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1. Contribution to Publications

1. Contribution to Paper I: Cell-specific and divergent roles of the CD40L-

CD40 axis in atherosclerotic vascular disease

Lacy, Blrger, and Shami share co-first authorship of this publication. Lacy and Blrger both
worked extensively on the three mouse models described within the paper while Shami
worked solely on the human cohort (Paper section: sCD40L and sCD40 levels correlate
with IFN-y in human plasma and atherosclerotic plaques). Within the murine studies, Lacy
confirmed the cell-specific deletions (Supplemental Figures 1 and 2) while Birger pro-
vided the preliminary studies assessing the atherosclerotic burden of the cell-specific
CD40 and CD40L-deficient mice. Together with Ahmadsei, Heemskerk, and Gerdes, Bir-
ger phenotyped the platelet CD40L knockout model as described in Figure 2. Lacy con-
tinued follow-up studies on the T-cell CD40L knockout model to help characterize the
atherosclerotic lesions, and specifically worked to assess the stability of the plaques using
a Virmani classification as well as the immunocytochemical and histological stainings as
described in Figure 1. Furthermore, to uncover the underlying mechanism, Lacy observed
the reduction IFN-y mRNA transcripts within the aorta, which led to his follow-up studies
characterizing T helper (Th) and T regulatory cell populations as described in Figure 3.
After he observed the reduction in Th1 cells, Lacy performed the DC-T cell co-culture to
confirm lower IFN-y production in the absence of CD40-CD40L signaling as described in

Figure 5. Together with Atzler and Lutgens, Lacy wrote the manuscript.
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2. Contribution to Paper |I: Glucocorticoid-induced tumour necrosis factor
receptor family-related protein (GITR) drives atherosclerosis in mice
and is associated with an unstable plaque phenotype and

cerebrovascular events in humans

Lacy is a co-author of this publication. Lacy worked extensively on the murine GITR knock-
out mice while maintaining the mouse strain in Munich. To help establish the role of
hematopoietic GITR in atherosclerosis, Lacy performed a bone marrow transplant to-
gether with Seijkens. As lesional macrophages were decreased in GITR-deficient mice,
Lacy isolated classical and non-classical monocytes and subsequently created bulk RNA
sequencing libraries together with Janjic. Considering pathway analysis revealed poten-
tial migratory effects, Lacy performed ex vivo leukocyte adhesion assays together with
Atzler and Megens using bone marrow-derived leukocytes and carotid arteries of GITR
wild type and deficient mice as described in Figure 5. Finally, Lacy characterized expres-
sion of adhesion molecules in classical and non-classical monocytes as well as granulo-

cytes via flow cytometry.
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3. Contribution to paper Il (Appendix A): Interactions between
dyslipidemia and the immune system and their relevance as putative

therapeutic targets in atherosclerosis.

Lacy is the sole first author of this review. Lacy wrote the manuscript, which Atzler and
Lutgens later edited. Together with Liu, Lacy created the figures. This additional contri-

bution to the dissertation provides additional background for the rationale of the studies.

4, Contribution to paper IV (Appendix B): T-cell EZH2 regulates type I

cytokine production: a potential therapeutic target in atherosclerosis

Lacy is the sole first author of this manuscript. Lacy worked extensively on the murine
studies of the CD4* and CD8* EZH2 deficient mice. Lacy confirmed both knockout models,
and Venkatasubramini completed the mass spectrometry of isolated histones. Lacy com-
pleted the atherosclerosis studies for both mouse strains as well as helped phenotype
the lesions. Lacy isolated cells prior to library creation, Janjic and Wange helped create
both bulk and single cell RNA sequencing libraries, and Lacy analyzed the data. Flow cy-
tometric and gPCR analysis was performed by Lacy. Together with de Winther, Atzler,
and Lutgens, Lacy designed the study. Atzler, Lutgens, and Lacy wrote the manuscript.
This additional contribution to the dissertation is unpublished, but provides additional

insight about Lacy’s scientific work during his PhD studies.
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2. Introductory summary

2.1. Atherosclerosis

Atherosclerosis, which is the major underlying pathology of cardiovascular disease (CVD),
is a dyslipidemia-driven, chronic inflammatory disorder!. The subsequent clinical mani-
festations of CVD, including myocardial infarction and stroke, remain a leading cause of

death worldwideZ.

