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Introduction
Adipose Tissue

Historically, adipose tissue (AT) throughout the body has been categorized as either
brown adipose tissue (BAT) or white adipose tissue (WAT). These categories are
determined by color, physical characteristics, and physiological functions of the adipocytes
of the tissue. WAT is the predominant subtype found in humans with two major depot
types: subcutaneous WAT under the skin and visceral WAT, which surrounds the internal
organs (Richard et al., 2000). Subcutaneous WAT is located under the skin and acts as a
protective barrier against infections, an insulator of body heat and protection against
external mechanical stress. The adipocytes in WAT are generally a sphere-shaped cell
(Richard et al., 2000; Trayhurn & Beattie, 2001). Because of the single large lipid droplet
within the cell, the normal cell organelles are pushed to the cell’s periphery. White adipose
tissue has a large capacity for lipid storage, thus contributing to its dysfunctional
involvement in obesity and dyslipidemia. Further, its structural plasticity allows rapid
changes in adipocyte size and/or number (i.e., hypertrophy vs hyperplasia) based on global
and local metabolic conditions (Sakers et al., 2022). Regardless of location, WAT was
originally thought to function only in energy homeostasis, by taking up excess lipids and
store them as triglycerides or breaking them down and releasing the lipids as fatty acids
via de novo lipogenesis (Richard et al., 2000; Trayhurn & Beattie, 2001). However, the
discovery of leptin in 1990 quickly changed this limited thinking (Zhang et al., 1994).
Continued discovery of even more adipose-derived factors, or adipokines, highlighted
WAT as a dynamic endocrine tissue that plays an active role in both health and disease.

Adipokines include hormones, pro- and anti-inflammatory cytokines, and other proteins
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with a ride range of global and tissue-specific effects. Overall, adipose research now shows
that WAT is involved in inflammation, metabolism and endocrine/paracrine signaling.

Brown adipose tissue (BAT) functions as a thermal regulator via non-shivering
thermogenesis (Cannon & Nedergaard, 2004). As a specialized AT, BAT represents a
relatively small proportion of total adipose and functions as a thermal regulator via non-
shivering thermogenesis. There are six anatomic regions that are considered activated BAT
depots —cervical, supraclavicular, axillary, mediastinal, paraspinal, and abdominal— with
a majority of all activated BAT concentrated in a continuous layer within the upper torso
(Leitner et al., 2017). A specialized, BAT-specific protein called uncoupling protein 1
(UCP1) mediates the uncoupling of mitochondrial respiration necessary for this
thermogenesis (Richard et al.,, 2000). This allows for heat generated by the BAT to
dissipate. Brown adipose also contains lipid droplets, but they are smaller than those in
WAT and dispersed throughout the cell along with an increased number of iron-containing
mitochondria in comparison to white adipose, which gives the tissue its brownish hue
(Cannon & Nedergaard, 2004). BAT is found in large quantities in mammals postnatally
and during hibernation. In humans, it was initially thought that brown adipose was only
present in infants, however it has been found that adult humans have BAT depots with
changes to BAT activity occurring during times of external environmental change (Richard
et al., 2000).

Recently, another phenotype of adipose has been described. Beige adipose tissue
shares similar characteristics and function to both brown and white adipocytes. They are
thought to develop from a subpopulation of preadipocytes or from the “browning” of WAT

into a “browner” phenotype, caused by the high iron-containing mitochondria. The result



is an adipocyte with large lipid droplets, increased mitochondria, and protection against
metabolic dysfunction in comparison to WAT adipocytes (Cannon & Nedergaard, 2004).
The beige phenotype is relatively unstable, and beige adipocytes often re-whiten, becoming
indistinguishable from WAT that never underwent the browning process (Mulya &

Kirwan, 2016).



Perivascular Adipose Tissue

PVAT in Health

Perivascular adipose tissue (PVAT) is a unique fat depot representing ~3% of
adipose tissue that surrounds the blood vessels with both local and systemic effects (Siegel-
Axel & Héring, 2016). Importantly, there are functional and phenotypic differences that
exist in PVAT depots that differentiate PVAT from other adipose tissues. The specific
vascular bed region often determines the differences seen in PVAT function and
phenotype. PVAT can be WAT-like, BAT-like or mixed, depending on the region of the
vascular bed. BAT is generally limited to the thoracic aorta, whereas the resistance
vasculature is generally surrounded by WAT. The presence of mixed/beige adipose appears
depends largely on physiological or experimental conditions, but it is most commonly
found surrounding the abdominal aorta and kidneys (Brown et al., 2014). Each of these
phenotypes may have different levels of vascularization, innervation and adipokine profiles
that elicit region-specific responses. The lineage differences in PVAT tissues are
highlighted in murine models with smooth muscle (SM22a)-specific PPAR-gamma
deletion. While these mice lack PVAT in the abdominal aorta and mesenteric regions, BAT
and some other non-PVAT WAT such as subcutaneous and visceral adipose remain intact
(Xiong et al., 2018). This alludes to PVAT being a heterogeneous and specialized adipose
tissue with inherent differences in developmental and secretory properties compared to
adipocytes from other fat depots. The PVAT around mesenteric resistance arteries, which
is the focus of the current study, is composed exclusively of WAT. Consistent with WAT,
it has low mitochondrial content, low expression of UCP-1 and relatively large single lipid

droplets. Its reported absence in the SM22a-PPAR gamma knockout mice suggests that it
4



shares important developmental origins with nearby vascular smooth muscle, but the
overall field of PVAT origin remains mostly undefined (Chatterjee et al., 2009).

Most blood vessels outside of the brain and lungs are surrounded by varying
amounts of PVAT. PVAT lies outside of the vascular adventitia, but still interacts
physically and functionally with the underlying layers of the vasculature. Blood vessels are
comprised of three layers: tunica adventitia, tunica media and tunica intima with the PVAT
surrounding the external-most layer; the tunica adventitia. In the resistance vasculature,
PVAT exists in a fairly seamless continuum with the adventitia. Because our study centers
on mesenteric PVAT, this will be the primary focus of further PVAT discussion.
Structurally, healthy PVAT contains ~70% adipocytes. The remainder is comprised of the
stromal vascular fraction, which includes nerves, immune cells, vascular cells, and stem
cells (Szasz et al., 2013). Mesenteric PVAT is heavily and continuously innervated, with
both sensory and sympathetic nerves playing a role in its vascular and non-vascular
functions (Westcott & Segal, 2013). Vascular cells are present due to the microcirculation
within the PVAT. Immune cells of all types are interspersed throughout PVAT, and their
functions vary by both cell type and physiological state.

Until recently, PVAT was seen primarily as a mechanical modulator of vessel
function. However, now it has been recognized as a major player in vascular homeostasis
via modulation of both smooth muscle and endothelial function. In the healthy mesenteric
vasculature, the presence of PVAT has a collectively anticontractile effect, meaning its
presence and net physiological function decreases the level of constriction of mesenteric
arteries (Soltis & Cassis, 1991). Many signaling mechanisms contribute to this effect, and

they remain incompletely defined. The overall anticontractile effect is linked to one or



more releasable vasoactive substances commonly referred to as Adipocyte-derived
relaxing factor (ADRF). Key candidates for ADRF include adiponectin, hydrogen
peroxide, hydrogen sulfide, prostacyclin, and angiotensin 1-7 (Szasz et al., 2013), but it
has not been conclusively identified and may include multiple or variable components.
Adipokines are generally considered the most important category of releasable factors
because of their adipose tissue origin and cytokine-like effects. It should also be noted that
some adipokines are also produced by the immune cells of the PVAT, not only by the
adipocytes. These adipokines can modulate several physiological functions and can be
categorized to having a vasorelaxant effect, a vasoconstrictive effect, or both. Some
examples of vasodilatory adipokines include adiponectin, omentin, and visfatin. PVAT can
also induce pro-contractile effects on VSMCs with the release of adipocyte-derived
constricting factors (ADCF). The release of ADCFs promotes vasoconstriction of the
smooth muscles and an overall vasoconstriction the artery (Chang et al., 2020; Richard et
al., 2000). Vasoconstrictive adipokines include nesfatin, resistin, chemerin and angiotensin
II. Many adipokines have mixed vascular effects depending on their concentration and
other physiological conditions. These include leptin, tumor necrosis factor, interleukin-6,
apelin and various reactive oxygen species (Cheng et al., 2018). These factors are released
by the PVAT and reach the medial and endothelial layers of the blood vessels via direct
diffusion or the vasa vasorum in larger arteries (Xia & Li, 2017). It is important to note
that like many other physiological processes, adipokines and the other factors secreted by
PVAT must collectively create a balance between vasoconstrictive and vasodilatory effects
for healthy vascular homeostasis. When disequilibrium in this process occurs, disease

states begin to develop.



Adipokines can also be categorized as pro- and anti-inflammatory (Cheng et al.,
2018; Richard et al., 2000). This relates to the response they produce in inflammatory
signaling of the immune system. Surrounding and between the densely packed adipocytes
are the resident immune cells of stromal vascular fraction: fibroblasts, CD4 & CDS8 T cells,
mast cells, natural killer cells, B cells, macrophages, and neutrophils (Cheng et al., 2018;
Szasz & Webb, 2012). The release of pro-inflammatory adipokines can cause the activation
of resident immune cells in addition to proliferation and recruitment of pro-inflammatory
immune cells and infiltration of other immune cells in response to downstream signals
elicited by the pro-inflammatory factors. The release of anti-inflammatory factors causes
de-activation of certain immune cells and recruitment and proliferation of anti-
inflammatory immune cells. Under physiological conditions, PVAT secretes mainly anti-

inflammatory adipokines such as adiponectin, nitric oxide (NO), and omentin.

