assess chromatin accessibility with
optimal resolution in mouse bone marrow derived macrophages during the course of lipid-
A stimulation. This advanced method enabled us to characterize the chromatin state of
genome-wide regulatory regions. By applying a quantitative systematic approach, we
obtained mechanistic insights into the highly selective role of the major transcription

factors, NF-kB and IRF3, in nucleosome remodeling and transcription regulation.
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CHAPTER 1

INTRODUCTION
PART 1: Chromatin Contribution to Immune Gene Regulation

PART 2: High Throughput Sequencing Technologies in Studying Gene Regulation



PART 1
Genetic Code and Central Dogma

Deoxyribonucleic acid (DNA) is the genetic material that carries the fundamental
instructions of all organisms on Earth and is known as “the molecule of life”. DNA is a
double-stranded molecule composed of two polynucleotide chains held together by
hydrogen bonds between base pairs of nucleotides. There are four nucleotides containing
one of the following bases: adenine (A), guanine (G), cytosine (C), or thymine (T). The
base pairs only form between A and T, and between C and G; therefore, only the two
polynucleotide strands with complementary base pairing can coil together to form the
double-helix DNA molecule (Franklin and Gosling, 1953; Watson and Crick, 1953; Wilkins
et al., 1953).

The double-stranded DNA molecules are stable and located in the nucleus of
eukaryotic cells. The human genome contains 3 billion base pairs (bp) of nucleotides and
if we stretch out the entire genome, it is over 6 feet long. How can this possibly fit into a
tiny nucleus? The DNA of eukaryotic cells is tightly bound to histone proteins and folded
to form chromatin. The basic structural unit of chromatin is called the nucleosome
(Kornberg and Thomas, 1974), which consists of 147 bp of DNA wrapped around two
molecules of each histone proteins H2A, H2B, H3, H4, and one molecule of histone H1.
The nucleosomal DNA can be further folded and coiled into chromatin structure which
allows the long DNA molecule to be packaged within the confines of the nucleus with
proper organization.

A DNA molecule is not just a long string of nucleotides. It is divided into functional

units known as genes. The genetic information is stored in the DNA base sequence in
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triplets which can be converted into another form of information-storing molecules,
ribonucleic acid (RNA), by RNA polymerase. The RNA molecules are single-stranded and
have the same bases used in DNA except for T, which is replaced with the demethylated
form, Uracil (U). The process of RNA synthesis from DNA templates is called
transcription. The transcribed RNA molecules, or transcripts, are further classified into
many different RNA species that perform a wide variety of functions. Mainly, the
messenger RNA (mRNA) molecules, which code for protein, will be transported into
cytoplasm and serve as the template for subsequent polypeptide synthesis by ribosomes.
The RNA sequence is complementary to the DNA template and the nucleotide triplet
codes for the corresponding amino acid or acts as a specific signal in the process of
polypeptide synthesis. For example, AUG codes for methionine and also serves as the
start codon in RNA to polypeptide translation. The polypeptides then transform into
functional proteins with proper folding and modifications. Proteins are the basic building

blocks, or functional units, of organisms and serve various functions.

Regulation of Gene Expression

The development of organisms depends on specific gene expression in distinct
cells to establish different cell types of various functions. In addition to cell development,
all living organisms have to interact with the environment and make proper responses,
such as activating genes to produce defensive substances when encountering
pathogens. To achieve this, intricate regulation of gene expression is required, which
occurs to a large extent during the transcription of genes into RNA. Transcriptional

regulation in eukaryotes is the combined effects of structural properties (will be discussed
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later) and interactions of proteins called transcription factors (TFs) that bind to specific
DNA elements.

On the DNA side, there are several functional DNA elements that can contribute
to gene regulation in eukaryotes. These include the core promoter (Smale and Kadonaga,
2003), regulatory promoter and enhancer sequences, which will be discussed in detail
later. The core promoter serves as an initial binding site for the RNA polymerase Il (RNA
Pol IlI) and the composing elements include the TATA box (25-30 bp upstream of the
transcription start site [TSS]) (Lifton et al., 1978), the initiator (Inr, flanking the TSS)
(Smale, 1997) and the downstream promoter element (DPE, about 30 bp downstream of
the TSS) (Burke and Kadonaga, 1997). The core promoter can include either a TATA box
or Inr alone, or both together; whereas the DPE is found in many promoters that do not
contain a TATA box. Although the core promoter is sufficient to correctly initiate
transcription in vitro, most gene expression in vivo is dependent on additional regulatory
sequences located within a few hundred base pairs upstream of the core promoter, often
referred to as the regulatory promoter. Enhancers are regulatory sequences that increase
transcription and can be at a great distance located either upstream or downstream of the
core promoter (will be discussed later). Both the regulatory promoter and enhancer
contain many TFs binding sites. To begin transcription, RNA Pol Il requires a number of
additional factors known as general transcription factors (GTFs) to load onto the core
promoter and together assemble the pre-initiation complex (PIC). The associated
regulatory sequences (regulatory promoter and/or enhancer) bound by TFs can facilitate

transcription initiation by various mechanisms, such as stabilizing the PIC (Gill, 2001).



TFs are proteins that regulate the transcription of genes by binding to specific DNA
sequences. A basic feature of TFs is that they contain DNA-binding domains (DBDs) that
recognize specific sequence patterns, known as motifs, within the promoter and/or
enhancers of the regulated gene. TFs are categorized into different families based on the
structure of their DBDs. In addition to the DBDs, TFs possess other domains involved in
activating or repressing expression, dimerization, and establishing protein-protein
interactions. There are up to 1600 TFs found in the human genome that serve various
functions and play important roles in almost all kinds of cellular processes; thus, their
activity is tightly regulated. One feature of a subset of stimulus-responsive TFs is their
translocation to the nucleus when activated. Many other forms of TF regulation have been

documented, such as posttranslational modifications, dimerization and cleavage.

Enhancers

Though cis-acting regulatory sequences are frequently found to be located
upstream of promoters, they can be farther away from the TSS. In 1981, Walter Schaffner
identified two 72-base-sequence repeats in the simian virus 40 (SV40) genome that were
required for efficient transcription and were located farther away from the TSS (Benoist
and Chambon, 1981; Gruss et al., 1981; Moreau et al., 1981). Surprisingly, these
sequences were active when placed several kilobases either upstream or downstream
from the TSS, in either a forward or backward orientation. In mammalian cells, many
genes are controlled by these regulatory sequences, called enhancers.

Enhancers function like promoters by binding TFs; the TF-bound enhancers then

interact with co-activators, GTFs, and/or RNA Pol Il to facilitate the PIC assembly and
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transcription initiation. The DNA looping model has been proposed to allow for direct
contact of promoters and distant enhancers (Jiang and Peterlin, 2008; Miele and Dekker,
2008; Vakoc et al., 2005). In this model, the enhancer and promoter make contact by
looping out the intervening chromatin. The resulting chromatin loops are stabilized by
protein-protein interactions. A number of large proteins and protein complexes have been
proposed to bridge and direct physical contact between enhancers and promoters, such
as Mediator, CTCF, and Cohesin (Kagey et al., 2010) (Figure 1-1). There are several
proposed models to describe the nature and forces that generate and stabilize the looping
structure. Though the cause or consequence for transcriptional regulation in these models
is still uncertain, they all point to crucial roles of enhancers in transcriptional regulation.
The mammalian genome contains approximately 23,000 genes; however, it is
estimated that there are more than 1 million enhancers (Andersson et al., 2014; de Laat
and Duboule, 2013). Considerable effort has been devoted to characterizing enhancers
and unveiling their functional roles since their discovery. There is an increasing
appreciation of their importance not only in developmental processes but also in evolution
and disease. However, our knowledge of these elements has remained incomplete. The
vast majority of enhancers in any animal genome and their spatiotemporal activities are
unknown, as suggested by the small number of gene expression patterns that have been
linked to specific enhancers, the many disease-associated single-nucleotide
polymorphisms in non-coding regions of unknown function and the large number of
genomic regions with enhancer-like chromatin features. One of the major unanswered
questions about enhancers is why an excessive number of enhancers is required and

maintained in the genome? It has been reported that the enhancers responsible for limb
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development are still preserved in the genome of snakes. Surprisingly, the number of
enhancers in snakes is close to the number present in lizard DNA. After 80 million years,
the DNA segments would not still be intact unless they serve an essential purpose. From
the perspective of a complicated gene expression network, the huge number of regulatory
elements in the genome may be the reservoir to achieve the need for diverse and specific

expression control, such as immune response.

Chromatin remodeling in Gene Regulation

In eukaryotic cells, DNA is packaged in the tiny nucleus in the form of chromatin.
Though transcription initiation is considered as an important step of transcription control,
the interaction between proteins and cis-regulatory elements cannot happen if the DNA
is tightly wrapped around the histones and inaccessible to TFs. Chromatin can also
provide a barrier to transcription itself. Indeed, before TFs bind to regulatory elements,
PIC assembly, and the start of transcription, the underlying DNA sequences have to be
made accessible for protein binding (Li et al., 2007). Dynamic modulation of chromatin
structure is now widely appreciated as a key component in regulating individual gene
expression.

Chromatin regulators are usually multi-subunit complexes that can be grouped
broadly into two classes, those that covalently modify histones or DNA and those that use
the energy of ATP to mobilize nucleosome (Becker and Workman, 2013; Roberts and
Orkin, 2004). Complexes of those covalently modify histones can acetylate, methylate,
phosphorylate and ubiquitylate specific amino acid residues on the N-terminus of histone

proteins. Recently, large-scale mapping of histone modifications and related structures

7



have characterized and emphasized the functional consequences of chromatin structure
and transcription activity among various sequence features, such as promoters,
enhancers, and gene bodies (Zhou et al., 2011) (Table 1).

ATP-dependent chromatin remodeling complexes (remodelers) influence
chromatin dynamics in various ways and contribute to gene expression (Figure 1-2).
Remodelers include enzymes that ensure proper density and spacing of nucleosomes.
Another set of remodelers cooperates with nucleosome-avid TFs (known as “pioneer
factors”) (Zaret and Carroll, 2011) and histone modification enzymes to move or eject
histones and make the DNA accessible for TFs binding. In addition, another set of
remodelers is involved in replacing canonical histones with histone variants to create
specialized chromosomal regions.

All remodeler ATPases are classified within the RNA/DNA helicase superfamily 2,
which can be divided into four subfamilies: imitation switch (ISWI), chromatin helicase
DNA-binding (CHD), switch/sucrose non-fermentable (SWI/SNF) and INO80. Each
subfamily is characterized by ATPase structure and is specialized to preferentially
achieve particular chromatin outcomes including nucleosome assembly (ISWI and CHD),
access (SWI/SNF) or editing (INO80) (Becker and Workman, 2013; Clapier et al., 2017;
Hargreaves and Crabtree, 2011).

Chromatin access can be accomplished by specialized remodelers in all four
subfamilies, but it is most strongly associated with the SWI/SNF remodeler. The SWI/SNF
complex was identified in yeast by defects in mating type switching and/or sucrose
fermentation (Cairns et al., 1994; Cété et al., 1994; Peterson et al., 1994). It is highly

conserved in eukaryotes and homologous complexes have been purified from Drosophila
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and humans (Kingston and Narlikar, 1999). It uses energy generated from ATP hydrolysis
to break and reform the histone-DNA contacts followed by nucleosome repositioning,
ejecting full nucleosomes or evicting nucleosome components (such as H2A-H2B dimers)
(Narlikar et al., 2013). In addition, structural studies with the SWI/SNF remodeler reveal
a binding pocket with almost perfect mononucleosome dimensions (Tang et al., 2010).
Access of the nucleosome to this pocket may involve conformational changes and can
be regulated by histone tail modifications (Skiniotis et al., 2007), which may be recognized
by one of the many histone-interacting domains in SWI/SNF complexes. This observation
emphasizes the crosstalk and cooperation between two broad classes of chromatin
regulators (Becker and Workman, 2013; Hargreaves and Crabtree, 2011).

The above remodeling processes contribute to transcriptional regulation at the
level of chromatin organization before transcription initiation. Increasing evidence has
emphasized the importance of chromatin contribution to shaping cell-specific and

stimulus-specific transcription.

Immune gene regulation

The mammalian immune system has two components, the innate and adaptive
immune systems. Innate immunity recognizes foreign molecules and stimulates immune
responses such as inflammation and phagocytosis. It provides a timely first line of
defense against pathogens, which is critical in preventing infection, maintaining
homeostasis and also activating the adaptive immune system. Innate immunity is semi-
specific and does not adapt to specific external stimulus or a prior infection but relies on

genetically encoded recognition of particular patterns. Adaptive immunity, or acquired
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immunity, is the active immune component of host immune response operated by
programmed antigen-specific lymphocytes, such as T- and B-cells. Different from innate
immunity, adaptive immunity is highly specific and can confer memory.

Given the highly interactive immune network, timely and precise signaling is
required. In the past decade, considerable progress has been made toward elucidating
the nature of the signaling and transcriptional pathways and associated genomic control
circuits that underlie the development of distinct immune cell lineages, as well as their
differentiation and activation in response to sensing of pathogens or non-self antigens.
The gene control circuits involve receptors that sense particular stimuli and transduce
them via signaling cascades to regulators of gene expression. In a given circuit, the
developmental or activation signals elicit distinct cascades of coordinately activated and
repressed gene expression states, thereby enabling cell fate or effector state transitions.
Numerous factors contribute to the signaling circuit to ensure the precise and controlled
information flow in the immune development and response. Considerable effort has been
devoted in the field in the past 40 years with great achievement. However, given the
complexity of the immune system and the progress of genome-wide research platforms,
an understanding of global regulatory logic is needed in addition to revealing the gene-

specific centralized logic.

Key transcription factors in the immune response
Nuclear Factor -kB
Numerous transcription factors contribute to immune responses. Nuclear factor

kappa-light-chain-enhancer of activated B cells (NF-kB) was originally discovered in the
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study of the Ig « light chain enhancer and found to be the central inflammatory mediator
in immune responses that controls cytokine production and cell survival (Sen and
Baltimore, 1986). NF-kB is an inducible dimeric TF family composed of members that
share a Rel homology domain in the N-terminus which recognize a common sequence
motif (Gilmore, 2006). RelA, RelB, and c-Rel have a C-terminal transactivation domain
and the other two members, NF-kB1 and NF-kB2, are synthesized as large precursors,
p105 and p100. Both the p105 and p100 precursors undergo selective cleavage of the C-
terminal region containing ankyrin repeats to generate the mature p50 and p52. However,
the process of generating p52 from p100 is tightly regulated and p50 is produced
constitutively from p105. NF-kB factors usually exert their function by dimerization and
bind to 9-10 base pairs DNA sites (kB sites), which have a great variability (5'-
GGGRNWYYCC-3"; R, A or G; N, any nucleotide; W, Aor T; Y, C or T) (Hoffmann and
Baltimore, 2006). The five NF-kB family members can form homodimers and
heterodimers in a great diversity which contributes to different degrees of specificity and
redundancy in regulating sets of genes.

NF-kB is found in almost all animal cell types and contributes to activation of an
exceptionally large number of genes in responses to harmful situations which required
timely reprogramming of gene expression, such as bacterial or viral infection,
inflammation, stress, free radicals, and ultraviolet irradiations (Ghosh et al., 1998). In
unstimulated cells, NF-kB is latent in the cytoplasm and sequestered by binding to
inhibitor NF-kB family proteins (IkBs) (Jacobs and Harrison, 1998). When encountering
stimuli, there are two well-described pathways leading to the activation of NF-kB:

canonical and non-canonical pathways (or the classical and alternative pathways) and
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both of them are important in regulating immune and inflammatory responses (Karin and
Delhase, 2000; Oeckinghaus and Ghosh, 2009; Sun, 2011; Vallabhapurapu and Karin,
2009). The canonical pathway responses to diverse stimuli. Upon activation, Inhibitor
Kappa kinases (IKKs) phosphorylates IkBa, triggers ubiquitin-dependent IkBa
degradation, resulting rapid and transient nuclear localization of canonical NF-kB
members such as p50/RelA and p50/c-Rel dimers. On the other hand, the non-canonical
pathway selectively responds to a subset of TNF receptor superfamily members. In the
non-canonical pathway, NF-kB inducing kinase (NIK) activates and cooperates with IKKa
to mediate p100 phosphorylation, which in turns induces p100 ubiquitination. The
ubiquitinated p100 undergoes degradation of its C-terminal IkB-like structure, resulting in
generation of mature NF-kB2 p52 and nuclear translocation of the non-canonical
p52/RelB dimer. Once NF-kB TFs translocate into the nucleus, they exert their function
by binding to the DNA elements and regulate the associated genes transcription.

The regulation of NF-kB is crucial for the physiology of inflammation and immune
activation, and dysregulation of NF-kB has been linked to inflammatory and autoimmune
diseases, cancer, septic shock, and improper immune development. Since its discovery,
NF-kB regulation has been the major focus of biomedical studies. Though the main
components of the signaling pathways that activate NF-kB have been identified and
mapped, the interactive and dynamic network is still incompletely understood. With
advanced high throughput and computing technologies, researchers are able to gain
greater understanding of the amazing complexity of the NF-kB signaling network.
Mathematical models are applied to understand the regulation of NF-kB dynamics based

on the experimental results, including the multiple feedback loops to ensure steady NF-
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KB activity, different IKK dynamics to enable stimulus-specific responses, the crosstalk
between the IkB-NF-kB module and other pathways, and NF-«kB oscillations (Lipniacki et
al., 2004). Such computational approaches provide broader insights into the network of
signal transduction. However, unveiling the critical mechanistic insights into the control of

diverse transcription networks remains challenging.

Interferon Regulatory Factors

Interferon regulatory factors (IRFs) are another major transcription factor family
modulating the immune signaling. There are nine members in the family, IRF1 to IRF9,
which possess an N-terminal DBD characterized by a series of five well-conserved
tryptophan-rich repeats (Honda and Taniguchi, 2006; Tamura et al., 2008). The DBD
forms a helix-turn-helix structure and recognizes a consensus DNA sequence
(A/GNGAAANNGAAACT) known as the IFN-stimulated response element (ISRE). The
C-terminal region is more diverse among members and mediates specific interactions
between family members, other TFs, or cofactors (Chen and Royer, 2010; Panne et al.,
2007). The C-terminal domain of each IRF member contains a nuclear export sequence,
an autoinhibitory sequence, and an IRF-association domain which for most family
members contains serine residues that are phosphorylated to regulate activity. IRF family
members can both homodimerize and heterodimerize, forming both transcriptionally
active and repressive complexes. IRF3, IRF5, and IRF7, are critical to type | interferon
(IFN) production downstream of pathogen recognition receptors that detect viral RNA and
DNA (Honda et al., 2006). IRF4, IRF8 and IRF5 regulate myeloid cell development and

phenotype, while IRF9 regulates interferon-driven gene expression. Given their central

13



role as transcription regulators of type | IFN (IFN-a and IFN-[3) biology, IRFs play pivotal
roles in many aspects of the immune responses to pathogens, immune cell development
and differentiation. Thus, understanding how their levels and activity is regulated is of
critical importance given the perturbations in either can result in dysregulated immune

responses and autoimmune disease or oncogenesis.

Regulation of Innate Inmune Response by IRFs and NF-kB

The initial sensing of infection is mediated by innate pattern recognition receptors
(PRRs), which include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), RIG-I-
like receptors (RLRs), and NOD-like receptors (NLRs) (Takeuchi and Akira, 2010). These
receptors recognize diverse pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs). Responding to various PAMPs/DAMPs,
PRRs trigger different signaling cascade accordingly and induced transcription of type |
IFNs, pro-inflammatory cytokines, and chemokines that eliminate pathogens and infected
cells but meanwhile poise the uninfected cells. IRFs are essential mediators that transmit
PRR signals to chromatin for immune cell activation (Ikushima et al., 2013). The innate
immunity utilizes different PRRs to detect pathogens depending on their modes of
infection. TLRs are present on the cell membrane and are the most well-characterized
receptors among PRRs. They initiate key inflammatory responses in addition to shaping
the adaptive immune response (Kawai and Akira, 2011).

All TLRs comprise an extracellular domain with leucine-rich repeats, which is
responsible for ligand recognition, and a cytoplasmic Toll/IL-1R (TIR) homology domain,

which is required for the signaling initiation. TLR1, TLR2, TLR4, TLRS5, and TLR6 are
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located on the cell surface and are responsible for recognizing microbial membrane
components, whereas TLR3, TLR7, TLR8, and TLR9 are expressed within intracellular
vesicles and recognize nucleic acids. TLRs initiate shared and distinct signaling pathways
by recruiting different combinations of four TIR domain-containing adaptor molecules:
MyD88, TIRAP, TRIF, and TRAM (Kawai and Akira, 2010).

Broadly, signaling through TLRs can be categorized into two pathways: the
MyD88-dependent pathway and the TRIF-dependent pathway (Kawai and Akira, 2010)
(Figure 1-3). All TLRs, except TL3, activate the MyD88-dependent pathway (O'Neill et al.,
2013). In contrast, TLR3 and TLR4 activate the TRIF-dependent pathway. Both TLR3
and TLR4 use a TRIF adapter to activate IRF3 and induce type | IFNs. TLR4 recognizes
lipopolysaccharide (LPS) from gram-negative bacteria and also a variety of other PAMPs
and DAMPs. TLR4 is the only TLR that recruits all four adaptor proteins and activates two
distinct signaling pathways (Figure 1-3). TLR4 initially recruits TIRAP and MyD88; then
MyD88 recruits IRAKs, TRAF6, and the TAK1 complex, which lead to the early-phase
activation of NF-kB and MAP kinase. TLR4 is then endocytosed and delivered to
intracellular vesicles to form a complex with TRAM and TRIF. The complex then recruits
TRAF3 and the protein kinase TBK1, which catalyze the phosphorylation of IRF3. The
phosphorylated IRF3 then translocates into the nucleus to induce type | IFNs and related
gene expression by binding to ISRE. TRAM-TRIF also recruits TRAF6 and TAK1 to
mediate late phase activation of NF-kB and MAP kinase.

In the TLR4 signaling cascade, IRF3 serves as the final effector which translocates
into the nucleus and induces type | interferons expression. Among the IRF family

members, IRF3 and IRF7 share the greatest structural homology and are known to be
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the principal mediators of IFN production. However, IRF3 is ubiquitously expressed,
whereas IRF7 is expressed only at a very low level, except in plasmacytoid DCs. IRF7
expression is induced by type | IFNs resulting in a secondary feedforward loop that

maximally drives type | IFNs expression (Yanai et al., 2012).

Macrophages

Macrophages were first identified by the Russian zoologist, Elie Metchnikoff, in
1884. Soon after their discovery, they became a great interest for immunologists.
Because their capacity to phagocytose inert particles, bacteria, parasites or other harmful
organisms, macrophages are a first-line defense against foreign invaders. After
internalization, microbes are degraded within phagolysosomes. Macrophages then
release recruitment signals for and present antigens from the degraded microbes to other
immune cells such as T lymphocytes. Macrophages are able to detect products of
bacteria and other microorganisms using PRRs (TLRs, CLRs, RLRs, and NLRs). These
PRRs can bind specifically to different pathogen components like LPS, RNA, DNA or
extracellular proteins (for example, flagellin from bacterial flagella). The PRRs then
initiate the signaling networks through selected adaptors and protein complexes to
activate transcription factors, such as NF-kB and IRFs, with designed dynamics which
result in precise production of IFNs, cytokines and related genes.

Macrophages play a crucial role not only in serving as the first line defense but
also in bridging the innate and adaptive immunity; therefore, timely and precise
transcription control is required. In the past decades, remarkable effort has been made to

understand transcription regulation in macrophages when responding to various stress
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and danger signals. The well-profiled macrophage signaling cascades and transcriptome

provide the optimal platform in studying the critical details of immune gene regulation.

Mouse bone marrow derived macrophage

Macrophages are derived from monocytes. Monocytes arise in the bone marrow
from myeloid stem cells and migrate to peripheral blood and various tissues where they
differentiate into macrophages. Currently, the majority of the research in the field is done
on macrophage cell lines, such as RAW264.7 and J774, which differ from primary
macrophages in their phagocytic activity, cytokine production and the regulation of the
oxidative burst (Ralph et al., 1980). To study macrophage-pathogen interactions as well
as the immune signaling networks, primary macrophages are recommended, such as
Bone Marrow Derived Macrophages (BMDMs), which exhibit more physiological features.
It is also possible to work on genetically modified BMDMs by isolating the macrophages
directly from genetically engineered mouse models, such as knockout mouse models.
The procedure of differentiating mouse bone marrow cells into macrophages is well-
established and widely used by research groups (Trouplin et al., 2013). By treating
BMDMs with receptor-specific stimulus, we can focus on the targeted signal cascades.
Therefore, the BMDM model provides us the possibility of understanding complicated

immune networks.

PART 2

High throughput sequencing technology
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The advancement of high throughput sequencing technologies in recent decades
enables us to profile genome-wide characteristics comprehensively. The human genome
sequence was drafted in 2001 with Sanger DNA sequencing, which was limited in
throughput and high cost (Lander et al., 2001; Venter et al., 2001). The National Human
Genome Research Institute then created the initiative of DNA sequencing technology
aimed at achieving lower cost human genome sequences in 10 years, which resulted in
the emergence of various high-throughput sequencing (HTS) technologies. Though there
was a great improvement of the traditional Sanger sequencing, the biggest leap involved
commercial HTS platforms, which follow a general paradigm: template preparation, clonal
amplification, and cyclical rounds of massively parallel sequencing. As sequencing costs
have dropped, HTS machines have become accessible and enable researchers to

develop various applications in addition to simply sequencing genomes (Figure 1-4).

High Throughput Sequencing in Profiling Genome-Wide Characteristics

One of the highest impact areas by HTS is the genome-wide mapping of DNA elements
and chromatin landscapes at high-resolution. Nucleosome positions along with histone
variants and modifications make up the primary structure of the chromatin landscape. The
first of these technologies was ChIP-seq (chromatin immunoprecipitation followed by
sequencing) in which DNA associated with a TF, histone variant or modification is
immune-selected with specific antibodies and then sequenced using HTS (Johnson et al.,
2007). Mapping the sequences back to the genome reveals the location of bound regions,
histone variant, or modifications. The pioneering study done by Barski et al. highlighted

the value of comprehensive and HTS approaches to map histone modifications (Barski
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et al., 2007). Evidence has revealed the association of particular modifications with gene
activation or repression and with various genomic features, including promoters,
transcribed regions, enhancers and insulators (Figure 1-5, Table 1-1). Typically, protein-
coding gene promoters exhibit histone H3 lysine 4 trimethylation (H3K4me3). On the
contrary, the presence of H3K27ac accompanied by high levels of H3K4me1 and low
H3K4me3 is broadly used to identify enhancers. However, this methodology possesses
considerable false positives and false negatives (Kim and Shiekhattar, 2015). Recent
work has demonstrated that H3K4me1 is not a requirement for enhancer function and
H3K4me2 and H3K4me3 are compatible with enhancer activity (Dorighi et al., 2017;
Rickels et al., 2017). Another drawback of applying histone modification ChiP-seq to
define regulatory regions is the broad modification size, often thousands of base pairs,
which greatly reduces the signal sharpness in comparison to DNA binding protein ChlP-
seq, ~400 bp, such as coactivator p300/CBP (Ostuni et al., 2013).

Another method in identifying putative regulatory regions is to target the “open”
chromatin regions. The first applied method was DNase | digestion and followed by DNA
sequencing of the fragments (DNase-seq) (Crawford et al., 2006). Other similar assays
for chromatin accessibility include FAIRE-seq (formaldehyde-assisted isolation of
regulatory elements) (Giresi et al., 2007), Sono-seq (sonification followed by sequencing)
(Auerbach et al., 2009), and MNase-seq (micrococcal nuclease digestion) (Schones et
al., 2008). In 2013, Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq) was first described as an alternative advanced method which quickly became
the most widely used application in profiling the genome-wide “open” regions (Buenrostro

et al., 2013). Compared to DNase-seq, MNase-seq and FAIRE-seq, ATAC-seq can be
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performed with smaller numbers of cells, or even single cells, and the protocol is much
simpler. In brief, hyperactive Tn5 transposase is used to tag the genomic regions of
accessible chromatin with a sequencing adapter. Followed by PCR amplification, a library
can be generated for high throughput sequencing. Recently, the modified ATAC-seq
protocol, Omni-ATAC, was presented by Corces et. al. which works across multiple
applications with substantial improvement of signal-to-background ratio and information
content (Corces et al.,, 2017). Unlike the prediction of the chromatin organization by
various histone modifications indirectly, ATAC-seq profiles chromatin accessibility directly

with much sharper signals and resolution.

Three-dimensional Organization of the Genome

To fit into the tiny nucleus, the 6-feet long DNA molecule has to wrap around the
histones and fold into a compartmental and well-organized structure. HTS technologies
can also profile the three dimensional chromatin organization using assays such as Hi-C
and ChIA-PET (chromatin interaction analysis by paired-end tag sequencing) (Fullwood
et al., 2009; Lieberman-Aiden et al., 2009). These methods rely upon proximal ligation of
cross-linked, digested chromatin followed by sequencing to derive contact maps. Hi-C is
the first technique that can profile the unbiased, genome-wide chromatin organization.
Lieberman-Aiden et al. revealed the dynamic conformation of the whole genome which
broadly partitions into open and closed chromatin state. By applying Hi-C, Dixon et al.
demonstrated that the genome is organized into topological associating domains (TADs),
within which high amounts of intra-domain interactions are noticed but infrequent

interactions across domain boundaries (Dixon et al., 2012). Recent ultra-deep Hi-C
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sequencing provides higher resolution contact maps of about 1 kb and refines TAD size
from 1 Mb to 200 kb. The high-resolution contact map demonstrates that
intrachromosomal loops often contain promoter-enhancer contacts associated with gene
activation. Most loops are anchored with CTCF protein binding sites and are occupied by
the cohesin complex and form an insulated neighborhood. Recent evidence showed that
the integrity of an insulated neighborhood is essential for maintaining normal gene
expression (Dowen et al., 2014; Ji et al., 2016). Thus, insulated neighborhoods are
considered to be the structural and functional units of gene regulation.

One major drawback of Hi-C assay is the requirement of very deep sequencing
depth to obtain enough resolution. Recently, the Promoter Capture Hi-C (PCHi-C) method
has been proposed to enable genome-wide promoter-based detection of distal promoter-
interaction regions (Schoenfelder et al., 2018). By hybridizing a set of designed
biotinylated RNA probes containing promoter sequences, the DNA fragments containing
the promoter and its interacting partner will be captured and enriched specifically for
sequencing. The capture method can achieve satisfying resolution which reveals the

functional interactions between promoter and enhancer.

Profiling the transcriptome

RNA transcripts are the readout of gene activity and serve various functions. HTS
applications enable systematic identification of various RNA classes. RNA-seq have been
utilized extensively to characterize transcriptomes, providing precise, quantitative
measurements of message abundance, isoform usage, RNA-editing and allele-specific

expression (Nagalakshmi et al., 2008). To profile transcriptomes, the most widely used
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method is selecting RNA with a poly-A tail using oligo-dT beads for the downstream
sequencing. This method can profile the pool of processed, semi-processed as well as
the unprocessed RNA transcripts, which can be used for broader multi-purpose analysis.
To study primary transcripts and RNA splicing, nascent RNA sequencing (Nascent-seq)
provides a more reflective, timely and native measurement of transcription (Khodor et al.,
2011). Another modified RNA-seq method was described by fractionating the cells to
obtain chromatin associated, nucleoplasmic, and cytoplasmic transcripts for sequencing
(Bhatt et al., 2012). Sequencing of the chromatin-associated transcripts is beneficial for
studying primary gene regulation because it snapshots the newly transcribed RNA
molecules at the moment but not the combinatorial result of RNA synthesis, processing,
and degradation. In addition, because there is no poly-A selection, any species of RNA
actively transcribed on the genome will be captured, such as enhancer RNAs.

Enhancer RNAs (eRNAs) are transcripts derived from active cis-regulatory regions
(Ashe et al., 1997; Collis et al., 1990; Tuan et al., 1992). They generally lack splicing and
polyadenylation (poly-A tail), which renders them unstable and susceptible to rapid
degradation. Though it is a debate whether eRNAs are functional, emerging evidence has
shown they can facilitate transcription initiation by stabilizing the PIC. Nonetheless, eRNA
transcription is correlated with enhancer activity, and mapping of eRNAs is an appealing

method to define putative regulatory sites (Natoli and Andrau, 2012).

Significance
During the past 40 years, there has been great progress in understanding

transcriptional regulation in immune cell development and the response of immune
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system cells to various stimuli. In the pre-genomics era, our understanding was mainly
limited to gene-specific logic. In the genomics era, the completion of genome sequences,
along with the advancement of HTS technologies and computational methodologies, have
facilitated broader analyses, which have revealed the amazing complexity of transcription
regulation networks in the immune system. However, much remains to be learned.

In the well-characterized TLR4 response, two major TFs, NF-kB and IRF3,
together with optimized mouse BMDMs, provide us the opportunity to obtain critical
insights into immune regulation networks under manageable complexity. The HTS assays
enable the global event characterization, such as ChiP-seq to identify TFs binding events,
ATAC-seq to profile the nucleosome remodeling, chromatin-associated RNA-seq to
obtain the dynamic transcriptome and Hi-C to capture the three-dimensional chromatin
interactions. All these strategies and methods together hold the promise to fill the
knowledge gap between global and gene-specific logics of transcription control. We aim
to systematically elucidate the mechanistic principles that allow immune and

environmental stimuli to elicit highly selective transcriptional responses.
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Figure Legends

Figure 1-1: Mechanisms of Enhancer-Promoter Interactions

The enhancer is brought in close contact with the promoter by forming the lopping
structure. The Mediator/Cohesin complex is involved in stable formation of
enhancer/promoter looping. Some eRNAs facilitate the looping through interaction with

the subunit(s) of the Mediator/Cohesin complex.

Figure 1-2: Layers of Chromatin Organization in the Mammalian Cell Nucleus

Features at different levels of chromatin organization are generally associated with
inactive or active transcription. The genomic DNA either with (inactive) or without (active)
methylated on cytosine is wrapped around histone octamers and forms nucleosomes.
The nucleosomes vary in histone composition and histone modifications; these features
constitute the primary layer of chromatin structure. DNA in chromatin may remain
accessible to DNA-binding proteins such as TFs and RNA polymerase Il or may be further
compacted. Chromatin can also organize into higher-order structures such as nuclear
lamina-associated domains and transcription factories. Each layer of organization reflects

aspects of gene and genome regulation.

Figure 1-3: Mammalian TLR Signaling Pathways

There are nine TLRs identified which recognize different components of the pathogens.
TLR signaling is initiated by ligand-induced dimerization of receptors. The TIR domains
of TLRs engage the adaptor proteins such as MyD88, MAL, TRIF and TRAM.

Engagement of the signaling adaptors stimulate the downstream signaling pathways
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involving the interactions between IRAKs and TRAF which leads to the activation of the
MAPKs, JNK and p38, and to the activation of TFs. There are two major TFs, NF-kB and
IRFs, activated downstream of TLR signaling; however, other TFs such as CREB and
AP1 are also important. The activated TFs translocate into the nucleus and exert their
function by binding to the associated DNA element to induce pro-inflammatory cytokines
and type | INFs production. Specifically, TLR4 initially recruits MAL and MyD88 for the
early phase activation of NF-kB; then it moves from the plasma membrane to the
endosomes to switch signaling from MyD88 to TRIF resulting in IRF3 and late-phase NF-

kB activation.

Figure 1-4: Broad Overview of HTS Applications
The advancement of HTS and its wide applications. Publication date of a founding article
describing a method versus the number of citations that the article received. Methods are

colored by category, and the size of the data point is proportional to publication rate.

Figure 1-5: Histone Modifications Demarcate Functional Elements in Mammalian
Genomes
The distribution of histone variants and modifications on the promoter, gene body,

enhancer and boundary element from a transcription perspective.
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Figure 1-3
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Figure 1-4
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Figure 1-5
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Table 1-1

Table 1. Histone Modifications Associated with Transcription

Enzymes Recognition  Functions in
Modifications Position S. cerevisiae S. pombe Drosophila Mammals Module(s)® Transcription
Methylation H3 K4 Set1 Set1 Trx, Ash1  MLL, ALL-1, PHD, Activation
Set9/7, Chromo,
ALR-1/2, WD-40
ALR, Set1
K9 n/a Clr4 Su(var)3-9, Suv39h, G9a, Chromo Repression,
Ash1 Eu-HMTase |, (HP1) activation
ESET, SETBD1
K27 E@) Ezh2, G9a Repression
K36 Set2 HYPB, Chromo(Eaf3), Recruiting the
Smyd2, JMJD Rpd3S to
NSD1 repress
internal
initiation
K79 Dot1 Dot1L Tudor Activation
H4 K20 Set9 PR-Set7, PR-Set7, Tudor Silencing
Ash1 SET8
Arg Methylation H3 R2 CARM1 Activation
R17 CARM1 Activation
R26 CARM1 Activation
H4 R3 PRMT1 (P300) Activation
Phosphorylation H3  S10 Snf1 (Genb) Activation
Ubiquitination H2B K120/123 Rad6, Bre1  Rad6 UbcHS, (COMPASS) Activation
RNF20/40
H2A K119 hPRC1L Repression
Acetylation H3 K56 (Swi/Snf) Activation
H4 K16 Sas2, NuA4 dMOF hMOF Bromodomain Activation
Htz1 K14 NuA4, SAGA Activation

2The proteins that are indicated within the parentheses are shown to recognize the corresponding modifications but specific
domains have yet to be determined.

(Li et al., 2007)
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CHAPTER 2

Highly Selective Roles of Key Transcription Factors in Genome-Wide Toll-Like

Receptor-Induced Nucleosome Remodeling in Activated Macrophages
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Summary

Macrophages play a critical role in bridging the innate and adaptive immune
systems, which requires timely and precise transcription control when responding to
danger signals. Gene expression networks in macrophages have been profiled
extensively in recent decades with the advancement of high throughput sequencing
technologies. However, unveiling critical mechanistic insights into the control of diverse
transcriptional networks has proven to be challenging. Recent evidence has suggested
that chromatin accessibility can provide an integral means of transcription regulation. We
have applied the relatively recent Assay for Transposase-Accessible Chromatin using
Sequencing (ATAC-seq) method to assess chromatin accessibility with optimal resolution
in mouse bone marrow derived macrophages (BMDMs) responding to a pro-inflammatory
stimulus, lipid A. By applying systematic quantitative analysis, we found that NF-kB motifs
are the only identifiable transcription factor binding motifs that are strongly and
preferentially enriched at genomic regions showing the strongest evidence of inducible
nucleosome remodeling during the primary response to lipid A. This observation was
further supported by RelA ChlP-seq binding enrichment. Our finding suggests that NF-kB
may be a key inducer of nucleosome remodeling, either alone or in combination with
diverse collaborating transcription factors. Furthermore, we utilized IRF3 as the model
factor and showed that only Ccl5 promoter and a very small subset of putative enhancers
are significantly IRF3-dependent for their primary nucleosome remodeling in response to
lipid A. The highly selective role of IRF3 in nucleosome remodeling reveals that the large
enhancer reservoir can provide diversity and specificity in regulating the complicated

inflammatory network.
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Introduction

The rapid activation of transcriptional cascades is required for innate immune cells,
such as macrophages, to fight off invading pathogens. Upon activation of a specific
pattern recognition receptor (PRRs) by a pathogen-associated molecular pattern (PAMP)
or danger-associated molecular pattern (DAMP), the timely and precise transcriptional
response is achieved by a diverse set of signaling pathways and transcription factors
(TFs), tailored to activate immune response genes that can directly combat the
environmental threats (Mogensen, 2009; O'Neill et al., 2013). While transcriptional
reprogramming to a broad range of stimuli (bacteria, virus, radiation, hypoxia, etc.)
displays common elements, a high degree of selectivity of specific subsets of genes can
be seen to each individual stimulus. This phenomenon is particularly interesting because
most of the environmental stimuli activate the same similar signaling pathways and TFs
that do not display a great degree of selectivity.

Macrophages play a critical role in bridging the innate and adaptive immune
systems. Gene expression networks in macrophages have been profiled extensively in
recent decades with the advancement of high-throughput technologies. However,
unveiling critical mechanistic insights into the control of diverse transcriptional networks
has proven to be challenging. Recent evidence has suggested that the accessibility of
chromatin can provide an integral means of transcription regulation (Li et al., 2007; Smale
et al., 2014; Zhou et al., 2011).

Chromatin structure can be profiled indirectly by monitoring epigenetic marks using
methods such as histone modification chromatin immunoprecipitation (ChlP-seq)

(Johnson et al., 2007) and bisulfite sequencing (BS-seq)(Cokus et al., 2008) or directly
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by monitoring nucleosome positioning using methods such as micrococcal nuclease
digestion (MNase-seq) (Schones et al., 2008), formaldehyde-assisted isolation of
regulatory elements (FAIRE-seq) (Giresi et al., 2007), and DNase | hypersensitive sites
sequencing (DNase-seq) (Crawford et al., 2006). Histone marks have been widely used
to identify and characterize regulatory elements, such as enhancers. However, using
histone modifications as an approach possesses limitations, including an incomplete
understanding of the relationship between these modifications and chromatin
accessibility (Kim and Shiekhattar, 2015). We have applied the relatively recent Assay for
Transposase-Accessible Chromatin using Sequencing (ATAC-seq) (Buenrostro et al.,
2013; Buenrostro et al., 2015) method to assess chromatin accessibility directly with
optimal resolution in the mouse bone marrow derived macrophages (BMDMs) during the
course of lipid A stimulation. This advanced method enables us to characterize the
chromatin state of regulatory regions quantitatively for systematic analysis.

The main objective of this study is to understand the mechanistic principles of
inflammatory gene regulation from the perspective of nucleosome remodeling.
Nucleosome remodeling is carried out by a group of ATP-dependent remodeler
complexes including four subfamilies: ISWI, CHD, SWI/SNF, and ISO8 (Becker and
Workman, 2013; Clapier et al., 2017; Hargreaves and Crabtree, 2011). SWI/SNF is the
primary remodeler complex that renders the chromatin more accessible involving sliding
nucleosomes along DNA, evicting nucleosome components, or ejecting full nucleosomes
(Narlikar et al., 2013). Access remodelers can expose binding sites for TFs at gene
promoters or enhancers. SWI/SNF functions as a global transcription regulator and plays

a crucial role in the regulation of eukaryotic gene expression (Reisman et al., 2009).
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Multiple attempts have been made to generate mouse models containing the loss of
function mutation of core subunit in SWI/SNF complex, such as Snf5 or Brg1, and shown
to be embryonic lethal and cancer prone (Bultman et al., 2000; Guidi et al., 2001;
Klochendler-Yeivin et al., 2000; Roberts et al., 2000). The technical challenges impede
us from using SWI/SNF as a model to obtain mechanistic insights into nucleosome
remodeling in immune gene induction.

Alternatively, we profiled genome-wide accessible sites in BMDMs treated with
lipid A using ATAC-seq. The extent of accessibility increased after stimulation is
quantified by the fold change of RPKM (Reads Per Kilobase Per Million Reads) at each
site before and after stimulation. It is impractical to consider that induced accessibility is
simply the result of nucleosome remodeling. Hence, applying the criteria to identify sites
that underwent nucleosome remodeling with confidence is the most critical step in this
study. The induction of chromatin accessibility in the activated BMDMs ranged from 1.4
to 68.3-fold. This continuum of fold accessibility likely indicates that some induced peaks
occur in regions of pre-existing open chromatin that undergo small structural changes of
the nucleosome. These small changes are not reflective of the nucleosome remodeling
and instead may represent increased accessibility due to TFs binding or transcription
machinery. Moreover, the small fold induction may be derived from nucleosome
remodeling in a small population of the pooled cells. Therefore, it is challenging to
determine the threshold of the induction fold range to better capture regions that undergo
nucleosome remodeling in the simulated BMDMs. We found that half of the 2-fold induced
regions were already accessible before stimulation. In contrast, more than 95% of the 5-

fold induced regions were inaccessible at the baseline. We, therefore, focused our
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analysis on the 5-fold induced regions which are more likely to reflect nucleosome
remodeling events. The broader systematic motif analysis revealed that regions with
inducible accessibility were preferentially enriched with NF-kB TF motifs. This surprising
observation was further strengthened with the genome-wide RelA binding profile (ChlP-
seq) and suggests the potential role of NF-kB in nucleosome remodeling.

In this study, we utilized the well-established lipid A-stimulated BMDMs, which
were previously optimized to study inducible gene transcription. This tightly controlled and
simplified system provided us a chance to understand complex regulatory networks. Toll-
like receptor 4 (TLR4) is responsible for detecting Gram-negative bacteria through the
non-nucleic acid ligand such as lipopolysaccharide. TLR4 activates two distinct signaling
pathways: the MyD88-dependent and TRIF-dependent pathways (Kawai and Akira,
2006). The MyD88-dependent pathway results in the early-phase activation of NF-kB and
MAP kinases. The TRIF-dependent pathway results in IRF3 activation, which, in
macrophages, leads to the expression of IFN-B. The secreted IFN- will bind to IFNAR
through autocrine or paracrine pathways and activate the IFN signaling pathway, which
triggers second wave IRF activation and IFN stimulated gene expression (O'Neill et al.,
2013; Zhao et al., 2015). By treating BMDMs with cycloheximide (CHX), the synthesis of
IFN-(3 is blocked and the compensation effects from the other IRF members, mainly IRF7,
will be eliminated. Therefore, we can exclusively unveil the Ccl5 promoter and a small
subset of enhancers whose nucleosome remodeling depends on IRF3 significantly during
the primary response to TLR4 signaling.

Overall, we not only profiled a fundamental chromatin property in lipid A-stimulated

BMDMs globally but also applied a systematic and stepwise focused approach by using
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IRF3 and NF-kB as model factors to understand the role of nucleosome remodeling in
immune gene regulation. Our results provided critical insights into the innate immune

gene regulation from the perspective of nucleosome remodeling.
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Result
Profiling Global Chromatin Accessibility Change During Stimulation

To understand how global chromatin accessibility changes in macrophages
responding to pro-inflammatory stimuli, we first performed ATAC-seq in BMDMs
stimulated with lipid A for 0, 30, 60, and 120 minutes. With at least two biological replicates
per time point, we used MACS2 to identify regions enriched with sequencing reads (FDR
<0.01) (Zhang et al., 2008). In total, there were 101,448 accessible sites before or during
the time course of stimulation, which were designated “peak” in the following context
(Figure 2-1A). The vast majority of peaks were constitutive within the 2-fold repression
(i.,e. 0.5-fold induction) to 2-fold induction range (72.8%), and only a very small
percentage were repressed more than 2-fold (2.7%). Since lipid A is a pro-inflammatory
stimulus, 19.4% of the peaks were induced 2 to 5-fold and 5.1% induced more than 5-
fold. The majority of these accessible sites resided in intronic and intergenic regions,
which accounted for 44.5% and 39.4%, respectively, with 10.1% in the promoter region
(Figure 2-1B). Examples of the repressed, constitutive, and induced peaks are shown in
Figure 2-1C. By visually scrutinizing the induced peaks, several actively transcribed
genes were found to have intense and continuous signals over the gene body, which are
more likely the signals derived from active transcription (Figure 2-1C, Tnf). We therefore
carefully performed the downstream analysis on the peaks located at the promoter or
intergenic regions to avoid induced signals associated with active transcription.

To gain insight of chromatin accessibility changes in the genome, we categorized
the peaks as repressed, constitutive, and induced based on the maximum accessibility

induction fold range (<0.5, 0.5 to 2, and >2-fold). In Figure 2-1D, though the constitutive

39



peaks accounted for the largest portion among all genomic locations, the promoter region
was less associated with dynamic peaks compared to the intronic and intergenic regions
(6.4% vs 16.7 and 17.0%). We further ranked the peaks based on their maximum
accessibility induction fold and generated 40 bins with an equal number of peaks (2,536
Peaks/ Bin). The promoter peaks were enriched in constitutive Bins 7 to 16, with a
maximum of 24.5% in Bin 11. In contrast, the most repressed (Bins 1 and 2) and induced
bins (Bins 39 and 40) comprised dominantly intronic and intergenic peaks (Figure 2-1E).
This observation reflects the fact that promoters are more accessible and poised at the
basal state to ensure timely response when activated. In contrast, the regulatory elements
in the intergenic and intronic regions are more dynamic, and more likely to undergo
chromatin remodeling upon stimulation.

The goal of this study is to understand how nucleosome remodeling contributes to
the inducible gene transcription regulation. Therefore, we would like to focus our attention
on the regions that undergo inducible nucleosome remodeling. However, it is challenging
to determine the cutoff of ATAC accessibility induction fold which can reflect the
nucleosome remodeling events. We divided all peaks equally into 40 bins based on the
accessibility induction fold from the most repressed (Bin 1) to the most induced (Bin 40),
the percentage of peaks without basal ATAC signal increased as the fold induction
increased (Figure 2-1F). In Bin 30, around 2-fold induction range, half of the peaks had a
basal ATAC signal and half did not. As the fold induction range increased, especially in
the last two bins (Bins 39 and 40), greater than 5-fold induction range, 95% of the peaks
showed no basal ATAC signal. The ATAC signal represents the chromatin accessibility;

thus, sites with no ATAC signal are considered as inaccessible or “closed” chromatin

40



state. Based on this observation, almost all the peaks induced greater than 5-fold were
‘closed” before stimulation and became “open” after stimulation. Therefore, we
considered 5-fold accessibility induction as the cutoff for the sites underwent nucleosome
remodeling.

The peaks with weak induction (2 to 5-fold) also bear greater uncertainty of true
nucleosome remodeling. The small increase in ATAC signal after stimulation may be due
to increased TF binding, slight remodeling, or heterogeneity of the entire cell population
evening out the strong induction in a small subset of cells. Instead, the stringent fold
induction cutoff, 5-fold, can give us the greatest confidence in capturing the regions
(peaks) that underwent nucleosome remodeling. For better phrasing, the peaks induced
greater than 5-fold were called inducible peaks in the following context. We show an
example of the Ccl9 promoter peaks, which were induced 2.2-fold after stimulation but
accessible at the basal state (Figure 2-1G). The increased ATAC signal could be the
result of TF binding, increased transcription, a minor change in chromatin structure, or
nucleosome remodeling in a small percentage of cells within the population. In contrast,
the intergenic peak upstream of Cc/9 promoter showed 14-fold induction without basal
ATAC signal, which is more likely to represent a robust, inducible nucleosome remodeling
event, accompanied by nucleosome eviction, sliding, or the transition of a nucleosome

from a closed to an open conformational state in most or all cells within the population.

Global Motif Enrichment Across the Accessibility Induction Range
To identify TFs associated with accessible regions across the spectrum of

inducibility, peaks were grouped into 40 bins from the most repressed to the most
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induced, with 2,356 peaks per bin. We then performed motif analysis by using HOMER
tools (Heinz et al., 2010). The enrichment of each motif across the inducibility ranges was
shown in Figure 2-2A in the heatmap. Each column represented one bin from the most
repressed to the most induced and the fold induction range was marked on the top. Each
row represented one TF motif and was shown as the grouped motif family. The
enrichment was colored according to the -log(p-value). There were 364 non-redundant
TF motif matrices from the Homer motif database and were categorized into major motif
families. The bZIP and IRF motifs were enriched in the bins across the weakly induced to
the strongly induced fold range, while the NF-kB motifs were strongly and preferentially
enriched in the last four bins with the greatest induction fold range. The POU/Homeobox
family was similar to NF-kB but with much weaker enrichment. In contrast, the ETS family
was enriched in the bins with repressed accessibility and the CTCF motif, which belongs
to the Zf family, was enriched in the bins with constitutive accessibility.

