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ABSTRACT

Author: Friesen, Leon, R. PhD

Institution: Purdue University

Degree Received: August 2019

Title: Multi-level Regulation of T Helper Cells by Retinoic Acid Receptor Alpha
Committee Chair: Dr. Chang Kim and Dr. Harm HogenEsch

The active metabolite of vitamin A, retinoic acid, is a key mediator of balanced immune
responses. The major nuclear receptor of retinoic acid, retinoic receptor alpha (RARa), functions
as a transcriptional regulator, with both active and repressive effects on transcription depending
on interactions with nuclear cofactors dictated by ligand-binding effects on protein confirmation.
While significant advances have been made in understanding the combined effects of retinoic acid
and RARa, the individual roles of each remain incompletely identified.

Epigenetic effects of all-trans retinoic acid (At-RA) and RARa on the transcriptome of T
helper cells were assessed using a novel transgenic mouse strain designed to overexpress RARa
in T cells and a conditional knock out strain in which RARa was specifically deleted from T cells.
At-RA and RARa had divergent roles in promoting Th17 and Treg differentiation, with RARa
expression favoring Thl7 differentiation over Treg differentiation, and At-RA promoting Treg
differentiation over Th17 differentiation. Transcriptome analysis identified groups of At-RA and
RARGa differentially regulated genes (DEGs). Comparison of these genes to the H3k27 acetylated
and tri-methylated epigenetic modifications demonstrated that RARa expression increased the
overall level of these epigenetic modifications in all DEG groups, with enhanced control of
transcriptional regulation mediated by higher RARa expression. Additionally, expression of
transcriptional repressors was strongly regulated by At-RA in a RARa-dependent manner and had

repressive effects on the differentiation of T helper cells.



Xiv
Immunometabolism was also enhanced by RARa expression, leading us to study potential
non-genomic roles of RARa on signaling pathways. The major TCR signaling pathways were
enhanced by RARa but suppressed by At-RA, suggesting a mechanism by which RARa regulates
cellular metabolism upon T cell activation.
In summary, we identified distinct epigenetic and non-genomic effects of RARa as novel
regulatory mechanisms by which vitamin A and retinoic acid influence immune responses. Further
research into these findings, notably RARa involvement in signal transduction pathways of

immune cells, will define how this research can be translated into clinically-relevant applications.



1. LITERATURE REVIEW: VITAMIN A AND THE IMMUNE SYSTEM

The early 20" century discovery of vitamin A as “fat-soluble factor” by McCollum and
Davis, with demonstration of its positive effects on the health of agricultural livestock, promoted
consumption of foods containing this factor and further research on the function of this necessary
dietary component.! Since then, biologically relevant roles of vitamin A have been identified in
areas of development, retinogenesis, immunity, and others.?* Dietary vitamin A deficiency (VAD)
leads to ocular defects, anemia, and increased susceptibility to infections, with an estimated 250
million preschool children suffering from VAD globally.* Dietary supplementation of vitamin A

reduces mortality associated with measles and other infections.®

1.1 Vitamin A metabolism and active metabolites

Vitamin A is acquired exclusively through dietary intake of plant carotenoids, meat and
dairy sources, or supplements. Intestinal absorption by intestinal epithelial cells in the small
intestine is followed by esterification, compartmentalization into chylomicrons, and release into
the circulation (Figure 1.1).58 Upon capture in the liver, retinyl esters from chylomicrons are
stored in lipid droplets in hepatic stellate cells (HSCs). Storage of retinol and retinyl esters in the
liver allows for controlled levels of circulatory vitamin A metabolites in times of excess or
deficient vitamin A. Upon release of retinol from the liver, retinol-binding proteins (RBPS)
transport retinol through the circulation. The RBP receptor, STRAG, facilitates retinol transport
across the cell membrane by removal of retinol from the extracellular RBP complex and transfer
to intracellular retinol-binding proteins. Metabolism of retinol into retinal is performed by
alcohol dehydrogenases (ADHSs), followed by irreversible metabolism into retinoic acid by

retinaldehyde dehydrogenases (RALDHS). Expression of RALDHs is limited to specific cell



types, including CD103" dendritic cells and intestinal epithelial cells, restricting production of
retinoic acid largely to intestinal or liver tissues.® Degradation of retinoic acid is accomplished
by enzymes of the CYP26 family, with end products being oxidized metabolites that are secreted
in bile and urine.

The predominant isoform of retinoic acid is all-trans retinoic acid (At-RA), although 9-
cis-retinoic acid and 13-cis-retinoic acid have also been identified in tissues at lower levels, 012
Tissue concentrations of At-RA range from 1 to 46 nM, with plasma levels between 1 and 3 nM
in mice and between 3 and 13 nM in humans.'® At-RA levels are elevated in intestinal tissues
due to local production by IECs and DCs, with the microbiome affecting At-RA production by
altered expression of IEC retinol dehydrogenase.'**® Small intestinal IECs localized in the
intestinal crypt are more efficient at producing At-RA than IECs localized on the villi.1®
Inflammation in the colon decreases At-RA concentrations through downregulation of RALDHSs
and upregulation of CYP26.1" In addition to intestinal tissues, At-RA concentrations are elevated
above circulatory concentrations in mouse brain (2 to 20 nM), kidney (6 to 9 nM)), testis (8 to 33

nM), and adipose tissue (24 to 46 nM) tissues.'81°

1.2 Retinoid binding proteins

Transport of retinoids in the circulation is mediated by the RBP family of proteins that
bind retinol, retinal, and At-RA; upon cellular uptake mediated by STRAG6, At-RA is bound by
cellular retinoic acid binding proteins (CRABP1 and CRABP2) in the cytosol (Table 1.1).29-22
Transport of At-RA into the nucleus is mediated by CRABP2, where it can be transferred to
nuclear retinoic receptors (RARs).2*2* Fatty acid binding protein 5 (FABP5), in addition to
binding long-chain fatty acids, also has the capacity to bind At-RA and transport it to the

nucleus, but FABPS5 selectively delivers At-RA to PPARS/B while CRABP2 selectively delivers



At-RA to RARs.?? Because RARs and PPARGS/B have opposite roles on cell proliferation, the
CRABP2/FABPS ratio in cells impacts At-RA effects, notably decreased cell proliferation with
high CRABP2 and increased cell proliferation with high FABP5.2” CRABP2/FABP5 ratios are
altered in breast cancers, with increased FABP5 and decreased CRABP2 correlating with poor
prognosis.?’?®¢ CRABP1 is also associated with poor prognosis, because it sequesters At-RA in
the cytosol to prevent cell growth arrest induced by nuclear At-RA effects through RARs.?° At-
RA induces PPARGS/B gene expression through the co-activator SRC-1.2% The retinaldehyde
binding protein (CRALBP) is involved in visual cycle development and cone development ,
through its function in accepting 11-cis retinol in the isomerization reaction. %3

Expression of the family of proteins capable of binding retinoids varies between tissues.
RBP2 expression is highly enriched in intestinal tissues, indicating it is the major carrier of
dietary retinoids, while RBP1 expression has broader expression, with highest expression in the
ovary and fallopian tube indicating a potential role in retinoid delivery for fetal development.3?
CRABP2 expression is detected in the esophagus, salivary glands, uterus, and vagina; while
CRABP1 is highest in the retina and thyroid glands. FABP5 has broad expression across tissues.
CRALBP is expressed almost exclusively in the retina.®® Nuclear receptors RARa, RARP,
RARY, RXRa, RXR} are all widely distributed among tissues with the exception of RXRy,
which is mainly expressed in skeletal muscle and the pituitary gland. The broad distribution
patterns of nuclear receptors and restricted pattern of RBPs, CRABPs, and FABPS5 indicate that
retinoid concentrations at the tissue level are most influenced by the extracellular carrier
proteins.

While tissue localization of retinoids dictates the retinoids available in the local

environment, control of the cellular response to active retinoids is determined by their subcellular



localization. Whether inactivated by sequestration in the cytoplasm bound to CRABP1 or
shuttled to the nucleus by CRABP2 or FABPS5, At-RA localization, and activity are influenced
by protein binding. The primary nuclear receptors for At-RA are the RAR family of receptors
containing a, B, and y proteins, of which a is most highly expressed in immune cells.>®* RARa is
located predominantly in the nucleus, with cytoplasmic and plasma membrane localization
occurring to a lesser degree.3**® While RARa itself has no enzymatic activity, it mediates
transcriptional regulation through recruitment and interaction with active co-factors; additional

interactions with extranuclear proteins have also been documented (Table 1.2).

1.3 RARuw epigenetic effects

The RARa protein is a 462 amino acid (55 kDa) protein containing a ligand-binding
domain (LBD), a DNA-binding domain (DBD), and an interspaced hinge region containing a
nuclear localization signal (Figure 1.2).3® The protein sequence is 99% conserved between mouse
and human species. The DBD contains two zinc fingers that bind to DNA, while the LBD is
responsible for binding to At-RA and dimerizing with RXR family proteins. Dimerization of
RARa with RXRs promotes DNA binding at retinoic acid response elements (RAREs) with a
consensus sequence of [(A/G)G(G/T)TCA].*" Binding at these sites often, but not always,
requires direct or inverted repeats of the binding motif, commonly interspaced by 0, 2, 5, 7, or 8
nucleotides. Additional cofactors that bind to the RARa: RXR complex include nuclear receptor
corepressor proteins (Ncorl and Ncor2), nuclear receptor coactivator proteins (SRC-1, SRC-2
and SRC-3), histone deacetylases (HDAC1, HDAC2, HDAC3, and HDAC4) and members of the
polycomb repressive complex 2 (PRC2) including EZH2 and SUZ12.3842 Association of RARa
with Kruppel-like factor 5 (KLF5) in the absence of At-RA was effective at suppressing

expression of p21.44* Ligand binding of At-RA to the RARa:RXR complex influences cofactor



binding affinities, with ligand binding favoring binding of nuclear receptor coactivator proteins,
while nuclear receptor corepressors are typically bound in the absence of At-RA. HDAC

binding, specifically HDAC?2, interacts with RARa in the absence of At-RA and dissociates upon
ligand binding. Dissociation of HDAC?2 allows for subsequent RARa interaction with

coactivators.*®

1.4 RARae non-genomic effects

In addition to transcriptional effects, non-genomic effects of RARa have also been
demonstrated. RARa is present in the cell membrane in lipid rafts, where it complexes with Gaq
proteins.*® This interaction induces p38MAPK activation in response to At-RA, which
subsequently activates mitogen- and stress-activated kinase 1 (MSK1). In neuronal cells, Sertoli
cells, and embryonic stem cells, activation of Erk and MAPK pathways are regulated by At-RA
and RARa.*"*! In neuroblastoma cells, the association of RARa with both p85 and p110
subunits of PI3K was demonstrated, with differential binding regulated by At-RA and PI3K
activity linked to extranuclear RARa localization.®? Cellular localization of RARa, as affected by
At-RA binding and interaction with other proteins, alters both epigenetic (through nuclear
RAR«) and non-genomic (extranuclear RARa) effects. Thus, RARa protein interactions in the

cytoplasm or cell membrane contribute to global RARa regulation.