PVAT in Disease

Because of PVAT’s important role in promoting normal blood flow and controlling
blood pressure, changes in its composition and function are linked to multiple disease
states. Most of what is currently known about PVAT function in disease comes from
studies of atherosclerosis, obesity, and hypertension. Studies of obesity and hypertension
are of interest to the current work because they affect the mesenteric resistance arteries that
are used for our studies. Obesity has numerous adverse effects on cardiovascular structure
and function and is associated with increased risk for cardiovascular disease and
remodeling of adipose tissue (Csige et al., 2018). Obese patients are more likely to develop
hypertension and have a higher risk of stroke (Akil & Ahmad, 2011). Increased abdominal
adiposity is a key feature of obesity. Because mesenteric PVAT is also comprised of WAT,

it is similarly susceptible to hypertrophy and hyperplasia, which are key indicators of
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metabolic disease (Bussey et al., 2016). In humans, the amount of PVAT surrounding the
aorta is increased with obesity, but the extent of mesenteric PVAT expansion has not been
accurately quantified. The increase in aortic PVAT mass correlates with hypertension,
diabetes, and aortic/coronary calcification, even when corrected for body-mass index.
Obesity also has drastic effects on the stromal vascular fraction of PVAT (Szasz et al.,
2013). The total number of macrophages, T and B cells, neutrophils, dendritic cells and
mast cells have all been shown to increase in PVAT with obesity. Only eosinophils are
known to decrease within PVAT in disease pathogenesis. Macrophages make up the
greatest proportion of stromal vascular fraction in health, and their numbers appear to
increase to the greatest extent in both obesity and hypertension (Saxton et al., 2019;
Weisberg et al., 2003).

In addition to structural changes, obesity is associated with significant changes in
the function of PVAT with respect to the underlying arteries. In obese individuals, PVAT
goes through physiological changes, going from an anti-contractile, vasodilatory effect to
a pro-contractile vasoconstrictive state (Xia & Li, 2017). The production of vasodilatory
adipokines by PVAT, including hydrogen sulfide, adiponectin and NO are reduced in obese
individuals. The healthy anti-contractile effect of PVAT is completely lost in mouse
models of diet-induced obesity and genetic models of metabolic syndrome. The underlying
mechanism for this PVAT dysfunction is not clearly defined but linked to the “obesity
triad”. This consists of PVAT hypoxia, inflammation, and oxidative stress that leads to a
pro-inflammatory profile of PVAT-derived adipokines. Obesity causes unhealthy
expansion of adipose tissue, including PVAT. Global expansion of WAT in obesity results

in elevated basal lipolytic rate. This enhances the release of fatty acids which, when



compounded by the now abundant pro-inflammatory adipokines and chemokines,
contributes to the development of insulin resistance and inflammation. Adipocyte
hypertrophy in conjunction with capillary rarefaction and angiogenesis promotes cellular
hypoxia in PVAT. Hypoxia stimulates the release of inflammatory cytokines and
chemokines from PVAT adipocytes and infiltrating macrophages (Cheng et al., 2018). It
is thought that the infiltration of macrophages is in response to PVAT inflammation,
meaning macrophage inflammation occurs after the activation of PVAT inflammatory
response. Macrophages then potentiate the PVAT inflammatory response and enhance the
activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Xia & Li,
2017). NAPDH oxidase is a major source of superoxide anions in the vasculature.
Mechanistically, expression of the NADPH oxidase subunits p67phox (Ketonen et al.,
2010) and Nox2 (Xia et al., 2016) is increased in the aortic PVAT of obese mice. The
increased superoxide anions result in oxidative stress that enhances the overall
inflammatory profile of the PVAT and macrophages, leading to a vicious cycle furthering
vascular dysfunction. This cycle is further exacerbated by an imbalance in the adipokine
profiles secreted by PVAT towards a more pro-inflammatory, pro-contractile state.
Adipose macrophages are key contributors to PVAT and vascular inflammation in
obesity. Macrophages typically represent about 10-15% of the stromal vascular fraction of
PVAT, however this drastically increases to 45-50% during obesity (Wynn et al., 2013).
Since obesity is characterized by low-grade chronic inflammation and excess WAT,
macrophages and adipose tissue are both major players in obesity and obesity-related
diseases. Type II diabetes occurring alongside obesity is also strongly linked to the

increased macrophage accumulation (in response to the chronic inflammation) and



dysregulation in production and secretion of adipokines and other factors secreted by the
excessive AT that occurs in obesity (Zatterale et al., 2019). Importantly, macrophage
secretion of pro-inflammatory cytokines increases in obesity, contributing to insulin
resistance and ameliorating the pathogenesis. Important pro-inflammatory cytokines
secreted by macrophages include tumor necrosis factor - alpha (TNF- a), interleukin (IL)
1B, IL-6, and IL-17 (Arango Duque & Descoteaux, 2014).

Changes in PVAT function are also well-documented in the pathophysiology of
atherosclerosis. While atherosclerosis studies generally focus on the aorta, PVAT function
here is of interest to our studies because of its clear link to immune dysfunction and
inflammation. Inflammation in PVAT is highly related to atherosclerosis development (Qi
et al., 2018). The pathogenesis of atherosclerosis includes endothelial dysfunction,
inflammatory cell recruitment, VSMC proliferation and migration. During pathogenesis,
cytokines are released by virtually all the cells in PVAT, which exert multiple effects on
the surrounding tissue. It is hypothesized that PVAT plays a crucial role in the pathogenic
processes of atherosclerosis, given the anatomical proximity of PVAT to the vascular wall.
Interestingly, in humans, the most atherosclerotic-prone area is the coronary arteries and
aorta which have an abundant amount of PVAT surrounding them. In mice, however, there
is little PVAT surrounding the coronaries and mouse coronaries are highly resistant to
atherosclerosis. This evidence suggests that the presence of PVAT may be associated with
atherosclerosis development. Shear stress-induced endothelial dysfunction is sometimes
considered the initial step in atherosclerosis development. Endothelial dysfunction is
characterized by reduced bioavailability of nitric oxide. NO is produced by endothelial NO

synthase (eNOS) and PVAT, and loss of this PVAT-derived NO may be an important
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contributor to vascular dysfunction in atherosclerosis and other cardiovascular diseases.
eNOS has many anti-atherogenic properties that allow for control of vascular smooth
muscle proliferation and inhibition of platelet aggregation, leukocyte adhesion and
vascular inflammation. In studies where PVAT was removed from small arteries, basal NO
production was reduced, suggesting PVAT contributes to vascular NO production (Virdis
et al., 2015). Obesity-induced hypertension and endothelial dysfunction in C57BL/6 mice
are caused by increased expression of inflammatory cytokines and increased oxidative
stress in PVAT (Ketonen et al., 2010). Adhesions of circulating inflammatory cells to the
dysfunctional endothelium trigger accumulation of cholesterol to the wall of the artery
(Bergheanu et al., 2017). This initiates the formation of fatty streaks and lesions where
cholesterol accumulation can take place. Foam cells are recruited into the intimal layer,
evolving the fatty streaks and lesions into a fibrous plaque. Eventually, the plaque can
become unstable and rupture, resulting in a thrombotic occlusion of the artery.

Immune cell expansion in PVAT is now considered a critical factor in
atherosclerosis pathogenesis and severity (Qi et al., 2018). Macrophages in particular play
a crucial role in the pathophysiology of atherosclerosis. In mouse models, macrophage
numbers increase up to 20-fold within the aortic wall during atherogenesis (Gravina et al.,
2018; Moore et al., 2013). This is from circulating monocytes that later differentiate or by
proliferation by the resident macrophages discussed before. They worsen the pathogenesis
of the disease by amplifying the immune response with the release of pro-inflammatory
cytokines and reacting with excess cholesterol and forming foam cells. These foam cells
are necessary for plaque formation. Foam cell buildup and cellular debris heavily

contribute to plaque growth and continued chronic inflammatory response. Additionally,
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macrophages have paracrine functions over VSMCs, further aiding the overall
inflammatory state and signaling to produce additional pro-inflammatory cytokines and
components of the extracellular matrix, which advances plaque formation and promotes
trapping of lipoproteins (Barrett, 2020). Furthermore, persistent inflammation without
resolution will push for macrophage apoptosis, leading to accumulation of cellular debris
which will aid the necrotic core formation of the atheroma. Highlighting the importance of
PVAT macrophage expansion, recent studies showed that macrophage infiltration into
PVAT precedes loss of endothelial eNOS function and plaque formation in disease
progression (Skiba et al., 2017). However, it is important to note that macrophages play a

pivotal role in vascular homeostasis beyond atherosclerosis.
Macrophages

Macrophages are a key component of the innate defense against pathogens that
partake in the inflammatory response and maintenance of tissues. They are derived from
bone marrow as monocytes or develop from leukocyte precursors without a monocyte
intermediate. As the sentries of the innate immune system, macrophages take residence in
almost every tissue. This includes blood vessels and some of their layers, including PVAT.
Even though immune cell recruitment via chemotaxis is substantial during perivascular
inflammation, some immune cells are resident within the vessel wall and PVAT in health.
These resident immune cells are primarily macrophages (Nosalski & Guzik, 2017; Zhang
et al.,, 2021). Macrophages’ function and phenotype differ depending on the tissue
microenvironment. Resident macrophages are essential for driving the immune response
necessary for its tissue microenvironment (Davies et al., 2013; Epelman et al., 2014).

More recently, macrophages have been introduced as regulators of vascular
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function. Specifically, macrophages are heavily involved in functional processes during
tissue injury, repair, and regeneration (Rdszer, 2018). However, dysfunction in
macrophage activation is linked to various metabolic, inflammatory, and immune
disorders. The functions of macrophages in tissue and vessel repair include elimination of
invading pathogens and necrotic cellular waste via phagocytosis, promoting angiogenesis
by guiding the sprouting of new blood vessels and stimulating the proliferation of
endothelial and VSMCs, release of matrix metalloproteinase for matrix remodeling, and
the secretion of pro-inflammatory cytokines and chemokines to maintain leukocytes
infiltration in response to inflammation (Zhang et al., 2021). Overproduction and secretion
of pro-inflammatory cytokines and chemokines by pro-inflammatory macrophages
increases immune cell recruitment. Chronic immune response will result from this
accumulation of immune cells and secretion of pro-inflammatory cytokines and
chemokines. This process will increase oxidative stress, which will stimulate further tissue
damage and promote endothelial dysfunction.