There were four motif families showing enrichment in the induced bins with
different strengths and distribution (Figure 2-3A), which are bZIP, IRF, NF-kB, and
POU/Homeobox. One representative TF motif from each family was shown in Figure 2-
2B as the line graphs of p-value significance and percentage of peaks with the target
motif within each bin from the most repressed to the most induced. Though all four motifs
had the enrichment trend toward the more induced bins; it is clear that the NF-kB motif
showed the strongest and preferential enrichment in the last two bins, which are the
inducible peaks (> 5-fold).

TFs can participate in primary and/or secondary responses to stimuli. We next

separated primary and secondary nucleosome remodeling by performing ATAC-seq in
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BMDMs stimulated with lipid A in the presence of cycloheximide (CHX), which can block
new protein synthesis and the secondary response to stimulation, including the synthesis
of and response to IFN-3. The CHX resistance was calculated as the percent accessibility
in CHX pre-treated and lipid A stimulated cells compared to the lipid A treated cells. The
primary response was defined as a maximum percent accessibility during the stimulation
course greater than 33%. We grouped the inducible peaks equally into 8 bins based on
the CHX percent accessibility from the most CHX sensitive (Bin 1) to the most resistant
(Bin 8) and performed motif analysis. The result was presented as the heatmap of -log(p-
value) (Figure 2-2C). NF-kB motifs were preferentially enriched in the primary response
bins while the IRF, as well as POU/Homeobox family motifs, were in the secondary bins.
The AP-1 like motifs in the bZIP family showed equal enrichment across the spectrum of
CHX resistance.

NF-kB motifs are the only identifiable TF binding motifs that are strongly and
preferentially enriched at inducible ATAC sites showing the strongest evidence of
inducible nucleosome remodeling during the primary response to lipid A. This result
suggests that NF-kB may be a key inducer of nucleosome remodeling, either alone or in
combination with diverse collaborating TFs. This observation is surprising since in vitro
studies suggested that NF-kB cannot bind nucleosomal DNA by itself (Chen et al., 1998;
Saccani et al., 2001), leading to a previous hypothesis that NF-kB does not promote
nucleosome remodeling.

To gain better an understanding of the collaboration between TFs, the inducible
peaks were grouped as primary and secondary. The motif analysis was performed on the

peaks with and without the representative inducing factor motif from each of the four
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inducing motif families, which were Atf3 (AP-1 like) motif in bZIP family, all NF-kB motifs
in NF-kB family (NFkB-p65; NFkB-p65-Rel; NFkB-p50,p52), IRF3 motif in IRF family and
Oct4 in POU/Homeobox family. The results show that TF motifs are enriched at inducible
ATAC-seq peaks in a variety of different combinations, with no clear preferences (Figure
2-3B). For example, bZIP, IRF, and POU motifs are enriched at ATAC-seq peaks that
both lack and contain NF-kB motifs (Figure 2-3B, data columns 5 and 6, respectively).
This observation is consistent with the well-established view that different combinations
of TFs regulate distinct control regions, and further suggests that different combinations

of TFs may promote inducible nucleosome remodeling.

NF-kB Motif and Binding Enrichment over the Strongly Induced ATAC Sites
Among the four motif families, the NF-kB family revealed unique preferential
enrichment over the inducible ATAC peaks. To validate this surprising finding, we
integrated RelA ChlP-seq data to correlate the genome-wide RelA binding sites and
ATAC sites. We grouped the ATAC peaks into 40 bins based on their fold induction and
the percentage of ATAC peaks with RelA binding increased considerably in the last few
bins, which contained the most strongly induced ATAC peaks (2,356 Peaks/ Bin, 14%)
(Figure 2-4A, navy dots, and line). Moreover, when bins were created on the basis of
induction p-value as opposed to fold-induction, an event greater enrichment of RelA
binding (34%) was observed in the bin with the smallest p-value. (Figure 2-4A, blue dots,
and line). These results confirm the preferential enrichment of both NF-kB motifs and

binding over the inducible ATAC peaks.

44



We then separated the inducible peaks (>5-fold) into primary and secondary
response groups by a maximum CHX percent accessibility of 33%. The primary and
secondary response peaks were subsequently divided into 10 bins based on the
statistical significance (-log(p-value)) of accessibility induction (Figure 2-4B). RelA binding
showed increased enrichment as the significance of accessibility induction increased both
in the primary and secondary peaks. However, the primary response peaks had much
higher enrichment over the most consistently induced primary response peaks. Among
the 329 most consistently and strongly induced primary response peaks, 205 (62.5%)
had defined RelA binding. Moreover, when carefully scrutinizing the 124 peaks without
defined RelA binding, 69 had indeed transient RelA binding, 10 had RelA binding but not
called by the program, 23 had reproducible but weak RelA binding (peak score < 19), 19
were transcriptional noise, and only 3 had no RelA binding signal. Thus, RelA may bind
to all or almost all the genomic regions that exhibit primary nucleosome remodeling in
response to lipid A (Figure 2-4C). These results suggest that NF-kB may play an essential
role in inducible nucleosome remodeling during the primary response to lipid A

stimulation.

Functional Roles of NF-kB in Nucleosome Remodeling

To functionally evaluate the role of NF-kB in nucleosome remodeling, we
performed ATAC-seq on three independent NF-kB depletion models: IKK inhibitor
(Bay11) treated BMDMs, NF-kB motif editing BMDM cell line, and RelA”-C-Rel”- BMDM
cell line. Bay11 is an NF-kB inhibitor that inhibits IKK related |-kB phosphorylation and

suppresses NF-kB activation upon stimulation (as well as the activation of other IKK-
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induced TFs). We observed that Bay11 potently suppressed nucleosome remodeling at
almost all the inducible sites (data not shown). It is known that Bay11 is not a selective
inhibitor for IKK and exhibit a broad spectrum of inhibitory activity against inflammation,
including inhibition of cytokines, induction of heme oxygenase-1, suppression of ICAM-1
expression, reduction of ATPase activity of NLRP3 inflammasome, and increase
neutrophil apoptosis (Lee et al., 2012). Therefore, it is not surprising to see the non-
selective global suppression by Bay11.

To obtain a cleaner system, we used CRISPR-Cas9 ribonucleoprotein (cRNP)
genomic editing to modify the NF-kB motifs and prevent NF-kB binding without disrupting
other factor bindings to the candidate peak. Peak45836 contains two NF-kB maotif clusters
at the peak center and shows early RelA binding but late accessibility induction (Figure2-
5A, top, and Figure 2-5B). The edited peak completely lost its accessibility in response to
the stimulus (Figure 2-5B). The raw read counts containing different sequence segments
(30 bp) were listed (Figure 2-5A) to avoid alignment bias. Because of the redundancy
between NF-kB members as well as the critical roles of NF-kB in cell survival, we
attempted to eliminate most of the NF-kB activity by knocking out the two major members
RelA and C-Rel in the BMDM cell line. The ATAC-seq performed on RelA”-C-Rel” cell
line also shows a remarkable decrease in chromatin accessibility in response to lipid A
(Figure 2-5B). These functional experiments further support the hypothesis that NF-kB

plays a critical role in promoting inducible nucleosome remodeling.

Nucleosome Remodeling at Promoters
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Our previous study of a limited set of strongly induced genes showed that strong
nucleosome remodeling in promoters of potently induced genes is rare (Tong et al.,
2016). Consistent with those results, our current experiments showed that there are only
40 promoter ATAC peaks with inducible chromatin accessibility (> 5-fold). To compare
ATAC changes with transcriptional changes, we utilized previously published chromatin-
associated RNA-seq (caRNA-seq) data. Only thirteen promoters (32.5%) are associated
with potently induced genes, whereas the majority are assigned to genes that are weakly
induced or expressed (67.5%). The heatmap of normalized expression suggested that
inducible promoters correlate with inducible transcription (Figure 2-6A). To further
evaluate the magnitude of induction among the two datasets, we compared the promoter
ATAC fold accessibility to caRNA-seq fold induction for all primary response genes
(PRGs) and secondary response genes (SRGs). Both PRGs and SRGs with strong
promoter ATAC fold induction exhibited high levels of transcriptional induction (Figure 2-
6B, left). When comparing ATAC induction to promoter CpG content, we observed a very
similar trend with low CpG density correlating with strong ATAC induction (Figure 2-6B,
right). Ccl5, as an example, demonstrates the highest transcriptional induction, largest
ATAC fold change, and low CpG content. This trend can be readily seen among SRGs
as well, but with a less strict association with caRNA-seq fold induction.

To understand the regulation of these promoter accessibility changes, we
performed ATAC-seq in cells that were pretreated with CHX before stimulation. None of
the primary response promoters were inhibited during CHX treatment, while 2 of the
secondary response gene promoters had diminished accessibility (//72b and /fi47, <30%).

The other 4 SRGs maintained induction of accessibility in the presence of CHX
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suggesting that the secondary response component required for activation of these 4
SRGs might proceed after promoter accessibility has been established (Figure 2-6A).
Interestingly, IRF3 was previously reported to be exclusively required for the
nucleosome remodeling and subsequent RelA association at the Ccl5 promoter. To
expand upon our previous finding and to address whether we can detect IRF3 dependent
promoter induction across the additional 39 promoters, we performed ATAC-seq in WT
and /rf3- BMDMs stimulated for 0, 30, 60, and 120 minutes with lipid A in the presence
or absence of CHX. We used CHX treatment to limit the potential compensatory effects
on transcription and/or remodeling by the other IRF family members that can be induced
as part of the secondary response to type | interferon. By directly comparing the ATAC-
seq maximum RPKM of CHX-pretreated WT and /rf3”- BMDMs through the time course
or at each time point of stimulation (Figure 2-6C and Figure 2-7A), both the Ccl5 and
Rnase10 promoters (Figure 2-7B) showed decreased accessibility. However, the Ccl5
promoter stood out to be the only promoter whose nucleosome remodeling is significantly
IRF3-dependent (Figure 2-7D). Strong IRF3 binding (peak score > 90, red) of the Ccl5

promoter was also observed in the IRF3 ChIP-seq (Figure 2-7E).

Nucleosome Remodeling at Putative Enhancers

It is challenging to identify the associated gene promoters with which enhancers
interact. While intergenic regulatory elements tend to interact with the promoters of
proximity, they can also associate with distant promoters through looping (Jiang and
Peterlin, 2008; Miele and Dekker, 2008; Vakoc et al., 2005). To understand the

characteristics of putative enhancers, we first analyzed the proximity of intergenic ATAC
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peaks and genes. We calculated the percentage of intergenic ATAC peaks located within
the distance range of every 10 kb to the transcription start site (TSS) of genes induced
greater than 10-fold. There are four ATAC categories: repressed, constitutive, weakly
induced (2 to 5-fold), and strongly induced (> 5-fold). In addition to a direct comparison
between different ATAC groups, we also shuffled the ATAC peaks for 100 times randomly
and averaged the percentage of peaks located within each 10 kb bin as the expected
values. By comparing the observed to the expected existence of the ATAC peaks at each
of the 10 kb distance range to the nearest 10-fold induced genes, the strongly and weakly
induced ATAC peaks are more likely to exist in the first 10 bins which is a total of 100 kb
range (Figure 2-8A, Figure 2-9A). Among the four ATAC peak categories, strongly
induced ATAC peaks were greatly enriched in the 100 kb region of the nearest 10-fold
induced genes and followed by weakly induced ATAC peaks. There was no enrichment
of the constitutive and repressed peaks located within the 100 kb range of the nearest
10-fold induced genes.

We next performed a kinetic analysis on the strongly induced intergenic peaks
(n=2,356). The intergenic peaks with inducible chromatin accessibility were classified into
six clusters based on their induction kinetics (Figure 2-8B, left). The average RPKM at
each time point of these 6 clusters is also shown as a line graph (Figure 2-8B, right).
Consistent with the kinetic analysis, the clusters with early accessibility induction are
enriched with primary response elements (orange portion) while the secondary response
elements are enriched in the clusters with late induction kinetics (white portion).

The promoter analysis shows a striking selectivity of IRF3 in chromatin remodeling

which regulates the expression of an individual gene, Ccl5. Visual inspection of the region
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upstream of Ccl5 TSS demonstrates several other inducible peaks showing diminished
accessibility in the /rf3- BMDMs. These observations made us wonder whether specific
factors such as IRF3 maintain a similar degree of selectivity in mediating rare remodeling
events at a small number of intergenic elements.

The motif analysis of the strongly induced intergenic peaks grouped based on CHX
resistance revealed that IRF motifs are enriched mainly in the secondary response bins
while the NF-kB motifs in the primary response bins (Figure 2-8C). We next examine
whether a subset of intergenic peaks require IRF3 for their primary nucleosome
remodeling in response to lipid A. To address this question, we focused on the 1,494
primary response peaks and compared the maximum RPKM of CHX-pretreated WT and
Irf3- BMDMs during the time course of lipid A stimulation (Figure 2-8D and Figure 2-9B).
Surprisingly, among the 1,494 inducible primary response peaks, only 107 peaks
displayed 67% dependence on IRF3 with the enrichment of strong binding (peak score 2
90, red) by IRF3 ChlP-seq (Figure 2-8D). Notably, one of the intergenic peaks upstream
of the Ccl5 promoter showed the most significant IRF3 dependence for its primary
nucleosome remodeling in response to lipid A (Figure 2-9C). Though the motif analysis
showed no IRF family enrichment in the primary response peaks (Figure 2-8C), we asked
whether the IRF motif would be enriched in peaks exhibiting functional IRF3-dependence.
The IRF3 motif was indeed enriched in IRF3-dependent primary response peaks,
consistent with the strong IRF3 binding to most of these peaks (Figure 2-8C, rightmost
bin).

We next targeted these 107 peaks and 22 of them reached statistical significance

(Figure 2-8E). Thirteen of the 22 significant IRF3-dependent peaks have strong IRF3
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binding (56.5%), 5 have weak binding (26.1%) and 4 have no IRF3 binding (13%). Visual
inspection reveals the 2 peaks without IRF3 binding are derived from readthrough effects
of Ccl4 and Ccl5. Among the 18 intergenic peaks with IRF3 binding (either strong or
weak), 15 peaks have transcribed genes located within 100 kb region, 2 have genes
located at 100 kb to 200 kb region, and 1 peak is isolated without any genes within the
nearby 200 kb distance (peak57514, Figure 2-11). Among the 15 peaks with genes
nearby, 4 peaks have strongly induced genes (> 10-fold, n=8) and 2 peaks have weakly
induced genes (5 to 10-fold, n=2). The 8 strongly induced genes with 1 or 2 strongly
induced IRF3-dependent primary response intergenic peaks nearby have different
transcriptional characteristics profiled by caRNA-seq previously, including 5 PRGs and 3
SRGs. Ccl5, Peli1, and 2610024D14Rik are IRF3-dependent PRGs, while IL27 and
Heatr9 are SRGs with borderline IRF3 dependence. These results suggest that IRF3 is
required for nucleosome remodeling at a remarkably small number of inducible enhancers
associated with IRF3-dependent inducible genes, reminiscent of our prior finding that

IRF3 is critical for remodeling at only one inducible promoter.

Functional Significance of Target Enhancer Elements

We have identified a small subset of selective IRF3-dependent primary response
intergenic elements. The next step was to evaluate their functional relevance. We
performed two experiments to determine (a) the direct physical contact between target
enhancers and associated promoters and (b) the expression of the associated genes after
cRNP mediated deletion of the entire accessible intergenic region (~400 bp). We first

conducted the circularized chromosome conformation capture (4C) experiment (Simonis
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et al., 2006) and capture Hi-C (high throughput conformation capture) experiment
(Hughes et al., 2014) to detect the direct physical contacts between target enhancers and
their interacting elements. In the 4C experiment, we used two candidate intergenic peaks
(peak68866 and peak57514) as the viewpoints (baits) and designed the primers to
capture genome-wide interaction to the viewpoints. Peak68866 is the IRF3-dependent
primary response intergenic peak located 10 kb upstream of the Ccl5 promoter and
peak57514 is the isolated peak without any gene in the nearby 200 kb region. Peak68866
showed increased interaction to the Ccl5 promoter after lipid A stimulation (Figure 2-10A).
Peak57514 interacted with Jarid2, the nearest gene but 200 kb away, which is also an
IRF3 dependent gene (Figure 2-11).

We additionally performed the promoter capture HiC (CHi-C) experiment to
capture the interactions with the promoters. The biotinylated RNA probe set was designed
to capture and enrich the proximal ligated DNA fragments containing the promoter
elements. The CHi-C showed an increased interaction between peak68866 to not only
Ccl5 but also to Cc/3 and Ccl4 (Figure 2-10A).

Next, we used cRNP to delete the entire target enhancer, peak68866 (~ 400 bp),
with two designed guide RNAs (gRNAs) (Figure 2-10B). We then checked the expression
of genes associated with the target enhancer before and/or after lipid-A stimulation by
gPCR. The 4C and CHi-C results show that Ccl5, Ccl3, and Ccl4 promoters are
associated with peak68866. We also remove the Ccl5 promoter as a positive control (PC)
ensuring the efficiency of cRNP deletion. We selected at least three CRISPR clones for
each deletion (Target and PC). The PC clones showed that Ccl5 transcription was

completely blocked 2 hours after lipid-A treatment (Figure 2-10C). However, there was
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only a slight decrease of Ccl5 expression in the target deletion clones compared to the
WT clones at 2 and 6 hours of treatment (Figure 2-10C). There was no difference either
in the Ccl3, or Ccl4 transcript level, kinetics or to different stimuli such as TNF or TNFy
(data not shown). More experiments are needed to elucidate the complex and redundant

roles of enhancers.
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Discussion

Chromatin structure plays a crucial role in gene regulation and transcription
control. With the advancement of high throughput sequencing technologies, we are able
to characterize genome-wide chromatin structure indirectly by epigenetic marks such as
histone ChlP-seq, BS-seq or directly by nucleosome positioning, such as MNase-seq,
FAIRE-seq, and DNase-seq. Recently, histone marks have been widely used to identify
and characterize regulatory elements genome-widely, such as enhancers. However,
using histone modifications as an approach to identify regulatory elements possesses
limitations, including considerable false positive and false negative marks with low
resolution (Kim and Shiekhattar, 2015; Ostuni et al., 2013). In this study, we used ATAC-
seq to profile the chromatin state directly and also identify the active regulatory regions
during the time course of stimulation with better confidence and higher resolution. In brief,
ATAC-seq uses hyperactive TnS transposase to tag accessible chromatin regions and
the sequencing library can be generated with one simple PCR step. This advanced
method enables us to characterize the chromatin state of regulatory regions quantitatively
for systematic analysis.

The core of this study is to understand gene regulation from the aspect of
nucleosome remodeling. It is challenging to define nucleosome remodeling based on the
change of ATAC-seq signals. We calculated the ATAC RPKM induction fold across the
treatment course and correlated it with the presence of basal ATAC signals (called
peaks). We found that 95% of the genomic regions with induction fold greater than 5-fold
have no basal ATAC signals indicating inaccessible chromatin structure before

stimulation and become accessible afterward. However, 50% of the regions with 2-fold
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induction have basal ATAC signals and are accessible before stimulation but become
more accessible after stimulation. The moderate increase of chromatin accessibility may
be due to increased transcription factors binding, active transcription, nucleosome sliding,
or nucleosome remodeling in a small population of cells. The characteristics in the regions
with weak to moderate accessibility fold induction increase the uncertainty and complexity
in unveiling the regulating principles. Therefore, we focused our attention on regions with
strong accessibility fold induction of greater than 5-fold. This strategy increases our
probability of capturing true nucleosome remodeling and provides a chance to gain critical
mechanistic insights.

In the global motif analysis, we surprisingly observed that NF-kB motifs are the
only identifiable transcription factor binding motifs that are strongly and preferentially
enriched at the regions that show the strongest evidence of inducible nucleosome
remodeling during the primary response to lipid A. By applying stepwise dissection, we
have found that almost all of the significantly induced ATAC peaks undergoing primary
nucleosome remodeling were bound by RelA. Interestingly, while inspecting the
representative regions, we noticed the regions underwent nucleosome remodeling at the
later time point after RelA binding occurred. The loss of accessibility in response to lipid
A stimulation in NF-kB motif edited clones and RelA”-C-Rel”- clones provide functional
evidence of NF-kB in nucleosome remodeling. Others have proposed a role for NF-kB in
binding to nucleosomal DNA (Angelov et al., 2004; Lone et al., 2013), but structural
studies and other in-vitro experiments have demonstrated a low affinity of NF-kB to
nucleosomal DNA (Chen et al., 1998; Saccani et al., 2001), leading to a previous

hypothesis that NF-kB does not promote nucleosome remodeling. Our observations

55



suggest that NF-kB may be a key inducer of nucleosome remodeling, either alone or in
combination with diverse collaborating transcription factors.

Our recent gene-centric analysis revealed that even a small subset of five genes
required both NF-kB and IRF3 for their activation but the mechanism by which these
factors collaborate can be entirely gene-specific. Based on these findings, we aim to
understand the mechanistic principles of inflammatory gene regulation from the aspect of
nucleosome remodeling using IRF3 as the model factor. We performed a systematic
approach to examine the global nucleosome remodeling events over the promoters and
intergenic regions (putative enhancers). Consistent with the gene-centric analysis, there
are only 40 promoters undergoing nucleosome remodeling after lipid A stimulation;
however, the Ccl5 promoter appears to be the only one whose nucleosome remodeling
significantly depends on IRF3. The observation of promoters made us wonder among
many intergenic regions showing different degrees of IRF3 dependence for their primary
nucleosome remodeling, how many of them are significantly IRF3 dependent?
Surprisingly, only a small number of 22 intergenic regions showed significant IRF3
dependence.

The observation of imbalanced numbers between genes and enhancers has been
discussed extensively. Scientists have tried to better characterize enhancers with
different histone marks and DNA binding factors. In our system, even when responding
to one stimulus, lipid A, there are 41,003 accessible intergenic regions found during
stimulation. Though there are only 2,358 sites that underwent nucleosome remodeling, it
is still around ten times more than the 226 strongly induced genes. There are several

explanations for this phenomenon: 1) they are functionally redundant to ensure crucial
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transcription (Barolo, 2012; Frankel et al., 2010; Osterwalder et al., 2018), 2) multiple
enhancers work in concert to modulate the same gene target, 3) some regulatory regions
are the anchors in maintaining the boundary of a cluster of genes such as insulating
neighborhoods (Hnisz et al., 2016; Ji et al., 2016), 4) some may be non-functional. Our
enhancer analysis using IRF3 as the model factor reveals that despite the large enhancer
reservoir, there is only a small subset of enhancers that are significantly dependent on
IRF3 for their primary nucleosome remodeling in response to lipid A. This result suggests
that the large enhancer reservoir can provide variety and selectivity in regulating the
complex inflammatory network.

Based on the mechanistic insights gained from this analysis, we aim to continue
exploring the regulatory roles of NF-kB in nucleosome remodeling, and the collaboration
between major inducing factors by applying quantitative systematic approaches. To
evaluate functional relevance, extensive cRNP genome editing and the creation of
deletion clones are the near future tasks. Additionally, in-depth analysis of the recently
generated capture Hi-C data in combination with the ATAC-seq, chromatin RNA-seq, and
a wide variety of DNA binding factors, such as CTCF, Cohesin, and p300, will provide

regulatory insights of a higher structural level.
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Experimental Procedures

Cell Culture

C57BL/6 was purchased from Jackson Laboratory (Bar Harbor, ME), and Irf3”- mice were
a gift from Genhong Cheng. Experiments were performed under the written approval of
the UCLA Chancellor's Animal Research Committee (ARC) in accordance with all federal,
state, and local guidelines. BMDMs were prepared from 8 to 10-week-old C57BL/6 and
Irf37- male mice. BMDMs were cultured with the media containing CMG for macrophage
differentiation. The cells were scraped and re-seeded on day 4 and activated with 100
ng/ml lipid A (Sigma, L6895) on day 6 for the indicated time course. When indicated, cells
were preincubated with 10 ug/mL CHX (Sigma, 239765) for 15 minutes or with 10uM
Bay11(Sigma, B5556) for one hour. J2 virus-immortalized macrophages were also from
C57BL/6 mouse and named as B16#5 by former colleague Xin Liu. B16#5 cells were
cultured in the same media for BMDMs and treated accordingly with the same dose of

lipid A and CHX for downstream assays.

ATAC-seq

ATAC-seq libraries were prepared using the Nextera Tn5 Transposase kit (lllumina) as
described (Buenrostro et al., 2015) with slight modifications. Libraries were single-end
sequenced (50 bp) on lllumina Hiseq2000 or Hiseq3000. Reads were mapped to the
mouse genome (NCBI37/mm9) using Bowtie2. Unwanted reads were removed from the
subsequent analysis if they were duplicated, mapped to mitochondrial genome, or aligned
to unmapped contiguous sequences. All samples include at least two biological

replicates, and replicates were merged prior to peak calling with MACS2 (Zhang et al.,
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2008). Overlapping peaks were merged together and used as annotation probes for

quantifying reads by using SegMonk

(http://www.bioinformatics.babraham.ac.uk/projects/seamonk/). = The reads were
quantified as RPKM by normalizing to the probe length and read depth for the

downstream analysis.

Motif Analysis
The accessible sites identified by ATAC-seq were used for motif analysis using Homer

tools (Heinz et al., 2010) with provided motif matrices (n=364).

CRISPR-Cas9 Ribonucleoprotein (cC(RNP) Genome Editing and Deletion

A. Guide RNA Design

Two guide RNAs were designed for each deletion or edit site by using CRISPOR online
tool (Concordet and Haeussler, 2018). The gRNAs were ranked from highest to lowest
specificity score (Hsu et al., 2013) and gRNAs satisfied our need with the highest
specificity score were selected. The selected gRNAs were synthesized and purchased
from SYNTHEGO.

Peak68866 (Intergenic peak 10 kb upstream of Ccl5 TSS):
gRNA1-TCCTCACACTTAATAGCAGG gRNA2-CAGCTGAGGTGTCCCCGCTG
Peak68862 (Ccl5 promoter):

gRNA1- ATGACAGGGTAGCCGTGTCA gRNA2-TCTCTGGCCAAATACAGTAG
Peak45837(NF-kB motif editing):

gRNA1- TCCCCATTGGGGAAACCCCT gRNA2- TGAGGGGATTCCCCTAAGCA
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B. HDR Template Design and Preparation

The HDR template was designed as sense single-stranded DNA containing 300
nucleotides flanking the replaced sequence and purchased from IDT in the amount of 9
ug. The dry synthesized DNA oligo was dissolved in 4 pL resuspension buffer R provided
with Neon™ Transfection System 10 pL kit (Thermo Fisher Scientific, Catalog
#MPK1025) right before electroporation.

C. Assemble of cRNP complex

Cas9 2NLS nuclease (S. Pyrogenes) was purchased from SYNTHEGO as 20 uM stock
and the dry synthetic gRNAs (sgRNAs) were prepared into 30 uM stock. We assembled
cRNP complexes by mixing Cas9 10 pmol and sgRNAs 90 pmol in 3.5 L of resuspension
buffer R, then incubated the mixture for 10 minutes at room temperature. For NF-kB motif
editing, Cas9 and sgRNAs were added in 3.5 pL of resuspension buffer R containing HDR
templates.

D. Prepare Cells

B16#5 cells were subcultured one day before electroporation in an appropriate number
to that they were about 60-70% confluence on the day of transfection. Before
electroporation, the cells were scraped off from the 10 cm plate and counted to obtain 1.5
x 10° cells enough for 10 transfections. The cells were washed with 1x PBS and
resuspended in 50 uL of resuspension buffer R.

E. Electroporation

To prepare for a cell-RPN solution, 5 L of cell suspension was added into the 7 yL RNP
mix (total 12 pL). Electroporation was performed using the Neon Transfection System at

pulse code (10 ms x 4 pulses) using 10 uL Neon tips at 1,900V. Immediately the following

60



electroporation, cells were pipetted into a 6-well plate containing prewarmed culture
media.

F. Single Cell Colony Expansion

Fresh cell culture media was added to replace the media containing dead cells 24 hours
after electroporation. 48 hours after electroporation, cells were scraped off from the plate,
counted, and seeded 2 cells/well in the 96-well plates. Wells containing single-cell colony
were selected under a microscope and replaced with fresh media every four days until
wells turned yellow. Cells were then detached from the wells with trypsin and collected
for freezing storage and DNA extraction.

G. Screening and Sequencing

Enhancer and promoter deletion clones: DNA was extracted from the single-cell colonies
and PCR amplified regions containing deleted sites followed by gel electrophoresis.
Clones with successful deletion were selected based on the size of the amplified fragment
and confirmed by Sanger sequencing.

NF-kB motif edited clones: The regions containing the edited sites were PCR amplified

and successfully edited clones were confirmed by Sanger sequencing directly.

gRT-PCR

RNA was extracted using TRI-reagent (Molecular Research Center, TR118), and treated
with DNase | (Qiagen, 79254), and purified using the RNeasy kit (Qiagen, 74106). 1ug of
RNA was reverse-transcribed using random hexamers and primers targeting mRNA of
Ccl5, Ccl3, and Ccl4 designed to amplify products quantified by SYBR-green.

Ccl3: F- CCAGCCAGGTGTCATTTTCC R- AGGAGATGGAGCTATGCAGG
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Ccl5: F- TGCCCACGTCAAGGAGTATT R- AGAGCAAGCAATGACAGGGA

Ccl4: F- TCTGCCCTCTCTCTCCTCTT R- ATGTACTCAGTGACCCAGGG

4C Assay

The 4C library was prepared as described (Krijger et al., 2020). In brief, we crosslinked
the lipid-A treated BMDMs with 1% Formaldehyde for 10 minutes and quenched them
with 2M Tris (0.125M final concentration) for 10 minutes at room temperature. Cells were
lysed for 30 minutes in 1 mL cold lysis buffer (10 mM Tris-HCI pH 8.0, 10 mM NacCl, and
0.2% NP-40 supplemented with protease inhibitor). Nuclei were pelleted and
resuspended in 500 uL of 1%t restriction enzyme buffer with 0.1% SDS and incubated for
1 hour at 37°C at 1200rpm. SDS was then quenched by adding Triton-X 100 (final
concentration 0.8%) for another 1 hour. 400 units of 15t restriction enzyme (Dpnll, NEB
R0543M) was added to samples, incubated at 37 °C for 6 hours following by adding
additional 400 units for overnight digestion. The 15t restriction enzyme was inactivated by
incubating at 65°C for 10 minutes and placed samples on iced immediately. Ligation
buffer (66 mM Tris-HCI pH 7.5, 5 mM MgCl2, 5 mM DTT, 1 mM ATP) was added to dilute
samples to a total volume of 7 mL. 2,000 units of T4 DNA ligase was added to each
sample and incubated at 16°C overnight to achieve proximal ligation. Reverse
crosslinking and RNA digestion were performed and followed by phenol/chloroform DNA
extraction. Ligation efficiency was confirmed by running the samples before and after
ligation on 1% agarose gel. The ligated DNA was digested overnight in a volume of 500
uL with 200 units of 2" restriction enzyme (CviQl, NEB R0639L). The digested samples

were diluted in the ligation buffer into a total volume of 7 mL. Proximal ligation was
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performed by adding 4000 units of T4 DNA ligase and incubated overnight at 16°C. The
4C template DNA was extracted by phenol/chloroform and ethanol precipitation. The
extracted DNA was further cleaned up using the QIAquick PCR Cleanup kit (QIAGEN,
28104).

To generate the library for subsequent sequencing, reading and non-reading primers
were designed for each viewpoint. Choice-Taq™ DNA Polymerase (Denville, CB4050-2)
was used to PCR amplify 4C DNA templates containing the viewpoints in four of 25 pL
reactions. The PCR products were purified with the illustra™ GFX PCR DNA and Gel
Band Purification kit (Sigma, GE28-9034-66) to remove primer dimers. Libraries were

sequenced for 50 bp single-end reads on the Illumina Hiseq2000 platform.

Peak68866 Reading Primers

R1 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTTCCTAGGTTGTTATATTCTAAGCATGGATC

R2 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTACCTAGGTTGTTATATTCTAAGCATGGATC

R3 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTCCCTAGGTTGTTATATTCTAAGCATGGATC

R4 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTGCCTAGGTTGTTATATTCTAAGCATGGATC

R5 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTCACTAGGTTGTTATATTCTAAGCATGGATC

R6 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTAACTAGGTTGTTATATTCTAAGCATGGATC
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Peak68866 Non-reading Primer

NR

CAAGCAGAAGACGGCATACGAAAGAGAGACCCAGCTGTTCTCAG

Peak57514 Reading Primers

R1 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTCGGTTTGTTTGTTTGTTTTTAGCAGATC

R2 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTAGGTTTGTTTGTTTGTTTTTAGCAGATC

R3 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTTGGTTTGTTTGTTTGTTTTTAGCAGATC

R4 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTGGGTTTGTTTGTTTGTTTTTAGCAGATC

R5 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTTAGTTTGTTTGTTTGTTTTTAGCAGATC

R6 | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTGAGTTTGTTTGTTTGTTTTTAGCAGATC

Peak57514 Non-reading Primer

NR

CAAGCAGAAGACGGCATACGACACACGTAATTATGTTTACTCAGACTCTG

Promoter Capture Hi-C Assay

The CHi-C library was prepared as described (Schoenfelder et al., 2018) with slight

modifications. Cells were crosslinked in 1% formaldehyde for 10 minutes at room

temperature and quenched with 2M Tris-HCI pH 8.0 (final 0.125M) for 10 minutes at room
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temperature. Cells then were lysed in 300 uL of cold lysis buffer (10 mM Tris-HCI pH 8.0,
10 mM NaCl, 0.2% Igepal supplemented with protease inhibitor). The nuclei were
digested in 1x NEBuffer 2 containing 100 units of Mbol (NEB, R0147L) and incubated for
6 hours at 37 °C followed by heat inactivation (65°C for 10 minutes). DNA polymerase |,
Large (Klenow) fragment (NEB, M0210L), and biotin-14-dATP (ThermoFisher, 19524016)
were used to fill in restriction fragment overhangs and biotinylate DNA ends. 4000 units
of T4 DNA ligase then added for proximate ligation and incubated at 16°C overnight. After
reverse crosslinking, DNA was extracted with phenol/chloroform and ethanol
precipitation. Sonication was then performed to make the biotinylated DNA size suitable
for high-throughput sequencing (300-500 bp). DNA was dissolved in 130 yL 10 mM Tris-
HCl pH 8.0 and transferred to microTUBE (Covaris, 520045) for sonication (Peak
Incidence Power 50W, Duty Factor 10%, 200 Cycle per Burst, 60 seconds). Sonicated
DNA was size selected for fragments in the range of 300-500 bp by AMPure XP
purification beads (VWR, 75803-122). The fragments marked with biotin were pulled
down with Dynabeads™ MyOne™ Streptavidin T1 beads (ThermoFisher, 65601). End
repair, A-tailing, and paired-end Agilent adaptor ligation (SureSelect XT Library Prep Kit
ILM) were performed and followed by on-bead PCR ampilification before hybridizing to
the customized probe library (Custom 6-11.9 Mb library for 16 samples). The samples
were prepared and hybridized to the capture library according to the protocol provided by

Agilent (https://www.agilent.com/cs/library/usermanuals/Public/G7530-90000.pdf). The

final PCR amplification was carried out for 9 cycles and purified by using AMPure XP
beads. The library was paired-end sequenced for 150 bp on the lllumina Novaseq

platform.
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Figure Legends

Figure 2-1: Accessible DNA Dynamics During the Lipid A Response

BMDMs were stimulated with Lipid A over the time course of 0, 30, 60, and 120 minutes,
and ATAC-seq was utilized to profile the genome-wide chromatin accessibility.

(A) The distribution of the maximum fold accessibility over the two-hour stimulation period
is shown for the 101,448 regions (called peaks) in WT BMDMs. Dashed black lines
indicate 1, 2, and 5-fold cutoffs.

(B) The accessible sites (ATAC peaks) were annotated according to a genomic location
using Homer.

(C) Bedgraph visualization of representative promoter peaks from repressed, constitutive,
induced, and transcript-associate ATAC-peak categories. The time of stimulation is
indicated at the left of each panel.

(D) The responsiveness of ATAC peaks at different genomic locations. The induced
ATAC sites are shown in orange, repressed in grey, and constitutive in blue.

(E) The genomic distributions of ATAC peaks across the inducibility. The ATAC peaks
are ranked and grouped into 40 bins with equivalent size based on the maximum fold
induction from the most repressed to the most induced.

(F) The percentage of ATAC peaks with (blue) and without basal signal (orange) across
the inducibility of ATAC peaks from the most repressed to the most induced.

(G) The bedgraph visualization of ATAC peaks with different inducibility before and after

two-hours of stimulation.

Figure 2-2: Global Transcription Factor Motif Analysis
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(A) The Motif enrichment across the 40 ATAC peaks bins of equivalent size from the most
repressed to the most induced. The motif analysis was done by Homer with 256 motif
matrices from the database. The motifs were grouped and annotated as motif families.
(B) Four representative motifs from four motif families (AP-1 like of bZIP, NF-kB, IRF, and
POU/Homeobox) enriched in the induced bins. Major axis: -log(p-value), blue dot and
line. Secondary axis: % of peaks with the motif in each bin, orange dot and line.

(C) Four induced motif family's enrichment of the strongly induced ATAC peaks. The
strongly induced ATAC peaks were binned into 8 bins with equal size based on the CHX

percent accessibility from the most CHX sensitive to CHX resistant.

Figure 2-3: Four Overrepresented Motif Families in the Inducible Sites and Their
Collaboratively

(A) Motif enrichment of the four inducing motif families across the 40 ATAC peaks bins of
equivalent size from the most repressed to the most induced. The motif analysis was
done using Homer with 364 motif matrices in the database. The color scheme was
adjusted for each motif family.

(B) Motif enrichment of the inducible peaks (1°, primary; 2° secondary) with (Y) and

without (N) the representative motif from each inducing family.

Figure 2-4: Preferential Enrichment of NF-kB Binding in the Most Significantly
Induced Primary Response Peaks
(A) Percentage of ATAC peaks with RelA binding in 40 bins of ATAC peaks across the

accessibility of fold induction or induction significance (-log(p-value)).
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(B) Percentage of ATAC peaks with RelA binding in 10 bins of primary (yellow) and
secondary (purple) response ATAC peaks.
(C) Summary of RelA binding in 154 most significantly induced primary response ATAC

peaks.

Figure 2-5: Functional Validation of NF-kB in Nucleosome Remodeling

(A) Top: NF-kB motif editing sites and the designed homology-directed repair template.
Bottom: List of raw read counts containing the sequence fragments (1-7, 30 bp each).
(B) Peak45837 genome browser tracks of ATAC-seq on WT BMDM cell line, NF-kB motif

edited clone and RelA”-C-Rel”~ clone as well as RelA ChlIP-seq of the WT BMDM.

Figure 2-6: Properties of Inducible Promoter Sites

(A) Heatmap of 40 promoters with inducible accessibility on the corresponding gene
expression, CHX percent accessibility, percent accessibility in the lipid A treated Irf37,
CHX and lipid A treated /rf3”- BMDMSs, and Irf3 binding score.

(B) Scatter plots of maximum accessibility fold induction versus maximum RNA
expression fold induction and CpG content in the promoters of primary response genes
(PRG) and secondary response genes (SRG).

(C) Scatter plot of maximum ATAC RPKM in the WT BMDMs versus /rf3”- BMDMs
pretreated with CHX followed by a time course of lipid A stimulation of the promoters with

nucleosome remodeling.
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(D) Volcano plot of ATAC RPKM fold change to induction significance in the WT BMDMs
versus Irf3” BMDMs treated with CHX and lipid A for 2 hours in promoters with
nucleosome remodeling.

(E) Genome browser tracks of chromatin accessibility, Irf3 binding, and chromatin

associated transcripts of Ccl/5 gene.

Figure 2-7: Properties of Inducible Promoter Sites (Supplemental Figures)

(A) Scatter plot of ATAC RPKM in the WT BMDMs versus /13- BMDMs pretreated with
CHX and different lipid A stimulation durations of the promoters with nucleosome
remodeling.

(B) Genome browser tracks of chromatin accessibility, Irf3 binding, and chromatin-

associated transcript of Rnase10 gene.

Figure 2-8: Properties of Inducible Intergenic Sites

(A) Top: Distance distribution of inducible intergenic ATAC peaks to the nearest 10-fold
induced genes. Second: Distance distribution of weakly induced intergenic ATAC peaks
to the nearest 10-fold induced genes. Third: Distance distribution of constitutive intergenic
ATAC peaks to the nearest 10-fold induced genes. Bottom: Distance distribution of
repressed intergenic ATAC peaks to the nearest 10-fold induced genes.

(B) Left: Heatmap of chromatin accessibility among the time course of lipid A treatment
in the inducible intergenic peaks grouped into 6 clusters based on the accessibility
kinetics. Maximum CHX percent accessibility was also shown in the last column (white:

secondary; orange: primary). Right: Average RPKM at each time point of the 6 clusters.
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(C) IRF and RHD motif enrichment in the inducible intergenic peaks binned equally based
on CHX percent accessibility. The enrichment of IRF and RHD motifs in the defined
primary Irf3 dependent intergenic peaks.

(D) Scatter plot of maximum ATAC RPKM in the WT BMDMs versus /rf3”- BMDMs treated
with CHX and a time course of lipid A stimulation of the intergenic sites with nucleosome
remodeling.

(E) Volcano plot of ATAC RPKM fold change to induction significance in the WT BMDMs
versus /rf3”- BMDMs treated with CHX and lipid A for 2 hours in the intergenic sites with

nucleosome remodeling.

Figure 2-9: Properties of Inducible Intergenic Sites (Supplemental Figures)

(A) Observed and expected occurrence of different groups of peaks (repressed,
constitutive, weakly induced, and strongly induced) in every 10 kb distance to the nearest
TSS of strongly induced genes (> 10-fold).

(B) Scatter plot of ATAC RPKM in the WT BMDMs versus /13- BMDMs pretreated with
CHX and different lipid A stimulation durations of intergenic peaks with nucleosome
remodeling.

(C) Genome browser tracks of chromatin accessibility, Irf3 binding, and chromatin-

associated transcript of the intergenic peaks upstream of Ccl5.

Figure 2-10: Functional Relevance of IRF3-dependent Primary Response Intergenic

Peaks (peak68866)
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(A) Interacting genome browser tracks (4C and CHi-C) of peak68866 before and after
lipid A stimulation.
(B) Design of CRISPR-Cas9 deletion sites (PC: positive control; Target: peak68866).

(C) Cclb, Ccl3, and Ccl4 gPCR results of Target and PC clones.

Figure 2-11: Physical Contacts of the Isolated IRF3-dependent Primary Response
Intergenic Peaks (Peak57514)
Interacting genome browser tracks (4C and CHi-C) of peak57514 before and after lipid A

stimulation.
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Figure 2-1: Accessible DNA Dynamics During the Lipid A Response
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Figure 2-2: Global Transcription Factor Motif Analysis
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Figure 2-3: Four Overrepresented Motif Families in the Inducible Sites and Their Collaboratively
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Figure 2-4: Preferential Enrichment of NF-«kB Binding in the Most Significantly Induced Primary Response Peaks
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Figure 2-5: Functional Validation of NF-kB in Nucleosome Remodeling
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Figure 2-6: Properties of Inducible Promoter Sites
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Figure 2-7: Properties of Inducible Promoter Sites (supplemental figures)
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Figure 2-8:

Properties of Inducible Intergenic Sites
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Figure 2-9: Properties of Inducible Intergenic Sites (supplemental figures)
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Figure 2-10: Functional Relevance of IRF3-dependent Primary Response Intergenic Peaks (peak68866)
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Figure 2-11: : Physical Contacts of the Isolated IRF3-dependent Primary Response Intergenic Peaks (peak57514)
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CHAPTER 3

CONCLUDING DISCUSSION
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The advancement of HTS technologies greatly enhances our understanding of
gene regulation. Numerous genome-wide studies have revealed the overwhelming
complexity of gene regulatory networks. However, it is challenging to unveil the critical
mechanistic insights from the broader analysis given the large number and diverse
dynamics of transcription factors as well as the large number of post-translational
modifications. In eukaryotes, regulation of gene expression is inherently more
complicated because the transcription machinery must gain access to chromatin
templates instead of naked DNA. Emerging evidence has suggested chromatin structure
dynamics can provide an integral means of transcription regulation. This study provides
valuable mechanistic insights into nucleosome remodeling and inducible gene regulation
using the following strategies: (1) simplified and reproducible mouse primary macrophage
model; (2) multi-modalities HTS assays; (3) systematic, sequential, and quantitative
approach.

We recapitulate the native innate immune response in BMDMs with great
reproducibility. We focus our attention on the well-documented TLR4 signaling cascade
by treating BMDMs with lipid A. Another attempt to simplify the model is the use of CHX
in examining IRF3 dependent remodeling. CHX can eliminate new protein synthesis, thus
block type | IFNs production and reduce compensation from other IRF family members.

We performed ATAC-seq to profile the genome-wide DNA accessibility across the
time course of lipid A treatment as well as IRF3 and RelA ChlIP-seq to identify genome-
wide TFs binding events. Chromatin associated RNA-seq was applied to snapshot the
timely transcription. HTS assays were done on WT and different knockout strains with

and without CHX pretreatment. The intense genome-wide profiling of the molecular and
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transcriptional events provides the basis for systematic analysis from multiple aspects,
such as remodeling dynamics and TF dependence.

In the broader analysis, we characterized the accessible DNA regions by their
dynamics, primary versus secondary response nature, TF motifs and binding enrichment.
Our research aims to understand how nucleosome remodeling contributes to
transcriptional control of the innate immune response. In addition to the global
characterization of accessible DNA regions, we applied a stringent accessibility fold
induction (more than 5-fold) before and after lipid A stimulation to capture the nucleosome
remodeling events with better confidence. We then targeted regions that underwent
primary and consistent nucleosome remodeling. Together with major TF bindings,
knockout BMDMs accessibility profiling, and CRISPR-Cas9 genome editing of selected
targets, we are able to dive in and unveil critical mechanistic details.

By applying the above strategies, we can systematically layer off the complicated
networks from the broader analysis and narrow the analysis to unveil the selectivity of the
major TFs involving the TLR4-induced chromatin remodeling. Though, arguably, our
approach method provided less information of the sites that underwent repressed,
constitutive, and weakly induced accessibility changes, these regions hold more
uncertainty given the various minor TFs involvement and the post-translational
modifications. Our future goal is to extend this study to the regions with different chromatin

dynamics and broaden our knowledge of chromatin regulation in the immune response.
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Activating an adaptive immune response
from a hydrogel scaffold imparts regenerative

wound healing

Donald R. Griffin'?'>, Maani M. Archang3', Chen-Hsiang Kuan*5%7, Westbrook M. Weaver3"4,
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Microporous annealed particle (MAP) scaffolds are flowable, in situ crosslinked, microporous scaffolds composed of microgel
building blocks and were previously shown to accelerate wound healing. To promote more extensive tissue ingrowth before
scaffold degradation, we aimed to slow MAP degradation by switching the chirality of the crosslinking peptides from L- to
p-amino acids. Unexpectedly, despite showing the predicted slower enzymatic degradation in vitro, p-peptide crosslinked MAP
hydrogel (p-MAP) hastened material degradation in vivo and imparted significant tissue regeneration to healed cutaneous
wounds, including increased tensile strength and hair neogenesis. MAP scaffolds recruit IL-33 type 2 myeloid cells, which is
amplified in the presence of p-peptides. Remarkably, o-MAP elicited significant antigen-specific immunity against the p-chiral
peptides, and an intact adaptive immune system was required for the hydrogel-induced skin regeneration. These findings dem-
onstrate that the generation of an adaptive immune response from a biomaterial is sufficient to induce cutaneous regenerative

healing despite faster scaffold degradation.

back to physiological activity. For biomaterial scaffolds, the
optimal strategy to achieve this requires balancing mate-
rial degradation with tissue regrowth. Clinical and patient factors
contribute to a wide variation in chemical and physical param-
eters in situ, which makes striking a degradative-regenerative bal-
ance particularly difficult. Our recent development of a flowable,
granular biomaterial, that is, a microporous annealed particle
(MAP) gel, provides a new approach to make the balance more
feasible’. The MAP gel is composed of randomly packed micro-
sphere building blocks with a continuous network of intercon-
nected micrometre-scale void spaces that allows for the infiltration
of surrounding tissue without the prerequisite of material degrada-
tion"’. This unique design resulted in improved tissue closure and
improved vascularization relative to a nanoporous (but chemically
equivalent formulation) hydrogel in a cutaneous wound model'.
Mechanical support to the growing tissue by scaffolds is inher-
ently impacted by the degradation rate of the scaffold’. For MAP
scaffolds, degradation leads to a slow loss of porosity and reduced
tissue ingrowth prior to dissolution. We hypothesized that slow-
ing the degradation rate of MAP scaffolds would maintain the
porosity and influence both wound closure rate and regenerated
tissue quality.

| he goal of regenerative medicine is to restore tissue function

Changing the chirality of peptide moieties leads to a diminished
degradation rate by endogenously present enzymes*’. The use of
chirality was made more attractive by the fact that polypeptides of
D-enantiomeric amino acids do not typically elicit a robust immune
response and are considered poorly immunogenic®. Previously,
we used amino acid chirality to tune the proteolysis rate of pep-
tide nanocapsules for the controlled release of encapsulated growth
factors®. Therefore, we chose to use an analogous approach to slow
the enzymatic degradation of our MAP scaffold by switching the
chirality of the peptide crosslinker (for example, L- to D-chirality at
the site of matrix metalloprotease (MMP)-mediated bond cleavage).
We hypothesized that this approach would maintain the hydrogel
microenvironment (for example, charge-based interactions and
hydrophobicity) as it increased the long-term hydrogel integrity to
allow a full infiltration of cells, and thus provide a greater integra-
tion of the entire construct with the host tissue.