1.5 At-RA and RARa effects on immune cells

The effects of retinoic acids on immune cells are generally attributed to their interaction
with nuclear receptors and subsequent changes in transcriptome. As such, individual effects of
At-RA and RARa are often amalgamated in the interpretation of results with alterations in

vitamin A nutritional status or retinoic acid availability. Additional considerations include



differences in tissue concentrations of At-RA. Intestinal tissues maintain higher At-RA
concentrations and At-RA signaling, although intestinal inflammation was shown to decrease the
concentrations of At-RA due to decreased RALDH expression and increased CYP26 expression,
promoting the idea that At-RA concentrations regulate immune responses in tissue-dependent

and context-dependent manners.’

15.1 Effectson T cells

T lymphocytes are a vital component of the immune system. They originate in the bone
marrow and mature into CD4* T helper cells and CD8" T cytotoxic cells in the thymus, with T
cell receptor (TCR) affinity to antigens guiding developmental fate.>3 Naive T cells emigrate
from the thymus into the circulation, where they maintain a quiescent state until presented with
TCR stimulation, coreceptor stimulation, and cytokine signaling to mature into effector T cells.
Environmental factors affect the process of T cell differentiation, including microbes (e.g.
segmented filamentous bacteria) and microbial metabolites (e.g. short-chain and long-chain fatty
acids).>°8 Metabolites of dietary components also affect T cells, and vitamin A-derived At-RA
actively shapes T cell populations.®®

Suppression of Th17 cell differentiation is one of the most prominent and dynamic
effects of At-RA on T cells.%%-% The suppressive effect of At-RA is mediated partially by
suppression of IL-6R, IL-23R, and IRF4 expression, which are necessary receptors and
transcription factors for Th17 differentiation.%®” TGF-p signaling is required for both Th17 and
Treg differentiation, and the suppression of Th17 cells results in a compensatory increase in Treg
differentiation, uniquely enabling At-RA to regulate inflammatory and regulatory T cells. In
vivo, At-RA produced by CD103" dendritic cells promoted Treg generation to maintain immune

tolerance in the intestine.%® Supplementation of At-RA in the EAE model of multiple sclerosis



suppressed Th17 differentiation and disease progression.®” In human ulcerative colitis (UC)
colonic biopsy cultures, administration of At-RA reduced the TNFa concentration, while
increasing FoxP3" cells and decreasing IL-17* cells.%® One contradictory effect of At-RA on
Th17 and Treg cell populations occurs in vivo in VAD. Mice on VAD diets have increased
numbers of Tregs and decreased numbers of Th17 cells, along with weakened immune
responses.’"® Loss of RARa increased Treg populations in certain tissues and reduced Th17 cell
populations and overall T cell activation and proliferation.”* At-RA and RARa are thus both
important in the effectiveness of T cell responses to infection and balanced immune homeostasis.

In addition to effects on Th17 and Tregs, stabilizing or inducing effects on Thland T
follicular helper (Tfh) cells, as well as suppressive effects on Th2 and Th9 cells are also noted.”*-
" Transdifferentiation of Th1 cells into Th17 cells is suppressed by At-RA suppression of Th17-
related genes.”® Th9 cells are suppressed by At-RA and RARa epigenetic control of IL-9
expression.” Th2- and Th17-related cytokines are decreased by At-RA treatment of allergic
airway inflammation in human patients.?’ At-RA also has a role in facilitating resolution of
inflammation, by inducing expression of the purinergic receptor P2X7, which facilitates cellular
apoptosis in effector T cell populations to reduce immune cell responses.

Homing of T cells to tissues is accomplished by unique patterns of chemokine receptor
and integrin expression. At-RA induces intestinal homing of T cells by induction of CCR9 and
integrin a4f7 expression through At-RA-dependent binding of RARa to RARESs to regulate
expression.5%617081 Thys At-RA and RARa affect intestinal immune function and inflammation

by regulating both T helper cell differentiation and homing to the intestine.



1.5.2 Effects on antigen presenting cells

Antigen presenting cells (APCs), which include dendritic cells (DCs), macrophages, and
Langerhans cells (LCs), process and present foreign and self antigens via MHCII to T helper
cells. At-RA treatment of DCs induces expression of RALDHSs to further increase At-RA
concentrations and indirectly induce Treg cell differentiation and CCR9 and integrin a4f37
expression in T cells.®283 At-RA can also suppress the expression of pro-inflammatory cytokines,
whereas antagonism of RARa signaling shifts cytokine production to favor an inflammatory
milieu.8+% At-RA and RARa also promote expression of the lipid antigen presentation
molecule, CD1d, on DCs through activity of the peroxisome proliferator-activated receptor
(PPARY).8” LCs are skin-resident DCs, which are characterized by their expression of the
Langerin protein on their surface, that can migrate to skin-draining LNs. In VAD mice, large
increases of Langerin® DCs in intestinal lymphoid tissues were noted, with phenotypic
differences compared to Langerin® DCs in their inflammatory potential. A complex and
bidirectional regulation of skin LCs was identified using VAD diets and conditional RARa
knockout mice, with At-RA inhibiting LC development, but RARa supporting LC
development.® The effects of At-RA and RARa on immune responses reflect combined and

synergistic effects on APCs, T helper cells, and other immune cells.



Table 1.1. Retinoid binding proteins, their ligands, and cellular localizations.

Retinoid-binding protein

Ligand(s)

Cellular location

Retinoic acid receptor alpha
(RAR0)

All-trans retinoic acid

Nucleus, cytosol

Retinoic acid receptor beta All-trans retinoic acid Nucleus
(RARB)
Retinoic acid receptor All-trans retinoic acid, Nucleus

gamma (RARY)

9-cis retinoic acid

Retinoid X receptor alpha
(RXRa)

9-cis retinoic acid

Nucleus, Golgi

Retinoid X receptor beta 9-cis retinoic acid Nucleus
(RXRB)
Retinoid X receptor gamma 9-cis retinoic acid Nucleus
(RARY)
Cellular retinoic acid All-trans retinoic acid Cytosol

binding protein 1 (CRABP1)

Cellular retinoic acid
binding protein 2 (CRABP2)

All-trans retinoic acid

Cytosol. nucleus

Fatty acid binding protein 5
(FABPS)

All-trans retinoic acid,
Long-chain fatty acids

Extracellular, cytosol, plasma
membrane

Retinol binding protein 1
(RBP1)

Retinol, retinal

Cytosol, extracellular

Retinol binding protein 2
(RBP2)

Retinol, retinal

Golgi, cytosol, extracellular

Cellular retinaldehyde
binding protein (CRALBP)

Retinal

Cytosol. nucleus




Table 1.2. RARa-interacting proteins, their roles, and cellular localization.

10

RARgo-interacting protein

Role

Cellular location

RXRu Transcriptional activator/repressor Nucleus, Golgi

RXRp Transcriptional activator/repressor Nucleus

RARy Transcriptional activator/tepressor Nucleus

KLF35 Transcriptional activator/repressor Nucleus

p300 Transcriptional activator: histone Nucleuns
acetyliransferase

MEDI RNA polymerase II transcription Nuclens

MED25 RMNA polymerase IT transcription Nucleus

HDAC1 Transcriptional repressor: Nucleus
histone deacerylase

HDAC2 Transcriptional repressor: Nucleus
lustone deacetylase

HDACS Transcriptional repressor: Nucleus. Golgi
histone deacerylase

HDAC4 Transcriptional repressor: Nucleus, cytosol
lustone deacetylase

EZH2 PRC2 complex member: methyltransferase Nucleus

SUZ12 PRC2 complex member: methyltransferase Nucleus

NCOR1 Transcriptional repressor MNucleus, cytosol

NCOR2 Transcriptional repressor Nucleus

SRC1 Transcriptional activator: histone Nucleus, cytosol, plasma
acetyliransferase membrane

SRC2 Transcriptional activator: histone Nucleus
acetyltransferase

SRC3 Transcriptional activator: histone Nucleus. cytosol
acetyliransferase

GuQ Phospholipase C activator Plasma membrane,

cytosol, nucleus
pEs PI3K signaling Plasma membrane,
cytosol
Alktl Serine/threonine protein Kinase Nucleus, cytosol, plasma

membrane, mitochondria
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Figure 1.1. Vitamin A metabolism and At-RA delivery. Dietary B-carotene is absorbed by
intestinal epithelial cells and metabolized to retinal by -carotene-15,15'-oxygenase (CMOI). It
is further metabolized to retinol by alcohol dehydrogenase (ADH) in a reversible reaction,
followed by metabolism to retinyl esters by the lecithin:retinol acyltransferase (LRAT) enzyme.
The retinyl esters are transported through the circulation bound within chylomicron droplets,
and they are taken up by liver cells, where the retinyl esters are stored. In the liver, retinyl esters
can be metabolized to retinol by retinyl ester hydrolase (REH), and retinol can be bound by
retinol-binding protein (RBP) for transport through the circulation. CD103+ dendritic cells are
able to metabolize retinol to retinal with retinol dehydrogenase (RDH), which allows further
metabolism to the active form, all-trans retinoic acid (At-RA) by retinaldehyde dehydrogenase
(RALDH). Degradation of At-RA by CYP26 controls concentrations.
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2. RETINOIC ACID AND RETINOIC RECEPTOR ALPHA REGULATE
T CELL DIFFERENTIATION THROUGH EPIGENETIC CONTROL
OF GFI1 EXPRESSION

2.1 Introduction

Dietary Vitamin A and its metabolites, retinoic acids, are necessary for maintaining
immune homeostasis, with known effects on T lymphocytes, dendritic cells, Langerhans cells, and
innate lymphoid cells.8°* T helper cells, as effector and regulatory cells responsible for
coordinating immune responses, are notably affected by retinoic acid. These effects include
retinoic acid suppression of Thl17 cell differentiation and induction of Treg
differentiation.5163649% Other effects of retinoic acid include promotion of Thl and Th2
differentiation and suppression of Th9 differentiation, as well as control of immune cell homing
to intestinal tissues through induction of chemokine receptors CCR9 and Itga4p7.7%:79:97-100

Retinoic acid in its predominant form, all-trans retinoic acid (At-RA), mediates its effects
through binding to nuclear receptors to modulate transcription. The predominant binding partner
of At-RA in T helper cells is retinoic acid receptor a (RARa), which dimerizes with retinoid x
receptor alpha (RXRa) to bind to retinoic acid response elements (RAREs) within genomic
DNA 1917103 Recruitment of various cofactors, selectively affected by the absence or presence of
bound At-RA, promotes activation or repression of transcription. Histone modifications, such as
acetylation and methylation, are mechanisms of epigenetic transcriptional regulation. Epigenetic-
modulating cofactors that bind to RARw/RXRa include NCOR1, SRC1, SRC3, EZH2, and
HDACs (1, 2, 3, and 4).104197 The effects of At-RA and RARa on epigenetic modifications have
been identified as mechanisms for controlling T helper cell differentiation and effector function,

but the independent roles of At-RA and RARa have not been fully characterized.
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The effects of At-RA and RARa on Th17 cells are controversial, with reports of mostly
suppressive effects, but also some stimulating effects, notably in vivo.6%61.71108 possible
antagonistic roles of At-RA and RARa in controlling Th17 differentiation could provide an
explanation for discrepancies in vitamin A regulation of Th17 and other effector cells. Th9 cells
were also recently identified as being suppressed by At-RA in a RARa-dependent manner.” These
cells are implicated in allergic and autoimmune diseases, and a complete understanding of their
regulation by At-RA and RARa will help to understand their role in diseases and provide
potentially new therapeutic strategies.