Another important characteristic of macrophages to discuss is macrophage
polarization. This is when tissue macrophages undergo rapid in situ phenotype change in
response to signaling factors (Rdszer, 2018). Macrophage polarization occurs via different
activation pathways necessary for them to carry out the defensive function. Macrophages
can modify their physiologic function via polarization from unpolarized to either an anti-
inflammatory, healing/growth promoting state known as M2 (alternative activation) or a
pro-inflammatory, killing/inhibitory state known as M1 (classical activation) (Murray,
2017). The M1/M2 classification system was first introduced in 2000 and generally refers

to the M1 and M2 macrophage propensity to stimulate T-helper (Th) types 1 and 2 (Th1
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and Th2) cytokine responses, respectively, in mice (Mills et al., 2000). In vitro, M1
macrophages are typically generated with exposure to lipopolysaccharide (LPS) and
interferon gamma (IFN-y) or TNFa. These cultured M1 cells then release increased
amounts of the proinflammatory mediators IL-1B, TNFa, IL-6, IL-12, inducible nitric
oxide synthase, and others. In contrast M2 macrophages are typically induced with 1L-4,
(most common) and IL-13 and secrete a wide array of including anti-inflammatory
mediators IL-10 and transforming growth factor beta (TGF-) (Murray, 2017). Because of
the more complex activation and release profiles of M2 macrophages, subtypes have been
proposed to differentiate M2a, M2b and M2c populations. However, there is still a large
degree of disagreement on these classifications between studies (Shapouri-Moghaddam et
al., 2018). Both M1 and M2 macrophages are associated with expression of specific cell
surface markers that are often used experimentally to separate each phenotype. In mice, the
most commonly used cell-surface M1 markers are CD86, CD68 and iNOS. M2
classification is complicated by subtype differences, but the most common surface markers
used experimentally are CD206 and CD163 (Scientific, 2021).

Classifying macrophage populations in vivo is much more complex and
controversial due to the enormous variation in local activating signals and cytokine release
profiles. Due to new technologies like advanced flow cytometry and single cell RNA
sequencing, it is now clear that M1 and M2 macrophages exist in a spectrum, rather than
defined phenotypes (Xue et al., 2014). For example, macrophages in transition may express
markers and secrete cytokines associated with both M1 and M2 macrophages, either
temporarily or permanently depending on physiological/experimental conditions. Recent

in-depth studies comparing in vitro and in vivo macrophage populations after exposure to
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typical in vitro activators show that there is surprisingly little correlation between
macrophage activation in vivo and M1/M2 polarization in vitro (Orecchioni et al., 2019).
The authors indicate that much more work is needed to discover and validate M1 and M2
markers in vivo.

Persistent and chronic shifts towards the M1 phenotype are associated with many
inflammation-driven disorders. For instance, in obesity, resident and infiltrating
macrophages found in adipose tissue shift towards the M1 phenotype. Toll-like receptors
(TLR) and inflammasomes responsible for macrophage proliferation are activated in
obesity, priming the macrophages for contribution to the low-grade chronic inflammation.
An important TLR is TLR-4, which has increased expression on adipose tissue
macrophages. TLR-4 deficient mice fed a high fat diet improves AT inflammation, insulin
resistance and adiposity. A shift towards M2 adipose tissue macrophages is associated with
lean AT and insulin sensitivity (Castoldi et al., 2015). In atherosclerosis, M1-like
macrophages are associated with symptomatic plaques that lack structural integrity,
meaning they have the possibility of rupturing and developing into a thrombus. In general,
M1-like macrophages promote the inflammatory pathway. M1 macrophages are associated
with macrophage apoptosis and/or necrosis, leading to build up of cellular debris that
contributes to the necrotic core (de Gaetano et al., 2016). The necrotic core growth
correlates with increased instability and vulnerability of the plaque to rupture. In contrast,
M2-like macrophages are abundant with asymptomatic, stable plaques (Bi et al., 2019).
They play a balancing act with their counterparts, attempting to ameliorate the pro-
inflammatory effects of the M1 by preventing necrotic buildup and clearing cellular debris

in hopes of resolving the inflammation. This is known as efferocytosis and when it is not
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sufficient, M1 macrophages will begin to form the necrotic core.

There is ongoing debate as to whether macrophages involved in vascular
dysfunction are predominantly resident or infiltrating, and most of what is known in PVAT
is assumed based on studies in the vascular adventitia Many resident macrophages in the
vasculature are largely yolk-sack derived and exist at birth, while others are populated after
birth from the bone marrow (Ensan et al., 2016). These existing macrophages are important
because in response to injury or inflammation, they can proliferate and secrete chemotactic
signals like macrophage chemoattractant protein 1 (MCP-1) that recruit additional
macrophages to the PVAT and adventitia (Nosalski & Guzik, 2017). The balance of
resident vs recruited macrophages in PVAT and adventitia is largely a debate of “outside-
in” or “inside-out” movement of macrophages during the inflammatory response
associated with macrophage proliferation (Abram & Lowell, 2009). An “inside-out”
response is characterized by leukocyte extravasation where leukocytes, in this case
monocytes, adhere to the walls of the vessel and pass through the endothelium due to
impaired barrier permeability from the chronic inflammation (Abram & Lowell, 2009). So,
the description of “inside-out” pertains to the leukocyte originating from the “inside” of
the vessel (the lumen) before adhering to the vessel wall and extravasating “outwards” into
the layers of the vessel itself. Once these macrophages are activated, they will secrete pro-
inflammatory cytokines that will promote ROS production and further vascular
dysfunction. An “outside-in” response is often attributed to the activation and proliferation
of resident leukocytes within the adventitia and PVAT itself that then affects inner vascular
layers (Maiellaro & Taylor, 2007). However, it can also involve recruitment of immune

cells from outside the PVAT, as a variety of vascular injuries can lead to rapid influx of
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leukocytes into the adventitia (Okamoto et al., 2001). In addition to an array of well-
defined chemokines and chemokine receptors, a main activator that is often discussed in
the case of “outside-in” inflammatory response is increased ROS production causing
oxidative stress (Stenmark et al., 2013). Upon production of these chemotactic factors,
leukocytes migrate to the vessel wall and proliferate within the adventitia, resulting in an
accumulation of immune cells that are secreting pro-inflammatory cytokines and factors.
The cytokine and chemokine profile at this point is shifted towards a pro-inflammatory
state in most diseases, with increased M1 macrophage proliferation in response to the
inflamed tissue microenvironment. This migration will recruit further immune cells and
continually promote further inflammatory response and additional abnormal immune
response. If this inflammation response becomes chronic, such as what is exhibited during
obesity-induced inflammation, immune and vascular dysfunction will compound, leading
to the development of multiple pathogenic pathways. There is also evidence that
macrophages, particularly in atherosclerosis, can have long-term epigenetic or metabolic
reprogramming that keeps them in a more M1-like phenotype and increases the magnitude

of subsequent inflammatory responses (Park, 2021).

Inflammatory Bowel Disease

Inflammatory Bowel Disease (IBD) is an umbrella term encompassing two main
clinical manifestations: Crohn’s disease and ulcerative colitis. As of 2015, 3.1 million US
adults (1.3%) have received a diagnosis of IBD in comparison to 1.8 million (0.9%) in
1999, and the prevalence of IBD is expected to continue rising in worldwide. The etiology
of IBD is complicated, with onset linked to combinations of genetic susceptibility, immune
system changes, altered gut microbiome, and environmental triggers (Guan, 2019).
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Lifestyle factors may also play a key role, as IBD continues to rise in prevalence in parallel
with the rise in obesity and expansion of the Western diet across the world (Bilski et al.,
2019). IBD is a chronic autoimmune condition characterized by chronic abnormal immune
response and both intestinal and extraintestinal inflammation. Importantly, intestinal blood
flow decreases, and bowel ischemia increases in IBD (Harris et al., 2010; Hultén et al.,
1977; Thornton & Solomon, 2002). The mesenteric arteries are the main source of blood
directly to the intestines, and therefore represent a likely site of vascular dysfunction.
Consistent with vascular dysfunction in IBD, patients experience increased risk of many
cardiovascular diseases including stroke, heart failure, myocardial infarction, and
atherosclerosis despite having lower traditional factors (obesity, hypertension, diabetes) in
comparison to the general population (Aniwan, Pardi, et al., 2018). This suggests that the
underlying pathophysiology of these cardiovascular comorbidities may differ in IBD
patients compared to healthy individuals.

Changes in adipose tissue have long been associated with IBD. Especially in
Crohn’s disease, patients consistently have an increased ratio of pathogenically altered
intraabdominal fat vs abdominal fat that is commonly known as “creeping fat” (Crohn et
al., 1932). Creeping fat can be distinguished from normal mesenteric fat-tissue by its larger
amount, greater immune cell infiltration, and increased secretion of inflammatory
mediators (Bilski et al., 2019). Little is known about the role of PVAT in IBD, as it has
only recently been recognized for its active contribution towards vascular function and
homeostasis. Creeping fat is known to encompass mesenteric artery branches in human
IBD patients, but it is unclear whether or how this affects the existing underlying PVAT

(Feng et al., 2018). One recent study suggests that PVAT protects against endothelial
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dysfunction but not reactive oxygen species formation in the aorta with IBD, but much
more research is needed to characterize the role of PVAT in vascular dysfunction with IBD
(Wu et al., 2022).

Macrophages became an area of interest in IBD because of their important immune
functions, their function as vascular regulators in the vessels of the gut, and their large
populations found in the healthy intestinal mucosa. In the intestine, macrophages play a
critical role in both homeostasis and disease. In healthy intestinal mucosa, Ly6C" (in mice)
and CDI14" (in human) monocytes constantly enter the intestinal mucosa and
differentiating into mature CX3CRI1" F4/80+ macrophages. Here, they function as
phagocytic agents and produce a balance of pro-and anti-inflammatory cytokines in
response to antigens (Bain & Mowat, 2014). Resident macrophages in the intestine can
then further differentiate in phenotype and function based on conditions in their location,
but each contribute to the function of nearby blood vessels, where there is a close
association with macrophages (Honda et al., 2020). The lamina propria has the largest
population of macrophages, which are located close to the epithelium. These macrophages
survey the environment, engulf antigens, and promote cell renewal through their cytokine
profiles. Macrophages also localize near lamina propria vasculature and are critical for
vascular repair. In the muscularis, macrophages near the enteric nervous system contribute
to intestinal motility and secretion (Gabanyi et al., 2016). The submucosal resident
macrophages are self-renewing and primarily support nearby vasculature. The serosa
contains the smallest population, which also contribute to motility and tissue repair (Honda
et al., 2020).