During the initiation of atherosclerotic plaque development and its ensuing progression,
the interplay between lipids and immune cells help promote lesion growth and vascular
dysfunction3. Within the vessel, lipids tend to accumulate in the intimal layer of vessels
near areas of disturbed blood flow ultimately activating endothelial cells (ECs) that up-
regulate cell adhesion molecules®. Circulating leukocytes, in turn, are able to attach to
the vessel wall and migrate towards the deposited lipids in the intima layer forming initial
lesions. Early immune responders such as monocytes transmigrate in order to mediate
lipoprotein uptake as lesional macrophages. The inflamed intima region results in a mul-
titude of secreted chemokines, which attracts further immune cells including both innate
and adaptive immune cell subsets such as neutrophils and T cells>. Therefore, in order to
begin to treat atherosclerosis, we must first understand the diverse cellular makeup re-

sponsible for the inflammation and ultimately the disease.

In the past, histological and immunohistochemical (IHC) evidence was incorporated to
classify plague-resident leukocytes; however, recent studies have begun utilizing single
cell RNA —sequencing (scRNA-seq) and mass cytometry by time of flight (CyTOF) technol-
ogies to unravel the exact cellular components of both mouse and human atherosclerotic
plagues. Although these novel technologies are more sensitive and have greatly ex-
panded our understanding of plagues, they have not completely resolved questions con-
cerning cellular heterogeneity. This is especially evident as the two identification systems
show noted discrepancies in the relative abundance of different cell types. For example,
traditional imaging studies report lesional macrophage content to represent a majority
of lesional cells®®. On the other hand, single cell methods have identified T cells rather
than macrophages as the major component of human atherosclerotic plagues, specifi-

cally Fernandez et al used CyTOF to identify T cells as 65% of all immune cells while
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scRNA-seq from Depuydt et al identified roughly 52% of all lesional immune cells as T
cells>19, Tissue disruption methods used to prepare single cell suspensions, such as enzy-
matic digestion and fluorescence-activated cell sorting (FACs), may account for discrep-
ancies in relative cell numbers as more fragile cells, such as foamy, lipid-loaded macro-
phages, may be susceptible to mechanical stress induced death!!. Additionally, tradi-
tional methods lack the ability to differentiate between subtypes of lesional cells which
require multi-marker analysis, and thus may result in the observed differences between

methods!2.

While there are limitations to both single cell methods and imaging studies, single cell
methods are quickly becoming a gold standard as transcriptomic data has allowed for
deeper phenotyping of lesional immune cells. In particular, the cell heterogeneity of T
cells has greatly expanded to include various differentiation states such as naive, effector,
and antigen-specific cells within the atherosclerotic mouse aortas'3. In humans, distinct
T cell activation and differentiation phenotypes were observed in carotid artery plaques
from patients with recent ischemic attacks compared to asymptomatic patients®. There-
fore, targeting T cell activation and differentiation pathways represents an attractive im-

munotherapy alternative to traditional lipid lowering therapies.

In the past, lipid lowering therapies such as statins were identified as the gold standard
to treat atherosclerosis; however, recent evidence from several clinical trials has demon-
strated that underlying inflammatory processes in atherosclerosis can be targeted in ad-
dition to further reduce risk. The first proof-of-concept cardiovascular immunotherapy in
humans was described in the Canakinumab Anti-Inflammatory Thrombosis Outcome
Study (CANTOS) trial'. Here, inhibition of the interleukin (IL)-1R pathway, a well-estab-
lished pro-inflammatory cytokine'®, reduced the risk of cardiovascular events and cancer
mortality in high risk patients who had previously suffered a myocardial infarction and
continued to present residual inflammation, which was determined by a high sensitivity
C reactive protein (hsCRP) measurement above 2 mg/L. It is important to note, how-
ever, that while IL-1R blockage using canakinumab reduced cardiovascular events, it had
clear shortcomings in limiting mortality from cardiovascular events while increasing the
risk of fatal infections. Shortly thereafter, however, the Cardiovascular Inflammation Re-
duction Trial (CIRT) failed to reduce cardiovascular risk in a similar patient setting. Within

the CIRT trial, patients received a low dose of methotrexate, which is well-established as
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non-specific anti-inflammatory agent*®. While the outcomes of these two trials appear to
be opposite, together they indicated that anti-inflammatory treatments likely need to be

targeted in order to affect cardiovascular outcomes.