In this study, we demonstrate divergent roles of At-RA and RARa on the epigenetic
modifications and corresponding transcriptome of Th17 cells, which underlie alterations in Th17
differentiation in vitro and in a T-cell transfer model of colitis. We show regulation of Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways by At-RA and/or RARa in these cells
and noted strong regulatory control of the transcriptional repressor, GFI1. We further identified
that upregulation of GFI1 by At-RA requires RARa binding to the Gfil promoter region, and that
GFI1 expression suppresses both Th17 and Th9 differentiation. These results suggest that At-RA

induction of GFI1 is involved in the At-RA regulation of T cell differentiation.



15

2.2 Materials and Methods
2.2.1 Mouse strains and generation.

C57BL/6J mice (stock 002216), Rag1-/- mice (stock 002216), distal LCK-cre mice (stock
012837), and RARa-flox mice (stock 033021) were purchased from Jackson Laboratory (Bar
Harbor, ME). LCK-cre mice were mated with RARa-flox mice to generate the T cell specific
conditionally-deleted ARARa“* mice strain. The RARa-Tg strain was generated by the
Transgenic Mouse Core Facility at Purdue University, using the human RARa gene under the
human CD2 promoter to drive T cell specific overexpression of RARa. Transgenic mice were
generated on the C57BL/6J background. The Gfil™" CD4-cre mice were generously provided by
Dr. Jinfang Zhu. Mice were generally 6-8 weeks of age when used for experiments. Both male and
female mice were used, with sex-matched animals used for individual experiments. All animal
protocols were approved by either the Purdue Animal Care and Use Committee (PACUC) or the

University of Michigan Institutional Animal Care and Use Committee (IACUC).

2.2.2 Cell isolation and culture.

Naive T cells were routinely isolated to >95% purity with magnetic separation using an
autoMACS separator and mouse naive CD4* T cell kit (Miltenyi Biotec, Somerville, MA). For in
vitro culture, cells were cultured in complete RPMI-1640 media containing charcoal-stripped FBS.
Cells were activated using plate-bound anti-CD3 (5 pg/mL) and anti-CD28 (2 pg/mL) (BioXcell,
Lebanon, NH). For Th17-polarizing culture, cytokines and antibodies included mIL-6 (20 ng/mL),
mlL-1R (10 ng/mL), mIL-21 (10 ng/mL), mIL-23 (10 ng/mL), mTNFa (10 ng/mL), hTGFR-1 (5
ng/mL), anti-IFNy (10 pg/mL), and anti-1L-4 (10 pg/mL). Th9-polarizing culture included hlL-2
(100 U/mL), hIL-4 (30 ng/mL), hTGFR-1 (2 ng/mL), mTNFa (10 ng/mL), and anti-IFNy (10

ug/mL). Cytokines and antibodies were purchased from Biolegend (San Diego, CA). Cells were
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cultured in the presence of all-trans retinoic acid (At-RA), Ro41-5253 (Sigma Aldrich, St. Louis,

MO), SI-2, or GSK126 (Cayman Chemical, Ann Arbor, MI) as indicated.

2.2.3 T cell transfer colitis model.

Recipient Ragl-/- mice were maintained in a conventional facility for one week priorto T
cell transfer and for the remainder of the experiment. Naive T cells were magnetically sorted and
5 X 10° cells per mouse were injected retroorbitally in 100 uL. PBS. Mice were monitored for body
weight change and stool score. Once the endpoint of 20% weight loss from initial weight or 5
weeks was reached, mice were euthanized and assessed for intestinal inflammation and T cell
phenotype by flow cytometry. Tissues were processed to prepare single cell suspensions for flow

cytometry as previously described.®

2.2.4 Flow cytometry.

Single cell suspensions from mouse tissues and in vitro cultures were assessed by flow
cytometry for surface and intracellular markers using Canto 11 (BD Biosciences; San Jose, CA) or
NovoCyte flow cytometers (ACEA Biosciences; San Diego, CA). Antibodies used were purchased
from Biolegend or Tonbo Biosciences. For intracellular staining of cytokines, cells were stained
for surface markers, followed by activation with phorbol 12-myristate 13-acetate (PMA; 50 ng/mL;
Sigma Aldrich), ionomycin (0.5-1.0 pg/mL; Sigma Aldrich), and monensin (2 mM; Sigma Aldrich)
for 3-6 hours. Cells were fixed with 1% paraformaldehyde for at least 2 hours, then permeabilized
with saponin buffer and stained for intracellular cytokines. For transcription factor staining, FoxP3

Fix/Perm reagents (Tonbo Biosciences; San Diego, CA) were used per manufacturer guidelines.
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2.2.5 RNAseq analysis of transcriptome.

RNA was extracted from 24-hour cultures of naive T cells in the Th17-polarizing culture
condition, with or without 10 nM At-RA, using RNeasy Mini spin kit (Qiagen; Venlo, The
Netherlands). The Purdue Genomics Facility prepared libraries using the TruSeq Stranded kit
(Mlumina, San Diego, CA). Paired, 100 bp reads were sequenced using a HiSeq2500 on high-
throughput mode. Before library preparation the dscDNA quality was checked using an Agilent
Bioanalyzer with the High Sensitivity DNA Chip. Reads were trimmed using Trimmomatic v. 0.32
(Bolger, Lohse, & Usadel, 2014) and assessed with FastQC v. 0.11.2 (Andrews, 2010) and FastX-
Toolkit v. 0.0.13.2 (Gordon & Hannon, 2010). Differentially expressed genes (DEGs) were
selected by -0.5 > log2FC > 0.5 and t-test p-value < 0.05 for comparisons of RARa and At-RA
effects. A list of 2742 DEGs was used for subsequent heatmap generation and sample correlation
(GenePattern) and pathway analysis using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID).!%!! principle component analysis (PCA) was performed using

the list of DEGs.

2.2.6 ChlPseq and ChIP PCR analysis of epigenetic modifications.

Naive T cells were cultured for 16 hours in the Th17-polarizing condition, then samples
were prepared for sequencing using the magnetic SimpleChIP enzymatic chromatin IP kit (Cell
Signaling; Danvers, MA). For ChlPseq, indexed libraries were generated using the ThruPLEX
DNA-seq kit (Takara; Mountain View, CA) with 13 cycles of amplification and 1 x 50 bp
sequencing was performed on a NovaSeq 6000 (lllumina; San Diego, CA). Trimming, FastQC,
and alignment was performed; and bigwig files of the samples minus matched input samples were
created in Galaxy.!'2 Further analysis of enrichment regions was performed using the -2kb to +2kb

region surrounding the TSS of DEGs from the RNAseq data. For enrichment scores, read counts
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within these regions were normalized for read depth and reduced by the read count in the respective
input sample. Bigwig files were visualized and plotted using Integrated Genome Browser (IGB).*3
For ChIP PCR experiments, cultures were performed as described for ChlPseq, with the exception
that antibodies for RARa and SRC3 were used for immunoprecipitation and qPCR was performed

for enrichment of sites in the Gfil locus.

2.2.7 Quantitative reverse-transcription PCR (QRT-PCR).

RNA expression was measured using Ribosol-extracted RNA, with cDNA synthesis done
using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher; Grand Island, NY).
Quantitative reverse-transcription PCR was performed using the Maxima® SYBR Green/ROX
gPCR Master Mix (Thermo Fisher) on an Eppendorf Mastercycler. Oligonucleotides used are

listed in Table 2.1.

2.2.8 Dual luciferase reporter assay.

To assess transcriptional activity of RARE sites for validation of RARa activity in mouse
strains, naive T cells were cultured with anti-CD3, anti-CD28, and hIL-2 for 16 hours, then 4 x
10° cells were co-transfected with pGL3-RARE (Addgene #13458) and pRL-CMV (Promega)
using the Mouse T Cell Nucleofector kit and Nucleofector 2b device (Lonza; Houston, TX), rested
for 4 hours in Lonza recovery media with or without 10 nM At-RA, and restimulated for 6 hours
with anti-CD3, anti-CD28, and hiL-2 with or without 10 nM At-RA. Cells were lysed with passive
lysis buffer and luminescence of both Renilla and Firefly luciferases were measured using the Dual
Luciferase kit (Promega; Madison, WI) on either a SpectraMax i3x (Molecular Devices; San Jose,
CA) or Synergy HT (BioTek; Winooski, VT) plate reader. For assessing the activity of the Gfil

promoter, Gibson cloning was used to generate pGL4.10 plasmids containing the promoter region
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(-10t0 -1085 of TSS), with additional mutations of putative RARa binding sites. Luciferase assays

were repeated as before, with the protocol modified to use the Th9-polarizing culture condition.

2.2.9 Statistics.

Statistical significance was tested using GraphPad Prism v7.0. Differences between two
groups were compared using Student’s t-test. For three or more groups, one-way ANOVA with
Bonferroni’s multiple testing correction was used. For comparisons with two factors (e.g. At-RA
and RARa), two-way ANOVA with Bonferroni’s multiple testing correction was used. P values

<0.05 were considered significant. All error bars indicate SEM.

2.3 Results

2.3.1 Transgenic and conditional knockout mice have predicted RARa expression and
function.

Generation of ARara"* and RARa-Tg mouse strains was performed using the cre-lox
system and transgenic overexpression under the CD2 promoter (Figure 2.1). Validation of
conditional knock-out or overexpressing RARa mouse strains included isolation of naive T
helper cells and assessment of MRNA transcripts present by gRT-PCR. ARara*¢ naive CD4* T
cells had nearly undetectable levels of RARa expression; while RARa-Tg naive CD4* T cells
expressed approximately seven times as much RARa as did the WT cells (Figure 2.1B). RARa
protein expression in total CD4" splenocytes demonstrated increased protein levels of RARa in
the RARa-Tg cells (Figure 2.2C). Functional assessment of RARa and At-RA in binding to
RARE sites indicated that ARara"* CD4* T cells lost the ability to upregulate transcription upon
At-RA exposure, whereas RARa-Tg CD4* T cells displayed enhanced transcriptional

upregulation in the presence of At-RA (Figure 2.1D).
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RARua expression and At-RA have divergent effects on Th17, Th9, and Treg differentiation
in vitro.

The known effect of At-RA on suppressing Th17 and Th9 differentiation and the effect of
inducing Treg differentiation were enhanced in RARa-Tg cells and absent in ARara“%* cells.
Surprisingly, high levels of RARa enhanced Th17 differentiation and suppressed Treg
differentiation. Loss of RARa enhanced Treg differentiation and suppressed Th17 and Th9
differentiation (Figure 2.2A). These results indicate the roles of RARa and At-RA can be

divergent rather than additive.

2.3.2 T-cell transfer model of colitis.

Injection of naive T cell injection into Ragl-/- recipient mice is an established model of
colitis.'**11® Utilizing naive T cells isolated from WT, ARara'*, and RARa-Tg mice, we used
this model to assess the role of T-cell specific RARa in colitis induction. Higher RARa
expression level correlated with more rapid colitis formation, as indicated by body weight loss
(Figure 2.2B) and colon shortening (Figure 2.2C). The T cell profile at the endpoint indicated
that higher RARa led to higher percentages and absolute numbers of Th17 cells in spleen,

mesenteric lymph node, and colon tissue (Figure 2.2D).