Intestinal macrophages are a key factor in the development of IBD. In the
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development of inflammation, intestinal macrophage can respond to both normal self-
antigens like commensal gut bacteria and to pathogenic antigens by producing a prolonged,
unresolved immune response (Han et al., 2021; Na et al., 2019). This change involves a
significant change in the composition of the macrophage pool, particularly in the lamina
propria. Resident macrophages polarize to an inflammatory M1 phenotype, leading to the
release of proinflammatory cytokines, reactive oxygen species, and chemotactic signals
that recruit additional monocytes to the intestine (Wu et al., 2022). Intestinal macrophages
also promote the activation of T-cells and fibroblasts that perpetuate chronic inflammation.
Importantly, the infiltration of circulating monocytes and activation of resident
macrophages can occur within the PVAT as well, as evidenced by studies of other diseases
(Guzik et al.,, 2017). During IBD progression, PVAT likely goes through similar
physiological change and overproduces its own pro-inflammatory signaling factors,
compounding the inflammatory effects alongside the dysregulation occurring in the
monocytes/macrophages. However, the immune cell composition in PVAT with IBD has

never been studied.

Key Previous Studies

Our laboratory is specifically interested in how both PVAT and perivascular
macrophages are involved in loss of vascular function associated with IBD. Foundational
experiments completed by the Boerman laboratory have given insight to the possible
mechanisms that also served as the basis of this research project. All preliminary
experiments utilized an IL-10"- mouse model that is gavaged with H. hepaticus, allowing
for IBD pathogenesis to occur over 90 days. Pressure myography studies using electrical
field stimulation of mesenteric arteries (MAs) demonstrated profound impairment in
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dilation via perivascular sensory nerves and a complete inability of those nerves to inhibit
sympathetic constriction (Norton et al., 2021). RNA sequencing of intact MAs from
Control and IBD mice showed that both M1 and M2 macrophage markers were among
those with the greatest IBD-related expression increase. Immunofluorescence confirmed
that IBD was associated with accumulation of both M1 and M2 macrophages in the
adventitia of MAs. More importantly, depleting macrophages with clodronate liposome
injections restored sensory vasodilation, suggesting that they are important to vascular
impairment with IBD (Grunz-Borgmann et al., 2019). Parallel studies of cannulated
arteries with and without PVAT showed that PVAT loses its anticontractile function in
IBD and becomes pro-contractile, contributing to sympathetic constriction (Figure 1).
Clodronate reverses PVAT pro-contractility, leaving it neutral but not fully anticontractile
(unpublished results, not shown), suggesting that the role of macrophages in PVAT may
be different and more complicated than the adventitia.

Overall, many factors remain unclear about PVAT in IBD. In normal, healthy
individuals, PVAT and its macrophages act in collaboration as a communication hub to
maintain vascular homeostasis. PVAT macrophages responds to the tissue
microenvironment with production and secretion of anti-inflammatory, healing/growth
promoting (M2-associated) and/or pro-inflammatory, killing/inhibitory (M1-associated)
adipokines, chemokines and cytokines. Normally, an equilibrium must be kept by these
two populations in order to maintain vascular homeostasis. In IBD, adventitial
macrophages increase in number and shift towards a pro-inflammatory phenotype,
meaning they produce large quantities of pro-inflammatory adipokines, chemokines and

cytokines that further push the inflammatory response. Our laboratory has been able to
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show key structural and physiological changes to the MA adventitia and PVAT associated
with increased presence of macrophages in IBD. Several key questions remain: First, does
the size or density of PVAT adipocytes change during IBD? To answer this question, we
measured the size and density of adipocytes from H&E stained PVAT sections. We
hypothesized that both the size and density of MA PVAT adipocytes will decrease with
IBD. The second question is more complex: How does IBD affect the PVAT macrophage
population throughout the pathogenesis of IBD? To gain further insight on macrophage
proliferation, we characterized the populations of Ml-like vs M2-like macrophages
throughout IBD pathogenesis by using a time-point study of immunolabelled PVAT,
looking at 1, 5, 10, 20, 40-, 80-, 160- and 240-days post gavage. We hypothesized that IBD
pathogenesis works similarly to other vascular diseases as discussed above, with an early
shift toward M1-like macrophages to promote the inflammatory response. We anticipate
that a later timepoint shift towards M2-like macrophage populations may associated with
a plateau in inflammation. Results from this study will shed light into possible intervention

points during IBD pathogenesis where treatment options may be utilized.
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Figure 1. Mesenteric artery PVAT becomes pro-contractile with IBD. Data are
mean +/- SE constrictions resulting from electrical field stimulation-induced (1-16 Hz)
sympathetic constrictions of isolated, cannulated, and pressurized arteries with (solid
lines) or without (dashed lines) attached PVAT in PSS from (A) Control and (B) IBD
mice. For A-B *=p<0.05 +PVAT vs —PVAT. N=4-6 mice (vessels?) per group. C
shows the data from A and B graphed together, highlighting a main effect of PVAT
that is anticontractile in Control and pro-contractile in IBD mice.
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Material and Methods

Animals

All experiments were performed in compliance with the Guide for the Care and Use of
Laboratory Animals and were approved by the University of Missouri Animal Care. Male and
female C57BL/6] (Control) and B6.129P2-IL-10tm1Cgn/J (IL107", IBD) mice (1-8.5 months
old), originally obtained from the Jackson Laboratory were bred and housed at the University of
Missouri in a 12:12 light:dark cycle and received standard chow and water. Before
experimentation, mice were anesthetized via intraperitoneal injection of ketamine-xylazine (100
mg/kg/5mg/kg). Following tissue dissection and extraction, mice were euthanized via cardiac

exsanguination.

Bacterial Cultivation and Inoculation

Helicobacter hepaticus was grown on 5% sheep blood agar plates containing Brucella broth
with 5% fetal bovine serum for 48 h at 37°C in a microaerobic chamber with 90% N>, 5% H2, and
5% COas. At 2- and 4-days post-weaning, the IBD mice received H. hepaticus suspended in 0.5 mL
Brucella broth via gastric gavage. Non-gavaged C57Bl/6J mice served as the Control group. Mice

were then allowed to develop disease for 1-240 days before experimentation.

Adipocyte Measurement

For adipocyte measurements of PVAT, first-order mesenteric arteries with surrounding
PVAT were hand dissected from Control and IBD mice and fixed in 10% neutral buffered formalin.
Tissue was held in place with two layers of biopsy foam pads within a tissue cassette. At the

University of Missouri Veterinary Medical Diagnostic Library, 10 um sections of each sample
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were mounted to slides and stained with hematoxylin and eosin. Prepared slides were imaged with
a 20X objective on a Nikon E800 microscope, with Nikon Elements software.

Next, the images were analyzed using the Adiposoft plugin for ImageJ, which allowed for
automatic counting and measuring of individual adipocytes within the field of view of each image.
After automatic counting was done by Adiposoft, manual counting by a lab member was performed
to validate the accuracy of adipocyte counts. Cells not included in the automatic count were
manually added. In both the automated and manual counts, partial cells at the periphery of each
image were excluded from analysis. Representative images were selected from both Control and
IBD tissues in order to effectively show the size and density differences between the two groups.

Nested t tests were performed to compare group means.

Immunofluorescence

For immunofluorescence studies, time points were as follows (post gavage): 1, 5, 10, 20,
40, 80, 120, 160, and 240 days. Mice were anesthetized with an intraperitoneal injection of
ketamine xylazine for subsequent dissection and experimentation. First and second order
mesenteric arteries with attached PVAT were hand-dissected in cold physiological saline solution
as previously described (Norton et al., 2021). First order MAs with attached PVAT were pinned
using a 50-um wire in a 24-well plate coated with Sylgard. For immunolabelling, all mesenteric
arteries with PVAT were pinned intact. The tissue was fixed in 4% paraformaldehyde for 20
minutes, blocked and permeabilized for 60 min with Phosphate-buffered saline containing 1%
bovine serum albumin and 0.1% Triton X-100 and incubated overnight in the following primary
antibody solutions: CD68 (M1 macrophages), CD206 (M2 Macrophages), and F4/80 (all
macrophages) (Table 1A - Antibodies). Tissues were then blocked again for 60 min, incubated in

secondary antibodies for 90 min, and mounted on slides. Control experiments included secondary-
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only and antibody-free controls to account for nonspecific labeling and autofluorescence (Data not
shown). Vendor details and concentrations for all antibodies are listed in Table 1A.

Slides were imaged using a Leica TCS SP8 confocal laser-scanning microscope (Leica
Microsystems). Fluorescence for each antibody was sequentially imaged at 1024x1024 pixels
using a 25x water immersion objective (NA=0.95) and 1 um Z-slices through the tissue samples.
Similar laser power and gain settings were used on both the control and IBD arteries to facilitate
comparison. F4/80, CD86 and CD206 fluorescence was quantified by measuring the fluorescence
area of each label in maximum z-projections using ImageJ. Maximum-intensity z-projections
were created separately for each channel and converted to binary images with thresholds set to
eliminate background fluorescence. First, Maximum z-projections of each channel were exported
from LASX and imported to Image J. Background was adjusted to remove non-specific
fluorescence. Specifically, the black level (minimum) was increased from 0 to ~30 (on the 0-255
gray level scale) to remove the low-level adipocyte autofluorescence without eliminating the
much brighter signal from labeled macrophages. Binary images were generated from these
adjusted images. From the binary image, the ImageJ “measure” feature was used to determine the
percent fluorescent area, the total fluorescent area fraction within the entire image. Images that
could not be adequately adjusted were excluded from analysis. Images were excluded from
analysis due to uncorrectable auto-fluorescent background, immunofluorescent non-biological
fibers or dust on tissue samples, or poor image quality. No more than six total images were

excluded per group.
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Table 1A. Antibodies