In the current study, we investigated how MAP hydrogels cross-
linked with either p- or L-amino acid crosslinking peptides affect
wound healing and skin regenerative responses using murine
wound models. We provide evidence that activation of specific
immune responses by the p-amino acid crosslinked MAP hydrogels
elicits skin regeneration. Although immunity undoubtedly activates
the foreign body response and eventual fibrosis of some implanted
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biomaterials®’, the activation of the correct immune responses may
enhance the regenerative ability of a biomaterial®”.

p-chiral crosslinker peptides slow MAP degradation

in vitro

We first used enantiomeric peptides to change the degrada-
tion rate without changing the initial material properties (for
example, hydrophobicity, mesh size and charge) of the hydrogel’.
All amino acids at the site of the enzymatic cleavage for the
MMP-degradable peptide were changed to D-amino acids
(Ac-GCRDGPQ,GI,W,GQDRCG-NH,, p-peptide). We matched
the stiffness (that is, storage modulus) by rheology of both the
p-peptide MAP (D-MAP) and L-peptide (L-MAP) formulations
to that used in our previous MAP-based cutaneous application
(~500Pa; Fig. 1a). After formulation optimization, we generated
the microsphere particles using a previously published microfluidic
technique'. Following the application of collagenase I to L-MAP,
D-MAP or a 50% mixture of D-MAP and L-MAP (1:1L/D-MAP),
the L-MAP hydrogel degraded within minutes, whereas the degra-
dation of the p-MAP by itself or within a mixture with L-MAP was
minimal even after one hour (Fig. 1b and Supplementary Fig. 1).

p-chiral crosslinker peptides enhance MAP degradation

in vivo

We next examined how p-MAP compares with L-MAP in vivo in
a murine splinted excisional wound model"". We did not find any
difference in the wound closure rate or any increased erythema or
gross signs of inflammation in wounds treated with p-MAP, L-MAP
or a 1:1 mixture of L/D-MAP any time after treatment (days 3 and 6
after wounding are shown in Supplementary Fig. 1a). When com-
paring wound closure to sham treatment (no hydrogel), we found
that a 1:1 mixture of L/D-MAP induced a more rapid wound closure
(assessed on day 9 after wounding) than that of sham (Supplementary
Fig. 2b), similar to previous results with L-MAP hydrogel'.

As no differences in wound closure results were noted, we
next examined whether the degradation of hydrogels that con-
tained p-amino acid crosslinkers was slowed in vivo by examin-
ing excised tissue 21 days after the wound was completely healed.
Unexpectedly, histological sections of wounds treated with p-MAP
or a 1:11L/D-MAP hydrogel mixture displayed minimal to no hydro-
gel persistence 21 days after wounding, near to levels seen in mice
not treated with hydrogel (sham), whereas wounds treated with
L-MAP hydrogel displayed large amounts of hydrogel remaining
(Fig. 1c-f).

p-MAP hydrogels impart tissue regenerative properties

Of note, the initial examination of histological sections of D-MAP
and 1:11/D-MAP displayed a much different overall appearance
than that of the healed sham- or L-MAP-treated wounds. Previous
reports suggest that, unlike large excisional wounds in adult mice
(wounds larger than 1x1cm), which result in significant regen-
erative healing with wound-induced hair neogenesis (WIHN)''-",
wounds smaller than 1X 1 cm in mice, like the punch biopsies per-
formed in our studies, typically heal without regeneration of new
hair and fat and, instead, form scars'>'*'°. Despite these reports,
when the correct regenerative cues are provided from wound fibro-
blasts, through transgenic activation of specific Hedgehog signals,
small wounds can regenerate'®. Consistent with these results, histo-
logical examination of 4 mm excisional splinted wounds in mice that
did not receive hydrogel (sham) displayed the typical appearance of
scar tissue with a flattened epidermis, a thinned dermis with hori-
zontally oriented collagen bundles, vertically oriented blood ves-
sels and the lack of hair follicles and sebaceous glands (Fig. 1¢,g-i).
Tissue from mice treated with the L-MAP hydrogel displayed a
similar appearance, but with a thicker overall tissue compared
with that of sham wounds, due to the substantial residual L-MAP

hydrogels (Fig. 1d,g). Within the dermis that surrounds the hydro-
gel, fibroblasts that secreted collagen and/or extracellular matrix
and blood vessels formed between the hydrogel microparticles
(Fig. 1d). Only rare hair follicles and associated sebaceous glands
were observed in the wound areas (Fig. 1d,h,i). Remarkably, exami-
nation of histological sections of the p-MAP- or 1:1 L/D-MAP-treated
tissue revealed a de novo regenerated appearance. The overlying
epidermis often displayed physiological undulation, and numer-
ous immature-appearing hair follicles were seen to span the length
of the healed full-thickness injury (Fig. le-i). Samples treated with
D-MAP or 1:11L/D-MAP also displayed an increased skin thickness
despite less hydrogel remaining in these samples (Fig. 1f). Many
samples also displayed epidermal cyst formation. In samples that
displayed residual hydrogel, hair follicles that directly overlaid the
degrading MAP hydrogel particles were apparent (Supplementary
Fig. 2¢). The presence of hair follicles in SKH1 mice was sugges-
tive of embryonic-like tissue regeneration, a phenomenon not often
observed in the murine small-wound model.

To further quantify tissue regeneration, we next performed ten-
sile strength testing on unsplinted incisional wounds in SKH1 mice
using a modified literature protocol”. We found that scar tissue
from sham wounds revealed a tensile strength that was approxi-
mately 15% of that of unwounded skin from the same animal
(Fig. 1i). Although the treatment of wounds with L-MAP hydro-
gel did not result in a significant increase in tissue tensile strength,
treatment with either p- or L/D-MAP resulted in an ~80% improve-
ment in tensile strength (Fig. 1j).

Hair follicles in bo-MAP-treated wounds are neogenic

We next repeated wound-healing experiments in C57BL/6 (B6)
mice to investigate if the regenerative phenomenon observed in
D-MAP treated wounds was similar to that in WIHN. We chose
sham as control and p-MAP as a treatment method that showed
evidence of regeneration in SKH1 mice. Similar to the sham- and
L-MAP-treated wounds in SKHI mice, the B6 mice wounds with-
out hydrogel (sham) displayed a typical scar appearance with
haematoxylin and eosin (H&E) and Masson’s trichrome staining
(Fig. 2a,c,e). In contrast, histological sections of the p-MAP-treated
tissue revealed clear signs of WIHN. As in SKHI mice,
D-MAP-treated B6 mice wounds displayed undulations and numer-
ous epidermal cysts under the epidermis, whereas the dermis was
thicker. Importantly, many neogenic hair follicles developed in the
wound (Fig. 2b,d,f). The neogenic hair follicles were in the early
anagen phases with an immature appearance, yet many of them
had already formed new sebaceous glands (Fig. 2b) and featured
a prominent SOX9* bulge stem cell region (Fig. 2j). In several
instances, neogenic hair follicles were physically connected to epi-
dermal cysts (a morphology not expected from pre-existing folli-
cles). This suggests that in p-MAP-treated wounds, epidermal cysts
can be the initiation sites for de novo morphogenesis for at least
some of the neogenic hair follicles (Fig. 2h). Masson’s trichrome
staining confirmed the presence of neogenic hair follicles within the
collagen matrix of the wound bed (Fig. 2b,f). Furthermore, regen-
erating day 18 D-MAP-treated wounds with neogenic hair follicles
lacked PLIN* dermal adipocytes (Fig. 2h), which is consistent with
a slower regeneration of neogenic adipocytes that occurs four weeks
after wounding in the large wound-induced WIHN'", Thus, the
addition of p-MAP to normally non-regenerating 4 mm excisional
wounds activates hair follicle neogenesis.

p-MAP hydrogel implants enhance myeloid cell
recruitment

To determine whether an enhanced immune response led to an
enhanced D-MAP or 1:1 L:p-MAP degradation in the wound micro-
environment, we utilized a subcutaneous implantation model that
also allowed for larger amounts of hydrogel to be implanted, and

NATURE MATERIALS | www.nature.com/naturematerials

99



NATURE MATERIALS ARTICLES
a b g *
800 150 _
NS NS NS o eLbead mpbead E 06 o
T 600 I = e .
& S 100
S Fm & £ § 04 . S
S 400 2 2 . - E
S 200 2 £ 02 _{;-L *
* @
<
0 0 5 00— ‘ ‘ ;
> & P P 0 10 20 30 S Sy
[N P N & S S N
A Time (min) O
hd o o <
h ek
4
5 10+ i
5 g +
o
8 4 -
2 . .
S 24
2=
£ ol : ‘ ‘
O
& S o
1 *
10
» .
g c 81
s .
52 6 =
g % oo L]
HE =3
Q 24
8 = T °
01—+ : : ‘
N N N N
& S S
& PSS
i o
£ 40 .
——
(s}
58 . .
i =
0
95 = *
82 = A
22104 ¢
22
5, E—

Fig. 1| o-MAP hydrogel degradation is enhanced in wounds of SKH1 hairless mice. a, Rheological characterization of MAP hydrogels composed of L or
p-peptide crosslinked microgels. The r ratio (ratio of sulfydryl (SH) to vinyl sulfone (VS)) used to form the microgels was changed to arrive at the same
storage modulus for both L- and p-MAP scaffolds. NS, no statistical significance between the L-MAP scaffold to the b-MAP scaffold indicated using a
two-tailed Student's t-test. b, Fabricated L- or p-hydrogels were tested for in vitro enzymolysis behaviour through exposure to a solution of collagenase
I (5Uml™). c-f, Representative low-power view of H&E sections from healed skin 21days after splinted excisional wounding in SKH1 mice treated by
from sham (c), L-MAP (d), -MAP (e) and a 1:1 mixture of .-MAP and b-MAP (). g-i, Histologic quantification of dermal thickness including gels (g)
(mm), hair follicles (h) and sebaceous glands (i). Each point represents the average of two sections from two separate slides of one wound. Each data

point represents one animal and all the analysis is by one-way analysis of variance (ANOVA) (F (3,12), 4.448 (g), 10.89 (h) and 5.074 (i); Tukey multiple
comparisons tests, *P=0.0460, **P=0.0341(g), *P=0.0220, **P=0.0133, ***P=0.0007 (h), *P=0.0110 (i)). j, The incisional, unsplinted wounds were
created and, 28 days afterwards, the healed wounds treated without or with the different hydrogels were tested against unwounded skin in the same
mouse. The tensile strength was evaluated by tensiometry and reported as a percentage of the tensile strength of the scar tissue when compared with that
of the normal skin of the same mouse. Each data point represents the average of two measurements from one wound, separate from wounds used in b-i

with the analysis by one-way ANOVA (F (3, 20), 5.400; *P=0.0273, **P=0.0131). Data are plotted as a scatter plot showing the mean and s.d.

thus remain present for longer than in the small excisional wound
model. To test whether the subcutaneous implants of the p-MAP
hydrogel resulted in an enhanced immune cell recruitment, we uti-
lized immunofluorescent microscopy with AlexaFluor488-labelled
MAP hydrogel. We found that implants that contained only L-MAP
displayed a background level of CD11b cells within the hydrogel,
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as previously observed', whereas D-MAP or L/D-MAP resulted in
the robust accumulation of CD11b-expressing myeloid cells within
and around the scaffold (Fig. 3a,b). A standard histological analysis
of a repeat experiment of different formulations of subcutaneously
implanted MAP hydrogel confirmed the activation of type 2 immu-
nity with an atypical type 2 granulomatous response dominated
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a Control Scar b p-MAP gel Hair neogenesis

Control, no regeneration

Control, wound margin Wound centre p-MAP gel, wound margin Wound centre

Day 18

i

Control, wound centre p-MAP gel, wound centre

Day 18

Fig. 2 | o-MAP hydrogel induces neogenesis of hair follicles in full-thickness skin wounds in B6 mice. a-f, H&E (a,¢,d) and Masson'’s trichrome staining (b,e f)
of healed 4 mm full-thickness splinted skin wound on day 18. Control (sham-treated) wounds heal with scarring (a,c.e), whereas b-MAP-treated wounds form
numerous epidermal cysts (asterisks) and, prominently, regenerate de novo hair follicles (green arrowheads) (b,d.f). In some instances, neogenic hair follicles
form in close association with epidermal cysts. As compared with normal, pre-existing anagen hair follicles at the wound edges, neogenic hair follicles display
early anagen stage morphology (the wound edges in e-f are outlined by dashed lines and the o-MAP hydrogel remnants in b are marked with red arrowheads).
g h, Immunostaining for the epithelial marker KRT5 (green) and the adipocyte marker PLIN (red) reveals normal KRT5* anagen hair follicles and many mature
PLIN* dermal adipocytes (left panels in g and h). Regeneration of new KRT5* hair follicles (blue arrowheads in h) along with KRT5* epidermal cysts (yellow)
was observed only in b-MAP-treated wounds (right panels in g and h). No neogenic adipocytes were observed in hair-forming b-MAP-treated wounds. Blue
shows DAPI (4',6-diamidino-2-phenylindole) staining. i j, Immunostaining for SOX9 (green) and SMA (red) reveals many SOX9+* epithelial cells within the
bulge region of neogenic hair follicles on day 18 b-MAP-treated wounds (blue arrowheads in j). In contrast, in control (sham-treated) wounds that undergo
scarring, the dermal wound portion contains many SOX9* cells, many of which also co-express contractile marker SMA (i). Expression of SMA was also seen
in both control and p-MAP-treated samples in blood vessels. Scale bars, 100 pm. The images are representative of slides from four animals per group.

by the accumulation of individual macrophages within and Immunofluorescent staining for F4/80 and CD11b confirmed
around the p-MAP hydrogel implants, but not the L-MAP hydrogel ~ the enhanced recruitment of the macrophages, without giant cell
implants (Supplementary Fig. 3a and Supplementary Discussion). formation, in pD-MAP implants (Supplementary Fig. 3b,c and
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Fig. 3 | Peptide recognition by pattern recognition receptors is not required for myeloid cell recruitment. a, Representative confocal immunofluorescent
images of stained myeloid cells (CD11b*) within healed wounds of B6 mice in the presence of the indicated hydrogel. Scale bar, 100 pm. b. Localized
immune response. Quantification of a CD11b* cellular infiltrate in healed tissue 21 days after wounding in the presence or absence of a hydrogel. Each
point represents average of three slides for each wound. All the analyses are by one-way ANOVA (F (3,21) 41.10; ****P < 0.0001). ¢,d, Representative
high-resolution confocal immunofluorescence imaging for CD11b, F4/80, DAPI and IL-33 from subcutaneous implants of L- or b-MAP hydrogel implants
() and quantification of IL-33-producing macrophages and other myeloid cells at the hydrogel edge and core (d). n=5 B6 mice, mean +s.e.m., multiple
t-tests adjusted for multiple comparisons using the Holm-Sidak method. **P=0.00014). Scale bar, 100 pm. e-h, For the uncleaved peptide, murine
BMDMs from B6 mice were stimulated with 500 pg mI™ of full-length L- or p-crosslinker peptide in the presence or absence of the LPS (10 ngml™) for

6 h. Shown are the quantitative PCR results of four inflammatory genes (CxclT (e), Tnf (f), I11b (g) and Mx1 (h) expression) for two separate experiments
performed with n==6. All the analyses are by one-way ANOVA (F (5, 30), 15.66, 17.62, 107.1 and 8.229, respectively; **P=0.009, ****P < 0.0001). i-I, For
the cleaved peptide, BMDMSs were stimulated with LPS (10 ngml™) or cleaved p-crosslinker peptide (500 pg ml™) that possessed an N-terminal b-amino
acid (Cxcl1 (), Tnf (), I11b (k) and Mx1 (1) expression). The experiment was performed in triplicate. All the analyses are by one-way ANOVA (F (2,6),
20.28,30.86, 2.178 and 22.72, respectively). Data are plotted as a scatter plot showing the mean and s.d. a.u., arbitrary units.

Supplementary Discussion). These results confirm that p-MAP Allergic responses and parasites can elicit a type 2 immune
elicits a more robust immune response and degradation by the response, which includes atypical type 2 granulomatous responses,
accumulated immune cells probably contributed to the enhanced at least partially through interleukin (IL)-33 production by epi-
degradation of b-MAP in our previous wound experiments. thelial cells, recruited myeloid cells and resident macrophages*-*.
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Implanted, non-degradable microparticle-based materials elicit an
IL-33-dependent type 2 innate immune response by circulating
CD11b* myeloid cells and macrophages™. It is possible that MAP
particles could activate this same programme, especially given the
atypical type 2 foreign body responses observed in b-MAP samples.
Indeed, 21 days after implantation, we found similar numbers of
IL-33-expressing F4/80*CD11b* macrophages in the centre and/
or core of both L- and p-MAP implants (Fig. 3c,d), consistent
with both L- and pD-MAP samples activating this type 2 path-
way. However, there was a dramatic increase in IL-33-producing
IL-33*F4/80* macrophages at the edges of the only p-MAP implants
(Fig. 3¢,d). These results confirm that the hydrogel possesses a type
2 innate ‘adjuvant’ effect, which may activate the adaptive immune
system and contribute to the enhanced immune activation with the
D-MAP hydrogel. When L-MAP scaffolds are used, the immune
response remains mild as the hydrogel degrades slowly over time®,
but the presence of D-peptide accelerates the immune-mediated
degradation.

Free p-chiral peptides avoid pathogen recognition
receptors

We next tested whether p-peptides could directly activate innate
immunity through a traditional PRR (pattern recognition
receptor)-induced transcriptional response. We stimulated murine
bone marrow derived macrophages (BMDMs) with L-peptide or
D-peptide in the presence or absence of bacterial lipopolysaccha-
ride (LPS), the Toll-like receptor 4 agonist that results in rapid
macrophage transcriptional responses. We chose to examine genes
reliably and potently induced downstream of the major signalling
pathways downstream of a variety of cellular insult (AP-1, MAPK,
NF-kB and type I IFN)) to simultaneously interrogate multiple PRR
pathways**~**. To our surprise, neither L- nor b-amino acid that con-
tained crosslinking peptides alone at high doses (1 mgml™) induced
the expression of pro-inflammatory genes Tnf (NF-xB dependent),
I11b (NF-xB and MAPK dependent), Cxcl2 (AP-1 dependent early
response) or Mx1 (type I IFN dependent) in murine BMDM s at six
hours (t,,,, of the gene induction; Fig. 3e-1). Additionally, neither L-
nor D-peptides enhanced the ability of LPS to induce the expression
of these same genes (Fig. 3e-h).

Previous studies showed that peptides that contain an N-terminal
D-methionine can activate the innate immune receptor formyl pep-
tide receptor 2 and formyl peptide-like receptor 2%-*'. As the cleav-
age of a D-amino acid peptide can result in shorter peptides that
contain a D-amino acid at the N-terminus, we next wished to exam-
ine whether a peptide that corresponded to the cleaved p-peptide
could activate inflammatory responses in BMDMs. Similar to the
results with the intact D-peptide, a high concentrations of cleaved
D-peptide (1 mgml™) did not induce the transcription of Tnf, Il1b,
Cxcl2 or Mx1 at six hours (Fig. 3i-1). As there is a very low likelihood
that the cleaved p-peptide will be present at such high local concen-
trations within the implanted hydrogel while it is being degraded
in vivo, these show that p-chiral peptides are poor activators of a
traditional PRR-mediated inflammatory response in macrophages
and suggest that D-peptides may act as antigens to enhance immu-
nity, which leads to the enhanced degradation of b-MAP.

p-MARP elicits antigen-specific humoral immunity

We next evaluated whether the D-MAP activated adaptive immunity.
The adaptive immune system recognizes non-self-peptide antigens
to induce cell mediated (T-cell) and humoral (B-cell) immunity.
Peptides that contain p-amino acids were reported to activate or
suppress T-cell dependent and T-cell independent adaptive immune
responses™”. In the context of the MAP, crosslinking peptides that
are non-native may be presented to the immune system until fully
degraded. D-peptides could be presented by antigen-presenting cells
directly to T cells, which elicits a T-cell dependent adaptive immune

response or, alternatively, the presence of p-amino acid-containing
peptides on the surface of a large molecule of a MAP hydrogel
could directly crosslink the B-cell receptor, which leads to a T-cell
independent antibody responses similar to that of T-cell indepen-
dent antigens. To test this hypothesis, we examined whether mice
that were wounded or received subcutaneous implants of L-MAP,
D-MAP or 1:1L/D-MAP were able to develop T-helper cell depen-
dent (IgGl or IgG2a) or T-cell independent (IgG3) antibodies
against L- or D-amino acid-containing crosslinkers**.

Indeed, regardless of whether a D-containing MAP hydrogel was
applied to wounded tissue or given via subcutaneous implants, mice
developed a T-cell dependent IgG1 and IgG2a response against the
D-amino acid-containing peptide, but not a T-cell independent IgG3
response. These results are more consistent with a T cell-dependent
immune response against D-peptides (Fig. 4a, b). IgG1 is typically
associated with a Th2 ‘tissue repair’ type response, whereas IgG2a
is typically associated with a Th1 ‘foreign body’ response that typi-
cally requires strong adjuvants to develop, which depend on the
strain of the mice’ . The fact that anti-p-peptide-specific IgG2a
was induced when the hydrogel was given to mice in a wound envi-
ronment but not when the hydrogel was given in the subcutaneous
implant model suggests that, by itself, the hydrogel does not possess
sufficient adjuvant effects to induce robust Th1 responses. However,
the inflammation present in the wound environment may result in a
mixed Th2/Th1 response to the -MAP (Figs. 3¢ and 4b). Mice that
were treated with L-MAP alone did not develop antibody responses
to the L-peptide.

p-MAP recruits myeloid cells via adaptive immune
response

Our data suggest that the activation of adaptive immune responses
to D-MAP contributes to the immune infiltration and degradation
of D-MAP. To test this hypothesis further, we examined whether
Balb/c.Rag2~/~yc™'~ mice, which are devoid of an adaptive immune
system, innate lymphoid cells and IL-2/IL-15 signalling, but possess
a fully functional myeloid system, will exhibit a reduced immune
infiltration®. Indeed, the total cellularity and specific recruitment
of CD11b* myeloid cells to p-MAP hydrogel in Balb/c.Rag2~~yc™~
mice decreased to comparable levels to those seen in L-MAP in
wild-type mice (Fig. 4k,1).

p-MAP-induced skin regeneration relies on adaptive
immunity
To determine whether the adaptive immune response was required
for the development of neogenic hair follicles, we next performed
excisional splinted wounds in B6 and B6.Ragl~~ mice and exam-
ined them 25 days after wounding with untreated (sham) or treated
wounds with the 1:1L/D-MAP gel. Of note, in preliminary studies
scars induced by 4-mm-punch wounds healed with extremely small
scars in B6 mice, so we used a 6 mm punch in this experiment.
Sham wounds in B6 mice demonstrated obvious depigmented,
irregularly shaped scars, whereas scars in B6 mice treated with
1:11/D-MAP gel were difficult to identify visually as they displayed
hair growth over the wounds and less atrophy and/or fewer surface
changes typically seen in scars (representative example is shown in
Fig. 5a, and all the wound images in Supplementary Fig. 4). Scars
in sham-treated or 1:1L/D-MAP-treated B6.Ragl™~ mice were
smaller than those in sham-treated B6 mice, but were identifiable
in B6.Ragl~~ mice regardless of whether the wounds were sham
treated or hydrogel treated (Fig. 5a). All wound areas of the inju-
ries (which included 1:11L/pD-MAP-treated B6 wound areas) were
confirmed by examining the defect on the fascial side of the tissue
after the excision of skin. Histological sections of the healed skin of
mice displayed significant neogenic hairs and sebaceous glands only
in wounds of wild-type mice treated with 1:1L/D-MAP (Fig. 5b-d
and Supplementary Fig. 5). Sham wounds in B6 and Rag~'~ mice,
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Fig. 4 | o-MAP induces antibody responses and the recruitment of myeloid cells via adaptive immunity. a-f, Wound-healing model. a-¢, Measurement
of anti-d-specific IgG subtype antibodies (anti-d peptide IgG1 (a, *P=0.0384, ***P=0.0004), anti-d peptide IgG2a (b, *P=0.0351, ***P=0.0262) and
anti-d peptide 1gG3 (¢, *P=0.0396)) by enzyme-linked immunosorbent assay (ELISA) 21 days after the wound healing experiments in SKH1 mice treated
with the indicated hydrogels. d-f, Measurement of anti-| specific IgG subtype antibodies (anti-I peptide IgG1 (d, *P=0.0137), anti-| peptide 1gG2a (e,
*P=0.0115) and anti-l peptide 1gG3 (f)) by ELISA 21 days after the wound healing experiments in SKH1 mice treated with indicated hydrogels. Each data
point represents one animal and all the analyses in a-f are by an unpaired two-tailed t-test that compared each condition to | only. g-i, Subcutaneous
injection model. Measurement of anti-d specific IgG subtype antibodies (anti-d peptide IgG1 (g, **P=0.0022), anti-d peptide IgG2a (h) and anti-d peptide
1gG3 (i) in Balb/c or Balb/c.Rag2—/—yc—/— mice given a subcutaneous injection of d-MAP 21 days after injection. Each data point represents one animal
and all the analyses in g-i are by an unpaired two-tailed t-test. j-I, Representative examples of confocal immunofluorescent imaging for CD11b, DAPI and
hydrogel from subcutaneous implants of |- or d-MAP hydrogel implants in Balb/c or Balb/c.Rag2—/—yc—/— mice (j), and quantification of total DAPI+
cells (k, *P=0.0455, ***P=0.0006) and CD11b+ myeloid cells (I, ****P < 0.0001). Scale bar, 200 um. Data are plotted as a scatter plot showing the

mean and s.d. Each point represents the average of three slides for each wound. All the analyses are by an unpaired two-tailed t-test represent statistical
significance by Student's t-test for the comparison indicated. OD, outer diameter.

and in the 1:11L/D-MAP-treated B6.Ragl~'~ mice, displayed promi- by a MAP gel that contains a D-peptide (Fig. 5b-d). These stud-
nent scars, without hairs or sebaceous glands, which confirms the ies highlight that hair follicle structures can be regenerated through
requirement of an adaptive immune system in skin regeneration adaptive immune activation from MAP hydrogel scaffolds.
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Fig. 5 | -MAP requires an intact adaptive immunity to induce hair follicle neogenesis. a, Representative examples of gross clinical images of healed
splinted excisional wounds in B6 or B6.Rag1~~ mice by a digital single-lens reflex camera 17 days later of sham (no hydrogel) or 1:1./p-MAP treatment.
Scale bar, 5mm. b, Histologic sections of healed tissue from B6 or B6.Rag1~/~ mice. Scale bar, 200 pm. The white dashed lines denote wounded area.

¢,d, Quantification of the average numbers of hair follicles (¢) and sebaceous glands d) from three histological sections per sample from B6 mice and
B6.Ragl~~ mice. Data are plotted as a scatter plot showing the mean and s.e.m. *Two-tailed P=0.002 by Mann-Whitney test for an interstrain/identical
treatment comparison; **P=0.0039 by a Wilcoxon test for an intrastrain/different treatment comparison.

Discussion

In most mammals, the natural process of scar formation and tissue
fibrosis is highly evolved and a tissue-scale attempt to restore critical
barrier functions for survival. This process, however, is ultimately
a biological ‘triage’ that favours the rapid deposition of a fibrotic
matrix to restore the barrier at the expense of a loss of function of
complex tissue. In the skin, this fibrotic response results not only
in a loss of functioning adnexal structures, but skin tissue that is

more fragile and prone to reinjury. A major goal when engineer-
ing skin regeneration is to allow for the rapid restoration of barrier
function while providing an increased tissue tensile strength and
higher tissue function. Many biomaterial-based approaches, which
include the addition of growth factors and decellularized extracel-
lular matrix constructs, display limited success in restoring function
in wounds. We previously showed that the MAP scaffold can accel-
erate wound closure in murine wounds'. Our findings reported
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Fig. 6 | o-MAP changes the wound fate from scar formation to regeneration by type 2 immune activation. a, Representation of the MMP cleavage
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here further highlight that the incorporation of a modest adapta-
tion of MAP that enhanced a type 2 innate and adaptive immune
response induced skin regeneration—hair neogenesis and
improved tensile strength (Fig. 6). This response was dependent on
the generation of an adaptive immune response to D-enantiomeric
peptides and occurred without the addition of stem cells, growth
factors or adjuvants. Importantly, this regenerative response was
decoupled from wound closure that begins immediately, con-
sistent with the time needed to generate an antigen-specific
immune response.

Although adaptive immunity can contribute to fibrosis,
foreign body formation and the rejection of biomaterial implants®*,
adaptive immune activation from a growth factor that contains
extracellular matrices can enhance muscle regeneration®’. Further,
other biomaterials were created to directly activate specific com-
ponents of the immune system to treat cancer as immunother-
apy platforms™*. In concert, these studies suggest that the role
of the adaptive immune system in tissue repair is substantially
more complex than previously realized. Our findings suggest

NATURE MATERIALS | www.nature.com/naturematerials

that an engineered type 2 immune response to sterile, degradable
microparticle-based materials can trigger regeneration rather than
fibrosis and further support a role of adaptive immune cells to
restore tissue function. Finally, we display the potential of the MAP
scaffold as a potent immunomodulatory platform. Future identifi-
cation of immune factors that tip the balance towards regeneration
rather than eliciting scarring or a foreign body response may lead to
improved biomaterials.
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Methods

L-MMP and p-MMP MAP hydrogel formation. Microfluidic water-in-oil
droplet generators were fabricated using soft lithography, as previously described'.
To enable the microgel formation, two aqueous solutions were prepared. One
solution contained a 10% w/v four-arm polyethylene glycol-vinyl sulfone (20kDa,
JenKem) in 300 mM triethanolamine (Sigma), pH 8.25, prefunctionalized with

a 500 uM K-peptide (Ac-FKGGERCG-NH,) (GenScript), 500 uM Q-peptide
(AcNQEQVSPLGGERCG-NH,) and 1 mM RGD (Ac-RGDSPGERCG-NH,)
(GenScript). The other solution contained either: (1) an 8 mM dicysteine-modified
MMP substrate (Ac-GCRDGPQGIWGQDRCG-NH,) (GenScript) with either

all L-chirality amino acid residues for L.-MMP microgel, or (2) p-chirality amino
acid substitution of amino acids at the site of the MMP-mediated recognition and
cleavage (Ac-GCRDGPQ,,GI,,W,GQDRCG-NH,) for -MMP microgels. We
matched the stiffness of the two hydrogels that required minimal changes to that
of the peptide crosslinker solution (L-MAP, 8 mM; p-MAP, 8.2mM). The oil phase
was a heavy mineral oil (Fisher) that contained 0.25% v/v Span-80 (Sigma). The
two solutions were mixed in the droplet generator and pinched immediately into
monodisperse droplets. Downstream of the pinching region, a second oil inlet
with a high concentration of Span-80 (5% v/v) was mixed with the flowing droplet
emulsion. Both aqueous solution flow rates used were 0.75ul min™!, whereas both
oil solutions flowed at 4 ulmin~'. The mixture was allowed to react overnight at
room temperature and purified by repeated washes with an aqueous buffer of
HEPES-buffered saline pH 7.4 and pelleting in a tabletop centrifuge at 18,000g for
5min. Raw materials were purchased endotoxin free and the final hydrogels were
tested for endotoxin levels prior to implantation.

Generation of MAP scaffolds from building block microgels. Fully swollen
and equilibrated building block microgels were pelleted at 18,000g for 5 min and
the excess buffer (HEPES pH 7.4+ 10 mM CaCl,) was removed by aspiration.
Subsequently, building blocks were split into aliquots, each of which contained
50 pl of the concentrated building blocks. An equal volume of HEPES pH
7.4+10mM CaCl, was added to the concentrated building block solutions.

Half of these are spiked with thrombin (Sigma) to a final concentration of
2Uml™" and the other half were spiked with FXIII (CSL Behring) to a final
concentration of 10 U ml™. These solutions were then well mixed and spun
down at 18,000, followed by the removal of excess liquid with a cleanroom wipe
(American Cleanstat).

Annealing was initiated by mixing equal volumes of the building block
solutions that contained thrombin and FXIII using a positive displacement pipette
(Gilson). These solutions were well mixed by pipetting up and down, repeatedly,
in conjunction with stirring using the pipette tip. The mixed solution was then
pipetted into the desired location (mould, well plate, mouse wound and so on)
or loaded into a syringe for subcutaneous injection. The microgel fabrication
was performed under sterile conditions. After particle fabrication, 20 ul of dry
particles were digested in 200 ul of digestion solution (Collagenase IV 200 U ml™!
+ DNase I 125Uml™) and incubated in 37 °C for 30 min before testing. Endotoxin
concentrations were determined with the Pierce LAL Chromogenic Endotoxin
Quantitation Kit (Thermo Fisher Scientific) following the manufacturer’s
instructions. Particle endotoxin levels were consistently below 0.2 endotoxin Uml".

Degradation with collagenase. Microgel degradability was confirmed

with collagenase I. A 1:1v/v mixture of microgels formed with -MMP- or
L-MMP-sensitive crosslinker was diluted in collagenase I to a final concentration
of 5Uml™ collagenase. This mixture was added to 1 mm polydimethylsiloxane well
and briefly allowed to settle. Images of the microgels were taken near the bottom of
the well every 30s for 2h with a confocal microscope. Image analysis was carried
out through a custom MATLAB script (script provided by S. C. Lesher-Perez) and
Image]. MATLAB was used to determine the number of intact microgel spheres in
each image. The previously mentioned script was applied with a minimum droplet
radius of 30 pixels, a maximum droplet radius of 50 pixels and a sensitivity factor
of 0.98 for the channel-separated images. Then, Image] was used to determine the
area fraction that fluoresced for each channel and each image. The thresholding for
each image was set to a minimum of 50 and a maximum of 255 and the fluorescing
area fraction was recorded.

Mouse excisional wound-healing model. All the experiments that involved
animals, animal cells or tissues were performed in accordance with the
Chancellor’s Animal Research Committee ethical guidelines at the University

of California Los Angeles under protocol no. 10-011 (in vivo wound healing

and subcutaneous implants) or no. 1999-073 (in vitro BMDM cultures). Mouse
excisional wound healing experiments were performed as previously described"'’.
Briefly, 10-week-old female SKH1 mice (n=6, Charles River Laboratories) or
10-week-old female B6 or B6.Ragl~'~ mice (n=4 twice, Jackson Laboratories) were
anaesthetized using a continuous application of aerosolized isoflurane (1.5vol%)
throughout the duration of the procedure and disinfected with serial washes of
povidone-iodine and 70% ethanol. The nails were trimmed and buprenorphine
(0.05mgml™') was injected intramuscularly. The mice were placed on their side
and the dorsal skin was pinched along the midline. A sterile 4mm biopsy punch
was then used to create two through-and-through wounds, which resulted in four
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clean-cut, symmetrical, full-thickness excisional wounds on either side of the
dorsal midline. A small amount of adhesive (VetBond, 3M, Inc.) was then applied
to one side of a rubber splint (outer diameter, ~12 mm; outer diameter, ~8 mm)
and the splint was placed centred around the wound (adhesive side down). The
splint was secured with eight interrupted sutures of 5-0 non-absorbable Prolene.

A second splint wrapped in Tegaderm (3M, Inc.) was attached to the initial splint
via a single suture to act as a hinged cover to allow wound imaging while it acted as
a physical barrier above the wound bed. After the addition of thrombin (2 U ml™")
and 10 mM CaCl,, the experimental material (20 pl of L-only MAP, p-only MAP or
a 1:1v/v mixture of L-MAP and p-MAP in HEPES-buffered saline that contained
factor XIII (10 Uml™") and 10 mM CaCl,, or no hydrogel) was then added to one
of the wound beds randomly to ensure each hydrogel treatment was applied to

the different regions of wounded back skin to limit the potential for site-specific
effects. After treatment, a Tegaderm-coated splint was applied and wound sites
were covered using a self-adhering elastic bandage (VetWrap, 3M, Inc.). Animals
were housed individually to prevent wound manipulation. At the culmination

of the wound-healing experiment (day 21 or day 25), the mice were killed by an
isoflurane overdose and cervical dislocation and imaged with a digital camera. The
skin was excised and processed via either paraffin embedding for H&E or optimal
cutting temperature blocks for immunofluorescence.

Evaluation of wound closure. Wounds were imaged daily to follow their closure.
Each wound site was imaged using a high-resolution camera (Nikon Coolpix).
The closure fraction was determined as described previously'. Briefly, closure was
determined by comparing the pixel area of the wound to the pixel area within the
10 mm centre hole of the red rubber splint. Closure fractions were normalized to
day 0 for each mouse and/or scaffold sample. Investigators were blinded to the
treatment group identity during analysis.

‘Wound imaging. On the specified day after the wounds were created, close-up
images of the wounds were taken using a Canon Powershot A2600 or a Nikon
D3400 DSLR Camera with an 18-55mm lens, and were cropped to the wound
area but not manipulated further. For wound closure, the area was obtained using
Image] by a subject blinded to the treatment.

Tissue collection. After the wounds healed, mice were killed on the indicated

day after wounding, and tissue collected with a ~5mm margin around the healed
wound. The samples were immediately submerged in Tissue-Tek optimal cutting
temperature fluid and frozen into a solid block with liquid nitrogen. The blocks
were then cryosectioned by a cryostat microtome (Leica) and kept frozen until
use. The sections were then fixed with 4% paraformaldehyde in 1x PBS for 30 min
at room temperature, washed with 1x PBS and kept at 4 °C until stained. For the
antibody production analysis, was blood harvested via cardiac puncture to obtain
the serum for ELISA.

Macrophage cell culture. Mouse BMDMs were generated as previously

described previously”’. Briefly, after euthanasia, the hindlimbs were removed
aseptically and the bone marrow was flushed. Bone marrow cells were cultured in
CMG-conditioned complete DMEM media for 6 days. Cells were then

treated with intact L- or p-peptide in ultrapure H,O at the indicated concentration
in the presence or absence of LPS (10ngml). Cleaved p-peptide (with an
N-terminal p-amino acid) (W,GQDRCG-NH,) was also used when indicated.
Cells were harvested at 6 h after treatment and the expression of cytokines

and chemokines was examined by quantitative PCR using specific primers, as
described previously™.

Incisional wound model. As above, 10-week-old female B6 mice (Jackson
Laboratories) were anaesthetized with isoflurane as above. The dorsal and side skin
was dehaired using electric clippers followed by Nair (Church and Dwight, Inc.),
then disinfected with serial washes of povidone-iodine and 70% ethanol. The nails
were trimmed to lower the incidence of splint removal, and buprenorphine was
injected intramuscular as above. An incisional 2cm X 1 cm wound was made with

a scalpel. Mice (five per group) were randomly assigned to receive 50 pl of L-MAP,
D-MARP, 1:1v/v mixture of L-MAP and p-MAP or no hydrogel (Aquaphor, Beiersdorf
Inc.). The mice were wrapped with Tegaderm followed by VetWrap, as above.

Histology and analysis. Samples were sectioned (6-10 um thick), then

stained with H&E or Masson trichrome by the UCLA Tissue Procurement

Core Laboratory using standard procedures. Sections were examined by a
board-certified dermatopathologist (P.O.S.) and/or an expert in hair follicle
neogenesis/regeneration (M.V.P.) who were blinded to the identity of the samples
for the presence of adnexal structures in tissue sections and dermal thickness. For
enumeration, two to three tissue sections from the tissue block of each wound
were examined and averaged per wound to obtain the count per unit area for each
sample. Wounds were splinted to prevent contraction and any sample with more
than a 50% wound closure by contraction were not included.

Tensiometry. To evaluate the tensile properties of the healed incisional wounds,
tensile testing was performed on an Instron model 3342 fitted with a 50N load
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cell and data recorded using the Instron Bluehill 3 software package. Tissue

was collected from the wound site 28 days after wounding and treatment as a

2cm X 4cm ‘dumbbell’ shape (with a 1.cm centre width in the handle portion).
The sample was oriented such that the healed wound spanned the entire middle
section of the dog bone (the thinner 1cm region) and the healed wound long axis
was orthogonal to the direction of tension applied. The tissue sample was loaded
into the Instron and secured with pneumatic grippers, pressurized to 276 kPa. The
tissue was subjected to tensile testing at an elongation rate of 5mmmin" and ran
through material failure.

For each tissue sample, stress/strain curves were calculated from force/
elongation curves (provided from the Instron Bluehill software) using the known
cross-sectional dimensions of the ‘dog bone” samples (each measured with callipers
prior to placement on the Instron), and by measuring the starting distance
between pneumatic grips with a caliper. The starting distance was standardized by
preloading the sample to 0.5N, followed by measurement and then running of the
tensile test to failure. This analysis enabled the calculation of yield stress, which are
reported in Fig. 1j.

Subcutaneous implants of hydrogel. For subcutaneous implants, after anaesthesia,
10-week-old female Balb/c and Balb/c.Rag2~~yc™~ mice were injected with 50 ul
of L-MAP, D-MAP or 1:1v/v mixture of L-MAP and D-MAP (n=5). After 21 days,
the skin and subcutaneous tissue that contained the hydrogels were removed and
processed for histology and immunofluorescence, and blood was collected by
cardiac puncture to obtain serum for the ELISA. B6 mice were used in another
batch of experiments for immunofluorescence analysis and the histology of
subcutaneous implants.

Tissue section immunofluorescence, quantification of hydrogel degradation
and immune infiltration. Slides that contained tissue sections (10-25pum
thickness) were blocked with 3% normal goat serum (NGS) in 1x PBS +0.05%
Tween-20 (PBST). For intracellular antigens, 0.2% triton was added to the blocking
buffer. Primary antibody dilutions were prepared in 5% NGS in 1x PBST as
follows: rat anti-mouse CD11b clone M1-70 (BD Pharmingen, no. 553308) 1:100,
F4/80 clone A3-1 (BioRAD, MCA497G) 1:400 and IL-33 (Abcam, ab187060) 1:200.
Sections were stained with primary antibodies overnight at 4 °C, and subsequently
washed with 3% NGS in 1x PBST. Secondary antibodies (goat anti-rat Alexa-

647; Invitrogen) were all prepared in 5% NGS in 1x PBST at a dilution of 1:500.
Three 5min washes with PBST were performed after each antibody incubation.
Sections were incubated in secondary antibodies for 1h at room temperature and
subsequently washed with 1x PBST. For multicolour immunofluorescence staining
for primary and secondary antibodies of each antigen were performed in sequence.
Sections were either mounted with antifade mounting medium with DAPI (Fisher
Scientific, H1200) or counterstained with 2 ugml~' DAPI in 1x PBST for 30 min at
room temperature and then mounted in mounting medium of Antifade Gold.

Computational analysis of multicolour immunofluorescence images. A
MATLAB code was used for the analysis of the multicolour immunofluorescence
images. The code divided the hydrogel into an edge region (300 pm from hydrogel-
tissue interface) and a core region (the centre of the hydrogel to 200 pm from the
inner boundary of the edge region). For each hydrogel subregion, the code read

the CD11b and F4/80 signals, and binarized each to form a mask using a similar
threshold for all the samples. The code then used the nuclear stain and IL-33*
stains to identify all the nuclei and IL-33* cells. The density of each cell type was
then quantified by counting the number of nuclei and IL-33"* cells that overlapped
or evaded the masks divided by the area of the region of interest. Areas with defects
caused by tissue sectioning were excluded from the analysis. Although it did not
affect the code performance, the image condition was kept the same across

all samples.

ELISA. To assess the anti-L- or anti-p-antibodies, sera were collected by cardiac
puncture 21 days after the hydrogel application of mice (subcutaneous implant

or application to wound). To detect the anti-L- and anti-p-antibodies, plates were
coated with either the L.-MMP or p-MMP peptide, respectively (the sequence
above; GenScript). Serum samples were tested at a 1:500 dilution followed by
incubation with alkaline phosphatase-labelled goat anti-mouse IgG1 or IgG2a,

or IgG3 antibodies (Southern Biotechnology Associates or BD Pharmingen) and
developed with p-nitrophenyl phosphate substrate (Sigma-Aldrich). The optical
density at 405nm was read using a Spectramax i3X microplate reader (Softmax Pro
3.1 software; Molecular Devices).

Statistics and reproducibility. All the statistical analysis was performed using
Prism 6 (GraphPad, Inc.) software. Specifically, a two-tailed ¢-test or one-way
ANOVA were used to determine the statistical significance, assuming an equal
sample variance for each experimental group when individual groups are
compared. For ANOVA, post hoc analysis with Tukey multiple comparison

was used. For histological counting and the B6 and B6.Rag1~'~ sham versus
1:11/D-MAP analysis, a Wilcoxon signed rank analysis was performed and for B6
versus B6.Ragl~'~ the subcutaneous immunofluorescence analysis was performed
with a ¢-test with a Mann-Whitney U test.

The hydrogel degradation test was performed on three separate occasions for
each batch of L-MAP, b-MAP and 50:50 mixture of L-MAP and b-MAP for a total
of nine degradation tests. In each technical replicate at least ten microgels were
imaged and analysed for fluorescence intensity.

The evaluation of hair neogenesis in the B6 mice control versus p-MAP for
Fig. 2 was performed on samples from n =4 for each group. The wound healing
studies to compare wild-type to B6.Ragl~'~ mice were repeated three times (n=4
each group). In the first experiment, all the Ragl-/- mice were euthanized due
to the development of severe and worsening wound infections, and thus were
not included in the final analysis. In addition, wounds and/or scars that showed
more than a 50% contraction of the wound area from the underlying fascia from
any group or histological processing results that failed to identify the wound and/
or scar bed (that is, the sample was cut through) were removed from the final
dataset. For the histological analysis, sham versus 1:11/D-MAP in B6 mice from
three separate experiments were used (n=9 histological samples available out of
an available n=12 wounds performed), whereas samples in the B6.Ragl~'~ mice
were obtained from the latter two experiments performed in B6 versus B6.Ragl~'~
mice carried out at the same time (n =6 histological samples available out of n=8
wounds). The findings within this article were observed in two different mouse
strains (CRL-SKH and C57BL/6) that have different adnexal structures (vellus hair
only and mature and/or terminal follicles, respectively).

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon reasonable request. Source data are provided
with this paper.
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Interferon-mediated reprogramming of membrane
cholesterol to evade bacterial toxins

Quan D. Zhou®"2, Xun Chi®3, Min Sub Lee', Wei Yuan Hsieh?, Jonathan J. Mkrtchyan?,
An-Chieh Feng?, Cuiwen He*, Autumn G. York">¢, Viet L. Bui?, Eliza B. Kronenberger?,
Alessandra Ferrari’, Xu Xiao’, Allison E. Daly®3, Elizabeth J. Tarling®©*, Robert Damoiseaux’,
Philip O. Scumpia®*, Stephen T. Smale3, Kevin J. Williams?, Peter Tontonoz©®72 and

Steven J. Bensinger ®'35

Plasma membranes of animal cells are enriched for cholesterol. Cholesterol-dependent cytolysins (CDCs) are pore-forming
toxins secreted by bacteria that target membrane cholesterol for their effector function. Phagocytes are essential for clear-
ance of CDC-producing bacteria; however, the mechanisms by which these cells evade the deleterious effects of CDCs are
largely unknown. Here, we report that interferon (IFN) signals convey resistance to CDC-induced pores on macrophages and
neutrophils. We traced IFN-mediated resistance to CDCs to the rapid modulation of a specific pool of cholesterol in the plasma
membrane of macrophages without changes to total cholesterol levels. Resistance to CDC-induced pore formation requires the
production of the oxysterol 25-hydroxycholesterol (25HC), inhibition of cholesterol synthesis and redistribution of cholesterol
to an esterified cholesterol pool. Accordingly, blocking the ability of IFN to reprogram cholesterol metabolism abrogates cellu-
lar protection and renders mice more susceptible to CDC-induced tissue damage. These studies illuminate targeted regulation

of membrane cholesterol content as a host defense strategy.

brane and is an important determinant of the membrane’s

biochemical and biophysical properties'~'. Cellular choles-
terol homeostasis is maintained through a combination of synthe-
sis, import, storage and efflux pathways. While each pathway may
be engaged independently, the pathways are often co-regulated
to ensure that sufficient cholesterol is available for a cell and to
avoid deleterious accumulation. Recent studies indicate that ste-
rol metabolism pathways of immune cells, in particular macro-
phages, can be rapidly reprogrammed to support their effector
functions™®. Toll-like receptors (TLRs) and IFNs have been shown
to mediate reprogramming of cholesterol homeostasis by rapidly
decreasing cholesterol synthetic flux”"’, increasing cholesterol ester
storage in lipid droplets'"'* and stimulating the production of cho-
lesterol derivatives such as 25HC>'>'*. This reprogramming of sterol
homeostasis facilitates host defense responses through a variety of
mechanisms, including blockade of viral entry, regulation of innate
immune receptor signaling, immune cell skewing and increasing
macrophage phagocytic capacity. Thus, coordinated regulation of
sterol metabolic pathways in immune cells is now viewed as a fun-
damental component of the host defense response.

Given the essential requirement for cholesterol in animal mem-
branes, it is not surprising that microorganisms and viruses have
evolved strategies that take advantage of cholesterol availability
in membranes to facilitate pathogenesis'*'*. CDCs are a group of
secreted toxins produced mainly by Gram-positive bacteria that

( :holesterol is the most abundant lipid in the plasma mem-

9-2

depend on membrane cholesterol for their pathogenic function™-*'.
CDC binding to cholesterol in the plasma membrane facilitate CDC
oligomerization and pore formation, resulting in loss of mem-
brane integrity, reduced efficacy of antimicrobial function and cell
death**. Cells have repair mechanisms by which they minimize
the deleterious effects of CDC toxins. Damaged plasma membranes
can be internalized and resealed”"”, or they may bleb and be sub-
sequently shed as microvesicles®. However, it appears that phago-
cytes attempting membrane repair may become hyporesponsive to
proinflammatory stimuli through shedding of TLRs and cytokine
receptors®. Thus, host membrane repair mechanisms, which pre-
serve phagocyte survival, also reduce their effectiveness for anti-
microbial host defense. Whether phagocytes or other immune cells
have evolved specific strategies that facilitate evasion from these
pore-forming toxins remains less well understood.

Here we report that activation of pattern recognition recep-
tor (PRR) signaling on macrophages influences susceptibility to
CDC-induced loss of membrane integrity and function. We show
that IFN signals convey resistance to CDC-mediated membrane
damage on phagocytes by reprogramming their cellular cholesterol
metabolism, whereas myeloid differentiation primary-response
protein 88 (Myd88)-dependent TLR signals do not induce protec-
tion. Mechanistic studies revealed that IFNs mediate resistance to
CDCs by decreasing their binding to the plasma membrane. The
decrease in CDC binding requires coordinated inhibition of new
cholesterol synthesis and an increase in the esterification of a small
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amount of preexisting cellular cholesterol. IFN-mediated changes
in cholesterol homeostasis were also dependent on the endogenous
production of 25HC, and we found that loss of the enzyme cho-
lesterol 25-hydroxylase (CH25H) resulted in increased binding of
CDC proteins at the plasma membrane. Accordingly, perturbations
in sterol metabolic pathways abrogated the protective effects of IFNs
for phagocytes and rendered mice more susceptible to CDC-induced
tissue damage. Together, these findings indicate that IFN-mediated
changes to sterol metabolism convey resistance to CDCs by decreas-
ing a small pool of cholesterol in the plasma membrane and suggest
that specifically targeting this pool of cholesterol could facilitate
host defense to CDC-producing pathogenic bacteria.

Results

IFNs mediate resistance to CDCs. Activation of macrophages
through TLR and cytokine signals reprograms their lipid metabo-
lism™*'*%", leading us to ask whether these changes in lipid metabo-
lism alter sensitivity to CDCs. To address this question, mouse bone
marrow-derived macrophages (BMDMs) were stimulated with
TLR1/TLR2, TLR3, TLR4, TLR7 or TLR9 agonist for 24h and then
challenged with the CDC perfringolysin O (PFO) for up to 60 min.
The membrane-impermeable dye propidium iodide (PI) was added
to the medium just before PFO treatment to assess pore formation
and loss of membrane integrity but not cell death in macrophages.
As expected, PFO increased the percentage of PI-positive (PI*)
cells over time in unstimulated macrophages (Fig. 1a and Extended
Data Fig. 1a). Activation of macrophages with TLR1/TLR2, TLR4,
TLR7 or TLRY agonist resulted in little or no change in sensitivity
to PFO treatment (Fig. la and Extended Data Fig. 1a,b), whereas
TLR3-mediated activation markedly decreased macrophage sensi-
tivity to PFO treatment (Fig. 1a and Extended Data Fig. 1a).