2.3.3 Steady-state T cell populations in RARa mice strains.

We assessed how T-cell specific loss or overexpression of RARa affected T cell
populations in the steady state. T helper cell percentage of CD3 was not affected in spleen,
mesenteric lymph node, small intestine lamina propria, or large intestine lamina propria. There
was a decrease in T helper CD62L" cell percentage and corresponding increase in CD44" cell
percentage in the ARara * spleen. RARa-Tg mice also had higher percentage of CD44" cells in

the mesenteric lymph node (Figure 2.3). Absolute numbers of T helper cells indicated fewer cells
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in the spleen and small intestine of ARara“* mice, but there was an increase of CD44" cells in
the mesenteric lymph node of these mice. The populations of Thl and Th17 cells had no changes
in percentage, although ARara"* mice had reduced numbers of Th1l cells in the small intestine
and Th17 cells in the spleen and small intestine (Figure 2.4). RARa-Tg mice had increased
numbers of Th17 cells in the large intestine. Treg percentages of CD4* cells were increased in
ARara-* spleen and small intestine, while RARo-Tg mice had increased Treg percentages in
secondary lymphoid tissues, but decreased percentages in small and large intestine lamina
propria (Figure 2.5).

The thymocyte populations were also assessed, as defects in T cell maturation might
occur from altered RARa expression. The ARara“* mice had a significant increase in the double
negative (CD4", CD8") population and a decrease in the double positive (CD4", CD8")
population. The RARa-Tg mice also had a reduction in double positive cell percentage, but with

compensatory increases in both single positive (CD4"and CD8") populations (Figure 2.6).

2.3.4 Transcriptome analysis identifies gene groups regulated by RARa and At-RA.

Given divergent effects of RARa and At-RA in T cell differentiation, we sought to
dissect their individual effects on the transcriptome of Th17 cells. In 24-hour, Th17-polarized
cultures, we identified 2742 differentially expressed genes (assessed for At-RA and/or RARa
effects) with -0.5 > log2FC > 0.5 and p-values <0.05 (Student’s t-test). These genes were
clustered by expression pattern (Pearson correlation), and 5 distinct gene groups were identified
(Figure 2.7A). These genes were used assess sample similarities with a PCA plot (Figure 2.7B)
and Pearson correlation of samples (Figure 2.7C). Duplicated samples always paired within
groups, with minimal difference between ARara"* and ARara“* At-RA groups. The RARa-Tg

At-RA group was most different from the other groups. Pathway analysis with the 2742 DEGs,
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with At-RA and RARa effects separated, indicated overlap in the KEGG pathways affected by
At-RA and RARa, although dissimilar effects on those pathways cannot be assessed by pathway

analysis (Table 2.2).

2.3.5 Epigenetic modification at H3k27 is proportional to RARa expression.

Epigenetic modifications at H3k27 can indicate active transcription (acetylation) or
repressed transcription (tri-methylation). These modifications can be performed by enzymes that
have known protein interactions with RARa. In 16-hour, Th17-polarized cell cultures, we
observed an overall increase in H3k27ac in the RARa-Tg cells among the 2742 DEGs (from
RNAseq data); At-RA did not alter the overall H3k27ac level among all DEGs (Figure 2.8).
Comparison of H3k27ac with RNAseq expression (log10-transformed FPKM) indicated a direct
correlation between H3k27ac and RNA expression. RARa binding assessed with ChiPseq by
Brown et al. demonstrates that the majority of DEGs have RARa binding near the TSS.1% To
assess the correlation between H3k27ac and RNA expression, we compared log2FC values of
H3k27ac enrichment to the log2FC values of RNA expression from RNAseq data for each
indicated comparison (Figure 2.9). Slopes in these graphs indicate the degree to which changes
in H3k27ac enrichment correlate with changes in RNA expression. The At-RA effect was
proportional to RARa expression, with RARa-Tg having the steepest slope and ARara“* having
the lowest slope. P-values test whether the slope is different from 0. The RARa effect was more
pronounced in the RARa-Tg / WT comparison than the ARara~®/ WT comparison, indicating
RARa-Tg are more epigenetically distinct from WT than ARara* are (Figure 2.9B). Assessment
of the broad, repressive H3k27me3 modification also indicated overall higher levels of this
modification in RARa-Tg cells, contrary to the expectation that high H3k27ac would lead to

lower H3k27me3, albeit within a grouped gene dataset (Figure 2.10A). At-RA reduced
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H3k27me3 in all three cell types, including ARara“*. Comparison of H3k27me3 to RNA
expression demonstrated an indirect correlation, matching the known repressive function of
H3k27me3. ChlPseq and RNAseq comparisons, similar to those with H3k27ac, demonstrated
that RARa expression level correlated with greater epigenetic control of transcription by At-RA
(Figure 2.11).

Higher levels of both H3K27 acetylation and methylation within the cumulative group of
DEGs could mask effects within individual DEG group. To eliminate this possibility, each of the
5 DEG groups identified by similar patterns of RNA expression were assessed for enrichment of
epigenetic modifications surrounding the TSS (Figure 2.12). Remarkably, patterns of acetylation
and methylation were relatively unchanged between groups, with both H3K27ac and H3K27me3

modifications increased in cells with higher RARa expression.

2.3.6 Epigenetic modifications and RNA expression in grouped DEGs.

Genes from each DEG group were assessed for patterns in RNA expression and
epigenetic modification. Within group 1, IL-9 expression was increased in RARa-Tg cells, and
strongly suppressed by At-RA (Figure 2.13A-B). The increase in IL-9 in RARa-Tg cells
indicates that RARa and At-RA may have opposite roles in controlling Th9 differentiation.
ChlPseq analysis of the 119 locus indicates increased H3k27ac modification in the absence of At-
RA. IRF4 is an essential factor for Th9 differentiation as it binds to the 119 promoter.!’ We
observed that At-RA decreased the expression of Irf4, correlating with a decrease in H3k27ac
(Figure 2.13C-D). This regulation could potentially explain At-RA suppression of I1L-9, but not
the RARa effect. Ahr expression exhibited a similar pattern, with strong suppression of RNA

expression and H3k27ac by At-RA (Figure 2.13E-F).
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Genes within group 2 had RARa-induced expression in the absence of At-RA, but with
suppression by At-RA (Figure 2.14). Patterns of both H3K27ac and me3 demonstrated activating
and repressive epigenetic modifications matching RNA expression patterns. Within this group,
IL-7R, IL-21, and SRC are all genes with functional relevance for Th17 cells.

Group 3 contains the majority of the classically upregulated genes of At-RA (Figure
2.15). FOXO03, IRF8, and GFI1 all have repressive functions on differentiation of effector T
helper cells.*8124 Gfil expression was strongly-upregulated by At-RA, proportional to RARa
expression level, while expression in the absence of At-RA was very low. Epigenetic
modification at the Gfil locus indicated strong At-RA- and RARa-dependent regulation of
H3k27ac. These genes, and GFI1 in particular, demonstrate the ability of At-RA to regulate T
helper cell differentiation through transcriptional regulation.

Group 4 genes had a pattern of At-RA upregulation of gene expression only in conditions
with high RARa (Figure 2.16). These genes, including TGFB1, TNFRSF9 (CD137), and BATF3
represent genes that may be regulated by At-RA only in high At-RA concentrations or with high
RARa availability.

Loss of RARa resulted in increased expression only in group 5 DEGs (Figure 2.17). A
weak pattern of upregulation by At-RA was present in some genes. These genes, including
SMAD3, KLF2, and S1PR1, represent genes with relevance to T helper cells that may be
repressed by RARa.

To further assess patterns of Gfil expression in cultures, we measured expression at 24-
and 72-hours of culture in Th17-polarized cultures. Gfil expression was most induced by At-RA
at the earlier time point in WT cells, while RARa-Tg cells treated with At-RA maintained high

expression at 72 hours as well (Figure 2.18A). Sequence analysis of the Gfil promoter identified
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3 putative RARa binding sites [(A/G)G(G/T)TCA] (Figure 2.18B). We created a luciferase
reporter plasmid with the -10 to -1085 bp of TSS promoter region containing either native or
mutated RARa binding sites [(A/G)G(G/T)ACA]. Promoter activity was induced by At-RA with
native RARa binding sites; however, mutation of the RARa binding sites led to increased
promoter activity and loss of responsiveness to At-RA (Figure 2.18C). This indicates that RARa

binding in the Gfil promoter in the absence of At-RA is suppressive of Gfil expression.

2.3.7 Reciprocal RARa and SRC3 binding in Gfil locus is At-RA-dependent.

Binding of RARa and one of its cofactors, the histone acetyltransferase SRC3, were
assessed in the presence and absence of At-RA. Binding of RARa and SRC3 was absent in sites
lacking the RARa binding motifs. Binding of RARa in site #4 containing two RARa binding
motifs was demonstrated in the absence of At-RA, while SRC3 binding was observed at the
same site only in the presence of At-RA. Thus, the repressive binding of RARa to the GFI11
promoter occurs only in the absence of At-RA, and reciprocal binding of SRC3 at the same site

in the presence of At-RA explains At-RA induction of H3k27 acetylation and Gfil expression.

2.3.8 GFI1 downregulates Th9 and Th17 differentiation.

Given the known effects of GFI1 on the differentiation of other T cell subsets, Th9
differentiation may also be regulated by GFI1. Forced expression of GFI1 using retroviral
transduction decreased Th9 and Th17 differentiation in WT cells (Figure 2.15A). Using Gfi1-
CD4-cre mice, we assessed Th9 and Th17 differentiation in 0, 1, and 10 nM At-RA concentrations. In the
absence of At-RA, no differences in Th17 differentiation were observed, but at the low concentration of At-
RA\ loss of GFI1 increased Th17 differentiation. Higher Th9 differentiation in Gfi1""-CD4-cre cells was

demonstrated in all concentrations of At-RA (Figure 2.15B).
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2.4 Discussion

Vitamin A plays important roles in immune function and homeostasis, but clarifying
individual effects of the active metabolite, At-RA, and its major nuclear receptor, RARa, has
been challenging as these two factors are often confounded in the analysis of their individual
effects. Epigenetic regulation of effector T cells by At-RA and RARa is expected to involve both
factors, yet their individual effects may not be fully represented in previous studies. Utilizing
mice with conditional knock out or overexpression of RARa in T cell populations, we addressed
the factors of At-RA and RARa individually and jointly in a study of how epigenetic
modification is linked to transcriptome.