To further understand the role of inflammation in the context of atherosclerosis and its
subsequent clinical manifestations, two additional clinical trials, namely the Colchicine
Cardiovascular Outcomes Trial (COLCOT)Y and Low-Dose Colchicine Trial (LoDoCo2)!8, in-
vestigated the role of an additional anti-inflammatory agent called colchicine. Mechanis-
tically, colchicine functions more broadly by affecting tubulin polymerization!® and cell
chemotaxis?®, which makes it more similar to methotrexate rather than to the selective
inhibition observed with canakinumab. However, unlike methotrexate, colchicine treat-
ment was able to lower the risk of cardiovascular events in both trials!”*. Understanding
the differing outcomes observed in the CIRT trial compared to the COLCOT and LoDoCo2
trials mandates for further development of specific effective anti-inflammatory agents to
treat atherosclerosis. Therefore, targeting the underlying inflammatory processes includ-

ing T cell responses during plaque progression may open new therapeutic avenues.

2.2. The role of T cells in atherosclerosis

The primary T cell subsets studied during the progression of atherosclerosis include Clus-
ter of differentiation 4 (CD4*), CD8*, natural killer (NKT), and gamma delta (y8) T cells. To
dissect the role of these different T cells in atherosclerosis, genetic knockout models have
been generated using T cell-specific genes backcrossed to hyperlipidemic mice, such
Apolipoprotein E-deficient (ApoE”") or Low density lipoprotein receptor-deficient (LDLr”

) mice.

Within atherosclerotic lesions, CD4* cells are the most well characterized T cell subset;
however, CD4* T cells display a wide range of both pro-atherogenic and anti-atherogenic
phenotypes as well as subsets which remain controversial (Figure 1A)?!. Following anti-
gen presentation, CD4* T cells can differentiate into distinct helper cells, including T
helper (Th) 1, 2, and 17, or regulatory T (Treg) cell subsets in addition to other less well
characterized cell types. Each subset can be identified by lineage specific transcription
factors as well as cytokine profiles. Th1 cells are associated with T-box transcription factor

(T-bet) and interferon-gamma (IFN-y) expression while Tregs are linked to forkhead box
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P3 (FoxP3) as well as transforming growth factor beta (TGF-R) and IL-10 expression. On
the other hand, Th2 cells are associated with GATA binding protein 3 (GATA3) and IL-4
while Th17 cells are associated with RAR-related orphan receptor-gamma (RORyt) and IL-
17%2,

A CD4+ T cells B CD8+ T cells
T, 1cell >,
= IFNy, TNF,
(//\g 2,03 1A - ‘ii@
\O /-CCRS'CXCR3  LVSMCproliferation Perforin, Ny,
granzyme B TNF
CDZﬂ‘\T cell Monocyte
p \ IFNy, TNF g vomc = =
br‘ L TEC and VSMC apoptosis Apoptosis of Monocyte Inflammation
Perforin, VSMCsand ECs  maturation and
granzyme B .(Tplag.ln metabolism
~|- 2 ce“ L4 instability)
Unclear
\GATA_‘! \ IL-5 Ath S
=% C NKT cells
b AN lVCAMlenwesmn CD1d| [TCR 77 2and
T a1 cell 4 Macrophage numbers SR T,17 cytokines -
IL Rl Pla bili NKT/II Perfori Apoptosis of
( RORyt | = Plaque stabilization APC iNKT cel orin, o
IL-17, IF! lycolipid ~ 9ranzyme B plaque cells
& LI s GcsFand L
GM-CSF expression
D yd T cells
T cell Conversion T,%Tﬂ\cell ),
e ", (Fbet) “YSTCR IL-17 Modulation of
\FOXP3 —> Plaque stabilization \fg(_ﬂ/", Nig atherosclerosis?
S IL-10. Anti-inflammatory
Atheroprotective Pro-atherogenic Unknown role