Unexpectedly, TLR3 activation, which is associated with anti-
viral responses, provided a substantial measure of protection to
PFO-induced pore formation. Because a primary inflammatory out-
come of TLR3 signaling is the generation of type I IFNs**, we tested
whether type I IFN stimulation alone would convey resistance to
PFO. We observed that treatment of macrophages with IFN-p over-
night also conveyed resistance to PFO (Fig. 1b and Extended Data
Fig. 1c). IFN-y treatment of macrophage cultures also induced resis-
tance when cells were challenged with PFO (Fig. 1b and Extended
Data Fig. 1c), indicating that protection is mediated by both type I
and type IT IFNs. We also tested whether activation of other PRRs
that generate type I IFN responses® would also protect macro-
phages when challenged with CDCs. The stimulator of IFN genes
(STING; TMEM173) is activated by cyclic dinucleotides generated
by intracellular microorganisms (for example, Listeria monocyto-
genes)’'. We found that treatment of BMDM cultures with STING
ligands (2',3’-cGAMP or c-di-GMP) for 24 h also resulted in protec-
tion from the PFO challenge (Fig. 1c and Extended Data Fig. 1d).
Nucleotide-binding oligomerization domain-containing protein
2 (NOD2), an intracellular receptor stimulated by peptidoglycans
produced by Gram-positive microorganisms, has also been shown
to induce low levels of type I IFN during bacterial infections™.
Consistent with this, activation of NOD2 with N-glycolyl-MDP
resulted in modest protection against the PFO challenge (Fig. 1c
and Extended Data Fig. 1d). Importantly, we observed a similar pat-
tern of IFN-mediated resistance for macrophages challenged with
the CDCs streptolysin O (SLO) or anthrolysin O (ALO; Fig. 1d,e
and Extended Data Fig. le-g), indicating that the protection con-
veyed by IFNs may be a general strategy for resistance to the larger
group of pore-forming CDCs.

We were surprised that TLR1/TLR2 activation did not induce
resistance to CDCs given the important role of this TLR signaling
module in mediating immune responses to Gram-positive bacte-
ria. However, we found that macrophages co-stimulated with the
TLR1/TLR2 agonist and IFN-p acquired some measure of resistance
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to PFO and SLO (Fig. 1f,g and Extended Data Fig. 1h,i), indicat-
ing that IFN signals can induce a ‘resistant’ phenotype regardless
of the PRR engaged. We also found that IFN stimulation (IFN-y
or IEN-f; 4h) of purified neutrophils from mouse bone marrow
resulted in resistance to CDC-mediated loss of membrane integrity
(Fig. 1h), demonstrating the ability of IFN to induce protection in
other phagocytic, innate immune cells. Importantly, IFN stimula-
tion largely preserved the ability of macrophages to phagocytose
extracellular bacteria (that is, Staphylococcus aureus) when cells
were challenged with PFO (Fig. 1i). Together, these data demon-
strate that autocrine or paracrine IFN signals induce resistance to
CDC-mediated pore formation, resulting in preservation of macro-
phage membrane integrity and phagocytic function.

IFNs decrease binding of CDCs to the plasma membrane. To
understand whether the observed changes in CDC sensitivity could
be due to altered binding of CDCs to the plasma membrane, we per-
formed studies on IFN-stimulated macrophages with fluorescently
labeled ALO domain 4 (ALO-D4), a modified CDC toxin that has
markedly reduced pore-forming capacity but retains near-normal
binding characteristics to the plasma membrane®”~*. We found
that the binding of ALO-D4 to IFN-f- or IFN-y-stimulated mac-
rophages was substantially decreased when compared to con-
trol macrophages (Fig. 2a). High-throughput imaging analysis of
macrophage cultures (>3,000 macrophages for each condition)
stimulated with IFN-p, IFN-y, STING or TLR3 ligand showed a
marked reduction in the average intensity of ALO-D4 binding
(Fig. 2b—e). By contrast, ALO-D4 binding was maintained or mod-
estly increased in TLR1/TLR2-stimulated macrophages (Fig. 2f,g),
consistent with our data indicating that TLR1/TLR2-stimulated
macrophages maintained sensitivity to CDC-induced loss of mem-
brane integrity. A similar decrease in ALO-D4 binding in response
to either IFN-o or IFN-f was observed in macrophages derived from
human peripheral blood mononuclear cells (hPBMCs; Fig. 2h,i).
Likewise, stimulation (6 h) of purified neutrophils from mouse bone
marrow with IFNs also decreased ALO-D4 binding (Extended Data
Fig. 2a,b). Time-course studies showed that a decrease in ALO-D4
binding could be observed within 2h of IFN stimulation of BMDMs
(Fig. 2j,k). As expected, the decrease in ALO-D4 signal induced by
IFN-p (or PRR-induced type I IFNs) was abrogated in type I IFN
receptor (IFNAR)-deficient macrophages (Extended Data Fig. 2¢,d).
However, overnight IFN-y treatment of IFNAR-deficient macro-
phages decreased ALO-D4 binding (Fig. 2I,m), demonstrating that
resistance induced by type I and type IT IFN cytokines are not inter-
dependent. In combination, these data indicate that protection from
CDCs is induced quickly in response to IFNs and is mediated by
reduced binding of CDCs to the plasma membrane.

IFNs decrease a small pool of membrane cholesterol targeted by
CDCs. Next, we asked whether IFN signals altered the binding of
CDCs to the plasma membrane by decreasing macrophage choles-
terol content. To address this, we performed gas chromatography-
mass spectrometry (GC-MS) to quantify total cellular cholesterol
levels in IFN-stimulated BMDMs. We observed that IFNs modestly
increased total cholesterol in macrophages (Fig. 3a). Likewise, we
observed that STING or TLR3 activation, which induces robust
type I IFN responses, also increased total cholesterol (Extended
Data Fig. 3a). Thus, the protection mediated by IFNs could not
be attributed to a global decrease in cholesterol content. We also
performed GC-MS on purified plasma membranes from quies-
cent and IFN-y-stimulated macrophages; however, no difference
in cholesterol pool size was observed (Fig. 3b and Extended Data
Fig. 3b). We also stained BMDM s with filipin III, a bacterial prod-
uct that binds to unesterified cholesterol in membranes and forms
a fluorescent complex”. Consistent with our mass spectrometry
studies, no change in filipin III staining was observed in response
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Fig. 1| IFN signaling mediates resistance to CDCs. a, Percentage of PI* BMDM s treated with the TLR1/TLR2 agonist (Pam3CSK4; 50 ng ml"), TLR3

agonist (poly(l:C); Tpg ml™), TLR4 agonist (LPS; 50 ng ml™), TLR7 agonist (CL307; 100 nM), TLR9 agonist (ODN1668; 100 nM) or unstimulated (NT) for
24h and then challenged with PFO for 60 min in the presence of PI. b, Percentage of PI* BMDMs treated with IFN-B (20 ng mI”) and IFN-y (20 ng mI™)
for 24 h and then challenged with PFO for 60 min in the presence of Pl. ¢, Percentage of PI* BMDM s treated with NOD2 agonist (N-glycolyl-MDP; 20 pg
ml™) or STING agonists (2',3’-cGAMP and c-di-GMP; 2 pg mI™) for 24 h and then challenged with PFO for 60 min in the presence of PI. d, Percentage of
PI* BMDMs treated with the indicated IFNs (20 ng mI™) for 24 h and then challenged with SLO for 2 h in the presence of PI. e, Percentage of PI* BMDMs
treated with the indicated IFNs (20 ng mI™) for 24 h and then challenged with ALO for 2 h in the presence of PI. f, Percentage of PI* BMDMs treated with
TLR1/TLR2 agonist (50 ng ml™) together with IFNs (100 ng mI™") for 24 h and then challenged with PFO for 60 min in the presence of PI. g, Percentage of
PI* BMDMs treated with TLR1/TLR2 agonist (50 ng ml™") together with IFNs (100 ng ml”') for 24 h and then challenged with SLO for 2h in the presence
of PI. h, Percentage of PI* neutrophils treated with IFN-B or IFN-y (both 20 ng ml™) for 4 h and then challenged with PFO for 60 min in the presence of PI
(n=3).1i, Flow cytometry plots of S. aureus phagocytosed by control or IFN-stimulated BMDMs. Macrophage cultures were stimulated with IFNs (100 ng
ml™) for 24 h. BMDMs were then washed and incubated with PFO for 15 min. PFO-containing medium was then replaced with fresh medium containing
pHrodo (red)-labeled S. aureus. Median fluorescence intensity (MFI) is indicated on the right. Data are representative of three independent experiments.

Data in a-h are shown as the mean + s.e.m. (n=3). Statistical significance wa

s determined using one-way ANOVA with Dunnett's correction (a-e),

two-way ANOVA with Tukey's correction (f and g) or one-way repeated-measures ANOVA with Dunnett's correction (h). ***P < 0.001.

to IFN stimulation (Extended Data Fig. 3c). We also investigated
whether IFN stimulation disrupted sphingomyelin-associated
cholesterol in the plasma membrane. Ostreolysin A (OlyA) is
a protein that specifically binds to cholesterol when associated
with sphingomyelin®. To assess whether IFNs altered this pool of
cholesterol in the plasma membrane of macrophages, we applied
nanoscale secondary ion mass spectrometry (NanoSIMS)*** using
stable-isotope-labeled ALO-D4 and OlyA proteins. Consistent with
the fluorescent ALO-D4 imaging studies, we observed a decrease
in *N-labeled ALO-D4 binding in response to IFN-p stimulation
(Fig. 3c). In contrast, [*N]OlyA binding remained unchanged
(Fig. 3¢). High-throughputimaging studies with fluorescence-labeled
OlyA showed a similar binding pattern for unstimulated and
IFN-treated macrophage cultures (Extended Data Fig. 3d,e). Cholera
toxin B (CTB) staining also showed no change, indicating that IFN
signaling does not disrupt GM1 ganglioside-containing microdo-
mains of the plasma membrane (Extended Data Fig. 3f). Together,
these data support the conclusion that substantial amounts of cho-
lesterol remain in the plasma membrane in association with sphin-
golipids after IFN stimulation®. Consistent with this concept, brief
treatment of IFN-stimulated macrophages with sphingomyelinase®
restored ALO-D4 binding (Fig. 3d,e). Thus, we conclude that CDCs
are targeting a small fraction of non-sphingomyelin-associated
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cholesterol within the plasma membrane and that IFN signaling
alters the availability of this pool of cholesterol to reduce CDC bind-
ing to phagocytes.

Cholesterol synthesis is linked to CDC susceptibility. We and oth-
ers have previously reported that IFN signaling can reduce de novo
cholesterol synthesis in macrophages””'. Thus, we considered the
possibility that changes in CDC sensitivity were linked to the cho-
lesterol biosynthetic capacity of activated macrophages. To address
this, we performed studies of [**C] glucose tracer enrichment on
PRR- and IFN-stimulated macrophages. IFN-p and IFN-y stimu-
lation markedly decreased macrophage cholesterol synthesis (Fig.
4a). Likewise, activation of STING or TLR3 also decreased choles-
terol biosynthesis (Extended Data Fig. 4a,b). In contrast, activation
of TLR1/TLR2, TLR7 and TLRY increased the amounts of synthe-
sized cholesterol accumulated (Extended Data Fig. 4b). These data
largely mirror the differential sensitivity to CDCs that we observed
in PRR- and IFN-stimulated macrophages, leading us to hypoth-
esize that cholesterol biosynthetic flux determines susceptibility
to CDC-induced plasma membrane damage. Consistent with this,
pharmacologic inhibition of cholesterol synthesis using simvastatin
reduced ALO-D4 binding to otherwise unstimulated macrophages
and protected against CDC-mediated membrane damage (Fig. 4b,c
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Fig. 2 | IFN signals decrease ALO-D4 binding to the plasma membrane. a, Super-resolution confocal images of macrophage cultures stimulated with the
indicated IFNs (20 ng ml™) for 24 h and then stained with fluorescent ALO-D4 and DAPI. b, Confocal images of macrophage cultures stimulated with the
indicated IFNs (20 ng mlI™) for 24 h and then stained with fluorescent ALO-D4 and DAPI. ¢, Violin plots of cellular fluorescence intensity quantified from
b (from left to right, n=6,539, 4,561 and 5,367). d, Confocal images of macrophage cultures stimulated with the indicated PRR ligands for 24 h and then
stained with fluorescent ALO-D4 and DAPI. e, Violin plots of cellular fluorescence intensity quantified from d (n=5,931, 4,766 and 5,660). f, Confocal
images of macrophage cultures stimulated with the indicated TLR agonists for 24 h and then stained with fluorescent ALO-D4 and DAPI. g, Violin plots
of cellular fluorescence intensity quantified from f (n=4,358 and 3,270). h, Confocal images of hPBMC-derived macrophages stimulated with human
IFN-o or IFN-B (10 ng mI™) for 24 h and then stained with fluorescent ALO-D4 and DAPI. i, Violin plots of cellular fluorescence intensity quantified from

h (n=2,084, 1,818 and 1,728). j, Confocal images of macrophage cultures stimulated with IFN-B (20 ng mI™") for 2h and then stained with fluorescent
ALO-D4 and DAPI. k, Violin plots of cellular fluorescence intensity quantified from j (n=6,550 and 7,012). I, Confocal images of control or IFNAR-deficient
(IFNAR KO) mouse BMDMs stimulated with IFN-y (20 ng mI™) for 24 h and then stained with fluorescent ALO-D4 and DAPI. m, Violin plots of cellular
fluorescence intensity quantified from | (n=4,358, 2,853, 7,089 and 5,458). Data in a are representative of three independent samples. Data in b-m are
representative of three (b-k) or two (I and m) independent experiments. Violin plots in ¢, e, g, i, k and m are shown with the median (solid line) and 25th
and 75th percentiles (dashed lines). Statistical significance was determined using a Kruskal-Wallis test with Dunn'’s correction (c, e and i) or a two-tailed
Mann-Whitney test (g, k and m). ***P < 0.001. Scale bars represent 10 pm (a) or 50 um (b, d, f, h, jand D).

and Extended Data Fig. 4c). In addition, we asked whether genetic
attenuation of cholesterol synthesis would intrinsically convey resis-
tance to CDC recognition. Loss of the cleavage-activating protein
SCAP, which is required to chaperone the sterol regulatory ele-
ment binding protein (SREBP), has been shown to attenuate cho-
lesterol synthesis in macrophages'’. We observed that quiescent
SCAP-deficient macrophages exhibited decreased ALO-D4 bind-
ing, and, accordingly, these cells were protected from the PFO
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challenge (Fig. 4d,e). The oxysterol 25HC is an endogenous inhibi-
tor of cholesterol biosynthesis through its ability to induce degra-
dation of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR),
the rate-limiting enzyme in cholesterol synthesis, and inhibition of
the SREBP transcriptional axis*"*”. Thus, we asked whether treating
macrophage cultures with 25HC would also alter ALO-D4 bind-
ing. To this end, wild-type quiescent macrophages were treated
with 25HC (3uM) for 4h. We found that treatment with 25HC
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test (c and e). ***P<0.001.

markedly reduced ALO-D4 binding (Fig. 4f,g). Together, these data
support the concept that the pool of newly synthesized cholesterol,
rather than the total cholesterol available in the plasma mem-
brane, is linked to the sensitivity or resistance of macrophages to
CDC-mediated toxicity.

Production of 25HC is required for resistance to CDCs. IFNs
have a well-defined role in inducing the conversion of cholesterol
into 25HC via the enzyme CH25H in macrophages™'*'*. Thus, we
next asked whether the endogenous production of 25HC is required
for IFN-mediated protection against CDCs. To address this, control
and CH25H-deficient macrophages were stimulated with IFNs and
ALO-D4 binding was assessed. We observed that neither IFN-f nor
IFN-y treatment of CH25H-deficient macrophage cultures reduced
ALO-D4 binding (Fig. 5a,b). Correspondingly, we found that stim-
ulating CH25H-deficient macrophages with IFN-p or IFN-y was
unable to induce protection against either PFO or SLO challenge
(Fig. 5¢,d and Extended Data Fig. 5a,b). We also observed that, in
contrast to control macrophages, IFN treatment of CH25H-deficient
macrophages reduced their ability to maintain efficient phagocyto-
sis of bacteria when challenged with PFO (Fig. 5e). Importantly,
provisioning of 25HC to cultures of CH25H-deficient or control
macrophages protected them from CDC-induced pore formation
(Fig. 5f) and largely restored their ability to phagocytose bacteria
(Fig. 5e). Thus, endogenous production of 25HC appears to be criti-
cal for macrophage protection to CDCs.

Next, we sought to better define the mechanism by which IFN
signaling and the production of 25HC mediate protection against
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CDCs. Our studies to this point correlated a decrease in cholesterol
biosynthesis with protection against challenge by CDCs, leading us
to ask whether the loss of CH25H altered IFN-mediated reduction
in the cholesterol synthesis. [*C] glucose tracer enrichment stud-
ies showed that loss of CH25H in macrophages resulted in basally
higher production of cholesterol as compared to control macro-
phages but did not alter total cholesterol content (Fig. 5g). IFN-p
stimulation was able to reduce cholesterol synthesis in both control
and CH25H-deficient macrophages, but the reduction was attenu-
ated in the absence of CH25H, resulting in a synthetic profile that
more closely resembled that observed in unstimulated control mac-
rophages (Fig. 5g). Treatment of CH25H-deficient macrophages
with simvastatin was sufficient to reduce ALO-D4 binding, sup-
porting the concept that the ability of 25HC to regulate cholesterol
synthetic flux is an important mechanism by which IFNs mediate
protection from CDCs (Fig. 5h,i).

Cholesterol esterification contributes to CDC resistance of mac-
rophages. We observed that IFNs induce a number of genes involved
in cholesterol esterification and efflux (Fig. 6a), prompting us to ask
whether these processes were also necessary for IFN-mediated pro-
tection from CDCs. As expected, IFN treatment of macrophages
increased cholesterol ester formation** (Fig. 6b). Unexpectedly, we
found that cholesterol in culture medium was not required for accu-
mulation of esterified cholesterol in response to IFNs (Extended
Data Fig. 6a), indicating that the source of cholesterol for esterifi-
cation can be derived from host cell membranes rather than from
the extracellular milieu. Pharmacologic inhibition of the cholesterol
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esterification enzymes acyl-CoA:cholesterol acyltransferase 1 and
2 (ACAT1 and ACAT?2) partially attenuated the protection from
PFO-mediated pore formation conveyed by IFN signaling (Fig. 6¢
and Extended Data Fig. 6b). 25HC has also been shown to mediate
cholesterol ester formation®>*; thus, we asked whether CH25H defi-
ciency influenced cholesterol ester production in response to IFN
signals. We found that quiescent CH25H-deficient macrophages
had modestly increased levels of cholesterol esters and were able
to increase this pool to the levels seen in control macrophages in
response to IFN stimulation (Extended Data Fig. 6¢). Consistent
with this, we observed that treatment of CH25H-deficient macro-
phages with an ACAT inhibitor further increased ALO-D4 bind-
ing and increased their susceptibility to CDC-mediated membrane
damage (Fig. 6d and Extended Data Fig. 6d). These data indicate
that synthesis of cholesterol esters in macrophages is required, in
part, for resistance to CDCs.

To test whether cholesterol efflux was required for IFN-mediated
protection from CDCs, we activated macrophages deficient in
the key cholesterol efflux transporters ATP-binding cassette
sub-family A member 1 (ABCA1) or ATP-binding cassette sub-
family G member 1 (ABCG1) with IFN'"2. We found that IFN
treatment (24h) reduced ALO-D4 binding in both ABCAI- and
ABCG1-deficient macrophages to a level similar to that of control
macrophages (Extended Data Fig. 6e). No difference in suscepti-
bility to CDC-mediated pore formation was observed between
quiescent control and ABCA1l-deficient macrophages (Fig. 6e).
Furthermore, IFN treatment conveyed resistance to PFO chal-
lenge for ABCAI-deficient macrophages, indicating that efflux
was unlikely to be an important component of the IFN-mediated
protection under these conditions. However, we did find that phar-
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macological enforcement of cholesterol efflux by treating with liver
X receptors (LXR) agonist GW3965 (ref. ¥’) for 24h decreased
ALO-D4 binding and provided robust protection against CDCs
in wild-type macrophages (Fig. 6f,g). We also observed that LXR
activation with GW3965 decreased ALO-D4 binding and conveyed
protection for CH25H-deficient macrophages when challenged
with PFO (Fig. 6f,g), indicating that 25HC mediates protection by
regulating synthesis of cholesterol rather than by blocking CDCs
at the membrane or inducing esterification. Taken together, these
data support a model where IFNs reduce cholesterol synthesis and
increase esterification of free cholesterol to reduce the cholesterol
pool size in the plasma membrane targeted by CDCs.

25HC mediates protection to CDC-induced tissue damage.
Finally, we asked whether reprogramming of cholesterol homeo-
stasis would influence CDC susceptibility in vivo. To this end,
SLO was injected into the skin of control and CH25H-deficient
mice. Injection sites were visually monitored for up to 48h for
the appearance of erythema and ulceration. The SLO challenge
resulted in modest erythema within 24h and small ulcers at 48h
(Fig. 7a and Extended Data Fig. 7a). In contrast, CH25H-deficient
mice developed severe erythema within 24 h, which progressed
to ulcerative lesions that had upwards of a six-fold larger area
than those of their wild-type counterparts (Fig. 7a and Extended
Data Fig. 7a). Histologic examination confirmed greater epider-
mal ulceration area, along with a greater depth of tissue necrosis
into the deep dermis and, in some cases, the adipose tissue, in
CH25H-deficient mice (Fig. 7b). We also asked whether inject-
ing 25HC into the dermis would protect mice from CDC-induced
tissue damage. For these studies, we used the ALO challenge,
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because we found that ALO reliably induces larger skin lesions
in control mice compared to SLO. We found that preinjec-
tion of 25HC into the dermis of mice for 6h markedly reduced
ALO-induced tissue damage (Fig. 7c and Extended Data Fig.
7b). Histologic examination revealed that, in general, 25HC pre-
treatment completely prevented tissue damage, or, in cases with
damage, 25HC pretreatment reduced both ulcer area and depth
(Fig. 7d). Thus, we conclude that generation of 25HC and the con-

sequent ability to reprogram cholesterol metabolism protect mice
from CDC-mediated tissue damage.

Discussion

Immune cells have presumably evolved strategies to evade the del-
eterious effects of virulence factors to efficiently combat patho-
gens and protect the host from damage. In this study, we delineate
a mechanism by which IFN signals alter the abundance of a small
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pool of cholesterol in the plasma membrane to protect macro- deleterious effects of Gram-positive infections observed in necro-
phages and neutrophils from pathogen-produced toxins. It is likely  tizing fasciitis or similar soft tissue infections. However, it will be
that IFN-mediated reprogramming of cholesterol homeostasis necessary to determine whether manipulating cholesterol homeo-
will extend into other cell types, such as endothelium, adipocytes  stasis in infected tissues interferes with other host defense pathways
and epithelium, given the extent of tissue damage observed in and clearance of microorganisms.

the skin of CH25H-deficient mice in response to CDC challenge. One unexpected finding of our studies is that the IFN-induced
Mechanistically, we find that inhibition of new cholesterol synthesis ~ changes in plasma membrane cholesterol are restricted to a very
through the actions of CH25H is required to induce this protection ~ small fraction of the total membrane cholesterol. The exact pool
mechanism. We also find that the IFN-mediated conversion of cho-  of cholesterol in the plasma membrane targeted by CDCs remains
lesterol into cholesterol esters is required for maximal protection. In  poorly characterized'*”, and our data suggest that a minor fraction
combination, IFN regulation of these distinct but interrelated cho-  of cholesterol in the plasma membrane is required for CDC bind-
lesterol metabolic pathways ensures that the cholesterol pool tar- ing and pore formation. The majority of cholesterol is not evenly
geted by CDCs remains small, and consequently macrophages and  distributed across the plasma membrane>*, but rather is tightly
neutrophils retain their function. These data also imply that phar-  associated with sphingomyelins or other phospholipids in micro-
macologic manipulation of the cholesterol homeostatic machin- ~ domains™*. Recent studies provide evidence for distinct pools of
ery in the skin might decrease tissue damage associated with the  cholesterol within the plasma membrane. These studies describe a
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small pool of cholesterol, termed ‘accessible’ cholesterol, that is in
rapid equilibrium with the endoplasmic reticulum cholesterol pool
and, consequently, the cholesterol biosynthetic machinery*. We
suspect that this is the cholesterol pool that is targeted by CDCs
and rapidly reduced upon IFN signaling. Our data indicate that this
IFN-dependent reduction of the accessible cholesterol pool occurs
through the combined actions of the ACAT enzymes and inhibi-
tion of cholesterol biosynthesis. We cannot rule out the possibility
that IFN signals also move cholesterol laterally or vertically from
the accessible pool into other domains in the plasma membrane. It
will be of considerable interest to determine the spatial distribution
of the accessible cholesterol pool within the plasma membrane and
how this specific cholesterol pool relates to canonical domains in
the plasma membrane as described previously.

We also believe that other cholesterol metabolic pathways will
be involved in this protective mechanism. We found that IFNs
induce changes in ALO-D4 binding within 2h; thus, it seems
likely that direct signaling events downstream of the IFN recep-
tors initiate this process, and it will be of interest to define the
cholesterol transport machinery involved in the rapid removal
of this small cholesterol pool from the plasma membrane. The
observation that both type I and type II IFNs regulate a broad
cassette of genes involved in cellular cholesterol homeostasis (for
example, efflux, esterification, synthesis and intracellular traf-
ficking) leads us to surmise that considerable pressure exists to
sequester or limit accessible or free cholesterol from pathogens,
and it will be of interest to determine the pathophysiologic con-
text where this reshaping of membrane cholesterol homeostasis
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contributes to host defense. These observations also imply that
other mechanisms that can influence the pool size of accessible
cholesterol, such as metabolic dysfunction, could influence the
susceptibility of cells to these pore-forming toxins. Consistent
with this notion, it has been shown that diabetes and obesity are
independent risk factors for necrotizing fasciitis>*', and we posit
that restoring cellular cholesterol homeostasis with drugs that
target cholesterol metabolic machinery might serve to decrease
the severity of disease in these patients. In support of this idea,
we find that enforced cholesterol efflux through the activation
of LXR can induce protection independently of IFN signaling.
Likewise, injecting 25HC into the skin protected the dermis from
ALO-induced damage, providing initial proof of concept that
metabolic manipulation could be an adjunctive approach to con-
ventional antimicrobials.

In conclusion, these studies provide evidence that rapid remod-
eling of the lipid content of membranes is used as a host defense
strategy by macrophages and neutrophils. Given the breadth of
microbial and viral proteins that target host lipids, we propose that
signal-specific reprogramming of the lipidome of cells will be a
fundamentally important strategy for host cells to evade different
pathogens.
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Methods

Mouse strains. Wild-type and gene-targeted mice were purchased from The
Jackson Laboratory: WT C57BL/6] (JAX 000664), B6.129S6-Ch25h™ /]
(Ch25h~"-, JAX 016263) and B6(Cg)-Ifnarl®™ /] (Ifnarl-'-, JAX 028288).
SCAP-deficient macrophages were generated from a Lzy2-Cre X Scap™ cross

as previously described'”. ABCA1- and ABCG1-deficient macrophages were
generated from Lzy2-Cre X Abcal™" or Lyz2-Cre X Abcg1"" animals as previously
described”**'. All mice used for BMDMs were males aged 8-16 weeks. For

in vivo CDC injections, mice were female and aged 8-12 weeks. All mice were
maintained in pathogen-free facilities of the University of California, Los Angeles.
All experiments on mice and tissues collected from mice were performed in strict
accordance with the University of California policy on the humane and ethical
treatment of animals.

PBMC-derived macrophages. Human monocyte-derived monocytes were isolated
from leukopacks using standard Ficoll isolation procedures and plastic adherence.
Isolation of monocytes was conducted by the UCLA Center for AIDS Research
Virology Core laboratory. Monocytes were differentiated into macrophages with

50 ng ml~' human GM-CSF (Peprotech, 300-03) in IMDM medium (HyClone) with
10% FBS and 1% (vol/vol) penicillin-streptomycin for 7 d before experimental use.

Mouse cells. Bone marrow cells were differentiated into macrophages in DMEM
containing 10% (vol/vol) FBS (HyClone, GE SH3007103), 5% (vol/vol) M-CSF
conditioned medium, 1% (vol/vol) penicillin-streptomycin, 1% (vol/vol) glutamine
(Invitrogen) and 0.5% (vol/vol) sodium pyruvate (Invitrogen) for 7-9 d before
experimental use. Cells were changed to medium with 5% FBS at the time of
stimulation. Mouse neutrophils were isolated from the bone marrow using the
EasySep Mouse Neutrophil Enrichment Kit following the manufacturer’s protocol
(StemCell, 19762).

Reagents. PRR ligands used were LPS (Invivogen, tlrl-smlps), poly(I:C) (Invivogen,
tlrl-pic (HMW)), Pam3CSK4 (Invivogen, tlrl-pms), CL307 (Invivogen, tlrl-c307),
ODNI1668 (Invivogen, tlrl-1668), 2',3’-cGAMP (Invivogen, tlrl-nacga23),
c-di-GMP (Invivogen, tlrl-cdg), 5'-ppp-dsRNA (Invivogen, tlrl-3prn), iE-DAP
(Invivogen, tlrl-dap) and N-glycolyl-MDP (Invivogen, tlrl-gmdp). Cytokines

used were recombinant murine IFN-y (Peprotech, 315-05), recombinant mouse
IFN-p1 (carrier-free; BioLegend, 581302), recombinant human IFN-f (Peprotech,
300-02BC) and IFN-« was a kind gift from the laboratory of R. Modlin (UCLA).
HyClone IMDM medium (16750-088) and FBS (SH3007103) were purchased
from VWR. PFO was a kind gift from the laboratory of A.S. Divakaruni” (Agilent,
102504-100). SLO from Streptococcus pyogenes (gamma irradiated; S0149-25KU),
58-035 (59318), simvastatin ($6196-5MG) and LXR agonist GW3965 (G6295-
5MG) were purchased from Sigma-Aldrich.

Cholesterol ester analysis. Macrophages were cultured in six-well dishes
(Fisher, 08-772-1B) and stimulated with TLR ligands as described above. At 48h
after stimulation, cells were imaged for cell counting as previously described',
scraped and spun down in PBS and snap frozen as cell pellets. A modified Bligh
and Dyer extraction™ was carried out on samples. Before biphasic extraction, a
13-lipid class Lipidyzer Internal Standard Mix was added to each sample

(AB SCIEX, 5040156). Following two successive extractions, pooled organic
layers were dried down in a Genevac EZ-2 Elite. Lipid samples were resuspended
in 1:1 methanol/dichloromethane with 10 mM ammonium acetate and
transferred to robovials (Thermo Fisher, 10800107) for analysis. Samples were
analyzed on the Lipidyzer Platform for targeted quantitative measurement

of 1,100 lipid species across 13 classes. The Differential Mobility device on the
Lipidyzer was tuned with a SelexION tuning kit (SCIEX, 5040141). Instrument
settings, tuning settings and the MRM list are available upon request. Data analysis
was performed on Lipidyzer software. Quantitative values were normalized

to cell counts.

Isotope-enrichment experiments. BMDM:s differentiated for 8 d were transferred
to complete medium containing 50% ["*C] glucose (Cambridge Isotope
Laboratories, CLM-1396-MPT-PK) with or without TLR stimulation for 48 h
before collection. Analysis of labeled fatty acids and cholesterol was performed

as described previously'*****, The relative contributions of synthesis to the total
cholesterol pool over the 48-h labeling period were determined by fitting the
isotopolog distributions for cholesterol in a model similar to isotopomer spectral
analysis (ISA) as described previously'*****,

Gene expression analysis. RNA was extracted from all cells with TRIzol (Thermo
Fisher, 15596-018) using the manufacturer’s protocols. cDNA was synthesized
with a high-capacity cDNA reverse transcription kit (Applied Biosystems,
4368814) according to the manufacturer’s instructions (700 ng pl"* RNA per cDNA
synthesis reaction). QPCR was conducted on the Roche LightCycler 480 using
SYBR green master mix (Kapa Biosciences) or PowerUp SYBR green master mix
(Thermo Fisher, A25778) and 0.5 pmol I primers. Relative expression values
were normalized to a control gene (Rplp0) and expressed in terms of linear relative
mRNA values.

CDC permeabilization live-cell imaging. BMDM:s and neutrophils were seeded
at 5x 10 cells per well on 96-well plates (E&K Scientific, EK-25090, Greiner)

and BMDMs were left for 2 d before stimulation. Cells were pretreated with TLR
ligands for 2-24h depending on the experiment. For live-cell imaging, culture
media were replaced by 37 °C PBS with 0.05% BSA, 1ug ml' PI (VWR, 80057-368)
and 5 pg ml™! Hoechst 33342 (Thermo Fisher, H3570). Next, cells were challenged
by spiking recombinant PFO (final concentration of 1 nM), gamma-irradiated

SLO (final concentration of 22nM) or recombinant ALO (final concentration of
1.5nM), and plates were imaged every 10 min on a Molecular Devices ImageXpress
XL using a x20 objective (Nikon Plan Fluor; NA =0.3). SLO was activated with the
addition of 10mM dithiothreitol (DTT) at 22 °C for 10 min. Total (Hoechst 33342+)
and permeabilized (PI*) cell numbers were assessed using MetaXpress Software
with Powercore using the multi-wavelength cell scoring module.

Macrophage phagocytosis assay. BMDMs were seeded at 1.5X 10° cells per well
on 24-well plates and left for 1-3 d before stimulation. Cells were pretreated with
TLR ligands for 24 h. PFO was diluted in PBS to a final concentration of 2nM,

and cells were left to incubate for 15min at 37°C, after which cells were washed
with PBS twice and the medium was replaced with fresh BMDM medium with 5%
FBS. pHrodo red S. aureus Bioparticles Conjugate (0.4 mg ml™'; Thermo Fisher,
A10010) was added on top of the macrophages, and the plates were incubated for
1h at 37°C. To remove the non-phagocytosed apoptotic thymocytes or pHrodo red
bioparticle conjugate, cells were washed once with PBS and then subjected to flow
cytometry analysis.

Flow cytometry analysis. BMDMs were lifted off the plates by scraping with the
plunger of a 1-ml syringe and transferred to a 96-well round-bottom plate. After
pelleting, cells were first incubated with TruStain FcX (anti-mouse CD16/32)
antibody (BioLegend, 101319; 1:500) in FACS buffer (PBS with 2% FBS and 1 mM
EDTA) for 10 min on ice. Cells were then stained with antibodies for surface
marker CD11b (BioLegend, 101207; 1:400) for 20 min on ice. After one wash, cells
were resuspended in FACS buffer with 1 pg ml-' DAPI (Thermo Fisher, D1306) and
analyzed on a flow cytometer (Attune NxT). Data were analyzed by FlowJo V10.

Plasma membrane purification. BMDMs were seeded at 8 X 10° cells per plate on
10-cm tissue-culture-treated dishes. Cells were left for 2 d before stimulation. Cells
were then treated with IFNs for 24 h. Plasma membrane purification was carried
out by cell surface biotinylation followed by streptavidin affinity chromatography
as previously described***.

Filipin III staining. BMDMs were seeded at 1.5 10° cells per well on 24-well
plates. Cells were left for 1-3 d before stimulation. Cells were pretreated with
TLR ligands for 24 h. Filipin III was purchased from Sigma-Aldrich (F4767) and
resuspended in ethanol to 2 mg ml~'. BMDMs were washed once with PBS and
fixed with 3% paraformaldehyde for 15min at 22 °C. Cells were then washed
twice and stained with 100 pg ml™ filipin III for 30 min at 22°C in darkness.
After staining, cells were washed once with PBS and visualized using a Zeiss Axio
Observer Z1.

CTB staining. BMDM:s were seeded at 1.5 10° cells per well on 24-well plates

and left for 1-3 d before stimulation. Cells were pretreated with IFNs for 24 h.
BMDMs were lifted off the plates by scraping with the plunger of a 1-ml syringe
and transferred to a 96-well round-bottom plate. CTB was purchased from Thermo
Fisher Scientific (C34777). Cells were stained with 1 pg ml' CTB for 10 min on ice.
Cells were then resuspended in FACS buffer and analyzed with a flow cytometer
(Attune NxT). Data were analyzed by FlowJo V10.

Preparation of '*N- or *C-labeled His-tagged ALO-D4. A plasmid for ALO-D4
(ALO amino acids 404-512 with C472A and S404C substitutions) was originally
obtained from A. Radhakrishnan*** (University of Texas Southwestern Medical
Center, Dallas), and '*N-labeled ALO-D4 was prepared as described before™.
Briefly, ALO-D4 was expressed in BL21(DE3)pLysS Escherichia coli (Invitrogen)
induced with 1 mM isopropyl p-p-1-thiogalactopyranoside (IPTG) in 1liter

of minimal medium containing 20.2mM NH,Cl and 2 g of glucose at 18 °C for
16h. [*N]NH,Cl or ["*C]glucose was used for preparation of ['"N]ALO-D4- or
[*C]-ALO-D#4, respectively. Cells were pelleted and lysed by sonication, and the
lysate was centrifuged at 4 °C. The supernatant was mixed with 4ml of HisPur
Cobalt resin (50% bed volume; Thermo Fisher Scientific). The mixture was loaded
into a column and allowed to flow through by gravity. The column was washed,
and [“N]JALO-D4 was eluted with a buffer containing 300 mM imidazole. The
eluates were pooled and concentrated to 1 ml with an Amicon 10-kDa-cutoff
concentrator (Millipore). The purified ["NJALO-D4 was stored at 4°C.

Preparation of His-tagged OlyA and full-length ALO. Plasmids for OlyA
(with C62S, C94S and S151C substitution) and ALO were kind gifts from A.

Radhakrishnan™ (University of Texas Southwestern Medical Center, Dallas).

Preparation of fluorescent ALO-D4 and OlyA. Purified protein was conjugated
as described previously, with slight modifications'’. Briefly, cysteine-substituted
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ALO-D4 or OlyA was incubated with AlexaFluor-488 or AlexaFluor-594 (Life
Technologies) at 4 °C overnight in 50 mM Tris-HCI (pH 7.5) and 150 mM NaCl
(1x TBS) containing 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP).
Free dye was separated by extensive buffer exchange with 1x TBS in Amicon
10-kDa-cutoff concentrator (Millipore) and stored at 4°C.

Binding of ALO-D4 and OlyA to cells. Cells were seeded at 1.5X 10° cells per well
on poly(p-lysine)-coated coverslips (Neuvitro, Fisher Scientific, NC0672873) on

a 24-well plate. After stimulation, cells were incubated with ALO-D4 or OlyA as
described previously”. Briefly, macrophages were washed three times for 10 min in
PBS with Ca’* and Mg** containing 0.2% (wt/vol) BSA. Cells were then incubated
with ALO-D4 or OlyA (all 20 pg ml™') in PBS with Ca** and Mg?* containing 0.2%
(wt/vol) BSA for 2h at 4°C. The unbound proteins were removed by washing three
times with PBS with Ca** andMg?* for 2 min each.

Confocal microscopy analysis. After fluorescently labeled ALO-D4 or OlyA
binding, cells were fixed with 3% paraformaldehyde for 15min and stained with
5pg ml' DAPI, and cells were washed twice with PBS with Ca** and Mg?**. Images
were taken using an Axiovert 200 M microscope and processed with Zen 2010
software (Zeiss). High-resolution images were captured using a Zeiss LSM880.

Quantification of fluorescence intensity. For signal quantification, cells were
plated on 24-well plates (Cellvis, P24-0-N) and treated and stained as above,

and fixed cells in DPBS with Ca** and Mg?* were imaged within 24 h. Images

were taken at the UCLA Molecular Screening Shared Resource core facility on a
Molecular Devices ImageXpress confocal using a X20 objective (Nikon Plan Fluor;
NA =0.3) on a Molecular Devices ImageXpress XL imaging system. Maximum
projected cellular fluorescence intensity was assessed by MetaXpress software with
Powercore using the multi-wavelength cell scoring module. Integrated fluorescence
intensity profiles were exported and analyzed in R with the ggplot2 package or

in GraphPad Prism 8. Filipin III staining was quantified with FIJI by measuring
fluorescent signals on plasma membranes.

NanoSIMS sample preparation. As described previously™, after ALO-D4 or OlyA
binding, cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences)
and 2.5% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M phosphate buffer
(1.14g NaH,PO, and 1.69 g Na,HPO, in a 100-ml final volume of ddH,O, pH 7.4)
for 20 min at 4°C followed by 1h at 22°C. The samples were washed three times for
7min each in 0.1 M phosphate buffer, postfixed with 1% osmium tetroxide (Electron
Microscopy Sciences) in 0.1 M phosphate buffer for 45 min and washed three times
for 7min each in ice-cold ddH,O. After washing, cells were air-dried.

NanoSIMS analyses. As described before'**, platinum-coated (5-nm) cells were
analyzed with a NanoSIMS 501 instrument (CAMECA) with some modifications.
Briefly, samples were bombarded with a focused '**Cs* primary beam, and
secondary ions (for example, *C-, *C-, °O~, 2C"*N~ and *C"N~) and secondary
electrons were collected. Before imaging, a high '**Cs* primary beam (current

of 1nA; primary aperture D1=1) was used to presputter an area of 50 X 50 pm?*
for 255 to remove the platinum coating and implant 1¥Cs*. In the same region,
low-magnification images (~ 40 X 40 um?) were obtained with a ~2.5-pA beam
current (primary aperture D1=2), a dwell time of 2.5 ms per pixel and scans of
512512 pixels. High-magnification images (~10 x 10 pm?) were obtained with a
~0.8-pA beam current (primary aperture D1=3), a dwell time of ~10 ms per pixel
and scans of 512 X 512 pixels.

NanoSIMS quantification. To quantify *C/"?C and '*N/"N ratios in cells, we
identified particles by SEM and/or *C~, 2C"N-, *O~ or secondary electron
nanoSIMS images, and regions of interest in the middle of the particles were
defined with the OpenMIMS plugin in Image] (NIH). For each image, the mean
'SN/"N and "*C/"C ratios of the regions of interest were measured by Image] and
processed by Prism 7.0.

In vivo CDC injection. For SLO challenge studies, litter-matched control and
Ch25h~'"= C57BL/6] mice were shaved on the lower back and recovered overnight.
On the next day, mice were intradermally injected with either PBS or SLO (8kU
per mouse). SLO was activated with 10mM DTT at 22 °C. Photographs of the
skin lesions were taken 48 h later, and the lesion area (in cm?) was measured

using Image]J software, followed by an unequal t-test. For ALO challenge

studies, wild-type C57BL/6 mice were shaved on the lower back and preinjected
intradermally with 25HC (10 mg kg™') or ethanol vehicle control for 6 h, followed
by ALO injection (20 nM). Lesion sizes were quantified as above 48 h after ALO
injection. Photographs of the skin lesions were taken 48 h after the ALO challenge,
and the lesion area was measured using Image] software, followed by an unequal
t-test. Samples were collected for histologic analysis in the UCLA Translational and
Pathology Core Laboratory.
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Statistical analysis. Experiments were conducted as three biologically distinct
independent replicates unless otherwise stated. Statistical significance was
determined using GraphPad Prism software. For bar graphs, line graphs and
scatterplots, data are shown as the mean and the error bars depict the s.e.m. unless
otherwise indicated. For all CDC-permeabilization assays, an average of 800 cells
were imaged per well and used for calculations. Statistical analysis and assessment
of CDC-permeabilization curves began when the first images were taken after
CDCs were added to cultures until the end of the assay at 60 min. Statistical tests
used for each graph are specified in the figure legend.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All original data are available from the corresponding author upon request.
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Extended Data Fig. 1| Interferon signaling mediates resistance to cholesterol-dependent cytolysins. a, Percentage of Pl-positive BMDMs treated

with TLR1/2 agonist (Pam3CSK4; 50 ng/mL), TLR3 agonist (Poly(1:C); T pg/mL), TLR4 agonist (LPS; 50 ng/mL), TLR7 agonist (CL307; 100nM), TLR9
(ODN1668; 100 nM) agonist, or unstimulated (NT) for 24 h and then challenged with PFO for up to 60 min in the presence of PI. Cells were imaged

every 10 min to assess changes in Pl incorporation. b, Percentage of Pl-positive BMDMs treated with the various concentrations of TLR4 agonist for 24 h
and then challenged with PFO for up to 60 min in the presence of PI. Cells were imaged every 7 min to assess changes in Pl incorporation. ¢, Percentage

of Pl-positive BMDMs treated with IFN-pB or IFN-y (20 ng/mL) for 24 h and then challenged with PFO for 60 min in the presence of PI. d, Percentage of
Pl-positive BMDMs treated with NOD2 agonist (N-Glycolyl-MDP; 20 pg/ml), STING agonist (2',3'cGAMP and c-di-GMP; both 2 pg/mL) for 24 h and then
challenged with PFO for 60 min in the presence of Pl. e, Percentage of Pl-positive BMDMs treated with STING ligand for 24 h and then challenged with
Streptolysin O (SLO) for 4 h in the presence of PI. f, Percentage of Pl-positive BMDMs treated with IFN-B or IFN-y (20 ng/mL) for 24 h and then challenged
with SLO for 4 h in the presence of Pl. g, Percentage of Pl-positive BMDMs treated with IFN-B or IFN-y (20 ng/mL) for 24 h and then challenged with ALO
for 60 min in the presence of PI. h, Percentage of Pl-positive BMDMs treated with IFN-B (100 ng/mL) or TLR1/2 agonist, or IFN-B (100 ng/mL) together
with TLR1/2 agonist for 24 h and then challenged with PFO for 60 min in the presence of Pl. i, Percentage of Pl-positive BMDM s treated with IFN-f

(100 ng/mL) or TLR1/2 agonist, or IFN-B (100 ng/mL) together with TLR1/2 agonist for 24 h and then challenged with SLO for 4 h in the presence of PI.
Data are representatives of three independent experiments, and are shown as mean + s.e.m. (n = 3). Statistical significance was determined using an RM
one-way ANOVA with Dunnett's correction (a-g) or a two-way ANOVA with Dunnett's correction (h, i). ***P<0.001.
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eterogeneous nuclear ribonucleoproteins (hnRNPs) are a

family of multifunctional RNA-binding proteins with

critical roles in gene regulation. Cooperative activities of
hnRNPs have been shown to impact various aspects of RNA
metabolism!. Although much of the focus on hnRNPs has been
geared to their role in splicing and transcript processing, their
direct effects on mRNA biogenesis are far less understood with
limited compelling roles for transcriptional contributions of
hnRNPs. In addition, several lines of evidence link hnRNP
abnormalities to neurodegenerative diseases and cancer, but their
impact in metabolic control remains unexplored??>.

A number of genome-wide association studies have linked
variants at the hnRNP RALY (also known as heterogeneous
nuclear ribonucleoprotein C-like 2) with cardiometabolic traits,
including total cholesterol and coronary artery disease, yet little is
known about the function and mechanisms of actions of RALY*-°.
Our previous studies have shown that RALY interacts with LeXis,
a noncoding RNA mediating crosstalk between the cholesterol
biosynthesis and efflux pathways’. LeXis is a direct transcriptional
target of LXR, a sterol-sensing nuclear receptor that triggers an
“emergency response” to a lipid overload state. Activation of LXR
induces the expression of genes involved in cholesterol efflux
(ABCAI and ABCGI), limiting lipid uptake (IDOL), and pro-
moting triglyceride-rich lipoprotein formation (SREBPIC and
SCDI)®. On the other hand, the sterol regulatory element-binding
proteins (SREBPs) are master regulators of sterol metabolism,
directly activating the expression of genes involved in cholesterol
and fatty acid biosynthesis®. Although all SREBP isoforms can
influence a large repertoire of genes at extreme perturbations, it is
well established that SREBPlc preferentially activates genes
involved in fatty acid biosynthesis, whereas SREBP2 influences
cholesterol biosynthetic machinery!?. Consistent with unique
epistatic relationship between various SREBPs, loss of SREBP2 in
mouse liver reduces SREBP1c and triglyceride levels in addition to
impacting cholesterol stores!!. Despite their unique activation
signature both isoforms appear to bind similar DNA response
elements and to partner with common transcriptional coactiva-
tors, including Nuclear Transcription Factor Y (NFY) and SP1
(ref. 12,13)_

In this work, we outline a role for hnRNPs in regulatory cir-
cuits controlling sterol homeostasis. Liver-specific deletion of the
hnRNP Raly lowers serum cholesterol and hepatic lipid content.
By mapping RALY-binding sites and utilizing unbiased chro-
matin interrogation techniques, we show preferential binding
patterns of RALY at gene promoter regions and decipher its
cooperative interactions. Intriguingly, we find that RALY binds at
the Srebp2 but not Srebpl promoter region, and show that it
interacts directly with NFY to influence transcription of choles-
terogenic genes. Our work offers insights into mechanisms
orchestrating selective promoter activation and a model by which
hnRNPs can impact metabolic disease states.

Results

Ablation of Raly impacts cholesterol biosynthetic genes. To
gain insights into the contribution of hnRNPs in metabolic
disease, we generated mice with LoxP sites flanking exons 3 and
4 of Raly (Fig. 1a, Supplementary Fig. 1). Administration of a
Cre or control adenovirus to Ralyflo¥/flox primary murine
hepatocytes resulted in the ablation of RALY transcript and
protein levels (Supplementary Fig. 2a, b). Since RALY is one of
the few hnRNPs linked to human lipid traits, and since our
previous studies have shown that disruption of the LeXis-RALY
axis perturbs cholesterogenic gene expression, we sought to
determine the effect of genetic deletion of Raly on Srebp2
(official gene symbol Srebf2) gene expression. Deletion of Raly

from primary murine hepatocytes led to a significant reduction
of Srebp2 and its target genes involved in cholesterol bio-
synthesis, including Hmgcr (Supplementary Fig. 2c). Surpris-
ingly, the deletion of Raly from mouse hepatocytes also led to a
significant reduction in Srebplc, the isoform responsible for
triglyceride biosynthesis (Supplementary Fig. 2c). We confirmed
reduced protein levels of a nuclear SREBP2 and a number of
targets, including 3-Hydroxy-3-Methylglutaryl-CoA Synthase
(HMGCS) and Farnesyl Diphosphate Synthase (FDPS) (Sup-
plementary Fig. 2d, e). To explore the contributions of Raly in
liver metabolism, we generated liver-specific Raly knockout
mice (referred to as L-RalyKO while Ralyflo¥/flox Cre-negative
littermates are controls). Quantitative PCR (qPCR) analysis and
western blotting confirmed significant and robust decrease in
RALY in liver following Cre recombination (Fig. 1b, c). Previous
studies have shown that at least a subset of hnRNP complexes
influence gene expression in a non-discriminate fashion!4. To
better define the range of RALY activities in liver, we performed
unbiased transcriptional profiling of livers from L-RalyKO and
control mice on chow diet (Fig. 1d). Analysis of differentially
regulated genes showed a significant and strong enrichment of
lipid metabolic and related pathways (Fig. le), as well as sub-
stantial overlap with pathways known to be modulated by
SREBP2 (Fig. le)!%. qPCR showed a significant reduction in
expression of Srebp2 and its target genes in L-RalyKO mice
(Fig. 1f). There was also a trend to reduced Srebplc expression
although did not reach significance (fasting mice). Consistent
with gene expressing results loss of RALY was associated with a
reduction in serum cholesterol level (Fig. 1g). Lipid fractiona-
tion analysis revealed a reduction in low-density lipoprotein
(LDL) and high-density lipoprotein fractions the predominant
circulating pool in chow-few mice (Fig. 1h). Taken together,
these results suggest that hnRNPs can regulate the activity of
specific gene expression programs and that the effects of RALY
on cholesterogenesis are non-redundant.