Evidence of divergent roles of At-RA and RARa on effector T cells was first
demonstrated with in vitro differentiation studies. Known At-RA effects on suppression of Th17
and Th9 differentiation and inducing Treg differentiation were noted and determined to be
RARa-dependent. However, the effect of RARa on T cell differentiation in the absence of At-
RA was observed to be opposite of the At-RA effect, with increased RARa leading to increased
Th17 and Th9 differentiation and less Treg differentiation. In the T-cell transfer model of colitis,
RARa-overexpressing cells were more capable of inducing colitis, and they generated higher
percentages and numbers of Th17 cells in secondary lymphoid tissues and colonic lamina
propria. Given the heightened sensitivity to At-RA that increased RARa expression provides, an
increase in Th17 cells indicates a relatively low concentration of At-RA in inflamed colonic
tissue, in agreement with studies demonstrating reduced At-RA concentrations in colitis due to
altered synthesizing and metabolizing enzyme expression at local tissue sites and positive roles
of At-RA in preventing colitis.}”1?° Thus the effects of RARa on effector T cells appear to be

distinct from At-RA, although conditional upon At-RA concentrations.
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In its role as a transcription factor, RARa binds to DNA motifs and recruits a variety of
activating or repressing cofactors to alter transcription. The transcriptome of T cells ina Th17-
polarized culture condition showed that RARa expression level heightened the At-RA effect on
transcriptome (Groups 1, 3, and 4). At-RA-independent RARa effects were also observed in the
upregulation and downregulation of genes (Groups 2 and 5, respectively). The epigenetic
modifications at H3k27, both acetylation and tri-methylation, can be facilitated by RARa-
interacting proteins.®° Thus, differences in these epigenetic modifications can link RARa and
At-RA to transcriptome modification. Within DEGs, overall levels of both H3k27ac and
H3k27me3 were increased in the RARa-Tg cells, indicating that epigenetic modifications are
increased with more RARa expression. At-RA demonstrated a RARa-independent effect on
decreasing H3k27me3, indicating the potential role of other nuclear factors such as RARE,
RARy, or RXRs in suppressing methyltransferase activity or a role of At-RA in inducing
demethylase activity through a RARa-independent mechanism. Correlation of log2FC in both
epigenetic modifications at the TSS and RNA expression identified stronger associations of At-
RA effects on epigenetic modifications with higher RARa expression for both H3k27ac and
H3k27me3 modifications. In the absence of At-RA, RARa-Tg cells demonstrated positive
effects of H3k27ac on transcriptional expression and negative effects of H3k27me3 on
transcriptional regulation. Loss of RARa led to a weaker association of H3k27ac with
transcription and a slight positive association of H3k27me3 with increased transcription. These
results indicate that both At-RA and RARa have roles in epigenetic regulation, with RARa
expression level correlating with the At-RA effect size, and RARa epigenetic effects that occur

in the absence of At-RA.
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Epigenetic regulation of Th9 cell differentiation by retinoic acid and RARa has recently
been proposed to include RARa-dependent, At-RA downregulation of IL-9 expression through
recruitment of the suppressive Nrip1 to an enhancer region 23kb upstream of the TSS.” In
contrast to this study, we found that RARa itself, in the absence of At-RA, had a positive effect
on inducing Th9 cells, with correlating increases in H3k27ac at both the promoter and -23kb
enhancer region. Th9 cells require IRF4 binding to the 119 locus for induction.!!” We identified
Irf4 downregulation by At-RA, but the effect of RARa on IRF4 expression was insufficient to
explain the positive RARa effect on Th9 differentiation. Notable At-RA induction of the
transcriptional repressor, Gfil, was also identified. Putative RARa binding sites in the Gfil
promoter region indicated RARa binding may be necessary to mediate At-RA upregulation of
GFI1 expression. Promoter activity with native RARa binding sites demonstrated the induction
of promoter activity by At-RA; however, mutated RARa binding sites led to equivocal promoter
activity with the WT promoter. This indicates a suppressive effect of RARa binding in the
absence of At-RA on the activity of the GFI1 promoter. RARa binding to sites within the Gfil
locus indicated RARa binding to a pair of RARa binding motifs only in the absence of At-RA.
Reciprocal binding of the histone acetyltransferase SRC3 at the same site in the presence of At-
RA provides a mechanism for At-RA induced acetylation at H3k27 and induction of Gfil
expression.

While GFI1 is known to affect other T helper cell differentiation, its effect on Th9
differentiation had yet to be tested.!23126:127 Tq this end, we forced expression of GFI1 and
demonstrated a suppressive effect on Th9 and Th17 differentiation. Analysis of T cell

differentiation in Gfi1™" CD4-cre cells demonstrated that GF11 suppressed Th9 and Th17
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differentiation at low At-RA concentrations, indicating At-RA induction of Gfil expression can
partially explain reduced Th9 and Th17 differentiation.

Individual and cumulative roles of At-RA and RARa on the epigenetic modification and
transcriptome of effector T cells are responsible for changes in differentiation and function. The
divergent nature of At-RA and RARa effects as demonstrated at low At-RA concentrations
indicates the complexity of regulation that vitamin A exerts upon the immune system. Future
studies of vitamin A effects on immune function must consider retinoic acid receptor functions
that occur in the absence of vitamin A metabolites. In particular, RARa effects on Th9 and Th17
cells may contribute to pathology in T cell-mediated inflammatory or allergic diseases, such as

colitis, airway inflammation, and food allergy.



Table 2.1. Oligonucleotide sequences.

Oligonucleotides

Endogenous RARa-F 5 TCAGCCCCTCACCCTCCAAT 3’

RARa-Tg genotyping

Endogenous RARa-R 5 CTCACCTTACAGCCCTCACA 3’

RARa-Tg genotyping

Transgenic RARo-F 5 GATGCTGATGAAGATCACAG 3’

RARa-Tg genotyping

Transgenic RARo-R 5 GGACAATGAGTTTTCTGCTG 3’

RARa-Tg genotyping

Cre-F 5° 5 CGGTCGATGCAACGAGTGATGAGG 3’

ARaraLcK genotyping

Cre-R 5> CCAGAGACGGAAATCCATCGCTCG 3’

LCK .
ARara  genotyping

0IMR7338 5 CTAGGCCACAGAATTGAAAGATCT 3

LCK .
ARara  genotyping

0IMR7339 5 GTAGGTGGAAATTCTAGCATCATCC 3’

ARaraLCK genotyping

Flox-RARa-F 5> TCAGCCCCTCACCCTCCAAT 3’

LCK .
ARara  genotyping

Flox-RARa-R 5’CTCACCTTACAGCCCTCACA 3’

LCK .
ARara  genotyping

Gfil-F 5> AAGAAGGCGCACAGCTATCA 3’ gRT-PCR
Gfil-R 5 CAGTGACTTCTCCGACGCTG 3’ gRT-PCR
Rara-F 5> CCTGCCCCGCATCTACAAG 3’ gRT-PCR
Rara-R 5> GGTTCCGGGTCACCTTGTT 3° gRT-PCR
Actb-F 5 AGAAGAGCTACGAGCTGCCTGAC 3’ gRT-PCR

Actb-R 5 TACTCCTGCTTGCTGATCCACAT 3’

gRT-PCR

30



31

Table 2.2. KEGG pathway analysis. KEGG pathways enriched in differentially expressed gene
lists from RNAseq data. Using lists of differentially expressed genes derived from comparisons
of individual factors (RARa or At-RA), KEGG pathway analysis was performed with DAVID.

iGene ) Gene )
|RI,GG Pathway Comnt [P alue IKEGG Pathway Count |]J-1|. alue
[nflammatory bowel [Inflammatory bowel »
ficease 10 0,000005 disease 16 20000001
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-g £ Cell adhesion molecules 1 0.003622 rTe::eitm mte-mf:l'lmnall
s |8 £ [cAns) B Ipnf]‘:w;:“"l“m SIENTE 15 j0.000740
'f‘:: Adherens junction ] 0.023145 g ‘lal;;iz‘:'l— sigaling 17 0010624
2 T cell receptor signaling 2 [Chemokine signali
= gnaling -
S thway L et e 21 0.010736
§  [sulin signaling pathway 9 10.002481 ff 2 LAMP signaling pathway 21 0.011320
2 E . . S
% Cytokine-cytokine 12 |lo.o02s55s Colorectal cancer 10 0011733
g [receptor interaction
3E L
& Notch | thw ] 10023056
g = Jdherens junction 5 0.033180 e
£z TNF signaling pathway |13 [0.025399
B N-Glvcan biosynthesis |4 0.049505 S iR patay )
[TGF-beta signaling
. . N 11 10026303
P o atty acid metabolism |8 0.028128
_E = [nflammatory bowel - —
2 E disease B [000019 :E;T;“;;ﬁ;n 28 |<0.000001
Toll-like receptor S ;
%% kignaling pathway T 0003148 An‘gu;mln:_ and proline 0 0.000242
-§ = [T cell receptor signaling - 0.003148 uetabolisi bowel
E £ pathway ' “‘di’ﬂﬂ‘m;’;ﬂ“'““’ ow 0 0.000884
INF-kappa B signaling -
i 0.012430 = i i
thway ;l;hi;‘f signaling 14 [0.001483
. — o
5 [GF-beta signaling s 003341 || @ .
= athway EI ITWF sigmaling pathway |11 0004330
= iqﬂanunamw bowel 8 0.001446 5 . .
= lisease B [Rapl signaling pathway (16 0.007208
= AMP signaling pathway (13 0001638 g e cianali
28 g C':;'E':;"“ sgnaling s jo.007911
%3 Adherens junction 8 10004552 || 2 [ioquthesis of amino i
E GMP-PKG signaling cids ’ 0015667
= = "
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Metabolic pathways 40 |0.025900 P53 signaling pathway |7 0.027738
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Figure 2.1. RARa expression and function altered in murine RARa strains. (A) For selective
modification of RARa expression in T cells two mice strains were utilized. The ARaraLCK
strain utilizes the cre-lox system and a mouse strain with the Rara exon 3 flanked by loxP sites to
selectively delete expression in T cells. The RARa-Tg strain utilizes the CD2 promoter to
selectively overexpress the human RARA transcript in T cells. (B) Naive T cells were isolated
from RARa mice splenocytes (>95% purity) and used to isolate RNA and synthesize CDNA,
followed by gRT-PCR for Rara. (C) Total T helper cells were isolated from RARa mice
splenocytes and the expression of RARa protein level by Western Blot was performed. (D)
RARa function in binding to RARE sites to initiate transcription was assessed using a dual-
luciferase assay. Naive T cells were isolated and cultured in Tnp condition with charcoal-treated
FBS cRPMI for 1 day. Cells were then harvested and chilled for 1 hour, then transfected with 10
ug of pGL3-RARE and 0.5 pg of pRL-CMV. Cells were split and rested for 4 hours in Amaxa
media (with or without At-RA) and then restimulated for 6 hours in Tnp condition (with or
without At-RA). Dual-luciferase assay was performed immediately. * p<0.05 by one-way
ANOVA w/Bonferroni (A) or two-way ANOVA w/Bonferroni (C). Error bars indicate SEM.
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Figure 2.2. Divergent roles of RARa and At-RA on T helper cell in vitro differentiation and T-
cell transfer colitis. (A) Naive T helper cells were activated in Th17-, Treg-, or Th9-polarizing
conditions for 4 days followed by flow cytometry analysis of intracellular FoxP3, IL-17a, or IL-
9 expression. (B) Body weight change from initial in T-cell transfer model of colitis. (C) Colon
length at the termination of the experiment. (D) Th17 cell percentages and numbers at the
termination of the experiment. * p<0.05. Statistical analysis by repeated measures ANOVA
w/Bonferroni for A and one-way ANOVA for B-C. * p<0.05; n=3. Stats by two-way ANOVA
w/Bonferroni. * p<0.05; n=3-4.
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Figure 2.3. Steady state T helper cell populations in RARa mouse strains. (A) Percentages of
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Figure 2.4. Steady state Th1 and Th17 populations in RARa mouse strains. Th1 and Th17 cells
were analyzed by intracellular flow cytometry for cytokine expression. (A) Percentages and
absolute counts in the spleen, mesenteric LN, small intestine lamina propria, and large intestine
lamina propria are shown for 6-8 week old mice in steady state conditions. (B) Representative
flow cytometry dot plots. Results are combined from 3 independent experiments. n=6-7. *
p<0.05. Statistical analysis by one-way ANOVA w/Bonferroni.
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Figure 2.5. Steady state Treg populations in RARa mouse strains. Total T helper cell counts and
Treg percentages and absolute counts in the spleen, mesenteric LN, small intestine lamina
propria, and large intestine lamina propria were assessed in 6-8 week-old mice in steady state
conditions. Results are combined from at least 3 independent experiments. n=6-13. * p<0.05.
Statistical analysis by one-way ANOVA w/Bonferroni.