Figure 1: T cell subsets in atherosclerosis. (A) Th1 and CD28™!" CD4* T cell play pro-atherogenic roles in
atherosclerosis through secretion of cytokines like interferon-gamma (IFN-y), which affects vascular
smooth muscle cells (VSMCs). The role of CD4* Th2 and Th17 cells remains unknown as their signature
cytokines, interleukin(IL)-4 and IL-17 respectively, play differing roles in the context of atherosclerosis. T
regulatory (Treg) cells are the clear atheroprotective CD4* subset; however, they may convert to a pro-
atherogenic Th1/Treg phenotype. (B) CD8" T cells are thought of as pro-atherogenic cells as they can se-
crete molecules such as perforin and granzyme B that increase plaque instability through apoptosis of
VSMCs and they also secrete pro-inflammatory cytokines like IFN- y. These cells have also been linked to
monocyte and macrophage maturation. (C) Natural killer T (NKT) cells are activated through an interaction
between their T cell receptor (TCR) and the MHC-I-like molecule, CD1d. After activation, they secrete a
variety of T helper (Th) cytokines as well as cytotoxic molecules, which may increase inflammation and
apoptosis within plaques. (D) The role of gamma delta (y6) T cells remains unclear; however, after activa-
tion they produce IL-17, which may affect atherosclerotic lesions in a manner similar to Th17 cells. Modified
from Saigusa, Winkels, and Ley (2020)?%. Reprinted with permission from Springer Nature (License

#5140831217395).
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Of those subsets, Thl and Tregs appear to have opposing inflammatory and suppressive
capacities in the context of atherosclerosis, respectively. Using a double ApoE” Thet”"
knockout model, Buono et al were able to show a reduced Th1 response was associated
with reduced plaque burden?3. Genetic deficiency of /IFN-y also led to a reduction in ath-
erosclerosis, but in a gender-specific manner that only applied to male mice?*. In a sepa-
rate study, injection of exogenous IFN-y resulted in a two-fold increase in lesion size fur-
ther cementing the pro-atherogenic role of Th1 cells®. In human plaques, symptomatic
patients have an enriched Th1l phenotype which express C-C motif chemokine receptor
5 (CCR5) and C-X-C motif chemokine receptor 3 (CXCR3) compared to asymptomatic pa-
tients®. In principle, Th1 cells may migrate through CCR5 and CXCR3 towards the inflamed
intima, and their IFN-y expression can erode plaque stability by inhibiting smooth muscle

cell infiltration and collagen synthesis?®.

On the other hand, Treg deficiency, generated through combined genetic deficiency of
Cd80 and Cd86, led to a marked increase in atherosclerosis?’. Conversely, adoptive trans-
fer of Tregs into ApoE”" mice reduced plaque burden further suggesting their atheropro-
tective nature?®. Although not always reproducible, some clinical studies have demon-
strated low Treg numbers, as well as low IL-10 expression, predict cardiovascular
events?®32. Mechanistically, Tregs may exert their anti-atherogenic functions via interac-
tion with antigen presenting cells (APCs), IL-2 sequestration, or expression of their own
anti-inflammatory cytokines. APCs provide feedback to conventional CD4* T cells through
co-stimulatory molecules such as CD80/86 expressed on the APC, which interacts with T
cell CD28 to stimulate the cell. However, Tregs-associated co-inhibitory molecule cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) can interact with CD80/86 as well ulti-
mately blocking conventional T cell-APC interactions33. Furthermore, conventional T cells
can be activated through autocrine and paracrine IL-2 in the local environment. However,
Tregs can sequester local IL-2 through their high expression of the IL-2 receptor (CD25)
depriving conventional T cells of the growth factor®*. Finally, Tregs can suppress the acti-
vation through expression of IL-10 and TGF-B to hamper pro-atherogenic T cell prolifera-
tion3>3%. However, it is important to note the anti-atherogenic effects of Tregs may di-
minish as the disease progresses. In late stage atherosclerosis, Tregs can present as a
mixed Th1/Treg phenotype, which co-expresses FoxP3 and T-bet and loses their suppres-