Target antigen Vendor Catalog # | Concentration
CD206 (Goat) R&D FAB2535P | 1:250
Systems
CD68 (Mouse) Invitrogen | 14-0681- 1:500
82
F4/80 (Rat) Flow Cytometry Stain (555- Invitrogen | 11-4801- 1:250
conjugated) 81
Chicken-anti-rat Alexa Fluor 488 (used w/ Invitrogen | A-21470 1:50
F4/80)
Goat-anti-mouse Alexa Fluor 647 (used w/ Invitrogen | 51-0689-42 | 1:50
CD68)
Table 1B. Drugs, Solutions, and Reagents
Name Vendor or Catalog Concentration(s)
Source Number
PBS (Phosphate Buffered Saline) | Sigma P3813 1X
Triton X 100 Sigma C100 0.1%
Paraformaldehyde Sigma 1004960700 4%
Neutral Buffered Formalin Sigma HT501128 10%
Table 1C. Other relevant supplies and equipment
Name Vendor or Source Catalog | Other
Number | Information
ProLong Gold mounting | ThermoFisher P10144
media Scientific
BBL Brucella Broth BD Difco 211088
Fetal Bovine Serum MilliporeSigma F0926
5% Sheep blood agar Hardy Diagnostics Al0
plates
Wiretrol II pipette Drummond 5-000- For transferring vessel
Scientific Company | 2100 segments
Sylgard 184 MilliporeSigma 761036
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Statistical Analysis

All data were statistically analyzed in Graphpad Prism 9, with statistical significance
measured at p<0.05. For adipocyte size and density measurements, Data were analyzed via nested
t test to account for multiple samples taken per mouse. Overall, these data included 6-12
images/sample taken from 3 PVAT samples and 3 mice per group. Frequency histograms for
adipocyte size were generated with bin widths of 200 and a range of 600-2800. Histograms for
adipocyte density were generated with bin widths of 5 and a range of 35-125. Ranges for each were
set as recommended in Graphpad Prism 9. For the time-point study, 4 mice were used per group in
each timepoint. Four PVAT samples were taken from each mouse, and 8 images were generated
from each sample. To compare macrophage populations in Control vs IBD within the same
timepoints, a nested one-way ANOVA with Sidak corrections for multiple comparisons was used.
The use of nested statistical methods accounts for the potential of pseudo replication from multiple
samples per mouse. To compare changes in macrophage populations across all timepoints in
Control vs. IBD mice, a two-way ANOVA with Tukey’s correction was utilized for comparison

across timepoints. No data points were excluded from analysis as outliers.
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Results

PVAT undergoes structural changes during IBD progression

Our previous studies found that PVAT undergoes functional changes during onset of IBD (Figure
1). Here, measurements of mesenteric artery PVAT adipocyte size and density show that the
structure of the adipocytes found within PVAT also go through a transformation with IBD. (Figure
2-4). Representative images were chosen from IBD and Control samples (Figure 2). Adipocytes
were larger in Control vs IBD (1926+51 vs 1018+32 pm?, Figure 3) with decreased density (50.7
+1.0 vs 79.4 +2.0 cells/field, Figure 4). Thus, IBD leads to smaller, more densely packed
adipocytes within PVAT of mesenteric arteries. Frequency histograms for size and density also
show that IBD is also associated with an increase in the distribution of size and density (Figure 3B
and 4B) vs Control. As shown in the representative images (Figure 2), PVAT from IBD mice
typically had greater amounts of both henatoxylin (purple) and eosin (pink) staining, suggesting a

larger stromal vascular fraction in PVAT with IBD.

Figure 2. Representative images of mesenteric PVAT from Control and IBD mice. Images
are representative 10 pm slices of H&E-stained PVAT from (A) Control and (B) IBD mice.
Scale bar = 100 um. FOV = 490 by 490 um
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Figure 3. Mesenteric PVAT adipocyte size decreases with IBD.

A. Summary Data are mean + SE for adipocyte size in Control (black) vs IBD (gold)
PVAT samples. B. Frequency distribution histogram of adipocyte size in Control vs. IBD
samples. N= 71 (Control) or 76 (IBD) images analyzed from 16 PVAT sample each in 4
mice per group. * = p < 0.05 via nested t-test.
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Figure 4. Mesenteric PVAT adipocyte density increases with IBD.

A. Summary Data are mean + SE for adipocyte density (cells per field of view, FOV give
dimensions) in Control (black) vs IBD (gold) PVAT samples. B. Frequency distribution
histogram of adipocyte density in Control vs. IBD samples. N= 71 (Control) or 76 (IBD)

images analyzed from 16 PVAT sample each in 4 mice per group. * = p < 0.05 via nested
t-test.
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Timepoint Study: PVAT macrophage population changes throughout IBD pathogenesis

The purpose of the time point study was to define total, M1 and M2-like macrophages in
mesenteric PVAT throughout the pathogenesis of IBD. Thus, the data provide insight into when
macrophage proliferation occurs during disease development. Mesenteric PVAT from Control and
IBD mice was labeled for F4/80+ (total macrophages), CD68+ (M1-like macrophages) and
CD206+ (M2-like macrophages) at each of the following days post-gavage: 1, 5, 10, 20, 40, 80,
160, and 240. All numerical data result from the quantitation of confocal images taken from PVAT

samples from Control and IBD mice at each timepoint.

Early timepoints: increased total, M1 and M2 macrophages

The Day 1 timepoint was associated with a significant increase in F4/80 (total), CD206
(M2-like), and CD68 (M1-like) fluorescence (Figures 5-6). F4/80 area increased (10.62+0.29% vs
5.3+£0.08%) in IBD vs Control. CD206 also increased (3.62+0.11% vs 2.49+0.13%) in IBD vs
Control, indicating an increase in M2-like macrophages. CD68 area increased (4.62+0.11% vs
2.2+0.08%) in IBD vs Control, demonstrating a concurrent increase in M1-like macrophages.
(Figure 6A). Nested representation summary data of Day 1 (Figure 6B) shows the same data
separated to highlight the technical replicates from each mouse. Nested analysis shows that the
observed differences in Control vs IBD samples are still statistically significant when multiple
samples per animal are considered.

The trend of increased total, M1 and M2 macrophages in the mesenteric PVAT of IBD
mice continued at Day 5 (Figures 7-8). Similar to the Day 1, all three measurements showed
significant increases in IBD vs Control: F4/80 was increased (10.36+0.56% vs 5.71+£0.2%), CD206
was increased (3.71+£0.09% vs 2.59+0.1%), and CD68 was increased (4.18+0.29% vs 2.19+0.08%,
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Figure 8A). Similarly, accounting for multiple technical PVAT replicates with nested analysis did

not affect the  statistical significance  of each  increase  (Figure  8A).
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Figure 5. Day 1 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F4/80+, upper left, green),
M2-like (CD206+, upper right, red), and M1-like (CD68+, lower left, magenta)
macrophages, along with an overlay of all channels (lower right) in (A) Control and (B)
IBD mice. All images are 486 x 486 um.
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Figure 6. Total, M1 and M2 macrophages increase in mesenteric PVAT at Day 1 of IBD
development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data are means
+/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like (CD206+),
MI-like (CD68+) macrophages. B. Summary data from A reflecting images from each
biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for control vs
IBD via nested one-way ANOVA with Sidak correction. N= 26 (control) or 32 (IBD)
analyzed images from 2 PVAT sections in each of 4 mice per group.
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Figure 7: Day 5 representative images:

Images panels are representative maximum z- projections through the mesenteric
PVAT labeled for total (F480+, upper left, green), M2-like (CD206+, upper right,
red), and M1-like (CD68+, lower left magenta) macrophages, along with an overlay
of all channels (lower right) in (A) Control and (B) IBD mice. All images are 486 x
486 pm.

35




Day 5
o 207 0 e Control
2 . o IBD
£ oy
%) a
10
g | e . *
ERNIE
T
S ofl of
0 T T T
F4/80 CD206 CD68
B * * *
1 1 1
20
° e F4/80 Control
15+ o F4/801BD
© e3 CD206 Control
£ 1o- iggi A 8 CD206 IBD
X * ° A » CD68 Control
Ei ’ oo
5§ Bt éﬁgﬁ A CD68 IBD
L | J— A
1] R FFHY
0 rrrr rrrr rrrr rrrr rrrr rrnri
1234 1234 1234 1234 1234 1234

Biological Replicate

Figure 8. Total, M1 and M2 macrophages increase in mesenteric PVAT at Day 5 of IBD
development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data are means
+/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like (CD206+),
MI-like (CD68+) macrophages. B Summary data from A reflecting images from each
biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for control vs
IBD via nested one-way ANOVA with Sidak correction. N= 30 (control) or 28 (IBD)
analyzed images from 2 PVAT sections in each of 4 mice per group.
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Middle timepoints: Increased total and M1-like, but not M2-like macrophages with IBD

Like Days 1 and 5, Day 10 was associated with an increase in PVAT fluorescent labeling
for total (F4/80) and M1 (CD68) macrophages (Figures 9-10). F4/80 was increased (9.86+0.28%
vs 5.340.08%) in IBD mice vs Control, and CD68 was increased (3.39+0.11% vs 2.18+0.07%) in
IBD vs Control (Figure 10A). In contrast to the early timepoints, M2 labeling was no longer
significantly different between groups: CD206 staining remained consistent (3.23+0.07% vs
2.86%0.09%) in IBD vs Control (Figure 10A). These changes were statistically significant after
correcting for multiple technical replicates (Figure 10B).

The pattern observed on Day 10 persisted on Day 20, with increased total and M1, but not
M2 macrophage area (Figures 11-12). F4/80 was increased (9.86+0.23% vs 7.56+0.14%) in IBD
mice vs Control. CD206 was unchanged between in IBD vs Control groups (3.224+0.14% vs
3.43+0.07%). CD68 was increased (3.46+0.12% vs 2.33+0.08%) in IBD vs Control (Figure 12A).
Nested summary data of Day 20 show that the trends seen in the combined data are still statistically
significant when multiple samples per animals are accounted for (Figure 12B).