37

Thymocytes
WT ARara\“ RARa-Tg
{8 — 89~ [{8 — 81~]{s — 8~

?--.
'I

ch 1 ,3::.'.1 i:’f,2.. g
»

cD8
CcD4 cD4* cD4* CcD4
B cDs cps* cDs cps*
*
® 5 * @100y ® 15 o 4 *
< s s, s
g g : * g3
23 2 60 3 10 2 = WT
[ ARara\™
g, 2 _E. 40 5 5 mm RARa-Tg
S 1 T 20 ° °
2 4 2 2 2

&5 =10 10 3
< < < <
© 4 o 8 o 8 =3
3 = x X 2
@ @ @ -]
52 54 54 31
21 22 22 2
<0 <0 <0 <0

Figure 2.6. Thymocyte T cell populations from 6-8 week old mice. Representative data (A) and
combined data (B) from 5 independent experiments. WT n=8, ARara-“Kn=17, RARa-Tg n=12.
Statistical analysis by one-way ANOVA with Bonferroni correction.
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Figure 2.7. Transcriptome analysis of RARa and At-RA effects on Th17-polarized cell cultures.
(A) Treeview plot of 2742 differentially expressed genes with -0.5 > log2 FC > 0.5 and p-value <
0.05 (t-test) for at least one comparison. [Genepattern, normalized expression by row, city-block
clustering in rows. (B) PCA plot with differentially expressed genes. (C) Pearson correlation of

samples, using list of 2742 DEGs. (Genepattern).
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Figure 2.8. H3k27ac epigenetic modifications are amplified by RARa expression. (A) H3k27ac modification in 16-hr Th17-polarized
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Figure 2.9. RARa expression amplifies epigenetic effects of H3k27ac on transcription. (A)
Log2FC enrichment of H3k27ac in the TSS region (-2kb to +2kb) from ChlPseq data compared
to log2FC RNAseq gene expression for the At-RA effect. (C) Log2FC enrichment of H3k27ac in
the TSS region (-2kb to +2kb) from ChlPseq data compared to log2FC RNAseq gene expression

for the RARa effect.
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Figure 2.11. RARa expression amplifies epigenetic effects of H3k27me3 on transcriptome. (A)
Log2FC enrichment of H3k27me3 in the TSS region (-2kb to +2kb) from ChlPseq data

compared to log2FC RNAseq gene

expression for the At-RA effect for WT, ARara"“K, and

RARa-Tg comparisons. (C) Log2FC enrichment of H3k27me3 in the TSS region (-2kb to +2kb)

from ChlPseq data compared to log

2FC RNAseq gene expression for the RARa effect.
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Figure 2.12. Epigenetic modification patterns are linked to RARa expression level regardless of
differential RNA expression. (A) H3k27ac peaks in the +/- 5kb region of TSS, separated into
DEG groups. (B) H3k27me3 peaks in the +/- 10kb region of TSS, separated into DEG groups.
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Figure 2.13. At-RA induces suppressive epigenetic landscape in group 1 DEGs (19, Irf4, and
Ahr). (A) ChlPseq data of 119 region. (B) RNAseq expression of 119. (C) ChlPseq data of 1rf4
region. (D) RNAseq expression of Irf4. (E) ChlPseq data of Ahr region. (F) RNAseq expression
of Ahr. Statistics by 2-way ANOVA with Bonferroni correction.
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Figure.2.14. RARa promotes active, while At-RA promotes repressive epigenetic modifications
in group 2 DEGs (I17r, 1121, and Src). (A) ChlPseq data of 117r region. (B) RNAseq expression
of 117r. (C) ChlPseq data of 1121 region. (D) RNAseq expression of 1121. (E) ChlPseq data of Src
region. (F) RNAseq expression of Src. Statistics by 2-way ANOVA with Bonferroni correction.
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Figure.2.15. RARa promotes repressive, while At-RA promotes active epigenetic modifications
in group 3 DEGs (Foxo3, Irf8, and Gfil). (A) ChIPseq data of Foxo3 region. (B) RNAseq
expression of Foxo3. (C) ChIPseq data of Irf8 region. (D) RNAseq expression of 1rf8. (E)
ChlPseq data of Gfil region. (F) RNAseq expression of Gfil. Statistics by 2-way ANOVA with

Bonferroni correction.



A Group 4 genes

47

42x0 B
WT.Th17 HIK2Tmad uai' | ee s ae s A | 4
WISRA Th1? MIK2Imed  p-8bloa e ' i 4 doate -
RAR ™7 H3K2tmal -8 b ee o "
™7 FOKZ2Tmae ) 08 w oW ' il " . w
ARG Tg TH ¥ 0-8 s . Bosika b ash LA
=
- Ta+RA T 08 aivis b e A by b sbikd ! S 40
mmmmh 0120 dbemanaa . Bk e - @
WI+RA Th17 H3K27ac - mu PUPPURNI | T . AR e E
F 27 JPRPI— . il b & 20
uun i i, |  ——— e w
£ tL!?‘I‘ - .- BT S — _J¢ 0
l_Hll TR | U Al-RA
I LB L
B9%d2 » Tghl-» < Ccdc9?
Cc
35kb D
WITITHIKZIma3 08 | len P - | " TP VI | N wa
W HAIHlIIlm.?.'mcl 08l S PRI PRSI wdd sl de, wivias TRTTC T L
FAR T d -8 R ot A, o W Nilanive ST
HA HA ST PR TR N TS [ PPN 1N ¥ bhe il d | boa. s
Ta Mdh mne P -ht dasds bade e L N )
ARG T*RA T basubadd bs NS § e ) - b da
WT TMHN(?T.x. 090 i . - i ——— 0wt
WIT+RA TS m’HJOQh: 090 b = s T R [ ARaratox
s gpmcrs 0-90 - - . RARa-Tg
RAG oA THT HIKZ T 0-90 A PPl
‘” 1 1 M o 050 —= BRI e =
Ta+f HMZT0c 090 | _ Al TR T
1 Lt
1 LI .
Tufis®—»
E
F
WITH? HIK2Imed (-8 4= b sas w IMIL‘ILLL askiadaiwndi Batf3
WTORATRIT HIK2Tme) 08 4.+ ke i mu N .AJ-IM. sthakabons e Lt it ks o a L 4 *
AR THRZTMO]  0-8 odiblde seshiuld oo &, SNOPIF 1 STV P T
AR fA THI7 HOKZ | 084 dalba ﬂuuum IJL:. M, 4\ IA]I bk vt fdeass c
a “e 08 o and ot alnd Mhibd FYRRT IR PO TN k] 3 =1 WT
PRATRITHIIImed 08 --uuLl.uAdlL T A .
W ThIZ HK2Tae 020 s . g 2 [ ARara'™*
WIORA ThiT H32l0c 020 . . & m RARa-Tg
] W7 M2Tac  0-20 = a w1
H 0-20 . ‘b 4o X
“ 0-20 LY 0 - -
c 020 o5 N - Al-RA - + - + - +

Batf3—»

Figure 2.16. At-RA induces active epigenetic modifications in group 4 DEGs (Tgfb1, Tnfrsf9,
and Batf3) in the presence of high RAR« expression. (A) ChlPseq data of Tgfbl region. (B)
RNAseq expression of Tgfbl. (C) ChIPseq data of Tnfrsf9 region. (D) RNAseq expression of
Tnfrsf9. (E) ChlPseq data of Batf3 region. (F) RNAseq expression of Batf3. Statistics by 2-way

ANOVA with Bonferron

i correction.
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Figure 2.17. Loss of RARa deregulates At-RA-dependent epigenetic modifications in group 5
DEGs (Smad3, KIf2, and S1prl). (A) ChlPseq data of Smad3 region. (B) RNAseq expression of
Smada3. (C) ChlPseq data of KIf2 region. (D) RNAseq expression of KIf2. (E) ChlPseq data of
Slprl region. (F) RNAseq expression of S1prl. Statistics by 2-way ANOVA with Bonferroni

correction.
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Figure 2.18. At-RA and RARa control Gfil expression by epigenetic regulation. (A) Gfil
expression by gRT-PCR in 24- and 72-hour cultures of Th17-polarized cells. (B) GFI1 promoter
region used in construction of pGL4.10_Gfil plasmids for dual luciferase assay. (C) Dual
luciferase assay of GFI1 promoter activity in the presence or absence of At-RA, with promoter
containing intact or mutated putative RARa binding sites. n=3-5 from at least 3 independent
experiments. Statistics by 2-way ANOVA with Bonferroni correction. * p < 0.05.
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Figure 2.19. RARa binds Gfil promoter in the absence of At-RA. (A) Gfil locus with putative
RARa bindings sites and ChIP primer sites identified. (B) ChIP of Gfil locus sites in 16-hour
cultures of Th17-polarized WT naive T helper cells. At-RA use at 10 nM concentration.
Immunoprecipitation with antibodies to normal rabbit IgG, RARa, and SRC3. Results from 3
independent experiments. Statistics by 2-way ANOVA with Bonferroni correction. * p < 0.05.
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3. RETINOIC ACID RECEPTOR ALPHA REGULATION OF
AKT/MTOR SIGNALING BOOSTS T HELPER CELL METABOLISM
IN THE ABSENCE OF RETINOIC ACID

3.1 Introduction

Challenges to the immune system stimulate increased cell proliferation as numbers of
effector cells expand to combat a perceived threat. The high metabolic demands of an active
immune response are held in check by pathways that assimilate inputs from cytokine signaling,
antigen receptor signaling, and co-stimulatory molecule signaling.'?1?® The phosphatidyl-
inositide-3 kinase (P13K), protein kinase B (Akt), and mammalian target of rapamycin (nTOR)
pathway is activated upon T cell receptor (TCR) stimulation and co-stimulation through CD28,
inducible costimulatory (ICOS), or additional costimulatory molecules.”>"> Sequential
upregulation of glycolysis and anabolic metabolism regulate not only proliferation, but also
differentiation of numerous T helper subsets, including Th1, Th2, Th17, Treg, and Tfh cells.’>78
How additional regulation of these signaling pathways and downstream effects on T helper cell
immunometabolism, differentiation, and function occurs in the context of vitamin A remains an
important topic for study.