sive capacity3’38.
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Unlike Th1 and Tregs, the roles of Th2 and Th17 remain controversial in atherosclerosis.
Th2 cells are involved in type Il immune responses where they primarily express IL-4 as
well as IL-13 and IL-5. After binding the IL-4 receptor (IL-4R), IL-4 activates the signaling
pathway that leads to expression of signal transducer and activator of transcription 6
(STAT6)3°. STAT6 is a key regulator of Th2 differentiation as well as alternatively activated
macrophage (M2) polarization, which is favorable for plaque regression under athero-
sclerotic conditions?®4!, Although IL-4 has been shown to oppose pro-atherogenic Thl
effects, in vivo studies using IL-4-deficient mice have shown an inconsistent role where it
may have no effect on plaque burden*?*3, Importantly though, the ratio of IFN-y to IL-4
has been shown to correlate with inflammation in other chronic inflammatory diseases
such as rheumatoid arthritis, which suggests balancing traditional Th1 and Th2 responses
may be of importance in atherosclerosis**. Similar to Th2 cells, studies targeting Th17
cells have shown conflicting results. Using a double ApoE”1l177- knockout model, re-
searchers observed a reduction in plague in both the aortic root and arch; however, ex-
ogenous IL-17A injections also resulted in a reduction of plague burden*#®. In terms of
atheroprotection, however, both mouse and human studies have indicated IL-17 may

help increase collagen content and promote plaque stability*/48.

In a similar vein, our understanding of the function of CD8" T cells in atherosclerosis re-
mains incomplete (Figure 1B). Genetic deficiency using a ApoE7"CD8”~ knockout model
did not result in changes to plaque size**. However, depletion of CD8* T cells using a mon-
oclonal antibody reduced atherosclerosis and necrotic core area suggesting a pro-ather-
ogenic role®®>!, CD8* T cells express cytotoxic molecules such as perforin and granzyme
B, which may promote apoptosis of lesional cells and therefore necrotic core formation.
In addition to the reduction in atherosclerosis, CD8* depleted mice expressed lower CC-
motif chemokine 2 (CCL2), a chemokine involved in mobilization of monocytes towards
the inflamed intima. In vitro co-cultures of CD8* T cells with macrophages confirmed the
ability of these cells to trigger CCL2 expression®’. Although depletion in early stage ath-
erosclerosis results in lower plaque burden, a second study observed opposite effects in
advanced atherosclerosis. Namely, depletion of CD8* T cells led to less stable lesions with
increased lesional Th1 content, macrophage content, and necrotic core area”?. Complete
depletion of the CD8 component may impair regulatory CD8* T cells, which appear to

control pro-atherogenic germinal center B cell responses®®. More studies are needed to
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assess the differing roles of CD8" T cells considering scRNA-seq studies on human plaques

report CD8* cells outnumber CD4* cells®.

Finally, little is known about NKT and y&-T cells in atherosclerosis (Figure 1C and 1D).
Unlike conventional T cells with aff chains in their T cell receptors (TCRs), NKT cells have
aninvariant a chain while y5-T cells have a y chain and & chain. Both subsets act as bridges
between the innate and adaptive immune system as NKT cells recognize antigen presen-
tation through the major histocompatibility complex (MHC) class I-like protein, CD1d,
while y&-T cells generally do not require antigen presentation®*°. To study the effect of
NKT cells in atherosclerosis, most studies use CD1d-deficient mice, which are lacking NKT
cells, and have reported reductions in atherosclerosis®®>’. However, one study adminis-
tered a prototypical CD1d ligand, alpha-Galactosylceramide (alpha-GalCer), to increase
NKT activation and observed a reduction in atherosclerosis in LDLr” mice®®. Following
activation, NKT cells produce tremendous amounts of cytokines and can be classified in
a similar manner to Th cells, namely NKT1, NKT2, NKT17 as well as others>®. Their classi-
fication corresponds to transcription factor and cytokine production as NKT1 produce T-
bet and IFN-y, NKT2 produce promyelocytic leukemia zinc finger (PLZF) and IL-4, and
NKT17 produce RORyt and IL-17A®C. To date, no study has distinguished the contribution
of individual NKT subsets to atherosclerosis, which may produce more intricate differ-
ences in atherosclerosis outcomes similar to Th cells. On the other hand, utilizing an
ApoE”~ TCR§”~ model, which lacks y&-T cells, researchers observed no differences in
plaque burden in early atherosclerosis®®. However, y8-T cells are a known source of IL-

17A, which may complicate the functions of Th17 cells®?.