Liver-specific deletion of Raly reduces hepatic sterol content.
We noted that loss of Raly from hepatocytes was associated with a
decrease in cellular cholesterol and triglyceride content (Fig. 2a,
b). To better define the contributions of RALY on hepatic lipid
composition, we performed unbiased shotgun lipidomics on
mouse liver comparing L-RalyKO and controls. We observed that
vast majority of lipid species were unchanged with the exception
of hepatic cholesterol and triglyceride content (Fig. 2, Supple-
mentary Fig. 3). Examination of cholesterol esters showed a
reduction in most species in L-RalyKO although only a subset
reached statistical significance (Fig. 2c, d). Similarly triglyceride
content was significantly reduced in L-RalyKO livers (Fig. 2e, f).
We observed no changes in the expression of genes involved in
lipolysis (Supplementary Fig. 4). Intriguingly, these results par-
tially phenocopy the chow-fed Srebp2 liver-specific knockout
mice, that exhibit mildly reduced liver cholesterol content as well
altered SREBP1c and triglycerides levels!'!. These results are also
consistent with unique epistatic relationship between various
SREBPs. Taken together, the lipidomics findings reinforce the
gene expression results and support the notion that RALY may be
affecting sterol metabolism through interaction with the Srebp2
pathway. To more thoroughly investigate the contributions of
RALY in chronic lipid abundance states, we fed L-RalyKO mice
and controls a diet known to induce sterol accumulation and
Non-Alcoholic Steatohepatitis (NASH). After 9 weeks of feeding,
L-RalyKO showed significant reduction in Oil Red O staining
(Fig. 2g, h). These results demonstrate that in a preclinical disease
model the hepatic loss of RALY partially protects against lipid
overload.
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DNA binding of RALY enriches for metabolic regulators. Our
previous studies have shown that LeXis and RALY are almost
exclusively present in the cell nucleus in association with chro-
matin and that LeXis may be impacting cholesterogenic gene
expression through transcriptional mechanisms’. Thus, we
hypothesized that RALY may also be impacting Srebp2 levels
through nascent transcript production. To gain better insight as
to how RALY may regulate gene expression, we mapped genome-
wide RALY-binding sites. We performed chromatin immuno-
precipitation sequencing (ChIP-seq) to assess RALY DNA bind-
ing in murine hepatocytes and identified a total of 2950 RALY
peaks that were independent identified by the same peak calling
algorithm in at least two independent samples (Fig. 3a). Global
analysis of fragment distribution around the peak summit showed
overall agreement between samples and a broad peak contour
profile spanning ~500 bps, a feature often associated with cor-
egulators (Fig. 3b). Interestingly, RALY showed strong enrich-
ment for promoter binding but was also in enriched in other parts
of the genome, including intronic and intergenic regions (Fig. 3c,
d). Furthermore, unbiased peaking calling showed that RALY
bound the Srebp2 promoter region but not the Srebpl promoter
(Fig. 3d, Supplementary Fig. 5). These results reinforce the notion

NATURE COMMUNICATIO!

that RALY primarily affects Srebp2 and that perturbations in
hepatic triglycerides content are likely a downstream consequence
of reduced SREBP2 activity. In addition, motif discovery analysis
of RALY-bound peaks identified the transcription factor NFY as a
highly enriched motif (Fig. 3e). NFY is a promoter-binding
transcription factor (formed with trimeric complex of NFYA,
NFYB, and NFYC with all subunits required for proper function)
with an established role in mediating SREBP responses!®. Taken
together, these results hint that RALY may be influencing cho-
lesterogenesis by modulating collaborative interactions with
transcriptional coactivators at the Srebp2 promoter.

A number of studies have shown that noncoding RNA-protein
interactions can regulate gene activities by modulating a number
of histone modifications at target genes!’>!8. To explore the
possibility that RALY may influence gene expression by altering
epigenetic states, we performed Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq)!%, a method that allows
unbiased interrogation of chromatin architecture, on livers from
L-RalyKO and controls (Fig. 3f). Loss of RALY in mouse liver did
not globally alter chromatin accessibility (Fig. 3g) arguing against
the idea that RALY may be impacting gene expression by
impacting histone modifiers, such as polycomb repressive
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Fig. 2 Liver-specific deletion of RALY alters hepatic lipid content. a, b Cholesterol level a and triglycerides level b from primary hepatocytes relative to
baseline levels (normalized to cell number). ¢, d Lipidomics investigation of cholesterol ester (CE) species from liver from L-Raly knockout mice and
controls (n = 4 per group). e, f Lipidomics investigation of triglycerides species from liver from L-Raly knockout mice and controls (n = 4 per group). Each
line on heat map represents an individual triglyceride species of 411 different triglycerides detected (four mice per group). g Oil Red O (ORO) staining of
liver from NASH diet-fed mice (scale bar, 20 um). h Quantification of positive ORO staining area from done with automated image j detection. Values are
shown as means £ SD. *P<0.05 and **P < 0.01, using two-tailed Student's t-test.
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complex proteins or histone deacetylase?(. In addition to directly
interrogating changes in nucleosome rearrangements, ATAC-seq
allowed us to infer transcriptional activity by examining changes
in enhancer landscapes with targeted perturbations. Although
globally most ATAC peaks did not change between controls and
L-RalyKO samples, a number of peaks were differentially
regulated (Fig. 3h). Intriguingly, many of these peaks clustered

near genes involved in lipid metabolism (Fig. 3i, j, Supplementary
Fig. 6). Furthermore, motif analysis of these differentially altered
peaks showed specific enrichment for number of transcription
factors known to impact metabolic regulation, including NFY
(Fig. 3k). Taken together, the above results suggest that RALY
may be regulating cholesterol metabolism by impacting the
coactivator NFY at the Srebp2 gene.
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RALY is required for NFY-dependent activation of Srebp2. To
clarify whether RALY directly interacts with transcriptional
machinery at SREBP2, we performed co-immunoprecipitation
(Co-IP) studies in murine hepatocytes. Pulldown of RALY enri-
ches for NFY and vice versa confirming a robust interaction
between the two factors (Fig. 4a, b). To clarify whether RALY is
required for NFY binding at promoter regions, we performed
ChIP of NFY in L-RalyKO or control livers. We confirmed NFY
enrichment at its known target gene Rnf5 (Fig. 4c), as well as the
SREBP2 promoter region (Fig. 4d). Our results suggest that NFY
binding is minimally rearranged by the loss of RALY consistent
with the idea that RALY does not act as a guide to facilitate NFY
complex DNA binding, rather it works cooperatively with NFY at
select sites to influence its transcriptional activity. To determine if
RALY was sufficient to induce the expression of cholesterogenic
genes, we overexpressed RALY using an adenoviral vector in a
murine hepatocyte cell line (Supplementary Fig. 7). We found
that cholesterogenic gene expression was increased in response to
RALY expression (Fig. 4e). In addition, hepatic RALY over-
expression increased serum cholesterol in chow-fed mice (Fig. 4f).
To more thoroughly investigate the cooperative relationship
between RALY and cis/trans promoter factors, we performed
luciferase reporter assays with an Srebp2 promoter construct
(Fig. 4g). Adenoviral expression of RALY in hepatocytes
enhanced wild-type Srebp2 promoter-driven luciferase activity,
but failed to increase luciferase activity when either NFY or SRE
sites were mutated (Fig. 4d). These results reinforce the idea that
RALY is a coactivator that requires the binding of canonical
transcriptional factors at the Srebp2 promoter including SREBP
itself. To better clarify the epistatic relationship between NFY and
RALY, we performed a knockdown of NFY in RALY-deficient
cells. Our results show that reduction of NFY on a Raly-deficient
background no longer alters Srebp2 expression (Fig. 4h, Supple-
mentary Fig. 8). These results suggest that RALY is required for
NFY-dependent transcription of SREBP2 and is consistent with
notion, and RALY and NFY work cooperatively to influence gene
expression.

To better explore the relationship between hnRNPs and human
lipid traits, we analyzed expression data from the METISM
cohort?!. Interestingly, expression of RALY was positively asso-
ciated with a number of metabolic, traits including total and LDL
serum cholesterol levels though the strength of association was
modest (Fig. 4i). Importantly, other hnRNPs, including ones that
contribute to transcriptional control mechanisms (hnRNP K), were
not significantly associated with total cholesterol or LDL cholesterol
in this cohort (Supplementary Fig. 9). Although hnRNPs are known
to form complexes with one another, these observations are
consistent with the idea that individual hnRNPs may play
functional roles favoring specific pathways

Discussion

Previous work has identified important roles for hnRNPs in
neurodegenerative disease, most prominently amyotrophic lateral
sclerosis and frontotemporal lobar degeneration’2. Our work
expands the contributions of hnRNPs in health and disease by
showing that a conserved hnRNP can help direct the fundamental
metabolic regulatory circuits. In addition, our work offers insights
into the precise molecular mechanisms that link hnRNP
abnormalities with pathologic states. The functional versatility of
hnRNPs is thought to stem from their ability to “dance with
different partners” to impact diverse biologic process, such as
RNA splicing, polyadenylation, export, and translation. Thus,
there are potentially multiple ways by which hnRNPs abnorm-
alities can lead to disease states. Defects in hnRNPs leading to
stress granule changes and the accumulation of pathological

inclusions are thought to be important in neurodegenerative
states?223. Our work shows that hnRNPs proactively participate
in transcriptional control mechanisms regulating cholesterol
homeostasis and that loss of a single hnRNP (RALY) influences
hepatic lipid stores. It should be noted that our work does not
exclude the possibility that RALY may play other functional roles
or influence gene regulation though multiple mechanisms. In
addition, RALY may be impacting transcript splicing or other
redundant functions that may be masked in our knockout model
or perhaps more critical in other tissues or cell types. Intriguingly,
we find that RALY has multiple isoforms and it is unclear whe-
ther different isoforms perform different functions.

It is well established that the predominantly cholesterogenic
SREBP2 and lipogenic SREBPI transcription factors may be
differentially processed depending on the environment cues.
However, both isoforms are capable of binding diverse SREs and
collaborate with common coactivators despite possessing distinct
transcriptional effects once in the nucleus. In addition, it is
unclear how generic collaborative partners, such as NFY and SP1
are capable of turning on some but not all their target genes in
response to specific environmental cues. The characterization of
RALY offers some important clues into the selective promoter
activities of different SREBPs. The fact that RALY binds the
promoter of one isoform (Srebp2) and not the other hints that
spatial collaborative interactions may favor a specific gene acti-
vation signature. The finding that RALY interacts with the SREBP
coactivator NFY also raises a number of intriguing questions.
How do hnRNPs influence some genes but not others? and what
is the biochemical basis for their interactions? can RALY directly
collaborate with other transcriptional regulators besides NFY?
Future studies will provide more insights into these questions.

Methods

Study approval. All experiments were approved by the UCLA Institutional Ani-
mal Care and Research Advisory Committee and performed in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. Please see supplemental materials for
detailed methods.

Animals. All animals used in the study were in C57BL/6 background. Our study
used male mice unless otherwise specified. Mice were fed chow diet (Research Diet)
and housed temperature-controlled room under a 12-h light/12-h dark cycle and
pathogen-free conditions. Ralylo¥/flox mice were generated by Cyagen using the
strategy outlined in Fig. 1a. To the generated RALY liver-specific knockout mice
and littermate controls, we treated Rulyﬂ‘”‘/ flox with adeno-associated virus (AAV)
with TBG promoter (AAV8.TBG.Cre) or (AAV8.TBG.GFP; green fluorescent
protein) purchased from Penn Vector Core. AAV administered intraperitoneal
injection at dose of 5 x 10! GC per mice. Mice were euthanized 4 weeks after AAV
injection. Liver tissues were frozen in liquid nitrogen and stored at —80 °C or fixed
in 10% formalin. Blood was collected by retro-orbital bleeding, and the plasma was
separated by centrifugation. Plasma lipids were measured with the Wako L-Type
TG M kit, the Wako Cholesterol E kit. All animal experiments were approved by
the UCLA Institutional Animal Care and Research Advisory Committee.

Cells culture. Mouse primary hepatocytes were isolated as previously described
and cultured in William’s E medium with 5% bovine serum albumin (BSA)24.
Hepal-6 cells were originally obtained from ATCC and cultured in Dulbecco's
Modified Eagle Medium (DMEM) medium with 10% fetal bovine serum (FBS).
Adenovirus studies were performed as previously described”. RALY was cloned
from mouse cDNA using a gateway cloning system and into the pAd/CMV/V5-
DEST Gateway vector by LR recombination according to the manufactures
guidelines. NFY knockdown was done in primary hepatocytes using short inter-
fering RNA against nfya (Dharmacon™ catalog number LQ-065522-00-0005).
Transfection was proceed using DharmaFECT™ 4 transfection reagent (Dhar-
macon™) according to the manufacturers recommendation. Cells were collected
for RNA isolation or protein extraction 48 h after transfection.

Gene expression lysis and i Total RNA was isolated
using TRIzol reagent (Invitrogen) and reverse transcribed using a homemade RT, as
we previously described?’. cDNA was quantified by real-time PCR using SYBR Green
Master Mix (Diagenode) on BioRad Real-time PCR instrument. Gene expression
levels were determined by using a standard curve. Each gene was normalized to the
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housekeeping gene 36B4. For immunoblot analysis, whole cell lysate or tissue lysate
was extracted using RIPA lysis buffer (Boston Bioproducts) supplemented with
complete protease inhibitor cocktail (Roche). For SREBP2 proteins immunoblot
analysis, nuclei from primary hepatocytes were prepared using Subcellular Protein
Fractionation Kit for Cultured Cells (78840, Thermo Scientific). Proteins were diluted
in Nupage loading dye (Invitrogen), heated at 95 °C for 5 min, and run on 4-12%
NuPAGE Bis-Tris Gel (Invitrogen). Proteins were transferred to hybond ECL
membrane (GE Healthcare) blocked with 5% milk (or 5% BSA for anti-SREBP2) to
quench nonspecific protein binding and blotted with the indicated primary antibody.
For complete listing of antibodies and primers please see Supplementary Table 1.
Uncropped blots are provided in Supplementary Fig. 10.

Dual luciferase assay. DNA transfection of Hepal-6 cells was performed with
LipofectamineTM 3000 (Invitrogen) according to user’s manuscript on 24-well
plates with a cell density of 1.5 x 10° cells/well. The cells were transfected with
200 ng of the Srebp2 promoter firefly reporter plasmid, 50 ng of Renilla reporter
plasmid (Promega), and 200 ng of nSREBP2 expression vector. At 12 h after
transfection, the cells were cultured in DMEM supplemented with 1% (v/v) FBS
and adenovirus was administered. After 24 h, assays for both luciferase and Renilla
activities were performed. The reporter activities were expressed as the relative
firefly luciferase activity/Renilla luciferase activity.

RNA-seq. Libraries for RNA-Seq were prepared with KAPA Stranded RNA-Seq
Kit on RNA isolated from livers of chow diet feeding mice with AAV-GFP or
AAV-Cre transduction. The data were sequenced on Illumina HiSeq 3000 for a
pair-end 150 bp read run. Data quality check were done on Illumina SAV.
Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17 program. RNA-seq
reads were aligned with TopHatv2.0.2 to the mouse genome, version mm9 25.
Transcripts were assessed and quantities were determined by Cufflinks v2.0.2,
using a GTF file based on Ensembl mouse NCBI37. Comparison expression levels
were made using Fragments Per Kilobase of transcript per Million (FPKM) values
using Cuffdiff from the Cufflinks package 26.

NASH diet feeding and Oil Red O staining. Twelve-week-old male mice were fed
with diet composition of 60 kcal% fat with 0.1% methionine and no added choline
(A06071302, Research Diets) for 9 weeks. Oil Red O histochemistry staining were
performed using frozen sections from mouse liver. Briefly, frozen sections were
fixed in 10% neutral formalin for 10 min, followed by treatment in 60% iso-
propanol for 5s and then staining in Oil Red O working solution (O-0625, Sigma
Aldrich) for 15 min. This procedure was followed by washing with 60% iso-
propanol for 5s and then water 1 min. Finally, sections were contained with
Mayer’s Hematoxylin for 3 min.

Lipidomics. A total of 50-100 mg of frozen liver are homogenized in the Omni
Bead Ruptor Elite with 2 mL homogenizer tube system (Omni, 19-628D). Samples
are homogenized in cold phosphate-buffered saline (PBS) for 3 cycles of 10's each
at 5m/s with a 10's dwell time between cycles. A total of 3-6 mg of homogenized
material are applied to a modified Bligh and Dyer extraction®. Prior to biphasic
extraction, a 13 lipid class Lipidyzer Internal Standard Mix is added to each sample
(AB Sciex, 5040156). Following two successive extractions, pooled organic layers
are dried down in a Genevac EZ-2 Elite. Lipid samples are resuspended in 1:1
methanol/dichloromethane with 10 mM ammonium acetate and transferred to
robovials (Thermo 10800107) for analysis.

Samples are analyzed on the Sciex Lipidyzer Platform for targeted quantitative
measurement of 1100 lipid species across 13 lipid sub-classes. Differential Mobility
Device on Lipidyzer is tuned with SelexION tuning kit (Sciex 5040141). Instrument
settings, tuning settings, and MRM list available upon request. Data analysis
performed on Lipidyzer software. Quantitative values are normalized to milligrams
of material used.

Ch in i ipil ChIP experiments were performed as we pre-
viously described with exception of a few changes?®. For RALY ChIP, 20 million cells
were used for each sample and four replicates were performed for each group.
Sonication was performed using a M220 Focused-ultrasonicator (Covaris) according
to the manufacturer’s protocol (10 min for cells), and chromatin was immunopreci-
pitated with 4 ug antibodies against RALY (Ab170105, Abcam) overnight at 4 °C.
ChIP-Seq libraries were prepared using the Kapa LTP Library Preparation Kit (Kapa
Biosystems). ChIP-Seq was performed as described?’. Bowtie2 was used for alignment
and we identified Raly enriched peaks in using by Homer findPeaks?® with FDR <
0.01. The called peaks were subsequently used for identifying the motifs enrichment
by PscanChIP?. For NFY ChIP, chromatin samples from mice livers were prepared
using truChIP Chromatin Shearing Tissue Kit (Covaris) according to manufacturer’s
recommendation. Sonication was performed using a M220 Focused-ultrasonicator
(Covaris) according to the manufacturer’s protocol for 12 min, and chromatin was
immunoprecipitated with 6 ug antibodies against NFYA subunit (sc-17753x, Santa
Cruz Biotechnology) overnight at 4 °C. The ChIP samples were analyzed by real-time
PCR using primers listed in Supplementary Table 1. All values obtained were nor-
malized to the primers of negative control region.

ATAC-seq. ATAC-seq was optimized in liver after several modifications from
original Buenstero protocol!®. A total of 100 mg of frozen liver were grinded to fine
powder using cellcrusher and 1 mL of ice cold nuclei isolation buffer was added
(20 mM Tris-HCI, 50 mM EDTA, 5mM spermidine, 0.15 mM spermine, 0.1%
mercaptoethanol, 40% glycerol, pH 7.5, mM EGTA, and 60 mM KCl). After 5min
of cooling on ice, cell suspension was filtered through Miracloth (Calbiochem)
followed by centrifugation at 1100 x g for 10 min at 4 °C. Pellet was resuspended
with 50 uL RSB buffer (10 mM Tris-HCI, 10 mM NaCl, 3 mM MgCI2, and pH 7.4)
followed by centrifugation at 500 x g for 5 min at 4 °C and resuspension in PBS. A
total of 75,000 nuclei pellet were used for transposase reaction. The rest of the
protocol followed that described by Buenstero. ATAC-Seq libraries were prepared
using the Nextera Tn5 Transposase and DNA library preparation kit (Illumina) as
described!®. Libraries were single-end sequenced (50 bp) on an Illumina HiSeq
2000. Reads were mapped to the mouse genome (NCBI37/mm9) using Bowtie2
and were removed from the subsequent analysis if they were duplicated, mapped to
mitochondrial genome, or aligned to unmapped contiguous sequences. Peak calling
was performed using MACS2. The reads were converted to reads per thousand base
pairs peak per million mapped reads (RPKM) by dividing by the total number of
reads per sample. The average RPKM from four replicates was used to quantify the
accessibility across all called peaks.

Statistical analysis. A non-paired Student’s t-test was used to determine statistical
significance, defined at P < 0.05. For multiple group experiments analysis of var-
iance was used followed by multiple group analysis. Unless otherwise noted, error
bars represent standard deviations. Experiments were independently performed at
least twice. Sample size is based on statistical analysis of variance and prior
experience with similar in vivo studies.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data that support the findings of this study have been deposited in GEO with the
following accession number GSE133166. All other relevant data supporting the key
findings of this study are available within the article and its Supplementary Information
files or from the corresponding author upon reasonable request. The source data
underlying Figs. 1b, f-h, 2a-e, h, and 4c-h, and Supplementary Figs. 2a, ¢, 3 and 4 are
provided as a source data file. A reporting summary for this article is available as a
Supplementary Information file.
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Single cell analysis reveals immune cell-
adipocyte crosstalk regulating the
transcription of thermogenic adipocytes
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Abstract Immune cells are vital constituents of the adipose microenvironment that influence
both local and systemic lipid metabolism. Mice lacking IL10 have enhanced thermogenesis, but the
roles of specific cell types in the metabolic response to IL10 remain to be defined. We demonstrate
here that selective loss of IL10 receptor o. in adipocytes recapitulates the beneficial effects of
global IL10 deletion, and that local crosstalk between IL10-producing immune cells and adipocytes
is a determinant of thermogenesis and systemic energy balance. Single Nuclei Adipocyte RNA-
sequencing (SNAP-seq) of subcutaneous adipose tissue defined a metabolically-active mature
adipocyte subtype characterized by robust expression of genes involved in thermogenesis whose
transcriptome was selectively responsive to IL10Ra deletion. Furthermore, single-cell
transcriptomic analysis of adipose stromal populations identified lymphocytes as a key source of
IL10 production in response to thermogenic stimuli. These findings implicate adaptive immune cell-
adipocyte communication in the maintenance of adipose subtype identity and function.

DOI: https://doi.org/10.7554/eLife.49501.001

Introduction

Adipose tissue plays an important role in the maintenance of energy balance in mammals. A chronic
imbalance between energy intake and expenditure increases adiposity and leads to obesity and pre-
disposes to the development of metabolic disease (Rosen and Spiegelman, 2014; Wajchen-
berg, 2000). White adipose tissue (WAT) is essential for triglyceride (TG) storage, whereas
thermogenic brown adipose tissue (BAT) dissipates energy as heat through mitochondrial uncou-
pling mechanisms including uncoupling protein 1 (UCP1) (Cannon and Nedergaard, 2004;
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Chechi et al., 2013; Saely et al., 2012). A subpopulation of mature adipocytes in certain WAT
depots, known as beige adipocytes, also acquires thermogenic capacity in response to cold or hor-
monal stimuli. Increasing the activity of thermogenic adipocytes in animal models counteracts the
development of obesity and diabetes (Cohen et al., 2014; Harms and Seale, 2013; Song et al.,
2016; Villanueva et al., 2013). Therefore, a better understanding of the mechanisms controlling adi-
pose thermogenesis could inform the development of new therapies for metabolic diseases.

In times of metabolic need, white adipocytes mobilize stored lipids through hydrolysis of trigly-
cerides and release of free fatty acid (Zechner et al., 2009). Activation of B-adrenergic receptors (B-
ARs) by catecholamines released by the sympathetic nervous system (SNS) is a major physiological
inducer of lipolysis and adipose thermogenesis (Bartness et al., 2014; Harms and Seale, 2013;
Vitali et al., 2012; Wang et al., 2013). Cold sensation triggers B-AR activation in adipose tissue,
resulting in cAMP production and the activation of protein kinase A (PKA) and p38 kinase. These kin-
ases initiate phosphorylation cascades that impinge on C/EBP, ATF, and CREB transcription factors
that regulate the expression of gene involved in mitochondrial biogenesis (such as Ppargc1) and
thermogenesis (such as Ucp1) (Harms and Seale, 2013). Adrenergic stimuli induce lipolysis in adipo-
cytes through PKA-dependent phosphorylation of lipases including hormone-sensitive lipase (HSL)
and adipose triglyceride lipase (ATGL) (Duncan et al., 2007; Jaworski et al., 2007; Zechner et al.,
2009). Free fatty acid (FA) released from adipocytes can be used by peripheral tissues for mitochon-
drial respiration. The importance of B-AR-dependent lipid mobilization and thermogenesis is under-
scored by the observations that genetic deletion of B-ARs or adipocyte-specific loss of ATGL causes
a drastic reduction in energy expenditure that predisposes mice to obesity (Bachman et al., 2002;
Schreiber et al., 2017).

Clearance of catecholamine is critical in terminating B-adrenergic signals, and local catabolism of
catecholamine is an established mechanism for negative regulation of adrenergic signaling in adi-
pose tissue (Camell et al., 2017; Pirzgalska et al., 2017; Song et al., 2019). However, our prior
studies revealed an unexpected role for IL10 signaling in the inhibition of B-adrenergic signaling and
adipose thermogenesis (Rajbhandari et al., 2018). Mice globally-deficient in IL10 expression have
enhanced energy expenditure and are protected from diet-induced obesity. We showed that chro-
matin accessibility at thermogenic genes in subcutaneous adipose tissue was linked to IL10 signaling;
however, whether adipocytes themselves are the primary target for the metabolic effects of IL10 in
vivo remains to be established. Here, we show that adipocyte-specific deletion of IL10Ra increases
adipose adrenergic signaling, recapitulating the effects of whole-body IL10 deletion. Single nuclei
transcriptomics of mature subcutaneous adipocytes identified a thermogenic adipocyte subtype that
was enriched in IL10Ra-deficient mice. Additionally, single-cell RNA-sequencing (scRNA-Seq) of adi-
pose stromal populations revealed an increase in IL10-producing adaptive immune cells under
adrenergic stimulation. These results define an immune-adipocyte axis that plays an important role
in the modulation of the adipose adrenergic response.

Results

Loss of AdIL10Rq in adipocytes promotes thermogenesis and confers
obesity resistance

We previously reported that global IL10-deficient mice have increased energy expenditure and
browning of white adipose tissue (Rajbhandari et al., 2018). To definitively determine whether
mature adipocytes are the major cellular targets for these metabolic effects of IL10 we generated
adipocyte-specific IL10 receptor a-deficient mice (AdIL10Ro KO) by crossing 110ra™™ mice to Adi-
ponectin-Cre transgenics. Prior published studies have reported that Adiponectin-Cre transgenic
mice do not present an obvious metabolic phenotype and therefore we chose to use Cre-negative
floxed mice as the controls for our studies (Kong et al., 2014; Villanueva et al., 2013).

We confirmed loss of IL10Ro in adipocytes from AdIL10Ra KO mice by western blotting
(Figure 1A). There was no difference in body weight or food intake between 10 week-old chow-fed
AdIL10Ro. KO mice and floxed littermate controls (Figure 1—figure supplement 1A and B). How-
ever, metabolic cage analysis revealed increased oxygen consumption and energy expenditure in
AdIL10Ro. KO mice, without changes in locomotion and body mass (Figure 1B and Figure 1—figure
supplement 1C). To determine if this difference in energy expenditure was associated with
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Figure 1. Ablation of IL10Ra in adipocytes increases energy expenditure and protects mice from diet-induced obesity. (A) Immunoblot analysis of
IL10Ra. expression in SVF and adipocyte fractions of IWAT from chow-fed 10 week-old mice. (B) Oxygen consumption (VO,, ml/hr), energy expenditure
(EE, kCal/hr), and carbon dioxide production (VCO2, ml/hr) of chow-fed 10-week-old IL10RaF/F and AdIL10Ra. KO mice were analyzed in Columbus
Oxymax metabolic chambers (12 hr light/dark cycles, 72 hr total duration, each light/dark bar represents 12 hr duration). N = 9,7. Statistical analysis was

Figure 1 continued on next page
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Figure 1 continued

performed using ANCOVA. (C) External appearance of representative 9 week HFD-fed mice. (D) Body weight of mice fed chow diet for 10 weeks and
then 60% high-fat diet (HFD) for 9 weeks. N = 13, 7. (E) Fat and lean mass of mice in D fed HFD for 6 weeks. (F) Internal and gross appearance of iWAT
from representative IL10RoF/F and AdIL10RatKO mice. *, p<0.05.

DOI: https://doi.org/10.7554/eLife.49501.002

The following figure supplement is available for figure 1:

Figure supplement 1. AdIL10Ro. KO mice are protected against diet-induced obesity.

DOI: https://doi.org/10.7554/eLife.49501.003

protection against diet-induced obesity, we challenged AdIL10Ra KO with high-fat diet (60% calo-
ries from fat). After 8-9 weeks of HFD feeding, both male and female AdIL10Ro KO mice were pro-
tected against weight gain compared to floxed littermate controls (Figure 1C,D and Figure 1—
figure supplement 1D). MRI analysis of body composition showed that the difference in body
weight was entirely due to a change in fat mass (Figure 1E). Consistent with these findings, the
inguinal WAT (iWAT) of AdIL10Ra. KO mice was visibly redder than that of controls, suggesting
increased tissue ‘browning’ (Figure 1F).

To test the influence of the IL10-IL10R axis on adipose adrenergic responses, we exposed
AdIL10RaKO and floxed control mice to cold stress (4°C) for 24 hr. Analysis of iWAT gene expression
by real-time PCR showed increased expression of Ucp1, Elovl3, Ppargcl and other thermogenic
genes, but no change in general adipose markers such as Fabp4 and Pparg in AdIL10Ra KO mice
(Figure 2A). Similar results were observed in AdIL10Ra KO mice treated with $3-adrenergic agonist
(CL 316,243; CL, 1 mg/kg/day for 4 days; Figure 2B). To gain insight into the global adipose gene
expression changes in AdIL10Ro. KO mice, we performed RNA-seq on iWAT. We identified 214
genes that were enriched more than 1.5-fold in AdIL10Ra: KO mice compared to control mice (pre-
sented as a heatmap as a function of percentile expression in Figure 2C). The data revealed a selec-
tive increase in the thermogenic gene program in AdIL10Ro. KO mice compared to controls. The
gene expression differences between AdIL10Ro. KO mice and controls were highly consistent with
those observed in global IL10-deficient mice compared to WT controls (Rajbhandari et al., 2018),
strongly suggesting that the effects of IL10 on adipose tissue gene expression are mediated pre-
dominantly through direct action of IL10 on adipose IL10Ro. These data also supporting a specific
inhibitory effect of IL10Ra signaling on adrenergic-responsive pathways. We also noted that several
genes that were more highly expressed in control mice compared to AdIL10Ra KOs have been
linked to negative regulation of thermogenesis. For example, Cnotl1 and Brd2 have been reported
to negatively regulate the mRNA stability and transcription of UCP1, respectively (Figure 2C)
(Takahashi et al., 2015). In support of the calorimetric findings, we found increased mitochondrial
respiration in the iIWAT of AdIL10Ra. KO mice compared to controls by Seahorse assays (Figure 2D).

Identification of thermogenic adipocytes by SNAP-Seq

The data above show that IL10 acts directly on adipocyte AdIL10Ra to regulate the thermogenic
gene program in adipocytes. To further dissect the role of the IL10-IL10R axis in regulating the iden-
tity and physiology of mature adipocytes, we performed single-cell analyses. As there were no prior
reports of single primary adipocyte transcriptomics, we optimized a Single Nuclei Adipocyte RNA
sequencing approach (SNAP-seq) for assessing gene expression in mature adipocytes derived from
mouse IWAT (Figure 3A and see Materials and methods). The critical step in this procedure is the
isolation and purification of adipocyte nuclei which overcomes technical obstacles related to the han-
dling of lipid-laden adipocytes. The single nuclei suspension (n ~ 10,000) was subjected to snRNA-
Seq using the 10XGenomics platform, and libraries were sequenced with dedicated 400 million
reads per sample (Figure 3A).

We chose to analyze mice exposed to a 24 hr cold challenge in these initial studies in order to
increase our chance of identifying thermogenic adipocyte populations. We used the 10X genomics
data processing and analysis platform to generate cell clusters and identities (see Materials and
methods). To classify the adipocyte populations based on gene expression, we performed cluster
analysis as represented by t-distributed stochastic neighbor embedding (t-SNE) plots. Remarkably,
this analysis revealed that the adipocytes from iWAT of chow-fed C57BL/6 mice were highly
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Figure 2 continued

exposed IL10Ra and AdIL10Ro KO mice. Genes are grouped as upregulated (Red) or downregulated (Blue). (D) Average oxygen consumption rate
(OCR) in coupling (left) and electron flow (right) assays of mitochondria isolated from iWAT of mice in (A).
DOI: https://doi.org/10.7554/eLife.49501.004

heterogeneous. We were able to distinguish 14 distinct clusters (Figure 3B). The violin plots in
Figure 3C further revealed that each cluster also uniquely express marker genes that were preferen-
tially expressed in individual cluster. The tSNE-plot in Figure 3D further show localized expression of
genes in particular cluster. Among all the clusters, we noticed a high enrichment of genes involved
in fatty acid metabolism such as Adrb3 and Acsl1 in cluster 9. Furthermore, genes encoding B3-AR,
HSL, and ATGL were highly overrepresented in this cluster, as were a variety of beige/brown adipo-
cyte markers (Figure 3E). The gene expression profile of Type nine adipocytes was indicative of a
highly metabolically active population whose characteristics were potentially consistent with thermo-
genic 'beige’ adipocytes.

To address the possibility that contaminating stromalvascular cells might have given rise to one
or more of these clusters we performed a Fisher's exact test between pairwise sets of cell type
marker genes (determined by unadjusted and adjusted p-value<0.05) to find cell types that had sub-
stantial overlaps in their marker genes (denoting transcriptional similarity). Cell types from both
mature adipocyte nuclei and stromal vascular fraction (SVF) single cells were used in this analysis and
they were grouped using hierarchical clustering with tiles colored by -Log10 Bonferroni adjusted
p-values. Adjusted p-values were thresholded to aid in visualization with values less than 107> set to
107>. As shown in the diagonal correlation in Figure 3—figure supplement 1, we did not find high
degree of transcriptional similarity between SVF and adipocyte clusters (top). However, under strin-
gent p-value adjustment, the transcriptomic state of adipocyte clusters 12 and 14 correlated with
markers of adaptative immune cells (bottom). Thus, we cannot exclude the possibility that clusters
12 and 14 may be contaminated with immune cells.

Identification of a cold-responsive thermogenic ‘beige’ adipocyte
population by SNAP-seq
To further test the hypothesis that Type nine adipocytes were the thermogenic beige population,
we subjected mice to different thermogenic conditions, including cold stress (4°C) for 24 hr, 48 hr,
and 4 days, or treated them with CL for 4 days (1 mg/kg/day). We then performed SNAP-seq on adi-
pocytes derived from iWAT as described above. We performed unbiased aggregated clustering of
the processed data for all the conditions as a tSNE-plot (Figure 4A). The aggregated cluster
represents ~54,000 cell and allows us to confidently assign biological function to each cluster. Hence,
to infer the biological properties of the cells in each cluster, we performed cell-type pathway enrich-
ment analysis (Gene ontology (GO), KEGG, Reactome, and BIOCARTA) (Supplementary file 1) using
enriched genes in each cluster based on false discovery rate (FDR) set at <0.05. This analysis
revealed that different adipocyte subtypes express distinct genes with important roles in adipose tis-
sue development, insulin signaling, hypoxia signal, inflammation, lipid synthesis and transport, angio-
genesis, myogenesis, hormone responses, mitochondrial respiration, and fatty acid metabolic
process (shown in Supplementary file 1). Type one adipocytes appeared to represent classical adi-
pocytes and they expressed genes associated with adipose development, lipid responses, the insulin
pathway, and response to corticosteroids (e.g. Fto, VIdIr, Insr, Apod, KIf9, Sh3pxs2b); Type three
adipocytes were enriched for genes involved in blood vessel morphogenesis and angiogenesis; both
Type 3 and 14 adipocytes were enriched for genes involved glycolysis. Type 6 and 7 adipocytes
were enriched for genes involved in muscle metabolic process and myogenesis; Type 10 adipocytes
were enriched for genes involved in the immune response; Type 11 adipocytes were enriched for
cell cycle genes; Type 14 adipocytes were enriched for genes involved in mitochondrial ATP synthe-
sis and respiration. Some adipocyte clusters displayed more commonality in gene expression with
others and shared similar biological process, such as the abundant Type 1, 2, 3 and 7, 6 and 17 adi-
pocytes (Supplementary file 1).

The top five enriched pathways determined by FDR from each cell type cluster were selected
(from Supplementary file 1) and only unique pathways were kept (some top enriched pathways

Rajbhandari et al. eLife 2019;8:49501. DOI: https://doi.org/10.7554/eLife.49501 6 of 26
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Figure 3. SNAP-seq reveals heterogeneity of tissue adipocytes from iWAT. (A) Workflow showing DAPI-stained nuclei pre- and post-FACS/filtration that
underwent microfluidic partitioning and library preparation in the 10X genomics platform followed by sequencing using an lllumina HiSeq 4000. (B)
tSNE-plot showing 14 clusters from ~6000 adipocytes derived from iIWAT of mice exposed to cold for 24 hr. Each colored dot is an adipocyte assigned
to a cluster based on transcriptomic signature. (C) Normalized expression values of the top two adipocyte subtype-specific cluster genes from (B)

Figure 3 continued on next page
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plotted as violin plots with clusters as rows and genes as columns. (D) tSNE-plot showing cluster-specific expression of selected marker genes from (C).
(E) Normalized expression values of indicated genes in subtype-specific clusters plotted as violin plots with clusters as rows and genes as columns.

Black arrow is pointing toward metabolically active Type nine adipocyte cluster and enriched gene.
DOI: https://doi.org/10.7554/eLife.49501.005

The following figure supplement is available for figure 3:

Figure supplement 1. Multimodal analysis of SVF and adipocyte single-cell sequencing data.
DOI: https://doi.org/10.7554/eLife.49501.006

were shared across cell type clusters). Enriched pathways (rows) were clustered with hierarchical clus-
tering. The size of each dot represents the -log10 FDR of the pathway enrichment and the color of
each dot corresponds to the fold enrichment of each pathway (red- higher enrichment, gray- lower
enrichment). In Figure 4—figure supplement 1, we report the top five scoring pathways for each
cell type cluster across all pathway sources (Figure 4—figure supplement 1A) or from KEGG path-
ways (Figure 4—figure supplement 1B). Overall, the most striking cluster was the Type nine adipo-
cytes. Pathways enriched for triglyceride and neutral lipid catabolism, hormone-sensitive lipase
(HSL)-mediated triglyceride hydrolysis and PPARa signaling were particularly enriched in type nine
cluster.

Among all clusters (1-17), we noticed a very distinct sub-clustering of Type nine adipocytes, with
a gradient of adipocyte subtypes in this population from room-temperature (RT) housed mice (top-
RED), to mice exposed to cold for 4 days (Middle-Blue), to mice treated with CL (Bottom-Pink)
(Figure 4B). Consistent with the data in Figure 3, the genes encoding B3-AR, HSL, ACSL1 were
selectively enriched in the Type nine cluster (Figure 4C and Figure 4—figure supplement 2A,B).
The tSNE-plot in Figure 4D reveals localized expression of thermogenic genes in cluster 9. Cluster
nine adipocytes from CL- and cold-treated mice showed expression of markers of brown genes such
as Ucp1, Ppargcla, Cidea, Dio2, whereas Adrb3, Lipe, Vegfa, Pnpla2 were expressed by most of the
adipocytes in cluster 9 regardless of thermogenic stimuli (Figure 4D). Violin plots of thermogenic
genes further showed upregulation of genes such as Ucp1, Ppargcla, Ppargc1b, and Cidea in Type
nine adipocytes in mice treated with thermogenic stimuli, confirming these cells as a bona-fide ‘ther-
mogenic adipocyte’ cluster (Figure 4E). By contrast, genes involved in lipid mobilization such as
Adrb3 and Lipe were abundant in all Type 9 cells regardless of stimulus, underscoring the relevance
of these genes in thermogenic responsiveness and FFA metabolism. 1110, 1/10ra, and I[10rb expres-
sion showed a relatively even distribution among mature adipocyte populations (Figure 4—figure
supplement 2C).

We further confirmed the presence of Type nine adipocytes and validated co-expression of ther-
mogenic genes by using RNAscope fluorescence in situ hybridization (FISH) in iWAT of mice treated
with saline or CL (see Materials and method section). As shown in Figure 4F, CL treatment caused a
robust increase in the expression of Ucp1, Pppargclb, and Adrb3 compared to control. Moreover,
these transcripts showed a striking co-localization in only a set of adipocytes. We speculate that this
population corresponds to Type nine adipocytes.

Increased abundance of metabolically active type nine adipocytes in
AdIL10Ro KO mice

To probe if IL10 signaling influenced the percentage of thermogenic adipocytes, we exposed both
floxed-control and AdIL10Ra. KO mice to either cold stress (4°C) for 24 hr, 48 hr, or 4 days, or
treated them with CL (1 mg/kg/day) for 4 days, and performed SNAP-seq on iWAT of these mice.
Cluster nine from the aggregated data showed a progressive increase in the percentage of cells
upon exposure to cold for increasing lengths of time (3.4% to 5.7% to 12.1% from 24 hr to 48 hr to
4 days at 4°C, respectively) as shown both by tSNE- and dot-plots and treatment of mice with CL
even more dramatically increased the abundance of Type 9 cells to 23.5% (Figure 5A-top and bot-
tom). Dot-plotting further showed that among all clusters, type 1, 4, and nine showed the most
changes under the different conditions, and among them only type nine adipocytes showed an
adrenergic-dependent positive increase in cell fractions (Figure 5A-bottom). We next compared
data from control and AdIL10Ra. KO mice, and in agreement with the whole tissue RNA-seq data
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Figure 4. Transcriptomic visualization of thermogenic adipocytes in iIWAT. (A) Aggregated tSNE-plot showing 17 clusters from ~54,000 adipocytes
derived from iWAT of mice at RT, cold-exposed (24 hr, 48 hr, and 4 days), or treated with CL for 4 days at 1 mg/kg/day. Each colored dot is an
adipocyte that falls into a cluster based on transcriptomic signature. (B) tSNE-plot showing indicated treatment-dependent sub-clustering of
aggregated clusters shown in (A). Black arrow indicates the Type nine adipocyte cluster. (C) Normalized expression values of the top two adipocyte

Figure 4 continued on next page
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subtype-specific cluster genes from (A and B) plotted as violin plots with clusters as rows and genes as columns. (D) tSNE-plot showing distribution of
indicated genes from adipocytes from (A). (E) Normalized expression values of indicated genes in the Type nine adipocyte cluster under different
treatment condition plotted as violin plots with treatment conditions as rows and genes as columns. (F) RNAScope FISH (see Materials and methods) of
indicated probes from iWAT of mice treated with saline or CL for 4 days at 1 mg/kg/day.

DOI: https://doi.org/10.7554/eLife.49501.007

The following figure supplements are available for figure 4:

Figure supplement 1. Enrichment of cells involved in lipid mobilization in Cluster nine adipocytes.
DOI: https://doi.org/10.7554/eLife.49501.008
Figure supplement 2. Type nine cluster constitute of thermogenic adipocytes.

DOI: https://doi.org/10

/

554/elife.49501.009

presented above, adipocytes from AdIL10Ra KO mice showed a specific increase in the population
of thermogenic adipocytes (cluster 9) under both basal conditions (RT) and in response to thermo-
genic stimuli (cold exposure or CL treatment) (Figure 5B). The dot-plot in Figure 5C shows that the
overall pattern of adipocyte cluster enrichment was similar to that in Figure 5A-bottom, and only
type nine adipocytes showed a positive shift in cell fraction upon IL10R depletion, except for 48 hr
cold exposure where we observed unexpected 4% decrease in cell fraction.

Type nine adipocytes from AdIL10RoKO mice were more metabolically active and showed
increased expression of genes linked to mitochondrial activity, energy derivation from FFA, and posi-
tive regulation of cold-induced thermogenesis (Figure 5—figure supplement 1A). A Volcano plot of
the data revealed that genes involved in lipid mobilization and adipose thermogenesis (such as Lipe,
Nr1d1, Oplah, Nfkbia, Pck1, Cebpb, Vegfa, Angptl4) were increased, and genes correlated with
obesity and adiposity such as (Nrip1, Lpl, Zbtb20, Acss2) were decreased in iIWAT adipocytes from
AdIL10RaKO mice compared to controls (Figure 5D). However, not all adipogenic and thermogenic
genes were different between AdIL10Ro. KO and control adipocytes. For example, pan-adipocyte
genes such as Cd36, Fabp4, and Agp1 were similarly expressed between cells of both genotypes
(Figure 5—figure supplement 1B). Overall, our SNAP-seq data reveal previously unappreciated het-
erogeneity of mature adipocytes in subcutaneous adipose tissue and point to the existence of dis-
tinct cell populations with potentially specialized biological functions. These data further show that
IL10 signaling in fat tissue targets a distinct, highly metabolically active and thermogenic adipocyte
population.

scRNA-Seq of iWAT stromal vascular fraction reveals a role for IL10-
expressing adaptive immune cells in regulation of adipose
thermogenesis

Prior bone marrow transplantation experiments had shown that IL10 produced by one or more
hematopoietic cell types could rescue the thermogenic phenotype of global IL10-deficient mice
(Rajbhandari et al., 2018). Therefore, we examined changes in non-adipocyte cells types within
iWAT in the setting of thermogenic stimuli to evaluate their potential contribution to IL10/IL10R sig-
naling. We treated WT mice with saline or B3-adrenergic agonist (CL; 1 mg/kg/day) for 4 days, sepa-
rated iWAT stromal cells from adipocytes, and performed scRNA-Seq on ~10,000 isolated stromal
vascular cells (SVF) per mouse as described in Materials and methods. t-SNE plotting of the data
revealed 12 major cell clusters (Figure 6A). Further subclustering analysis based on known cell
marker genes identified four clusters of adipocyte precursor cells (APCs), four clusters of B cells,
three clusters of macrophages, and four clusters of T cells (Figure 6A).

To gain insight into the remodeling of stromal cells under adrenergic stress, we segregated the
cumulative tSNE-plot into CL and saline treatment. The tSNE and dot plots in Figure 6B and C
reveal a relative depletion of APCs and a major increase in B-cell populations in iWAT upon CL treat-
ment. Since adaptive immune cells (T- and B-cells) are major potential producers of IL10
(Saraiva and O’Garra, 2010), we further examined IL10 transcript levels in our data set. tSNE-plot-
ting showed that total IL10 transcripts increased ~3 fold upon CL treatment in B-cell clusters
(Figure 6D). To quantitatively determine IL10 transcript levels in saline and CL- treated conditions,
we plotted fold change of the ratio of CL and saline as a function of p value. Compared to saline
(represented by dotted line) I/10 was markedly upregulated in T- and B-cell populations (Figure 6E).
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Figure 5. Enrichment of the thermogenic adipocyte cluster in IL10Ra-depleted mice. (A) Top: tSNE-plot showing percentage of clusters from
aggregated (All) or from indicated treatments. Bottom: Colored dot plot showing percentage of fractions plotted in y-axis and cell types in x-axis under
indicated conditions. (B) tSNE-plot showing differences in percentage of clusters between adipocytes from iWAT from control and AdIL10Ra. KO mice
under RT, 24 hr, 48 hr or 4 days cold exposure, or CL treated conditions. (C) Colored dot plot showing percentage of fractions plotted in y-axis and cell

Figure 5 continued on next page
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types in x-axis under indicated conditions and genotype. N deonotes Adipog-Cre-Negative IL10RaF/F (IL10RaF/F) and P denotes Adipog-Cre-Positive
(AdILTORa. KO) mice. (D) Volcano plot showing adipocyte gene expression differences between indicated mice from cluster 9. The Log2Fold Change
(FC) ratio of floxed control vs. AdIL10Ro. KO was plotted as a function of log10 p-value, with select genes indicated with text. Black arrow indicates the

Type nine adipocyte cluster.

DOI: https://doi.org/10.7554/eLife.49501.010
The following figure supplement is available for figure 5:

Figure supplement 1. Thermogenic pathway is enriched in the Type 9 cluster of IL10Ra-deficient adipocytes.
DOI: https://doi.org/10.7554/elife.49501.011

To test the possibility that production of IL10 by iWAT-resident T and B cells might contribute to
the regulation of thermogenesis, we treated WT or functional T- and B-cell-deficient SCID mice
(Bosma et al., 1988) with CL or exposed them to 4°C for 24 hr. In agreement with our hypothesis,
the thermogenic gene program was enhanced in the iWAT of SCID mice compared to controls
(Figure 7A,B). Accordingly, SCID mice also had higher EE and oxygen consumption and decreased
RER, as measured by metabolic chamber studies. (Figure 7C and D). Collectively, these results sug-
gest that lymphocytes are an important source of the IL10 acting on adipocyte IL10 receptors during
thermogenesis.

Discussion
The influence of inflammation on obesity and adipose insulin resistance has been studied extensively;
however, the role of adipose-resident immune cells in regulating the balance between adiposity,
lipid mobilization, and thermogenesis is incompletely understood. We previously reported that
hematopoietic-secreted IL10 inhibits adrenergic signaling-mediated lipid mobilization and thermo-
genesis (Rajbhandari et al., 2018). Here we provide evidence from scRNA-seq analysis of both adi-
pose stromal-vascular cells and mature adipocytes indicating that adrenergic stimulation causes an
increase in the abundance of IL10-secreting adaptive immune cells, and that this cytokine acts
directly on the IL10Ro. complex in mature adipocytes to antagonize thermogenesis. Genetic ablation
of IL10Ra in adipocytes increases the browning of white adipose tissue and selectively enhances
thermogenic gene expression, defining mature adipocytes as the primary target of the metabolic
actions of IL10. Our SNAP-seq data further revealed that adipose tissue is composed of surprisingly
complex subpopulation of adipocytes, including distinct subtypes whose gene expression suggests
they are subspecialized for different processes, including lipogenesis and thermogenesis. Deletion
of IL10Ra selectively increases the subpopulation of metabolically active, thermogenic adipocytes.