Day 40 was associated with a continuation in significantly increased total and M1, but not
M2 macrophages in Control vs IBD samples (Figures 13-14). F4/80 was significantly increased
(10.01+0.23% vs 7.56+0.24%) in IBD mice vs Control. CD206 was similar (3.21£0.12% vs
3.58+0.13%) in IBD vs Control, and CD68 was increased (3.434+0.06% vs 2.45+0.09%) in IBD vs
Control (Figure 13A). Again, technical replicates did not affect these trends, per the nested analysis
(Figure 13B). Overall, the data from Days 10-40 suggest that the progression of IBD at this stage

may depend on M1 macrophages to a greater extent than M2 macrophages.
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Figure 9. Day 10 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F480+, upper left, green), M2-
like (CD206+, upper right, red), and M1-like (CD68+, lower left magenta) macrophages,
along with an overlay of all channels (lower right) in (A) Control and (B) IBD mice. All
images are 486 x 486 um.
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Figure 10. Total and M1, but not M2 macrophages increase in mesenteric PVAT at Day
10 of IBD development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data
are means +/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like
(CD206+), M1-like (CD68+) macrophages. B Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for
control vs IBD via nested one-way ANOVA with Sidak correction. N= 31 (control) or 32
(IBD) analyzed images from 2 PVAT sections in each of 4 mice per group.
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Figure 11. Day 20 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F480+, upper left, green), M2-
like (CD206+, upper right, red), and M1-like (CD68+, lower left magenta) macrophages,
along with an overlay of all channels (lower right) in (A) Control and (B) IBD mice. All
images are 486 x 486 um.
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Figure 12. Total and M1, but not M2 macrophages increase in mesenteric PVAT at Day
20 of IBD development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data
are means +/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like
(CD206+), M1-like (CD68+) macrophages. B Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for
control vs IBD via nested one-way ANOVA with Sidak correction. N= 32 (control) or 33
(IBD) analyzed images from 2 PVAT sections in each of 4 mice per group.
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Figure 13. Day 40 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F480+, upper left, green), M2-
like (CD206+, upper right, red), and M1-like (CD68+, lower left magenta) macrophages,
along with an overlay of all channels (lower right) in (A) Control and (B) IBD mice. All
images are 486 x 486 um.
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Figure 14. Total and M1, but not M2 macrophages increase in mesenteric PVAT at Day
40 of IBD development. A.Fluorescent area percentage of F4/80, CD206, and CD68. Data
are means +/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like
(CD206+), M1-like (CD68+) macrophages. B Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for
control vs IBD via nested one-way ANOVA with Sidak correction. N= 28 (control) or 31
(IBD) analyzed images from 2 PVAT sections in each of 4 mice per group.
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Late timepoints: increased total and M1 macrophages, decreased M2 macrophages

Like Day 40, Day 80 in IBD mice was associated with an increase in PVAT fluorescent labeling
for total (F4/80) and M1 (CD68). F4/80 was increased (10.0640.24% vs 8+0.23%) in IBD mice vs
Control and CD68 was increased (4.22+0.16% vs 2.21+£0.07%) in IBD vs Control. In contrast to
both early and middle timepoints, M2 labeling was significantly decreased between with IBD:
CD206 staining decreased (2.48+0.06% vs 3.68+0.16%) in IBD vs Control (Figure 16A). These
changes were statistically significant after correcting for multiple technical replicates (Figure 16B).

Day 160 was associated with an increase in PVAT fluorescent labeling for total (F4/80) and
M1 (CD68) (Figures 17-18). F4/80 was increased (10.45+0.27% vs 8.35+0.21%) in IBD mice vs
Control and CD68 was increased (5.29+0.29% vs 2.69+0.08%) in IBD vs Control. However, in
contrast to the previous timepoint (Day 80). M2 (CD206) macrophages were not significantly
different: CD206 was similar (2.85+£0.11% vs 3.71+0.16%) in IBD vs Control (Figure 18A).
Nested summary data of Day 160 show that the trends seen in the combined data are still
statistically significant when multiple samples per animals are accounted for (Figure 18B).

Day 240 trends reflect that of Day 80 (Figures 19-20). F4/80 was increased (11.79+0.51% vs
8.63%£0.29%) in IBD mice vs Control and CD68 was increased (5.33+0.2% vs 2.424+0.08%) in IBD
vs Control. CD206 was decreased (2.8240.19% vs 4.024+0.2%) in IBD vs Control (Figure 20A).
Again, technical replicates did not affect these trends, per the nested analysis (Figure 20B). Overall,
the data from Days 80-240 suggest that the progression of IBD at this stage may depend on M1

macrophages and a lack of M2 macrophages and their anti-inflammatory effect.
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Figure 15. Day 80 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F480+, upper left, green), M2-
like (CD206+, upper right, red), and M1-like (CD68+, lower left magenta) macrophages,
along with an overlay of all channels (lower right) in (A) Control and (B) IBD mice. All
images are 486 x 486 um.
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Figure 16. Total and M1, and M2 macrophages increase in mesenteric PVAT at Day 80
of IBD development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data are
means +/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like
(CD206+), M1-like (CD68+) macrophages. B Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for
control vs IBD via nested one-way ANOVA with Sidak correction. N= 32 (control) or 32
(IBD) analyzed images from 2 PVAT sections in each of 4 mice per group.
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Figure 17. Day 160 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F480+, upper left, green), M2-
like (CD206+, upper right, red), and M1-like (CD68+, lower left magenta) macrophages,
along with an overlay of all channels (lower right) in (A) Control and (B) IBD mice. All
images are 486 x 486 um.
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Figure 18. Total and M1, and M2 macrophages increase in mesenteric PVAT at Day 160
of IBD development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data are
means +/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like
(CD206+), M1-like (CD68+) macrophages. B Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for
control vs IBD via nested one-way ANOVA with Sidak correction. N= 31 (control) or 29
(IBD) analyzed images from 2 PVAT sections in each of 4 mice per group.
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Figure 19. Day 240 representative images: Images panels are representative maximum z-
projections through the mesenteric PVAT labeled for total (F480+, upper left, green), M2-
like (CD206+, upper right, red), and M1-like (CD68+, lower left magenta) macrophages,
along with an overlay of all channels (lower right) in (A) Control and (B) IBD mice. All
images are 486 x 486 um.
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Figure 20. Total and M1, and M2 macrophages increase in mesenteric PVAT at Day 240
of IBD development. A. Fluorescent area percentage of F4/80, CD206, and CD68. Data are
means +/- SE in Control vs IBD PVAT samples labeled for total (F4/80+), M2-like
(CD206+), M1-like (CD68+) macrophages. B Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for
control vs IBD via nested one-way ANOVA with Sidak correction. N= 32 (control) or 31
(IBD) analyzed images from 2 PVAT sections in each of 4 mice per group.
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Trends over time: Increased contribution of M2 vs M1 macrophages during IBD pathogenesis

Understanding IBD-related changes in PVAT macrophages within a single timepoint is
important but does not give a global view on how the populations change over time. To display the
changes over the full course of the study, we analyzed the data to test for differences from Day 1
to Day 240 of total, M2 and M1-like macrophages (Figure 21). This analysis has the benefit of
showing data trends over time both within and between groups, highlighting important differences
in the data. Total macrophages (F4/80) were significantly higher through all timepoints of the study
in IBD vs Control (Figure 21A). In addition, there was a main effect of timepoint in total
macrophages for both Control and IBD groups. In the Control group, the total macrophage
population was significantly lower than IBD at Day 1 and increased rapidly to a plateau that was
maintained from Days 20-240. In contrast, total macrophages in PVAT from IBD mice decreased
from Days 1-10 then steadily increased through Day 240 without an apparent plateau (Figure 21A).
This suggests that M1 macrophages may be important for healthy aging in mesenteric PVAT.

M2 macrophages (CD206) were initially increased in IBD vs Control during the first 2
timepoints, however at the third timepoint, there started to be a shift between the two groups
(Figure 21B). The data at the third timepoint appeared to be growing closer in similarity, with no
statistical differences between M2 macrophages in IBD vs Control at Day 10, Day 20, and Day 40.
However, on the sixth timepoint (Day 80) the trends went opposite of that of Day 1 and 5. M2
macrophages decreased in IBD vs Control starting at Day 80, with no change at Day 160 and
decreased in IBD vs Control at Day 240 once again. We expected control M2 populations to remain
steady overtime. Instead, it rose from Days 1-20 until reaching a maintained plateau. In IBD, we
expected M2s to steadily decrease over time. Consistent with our hypothesis in IBD, M2s were the
highest at Day 1 and Day 5 and decreased to a plateau for the remaining timepoints (Day 40-240).

M1 macrophages (CD68) were significantly higher throughout all time-points (Figure 21C)
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in IBD vs Control. A specific trend of interest to point out was the sudden increase Ml
macrophages during Day 1 IBD. However, there is a decrease in M1 macrophages in the IBD group
in the two timepoints after Day 1, with an upward trend following Day 20. In Control, M1
macrophage numbers remained consistent over time as we predicted. With IBD, we saw and
unexpected biphasic response. M1s decreased mostly in two steps between Days 5-10 and 40-80
then remained steady until Day 240.

Overall, our findings suggest that M1 macrophage proliferation is associated with IBD
progression. Importantly, M2 macrophage activity in our model was decreased in IBD vs Control,

denoting M2s loss of protection during IBD onset.
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Figure 21. Changes in total, M2 and M1 macrophage population over time of study.
Data are mean = SE percent fluorescent area of total macrophages (A, F4/80), M2-like
macrophages (B, CD206) and M1-like macrophages (C, CD68). F4/80 at Days 1-240 in
PVAT from Control (black) and IBD (gold) mice. * = p < 0.05 for main effect of time and #
=p < 0.05 for Control vs. IBD via nested two-way ANOVA with Tukey’s test.
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Figure

22. Ratio Summary of M2 to M1 macrophages in IBD vs Control. A. Overall CD206 (M2):CD68
(M1) ratio. Data are means +/- SE in Control vs IBD PVAT samples labeled for M2-like
(CD206+) and M1-like (CD68+) macrophages. B. Summary data from A reflecting images
from each biological replicate for F4/80, CD206, and CD68. For all data * =P < 0.05 for

control vs IBD via nested one-way ANOVA with Sidak test.
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M?2:M1 ratio throughout IBD progression

To discern the involvement of macrophages and their proliferative subtypes in IBD
progression, we showed a ratio summary of CD206 (M2):CD68 (M1). M2:M1 ratio was
statistically significant at each of the timepoints in IBD vs Control (Figure 22A). Technical
replicates did not affect the trends seen in Figure 22A, per the nested analysis (Figure 22B). Data
from Day 1 showed a significant difference of M2:M1 ratio in IBD vs Control (0.78+0.02 vs
1.12+0.03). During Day 5, there is a slight increase in M2:M1 ratio in both IBD and Control group
0.96+0.05 vs 1.19+0.03). Day 10 signified the final increase of M2:M1 ratio in the IBD group,
while the Control group continued to increase as IBD progressed. On Day 20, M2:M1 ratio of IBD
begins to decrease while Control M2:M1 ratio continues to increase (0.95+0.04 vs 1.52+0.05). Day
40 is characterized by a continued decrease in M2:M1 ratio in the IBD group and a decrease in
Control M2:M1 ratio (0.94+0.05 vs 1.49+0.07). Day 80 marks the beginning of the late timepoints.
The trends during these timepoints decrease in the IBD group, while the Control group fluctuates.
On Day 80, IBD M2:M1 ratio decreases in comparison to Day 40, while Control M2:M1 ratio
reaches its peak for the study (0.61+0.02 vs 1.70+0.08). Day 160 features a decrease in IBD M2:M 1
ratio and the M2:M1 ratio in the Control group (0.55+0.03 vs 1.4+0.07). Finally, Day 240 features
a slight drop and new low for IBD M2:M1 ratio and an increase in Control M2:M1, but not greater
than Day 80 Control (0.54+0.03 vs 1.67+0.07).