2.3. T cell activation and differentiation

Before T cells can apply their pro-atherogenic or anti-atherogenic roles, the cells need to
be activated and differentiated into their unique subsets. As a general model, T cells re-
main in a naive state before initial activation; however, following activation T cells expand
and express lineage-specific transcription factors in order to produce cytokines that con-
fer effector functions. After the appropriate response, effector T cell populations decline
in numbers through apoptosis while the remaining effector cells convert to memory cells

that are poised for rapid reactivation upon secondary stimulation®3.
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To induce efficient initial activation, T cells initially require antigen stimulation through
their TCR, which is followed by a secondary co-stimulatory signal (Figure 2)%. A third sig-
nal, which may be in addition to the first two signals or act alone, from local pro- or anti-
inflammatory cytokines can further cement the polarization®. Ultimately, all activation
signals lead to tightly regulated processes allowing for specific transcription factor and
subsequent cytokine expression. However, recent studies have also observed specific ep-
igenetic signatures in T cell subsets that allow for distinctive expression patterns suggest-

ing an additional control in terms of T cell activation and polarization.

Signal 2:
CD80/CD86/ o
CD40 -:3#

Signal 3:

cytokines

Naive T
cell

Antigen
Presenting Cell

Figure 2: Signals for T cell activation. T cells are activated using three signals. First, T cells can be activated
by antigen presenting cells (APCs) that present cognate ligands to T cells using their T cell receptor (TCR).
Secondly, T cells require a co-stimulatory or co-inhibitory signal from APCs. These signals fall into two
groups: the immunoglobin superfamily (IgSF) and the tumor necrosis receptor superfamily (TNFRSF). The
interaction between CD28 and CD80/CD86 falls under the 1gSF group while the interaction between CD40L
and CD40 falls under the TNFRSF group. Finally, local cytokines may also influence T cell activation. Modi-

fied from a Biorender.com template created by Anna Lazaratos.

To begin the process, antigens are first processed by APCs and later extracellular major
histocompatibility complex (MHC) receptors will present smaller peptides, which will in-
teract and form specific connections with TCRs. Subsets of T cells require different MHC
classes such as CD4* T cells using MHCII while CD8* T cells using MHCI and, as mentioned
above, NKT cells using the MHClI-like receptor CD1d>*. Although atherosclerosis-specific
antigens are still under investigation, some studies have identified T cell clones which
recognize epitopes from modified cholesterol molecules, like oxidized LDL (oxLDL), as
well as heat shock proteins®®®’. More recently, autoreactive ApoB-specific T cells have

been identified and phenotyped, which have been directly observed in the lymph nodes
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of mice®®. Single cell analysis of ApoB-specific T cells revealed a mixed phenotype with
gene expression profiles mirroring Th1, Th17, and Treg cells suggesting a potential gradi-

ent of functions!3.68,

Following cognate antigen recognition, co-stimulatory, as well as co-inhibitory, signaling
help determine the fate of activated T cells. Although the organization of extracellular
receptors is likely to be random, T cell surface markers reorganize to form an immuno-
logical synapse where co-stimulatory molecules are in close proximity to the TCR for ef-
ficient co-signaling®. In general, co-stimulatory molecules are divided into two catego-
ries: the immunoglobin superfamily (IgSF) and the tumor necrosis receptor superfamily
(TNFRSF). Within the IgSF group, CD28 is the prototypical receptor while the CD40-CD40L
dyad represents the prototypical, and most well characterized, interaction of the TNFRSF
group®. In the context of atherosclerosis, both pathways have been implicated pointing
to the importance of co-stimulation in plague development. For example, elevated num-
bers of circulating CD4*CD28™!"' T cells, meaning they lack CD28, are known to secrete
high levels of IFN-y, and have been associated with acute coronary syndrome’®’*, Dis-
ruption of the CD40-CD40L dyad, on the other hand, was found to greatly diminish ath-
erosclerosis progression, but the cellular source requirements remained unknown at the
time’?73. The immune regulatory effects from other co-stimulatory molecules have been
or still are being investigated in atherosclerosis including CD27, programmed cell death
protein 1 (PD-1), CD134 (0X40), and glucocorticoid-induced tumor necrosis factor recep-
tor (GITR)"4.