The immune system plays an important role in maintaining adipose homeostasis. Prior studies
have shown that signaling from both innate and adaptive immune cells influences lipid handling, adi-
pocyte size and function, and whole body lipid homeostasis (Bapat et al., 2015; Schéffler and
Schélmerich, 2010; Sell et al., 2012; Wernstedt Asterholm et al., 2014). In a proinflammatory
state, as seen in adrenergic stress, cancer cachexia, and burn victims, adipose tissue undergoes
remodeling that activates lipid mobilization and thermogenesis which can lead to lipodystrophy
(Patsouris et al., 2015; Petruzzelli et al., 2014). One established mechanism to block uncontrolled
lipolysis is through catabolism of catecholamines. Sympathetic-associated macrophages, NRLP3
inflammasomes, and OCT3 have all been shown to enhance catecholamine clearance in adipose tis-
sue (Camell et al., 2017; Pirzgalska et al., 2017, Song et al., 2019). Immune cells also could coun-
teract adrenergic signaling by releasing factors that prevent excessive lipolysis and thermogenesis
and thereby direct adipocytes to reserve energy in the setting of starvation or infection. This idea is
supported by our scRNA-seq studies on iWAT SVFs of mice under adrenergic stress. Mice treated
with B3-adrenergic agonist have expanded adaptive immune cell populations and a 3-fold increase
the abundance of IL10 transcript in adipose SVF. Increased production of IL10 in the microenviron-
ment could antagonize adrenergic-mediated thermogenesis, potentially providing a mechanism
whereby immune cells help to maintain lipid homeostasis in the setting of energy demand.

A recent study has shown that deletion of Oct coactivator from B-cells (OcaB), which is essential
for B-lymphocyte maturation and development, promotes adipose browning and protects mice from
age-induced insulin resistance (Carter et al., 2018). We showed here that the absence of IL10-
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Figure 6. scRNA-Seq reveals an increase in adaptive immune cells under adrenergic stress. (A) Aggregated tSNE-plot of combined ~10,000 SVF cells
isolated from iIWAT of mice treated with CL or saline for 4 days. Colored dots are cells assigned to clusters based on similar transcriptomic signatures
and these clusters correspond to specific cell-types. (B) Segregated tSNE-plot from (A) showing percentage of cell-types between control (Saline) and
B3-agonist CL-treated mice. The tSNE-plot also shows differences in percentage of clusters between control and CL-treated mice. Black arrows indicate

Figure 6 continued on next page
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Figure 6 continued

major B-cell population. (C) Colored dot plot showing percentage of fractions plotted in y-axis and cell types in x-axis under indicated conditions. (D)
tSNE-plot showing cells expressing 1170 in control and CL-treated mice. Black arrows indicate major cell clusters with 1170 expression. (E) Dot plot
showing expression levels of 1110 in indicated cells comparing control and CL-treated mice. The Log2Fold Change (FC) ratio of saline vs. CL was plotted
as a function of log10 p-value and indicated as different sizes of dots. Fold-change and p-value was compared with saline condition represents as a
dotted line.

DOI: https://doi.org/10.7554/eLife.49501.012

secreting adaptive immune cells in mice also leads to enhanced adipose thermogenesis, a finding
consistent with the phenotypes of both IL10 KO and AdIL10Ro. KO mice.

To more deeply interrogate the effect of IL10 signaling on adipocyte identity and function, we
performed SNAP-seq of adipocytes from iWAT. Although prior studies have used FACS and immor-
talized clonal preadipocytes to assess different types of adipocytes in various adipose tissue depots
(Hagberg et al., 2018; Lee et al., 2019), to our knowledge, this is the first report of rigorous single
nuclei RNA-Seq of adipocytes in the setting of a thermogenic challenge. Our data revealed distinct
clusters reflecting subsets of mature adipocytes with differential gene expression. Our data show
that the mature tissue adipocyte population is much more heterogeneous than previously appreci-
ated. We categorized by 14 distinct subsets of mature adipocytes that appear to be specialized to
participate in at least partially distinct metabolic pathways. These findings suggest that different
functions of adipose tissue may be executed by different cell populations, rather than similar cell
populations performing diverse functions. Further studies will be needed to test this idea.

Interestingly, Type nine adipocytes were highly metabolically active and thermogenic, and we
speculate that this cluster corresponds to the so-called ‘beige’ adipocyte population. Violin plots of
the Type nine cluster showed selective expression of genes involved in lipid mobilization, such as
Adrb3, Acsl2, Lipe, Pnpla2, and brown/beige-associated genes such as Ucp1, Cidea, Dio2, and
Cistn3. The identity of this cluster was further confirmed by performing snRNA-seq on adipocytes
from mice at RT, exposed to cold for various times, or treated with CL. We saw a gradual increase in
the percentage of Type nine adipocytes with increasing thermogenic stimulus.

Interestingly, we also noticed distinct sub-clustering of Type nine adipocytes within the cluster.
Cells expressing genes involved in lipolysis had an even distribution, whereas cells with higher
expression of brown/beige genes were subclustered together after 4 days of cold or CL treatment.
This data suggests that Adrb3-expressing adipocytes have varying browning capacity. We also
noticed that the subclustering patterns of cold-exposed versus ClL-treated Type nine adipocytes
were also different. This likely reflects different transcriptional responses to cold exposure and phar-
macological adrenergic receptor activation. DEG analysis of AdIL10Ro. KO and control adipocytes
showed that ablation of IL10Ra. leads to differential enrichment of adipocyte populations. Type nine
adipocytes appear to be enriched in genes that are highly expressed in AdIL10Ra KO compared to
control iWAT. Furthermore, AdIL10Ro. KO adipocytes are more metabolically active and have height-
ened response to adrenergic stimulation compared to controls. These data suggest that deletion of
IL10Ro. from adipocytes leads to the selective enrichment of metabolically active adipocytes that
could ultimately lead to increased response to adrenergic signaling and enhanced thermogenesis.

In conclusion, these data provide insight into crosstalk between IL-10-secreting immune cells and
adipocytes within adipose tissue, as well as into the complexity of the transcriptional response to
adrenergic signaling in mature adipocytes. A better understanding of the pathways influencing the
development and phenotypic transformation of Type nine adipocytes could ultimately lead to strate-
gies to increase energy expenditure and protect against diet-induced obesity.
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Figure 7. Increased adipose thermogenesis and EE in lymphocyte-deficient mice. (A and B) Real-time PCR analysis of gene expression in iWAT from
chow-fed 10 week 24 hr cold-exposed (A) or CL (1 mg/kg/day for 4 days (B) mice. (C, D) Bar graphs (C) and scatter plot (D) (Light cycle) showing oxygen
consumption, energy expenditure, carbon dioxide production, and RER in CL-treated mice with body mass as covariate. N = 6,5. *, p<0.05, **, p<0.01.
DOI: https://doi.org/10.7554/eLife.49501.013
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Identifiers

Additional
information

Genetic reagent 110ra’> Jackson Laboratory Stock No. 028146 PMID: 22711892
sample (M. musculus) RRID:MGI:189797
Genetic reagent C57BL/6J Jackson Laboratory Stock No. 000664

sample
(M. musculus)

Genetic reagent
sample
(M. musculus)

C57BL/6J SCID

Jackson Laboratory

Stock No. 001913
RRID:MG:14443

PMID: 8339285

Genetic reagent
sample
(M. musculus)

Adipog-Cre

Jackson Laboratory

Stock No. 010803
RRID:MGI:168971

PMID: 21356515

Chemical B3-adrenergic Sigma C5976 1 mg/kg/day
compound receptor agonist
(CL 316, 243; CL)
Chemical Collagenase Il Worthington LS004176 3 mg/ml
compound Biochemical
Chemical Collagenase D Sigma 11088882001 9.8 mg/ml
compound
Commercial kit EvaGreen droplet BIO-RAD 1864005
generation oil
Commercial kit ChemGenes ChemGenes N/A
barcoded
microparticles
Commercial kit FlowJEM FlowJEM N/A
aquapel-treated
microfluidic device
Commercial kit Nextera DNA lllumina 2001874
Library Preparation kit
Commercial kit Minute nuclei and Invent Biotech AN-029
cytosol isolation
kit for Adipose
Commercial kit 40 um cell strainer Bel-Art FlowMI H13680-0040
Commercial kit Single Cell 3' Chip 10X Genomics 1000127
Commercial kit Chromium Single 10X Genomics 1000128
Cell 3' library and
Cell Bead kit
Commercial kit TruSeq Stranded lllumina RS-122-2102
Total RNA Library
Prep Kit
Commercial kit RNAscope Multiplex Advanced 323316
Flurorescent Cell Diagnostics
Reagent kit v2
Commercial kit Opal 520 Akoya Biosciences FP1487001KT 1:1000
Commercial kit Opal 570 Akoya Biosciences FP1488001KT 1:1000
Commercial kit Opal 620 Akoya Biosciences FP1495001KT 1:1000
Commercial kit mm-Adrb3 Advanced 495521
Cell Diagnostics
Commercial kit mm-UCP1 Advanced 455411
Cell Diagnostics
Commercial kit mm-Ppargclb Advanced 402131
Cell Diagnostics
Commercial kit TRIzol Thermo Fischer 15596026

Continued on next page
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Additional

Identifiers information

Commercial kit

iScript cDNA
synthesis kit

Bio-Rad

1708890

Commercial kit SYBER Green Diagenode DMSG-2X-A300
Master mix
Commercial kit RIPA Lysis buffer Boston BP-115
Bioproducts
Antibody IL10Rat R and D System AF-474-SP
Antibody o-Tubulin Calbiochem CP06
RRID:AB_2617116
Antibody Actin Sigma A2066
RRID:AB_476693
Software Drop-seq tools https://github.com
version 1.13 /broadinstitute/Drop-seq
Software dropSeqgPipe https://github.com/
darneson/dropSeq
PipeDropEST
Software Mouse Genome STAR-2.5.0c https://github.com/
Allignment mm10 alexdobin/STAR
Software Seurat R package http ithub.com/
version 3.0.0.9000 satijalab/seurat
Software Cell Ranger V3.0.2 10X Genomics
Other Prolong Diamond Thermo Fischer P36966
Antifade Mountant
with DAPI
Other HFD; 60% kcal fat Research Diets D12492
Animal studies
Breeding pairs of lIT0RaF/Fmice (#028146), Adiponectin CRE (#010803), C57BL/6 SCID (#001913)
and C57BL/6 WT controls (#000664) were acquired from Jackson Laboratory and maintained in a
pathogen-free barrier-protected environment (12:12 hr light/dark cycle, 22-24°C) at the UCLA ani-
mal facility. Experimental mice were sacrificed at ages mentioned in figure legends for gene expres-
sion analysis. For the time course cold exposure experiment, WT mice at 8-10 weeks of age were
singly housed at 4°C room in a non-bedded cage without food and water for first 6 hr; thereafter
food, water, and one cotton square were added. For the 24 hr harvest, 3 hr before harvest, food,
water, and cotton square were removed and then mice were harvested. For the 48 hr and 4 day cold
exposure, cages were changed daily with new cotton squares and 3 hr before the time of harvest,
the food, water, and cotton square were removed. For B-adrenergic stimulation experiments, mice
were intraperitoneally injected with p3-adrenergic agonist (CL 316,243; CL, at 1 mg/kg/day for 4
days) or saline. For the diet study, 10-week-old 110ra™F and AdIL10RaKO mice were fed a 60%
high-fat diet (Research Diets) for the indicated times. Mouse weights were measured every week
and food was replaced weekly. At the end of the experiment, iWATs were resected for gene expres-
sion analysis. Indirect calorimetry was performed using a Columbus Instruments Comprehensive Lab
Animal Monitoring System (CLAMS, Columbus Instruments). Animals were placed individually in
chambers for three consecutive days at ambient temperature (26.5°C) with 12 hr light/dark cycles.
Animals had free access to food and water. Respiratory measurements were made in 20 min intervals
after initial 7-9 hr acclimation period. Energy expenditure was calculated from VO2 and RER using
the Lusk equation, EE in Kcal/hr = (3.815 + 1.232 X RER) X VO2 in ml/min. CLAMS data were ana-
lyzed by CALR web-based software (Mina et al., 2018). Animal experiments were conducted in
accordance with the UCLA Institutional Animal Care and Research Advisory Committee.
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RNA-Seq

Total RNA was prepared as described (Tong et al., 2016). Strand-specific libraries were generated
from 500 ng total RNA using the TruSeq Stranded Total RNA Library Prep Kit (lllumina). cDNA librar-
ies were single-end sequenced (50 bp) on an lllumina HiSeq 2000 or 4000. Reads were aligned to
the mouse genome (NCBI37/mm9) with TopHat v1.3.3 and allowed one alignment with up to two
mismatches per read. mRNA RPKM values were calculated using Segmonk’s mRNA quantitation
pipeline. A gene was included in the analysis if it met all the following criteria: the maximum RPKM
reached four at any time point, the gene length was >200 bp, and for in-vitro studies was induced at
least 3-fold from Day O samples, and the expression was significantly different from the basal
(p<0.01) as determined by the DESeq2 package in R Bioconductor. P-values were adjusted using the
Benjamini-Hochberg procedure of multiple hypothesis testing (Benjamini and Hochberg, 1995).

scRNA-Seq of adipose stromal vascular fraction (SVF) population

Single cell isolation from SVF

Inguinal white adipose tissue ((WAT) from mice treated with saline or CL were dissected and placed
on sterile 6-well tissue culture plate with ice-cold 1X DPBS. Fat pads were blotted on a napkin to
removed excess liquid. Tissues were cut and minced with scissors and placed in 15 ml conical tubes
containing digestion buffer (2 ml DPBS and Collagenase Il at 3 mg/ml; Worthington Biochemical,
Lakewood, NJ, USA) and incubated at 37°C for 40 min with gentle shaking at 100 rpm. Following tis-
sue digestion 8 ml of resuspension media (DMEM/F12 with glutamax supplemented with 15%FBS
and 1% pen/strep; Thermo Scientific, CA) was added to stop enzyme activity. The digestion mixture
was passed through 100 um cell strainer and centrifuged at 150 x g for 8 min at room temperature.
The pellet was resuspended and incubated in RBC lysis buffer (Thermo Scientific, CA) for 3 min at
room temperature to remove red blood cells followed by centrifugation at 150 x g for 8 min. The
pellet was resuspened in resuspension media and spun down again at 150 x g for 8 min. Finally, the
cell pellet was resuspended in 1 ml of 0.01% BSA (in DPBS). This final cell suspension solution was
passed through a 40 um cell strainer (Fisher Scientific, Hampton, NH, USA) to discard debris and cell
number was counted for Drop-Seq application.

Drop-seq single cell barcoding and library preparation

The Drop-seq protocol from Macosko et al. and version 3.1 of the online Drop-seq protocol [http://
mccarrolllab.com/download/905/] was followed with minor modifications to generate STAMPs (sin-
gle-cell transcriptomes attached to microparticles) and cDNA libraries (Macosko et al., 2015).
Briefly, to create oil droplets with barcoded cells, single cell suspensions (100 cells/pl), EvaGreen
droplet generation oil (BIO-RAD, Hercules, CA, USA), and ChemGenes barcoded microparticles
(ChemGenes, Wilmington, MA, USA) were co-flowed through a FlowJEM aquapel-treated microflui-
dic device (FlowJEM, Toronto, Canada) at the recommended flow speeds (oil: 15,000 pl/hr, cells:
4000 pl/hr, and beads 4000 pl/hr). After STAMP generation, oil droplets were broken, and cDNA
synthesis was performed. To obtain enough cDNA for library preparations the Drop-seq protocol
was followed with the following modifications. For the PCR step, 4000 beads were used per tube,
the number of cycles was changed to 4 + 11 and multiple PCR tubes were pooled. cDNA library con-
centration and quality were assessed using the Agilent TapeStation system (Agilent, Santa Clara,
CA, USA). The samples were then tagmented using the Nextera DNA Library Preparation kit (lllu-
mina, San Diego, CA, USA) and multiplex indices were added. After another round of PCR, the sam-
ples were assessed on a Tapestation high sensitivity DNA screentape (Agilent, Santa Clara,
CA, USA) for library quality before sequencing.

lllumina high-throughput sequencing of Drop-seq libraries

Molar concentrations of the Drop-seq libraries were quantified using the Qubit Fluorometric Quanti-
tation system (ThermoFisher, Canoga Park, CA, USA) and library fragment lengths were estimated
using a Tapestation high sensitivity DNA screentape (Agilent, Santa Clara, CA, USA). Samples were
normalized by concentration and then pooled appropriately. Pooled libraries were then sequenced
on an lllumina HiSeq 4000 (lllumina, San Diego, CA, USA) instrument using the Drop-seq custom
read 1B primer (GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAQC) (IDT, Coralville, IA, USA)
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and PE100 reads were generated. Read 1 consists of the 12 bp cell barcode, followed by the 8 bp
UMI, and the last 80 bp on the read are not used. Read two contains the single cell transcripts.

Drop-seq data pre-processing and quality control

Demultiplexed fastq files generated from Drop-seq were processed to digital expression gene matri-
ces (DGEs) using Drop-seq tools version 1.13 (https://github.com/broadinstitute/Drop-seq) and
dropEst (Petukhov et al., 2018). The workflow is available as modified version of the snakemake-
based dropSeqPipe (https://github.com/Hoohm/dropSeqPipe) workflow and is available on github
(Arneson, 2019; copy archived at https://github.com/elifesciences-publications/dropSeqPipeDrop-
EST). Briefly, fastq files were converted to BAM format and cell and molecular barcodes were
tagged. Reads corresponding to low quality barcodes were removed and any occurrence of the
SMART adapter sequence or polyA tails found in the reads was trimmed. These cleaned reads were
converted back to fastq format to be aligned to the mouse reference genome mm10 using STAR-
2.5.0c. After the reads were aligned, the reads which overlapped with exons, introns, and intergenic
regions were tagged using a RefFlat annotation file of mm10. To make use of reads aligning to
intronic regions, which are not considered in Drop-seq tools v1.13, we used dropEst to construct
digital gene expression matrices from the tagged, aligned reads where each row in the matrix is the
read count of a gene and each column is a unique single cell. The count values for each cell were
normalized by the total number of UMIs in that cell and then multiplied by 10,000 and log trans-
formed. Single cells were identified from background ambient mRNA using thresholds of at least
700 transcripts and a maximum mitochondrial fraction of 10%.

Identification of cell clusters

The Seurat R package version 3.0.0.9000 (https://github.com/satijalab/seurat) was used to project all
sequenced cells onto two dimensions using t-SNE and Louvain (Blondel et al., 2008; van der
Maaten and Hinton, 2008) clustering was used to assign clusters. The optimal number of PCs used
for t-SNE/UMAP dimensionality reduction and Louvain clustering was determined using the Jack-
straw permutation approach and a grid-search of the parameters. Similarly, the density used to
assign clusters was identified using a parameter grid search.

Identification of marker genes of individual cell clusters

We defined cell cluster specific marker genes from our Drop-seq dataset using the FindConserved-
Markers function in Seurat across all the samples. Briefly, a Wilcoxon Rank Sum Test is run within
each sample and a meta p-value across all samples is computed to assess the significance of each
gene as a marker for a cluster. Within each sample, the cells are split into two groups: single cells
from the cell type of interest and all other single cells. To be considered in the analysis, the gene
had to be expressed in at least 10% of the single cells form one of the groups and there had to be
at least a 0.25 log fold change in gene expression between the groups. This process was conducted
within each sample separately, and then a meta p-value was assessed from the p-values across all
samples. Multiple testing was corrected using the Benjamini-Hochberg method on the meta p-values
and genes with an FDR < 0.05 were defined as cell type specific marker genes.

Resolving cell identities of the cell clusters

We used two methods to resolve the identities of the cell clusters. First, we used known cell-type
specific markers curated from literature, single cell atlases, previous studies in the SVF and PBMCs,
and from Immgen (immgen.org) to find distinct expression patterns in the cell clusters (Burl et al.,
2018; Chen et al., 2018; Han et al., 2018; Hepler et al., 2018; Tabula Muris Consortium et al.,
2018; Stoeckius et al., 2017; Zhang et al., 2019). A cluster showing unique expression of a known
marker gene can be used to identify that cell type. To consider more than a single gene, we evalu-
ated the overlap between known cell type marker genes with the marker genes identified in our cell
clusters using FindConservedMarkers. Significant overlap was assessed using a Fisher’s exact test
with Bonferroni correction for multiple testing. The two methods showed consistency in cell identity
determination. The GEO accession number for the sequencing data is GSE133486.
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Single nuclei adipocyte RNA-Sequencing (SNAP-Seq)

Adipocyte nuclei isolation from iWAT

200-400 mg of inguinal white adipose tissues (IWAT) from mice exposed to conditions mentioned in
the text were placed on sterile 6-well tissue culture plate with ice-cold 1XPBS. Fat pads were blotted
on a napkin to removed excess liquid. Tissues were cut and minced with scissors and were placed in
15 ml conical tubes containing digestion buffer (DPBS and Collagenase D at 9.8 mg/ml; Sigma, MO)
at incubated at 37°C for 45 mins with gentle shaking at 100 rpm. 10 ml of resuspension media
(DMEM/F12 with glutamax supplemented with 15% FBS and 1% pen/strep; Thermo Scientific, CA)
was added to digested solution and slowly inverted five times. The digestion mixture was centri-
fuged at 200 x g for 5 mins at RT. Floating adipocytes were collected using P1000 pipet with half cut
P1000 tip. Adipocytes were transferred to a new 15 ml tube and kept on ice for five mins. Excess lig-
uid was aspirated using 1 ml syringe and adipocytes were then washed with 1 ml DPBS and the sus-
pension was spun down at 200 g for 5 mins at RT. Spun down liquid was aspirated using 1 ml
syringe and adipocyte nuclei were isolated using Minute nuclei and cytosol isolation kit for adipose
tissue using manufacture’s instruction (Invent Biotechnologies, MN) with modifications. Briefly, adi-
pocytes were slowly resuspended in 600 ul nuclei lysis buffer (N/C Buffer) and lysate was transferred
to a filter cartridge with collection tube and incubated at —20°C freezer for 20 min with cap open.
After incubation, the tube was centrifuged at 2000 rpm for 2 min at 4°C. The filter cartridge was dis-
carded without agitation and the collection tube was immediately centrifuged at 4000 rpm for 4 min
at 4°C. Supernatant was gently removed using P200 pipet without touching the side walls. Nuclei
were resuspended in 30 ul of nuclei resuspension buffer (DPBS+0.1%BSA) per 200-400 mg of iWAT
(i.e. one 8-10 week chow fed mouse). For SNAP-seq, 2-3 mice were combined and 60 pl of nuclei
suspension was transferred to a new 2 ml tube and resuspended with 500-700 pl of nuclei resuspen-
sion buffer and filtered using 40 um cell strainer (Flowmi Cell Strainer, Belart, NJ) twice to get clean
single nuclei suspension. As shown in Figure 3A, for quality control, nuclei were first DAPI stained
and then filtered or FACS sorted to get single nuclei suspension. After microfluidic partitioning in
10xGenomics platform (see below), nuclei lysis was checked by observing oil emulsion under fluores-
cent microscope for DAPI diffusion.

Adipocyte single nuclei barcoding and library preparation

Approximately 10,000 nuclei were loaded onto Single Cell 3’ Chip (10xGenomics, CA) per channel
with an expected recovery to 4000-7000 nuclei. The Chip was placed on a 10XGenomics Instrument
to generate single nuclei gel beads in emulsion (GEMs). For optimal nuclei lysis, GEMs were incu-
bated on ice for 50 mins. After incubation, single nuclei RNA-Seq libraries were prepared using
Chromium Single Cell 3’ Library and Cell Bead Kit) according to manufacturer’s instruction.

lllumina high-throughput sequencing libraries

The 10X genomics library molar concentration was quantified by Qubit Fluorometric Quantitation
(ThermoFisher, Canoga Park, CA, USA) and library fragment length was estimated using a TapeSta-
tion (Aligent, Santa Clara, CA, USA). Sequencing was performed on an lllumina HiSeq 4000 (lllumina,
San Diego, CA, USA) instrument with PE100 reads and an 8 bp index read to multiplexing. With the
version three chemistry, the first 26 bp of Read 1 consist of the cell barcode and the UMI, and the
last 74 bp on the read are not used. Read two contains the single cell transcripts.

SNAP-Seq data pre-processing and quality control-

Digital gene expression matrices (DGEs) in sparse matrix representation we obtained using 10x
Genomics’ Cell Ranger v3.0.2 software suite. Briefly,. bcl files obtained from the UCLA Broad Stem
Cell Research Center sequencing core were demultiplexed and converted to fastq files using the
mkfastq function in Cell Ranger which wraps lllumina’s bcl2fastq v2.19.1.403. The counts function in
Cell Ranger was used to generate DGEs from the fastq files. Briefly, the resulting fastq files are
aligned to a 10x supplied mm10 reference genome (mm10-3.0.0) using STAR and reads are identi-
fied as either exonic, intronic, or intergenic using the supplied 10x Genomics GTF file. To determine
cell barcodes, the counts function in Cell Ranger implements an algorithm based on EmptyDrops
(Lun et al., 2019). Only reads which align to exonic regions were used in the resulting DGE. The
count values for each cell were normalized by the total number of UMIs in that cell and then
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multiplied by 10,000 and log transformed. Single cells were identified from background ambient
mRNA using thresholds of at least 200 genes and a maximum mitochondrial fraction of 10%.

Identification of adipocyte clusters

The Seurat R package version 3.0.0.9000 (https://github.com/satijalab/seurat) was used to project all
sequenced cells onto two dimensions using t-SNE/UMAP and Louvain clustering was used to assign
clusters. The optimal number of PCs used for t-SNE dimensionality reduction and Louvain clustering
were determined using the Jackstraw permutation approach and a grid-search of the parameters.
Similarly, the density used to assign clusters was identified using a parameter grid search.

Identification of marker genes of individual adipocyte clusters

We defined cell cluster specific marker genes from our 10x Genomics dataset using the FindConser-
vedMarkers function in Seurat across all the samples. Briefly, a Wilcoxon Rank Sum Test is run within
each sample and a meta p-value across all samples is computed to assess the significance of each
gene as a marker for a particular cluster. Within each sample, the cells are split into two groups: sin-
gle cells from the cell type of interest and all other single cells. To be considered in the analysis, the
gene had to be expressed in at least 10% of the single cells form one of the groups and there had
to be at least a 0.25 log fold change in gene expression between the groups. This process was con-
ducted within each sample separately, and then a meta p-value was assessed from the p-values
across all samples. Multiple testing was corrected using the Benjamini-Hochberg method on the
meta p-values and genes with an FDR < 0.05 were defined as cell type specific marker genes.

Resolving cell identities of the cell clusters

Two methods were used to aid in resolving the identities of the cell type clusters. First, KEGG, Reac-
tome, BIOCARTA, GO Biological Processes, and Hallmark gene sets were obtained from MSigDB.
To identify pathways which had significant enrichment of our cell type marker genes, we used a
hypergeometric test, followed by multiple testing correction with the Benjamini-Hochberg method.
We also adapted the method proposed by Zywitza et al. (2018) to get a single cell level score for
each pathway. Briefly, the expression of each gene was linearly transformed to (0,1) and the average
gene expression of all genes for each gene set was computed to represent the score for that gene
set. We then identified the top scoring gene sets which were representative of each cell type. The
GEO accession number for the sequencing data is GSE133486.

RNAScope fluorescence in situ hybridization (FISH)

Inguinal white adipose tissue (IWAT) from CL-treated WT mice (Jackson Laboratory, #000664) was
fixed in 10% formalin overnight, embedded with paraffin, and sectioned into unstained, 5-um-thick
sections. Sections were baked at 60°C for 1 hr, deparaffinized, and baked again at 60°C for another
hour prior to pre-treatment. The standard pre-treatment protocol was followed for all sectioned tis-
sues. In situ hybridization was performed according to manufacturers’ instructions using the RNA-
scope Multiplex Fluorescent Reagent Kit v2 (#323136, Advanced Cell Diagnostics [ACD], Newark,
CA). Opal fluorophore reagent packs (Akoya Biosciences, Menlo Park, CA) for Opal 520
(FP1487001KT), Opal 570 (FP1488001KT), and Opal 620 (FP1495001KT) were used at a 1:1000 dilu-
tion in TSA buffer provided in the RNAscope Multiplex Fluorescent Reagent Kit v2. Probes targeting
mm-Adrb3 (#495521, ACD) in channel 1, mm-Ucp1 (#455411-C2, ACD) in channel 2, and mm-
Ppargclb (#402131-C4, ACD) in channel four were used. Slides were mounted with ProLong Dia-
mond Antifade Mountant with DAPI (P36966, Life Technologies). Fluorescent signals were captured
with the 40x objective lens on a laser scanning confocal microscope (LSM880; Zeiss).

Real time qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed with the iScript
cDNA synthesis kit (Biorad). cDNA was quantified by real-time PCR using SYBR Green Master Mix
(Diagenode) on a QuantStudio six instrument (Themo Scientific, CA). Gene expression levels were
determined by using a standard curve. Each gene was normalized to the housekeeping gene 36B4
and was analyzed in duplicate. Primers used for real-time PCR are in Supplementary file 2.
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Western blotting

Whole cell lysate or tissue lysate was extracted using RIPA lysis buffer (Boston Bioproducts) supple-
mented with complete protease inhibitor cocktail (Roche). Proteins were diluted in Nupage loading
dye (Invitrogen), heated at 95°C for 5 min, and run on 4-12% NuPAGE Bis-Tris Gel (Invitrogen). Pro-
teins were transferred to hybond ECL membrane (GE Healthcare) and blotted with IL10Ra. (AF-474-
SP, R and D Systems), oTubulin (CP06, Calbiochem), Actin (A2066, Sigma-Aldrich).

Cellular and mitochondrial respiration

Mitochondria were isolated from fresh tissues and immediately used in a XF24 analyzer as previously
described (Rogers et al., 2011). Briefly, mitochondria were isolated in MSHE+BSA buffer using a
800 g/8000 g dual centrifugation method and resuspended in MAS buffer. Protein concentration
was determined using a Bradford Assay reagent (Bio-Rad) and 20 pg of protein were seeded per
well by centrifugation. Coupling and electron flow assays were performed as described
(Rogers et al., 2011). For the coupling assay, basal oxygen consumption rate (OCR) was measured
in the presence of 10 mM succinate and 2 uM rotenone, and after sequential addition of 4 mM ADP
(Complex V substrate), 2.5 ug/ml oligomycin (Complex V inhibitor), 4 uM FCCP (mitochondrial
uncoupler) and 4 uM antimycin A (Complex I inhibitor). For electron flow assays, basal OCR was
measured in presence of 10 mM pyruvate (Complex | substrate), 2 mM malate and 4 uM FCCP, and
after sequential addition of 2 uM rotenone (Complex | inhibitor), 10 mM succinate (Complex Il sub-
strate), 4 uM antimycin A (Complex IIl inhibitor) and 1 mM TMPD containing 10 mM ascorbate (Com-
plex IV substrate).

Statistics

All data are presented as mean + SEM and analyzed using Microsoft Excel and Prism (Graphpad).
Student’s t test with Welch’s correction was used for single variable comparison between two
groups. One-way ANOVA followed by Dunnett post hoc test was used for multiple comparisons ver-
sus the control group. Two-way ANOVA followed by Bonferroni posttests was used to examine inter-
actions between multiple variables. Statistical significance for CLAMS study was determined by
multiple regression analysis (ANCOVA). p<0.05 was considered to be statistically significant and is
presented as *p<0.05, **p<0.01, ***p<0.001, or ****p<0.0001.
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Enhanced In Vivo Delivery of Stem Cells using Microporous

Annealed Particle Scaffolds

Jaekyung Koh, Donald R. Griffin, Maani M. Archang, An-Chieh Feng, Thomas Horn,
Michael Margolis, David Zalazar, Tatiana Segura, Philip O. Scumpia,* and Dino Di Carlo*

Delivery to the proper tissue compartment is a major obstacle hampering
the potential of cellular therapeutics for medical conditions. Delivery of cells
within biomaterials may improve localization, but traditional and newer void-
forming hydrogels must be made in advance with cells being added into the
scaffold during the manufacturing process. Injectable, in situ cross-linking
microporous scaffolds are recently developed that demonstrate a remark-
able ability to provide a matrix for cellular proliferation and growth in vitro

in three dimensions. The ability of these scaffolds to deliver cells in vivo is
currently unknown. Herein, it is shown that mesenchymal stem cells (MSCs)
can be co-injected locally with microparticle scaffolds assembled in situ
immediately following injection. MSC delivery within a microporous scaffold
enhances MSC retention subcutaneously when compared to cell delivery
alone or delivery within traditional in situ cross-linked nanoporous hydrogels.
After two weeks, endothelial cells forming blood vessels are recruited to the
scaffold and cells retaining the MSC marker CD29 remain viable within the
scaffold. These findings highlight the utility of this approach in achieving
localized delivery of stem cells through an injectable porous matrix while lim-
iting obstacles of introducing cells within the scaffold manufacturing process.

missing factors, and modulation of the
immune system.l'"* Mesenchymal stem
cells (MSCs) represent a particularly
attractive stem cell therapeutic candidate
as they are multipotent cells with the
capacity to migrate to injured or inflamed
organs to induce tissue repair through
secreted factors®! and differentiate into
functional tissue.l’) However, clinical
translation has been challenging due to
poor homing, survival, and engraftment of
transplanted stem cells to a disease site.”8]
Moreover, loss of control by the engrafted
cells in a disrupted biological environment
limits the ability to harness the stem cells
for meaningful therapeutic outcomes.>*]
Localized ~delivery of stem cells
using biomaterials can mitigate these
issues.'%13] An ideal material should not
only enable minimally invasive delivery by
injection, and retain cells after transplan-
tation to achieve sustained function, but
also create an artificial stem cell niche in
situ for higher efficacy and longer main-

Stem cell therapies hold promise for many intractable diseases
through a variety of mechanisms. These mechanisms include
the promotion of tissue repair, replacement of mutated or

tenance of the therapy.'*!] Specifically, the biomaterial should
provide suitable biophysical and biochemical microenviron-
mental cues for enhanced control of cell function in vivo.['®17)
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However, current injectable biomaterials suffer from ineffective
modulation or lack of porosity for mass transport, cell motility,
proliferation, cell-cell adhesion, or new tissue formation.[415:18]

To this end, void forming hydrogels were created to facilitate
expansion of cells within the hydrogel coupled with the deg-
radation of porogens in the hydrogel matrix.!”) While these
hydrogels display tremendous promise, a major limitation of
this approach is that cells need to be supplied at the time of
manufacture of the hydrogel, which represents a significant
manufacturing and application hurdle as cells need to survive
from the time of manufacture to the time of delivery. Acute
medical conditions that require immediate therapeutics may be
less amenable to this approach. Approaches where therapeutics
can be mixed with the delivery vehicle immediately before
application to form a scaffold in situ within tissue may over-

come the manufacturing limitation.

We originally created microporous annealed particle (MAP)
scaffolds as a way to combine microporosity and injectability,
which showed a tremendous potential to heal wounds.?% We

A

www.small-journal.com

and others with similar technology have shown that in vitro,
cells use these microporous scaffolds to expand and prolif-
erate in three dimensions around the microparticles.2*-’]
These findings suggested that cells can be mixed with hydrogel
immediately before delivery, and this can be used as a cellular
delivery platform that can overcome some of the limitations of
current hydrogel technologies.

Here, we present data demonstrating delivery of stem cells
in a microporous, injectable scaffold enhances their retention
in tissue, without requiring the integration of the stem cells
during the microparticle building block manufacturing process
(Figure 1A). When subcutaneously implanted without cells,
we obtained additional evidence that subcutaneous delivery of
MAP scaffolds by themselves resulted in tremendous cellular
integration, new blood vessel formation, and an absence of for-
eign body formation around the implant, and collagen deposi-
tion and vascularization deep into the scaffold volume. Seeding
MAP scaffolds with mesenchymal stem cells immediately
before subcutaneous delivery results in enhanced maintenance
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Figure 1. Mesenchymal stem cell (MSC) delivery and in situ niche creation strategy using annealed monodisperse hydrogel particles. A) An artificial
stem cell niche is created in situ by annealing a suspension of injectable monodisperse hydrogel particles. Highly monodisperse particle building blocks
enable the generation of a pore network in a highly controllable manner, which promotes the transport of oxygen and nutrients as well as cell migration.
The biophysical properties of building blocks are modulated to enhance the functions of the transplanted MSCs. B) Monodisperse hydrogel particles or
ugels produced by the microfluidic device. Scale bar: 200 pm. C) Tissue scaffold assembled from monodisperse ugels. Scale bar: 200 um. D) Diffusivity
of 70 kDa dextran and 0.3 kDa FITC in nonporous scaffolds (N), MAP scaffolds (M) and PBS (n = 4-7). Data are presented as average * s.d. Statistical
significance based on one-way ANOVA followed by Tukey’s HSD post hoc test (significance compared to N, *#***p < 0.0001). E) Hydraulic conductivity
of PBS through the nonporous scaffold (N) and MAP scaffold (M) at atmospheric pressure (n = 3). Data are presented as average + s.d. Statistical
significance based on standard two-tailed Student t-test (****p < 0.0001). F) Fluorescent images of MSCs in vitro cultured in microporous scaffolds
and nonporous scaffolds at week 2. Blue, nucleus; Green, actin; Red, gel. Scale bar: 50 um.
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of MSCs when compared to MSCs delivered in PBS or non-
porous hydrogels and allows for MSCs to quickly migrate,
adhere, and proliferate, leading to enhanced maintenance of
transplanted cells in vivo. Moreover, we show that the mate-
rial properties can be tuned to promote the maintenance of the
stem cell population while integrating with surrounding tissues
through vascularization. We anticipate that this approach can
be easily translated and generally applied to delivery of other
treatment-appropriate therapeutic cells, given cell production
can be independent of biomaterial production, and molecularly
and biophysically tailored niches can be created.

We hypothesized that covalently linked assemblies of mono-
disperse hydrogel particles would produce an interconnected
pore space beneficial for the transport of oxygen and nutrients
and may overcome diffusion limitations of conventional nonpo-
rous hydrogels. To test whether this is indeed the case, highly
monodisperse (CV < 5%) microscale hydrogel particles were
generated using a microfluidic approach (Figure S1, Supporting
Information). These particles were enzymatically annealed in
vitro to generate MAP scaffolds (M) (Figure 1B,C). To assess
transport by diffusion, we performed fluorescence recovery after
photobleaching (FRAP) using fluorescein (0.3 kDa) and dex-
tran-conjugated fluorescein (70 kDa) (Figure 1D and Figure S2,
Supporting Information). The fluorescent intensity recovery was
on the order of tens of seconds in MAP scaffolds, resulting in a
calculated diffusivity for 70 kDa dextran =50% of that in PBS,
while no diffusion was detected into the hydrogel particles in
the same timeframe. Given the relatively large hydrodynamic
diameter of 70 kDa dextran that is comparable to the nanoscale
pores in the gel mesh network, steric hindrance severely limits
diffusion within nanoporous hydrogels.?®?’) In fact, the observa-
tion of diffusion in macroscale gels revealed that the diffusivity
was 50-fold lower than that in PBS (0.42 pm? s!), in agreement
with previous reports.’® For 0.3 kDa fluorescein molecules,
MAP scaffolds again demonstrated a significantly enhanced
diffusivity compared to chemically matched nonporous gels
(Figure 1D).

Higher convective flux of fluid also resulted from the inter-
connected pore network of the scaffolds. To measure hydraulic
conductivity, nonporous scaffolds and MAP scaffolds were
placed on top of a membrane with 5 um pores in a custom-
designed device, which allowed for precise gravity-driven flow
(Figure S3, Supporting Information). While only limited per-
meation was observed through the nonporous scaffold resulting
in a conductivity of =1.6 x 1073 um s~! at atmospheric pressure,
the interconnected porosity of MAP scaffolds yielded =600-
fold enhancement of the conductivity (=<1 um s™') (Figure 1E),
which was comparable to physiologic convection in the extra-
cellular fluid.?’! This not only indicates that the pores are
interconnected throughout the scaffold, but also suggests that
nutrients and waste can be transported by convection,% which
may be beneficial for cell survival and proliferation in a macro-
scale biomaterial formed from MAP gel in vitro and in vivo.

As a proof of concept as to whether microporous scaf-
fold implants can support stem cells in vivo, we first assessed
whether scaffolds subcutaneously injected result in a foreign
body response that would limit nutrient delivery to cells within
the scaffold (Figure S4, Supporting Information). To our sur-
prise, not only did the MAP scaffolds display no foreign body
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response (Figure S4B, Supporting Information), they supported
the ingrowth of both PECAM (CD31) expressing blood vessels
(Figure S4C, Supporting Information), and collagen I and III
expressing fibroblasts (Figure S4B, Supporting Information)
through the majority of the scaffold. By contrast, chemi-
cally identical traditional (i.e., nanoporous) hydrogels elicited
a significant collagen I-rich fibrotic encapsulation without
significant integration within the scaffold (Figure S4A, Sup-
porting Information). We considered the findings a positive
indication that MAP scaffolds would support nutrient delivery
to co-injected stem cells in vivo leading to enhanced survival
and proceeded to test this hypothesis.

Given the increased potential for enhanced nutrient transport
and tissue formation in MAP scaffolds, we next tested whether
MAP scaffolds do indeed support cell survival. MSCs incor-
porated in MAP scaffolds showed highly interconnected and
spread morphology through the void spaces between hydrogel
building blocks (Figures 1F and 2A). On the other hand, MSCs
in nonporous gels possessed a round morphology with limited
spreading and connection between cells (Figures 1F and 2A).
Although cells can degrade the hydrogel matrix locally to
infiltrate, the time course for degradation prevents cells from
migrating to occupy the space throughout the scaffold. In fact,
multiple cells were confined to a small area (Figure 1F inset).

The ability to spread and migrate throughout the MAP scaf-
fold led to more rapid proliferation, with increased void volume
in MAP scaffolds leading to significantly higher proliferation
rate. To correlate the microscale pore network with cell growth
and proliferation, the intensity of red fluorescent protein (RFP)
produced by RFP-transfected MSCs (RFP-MSCs) was measured
for each scaffold over a two-week period. While the expansion
of cells incorporated in nonporous gels yielded only a 2.3-fold
increase, the expansion of RFP-MSCs in MAP scaffolds yielded
a 17-fold increase (Figure 2B). Enhanced proliferation was con-
firmed through the analysis of nucleus density, in which much
lower number of cell-free regions were observed in MAP scaf-
folds (Figure 2C).

Building off of these in vitro results and acellular MAP
scaffold support of robust endogenous cell ingrowth in vivo
(Figure S4, Supporting Information), we hypothesized that
MAP scaffolds would enhance the retention of MSCs in tissue
when compared with PBS or nonporous scaffolds in vivo.
MSCs expressing RFP (RFP-MSCs) were injected subcutane-
ously in C57BL/6 mice, an immunocompetent mouse strain,
to recapitulate MSC survival in the presence of a functional
immune system. The fluorescent intensity was measured over
a two-week period (Figure 2D,E). RFP fluorescence intensity
remained the highest for cells co-delivered in MAP scaffolds
compared to PBS and nonporous scaffolds at the end of one
week (Figure 2F). Likewise, the cell area, which was defined
by the area above a radiant efficiency of 2 x 107, was also
significantly higher in MAP scaffolds (Figure 2G). The half-
life of MSCs for each case calculated from the RFP intensity
decay over time was 6.13 days for MAP scaffolds, 2.35 days
for nonporous gel, and 1.91 days for PBS. Combined, these
results support that the formation of a microporous scaffold
in situ promotes cell proliferation and survival in vivo, perhaps
due to enhanced transport, cell distribution and connectivity
throughout the scaffold, as identified in vitro.
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Figure 2. Controlled microporosity generated by MAP scaffolds facilitates the highest proliferation in vitro and retention in vivo. A) Fluorescent images
of MSCs growing in MAP scaffolds (M), and nonporous scaffolds (N) following two weeks of in vitro culture. Corresponding heat map of nucleus den-
sity in the fields of view. Darker red color indicates a region with a higher number of nuclei. (Blue, nucleus; Green, actin; Red, gel). Scale bar: 200 um.
B) Cell proliferation of fluorescently transfected MSCs measured by increase in fluorescence intensity over time (n = 4). C) Histograms of nucleus den-
sity for five scaffold conditions (n = 4 scaffolds per condition). The red dashed line indicates the threshold for no nuclei in a region. D) Representative
fluorescence VIS images of MSCs producing RFP that were subcutaneously injected into C57BL/6 mice with MAP scaffold (M), nonporous scaffold
(N) and PBS at 0, 2, 5, 7, 10, and 14 days post-implantation. E) Integrated fluorescent intensity at each time point (n = 6-11). F) Comparison of cell
retention at day 7 relative to day 0. G) Comparison of cell area at day 7 relative to day 0. Cell area was defined as an area with radiant efficiency higher
than 2 x 107, Each point represents an individual mouse. All data are presented as average * s.d. Statistical significance based on one-way ANOVA
#p < 0.0001); n.s. indicates not significant.

Since the in vivo fluorescence studies suggest that MAP scaf-
folds improved the retention of the subcutaneously delivered

Information). Two soft building blocks were designed to
have storage moduli of 500 Pa with enzymatically degradable

MSCs, we next wished to confirm the retention of MSCs within
the MAP hydrogel. We also wished to test whether MSC reten-
tion in the injected scaffold could be improved through mod-
ulation of material properties of the building blocks, such as
degradability, stiffness, and cell-binding motif amount, as these
parameters were shown to play a critical role in cell delivery
with other biomaterials.’!-33 To arrive at a final set of microgel
parameters for in vivo experiments, different weight percent, sto-
ichiometry, crosslinker types and cell binding motif (RGD) con-
centrations were screened (Figure 3A and Table S1, Supporting
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(SoD1; corresponding to the same/original formulation of
MAP hydrogel used in Figure 2) and nondegradable (SoN1)
crosslinkers and a standard RGD concentration (0.5 x 107 m) to
isolate the effect of MMP-triggered degradability. Stiff building
blocks were designed using the nondegradable formula-
tion, decoupling degradability from stiffness. We avoided
simultaneous modulation of stiffness with MMP-degradable
crosslinkers since we observed that stiffness and degradability
were difficult to independently control. For example, doubling
the crosslinking concentration of degradable crosslinkers
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Figure 3. Modulating MAP scaffold material properties affect MSC function. A) Four MAP gel formulations manufactured to study the effect of deg-
radability, stiffness and binding motif concentration. B) Relative cell expansion in vitro at 7 days (n = 5). C) Representative fluorescent images of MSC
growth in vitro following two weeks (Blue, nucleus; Green, actin). Scale bar: 50 um. D) Average actin area normalized by the number of cells for in vitro
culture (n = 5). E) Representative fluorescent images of GFP-producing MSCs in MAP scaffolds subcutaneously injected into C57BL/6 mice following
two weeks (Red, gel; Blue, nucleus; Green, GFP; Magenta, CD29). Scale bar: 50 um. F) CD29* cells per area in scaffolds at week 2 (n = 5). G) Ratio of
CD29+ cells to all cells in the scaffolds at week 2 (n=5). Each dot in the plots represents an individual mouse. All data are presented as average + s.d.
Statistical significance based on one-way ANOVA followed by Tukey’s HSD post hoc test (#p < 0.05, *#p < 0.01, ##xp < 0.001, and =##xp < 0.0007).

resulted in higher stiffness but also resulted in a significant
loss of degradability (Figure S5A, Supporting Information).
In fact, the degree of cell spreading through local degradation
is reduced for cells encapsulated in 10 wt% degradable gel
(Figure S5B, Supporting Information), which contrasts with
increasing spread cell morphology on a stiffer 2D substrate.*
In our system, the crosslinking density of the stiffer microgel
building blocks was increased to achieve a storage modulus
of 2500 Pa while maintaining RGD concentration (StN1) such
that the effect of stiffness could be investigated independently
from degradability or adhesive ligand concentration. Impor-
tantly, due to in situ assembly of cells into micropores formed
within the annealed MAP scaffolds, increasing the stiffness of
hydrogel building blocks did not result in changes in confine-
ment of cells. To investigate the effect of cell binding motif
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concentration, the RGD concentration within the stiff non-
enzymatically degradable hydrogel formulation was increased
fivefold (StN5), without changing the storage modulus
(Figure S6A, Supporting Information). Although these four dis-
tinctive compositions (SoN1, StN1, StN5, SoD1; Figure 3A) had
different swelling ratios in an aqueous buffer, we used micro-
fluidic droplet generation to tune the pre-swollen building
block size, such that each microgel type was similar in size
after swelling (Figure S6B, Supporting Information). This was
important to preserve the microporous structure of the MAP
scaffolds and decouple potential effects of material properties
from microporosity. By manufacturing microgel particles with
well-controlled material properties we could create MAP scaf-
folds with orthogonally controlled properties to study the effect
of microenvironmental cues on stem cells.
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Indeed, all three material properties tested affected in vitro
MSC proliferation (Figure 3B). SoD1 showed a higher expan-
sion rate than SoN1, indicating that material degradability plays
a role when material stiffness is low. Stiff gel building blocks
also led to higher proliferation, which is in agreement with
previous work that indicated that MSCs spread more and prolif-
erate more readily on stiffer 2D substrates.?*** MSC expansion
was further enhanced on these stiff scaffolds by incorpo-
rating higher RGD concentration. For the enzymatically non-
degradable gel conditions, more RGD sites on the surface may
be beneficial to promote growth as cells have more difficulty in
degrading and revealing new RGD binding sites. In fact, StN5
was observed to promote slightly larger actin spread area per
cell than StN1, indicating that the high RGD enhanced binding
of cells to the substrate and spreading (Figure 3C,D).

To investigate the in vivo response to the four types of MAP
scaffolds, MSCs expressing GFP (GFP-MSCs) were subcu-
taneously injected in C57BL/6 mice along with the different
hydrogel formulations and scaffolds were excised two weeks
after implantation. Since MSCs expresses the stem cell marker
CD29,%%7] we examined whether GFP-MSCs retaining CD29,
and any recruited myeloid cells were present within the dif-
ferent MAP scaffolds. In all MAP scaffolds, injected MSCs were
identified by the colocalization of CD29 and GFP (Figure 3E)
and negative staining for CD11b. The number of cells with
CD29 staining in the scaffold were counted to calculate the den-
sity and fraction of cells retaining stem cell markers (Figure S7,
Supporting Information). The density of CD29* cells was the
highest in StN5 scaffolds (Figure 3F), corresponding to the
results of our in vitro cell proliferation experiments. The lower
in vivo preservation of MSCs in SoD1, degradable gels, than in
vitro may be due to the degradable formulation losing physical
integrity more rapidly once implanted and exposed to proteases.
Stiffer gels also resulted in CD29* cells occupying a larger frac-
tion of the total cells present in scaffolds (Figure 3G). For the
highest performing scaffold, StN5, we also observed GFP-
producing MSCs in tissue cross-sections after subcutaneous
implantation for a longer time period of 56 days (Figure S8,
Supporting Information). Among cells extensively occupying
the scaffold, GFP-positive cells that survived for two months
were identified. Over this two month period, the scaffold also
maintained an interconnected porous structure without sig-
nificant degradation. The intensity of fluorophores conjugated
to the gels did not significantly change from day 14 to day 56
(Figure S9, Supporting Information), indicating that the gel
matrix or fluorophores were not degraded. Therefore, the scaf-
fold is expected to maintain its physical properties for 56 days.
Overall, the stiffer gels with higher RGD (StN5) retained the
implanted stem cell population at higher levels compared to
other formulations, and cells and scaffold were both main-
tained up to 56 days after implantation.