In IBD, M2:M1 ratio initially increases in the early timepoints; however, after Day 40, there
is a significant decrease in the M2:M1 ratio for the remainder of the timepoints (Figure 23). In
Control, M2:M1 ratio increased throughout the study, with no plateau and a dip in M2:M1 ratio
only during Day 160 (Figure 23). These trends show that a decrease in M2:M1 ratio is associated
with progression of IBD. Our data also showed that a ratio-centered view of IBD may be more

informative than looking at total macrophages or subtype in isolation. Because both M1 and M2
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macrophages have known effects, looking at the ratio rather than each in isolation will better

exhibit their collaboration in maintaining homeostasis or their imbalance during disease

progression.
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Figure 23. Ratio trends over time. M2:M1 ratio throughout timepoint study. Data are
means +/- SE in Control vs IBD PVAT samples labeled for M2-like (CD206+) and M 1-
like (CD68+) macrophages. For all data * = P < 0.05 for control vs IBD via two-way
ANOVA with Tukey’s correction. Differences were significant at all timepoints.
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Discussion

From our investigations we were able to show that PVAT undergoes multiple changes
during IBD progression that likely contribute to the macrophage associated PVAT pro-contractility
seen in established disease. PVAT goes through structural and functional changes during IBD
progression, resulting in smaller and more densely packed adipocytes and a loss of physiological
anti-contractile function for a pro-contractile state. Investigation of macrophage populations
showed an increase in total macrophages (F4/80+) in the mesenteric PVAT of IBD vs Control
mice. This data is consistent with previous studies showing that depletion of macrophages in IBD
mice using clodronate reversed pro-contractile function of PVAT. The studies also took the
additional step of measuring M1- (CD68+) and M2-like (CD206+) macrophages throughout the
development of IBD. In the timepoint studies, M 1-like (CD68) and total (F4/80) macrophages were
significantly increased in IBD vs Control at all time-points. M2-like macrophages (CD206) had
different trends, with IBD vs Control CD206+ staining being increased at time-points Day 1 and
Day 5. From Day 10-40, there was no significant difference in IBD vs Control CD206+ staining.
However, the trend would change, with IBD vs Control CD206+ staining significantly decreasing
at each timepoint following Day 80 (80, 160, 240). Increased total macrophage presence in IBD
within the PVAT depicts the classical response to inflammation. This emphasizes the effect that
macrophages have on the underlying blood vessels, especially in the pro-inflammatory associated
with IBD. Together with previous functional studies, these data also reinforce the notion that the
pro-inflammatory effects associated with IBD it could be resolved by targeting PVAT macrophage

accumulation or M1 polarization.
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Structural changes to PVAT

Structural changes to PVAT are not specific to only IBD and have clear links to changes in
PVAT function. Unfortunately, the majority of studies characterizing PVAT structure look at aortic
PVAT, where adipocytes are fundamentally different in origin and size than mesenteric PVAT,
making comparisons difficult (Grigoras et al., 2019). Nearly all studies of mesenteric PVAT
structure and function are focused on the effects of obesity. Consistent with our observed loss of
PVAT anti-contractility in IBD, small arteries of patients with metabolic syndrome or obesity were
shown to be compromised in their physiological anti-contractile function. (Aghamohammadzadeh
et al., 2013; Greenstein et al., 2009). In our IL107- model of IBD, PVAT pro-contractility occurs
as PVAT adipocytes decrease in size but increase in density (Figure 3 and 4). Although these
changes occur alongside an IBD-associated decrease in body mass, it is critical to note that the
total mesenteric PVAT mass is not significantly decreased in our IBD mice at 90 days post gavage
(unpublished data). In contrast to IBD, obesity is associated with increased body mass and
increased whole-body WAT mass, including PVAT, that occurs via adipocyte hypertrophy and
hyperplasia due to chronic surplus in energy intake (Saxton et al., 2019). These changes ultimately
induce hypoxia and oxidative stress, which contribute to PVAT dysfunction. In young mice
exposed to high fat diet, vascular adipose tissue expansion first occurred via adipocyte
hypertrophy, followed by adipocyte hyperplasia after 8 weeks (Wang et al., 2013). While our
studies did not measure adipocyte properties over time, the lack of hypertrophy suggests that the
hypoxia-related mechanisms may not be as relevant to IBD as they are to obesity. In contrast,
increased macrophage content is a common feature of PVAT remodeling in IBD and obesity. Our
images of H&E-stained PVAT from IBD mice showed an increase in stromal vascular fraction
(Figure 2), and immunostaining confirmed increased macrophage content in PVAT with IBD

(Figure 21). In obesity, increased WAT during obesity includes an increase of macrophages. In
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PVAT specifically, macrophages increase from 10-15% to 45-50% of the stromal fraction during
obesity (Wynn et al., 2013). This increase in macrophages is likely in response to inflammation
caused by obesity and its many etiological factors. Understanding the effects of both IBD and
obesity are increasingly important. While IBD has historically been associated with decreased body
mass, the population of obese IBD patients has expanded to over 20% (Johnson & Loftus, 2020).
Given the divergent changes in PVAT structure with obesity and IBD and lack of obese IBD animal
models, it is unclear how this comorbidity affects PVAT structure. Functionally, the comorbidity
may have vascular consequences similar to those associated with PVAT dysfunction in obesity.
Obesity-induced PVAT dysfunction may cause endothelial dysfunction, immune cell infiltration,
and migration/proliferation of VSMCs (Stanek et al., 2021). This in turn promotes vascular
stiffening and dysfunction, loss of NO bioavailability, and increased inflammation. Based on
published studies and our preliminary functional studies, we propose that the macrophage

compartment of PVAT represents a promising target that warrants further investigation.

Macrophage polarization in PVAT and IBD

Previous studies in the Boerman laboratory have shown that depletion of macrophages with
clodronate reverses PVAT pro-contractility (unpublished data). Macrophage depletion similarly
restored sensory nerve-mediated vasodilation in mesenteric arteries that was associated with an
increase in gene and protein expression of M1 and M2 macrophage markers (Grunz-Borgmann,
2019). Therefore, we predicted that similar changes may occur in mesenteric PVAT with IBD. To
increase the rigor of the study, we measured total, M1-like and M2-like macrophage content in
PVAT from 1-240 days of IBD development. Our observation of increased M1 macrophages and
decreased M2 macrophages over time with IBD (Figure 21B, 21C) is consistent with many studies

of vascular and non-vascular tissues across a wide array of diseases. Similar imbalances in M1-
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like vs M2-like macrophages are notably seen in other cardiovascular and inflammatory diseases,
including asthma, Type II diabetes, obesity, atherosclerosis, chronic obstructive pulmonary
disease, and rheumatoid arthritis. (Fukui et al., 2017; Kraakman et al., 2014; Lyamina & Malyshev,
2014; Saradna et al., 2018).

This is the first study to look at PVAT macrophages over time during IBD development.
For both M1 (CD68+) and M2 (CD206+) macrophages in IBD, we predicted that the changes over
time would occur steadily with an eventual plateau before Day 240. In the IBD group, M1s actually
decreased until day 10, plateaued, then increased again before reaching plateau (Figure 6-20, 21).
M2s decreased more steadily but plateaued by Day 80 (Figure 6-20, 21). In the Controls, we
expected everything to remain mostly steady across all time points. While M1s stayed at a
consistent level (Figure 6-20, 21), M2s rose sharply from Day 1-20 before reaching a plateau
(Figure 6-20, 21). This suggests that an increase in M2s over time in healthy mice may be important
to preventing PVAT inflammation and pro-contractility. It is difficult to draw comparisons with
the literature because few studies have examined PVAT macrophage trends over time in any
disease state. In a study by Kumar et al., researchers looked at CD163+ (M2-like) macrophages in
mesenteric PVAT with obesity and hypertension (Kumar et al., 2021). What they found was that
CD163+ macrophages decrease significantly from 10-17 weeks of a high fat diet, but only in
females. In our studies, we did not find any sex-related differences, and the timepoints do no
incorporate the early changes we see in macrophage populations with IBD. Studies looking at
macrophage populations in IBD have focused almost exclusively on the intestine. Here, it is clear
that IBD leads to an increase in monocytes, total macrophages and M1 macrophages (Lissner et
al., 2015). In a T-cell transfer mouse model of IBD, colonic M1 macrophages increase as early as
12 hours after T-cell transfer and remain elevated for the 3-week duration of studies

(Tamoutounour et al., 2012). Similar results were found using a dextran sodium sulfate (DSS)
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induced colitis mouse model of IBD (Bain et al., 2013). Our finding that M2 macrophages in
PVAT actually decrease in this timeline highlights important differences between the colon and
PVAT that warrant further study. The initial increase in M1 and M2 during Day 1 could be due to
the start of activation/proliferation of resident and infiltrating monocytes/macrophages. It is
possible that the sudden drop and plateau in the following days (Day 5-40) could be due to
recruitment of monocytes/macrophages to the intestines, not the PVAT, during this phase of
disease development (Figure 21). M1 later increases rapidly while M2 decreases, which may be a
result of a delayed proliferative response. Human studies confirm increased colonic M1
macrophages with IBD, but the limitations of human subjects research do not allow for multiple
timepoint analysis.