Inflammatory stimuli, such as local secretion of cytokines, can also influence the differ-
entiation of T cells. While some CD4* subsets require external cytokine signaling for ef-
fective differentiation, such as the requirement of IL-4 for Th2 cells, signal 3 cytokines
appear to promote bystander effects predominately in CD8* T cells3®®°, In particular, IL-
12 as well as type | IFNs appear to be involved in accumulating efficient numbers of CD8*
effector cells’>’®. However, type Il cytokines like IL-4 have also been shown to promote
bystander activation of CD8* T cells as well”’. External cytokine signaling, as well as co-
stimulated T cells, prime activated T cells into a differentiated memory state, which al-
lows for ‘memory recall’ functions where subsets can re-express effector molecules rap-
idly if challenged. During this process, the transcriptional landscape of the T cells and
availability of lineage-specific transcription factors is likely influenced by epigenetic fac-

tors.

As mentioned in the previous section, differentiation of T cells is highly dependent on

transcription factors that allow for the expression of effector cytokines and molecules;
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however, recent studies have demonstrated that chromatin accessibility plays an im-
portantrole in T cell differentiation and lineage-defining gene expression. Following T cell
activation, upregulation of the transcription factors nuclear factor of activated T cells
(NFAT) and activator protein 1 (AP-1) induced new areas of open chromatin allowing for
the transcription of effector molecules’®. Within CD4* Th cells, signature cytokines have
been shown to hold active transcription marks, such as histone 3 lysine 4 trimethylation
(H3K4me3), within their native lineage while repressive histone marks, such as
H3K27me3, in all other lineages’®. While several studies have investigated the role of ep-

80-82 studies are

igenetic reprogramming on innate immune cells and their progenitors
lacking on the effect of lipids in reprogramming T cells and their downstream effect on

atherosclerosis.

2.4. Rationale

Atherosclerosis is a global health problem characterized by chronic inflammation carried
out by a diverse set of immune cells. Of these cells, T cells represent an intriguing target
for novel immunotherapies in atherosclerosis as they are clearly capable of both pro-
atherogenic and anti-atherogenic contributions to plaque development. Considering the
importance of T cell activation in determining their fate and subsequent effect on ather-
osclerosis, the present work used a multi-pronged approach to target different aspects
of T cell activation. First, we aimed to dissect the contribution of two separate co-stimu-
latory molecules, CD40L and GITR, in the chronic inflammation observed in atheroscle-
rotic conditions. In the first study, we investigated links between sCD40L and inflamma-
tion markers, specifically IFN-y, in human plaques. In order to find the cellular mecha-
nism, we then employed conditional cell-specific knockout models in the two primary
expressing cell types, T cells and platelets. In a second approach, we investigated a sec-
ond co-stimulatory molecule, GITR, which is expressed on both Tregs and effector T cells
as well as other immune cells. Previous reports on the effect of GITR have been inconclu-
sive as both possible pro-atherogenic and anti-atherogenic have been described®84,
Therefore, to extensively assess its contribution to atherogenesis, we first compared GITR
expression in human symptomatic and asymptomatic carotid endarterectomies. To de-
termine the global effect of GITR, we generated GITR-deficient mice and analyzed both
immune compartments during atherogenesis as well as atherosclerotic plaque progres-
sion. Finally, we targeted the epigenetic control of T cell polarization through the
H3K27me3-associated methyltransferase, Enchancer of zeste homolog 2 (EZH2). To pin-
point its contribution and cellular source, we analyzed EZH2 expression using bulk and
scRNA-seq of stable and unstable human carotid endarterectomies. To dissect the effect

of EZH2 on CD4* and CD8"* T cells, we incorporated a CD4cre as well as CD8cre model.
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Altogether, the three studies provide mechanistic insights into the roles of CD40L, GITR,
and EZH2 in inflammation during atherosclerosis. In particular, deficiency of CD40L and
EZH2 highlight the potent effects of balancing IFN-y and IL-4 from activated T cells during
plaque progression while GITR deficiency revealed that while T cells produce large quan-
tities of the co-stimulatory molecule monocytic expression is key player in its role in ath-

erosclerosis.
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