Microporosity of the implanted MSC-containing MAP scaf-
folds also induced cell migration, in-growth of host tissue,
and vascularization important for improved clinical function.
The integration of the MAP scaffolds was evaluated by the
number of cells near the boundary between the surrounding
tissue and MAP scaffold (Figure 4A,B). The density of cells
within a 200 pm region outside of and neighboring the scaf-
fold was about 1580 cells mm™. Within a region =100 um
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deep into the scaffold boundary, the cell density was similar to
the surrounding tissue, indicating that all four types of MAP
scaffolds integrated well with the tissue. Cell density gradu-
ally decreased in all MAP scaffolds up to a distance of 1.5 mm,
with SoN1 showing the lowest cell density in the scaffold core.
The other formulations remained cellular (=500 cells mm™)
throughout the scaffold, even at depths of 1.5 mm from the
implant interface. This value is above the initial seeding density
(=125 cells mm™ given that the tissue sectioning was =25 pum in
thickness). Since MSC retention cannot account for the increase
in cell numbers and MSCs produce factors that recruit other
cell types,*! this indicates that MAP scaffolds likely induced
the migration of endogenous cells deep into the scaffold and
maintained these cells over weeks overcoming transport limita-
tions of conventional hydrogels. The SoD1 formulation resulted
in a greater number of cells in the periphery of the scaffold,
suggesting more cell migration and tissue ingrowth into the
scaffold corresponding to scaffold degradation over time.

Next, we examined the recruitment of specific cell types into
the different formulations of MAP hydrogel. Since MSCs pro-
duce factors that actively recruit myeloid cells,?”) we examined
whether modulating different hydrogel parameters resulted in
a differential ability for MSCs to attract myeloid cells. Indeed,
MSCs implanted in all of the hydrogel scaffolds recruited
CD11b myeloid cells, without significant differences between
the different formulations (Figure S10, Supporting Informa-
tion). While biomaterial-induced immune responses often lead
to foreign body encapsulation,*) we examined the location of
the CD11b* cells and whether they were forming multinucle-
ated/fused cells consistent with foreign body encapsulation.
While the majority of the CD11b* myeloid cells were present
within the peripheral aspects of the hydrogel, neither multinu-
cleation nor encapsulation were evident to any of the formula-
tions. These findings suggest that the scaffold-MSC implants
were similarly able to recruit myeloid cells, without resulting in
a foreign body response that often results in material rejection.

Since we observed blood vessel structures within subcuta-
neously implanted MAP scaffolds without MSCs (Figure S4,
Supporting Information), we next wished to evaluate whether
different formulations of MAP scaffolds with MSCs resulted
in differential formation of blood vessels by examining the
endothelial cell markers (PECAM-1). Indeed, we found cells
expressing PECAM-1 within all four types of MAP scaffolds
(Figure 4C). There were significantly higher numbers of
PECAM-1-expressing cells within StN1, StN5, and SoD1 scaf-
folds compared to the SoN1 scaffolds (Figure 4D,E), which
may correspond to the ability of these same scaffolds to retain
the injected CD29" cells at higher levels as MSCs present in
the scaffold may secrete angiogenic factors such as vascular
endothelial growth factor (VEGF).[#1:42]

The application of stem cell-based therapies has been lim-
ited by low retention rate of transplanted cells and lack of
efficient control of the cell state and function. Biomaterial-
enhanced delivery of stem cell therapies offers a potential solu-
tion to overcome this, but nonporous or nanoporous mate-
rials do not allow for sufficient incorporation of cells into the
hydrogel, requiring significant degradation for cell proliferation
and migration, and yielding low transport of nutrients which
may limit incorporated cell survival. Void forming hydrogels
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Figure 4. Tissue ingrowth and vascularization into microparticle scaffolds. A) Representative images of tissue slices following two weeks of implan-
tation of MSCs with corresponding building block materials. The dotted line indicates a boundary with the surrounding tissue. Scale bar: 200 pum.
B) Number of cells per area as a function of the distance from the interface between the MAP scaffold and the tissue (n = 5). Data presented as
average * s.e.m. Statistical significance performed using one-way ANOVA with a Dunnett post hoc multiple comparison test (*p < 0.05). C) Representa-
tive images of platelet endothelial cell adhesion molecule (PECAM-1) and GFP immunostaining of the scaffolds following two weeks indicating the
presence of implanted GFP-MSCs and endothelial cells growing in from surrounding tissue. Scale bar: 50 um. D) CD31* cells per area in scaffolds at
week 2 (n=5). E) Ratio of CD31+ cells to all cells in the scaffolds at week 2 (n =5). Each dot in the plots in (D,E) represents an individual mouse. Data
are presented as average * s.d. Statistical significance based on one-way ANOVA followed by Tukey’s HSD post hoc test (#p < 0.05 and #xp < 0.01).

offer an advantage, as they provide a scaffold that can be rap-
idly degraded while cells proliferate and expand. However,
these hydrogels require the cellular therapeutics to be popu-
lated into the scaffold during manufacture, representing a
major hurdle to their use as this could affect stem cell func-
tion, viability, and long-term storage, requiring great care
during manufacture and deployment,!'”) ultimately resulting in
higher costs for therapies. This study demonstrates increased
in vivo maintenance of mesenchymal stem cells co-injected
with a modular microporous scaffold made through the in situ
crosslinking of flowable monodisperse hydrogel particles. The
stem cells can be mixed with hydrogel particle building blocks
immediately before injection/deployment, decoupling the man-
ufacturing of scaffolds from the culture of therapeutic cells.
Assemblies of spherical hydrogel building blocks created inter-
connected microscale void spaces which enhanced nutrient
transport, and promoted cell migration and cell-cell connec-
tions, inducing more than ~7-times higher proliferation than
chemically identical nonporous hydrogels in vitro and =3-times
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enhanced half-life of MSCs in a subcutaneous murine implan-
tation model. Furthermore, the possibility of independent
modulation of material properties of the building blocks,
including stiffness and adhesive ligand composition, can be
performed with different cell types, allowing tuning of condi-
tions appropriate for many different populations of therapeutic
cells for specific downstream applications in vivo (e.g., delivery
to heart, bone, skin, nerves, etc.). MSCs represent a promising
therapeutic cell population for tissue/organ regeneration, with
local therapy showing some positive effects in human dis-
ease.l*’] Deployment of a high concentration of MSCs within
a regenerative scaffold material immediately before delivery
to tissue may improve their efficacy and overcome a manu-
facturing hurdle of other scaffold materials that require stem
cells to be incorporated during scaffold synthesis. Overall, we
show that cell delivery in conjunction with an in situ-formed
microporous niche promotes the survival of delivered cells and
should enhance cell therapies in regenerative medicine and
immunologic applications.
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Experimental Section

Microfluidic Device Fabrication: Microfluidic devices were fabricated
using soft lithography as previously described.?”l Briefly, master molds
were fabricated on mechanical grade silicon wafers (University wafer)
using KMPR 1050 photoresist (Microchem). Devices were molded from
the masters using poly(dimethyl)siloxane (PDMS) Sylgard 184 kit (Dow
Corning). The base and crosslinker were mixed at a 10:1 mass ratio, poured
over the mold, and degassed prior to curing for overnight at 65 °C. Channels
were sealed by treating the PDMS mold and a glass microscope slide
(VWR) with oxygen plasma at 500 mTorr and 80 W for 30 s. The channels
were functionalized by injecting 100 pL of Aquapel (88 625-47 100, Aquapel)
and reacting for 30 s until washed by Novec 7500 (9 802 122 937, 3M). The
channels were dried by air suction and kept in the oven at 65 °C until used.

Microgel Production: Monodisperse microgels were produced as
follows. Two aqueous solutions were prepared: i) 4 Arm-PEG VS
MW 20000 (PTE-200VS, NOF) at 8%, 10%, 20%, and 24% (w/v) in
0.3 wm triethyloamine (TEOA) pH 8.25, pre-reacted with K-peptide
(Ac-FKGGERCG-NH2),  Q-peptide  (Ac-NQEQVSPLGGERCG-NH2)
at a final concentration of 250 x 10°® m and with RGD peptide
(Ac-RGDSPGERCG-NH2) at a final concentration of 500 x 10 m or
2.5 % 107 m and ii) an 8 x 1073 m di-cysteine modified Matrix Metallo-
protease (MMP) (Ac-GCRDGPQGIWGQDRCG-NH2) (Genscript) or
6x 1073, 18 x 1073, or 20 x 107 m poly(ethylene glycol) dithiol MW 1000
(717 142-1G, Sigma-Aldrich) pre-reacted with 10 x 107 m Alexa-fluor 488
or 568-maleimide (Life Technologies). Please see the Table S1 (Supporting
Information) for the composition according to MAP gel types. These
pre-gel solutions were sterile-filtered through a 0.2 um polyethersulfone
(PES) membrane in a leur-lok syringe filter, injected into the microfluidic
device and pinched off by oil phase (0.1% Pico-Surf in Novec 7500,
SF-000149, Sphere Fluidics) (Figure STA, Supporting Information). The
flow rate for aqueous solutions was 1-12 pL min~' and for oil solutions
was 4-400 pL min~' to fine-tune the size of droplets (Figure S1B,
Supporting Information). Gels were collected from the device into a tube
in oil phase, incubated overnight at room temperature in dark. Microgels
in oil phase were vortexed with 20% 1H,1H,2H,2H-Perfluoro-1-octanol
(PFO) (370 533-25G, Sigma-Aldrich) in Novec 7500 for 10 s. Microgels
were then mixed with 1:1 mixture of HEPES buffer (100 x 103 m HEPES,
40 x 10 m NaCl pH 7.4) and hexane followed by centrifugation at
10 000 rpm to separate microgels from oil for five times. Microgels were
incubated in sterile-filtered 70% ethanol solution at 4 °C at least overnight
for sterilization. Before in vivo or in vitro experiment, microgels were
washed with HEPES buffer with 10 x 1073 m CaCl, for five times.

Annealing of Microgels: Equal volumes of two microgel solutions
were incubated in HEPES-buffered saline (pH 7.4) containing FXIII
(10 U mL™") or thrombin (2 U mL™") respectively at 4 °C overnight. The
two solutions were centrifuged at 10 000 rpm for 5 min and supernatants
were removed to concentrate the microgels. These concentrated
solutions were thoroughly mixed with each other by pipetting up and
down, pipetted into a desired location and kept at 37 °C for 90 min to
anneal the microgels into a MAP scaffold.

Rheology Techniques for Measuring the Storage Modulus of MAP Building
Blocks: The storage modulus of an 8 mm disc gel was measured using
an Anton paar physica mcr 301 Rheometer. 40 uL of pre-gel solutions
(20 pL of PEG with peptides, 20 uL of crosslinker) were pipetted onto
sterile siliconized (Sigmacote; SL2-25ML, Sigma-Aldrich) slide glass,
covered with another glass with 1 mm spacer and incubated at 37 °C for
2 h. Disc gels were swollen to equilibrium in PBS overnight before being
measured. An amplitude sweep (0.01-10% strain) was performed to
find the linear amplitude range for each. An amplitude within the linear
range was chosen to run a frequency sweep (0.5-5 Hz). At least, four
disc-gels were measure for each condition.

Diffusion Measurement using Photobleaching in MAP Scaffold: MAP
gels were incubated with 100 x 107 m 70 kDa dextran-FITC (FD70S-
100MG, Sigma-Aldrich) solution in PBS or a 100 x 10~ m fluorescein
solution in PBS. 20 pL of microgels were pipetted and annealed in a
3 mm diameter PDMS well on a glass coverslip to form a MAP scaffold.
Fluorescence recovery after photobleaching was conducted using a Leica
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TCS SP5 confocal microscope. A 20x dry objective and argon laser were
used for bleaching and imaging. For pore diffusivity measurements,
bleaching was performed with 30% laser power and 100% transmission,
with imaging at 15% transmission to limit additional bleaching. For
the single-phase bleaching measurements in nonporous hydrogel and
PBS, 70% laser power and 100% transmission were used for bleaching,
with 6% transmission used for imaging. After bleaching for 8 s, at least
50 images were taken with the interval of 390 ms (Figure S2, Supporting
Information). A circle of 100 um diameter centered on the bleach spot was
taken as the analysis region of interest (ROI) in all cases using Image). The
diffusivity was calculated via the approach of Soumpasist* Equation (1)

_ 0.224w?

D
iz

M

where w is the ROI radius, ty/, is the halftime calculated by fitting the
mean intensity of the ROl in time to an exponential Equation (2)

F (t)=a+2,/L;W @)
where a and b were obtained from the fitted curve.

Diffusion Measurement in Nonporous Hydrogel using Fluorescent
Intensity Profile: 8 mm disc gels were prepared as previously described
in the rheology technique section. Gels were swollen in PBS overnight
and placed between two slide glasses in PBS with 100 x 10° m 70 kDa
dextran-FITC (FD70S-100MG, Sigma-Aldrich). The fluorescent images
of gels (FITC) were taken every day and the intensity profiles over time
were used to calculate the diffusivity using Fick’s law.

Gel Degradation Experiment: 10 uL of pre-gel solutions (5 puL of PEG
with peptides, 5 uL of crosslinker pre-reacted with 10 x 107 m Alexa-
fluor 488-maleimide) were pipetted onto sterile siliconized (Sigmacote;
SL2-25ML, Sigma-Aldrich) slide glass, covered with another glass with
1 mm spacer and incubated at 37 °C for 2 h. The final concentrations
of PEG and crosslinkers were 5 wt% 4-Arm PEG-VS with 4 X 1073 m
PEG-dithiol (5%ND), 5 wt% 4-Arm PEG-VS with 4 x 103 M MMP-cleavable
dithiol (5%D) and 10 wt% 4-Arm PEG-VS with 8 x 107> m MMP-cleavable
dithiol (10%D). Gels were swollen to equilibrium in PBS overnight
before being transferred to a 24-well insert with fluorescent-blocking
membrane (08-772-147, Fisher Scientific); one gel per a well. The insert
was inserted into a 24 well-plate with 1 mL of 1% TryPLE (12 604 013,
Gibco) in PBS. The fluorescent level at the bottom of the plate was
measured by the plate-reader (BioTek Cytation5) at 37 °C for 12 h.

Hydraulic Conductivity Measurement in the Scaffold: A custom-designed
device was designed using Autodesk Inventor 3D CAD software, and
printed in Watershed XC 11 122 Normal-Resolution Stereolithography build
in 0.004” layers from Proto Labs, Inc. (Figure S3, Supporting Information).
For the MAP scaffold, 25 piL of microgel building blocks (5 wt% crosslinked
with MMP-cleavable dithiol) was casted on top of a 5 im pore size cellulose
membrane (SMWP01300, Fisher Scientific) in the bottom plane of the
device and annealed followed by the overnight incubation in PBS. For the
nonporous scaffold, 10 L of pre-gel solution (5 wt% PEG with 4 X 107 m
MMP-cleavable dithiol) was casted on top of the membrane in the device
and incubated at 37 °C for 2 h followed by the overnight incubation in PBS.
Then 1 mL of PBS with blue food dye was injected into the device and the
permeated volume over time was measured. The hydraulic conductivity
was calculated based on Darcy’s lawi*’]

k=tk In(Z—;) e
where, a is the inner cross-sectional area of the graduated tube (cm?),
L is the test sample thickness (cm), A is the test sample cross-sectional
area (cm?). T is the time elapsed between the initial head and the final
head (s), hy is the initial head across the test specimen (cm), and h; is
the final head across the test specimen (cm).

Mesenchymal Stem Cell Culture in Flasks: Strain C57BL/6 Mouse
Mesenchymal Stem Cells with RFP (MUBMX-01201, Cyagen
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Biosciences) and strain C57BL/6 Mouse Mesenchymal Stem Cells with
GFP (MUBMX-0 1101, Cyagen Biosciences) were maintained in Mouse
Mesenchymal Stem Cell Growth Medium (MUXMX-90 011, Cyagen
Biosciences) according to manufacturer's specifications to retain
stemness. Cells between passages 4-6 were used. Cells were maintained
at lower than 80% confluency in culture.

Mesenchymal Stem Cell In Vitro Culture on the MAP Scaffold:
MSCs labelled with RFP (MUBMX-0 1201, Cyagen Biosciences) were
dissociated by trypsin and centrifuged down to remove medium. 60 uL
of MAP in HEPES-buffered saline (pH 7.4) containing FXIII (10 U mL™")
and 10 x 107 m CaCl, was combined as mixed thoroughly with 60 pL
of MAP microgel building blocks in HEPES-buffered saline (pH 7.4)
containing thrombin (2 U mL™) with a positive displacement pipette
(MICROMAN, Gilson, Inc.). Cells were resuspended and spiked in MAP
building blocks at 1000 cells uL™" concentration. These MAP gels were
kept on ice to prevent annealing as well as maintaining the MSC viability.
20 uL of MAP gels with MSCs at 1000 cells uL™' was pipetted into
silicone isolators (GBL664206-25EA, Sigma-Aldrich) in a tissue culture
plate (08-772-50, Thermo Fisher Scientific) and incubated for 90 min
at 37 °C followed by adding a complete cell culture medium. Cells
were grown in 5% CO, and 37 °C and 1 mL of medium was changed
every 3—4 days. The fluorescent intensity from RFP was detected using
a plate-reader (BioTek Cytation5). In each sample, at least 6 points of
RFP intensity were measured (Ex: 545, Em: 605) using the area scanning
function. At day 14, samples were gently washed with PBS twice, fixed
with 4% PFA overnight at 4 °C followed by Hoechst (1/500) (Thermo
Fisher Scientific) and phalloidin 647 (1/500) (Thermo Fisher Scientific)
staining at room temperature for 4 h. Then the scaffolds were gently
washed twice with PBS and kept at 4 °C until imaged.

Mesenchymal Stem Cell In Vitro Culture on the Nonporous Scaffold: PEG-VS
scaffolds (5 wt% r=0.8 MMP-1 crosslinker, 250 x 10 m K, 250 x 106 m Q,
500 x 107® M RGD) were used to encapsulate MSCs (1000 cells uL™). Gels
were formed for 15 min (TEOA 0.3M, pH 8.25) before being placed into
appropriate media. The fluorescent intensity detection and staining was
performed as for MAP scaffold in vitro experiments.

In Vivo Imaging System (IVIS) Experiments: Strain C57BL/6) mice (The
Jackson Laboratory) were anesthetized using continuous application
of aerosolized isofluorane (3 vol%) throughout the duration of the
procedure. 60 puL of MAP in HEPES-buffered saline (pH 7.4) containing
FXIII (10 U mL™) and 10 x 1073 m CaCl2 was combined as mixed
thoroughly with 60 L of MAP building blocks in HEPES-buffered saline
(pH 7.4) containing thrombin (2 U mL™") with a positive displacement
pipette (MICROMAN, Gilson, Inc.). 100 uL of MAP building blocks with
one million MSCs expressing RFP (MUBMX-0 1201, Cyagen Biosciences)
was injected subcutaneously into mice via 25-gauge needles. As
controls, 100 pL of PBS with one million MSCs expressing RFP and
40 pL of pre-gel solution (5 wt% PEG with 4 x 10 M MMP-cleavable
dithiol, swelling ratio 2.5) with one million MSCs expressing RFP were
injected using the same method. Two injection sites on opposing sides
of the back per mouse were used to avoid potential signal overlap during
imaging. To monitor cell viability and distribution, the RFP fluorescence
was measured using a Perkin Elmer IVIS Lumina Il on days 0, 2, 5, 7, 10,
and 14. Before imaging, mice were anesthetized with 3% isofluorane/
air. For each image acquisition, a gray scale body surface image was
collected, followed by an overlay of the fluorescent (Ex: 535, Em: 600)
and their radiant efficiency were quantified using Living Image software
(Caliper LifeSciences). All animal experiments were performed according
to established animal protocols.

Subcutaneous MSC Injection Model: Strain C57BL/6] mice (The
Jackson Laboratory) were anesthetized using continuous application
of aerosolized isofluorane (3 vol%) throughout the duration of the
procedure. 60 uL of MAP in HEPES-buffered saline (pH 7.4) containing
FXII (10 U mL™") and 10 x 107> m CaCl, was combined as mixed
thoroughly with 60 L of MAP building blocks in HEPES-buffered saline
(pH 7.4) containing thrombin (2 U mL™") with a positive displacement
pipette (MICROMAN, Gilson, Inc.). 2.4 uL of MSC suspension was
then added and mixed thoroughly. 100 pL of MAP building blocks with
MSC GFP (MUBMX-0 1101, Cyagen Biosciences) at 5000 cells uL™' was
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injected subcutaneously into mice via 25-gauge needles. Four injection
sites on the back per mouse were used to accommodate all four test
conditions (SoD1, SoN1, StN1, and StN5). Mice were sacrificed at
week 2 and MAP scaffolds were excised and immediately fixed in
4% PFA for 2 h before flash frozen in OCT compound (Tissue-Tek).
These OCT tissue blocks were kept at -80 °C until sectioned at 25 um
thickness using cryostat (Leica CM1950) and collected onto 25 x 75 mm
charged slides (1358W, Globe Scientific). Sections were dried at room
temperature overnight and kept at —20 °C until stained. All animal
experiments were performed according to established animal protocols.

Tissue Section Immunofluorescence: Slides containing tissue sections
were washed and blocked using 10% normal goat serum (50062Z,
Invitrogen) for 2 h at room temperature and then stained with primary
antibodies overnight at 4 °C. Primary antibody dilutions were prepared
as in the Table S2 (Supporting Information). Sections were incubated
in secondary antibodies with 1/500 diluted Hoechst for 2 h at room
temperature, and subsequently washed with PBS. Secondary antibody
dilutions were prepared as in the Table S2 (Supporting Information).
Sections were mounted in Antifade Gold mounting medium (9071S,
Cell Signaling Technology) and imaged using Leica Confocal SP-5
with 63X water immersion objective lens or Nikon Ti Eclipse with 10x
objective lens.

Computational Analysis of Tissue Images: Images were analyzed using
a MATLAB code. Briefly, the code defines the region of an injected MAP
scaffold region using the TRITC channel. It divides the region into two: a
periphery region of interest (ROI) (200 um into and out of the scaffold)
and core ROI (inside of the periphery region) (Figure S7, Supporting
Information). For ROl regions, the code reads the Cy5 channel
intensity profiles and defines regions of protein expression using a
threshold (identical for all sample images). The ratio of cells with
protein expression was calculated by the ratio of cells having a nuclear
stain also in the protein expression region for each ROI. The density
of cells was calculated by the total number of cells under the protein
expression mask divided by the area of the ROI. The cell density as a
function of the distance from the interface was calculated by counting
the number of cells in a subregion of the scaffold that was divided by
distance (Figure S7E, Supporting Information). It was verified that the
quantification by this method was insensitive to imaging conditions:
exposure time and number of scans, although the imaging condition
was kept same for all samples (Figure S11, Supporting Information).
Tissue slice areas with physical defects from imperfect tissue sectioning
were excluded manually in the analysis.

Ethics Statement: The mouse studies described in this manuscript
were performed under the written approval of the UCLA Animal
Research Committee (ARC) in accordance to all federal, state, and local
guidelines. All studies were carried out under strict accordance to the
guidelines in The Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health and the accreditation and guidelines
of the Association for the Assessment and Accreditation of Laboratory
Animal Care (AALAC). The protocol/permit/project license number
assigned by the IACUC/ethics committee that approved under UCLA
ARC Protocol Number 2010-011-31. All injections were performed under
isofluorane anesthesia and all efforts were made to minimize animal
pain and discomfort.

Statistical Analysis: All values are depicted as mean * standard
deviation unless stated. Statistical comparisons were performed using
GraphPad Prism 8.0 or MATLAB version R2016b (MathWorks, Inc.). The
significance between two groups was analyzed by a two-tailed Student
t-test. The significance between multiple groups was analyzed by a
one-way ANOVA. Values were considered to be significantly different
when p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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SUMMARY

Signaling pathways that promote adipose tissue
thermogenesis are well characterized, but the
limiters of energy expenditure are largely unknown.
Here, we show that ablation of the anti-inflammatory
cytokine IL-10 improves insulin sensitivity, protects
against diet-induced obesity, and elicits the
browning of white adipose tissue. Mechanistic
studies define bone marrow cells as the source of
the IL-10 signal and adipocytes as the target cell
type mediating these effects. IL-10 receptor alpha
is highly enriched in mature adipocytes and is
induced in response to differentiation, obesity, and
aging. Assay for transposase-accessible chromatin
sequencing (ATAC-seq), ChiP-seq, and RNA-seq
reveal that IL-10 represses the transcription of
thermogenic genes in adipocytes by altering chro-
matin accessibility and inhibiting ATF and C/EBPJ
recruitment to key enhancer regions. These findings
expand our understanding of the relationship
between inflammatory signaling pathways and
adipose tissue function and provide insight into the
physiological control of thermogenesis that could
inform future therapy.

INTRODUCTION
White adipose tissue (WAT) stores energy in times of nutritional
excess, and its dysfunction contributes to metabolic disorders

such as type 2 diabetes (Rosen and Spiegelman, 2014). BAT is
specialized to dissipate stored chemical energy in the form of

218 Cell 172, 218-233, January 11, 2018 © 2017 Elsevier Inc.

heat, and BAT mass inversely correlates with body mass index
and has been ascribed a potential anti-obesity function
(van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).
Recent studies have revealed the ability of certain WAT depots
to activate thermogenesis upon exposure to cold and hormonal
stimuli (Ohno et al., 2012; Tiraby and Langin, 2003). A subpopu-
lation of cells in inguinal WAT (i\WAT) known as “beige” cells
expresses UCP1 and carries out thermogenesis (Wu et al.,
2012). UCP1 is crucial for thermogenesis in both brown and
beige adipocytes, and its activity contributes to regulation of
energy balance (Feldmann et al., 2009).

Immune-adipose crosstalk has pronounced effects on the
expansion and activation of beige adipose tissue. Several
studies have highlighted the importance of anti-inflammatory
(type ) cytokines in regulating adipose thermogenesis. Produc-
tion of interleukin-4 (IL-4)/IL-13 by eosinophils upon stimulation
by cold or exercise activates thermogenesis (Qiu et al., 2014;
Rao et al., 2014). Activation of type 2 innate lymphoid (IL-C2)
cells by IL-33 acts via IL-4Ra. in pre-adipocytes to promote beige
fat biogenesis (Lee et al., 2015). Recently, IL-33 was shown to
license adipocytes for uncoupled respiration by regulating the
splicing of UCP1 (Odegaard et al., 2016).

IL-10 is a type Il cytokine with anti-inflammatory properties
and its loss is associated with autoimmune pathologies (Couper
etal., 2008). IL-10 is secreted by multiple immune cells, including
macrophages, dendritic cells, B cells, and T cells (Saraiva and
O’Garra, 2010). It signals through a receptor complex of
IL-10Ra and IL-10RB to trigger the activation of signal transducer
and activator of transcription 3 (STAT3) (Moore et al., 2001).
STATS is essential for the anti-inflammatory activity of IL-10
(Lang et al., 2002), which are believed to be primarily due to
repression of transcription. However, the precise mechanisms
by which IL-10 regulates gene expression remain very poorly
understood (Murray, 2005; Murray and Smale, 2012).
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Figure 1. IL-10-Deficient Mice Are Pr d against Obesity

(A) Representative images of 10-week-old chow-fed WT and //70™~ mice showing gross adipose tissue appearance and histology (H&E).

(B) Intraperitoneal (i.p.) glucose tolerance test performed on 10-week-old chow-fed mice. N = 7. Comparisons at each time point were made against WT control
mice by repeated measures ANOVA.

(C) Body weight of 32-week-old chow-fed WT and //70”~ mice. N = 8, 8.

(D) Gross appearance of representative 32-week-old chow-fed mice and their tissue.

(E) Body fat mass of 32-week-old chow-fed mice determined by EchoMRI. N =7, 8.

(legend continued on next page)
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The role of IL-10 in adipose biology and energy homeostasis is
largely unknown. Some studies have suggested that IL-10 might
create an anti-inflammatory milieu by promoting the activity of
M2 macrophages (Gao et al., 2013; Hong et al., 2009; Lumeng
et al., 2007; Xie et al., 2014). However, loss-of-function studies
have not supported an anti-obesity role for IL-10 (den Boer
et al., 2006; Mauer et al., 2014; Miller et al., 2011). Furthermore,
ablation of IL-10 does not cause insulin resistance (Kowalski
et al., 2011). Here, we delineate a function for IL-10 signaling in
directing transcriptional responses that limit thermogenesis.
We show that bone-marrow-derived IL-10 acts on adipocytes
via IL-10Ra to repress thermogenic gene expression by altering
the chromatin landscape at transcriptional regulatory regions.
These findings identify the IL-10 axis as a regulator of thermo-
genesis and expand our understanding of the links between
immune signaling and adipose tissue function.

RESULTS

Ablation of IL-10 Protects Mice from Diet-Induced
Obesity

To dissect the role of IL-10 in systemic metabolic homeostasis,
we analyzed young //10”"mice (10 weeks of age) on a C57BL/6
background. IL-10 deficiency on this genetic background is
associated with a relatively low incidence of colitis (Keubler
etal., 2015). There was no overt evidence of systemic inflamma-
tion in //70™" mice, and they had comparable body weights and
colon morphology to wild-type (WT) controls (Figures S1A-S1C).
However, on visual inspection, iWAT from /70~ mice appeared
redder than that from littermate controls. Histological analysis
also revealed smaller adipocytes and increased numbers of cells
with multilocular lipid droplets (Figure 1A). Serum triglycerides
were lower, and serum-free fatty acids were elevated in /707~
mice (Figure S1D). We further found that //70”~ mice exhibited
markedly improved glucose tolerance despite similar basal
glucose levels (Figures 1B and S1D). Interestingly, ablation of
IL-10 did not have a marked influence on serum pro-inflamma-
tory cytokine levels or total or activated M1 macrophage
populations in adipose tissues (Figures S1E and S1F).

Next, we addressed how this phenotype progressed with age.
Chow-fed /1107~ mice at 8 months of age were grossly leaner
than controls and had less total body mass and fat mass (Figures
1C—1E). Furthermore, the size and weight of individual adipose
depots were reduced (Figure S1G). Livers of //107~ mice also
appeared to be protected from hepatic steatosis (Figure 1D).
We further assessed how IL-10 ablation would affect the devel-
opment of diet-induced obesity. Mice of 10 weeks of age were
fed a high-fat diet (HFD; 60% calories from fat) for 6 weeks. After
this regimen, /707~ mice were grossly leaner and gained less

weight than WT mice (Figures 1F and 1G). MRI analysis of
body composition confirmed reduced body fat with no differ-
ence in lean mass (Figure 1H). /l-10”~ mice were also protected
from diet-induced hepatic steatosis, and the size and weight of
individual adipose depots were reduced (Figures 1G-1l and
S1H). Liver and serum triglyceride and cholesterol levels were
reduced in /107~ mice (Figure S1l), and the mice had improved
glucose tolerance and insulin tolerance (Figures 1J and 1K).
Assessment of AKT phosphorylation in response to insulin sug-
gested that adipose tissue insulin sensitivity was preferentially
increased in the absence of IL-10 (Figure S1J).

Colon morphology and histology revealed no apparent signs
of colitis in /1707~ mice (Figures S1K and S1L), although we
noted a small increase in the basal levels of Mcp1 and /I-12p40
in colon tissue (Figure STM). With the exception of IL-10, WT
and /10" mice had comparable levels of most pro-inflammatory
cytokines in serum (Figure S1N). There was a modest
decrease in both serum and adipose MCP-1 in HFD-fed //10™~
mice (Figures S10 and S1P), in line with their protection
against diet-induced obesity (Kanda et al., 2006; Sartipy and
Loskutoff, 2003).

Increased Energy Expenditure in IL-10-Deficient Mice
Next, we probed the influence of IL-10 expression on energy
homeostasis. Chow-fed mice at 10 weeks of age were individu-
ally housed in metabolic chambers for 72 hours. Oxygen con-
sumption rate (VO,) energy expenditure (EE) and food consump-
tion were higher in /707~ mice compared to WT controls (Figures
2A-2C and S2A). Metabolic cage studies performed on an
independent cohort of HFD-fed mice revealed similar elevations
in VO, and EE in mice lacking IL-10 (Figures S2B and S2C).

To examine if the increase in EE in //707~ mice might reflect
altered mitochondrial activity, we isolated mitochondria from
iWAT and measured rates of oxygen consumption (OCR).
Mitochondrial respiration was sequentially measured with
substrate present (basal respiration) and in the presence of
ADP (complex V respiration) or FCCP (maximal respiration).
We observed increases in basal, complex V, and maximal respi-
ration in //70”~ mice (Figures 2D and S2D). We then assessed
the activity of complexes I-IV by performing an electron flow
assay. The activity of all complexes was augmented in /707~
mitochondria (Figures 2E and S2D).

Increased Adipose Thermogenesis in IL-10-Deficient
Knockout Mice

To address whether the loss of IL-10 affected adipose gene
expression, we performed RNA sequencing (RNA-seq) on
iWAT from chow-fed, 10-week-old mice. Remarkably, as de-
picted in Figure 2F, genes linked to adipocyte thermogenesis

(F) Body weight of mice fed chow diet for 10 weeks and then on a 60% high-fat diet (HFD) for 6 weeks. N = 16, 12. Statistical analysis was performed using

Student’s t test.

(G) External and gross tissue appearance of representative 6-week-old mice that were HFD-fed.
(H) Fat and lean mass of mice in (F). Statistical analysis was performed using Student’s t test.

() Representative histology of IWAT and BAT from mice in (F).

(J) An i.p. glucose tolerance test (GTT) was performed on WT and //70~~ mice fed chow diet for 10 weeks and then on a 60% HFD for 6 weeks. N = 7.
(K) An i.p. insulin tolerance test (ITT) was performed on mice in (J). N = 7. Comparisons at each time point were made against WT control mice by repeated
measures ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.

Error bars represent SEM. See also Figure S1.
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Figure 2. IL-10 Deficiency Promotes Energy Expenditure and Adipose Tissue Browning

(A-C) Energy expenditure (EE) (kCal/kg/hr) (A), VO, (mL/kg/hr) (B), and food intake (g) (C) of chow-fed 10-week-old WT and //70™"~ mice was analyzed by Columbus
Oxymax metabolic chambers. 12-hr light/dark cycles; 72-hr total duration; and each light/dark bar represents 12 hr duration. N = 7. Statistical analysis was
performed using two-way ANOVA and ANCOVA.

(D and E) Average oxygen consumption rate (OCR) of mitochondria isolated from iWAT in mitochondrial coupling (D) and electron flow assays (E). Samples
were treated with different substrates or inhibitors to obtain specific respiration states as indicated. Data are the average of six internal replicates and are
representative of two experiments. Statistical analysis was performed using Student’s t test.

(legend continued on next page)
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were highly upregulated in iWAT from /707~ mice compared to
controls. Such genes included Ucp1, Cidea, and Pm20d1
(Long et al., 2016). Conversely, genes selectively expressed in
WAT and those associated with obesity, including Mmp12,
Trem2, Celec4d, and Atp6v0d2, were downregulated. We further
analyzed the correlation between the gene expression signa-
tures of WT and //107~ iWAT and reference BAT and WAT from
public datasets (Seale et al., 2007). The data plot in Figure 2G
is divided into four quadrants with different shades of red and
blue representing the BAT/WAT ratio as a function of knockout
(KO)/WT ratio. The large cluster of genes between the horizontal
dotted lines show that vast majority of genes were similarly ex-
pressed between WT and KO mice. However, the substantial
number of genes clustered in quadrant one indicated that the
profile of /1107~ iIWAT more closely resembled BAT than did
that of WT. Real-time PCR confirmed that markers of adipose
browning were increased in /707~ mice, whereas inflammatory
markers were reduced or unchanged (Figures 2H and S10),
with the exception of mild increases in the low basal levels of
Tnfa, Mcp1, and Il-12p40 in colon (Figure S1M). We also found
increased UCP-1 protein in adipose tissue of //70”~ mice (Fig-
ure 2l). Expression of previously identified “beige markers”
was generally not different, except for a mild enrichment in the
TMEM26+ cell population in //707~ mice (Figures S2E and
S2F). Thermogenic gene expression in BAT was similar between
groups (Figure S2G).

To rule out a contribution of subclinical colonic inflammation to
the metabolic phenotype of //707~ mice, we treated them with
the broad-spectrum antibiotic enrofloxacin starting at 4 weeks
of age (Hoentjen et al., 2003; Madsen et al., 2000). After 7 weeks
of antibiotic //70™" mice still had increased adipose thermogenic
gene expression (Figure S2H). Thus, the improved metabolic
phenotype of /707~ mice could not be linked with the develop-
ment of colitis or obvious systemic inflammation.

Adrenergic signaling is enhanced in mice housed at ambient
temperature (23°C) compared to thermoneutrality (30°C). We
noted that genes induced in response to cold, such as Cpn2,
Otop1, and Pm20d1 (Long et al., 2016) were upregulated in
11107~ mice maintained at 23°C (Figures 2F and 2G). This
finding raised the possibility that either increased production of
B-adrenergic agonist or increased response to the same level
of agonist might contribute to the phenotype of /I707~ mice.
To address this, we housed 4-week-old mice at 30°C for
7 weeks. Thermoneutral housing attenuated the differences in
thermogenic gene expression between WT and //707~ mice
(Figure S2I), suggesting that the phenotype was dependent
on active beta-adrenergic signaling. To rule out the possibility
that //707~ mice were producing more B-adrenergic agonists,

perhaps because they were perceiving cold due to changes in
skin or fur, we measured body temperature and catecholamine
levels and observed no differences between groups (Figures
S2J and S2K). Further, /1107~ mice exposed to cold (5°C) for
6-24 hr showed a more robust increase in thermogenic genes
compared to controls (Figure S2L). These findings suggest
that IL-10 affects the downstream response to B-adrenergic
agonists.

Bone Marrow IL-10 Production Determines the
Thermogenic Phenotype

To determine the source of the IL-10 signal leading to these
metabolic effects, we performed bone-marrow transplantation
(BMT) studies. We reconstituted lethally irradiated //707~ mice
with either WT (WT=KO) or /707~ bone-marrow (KO=KO) (Fig-
ure S3A). Genotyping of blood 7 weeks post-BMT showed that
the WT allele was fully reconstituted in /707~ mice (Figure S3A).
Following the transplant WT=KO mice gained more weight and
accumulated more fat mass than KO=KO controls (Figures 3A
and 3B). The iWAT depot was larger in WT=KO mice compared
to KO=KO controls (Figure 3C). WT=KO mice also had higher
blood glucose levels and were less glucose tolerant (Figures
S3B and S3D). Importantly, neither group showed apparent
signs of colitis (Figure S3C). We performed calorimetry to inves-
tigate whether the thermogenic phenotype of IL-10-deficient
mice was rescued by WT bone marrow. WT=KO mice had
reduced VO, and EE compared to KO=KO mice (Figure 3E).
Consistent with this finding, thermogenic gene expression and
mitochondrial respiration were repressed in WT=KO mice (Fig-
ures 3F-3H and S3D).

IL-10-IL-10R Axis Represses Adipocyte Thermogenesis
To explore if IL-10 could act on adipose tissue directly, we char-
acterized IL-10Ra. expression in fat. //70ra was highly enriched
in the mature adipocyte fraction of iIWAT and //70ra, but not
I110rb, was induced during differentiation (Figures 4A, 4B, and
S4A). Furthermore, I/10ra was increased in response to HFD, ge-
netic obesity, and aging (Figures 4C and S4B). Interestingly,
1I10ra was also regulated over the time course of mice exposed
to cold. //10ra was induced acutely, but fell as thermogenic gene
expression increased (Figures S4C and S4D). We also found
that cold exposure and HFD feeding led to an increase in
serum IL-10 (Figure S4D). IL-10Ra levels were higher in WAT
compared to other metabolic tissues such as liver and muscle
(Figure S4E).

Meta-analysis of published data from the Metabolic Syndrome
in Men (METSIM) study (N = ~10,000) and >100 strains of high-
fat/fructose fed mice from the hybrid mouse diversity panel

(F) Scatterplot of gene expression differences between WT and //10™~ mice as determined by RNA sequencing of iWAT. Genes with at least 4 RPKM are shown.
The log2 ratio of KO/WT expression (x axis) is shown as a function of max RPKM (y axis), with select genes indicated with vertical text. Shades of blue correspond
to genes downregulated in the //70™~ mice, and shades of red indicate upregulation in //70”~ mice. N = 9, 11.

(G) Scatterplot of the gene expression ratio in //70~/~ to WT mice versus BAT to WAT (Seale et al., 2007). Genes are color-coded based on the expression ratio of
BAT to WAT, and the dash lines represent the cutting range of the gene expression ratio, 0.67 and 1.5 accordingly. Genes that are strongly upregulated in //10~/~
mice are enriched in BAT-selective genes (red annotated genes). WAT-selective genes (black annotated genes) with similar expression in /I70~/~, and WT mice

were either weakly repressed or similar in BAT.

(H) Real-time analysis of gene expression in iWAT from WT and //70”~ mice. N = 9, 11.

(I) Immunohistochemical staining for UCP1 in iWAT. *p < 0.05, **p < 0.01.
Error bars represent SEM. See also Figure S2.
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Figure 3. Bone-Marrow-Derived IL-10 Inhibits Thermogenesis

(A) Body weight of lethally irradiated chow-fed /1707~ mice reconstituted with WT (WT — KO) or /707~ (KO — KO) bone marrow 7 weeks post-transplant. N = 10.
Statistical analysis was performed using Student’s t test.

(B) Body fat and lean mass of WT — KO and KO — KO mice determined by EchoMRI.

(C) Gross appearance of iWAT 19 weeks post-BMT.

(D) Ani.p. GTT was performed on WT — KO and KO — KO mice. N = 10. Comparisons at each time point were made by repeated measures ANOVA.

(E) EE, VO,, and food intake were analyzed by metabolic chambers. 12-hr light/dark cycles; 72-hr total duration; and each light/dark bar represents 12-hr
duration. N = 10 per group. Statistical analysis was performed using two-way ANOVA and ANCOVA.

(F) Gene expression in iIWAT determined by real-time PCR. N = 9. Statistical analysis was performed using Student’s t test.

(legend continued on next page)
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(Laakso et al., 2017; Parks et al., 2013) showed robust correla-
tion of IL10Ra with fat mass and insulin resistance (Figures 4F
and 4G). We also identified //70ra as a direct PPARy target
gene. /l10ra expression was induced in response to PPARYy
activation, and analysis of published chromatin immunoprecipi-
tation sequencing (ChlP-seq) data revealed robust enrichment
of PPARy at the enhancer region of the //70ra gene locus in
adipocytes (Figure S4F) (Siersbaek et al., 2012).

Next, we assessed whether the IL-10Ra pathway was func-
tional in adipocytes. We confirmed that IL-10 activated STAT3
phosphorylation (Figure S4G). We then proceeded to knock
down IL-10Re in iWAT with an adenoviral vector expressing a
specific small hairpin RNA (shRNA). Partial knockdown of
IL-10Ra protein was sufficient to increase thermogenic gene
expression (Figures 4D and 4E). We also performed acute
knockdown studies in vivo using an antisense oligonucleotide
(ASO) targeting IL-10Ra.. Importantly, we observed knockdown
of IL-10Ra expression in fat, but not liver or muscle, in response
to ASO treatment (Figure 4H). Acute IL-10Ra depletion by ASO
caused weight loss, a reduction in fat but not lean mass, and a
reduction in WAT weight (Figures 41-4K). Neither control ASO-
nor IL-10Ra. ASO-treated mice showed signs of colitis (Fig-
ure S4H). Furthermore, expression of thermogenic genes was
increased in iIWAT of IL-10R2ASO-treated mice (Figure 4K).

Treatment of iIWAT acutely ex vivo with IL-10 decreased UCP1
protein and its corresponding mRNA (Figures 5A and 5B). To
establish that these effects were due to direct actions of IL-10
on adipocytes and did not require other cell types, we studied
primary beige adipocytes differentiated in vitro. Treatment of
these cells with IL-10 also led to a robust downregulation of ther-
mogenic genes (Figure S5A). To facilitate our analysis of IL-10
signaling in cultured adipocytes, we established an immortalized
brown-like preadipocyte cell line that expressed IL-10Ra and
was capable of inducing thermogenic genes in response to stim-
uli (iBAd cells). IL-10 signaling was operative in these cells as
indicated by induction of the canonical IL-10-responsive gene
Socs3 (Figure 5C). Reciprocal with the induction of Socs3, we
observed a decrease in Ucp1 levels and decreased mitochon-
drial respiration upon IL-10 treatment (Figure S5B). Pretreatment
of the cells with an IL-10Ra antibody or small interfering RNA
(siRNA)-mediated knockdown of STAT3 blunted the effects of
IL-10 (Figures S5C and S5D).

We then assessed global gene expression in differentiating
iBAd cells in the presence or absence of IL-10. Genes induced
in vehicle-treated cells more than 5-fold on day 5 (D5) of differen-
tiation compared to DO were plotted as a heat-map (Figure 5D).
Thermogenic genes such as Ucp1, Cidea, and Pppargc1a were
among the highest induced genes on D5. Moreover, these same
genes were also among the most highly inhibited by IL-10 (Fig-
ure 5D). Pathway analysis revealed that brown fat cell differenti-
ation and lipid metabolic processes were compromised by IL-10
(Figure 5E). Blockade of the browning program by IL-10 was
further validated by plotting the RNA-seq vehicle (NT)/IL-10

expression ratio as a function of WAT/BAT expression ratio
(Sun et al., 2013). 70% of the genes inhibited by IL-10 were
brown-selective genes, suggesting a high specificity for the
browning program (Figure 5F).

IL-10 Alters Chromatin Architecture at

Thermogenic Genes

The primary mode of IL-10 action in macrophages is believed to
be inhibition of transcription, although the underlying mecha-
nisms are unclear. We found that IL-10 inhibited the abundance
of primary transcripts of thermogenic genes and the expression
of putative enhancer RNAs (eRNAs) from Ucp1 (Figure 5G),
indicating that IL-10 was acting to block transcription. To test
whether IL-10-dependent repression of transcription was due
to action at DNA regulatory regions, we performed genome-
wide assay for transposase-accessible chromatin sequencing
(ATAC-seq) on differentiated iBAd cells. ATAC-Seq peaks corre-
spond to genomic regions sensitive to cleavage by transposase
because of their open chromatin configuration (Buenrostro et al.,
2013). Using a parallel approach to the RNA-seq analysis of Fig-
ure 5D, we identified 3,174 ATAC peaks that were enriched more
than 5-fold on D5 compared to DO in vehicle-treated cells and
represented them as a heatmap (Figure 6A). Peaks indicative
of open chromatin appearing at D5 included those at the
enhancer/promoter regions of thermogenic genes such as
Ucp1 and Cidea, consistent with the induction of these genes
during differentiation. In line with the inhibitory effects of IL-10
on thermogenic gene repression, IL-10 markedly reduced
ATAC peak enrichment at thermogenic genes (Figure 6A).

To qualitatively assess the changes in ATAC-seq peaks, we
plotted the data as a bedgraph. As shown in Figure 6B, on D5
of brown differentiation a discreet set of new peaks emerged
(peaks 1 and 3), indicative of newly opened chromatin at regula-
tory regions of the Ucp1 locus. Remarkably, IL-10 treatment
caused an almost complete loss of these differentiation-depen-
dent peaks, indicating that the chromatin remained closed in
response to IL-10 signaling. These changes in ATAC peaks
were consistent with the RNA-seq data showing a decreased
Ucp1 transcript in IL-10-treated cells and increased transcript
in IL-10-deficient mice. Importantly, there were a number of
prominent ATAC peaks at the Ucp1 locus that were not affected
by IL-10 (e.g., peak 2), indicating that IL-10 was selectively
altering chromatin at specific sites (Figure 6B). Specificity was
further confirmed by aligning the adipocyte results with ATAC-
seq data from /I-107~ bone-marrow-derived macrophages
treated with and without IL-10. Most of the peaks present at
the Ucp1 locus in adipocytes were absent in macrophages.
ATAC-seq peak quantification at the Ucp? locus further
validated the repressive effects of IL-10 at peaks 1 and 3, but
not 2 (Figure 6C).

IL-10 treatment also altered chromatin configuration at the
regulatory regions of a battery of other thermogenic genes,
including Cidea, Ppargc1a, and Elovi3 (Figures 6B and S6E).

(G and H) Average oxygen consumption rate (OCR) in coupling (G) and electron flow (H) assays of mitochondria isolated from iWAT of WT — KO and KO — KO
mice. Data are the average of six internal replicates and are representative of two experiments. Statistical analysis was by Student’s t test. *p < 0.05, **p < 0.01,

***p < 0.001.
Error bars represent SEM. See also Figure S3.
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Figure 4. Adipose IL-10Ra Knockdown Increases Thermogenenic Gene Expression

(A) Real-time PCR analysis of //70ra mRNA during the differentiation of primary iIWAT stromal vascular fraction (SVF). Cells were stimulated to differentiate with

dexamethasone (1 pM), IBMX (0.5 mM), insulin (5 pg/mL), and rosiglitazone (20 nM) for 2 days, followed by insulin and rosiglitazone for 5 days.
(B) Immunoblot analysis of IL-10Ra. expression in SVF and adipocyte fraction of iWAT from chow-fed 10-week-old mice.

(C) ll10ra mRNA from iWAT of 12-week-old chow or HFD-fed mice, 12-week-old WT or db/db mice, and 4- and 12-week-old chow-fed WT mice. Statistical

analysis was performed using St

udent’s t test. N = 5-15.
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Furthermore, examination of ATAC signals at genes whose
expression was not altered by IL-10, including Fabp4 and
Ephx1, showed that the ATAC peaks were virtually unchanged
by IL-10 (Figure S5E). The expected increase in ATAC signals
at the Socs3 locus served as a positive control for IL-10 tran-
scriptional effects (Figure S5E). Finally, we plotted the ratio of
vehicle/IL-10 from our ATAC-seq data as a function of gene
expression (RNA-seq). Changes in ATAC peaks did not always
correlate with transcript abundance, suggesting that changes
in chromatin configuration do not necessarily translate into
transcriptional regulation. However, we found a small cluster of
genes in the quadrant 2 of the plot shown in Figure 6D with
particularly high ATAC-/RNA-seq correlation. This cluster
included thermogenic genes, such as Ucp1, Pppargcia, and
Cidea, further underscoring the specificity of IL-10 action.

To extend our results to beige adipocytes, we performed
ATAC-seq on adipocytes differentiated from primary SVFs
from iIWAT of 10-week-old mice. We found that IL-10 altered
chromatin accessibility at thermogenic genes (Ucp1, Cidea,
and Cox8b) in primary beige adipocytes (Figure S6A). We iso-
lated mature adipocytes from iWAT and performed ATAC-seq
to further establish the physiological relevance of our findings.
Consistent with the upregulation of thermogenic genes (Figure 2),
regulatory regions of Ucp1, Cidea, Cox8b, Adrb3, and Pm20d1
were in a more open chromatin configuration in 11107 -compared
to WT iWAT adipocytes (Figures 6E, 6F, and S6B). Thus, results
from three different models indicated that IL-10 affects
chromatin architecture and thermogenic gene transcription in a
cell-autonomous manner.