T helper cells exhibit profound regulation by the vitamin A metabolite, all-trans retinoic
acid (At-RA), and retinoic acid receptor oo (RARa). At-RA suppresses Th17 cell differentiation
and induces Treg differentiation.5:6364959% Additional T helper cell subsets are also affected in
either supportive (e.g. Thl and Th2) or suppressive (e.g. Th9) manners, and homing to intestinal
tissues is induced by At-RA upregulation of chemokine receptors CCR9 and Itgo4p7.779.97-100
RARa has been identified as the major mediator of At-RA effects through transcriptional

regulation; RARP and RARYy also interact with At-RA, although their expression in T helper cells
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is minimal. The interaction of RARa with PI3K, most distinctly the p85 regulatory component,
was demonstrated in neuroblastoma and fibroblast cells, with differential regulation of protein
binding by At-RA.5? In binding to the catalytic p110 subunit, p85 acts to stabilize, activate, and
localize the protein complex, yet p85 also maintains repressive functions on PI3K by monomeric
p85 competition with p85-p110 dimers for binding phosphorylation targets and p85 upregulation
of PI3K-repressive phosphatase and tensin homolog (PTEN) activity.**** Mice with loss of p85
demonstrated increased pAkt and decreased PTEN activity, although additional targets of PI3K,
insulin receptor substrate proteins (IRS-1 and IRS-2), had lower levels of phosphorylation,
indicating p85 regulation of PI3K may be dependent upon substrate or cellular localization of the
PI3K complex.t® Interaction of the RARa with the PI3K complex or individual components, such
as p85, and with the Akt complex suggests a novel regulatory mechanism by which vitamin A
metabolites and receptors could regulate immune responses in a non-genomic fashion.

In this study, we utilized mouse strains with T-cell specific knockout or overexpression of
RARa to probe the roles of RARa and At-RA on T cell metabolism, signaling pathway activation,
and protein interactions with signaling pathway components. We report that RARa expression
promotes T cell metabolism upon TCR signaling, with corresponding increases in Akt and mTOR
pathway activity. Conversely, At-RA reduced signaling pathway activation and aspects of cellular
proliferation in a RARa-dependent manner, indicating antithetical roles of RARa and At-RA on
immunometabolism. Nuclear localization of RARa was induced by At-RA, with defective or
absent ligand binding resulting in enhanced cytoplasmic localization. Interaction of RARa with
p85 in both nuclear and cytoplasmic compartments indicates involvement of RARa with the PI3K

pathway, with At-RA shifting cellular localization of RARa-p85 complexes. These results
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demonstrate RARa and At-RA interact with signaling pathways and metabolic regulation in a non-

genomic manner to influence T helper cell proliferation and function.

3.2 Materials and Methods
3.2.1 Mouse strains and generation.

C57BL/6J mice (stock 002216), distal LCK-cre mice (stock 012837), and RARa-flox mice
(stock 033021) were purchased from Jackson Laboratory (Bar Harbor, ME). LCK-cre mice were
mated with RARa-flox mice to generate the T cell specific conditionally-deleted ARARa* mice
strain. T-cell specific overexpression of RARa was tested using the RARa-Tg strain generated by
the Transgenic Mouse Core Facility at Purdue University and described previously. Mice were
generally 6-8 weeks of age when used for experiments. Both male and female mice were used,
with sex-matched mice used for individual experiments. All animal protocols were approved by
either the Purdue Animal Care and Use Committee (PACUC) or the University of Michigan

Institutional Animal Care and Use Committee (IACUC).

3.2.2 Cell isolation and culture.

Naive T cells were magnetically isolated to >95% with an autoMACS separator and mouse
naive CD4™ T cell kit (Miltenyi Biotec, Somerville, MA). For in vitro culture, cells were cultured
in complete RPMI-1640 media containing charcoal-stripped FBS. Plate-bound anti-CD3 (5 pg/mL)
and anti-CD28 (2 ug/mL; both BioXcell, Lebanon, NH) were used for activation in vitro, with
cytokines according to indicated culture conditions. For nonpolarized (Tnp) culture, hiL-2 (100
U/mL) was added. For Th17-polarizing culture, cytokines included mIL-6 (20 ng/mL), mIL-1R

(10 ng/mL), mIL-21 (10 ng/mL), mIL-23 (10 ng/mL), mTNFa (10 ng/mL), hTGFB-1 (5 ng/mL),
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anti-IFNy (10 ug/mL), and anti-IL-4 (10 ug/mL). Cytokines were purchased from Biolegend (San

Diego, CA). Cells were cultured in the presence of all-trans retinoic acid (At-RA) as indicated.

3.2.3 XTT proliferation assay.

Naive T helper cells were cultured at 1 x 108/mL in indicated polarization conditions for
72 hours. Proliferation was assessed with the XTT kit (ATCC; Manassas, VA) using absorbance
measurements (Asso — Asgo) on a Synergy HT (BioTek; Winooski, VT) plate reader following 2-

hour incubation of cultures with activated XTT reagent.

3.2.4 Flow cytometry.

Surface and intracellular phenotyping was performed using Canto Il (BD Biosciences; San
Jose, CA) or NovoCyte flow cytometers (ACEA Biosciences; San Diego, CA). Antibodies used
were purchased from Biolegend or Tonbo Biosciences. For intracellular staining of cytokines, cells
were stained for surface markers, followed by activation with phorbol 12-myristate 13-acetate
(PMA; 50 ng/mL; Sigma Aldrich), ionomycin (1.0 pg/mL; Sigma Aldrich), and monensin (2 mM;
Sigma Aldrich) for 3-6 hours. Cells were fixed with 1% paraformaldehyde for at least 2 hours,
then permeabilized with saponin buffer and stained for intracellular cytokines. For transcription
factor staining, FoxP3 Fix/Perm reagents (Tonbo Biosciences; San Diego, CA) were used per
manufacturer guidelines. For phosphorylated Akt and S6 staining, cells were fixed with BD
Biosciences Phosflow™ Fix/Perm buffer and permeabilized with BD Phosflow™ Perm I11 buffer
and stained with anti-pAkt (pS473; BD Biosciences) or pS6 (pS235/236; Cell Signaling; Danvers,

MA).
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3.2.5 Mitochondrial mass measurement and imaging.

In vitro cultures of naive T helper cells in Th17-polarizing condition media were harvested
at 24 hours of culture and stained with Mitotracker Green (Thermo Fisher; Grand Island, NY),
TRITC (Sigma Aldrich, St. Louis, MO), and assessed by flow cytometry for mitochondrial mass
by Mitotracker Green intensity and cell size by forward scatter. Cells from the same cultures were
additionally stained with DRAQ5 (Thermo Fisher), spun onto glass slides, and imaged using a

Leica SP5 laser scanning confocal microscope with 63x objective.

3.2.6 Mitochondrial stress test.

Mitochondrial metabolism was tested in 24-hour cultures of naive T cells in the Th17-
polarizing condition in cRPMI containing charcoal-stripped FBS, with or without 10 nM At-RA.
Cells were harvested, washed, and resuspended using XF media (10 mM glucose, 2 mM glutamine,
1 mM pyruvate, pH 7.4) and 5 x 10° cells per well were added to a Cell-Tak coated 24-well plate.
Plate was centrifuged (400g for 4 minutes) and incubated at 37C in an ambient incubator for 30
minutes prior to metabolic analysis. A Seahorse XFe24 analyzer with the Mito Stress Test kit

(Agilent; Santa Clara, CA) was used for analysis.

3.2.7 Metabolic regulation upon T cell activation.

For analysis of metabolic upregulation following TCR stimulation, naive T helper cells
were isolated and cultured at 5 x 10° cells per well in a Cell-Tak coated 24-well plate using XF
media containing 25 mM glucose, 2 mM glutamine, and 1 mM pyruvate. Plate was centrifuged
(400g for 4 minutes) and incubated at 37C in an ambient incubator for 30 minutes prior to
metabolic analysis. Metabolic measurements were collected using a Seahorse XFe24 analyzer.
Baseline metabolic rates were measured, followed by an injection of mouse T-activator CD3/CD28

dynabeads (2:1 bead to cell ratio; Thermo Fisher) with hiL-2 (100 U/mL) to induce TCR
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stimulation and cellular activation. Subsequent injections of oligomycin (1 pM) to suppress
oxidative phosphorylation and 2-deoxyglucose (50 mM) to suppress glycolysis were used to
calculate the glycolysis contribution to metabolism. The AECAR and AOCR rates were calculated
as the change from baseline readings to the average of the three readings preceding oligomycin

injection (~75 minutes after activation).

3.2.8 FLAG-RARa expression and imaging.

The pMSCV-Thyl.1 retroviral transduction system was used to produce retroviral
supernatant encoding FLAG-RARo from Platinum E cells. Plasmids expressing native,
nucleotide-binding defective (ANB, C105G mutation), or ligand-binding defective (ALB, G303E
mutation) were cloned using Gibson assembly from plasmids generously donated by Akira
Kakizuka. Naive T helper cells were culture for 16 hours in cRPMI with plate-bound anti-CD3 (5
pg/mL) and anti-CD28 (2 pg/mL), then transduced with retroviral supernatants in the presence of
polybrene (8 pg/mL) by spin transduction (90 minutes, 2300 rpm, 32C). Cells were rested for 1-2
hours after transduction, then reactivated in fresh Th17-polarizing culture media with or without
10 nM At-RA for 20 hours after transduction. Cells were then harvested and stained for surface
Thy1.1, fixed with 1% paraformaldehyde for 1 hour, and permeabilized with flow cytometry perm
buffer (Tonbo Biosciences; San Diego, CA) and stained with BV421 anti-FLAG (Biolegend) and
DRAQS5. Cells were then spun onto a Cell-Tak coated glass slide and imaged with a Nikon Al
laser scanning confocal microscope with 60x objective. Cellular localization of FLAG-RARa was

calculated using ImageJ analysis of FLAG-RARa signal.

3.2.9 Immunoprecipitation and Western Blot.

EL4 cells were cultured for 24 hours in cRPMI containing charcoal-stripped FBS, with or

without At-RA (20 nM). Fractionated protein lysates were prepared with NE-PER™ nuclear and
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cytoplasmic extraction reagents (Thermo Scientific) and used for immunoprecipitation with anti-
RARa (Cell Signaling) and SDS-PAGE with subsequent Western Blot analysis for p85.

Statistics. Statistical significance was tested using GraphPad Prism v7.0. Differences between two
groups were compared using Student’s t-test. For three or more groups, one-way ANOVA with
Bonferroni’s multiple testing correction was used. For comparisons with two factors (e.g. At-RA
and RARa), two-way ANOVA with Bonferroni’s multiple testing correction was used. P values

<0.05 were considered significant. All error bars indicate SEM.

3.3 Results
3.3.1 RARaw and At-RA effects on in vitro T cell proliferation.

Mice with T-cell specific loss of RARa demonstrated reduced populations of T cells in
some tissues, notably intestinal tissues. Therefore, we assessed proliferation of T helper cells in
vitro upon TCR activation in Th17-, Treg-, or Tnp-polarizing culture conditions using WT,
ARara-“X, and RARa-Tg naive T cells in the presence or absence of 10 nM At-RA (Figure 3.1).
RARa deficiency significantly decreased the proliferation of cells in all conditions, while RARa
overexpression significantly increased T cell proliferation in all conditions. No effect of At-RA

on cell proliferation in vitro was observed.