IL-10 Alters Transcription Factor Occupancy at
Thermogenic Genes

Thermogenic gene transcription is orchestrated by multiple tran-
scriptional regulators (Harms and Seale, 2013). To investigate if
IL-10 affected accessibility at sites of transcription factor bind-
ing, we performed in silico analysis. We plotted all the ATAC-
seq data peaks from DO and D5 as a function of fold induction
to assess the percentage of peaks showing a change in acces-
sibility during differentiation. About 10% of the ATAC peaks
show an increase of 5-fold or higher on D5 (Figure S7A). Further-
more, the distribution of ATAC peaks that were highly enriched
during BAT differentiation favored intergenic regions that could
possibly contain enhancer elements (Figures S7B and S7C).
We separated the ATAC peaks into 10 equivalently sized bins
to assess the peak strength (reads per kilobase per million map-
ped reads [RPKM]) within each category of samples (DO, D5, and
D5+IL-10). Next, we quantitatively assess transcription factor

binding sites in the intergenic/enhancer regions where ATAC
peaks were enriched. Motifs associated with the binding of
canonical thermogenic transcription factors such as CREB/
ATF, C/EBPs, and NFls were highly enriched on D5 (Figure S7D).
By contrast, AP-1 (Fos/Jun) motifs were highly downregulated.
To further investigate the effect of IL-10 on transcription factor
enrichment, we analyzed the same regions from Figure S7D
and divided the motifs into three groups based on the level of
IL-10 inhibition. IL-10 caused a substantial loss of enrichment
for motifs associated with thermogenesis-linked transcription
factors (Figure 7A).

To complement these in silico analyses, we directly tested the
functional relevance of the transcription factor motifs identified
by ATAC-seq. We performed directed qChIP-PCR analysis on
the regulatory regions of Ucp1 gene locus. The boxed peaks in
Figure 7D contain sequences that regulate chromatin dynamics
through histone modification and recruitment of transcription
regulators such as C/EBPs, PGC1a, and CREB/ATF. We found
that IL-10 treatment compromised active enhancer histone
methylation mark H3K4me1 as well as recruitment of C/EBP,
PGC1a, and ATF-2 to Ucp1 regulatory peaks 1 and 3, but not
to the constitutively present peak 2 (Figure 7B). In accordance
with these ChlIP data, IL-10 treatment caused a marked reduc-
tion in the ATF-2 phosphorylation and protein levels of PGC1a.
in adipocytes (Figure 7C).

To further investigate the involvement of C/EBPS in the
actions of IL-10, we performed genome-wide Chip-seq. Motif
analysis showed that the C/EBPp consensus site was highly
enriched in our peak analysis, and peak annotation showed
that IL-10 treatment did not cause global changes in C/EBP
DNA occupancy (Figures S7E and S7F). However, gene
ontology analysis revealed that IL-10 antagonized C/EBPB
enrichment selectively at gene loci associated with the brown
differentiation program (Figure 7D). For example, IL-10 blunted
the recruitment of C/EBPB to regulatory regions of Elovl6, Lpl,
and Ppargc1a, without affecting recruitment to Pparg (Figures
7E and S7G).

DISCUSSION

Although multiple signaling pathways that can stimulate adipose
tissue browning have been characterized, the physiologic lim-
iters of energy expenditure programs are not well defined.
Here, we have outlined an unexpected role for IL-10 in the
modulation of adipocyte thermogenesis. Loss of IL-10 in mice
increased energy expenditure and protected against diet-
induced obesity, and did so in the absence of overt systemic

(
(

D) Immunoblot analysis of protein from IWAT of 10-week-old mice injected with 2 x 10° plaque-forming units (PFUs) of the adenovirus-expressing control shRNA
shCtrl) or the shRNA targeting IL-10Ra for 72 hr. Each lane represents an individual animal.

(E) Gene expression in iWAT transduced with shCtrl or shiL-10Ra adenovirus. Data represent the average of 8-10 mice/group. Statistical analysis was performed

using Student’s t test.

(F and G) Correlation trait plots of IL-10Ra expression and fat mass and HOMA-IR data from the HMDP (F) and the METSIM (G) studies. All correlations were
assessed from the midweight bicorrelation coefficient and corrected p value using the R package WGCNA (Langfelder and Horvath, 2008).

(H) lI10ra expression in tissues from ctrl or IL-10Ra ASO-treated mice.

(l) Body weight of 12-week-old mice treated with ctrl or IL-10R« ASO for 3 weeks.

(J) Fat mass and lean mass of mice in ().

(K) Gene expression in iWAT from mice treated with ctrl or IL-10Ra ASO. N = 10 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.

Error bars represent SEM. See also Figure S4.
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Figure 5. IL-10 Directly Acts on Adipocyte IL-10R« to Inhibit Thermogenesis

(A) Immunoblot analysis of protein extracts from iWAT of 10-week-old mice treated ex vivo with vehicle (ctrl) or 100 ng/mL IL-10. N = 4-6. Results are repre-
sentative of three independent experiments.

(B) Real-time PCR analysis of gene expression in iWAT of 10-week-old mice treated ex vivo with control (NT) or 100 ng/mL IL-10 for 1 hr. N = 4-6.

(C) Gene expression in brown differentiated iBAd cells treated with recombinant IL-10 for 16 hr.

(D) Heatmap representation of genes that changed >3-fold (p < 0.01) by RNA-seq on day 5 (D5) of differentiation of iBAd cells. Each sample is shown in triplicate
and compared to expression at day 0 (DO). Genes are grouped as either induced upon differentiation (top) or repressed during differentiation (bottom). The
far-right column shows the effect of 100 ng/mL IL-10 treatment on gene expression at D5. Genes are ranked based on IL-10 inhibition, with selected genes shown
in the text at right.

(E) Genes induced upon differentiation were divided based on their response to IL-10, either inhibited >2-fold (red bars) or not affected (black bars), and gene
ontology analysis was performed with -log10 (p value) plotted (x axis) as a function of classification meeting a p value of < 0.001.

(legend continued on next page)
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Figure 6. IL-10 Signaling Remodels Chro-
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analysis of gene expression.

(C) ATAC peak strength (y axis) for selected
peaks within the Ucp1 locus under the indicated
conditions.

(D) Correlation plot of ATAC-seq and RNA-seq
data.

(E) Merged heatmap analysis of ATAC-seq per-
formed on adipocytes derived from 10-week-old
mice showing enhanced chromatin accessibility in

0
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Adrb3 1110~/ mice at peaks annotated to BAT-selective
genes. N =2.
(F) ATAC-seq bedgraph panels of the indicated
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Error bars represent SEM. See also Figure S6.
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upon anti-inflammatory ablation, suggest
a more complex relationship between

the immune system, adipocytes, and

systemic metabolism (Bapat et al., 2015;

nmo*

Wallenius et al., 2002; Wernstedt Aster-
holm et al., 2014). Several pro-inflamma-

tory molecules have been shown to impair

or adipose inflammation. We further showed that IL-10 acts
directly on adipocytes to repress thermogenic genes by altering
the chromatin landscape. These findings expand our under-
standing of the complexity of regulatory links between immune
and inflammatory signaling and adipocyte metabolism. They
further suggest that blockade of IL-10 receptor signaling in fat
could represent a tractable approach to de-repress thermogenic
gene expression in a therapeutic context.

Adipose tissue inflammation is widely regarded to be a
contributory factor in the development of metabolic dysfunction
(Lumeng and Saltiel, 2011). However, paradoxical increases in

insulin action and lipid storage in mouse

models, leading to the suggestion that in-

hibition of adipose tissue inflammation
might be beneficial in the setting of diabetes (Shoelson et al.,
2006). Inflammation is also linked with increased energy expen-
diture in patients with cachexia and inflammatory bowel disease
(Barot et al., 1981; Moldawer et al., 1987). The cytokine IL-6 is
induced in response to exercise and cancer cachexia has been
associated with browning and energy expenditure (Knudsen
et al., 2014; Petruzzelli et al., 2014). Similarly, nuclear factor kB
(NF-kB) is induced in cancer cachexia and is known to promote
energy expenditure (Tang et al., 2010; Tisdale, 1997). In contrast,
IL-18 and tumor necrosis factor alpha (TNF-2) have been
reported to negatively regulate adipose thermogenesis and to

(F) RNA-seq data from the in-vitro-differentiated WAT/BAT ratio (Sun et al., 2013) plotted as a function of RNA-seq data from the NT/IL-10 ratio.
(G) Real-time PCR analysis of primary mRNA transcripts and Ucp7 eRNA in iBAd cells on D5 with and without IL-10 for 16 hr. *p < 0.05, **p < 0.01, ***p < 0.001,

p < 0.0001, ns, not significant.
Error bars represent SEM. See also Figure S5.
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Figure 7. IL-10 Limits the Recruitment of Thermogenic Transcriptional Regulators
(A) TF motif analysis of ten bins containing 3,174 ATAC peaks demonstrating the highest fold induction during maturation separated into three groups of 1,058
peaks based on the degree of IL-10 inhibition.
(B) ChIP-gPCR was performed for indicated proteins on iBAd cells treated with and without 100 ng/mL IL-10 for 16 hr.
(C) Immunoblot analysis of proteins from differentiated iBAd cells treated with and without IL-10 for 16 hr.

(legend continued on next page)
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cause desensitization to catecholamines (Goto et al., 2016;
Nisoli et al., 2000). Thus, the effects of individual cytokine
pathways on thermogenesis are likely to depend on a range of
variables, including the source of the cytokine, the duration of
the exposure, and the cell type(s) responding to it.

The ability of IL-10 to counter the pro-inflammatory actions of
other cytokines is well documented (Saraiva and O’Garra, 2010).
Contrary to the expectation that loss of IL-10 might exacerbate
adipose inflammation, we did not observe this. Our finding that
IL-10-deficient mice had increased thermogenic gene expres-
sion even when maintained on an antibiotic that prevents colitis
indicates that bowel inflammation is not the driver of their
metabolic phenotype. Multiple lines of evidence suggest that
adipocyte-intrinsic effects of IL-10 signaling are an important
determinant of thermogenesis; however, we acknowledge that
we cannot exclude the possibility that secondary changes in
the activities of other cytokine pathways might also contribute
to the phenotype of IL-10-deficient mice.

Several prior studies have addressed metabolism in IL-10-
deficient mice, with differing results. Clementi et al. and den
Boer et al. found that /707~ mice fed HFD had increased hepatic
triglycerides but no change in insulin sensitivity (Clementi et al.,
2009; den Boer et al., 2006). In better agreement with our data,
Miller et al. (2011) reported that //70™~ mice fed high fat diet
for 12 weeks were protected from hepatic steatosis, and Faulk-
ner et al. (2013) reported that /707~ mice on HFD had reduced
adiposity and increased insulin sensitivity. Potential factors
that might influence these differing results include dietary
composition, subtle differences in genetic background of the
o’ mice, and vivarium conditions. Given that IL-10 is known
to engage in crosstalk with many other pathways, including
IL-6 and Toll-like receptor (TLR) signaling, it seems likely that
the basal activities of such pathways could also be an important
variable in the metabolic consequences of IL-10 deletion.

We have built on prior work in macrophages to dissect the
actions of IL-10 in a different cell type, where it acts on a largely
distinct set of transcriptional target genes. ATAC- and RNA-seq
revealed that chromatin at the regulatory regions of thermogenic
genes remained closed during browning in the presence of IL-10.
Importantly, this effect was selective for the thermogenic pro-
gram, as the chromatin structure adipocyte genes not related
to browning was not altered. Thus, IL-10 is not a general inhibitor
of adipocyte transcription, but rather a specific modifier of
thermogenesis. We also identified specific transcription factors
whose interactions with regulatory regions of thermogenic
genes were dependent on IL-10 signaling. ATAC accessibility
at ATF/CREB and C/EBP motifs was enriched during browning,
and the presence of IL-10 antagonized accessibility at these
motifs. Consistent with the changes in accessibility at these
motifs, directed ChIP analysis showed reduced occupancy of
C/EBPB, ATF-2, and its cofactor PGC-1a. at Ucp1 regulatory
regions in the presence of IL-10. Furthermore, genome-wide
ChlIP-seq analysis revealed selective changes in the recruitment

of C/EBPS to regulatory regions of thermogenic genes. Finally,
we found that AFT-2 activation and expression of PGC-1a itself
were also repressed in response to IL-10.

Our data are most consistent with the model that IL-10 acts on
pre-existing mature adipocytes to enact a change in gene
expression that alters their thermogenic activity. IL-10Ra is
enriched in white and beige adipocytes and is upregulated dur-
ing differentiation and in obesity. Thus, hematopoietic-derived
IL-10 could act on white adipocytes to maintain adiposity and
on beige adipocytes to limit thermogenesis. However, it is also
possible that a change in IL-10 signaling might affect the recruit-
ment of beige precursors, especially in a chronic context. For
example, in /707~ mice beige adipocytes could experience
sustained adrenergic signaling that would be expected to lead
to their maintenance and enrichment (Altshuler-Keylin et al.,
2016). We did observe an increase in the frequency of
TMEM26+ cells in iWAT of /707~ mice, although we did not
observe robust increases in the expression of classic beige
marker genes (Wu et al., 2012). Future lineage tracing studies
will be required to directly test the effects of the IL-10 axis on
beige progenitor recruitment and expansion.

Our results suggest that IL-10 signaling provides a brake that
limits thermogenic gene expression. Since //10ra is a direct
target of PPARY, it seems reasonable to hypothesize that the
IL-10 axis could serve to facilitate lipid storage and maintain
adiposity. Given the central role that IL-10 plays in inflammation
and immunity, IL-10 signaling might function as a mechanism to
conserve energy in the setting of acute systemic demands such
as infection. IL-10Ra. expression is further elevated in response
to obesity and aging, implying that changes in the activity of
the IL-10 axis are relevant in these contexts. Finally, our data
suggest that blockade of IL-10 signaling in adipose tissue might
have beneficial effects in the setting of obesity and insulin
resistance. The observation that acute knockdown of IL-10Ra
expression in iWAT induces thermogenic gene expression sup-
ports further research into the therapeutic utility of targeting
the adipose IL-10 axis.

STARXMETHODS

Detailed methods are provided in the online version of this paper
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(E) ChIP-seq bedgrah showing C/EBPp peaks on the indicated genes in D5 differentiated iBAd cells treated with and without IL-10 for 16 hr. Input served as a
control of C/EBP enrichment. Statistical analysis was performed using Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, ns, not significant.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

UCP1 Abcam Cat# ab10983 RRID:AB_2241462
PGCla Santa Cruz Cat# sc-13067 RRID:AB_2166218
ATF-2 Santa Cruz Cat# sc-6233 RRID:AB_2058437
pATF-2 Santa Cruz Cat# sc-8398 RRID:AB_626709
C/EBPB Santa Cruz Cat# sc-150 RRID:AB_2260363
Tubulin Millipore Cat# CP06 RRID:AB_2617116
STAT3 Cell Signaling Cat# 9139 RRID:AB_331757
PSTAT3 (Tyr705) Cell Signaling Cat# 9131 RRID:AB_331586
Actin Sigma Cat# A2066 RRID:AB_476693
AKT Cell Signaling Cat# 9272 RRID:AB_329827
PAKT (Ser473) Cell Signaling Cat# 4060 RRID:AB_2315049
IL10Ro R&D AF-474-SP

H3K4ME1 Abcam Cat# ab8895 RRID:AB_306847
ON-TARGETplus mouse STAT3 Dharmacon L-040794-01-0005

siRNA SMARTpool

Non-targeting POOL Dharmacon D-001810-03-05

CD11b Tonbo 60-0112-U100

CD11c Tonbo 35-0114-U100

F4/80 Tonbo 20-4801-U025

TMEM26 Imgenex IMG-6633A

DAPI Molecular Probes D1306

B220 BD Bioscience 561880

Ter119 eBioscience 25-5921-81

CD137 eBioscience 12-1371-81

IL10Ra generation 2.5 antisense lonis Pharmaceutical 939570

oligonucleotide (ASO)

DMEM Corning MT-10-013-CM

FBS Omega Scientific FB11

DMEM/F12 Glutamax Thermo Fischer 10565-018

Trypsin Corning MT-25-053-Cl
Penicillin/Streptomycin Corning MT-30-002-CI

Lipofectamine 2000 Thermo Fischer 11668027

Bacterial and Virus Strains

Adenovirus: IL10Ra shRNA This paper N/A

Retrovirus: IL10Ra This paper N/A

Chemicals, Peptides, and Recombinant Proteins

3-isobutyl-1-methylxanthine Sigma 1-7018

Dexamethasone Sigma D-2915

Rosiglitazone Sigma R-2408

T3 (3,3',5-Triiodo-L-thyronine) Sigma T-2877

Isoproterenol Sigma 1-6504

Forskolin Sigma F3917

Indomethacin Sigma 1-7378
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REAGENT or RESOURCE SOURCE IDENTIFIER
Insulin Thermo Fischer 12585-014
Recombinant mouse IL10 Peprotech 210-10
Glucose Sigma G8769-100ML
Adenosine Sigma A9251-1G
Ascorbic acid Sigma A4544
Electrophoresis grade delipidated BSA Sigma A7030
Sodium Metabisulfite Sigma S9000
Collagenase D Roche 11088882001
Collagenase B Roche 11 088 831 001
Dispase Il Roche 04942078001
Enroflox® 100 (Enrofloxacin) Norbrook NDC-55529-152-04
Red Blood Cell (RBC) lysis buffer Sigma R7757
Humulin® R U-100 (Human Insulin for ITT) Lilly 002-8215-01
Puromycin Sigma P9620
Hygromycin Sigma H0654
Polybrene Millipore TR-1003-G
RIPA buffer Boston BioProducts BP-115-500ml
IsoFlo (Isoflurane) Zoetis N/A

Formalin Fischer 23-305-510
Critical Commercial Assays

TruSeq Stranded Total RNA Library Prep Kit lllumina RS-122-2102
Nextera Tn5 Transposase kit lllumina FC-121-1030
Kapa LTP Library Preparation Kit KR0453 KR0453
Wako L-Type Triglyceride Assay M Enzyme Color A Wako 461-08992
Wako NEFA-HR Wako 991-34891
Wako Cholesterol E Test Wako 439-17501
Milliplex Kit Millipore MCYTOMAG-70K-09 M
3-CAT Research ELISA Rocky MTN Diagnositics BA E-5600
BCA protein assay kit Pierce 23225
Vectastain Elite ABC kit Vectastain PK-6100
Deposited Data

All sequencing data This paper GEO: GSE94654
Experimental Models: Cell Lines

iWAT primary preadipocytes This paper N/A

iWAT immortalized preadipocytes This paper N/A

BAT immortalized preadipocytes This paper N/A
iBAd-BAT immortalized preadipocytes This paper N/A
expressing IL10Ra

Phoenix-ECO cells (Retrovirus packaging) ATCC CRL-3214
Experimental Models: Organisms/Strains

Mouse: /10~/~: B6129P2-1110"7°9"/J Jackson Lab 02251

Mouse: WT: C57BL/6J Jackson Lab 000664
Oligonucleotides

Mouse gPCR Primers, see Table S1 N/A N/A
ChIP-gPCR Primers, see Table S2 N/A N/A
CACCGGGCCAGCTGTATAGACATCTC This paper N/A
GAAAGATGTCTATACAGCTGGCCC-Lacz shRNA

CACCGCATCTTAGTCATATCTATGCCGAA This paper N/A

GCATAGATATGACTAAGATGC- IL10Ra shRNA
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

PENTR/U6 plasmid IL10Ra This paper N/A

pBLOCK-IT adenovirus vector IL10Rx shRNA This paper N/A

Retroviral pBABE-puro IL10Ra This paper N/A

PENTR223.1 mouse IL10Ra Harvard Plasmids MmCD00081028

Software and Algorithms

Prismé GraphPad N/A

ImageJ https://imagej.nih.gov/ij/ N/A

HOMER http://homer.ucsd.edu/homer/ N/A

MACS2 http://liulab.dfci.harvard.edu/MACS/Download.html  N/A

Pscan http://159.149.160.88/pscan/ N/A

Samtools https://github.com/samtools/samtools N/A

SeqMonk https://www.bioinformatics.babraham.ac.uk/ N/A
projects/seqmonk/

Bowtie2 http://bowtie-bio.sourceforge.net/ N/A
bowtie2/index.shtml

Tophat http://tophat.cbcb.umd.edu N/A

Bioconductor DESeq2 http://bioconductor.org/packages/ N/A
release/bioc/html/DESeq.html

MS Excel 2016 Microsoft N/A

Other

High Fat Diet (HFD; 60% kcal fat) Research Diets N/A

Tissuelyzer QIAGEN N/A

Metabolic Chamber-Comprehensive Columbus Instruments N/A

Lab Animal Monitoring System (CLAMS)

Mouse MRI machine EchoMRI N/A

FACS machine
Applied Biosystem (ABI) gPCR machine

BD Bioscience
Thermo Fischer

BD FACSVERSE
QuantStudio 6 Flex System

100 um cell strainer Falcon 352360

70 pm cell strainer Falcon 352350
BioCoat 6-well collagen | plate Fisher 08-772-69
Syber Green Master Mix Diagenode DMMLD2D600

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Peter
Tontonoz (ptontonoz@mednet.ucla.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Breeding pairs of /707~ mice and WT controls were acquired from Jackson Laboratory and colony maintained in pathogen-free
barrier-protected environment (12:12 h light/dark cycle, 22°C-24°C) at UCLA animal facility. Male mice were used for all experiments.
Experimental mice were sacrificed at ages mentioned in figure legends for histological, protein, and gene expression analysis. All the
mutant strains used in this study were backcrossed to a C57BL/6 background as stated by Jackson inventory. Animal experiments
were conducted in accordance with the UCLA Institutional Animal Care and Research Advisory Committee.

Cell Culture
Murine white and brown preadipocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 10% fetal
bovine serum (FBS). For in vitro brown/beige adipocyte differentiation, preadipocytes were grown to confluence in DMEM
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with 10% FBS plus insulin (5 pg/ml) and T3 (1 nM). Confluent cells were induced to differentiate with dexamethasone (1 uM), IBMX
(0.5 mM), insulin (5 pg/ml), indomethacin (125 nM) and Rosiglitazone (1 pM) for 2 days, followed by insulin, T3 and Rosiglitazone
alone. On the fourth day, cells were pretreated for overnight (~16h) with and without 100 ng/ml IL10 and next day treated with
10 pM isoproterenol or forskolin for 5-6 h. White and brown preadipocytes were isolated and immortalized as previously described
(Villanueva et al., 2013) and below. Brown preadipocytes IL10Ra expressing stable cells (iIBAD) were generated using the pBabe
retroviral system (Hummasti and Tontonoz, 2006) and described below.

METHOD DETAILS

Bone marrow transplantation studies

Ten week old /707~ mice (n = 3-4) were euthanized using isoflurane. Mice were dunked in 70% EtOH and fur/skin was removed from
legs. Quadriceps and hamstring were removed to expose pelvic joints. Hair and muscles were removed and legs were kept in ice-
cold PBS during processing of other legs. Tissues were then removed from legs to expose tibia and femur. After all the legs were
collected, tibiae and femurs were separated and kept in PBS/DMEM solution. Bones were picked with forceps and using 23G
subQ gauge needles PBS/DMEM solution was pushed through to oust bone marrow onto 2-3ml DMEM solution on a Petri dish.
Using 18 gauge needles bone marrow chunks were broken apart by gently aspirating. Bone marrow solution was strained
onto 50 mL conical tube using cell strainer (70 pm) to remove any debris. Petri dish was rinsed with 1-2 mL PBS/DMEM to collect
residual bone marrow. The solution was spun down for 5 min at room temperature (RT) at 1200 rpm. RBC lysis buffer was added
to the pellet for 5min and spun down again. Pellets were washed three times and bone marrow cells were counted and stored on
ice for later injection into recipient mice. For bone marrow transplantation (BMT) studies, recipient WT or /70~ mice (10 weeks of
age) were lethally irradiated with 900 rads and transplanted with 3 x 10° bone marrow cells from above donor mice (/107") via
tail vein injection. After injection mice were place in immunocompormised room in autoclaved cages supplemented with sterilized
water and chow feed. Mice were kept on antibiotics regiment (see below) for 6 weeks and then moved to experimental facility
and maintained in normal chow diet. Mice weights and body composition were measured every week. Mice were subjected to
metabolic studies as indicated in figures and figure legends.

Antibiotic Treatment

Antibiotic treatment was performed as previously described (Hoentjen et al., 2003; Madsen et al., 2000) with modifications. Weaned
(3 week old) WT or //10”~ mice were treated with 660 mg/L broad spectrum antibiotic enrofloxacin (Enroflox® 100, Norbrook,
equivalent to ciprofloxacin). Antibiotic was added to drinking water every week for 7 weeks dosed at ~100 mg/kg/day.

Cold exposure studies

For 4°C cold exposure experiment, WT or /707~ mice at 8-10 weeks of age were singly or doubly housed at 4°C room in a non-
bedded cage with access to food and water for the time points indicated in figure legend. At the end of the experiment, iWATs
were resected for gene expression analysis.

Thermoneutral condition studies
For thermoneutral experiment, WT and //70”~ mice at 4 weeks of age were housed (4/cage with bedding) in 30°C room with 12h
light:dark cycle for 7 weeks on a regular chow diet. After 7 weeks, various tissues including iWATs were resected for gene analysis.

High fat diet studies
For diet study, 10 weeks of age //70”~ and WT mice were fed a 60% high-fat diet (Research Diets) for the indicated times. Mice
weights and body composition were measured every week and food was replaced weekly.

Cytokines and Lipid Measurement

On the day of harvest, mice were fasted for 6 h and euthanized using isoflurane. Blood was drawn by cardiac puncture and kept in clot
activator commercial tube (Terumo CAPIJET, T-MG) and placed on ice. Blood was spun down at 8000 rpm for 5 mins at 4°C table-top
centrifuge and serum was collected and stored at —80°C. Liver lipids were isolated using Folch extraction method and as previously
described (Sallam et al., 2016). Serum cytokines were measured using Milliplex mouse cytokine Magnetic kit (Millipore) and serum lipids
were measured using Wako L-Type TG M, Wako NEFA-HR, or Wako Cholesterol E Test kit according to manufactures’ instructions.

Serum and Adipose Catecholamine Measurement

Serum samples were collected as described above. Adipose tissue homogenates were collected as previously described (Qiu et al.,
2014). Briefly, resected adipose tissues were flash frozen in liquid nitrogen and stored at —80°C until further analysis. 600 pL of
homogenization buffer (0.01N HCI, 1mM EDTA, 4mM Na,S,0s) was added to 100-300 mg of tissue and were homogenized using
TissueLyzer for 1min at 30 MHz. Cellular debris was cleared by centrifugation at 13000 rpm for 15 min at 4°C. 50 pL of serum
and 200 pL of cleared adipose homogenate was used to measure catecholamine levels using 3-CAT Research ELISA (Labor
Diagnostika Nord GmBH & Co.) according to manufacturer’s instructions.
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Measurement of Core Temperature
Core body temperature of WT and //70~/~ mice was measured at room temperature using rectal probe (BAT-10) purchased from
Physitemp.

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

For glucose tolerance tests, mice were fasted for 6 h and challenged with an intraperitoneally (i.p.) injection of glucose (2 g/kg). For
insulin tolerance tests, mice were fasted for 6 hr and given an i.p. injection of insulin (1 U/kg). Blood glucose levels were monitored
using the ACCUCHEK active glucometer (Roche) at times indicated in figure legends.

Indirect Calorimetry and Body Composition Measurements

Indirect calorimetry was performed using a Columbus Instruments Comprehensive Lab Animal Monitoring System (CLAMS,
Columbus Instruments). Animals were placed individually in chambers for 3 consecutive days at ambient temperature (26.5°C)
with 12 hr light/dark cycles. Animals had free access to food and water. Respiratory measurements were made in 20 min intervals
after initial 7-9 hr acclimation period. Energy expenditure was calculated from VO2 and RER using the Lusk equation, EE in Kcal/hr =
(3.815 + 1.232 X RER) X VO2 in ml/min. Food intake was measured in metabolic chambers. Body composition (fat and lean mass) was
determined using EchoMRI Body Composition Analyzer

Ex vivo iWAT IL10 treatment

For ex vivo iWAT IL10 treatment, 10 week old WT mice were housed at cold room (4-6°C) for 6 h and iWATs were isolated and minced,
placed in KREB’s Ringer Buffer (12 mM HEPES, 121 mM NaCl, 4.9 mM KCI, 1.2 mM MgSQO,, 0.33 mM CaCl,) supplemented
with 0.1% glucose and incubated with and without 100 ng/ml IL10 for 30 mins-1h at 37°C.

Construction of Adenovirus (Ad) expressing IL10Ra shRNA

Invitrogen’s Gateway cloning strategy was used to generate mouse IL10Ra shRNA adenovirus. shRNA targeting mouse IL10Ra was
designed using Invitrogen Block-iT RNAi Designer. Forward and reverse shRNA oligonucleotides were synthesized by Integrated
DNA Techonologies (IDT) and diluted to 200 uM and annealed and ligated into gateway entry plasmid pENTR/U6 vector (Invitrogen).
To generate mammalian expression constructs, we used LR recombination between IL10Ra containing pENTR/U6 and
pAD-BLOCK-IT to generate AD-shIL10Ra. Viruses were amplified, purified, and tittered by Viraquest.

Adenovirus IL10Ra shRNA injection into iWAT

For the IL10R« shRNA adenovirus delivery to fat pads, 2X10° PFU of adenovirus was percutaneously injected into each inguinal fat
depot of anesthetized WT mice at 8-10 weeks of age. In each mouse, Ad-IL10Ra shRNA was injected into iWAT on one side, and
Ad-Lacz shRNA (control) was injected into the contralateral side as a control. 4-5 days after the injection, iWATs were resected
for gene expression analysis.

Acute IL10Ra antisense oligonucleotide (ASO) studies

For acute ASO studies, WT mice at 8-10 weeks of age were i.p. injected with control or IL10Rx ASO (CCTTTCTACAGATATG,) at
25mg/kg for twice a week for 3 weeks. Body weight was measured weekly and body composition was determined by EchoMRI
analysis. At the end of ASO treatment, various tissues were resected and weighted and subjected to gene expression analysis.

Tissue hematoxylin and eosin (H&E) staining and immunohistochemistry

Tissues (4-5 microns thickness) were placed in cassettes and submerged in 10% formalin solution overnight. Tissue cassettes were
washed with tap water for 15 minutes and stored in 70% EtOH at room temperature. Paraffin embedment and H&E staining was
performed at the Translational Pathology Core Laboratory (TPCL) at UCLA. Vectastain Elite ABC kit was used for UCP1 and
MCP1 immunohistochemistry as per manufacturer’s instructions.

Cellular and Mitochondrial Respiration assay

Cell were seeded in a XF24 plate, differentiated, and analyzed in a XF24 analyzer (Seahorse Bioscience/Agilent) as described (\Wu
et al., 2007). Briefly, oxygen consumption rate (OCR) was measured before and after the sequential injection of 0.75 uM oligomycin,
1 uM FCCP, and 1 uM of rotenone/myxothiazol. Mixing, waiting, and measurement times were 5, 2, and 2 min, respectively. Mea-
sures were normalized by total protein. In another set of experiments, mitochondria were isolated from fresh tissues and immediately
used in a XF24 analyzer as previously described (Rogers et al., 2011). Briefly, mitochondria were isolated in MSHE+BSA buffer using
a 800 g/8000 g dual centrifugation method and resuspended in MAS buffer. Protein concentration was determined using a Bradford
Assay reagent (Bio-Rad) and 20 pg of protein were seeded per well by centrifugation. Coupling and electron flow assays were
performed as described (Rogers et al., 2011). For the coupling assay, basal oxygen consumption rate (OCR) was measured in the
presence of 10 mM succinate and 2 uM rotenone, and after sequential addition of 4 mM ADP (Complex V substrate), 2.5 pg/ml
oligomycin (Complex V inhibitor), 4 uM FCCP (mitochondrial uncoupler) and 4 uM antimycin A (Complex llI inhibitor). Coupled
respiration was calculated as the difference between basal and response to oligomycin. Uncoupled respiration was the difference
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between oligomycin and antimycin A injections. For electron flow assays, basal OCR was measured in presence of 10 mM pyruvate
(Complex | substrate), 2 mM malate and 4 uM FCCP, and after sequential addition of 2 uM rotenone (Complex | inhibitor), 10 mM
succinate (Complex Il substrate), 4 uM antimycin A (Complex Il inhibitor) and 1mM TMPD containing 10 mM ascorbate (Complex
IV substrate). Complex Ill respiration corresponds to the antimycin A-sensitive respiration.

Construction of immortalized beige/brown preadipocytes expressing IL10R« (iBAd) cells

Mouse IL10Ra in gateway cloning vector pENTR223.1 was purchased from Harvard Plasmids. To generate mammalian expression
construct, pENT223.1 mIL10Ra was LR recombined into gateway retrovirus vector pBabe-puro. pBABE-mIL10Ra was transfected
into retrovirus packaging Pheonix E cells for 48hrs. Target cells (immortalized beige/brown preadipocytes) were plated at 50%
confluency 24hrs post-transfection. 48 h after transfection media from transfected Phoenix-E cells were harvested and spun
down for 5min at 5000 rpm to pellet cells and debris. Retrovirus containing supernatant was carefully removed and plated onto target
cells with 1:1000 polybrene for overnight. Next day, media was replaced with regular growth media and cells were incubated for
additional 24 h. 4.5 ng/ml puromycin selection was performed to select for cells stably expressing mIL10Re.

Isolation of and immortalization of primary white and brown adipocytes

Male mice (8-10 week old) were euthanized in isoflurane chamber. Mice were sprayed thoroughly with 70% EtOH. 100-300 mg of
inguinal WAT (i\WAT) or BAT were dissected and placed on sterile 6-well tissue culture plate with ice-cold 1XPBS. Fat pads
were blotted on a napkin to removed excess liquid. Tissues were cut with scissors and minced using blade. Minced fat pads
(600-800 mg) were placed in a15ml conical tube containing 3 mL of digestion buffer (PBS, 1.5 U/ml Collagenase D (\WAT) or colla-
genase B (BAT), 2.4 U/ml Dispase Il, 10 mM CaCl,) and incubated at 37°C for 45 min with gentle shaking. Inside tissue culture hood,
10-15 mL of plating media DMEM/F12 with glutamax supplemented with 15%FBS and 1% pen/strep was added to digested solution
and slowly resuspended 5 times. The digestion mixture was passed through 100 um cell strainer and centrifuged at 500 x g
for 10 mins at room temperature. Supernatant was carefully decanted and pellet resuspended in 10 mL of plating media and passed
through 40 um cell strainer. Filtered suspension was spun down again at 500 x g for 10 mins at room temperature. Supernatant was
decanted and pellet resuspended in 6ml plating media and plated onto collagen-coated plates. After overnight incubation, media
was changed every other day until the cells reached 70% confluency (~3-4 days post-harvest). White and brown stromal vascular
fractions (SVF) were with differentiated into beige/brown adipocytes using protocol mentioned above or immortalized. For immortal-
ization, retrovirus-expressing largeT-antigen in pBABE-hygromycin vector was generated as mentioned above. Virus was added to
target cells and selected with 600 pg/ml hygromycin to make immortalized cells.

ATAC-Seq in cells

ATAC-Seq libraries were prepared from 100,000 cells using the Nextera Tn5 Transposase and DNA library preparation kit (lllumina) as
described (Buenrostro et al., 2015) with slight modifications. Libraries were single-end sequenced (50bp) on an lllumina HiSeq 2000.
Reads were mapped to the mouse genome (NCBI37/mm9) using Bowtie2. Reads were removed from the subsequent analysis if they
were duplicated, mapped to mitochondrial genome, or aligned to unmapped contiguous sequences. Peak calling was performed
using MACS?2 using parameters callpeak-nomodel -g mm-keep-dup all -q 0.01-llocal 10000. The reads were converted to reads
per thousand base pairs peak per million mapped reads (RPKM) by dividing by the total number of reads per sample.

ATAC-Seq in mature adipocytes

Adipocyte nuclei isolation from chow-fed 10 week old WT and /707"~ mice was performed as previously described with modifications
(Church et al., 2014). WT and //70”~ mice iWAT (~100-200 mg) was isolated and minced and digested in Krebs Ringer Henseleit
Buffer (1M HEPES, 2M NaCl, 1 M KCL, 1 M CaCl,, 1 M MgCl,, 1M KoHPO4, pH 7.4) supplemented with 5mM glucose, 0.1 uM aden-
osine, 0.1 mg/ml ascorbic acid, 4% electrophoresis grade delipidated BSA and collagenase D for 45 mins saking at 180 rom at 37°C.
Adipocyte suspension were filtered through 100 pm nylon mesh and washed with buffer. 250,000 cells from the filtered adipocyte
suspension were subjected to ATAC-Seq procedure as described above.

RNA-Seq

Total RNA was prepared as described (Tong et al., 2016). Strand-specific libraries were generated from 500 ng total RNA using the
TruSeq Stranded Total RNA Library Prep Kit (Illumina). cDNA libraries were single-end sequenced (50bp) on an lllumina HiSeq 2000
or 4000. Reads were aligned to the mouse genome (NCBI37/mm9) with TopHat v1.3.3 and allowed one alignment with up to two
mismatches per read. MBRNA RPKM values were calculated using Segmonk’s mRNA quantitation pipeline. All RPKMs represent
an average from three biological replicates for in-vitro studies, and pooled RNA representation for tissue samples where equal
amounts of RNA were pooled from 11 //10—/— animals and 9 WT animals prior to library construction. A gene was included in the
analysis if it met all of the following criteria: The maximum RPKM reached 4 at any time point, the gene length was > 200bp, and
for in-vitro studies was induced at least 3-fold from Day 0 samples, and the expression was significantly different from the basal
(p < 0.01) as determined by the DESeqg2 package in R Bioconductor. P values were adjusted using the Benjamini-Hochberg
procedure of multiple hypothesis testing (Benjamini and Hochberg, 1995).
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Chromatin immunoprecipitation (ChIP) and ChIP-Seq

ChlIP experiments were performed according to standard protocols (Villanueva et al., 2011, 2013). Lysed cells were sonicated using a
Bioruptor (Diagenode) according to the manufacturer’s protocol, and chromatin was immunoprecipitated with antibodies against
PGC1a (H-300 sc-13067, Santa Cruz Biotechnology), ATF-2 (C-19 sc-187, Santa Cruz Biotechnology), C/EBPf (sc-150, Santa
Cruz Biotechnology), and IgG (PP64, Millipore) overnight at 4°C in the presence of Protein A beads (GE Healthcare). DNA enrichment
was quantified by real-time PCR (ABI QuantStudio) using SYBR Green Master Mix (Diagenode). Primers used for these studies are list
in Table S2. Occupancy was quantified using a standard curve and normalized to input DNA. ChIP-Seq libraries were prepared using
the Kapa LTP Library Preparation Kit (Kapa Biosystems). ChIP-Seq was performed as described (Tong et al., 2016). Reads were
aligned to the mouse genome (NCBI37/mm9) with Bowtie2. Uniquely mapped reads were used for peak calling and annotation using
HOMER (Heinz et al., 2010). Peaks were called if they passed a false discovery rate of 0.01 and were enriched over input. Peaks were
annotated to the nearest TSS.

Gene Expression Analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed with the iScript cDNA synthesis kit (Biorad). cDNA
was quantified by real-time PCR using SYBR Green Master Mix (Diagenode) on an ABI QuantStudio instrument. Gene expression
levels were determined by using a standard curve. Each gene was normalized to the housekeeping gene 36B4 and was analyzed
in duplicate. Primers used for real-time PCR are listed in Table S1.

Protein Analysis

Whole cell lysate or tissue lysate was extracted using RIPA lysis buffer (Boston Bioproducts) supplemented with complete protease
inhibitor cocktail (Roche). Proteins were diluted in Nupage loading dye (Invitrogen), heated at 95°C for 5 min, and run on 4-12%
NuPAGE Bis-Tris Gel (Invitrogen). Proteins were transferred to hybond ECL membrane (GE Healthcare) and blotted with commercial
antibodies mentioned in the figure legends and the Key Resources Table.

Mouse and human population-based investigation of IL10R«

Hybrid mouse diversity panel data was analyzed from 106 inbred strains fed a High-fat high-sucrose diet for 8 weeks as previously
described (Parks et al., 2013, 2015). Mouse adipose tissue global expression was analyzed using Affymetrix HT_MG430A arrays and
overlaid with phenotypic measurements. Human adipose tissue expression arrays using Affymetrix U219 microarray and phenotypic
data was analyzed from the Metabolic Syndrome in Men (METSIM) study (Laakso et al., 2017; Stancakova et al., 2009). All correla-
tions were assessed from the midweight bicorrelation coefficient and corrected p value using the R package WGCNA (Langfelder and
Horvath, 2008).

QUANTIFICATION AND STATISTICAL ANALYSES

Motif Analysis
MACS2 called ATAC peak regions were used for motif analysis. JASPAR2016 Position Weight Matrices were used to identify binding
sites in ChIP-Seq and ATAC peaks using Pscan-ChIP (Zambelli et al., 2009)

Statistics

All data are presented as mean + SEM and analyzed using Microsoft Excel and Prism (Graphpad). Student’s t test was used for single
variable comparison between two groups. One-way ANOVA followed by Dunnett post hoc test was used for multiple comparisons
versus the control group. Two-way ANOVA followed by Bonferroni posttests was used to examine interactions between multiple
variables. Statistical significance for CLAMS study was determined by using two-way ANOVA repeated-measures and multiple
regression analysis (ANCOVA). Data are presented as + SEM p < 0.05 was considered to be statistically significant and is presented
as *p<0.05 *p<0.01, ™ p<0.001, or *** p < 0.0001.

DATA AND SOFTWARE AVAILABILITY

The accession number for the genome-wide sequencing dataset reported in this paper is GEO: GSE94654
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Figure S1. Protection against Age-Related Obesity and Absence of Systemic Inflammation in IL-10 /= Mice, Related to Figure 1
(A) Body weight of 10 week old chow-fed WT and /170~ mice, N = 20 per group.

(B) Representative colon histology from 10 week-old chow-fed WT and /10 /= mice.

(C) Gross appearance of colon tissue from 10 weeks-old chow-fed mice.

(D) Serum triglyceride (TG), non-esterified fatty acid (NEFA), and blood glucose levels of chow-fed 10 week-old mice.

(E) Serum cytokines levels of 10-week-old chow-fed WT and //70”~ mice measured by multiplex immunoassay.

(legend continued on next page)
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F) FACS analysis of macrophage population from stromal vascular fraction isolated from iWAT.

G) Weight of iWAT and eWAT from 32-week-old chow-fed WT and /70"~ mice, N = 4 per group.

H) Weight of iWAT and eWAT from from HFD-fed WT and 11107 mice. N = 7 per group.

) Liver and serum lipid levels in HFD-fed WT and //70”~ mice. N = 5 per group.

(J) Immunoblot analysis of pAKT in the indicated tissues from 5 weeks HFD-fed WT and 11107~ mice injected with 3 U/kg insulin for 30 min.
K) Representative histology of liver and colon from 6 week HFD-fed WT and //707~ mice.

L) Gross appearance of colon tissue from 6 week HFD-fed mice.

M) Real-time PCR analysis of gene expression in colons from chow-fed 10 week-old WT and //70™~ mice.

N) Serum cytokines levels of WT and //70”~ mice fed chow diet for 10 weeks and then 60% high-fat diet (HFD) for 6 weeks measured by multiplex immunoassay.
N =16, 12.

O) Real-time PCR analysis of gene expression in eWAT from chow-fed 10 week-old mice.

P) MCP1 immunohistochemistry in WAT of 6 week HFD-fed WT and /170~ mice.
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Figure S2. Increased Energy Expenditure and Adipose Mitochondrial Respiration in IL-10~/~ Mice, Related to Figure 2

(A and B) Energy expenditure (EE) rate (kCal/kg/hr), VCO2 (ml/kg/hr), VO2 (mi/kg/hr) of chow-fed 10-week-old WT and /707~ mice (A) and 6-week HFD-fed mice
(B) were analyzed by Columbus Oxymax metabolic chambers. 12 h light/dark cycles, 72 h total duration, each light/dark bar represents 12 h duration. N = 7
per group.

(C) Food intake of HFD-fed mice analyzed by Columbus Oxymax metabolic chambers.

(D) Seahorse trace plot showing coupling (right) and electron flow (left) analysis on iWAT from chow-fed 10 week-old WT and /707~ mice.

(E) Real-time PCR analysis of gene expression in iWAT from chow-fed 10 week-old WT and /170~ mice.

(F) FACS analysis of cells population in iWAT of chow-fed mice. N = 5 per group. Immune cell markers B220 and F480 were gated to exclude immune cell
populations in the SVFs.

(G) Real-time PCR analysis of gene expression in BAT from chow-fed 10 week-old mice.

(H) Real-time PCR analysis of gene expression in 10 week-old WT and /170~ mice treated with enrofloxacin for 7 weeks at 100mg/kg/day. N = 8-10 per group.
(l) Real-time PCR analysis of gene expression in chow-fed 11 week-old WT and //70”~ mice housed at 30°C for 7 weeks. N = 8-10 per group.

(J) Average body temperature of fasted chow-fed 10-week-old WT and //70”~ mice measured at 0 h and 5 h in the absence of food.

(K) Serum and iWAT catecholamine levels measured by ELISA in chow-fed WT mice maintained at 30°C for 7 weeks, 24°C for 10 weeks, and 4°C for24 h.N=5
per group.

(L) Real-time PCR analysis of gene expression in iWAT from chow-fed 11 week-old WT and //70”~ mice housed at 5°C for 6-24 h. N = 8-10 per group. Statistical
analysis was performed using Student’s t test. *p < 0.05, **p < 0.01.

206



Cell

£ X
IL-10 KO IL-10 KO B
180 |
2 160 - -
T
r- K} %o
£
wr IL-10 KO g —.ﬁ;l—
> 2 " o
8 120 - _I?J:.L
3
o o
100 -| L]
Wisko _KO»KO WTKO ”
KO » KO WT > KO
wr-KOo 16 ~ WT-KO
.2 ~ koko KO-KO
. c
H Oligo FCCP %2 SHCJ
s s
5 5 N
2 g, 1% aa
£ AA £ 8
£ 10 E u
H I 3 H I TMPD/Asc
2 : \ e 3 I
s T / s I - /
T /1
0 \ o] % /
0 10 20 a0 0 10 20 30
s Time (min) Time (min)

Figure S3. Bone Marrow IL-10 Production Affects Mitochondrial Respiration, Related to Figure 3

(A) Cartoon representation of bone marrow transplantation experiment and genotyping of WT=KO and KO=KO mice for WT or IL107" alleles.

(B) Fasting blood glucose levels of WT=KO and KO=KO mice. N = 10,per group.

(C) Gross appearance of colon tissue from WT=KO and KO=KO mice.

(D) Seahorse trace plots showing coupling (right) and electron flow (left) analysis on iWAT from chow-fed WT=KO and KO=KO mice. Statistical analysis was
performed using Student’s t test. ****p < 0.0001.
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Figure S4. Regulation of IL-10Ra Expression in WAT, Related to Figure 4

(A) Real-time PCR analysis of //70rb mRNA during the differentiation of primary stromal vascular fraction (SVF) derived from WT chow-fed 10 week-old mice.
(B) I110ra expression in iIWAT from chow-fed 12 week -old WT and ob/ob mice, and 4- and 12 week-old ob/ob mice.

(C) Real-time PCR analysis of gene expression in iWAT from chow-fed 10 week-old WT mice exposed to cold (5°C) for the indicated times.

(D) Serum IL10 levels in chow-fed RT and 6 h cold-exposed (left) and chow-fed and HFD-fed WT mice (right). N = 5/group.

(E) Immunobilot analysis (left) and quantification (right) of IL10Ra. protein in iWAT, liver, and muscle of chow-fed WT mice.

(F) Bedgraph showing PPARy and DNase hypersensitivity (DHS) ChIP-Seq peaks on the enhancer region of //70ra gene locus from previously published data
(Siersbzek et al., 2012).

(G) Immunoblot showing activation of STAT3 (pSTAT3) in day 5 (D5) differentiated brown preadipocytes treated with 100 ng/ml IL10.

(H) Gross appearance of colon tissue from Ctrl or IL10Ra ASO-treated mice. Statistical analysis was performed using Student’s t test. *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001.
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Figure S5. IL-10-STAT3 Axis Inhibits Thermogenic Gene Expression and Chromatin Accessibility, Related to Figure 5
(A) Real-time PCR analysis of gene expression on DO and D8 in brown/beige-differentiated primary stromal vascular fraction (SVF) cells derived from WT chow-

fed 10 week-old mice.

(B) Oxygen consumption rate (OCR) in D5 differentiated iBAd cells treated with and without IL10.
(C) Gene expression in D5 differentiated iBAd cells treated with and without IL10 and IL10Ra-neutralizing antibody.
(D) Gene expression in Ctrl or STAT3 siRNA-transfected iBAD cells treated with and without IL10.
(E) ATAC-Seq bedgraph panels of gene loci showing peak locations relative to the TSS (blue arrow). Green arrows indicate peaks differentially affected by vehicle
or IL10 treatment. mRNA expression is shown at right. Statistical analysis was performed using Student’s t test. *p < 0.05, **p < 0.01.
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Figure S6. Direct Inhibition of Chromatin Accessibility by IL-10 in Primary Adipocytes, Related to Figure 6

(A) ATAC-Seq was performed on D9 of beige-differentiated primary (1°) iWAT SVF treated with and without 100ng/ml IL10 treatement followed by 10 uM forskolin
treatment. Bedgraph panels from indicated thermogenic gene loci show peak locations relative to the TSS (blue arrow).

(B) ATAC-Seq was performed on mature iWAT adipocytes derived from 10 week-old chow-fed //707~ and WT mice. Bedgraph panels from indicated thermogenic
gene loci show peak locations relative to the TSS (blue arrow). N = 2.
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Figure S7. IL-10 Inhibits Recruitment of C/EBPp to Thermogenic Enhancers, Related to Figure 7
(A) Graph showing ATAC peaks plotted as a function of fold induction in accessibility during brown differentiation. 10% of peaks showed a 5-fold or greater

increase.

(B) Localization of all called ATAC peaks, grouped as either maturation-induced (D5 versus DO0) or all others. The data reveal an enrichment of intronic and in-

tergenic localized peaks.

(legend continued on next page)
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(C) Quantification of the ATAC peak pie chart from B.

(D) ATAC peaks were ranked by order of increasing fold accessibility and used to perform transcription factor (TF) motif analysis using the ChiP-Pscan JASPAR
2016 database (Zambelli et al., 2009). The —log(p value) is plotted for each TF identified as indicted by the legend with red values indicating high significance of
detection. The —log(p value) is plotted for each TF identified as indicted by the legend with red values indicating high significance of detection.

(E) C/EBPB consensus site derived using PSCAN from the ChIP-Seq data.

(F) Pie chart of C/EBP distribution derived from ChIP-Seq data.

(G) ChIP-Seq bedgrah showing C/EBPp peaks on the indicated genes in D5 differentiated cells treated with and without IL10. Input served as a control for C/EBPB
enrichment.
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