3.3.2 Invitro T cell size and mitochondrial mass is enhanced by RARa expression.

Consistent with increased proliferation, RARa expression level correlated with overall
cell size and mitochondrial mass when measured by flow cytometry and confocal microscopy
(Figure 3.2). Naive T cells cultured for 24 hours in Th17-polarized condition demonstrated

changes in cell size and mitochondrial mass matching 72-hour proliferation data. Increases in
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cell size and mitochondrial mass in the RARa-Tg cells were decreased by At-RA, an effect that

was absent in both WT and ARara K cells.

3.3.3 Mitochondrial metabolism is increased in line with RARa expression.

Mitochondrial metabolism, as a key source of energy for activated T cells, was assessed
using 24-hour Th17-polarized cultures, with or without 10 nM At-RA in both initial culture and
during metabolic measurements (Figure 3.3). Baseline oxidative respiration of 24-hour cultured
cells was decreased in ARara““K cells and increased in RARa-Tg cells. Forced reliance upon
mitochondrial metabolism with the addition of oligomycin, an ATP-synthase inhibitor, followed
by FCCP, a mitochondrial membrane depolarizer, demonstrates maximum respiratory capacity
and spare respiratory capacity are increased together with basal levels of mitochondrial
respiration. Corresponding increases in mitochondrial mass and respiration indicate the role of
RARa, and to a lesser degree, At-RA, in controlling proliferation through mitochondrial

metabolism.

3.3.4 RARa affects metabolism in naive T cells following TCR stimulation.

Assessment of in vitro-polarized cells indicates metabolic changes in activated T cells,
but it does not address naive T helper cell metabolism prior to and immediately after TCR
stimulation. Naive T cells from WT, ARara“¥, and RARa-Tg mice were isolated and assessed
for basal metabolism and metabolic changes upon TCR stimulation with anti-CD3/CD28
dynabeads and IL-2 (Figure 3.4A-C). Basal metabolic rates measured with extracellular
acidification rate (ECAR) and OCR were not altered by RARa or At-RA (Fig. 4B). The change
in metabolism rates from activation to the average of the three measurements preceding
oligomycin injection (AECAR and AOCR) were calculated, with AECAR rates decreased in

ARara®K cells and increased in RARa-Tg cells, with no effect of At-RA (Figure 3.4C). The
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maximum glycolysis rate, measured upon oligomycin injection, also indicated decreases in
ARara®K cells and increases in RARa-Tg cells. Together, this data indicates that while naive T
cell metabolism is not altered by RARa, the upregulation of metabolic pathways upon TCR
stimulation are enhanced by RARa expression level and not significantly affected by the

presence of At-RA at the time of activation.

3.3.5 RARa expression promotes mTOR signaling upon TCR activation.

The regulation of metabolism upon TCR stimulation relies on numerous signaling
pathways that interact with T cell receptor signaling, including the mTOR pathway. To assess the
involvement of the mTOR pathway in RARa-mediated metabolic effects, naive T cells were
cultured in Th17-polarized condition for up to 48 hours, and phosphorylation of S6, as an
indicator of MTOR activity, was assessed by flow cytometry staining at indicated time points
(Figure 3.5A-C). The percentage of pS6* cells increases in WT cells upon T cell activation and
continues to increase to at least 72 hours post activation. As early as 3 hours post activation,
differences in the percentages of pS6™ cells were observed, with decreases in ARara““K cells and
increases in RARa-Tg cells. At-RA suppressed mTOR activity in WT and RARa-Tg cells, noted
at 48 hour and 12 hour times post activation, respectively. Thus, activation of the mTOR
signaling pathway by TCR stimulation is altered by RARa expression level and correlates with

changes in metabolism.

3.3.6 RARu expression promotes Akt signaling upon TCR activation, with partial
suppression by At-RA.

As a mediator of TCR activation signals and an upstream signaling pathway of mTOR,
the Akt signaling pathway also is integral for T cell activation and metabolism. The effect of

RARa and At-RA on Akt activation was measured in splenocytes from WT, ARara“X, and
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RARa-Tg mice (Figure 3.6A-B). After 16 hours of culture in complete cRPMI without
activation, and with or without 10 nM At-RA, splenocytes were activated in Th17-polarized
culture media for 15 minutes, followed by flow cytometric assessment of phosphorylated Akt
(Ser473) in live T helper cells. Increased pAkt levels were seen in all activated cells, compared
to their unstimulated controls. Phosphorylated Akt levels were decreased in ARara-“¥ cells and
increased in RARa-Tg cells. Additionally, At-RA suppressed pAkt levels in WT and RARa-Tg
cells but not ARara K cells. This regulation of Akt and mTOR signaling by RARa and At-RA,
with downstream effects on T cell metabolism, represents previously undiscovered roles of

RARa and At-RA in immune regulation.

3.3.7 Ligand binding controls RARa cellular localization.

Protein localization of RARa within the cell determines where it can interact with signaling
pathway components. Cellular localization of RARa assessed by microscopy of primary T cells
indicated a majority of RARa protein is localized to the nucleus, and nuclear localization is
induced by At-RA binding (Figure 3.7A-B). Mutation in the nucleotide-binding region (ANB) did
not affect cellular localization. Mutation of the ligand-binding site did however reduce nuclear
localization and At-RA-induced nuclear localization. The presence of RARa in the cytoplasmic
compartment indicates the potential for RARa involvement with cytoplasmic components of
signaling pathways that are involved in signal transduction arising from TCR stimulation and

resulting in metabolic changes.

3.4 Discussion

While classically known as a transcription factor and mediator of At-RA transcriptional

regulation, RARa may regulate other, nongenomic aspects of cellular homeostasis. In our study,
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increases of proliferation, metabolism, and cell signaling pathways were insufficiently explained
by functions of RARa as a transcription factor. As such, we sought to identify additional
mechanisms for RARa involvement in these effects.

Proliferation of T helper cells in vitro was promoted by the level of RARa expression,
regardless of the polarization condition. Cell size and mitochondrial mass measured after one day
of culture were similarly increased by RARa. Metabolic pathways utilized by T helper cells
include glycolysis and mitochondrial oxidative phosphorylation, with upregulation of both upon
TCR stimulation to feed anabolic metabolism. In Th17-polarizing culture conditions,
mitochondrial oxidation was increased by RARa after one day in culture. The upregulation of
metabolism in naive cells upon TCR stimulation was assessed, and RARa expression correlated
with an increased rate of glycolysis in the first hour after TCR stimulation, whereas increases in
mitochondrial oxidation rates were relatively unchanged in that time, indicating a delay in the
responsiveness of mitochondrial metabolism to T cell activation, comparative to glycolysis.
Basal levels of metabolism in naive T cells, both ECAR and OCR, were unchanged by the
expression of RARa. Therefore, RARa is demonstrated to promote T cell metabolism and
proliferation upon T cell activation, with enhanced metabolism occurring within the first hour of
activation.

How RARa mediates a rapid effect on T helper cell proliferation and metabolism upon
activation is challenging to explain through traditional roles of RARa on transcription, but it
could be mediated by RARa regulation of signaling pathways upstream of metabolism. The
mTOR signaling pathway uses environmental cues, such as cytokines and TCR signaling, to
invoke changes to cellular functions including metabolism, proliferation, autophagy, and

differentiation.” The activity of mTORC1, assessed with pS6 status, in T cells at various time
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points after activation indicated that the mTOR pathway was regulated by RARa and At-RA.
Activation of the mTOR pathway by Akt signaling occurs following T cell activation. Regulation
of the Akt signaling pathway was also demonstrated by RARa and also by At-RA, in a RARa-
dependent manner. Signal transduction from TCR stimulation through Akt to mTOR involves
the PI3K complex, which is responsible for phosphorylating Akt into its active state. Interaction
of RARa with PI3K proteins was previously demonstrated in neuroblastoma and fibroblast cell
lines, therefore PI3K presented both the potential to bind RARa and the regulatory capacities
demonstrated in T helper cells with altered RARa. Further identification of protein interactions
between RARa and the p85 regulatory component of PI3K, with pinpointed cellular localization
of interacting complexes in the presence and absence of At-RA, would demonstrate the
mechanism of RARa effects on the PISBK/Akt/mTOR pathway. The basis of protein interaction
between RARa and signaling pathway components, as well as the resulting effects on the
stability and activity of the PI3K, Akt, and mTOR complexes is required to elucidate the effects
of this novel, nongenomic role of RAR« in regulation of immune cell metabolism, proliferation,

and differentiation.
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Figure 3.1. RARa and At-RA effects on in vitro T cell proliferation. (A) Proliferation of Th17-,

Treg-, or Tnp-polarized cultures was measured using the XTT assay at 72 hours of culture. *

p<0.05; n=3. Stats by two-way ANOVA w/Bonferroni. * p<0.05; n=3-4.
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Figure 3.2. In vitro T cell size and mitochondrial mass is enhanced by RARa expression. (A)
Cell size was assessed by flow cytometric analysis of forward scatter in cultures at 24 hours. (B)
Mitochondrial mass was measured by mean Mitotracker Green staining intensity by flow
cytometry. (C) Confocal images of cells used in (A) and (B). Scale bar is 5 microns. * p<0.05;
n=3. Statistical analysis by two-way ANOVA w/Bonferroni.
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Figure 3.3. Mitochondrial metabolism is increased by RARa in Th17-polarized cells. Naive T
cell cultures in Th17-polarized condition were assessed for mitochondrial metabolism at 24
hours of culture. (A) Oxygen consumption rate (OCR) of cells was measured using a Seahorse
XFe24 analyzer. (B) Measurements of metabolism were calculated from OCR measurements.
Data are either representative (A) or combined from 3 independent experiments (B) * p<0.05;
n=3. Statistical analysis by two-way ANOVA w/Bonferroni.
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Figure 3.4. RARa affects metabolism in naive T cells following TCR stimulation. (A) ECAR of

naive T cells during TCR activation. (B) Basal ECAR and OCR of naive T cells prior to TCR

stimulation. (C) Change in ECAR and OCR from basal to 70 minutes following TCR activation.
(D) Maximum glycolysis rates measured following oligomycin administration. Results are from

a single representative experiment (A) or combined data from three independent experiments. *

p<0.05. Statistical analysis by two-way ANOVA w/Bonferroni.
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Figure 3.5. RARa expression promotes mTOR signaling upon TCR activation, with partial
suppression by RA. (A-C) Naive T cells were activated for the indicated time period in the
presence or absence of At-RA (10nM). Cells were harvested and stained for pS6 by flow
cytometry. 4 independent experiments combined. n=4. Stats by two-way ANOVA w/Bonferroni.
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Figure 3.7. Ligand binding controls RARa cellular localization. (A) Microscopy of FLAG-
RARu in retrovirally-transduced Th17-polarized cell cultures. (B) FLAG-RARa signal
localization in the cytoplasmic compartment was measured from confocal images. (C) Western
blot analysis of RARa in nuclear and cytoplasmic fractions of primary CD4+ T cells.
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Figure 3.8. Model of non-genomic regulation of Akt/mTOR by RARa and At-RA.
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