The number and role of M2 macrophages is less studied in IBD. However, there is a general
consensus that colonic M2 macrophages oppose inflammation and promote healing, mostly based
on numerous studies transferring cultured M2 macrophages into already-inflamed colons (Isidro
& Appleyard, 2016). Early studies of M2 macrophages in IBD and other diseases used CD163 as
an M2 marker in mice and humans, but more recent work has shown that many unpolarized tissue
resident macrophages also express this marker (Kiihl et al., 2015). Either way, the CD163
population is increased in the colon of both Crohn’s and ulcerative colitis patients (Franze et al.,
2013). The M2 marker CD206 is now more commonly used to identify M2 macrophages in mouse
and human studies. In human IBD patients, CD206+ macrophages account for less than a fifth of
colonic macrophages, compared to up to 70% for M1s (Vos et al., 2012). In our measurements of
PVAT, CD206+ M2s exist in higher numbers, accounting for up to a third of total macrophage
fluorescence at early timepoints (Figure 6, 8, 10). Physiologically, the role of M2 macrophages is
difficult to pinpoint. Despite the common designation of M2 macrophages as beneficial and anti-

inflammatory, the reality is more complex, and there are many studies showing that M2
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macrophages can increase alongside M1 macrophages in various disease states. In coronary artery
disease, increased M2 macrophages in human coronary artery PVAT are associated with arterial
obstruction, calcification and thrombosis (Farias-Itao et al., 2022). Studies using a mouse model
of inflammatory arthritis found an increase in M2 macrophages in thoracic PVAT. However, M2s
were unchanged in abdominal PVAT, consistent with our findings (Farias-Itao et al., 2022). This
study also underscores the important point that thoracic PVAT, often used in mouse studies
because of its larger size, is not physiologically equivalent to mesenteric PVAT even in the same
disease model.

Comparing specific quantities of macrophage populations between studies can be very
difficult because of differences in species, macrophage markers, measurement techniques and
disease models. Looking at the M1/M2 or M2/M1 ratio provides an easier way to look at these
populations both between and within studies. The M2/M1 ratio in our studies is the clearest
example of how macrophage populations diverge over time in IBD vs Control mice (Figure 22-
23). These ratios continue to separate, with the Control timepoints never really plateauing and IBD
timepoints with decreasing in M2/M1 ratio as time progresses. This suggesting that M2s may play
a role in maintaining homeostasis during normal development and aging and that there is a
proliferative shift towards a greater M1/M2 ratio in IBD. Increased M1/M2 ratio is associated with
other disease and proinflammatory states. This includes ovarian (Zhang et al., 2014) and breast
cancer (Oshi et al., 2020), osteoarthritis (Liu et al., 2018), tuberculosis (Yan et al., 2021) and even
excess sun-exposure to aged skin (Horiba et al., 2022). This is similar to what is exhibited by our
data in Figure 23, which showed a decrease in M2/M1 ratio in IBD vs Control (or an increase in
M1/M2 ratio in IBD vs Control). Importantly, in PVAT, increases in M1 and M1/M2 ratio is
associated with coronary artery disease (CAD) and progression of atherosclerotic plaques with

thrombosis (Farias-Itao et al., 2022). Increased M1/M2 ratio correlated with an increase in arterial
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obstruction and lipid content and an increased risk of thrombosis, all important characteristics in
CAD. M1 macrophages were associated with a higher risk of coronary thrombosis and were
correlated with histological characteristics of atheroma progression and eventual destabilization.
M2 macrophages were correlated with calcification, necrotic content, and plaque size, supporting
the conclusion that increased M2 macrophages does not always mean a decrease in inflammation
of disease signs.

In IBD, the PVAT macrophage ratios have not been fully explored. Recently, a study by
Seyedizade et al suggested that targeting the M1 to M2 balance may represent a promising
therapeutic target for new IBD treatments (Seyedizade et al., 2020). Particularly, they discussed
targeting the imbalance/loss of M2 macrophage function by regulating factors that are involved in
macrophage proliferation. Our data suggest that such treatments may also be helpful for the
cardiovascular consequences of IBD. In Figure 23, we were able to show that IBD progression was
associated with an imbalance (in comparison to Control) of M2/M1 ratio, with a decrease in both
M2 population (Figure 21) and a decrease in M2 to M1 ratio in IBD vs Control. In reference to the
Seyedizade paper, intervention directed towards restoration of M2 macrophage imbalances could

be a possible therapeutic target for IBD.

Physiological relevance of selected timepoints

The timepoints for this study were chosen carefully to include times before during after
typical IBD diagnosis age in most human patients. In a study done in Olsted County, MN, the
median age of ulcerative colitis and Crohn’s disease diagnosis was 34.9 years and 29.5 years,
respectively (Aniwan, Harmsen, et al., 2018). Most people worldwide are diagnosed between ages
15 and 35. According to study conducted by Dutta & Sengupta, the correlation between human

and mice ages can be calculated out to 1 human year = 9 mouse days (Dutta & Sengupta, 2016).
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This is important to consider when conducting medical research utilizing a mouse model. This
would mean that the range of our study would show mice between human age 3 (Day 1) to about
age 30 (Day 240). The time-point study depicts the changes in macrophage proliferation during
normal age range of IBD diagnosis.

In the interpretation of all timepoint data, it is important to consider the level of colon
inflammation present in conjunction with changes in PVAT macrophage populations. While colons
were collected and fixed for all mice at each timepoint, COVID-related staff changes and
delays at core facilities have delayed inflammation scoring past the time of thesis submission.
However, previous studies have characterized intestinal inflammation in the IL-10"- IBD model
over several disease timepoints. In two studies, little to no colon inflammation was observed
through 6 weeks (42 days) of age. Inflammation significantly increased by 10 weeks (70 days),
with a further increase by 16 weeks (112 days) (Gomes-Santos et al., 2012; Hale & Greer, 2012).
A third study found that histological colitis began in some mice by 2 weeks (14 days) but then
progressed as described in other studies through 16 weeks (Kullberg et al., 1998). Thus, it is likely
that any changes occurring in PVAT macrophages before Day 20 and possibly up to Day 40, occur
before disease can be identified histologically in the colon. Total and M1 macrophages actually
decrease in the IBD mice until about Day 20, then both start to rise (Figure 21). In the same period,
M2s increase in the Control but not IBD mice (Figure 21). The changes we see are consistent with
histological onset of significant histological disease. If we clinically intervened early with
treatments to increase M2s, decrease M1s or both, perhaps we could prevent both the macrophage
population changes and possibly even prevent some the associated colon inflammation. Even if it
didn’t improve colon inflammation, our previous studies linking macrophages to vascular
dysfunction suggest that such treatments could restore normal vasodilation and blood flow to

mesenteric arteries.
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What is the source of PVAT macrophages in IBD?

The source of PVAT macrophages during the inflammatory response associated with IBD,
namely monocyte and macrophages, remains unclear and must be discussed. There are two general
possibilities for where these monocytes are coming from: initiation and proliferation by resident
immune cells already present in the tissue or infiltration by circulating immune cells that are
responding to inflammatory signaling factors (Wynn et al., 2013). Resident macrophages are
present in most of the tissue in the body and have distinct subsets depending on the needs of their
tissue microenvironment. They are the first to “react” to an inflammatory response, proliferate and
release signaling factors to recruit more immune cells. These macrophages may then be polarized
into M1 or M2 phenotypes based on local inflammatory mediators. After prolonged inflammation,
there is buildup of cellular debris and death of resident macrophages. These macrophages must
then be replaced by circulating monocytes that are continuously responding to the signaling factors
released by the remaining resident macrophages. Because all timepoints in the Control group
showed significant M1 and M2 macrophage populations in PVAT, it is safe to say that resident
macrophages are present in the PVAT (Figure 6-21). Circulating monocytes can have differing
roles. Classical ly6c" monocytes patrol the extravascular space while Ly6c® nonclassical
monocytes patrol the vasculature. Each of these subtypes differentiation from Ly6Chie" progenitors,
however non-classical monocytes differentiate in a process dependent on transcription factor
Nr4al(Wynn et al., 2013). Classical monocytes respond to inflammation and are recruited to the
site where they will differentiate into macrophages. Non-classical monocytes utilize the integrin
lymphocyte function-associated antigen 1 (LFA-1) to patrol the vasculature itself, allowing them
to move against the flow of blood if necessary. They have a key role in clearing damaged
endothelial cells, which maintains the integrity of the vasculature. And while each phenotype has

vital roles, classical monocytes comprise around 80-95% of the circulating monocytes while non-
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classical monocytes make up around 2-11% of them. (Sampath et al., 2018). Regardless of subtype,
movement of circulating monocytes from the blood into the vessel wall and PVAT, represents the
“inside-out” model of inflammation. Following monocyte chemotactic recruitment, monocytes
differentiate, and activation based on the microenvironment and are retained, amplifying
inflammation (Shirai et al., 2015).

More recently, vascular studies had noted the occurrence of “outside-in” vascular
inflammation, where inflammation starts in the adventitia and/or PVAT and progresses inward.
This mechanism has been proposed in studies of atherosclerosis (Herrmann et al., 2001),
hypertension (Trott & Harrison, 2014), and aneurysm (Gavrila et al., 2005) although most studies
do not address PVAT specifically. The majority of studies focus on atherosclerosis and show that
after vessel injury, the adventitia and PVAT become populated with macrophages and other
immune cells before the development of intimal plaques. The mechanism of recruitment is not
clear, but upregulation of monocyte chemoattractant protein 1 (MCP-1) is a key factor (Maiellaro
& Taylor, 2007). Studies in our lab support the participation of this mechanism, as mesenteric
arteries express increased MCP-1 in IBD vs control mice. Expression levels in PVAT have not yet
been defined, but tissue collection for RNA sequencing of PVAT is in progress.

With respect to our investigations, we predict that both resident and -circulating
macrophages contribute to the chronic inflammation observed in IBD. Initial activation of resident
macrophages could be the key factor causing the large M1-like and total macrophage increase
detected during Day 1 and Day 5 of the time-point study (Figure 6 and 8). Critically, after Day 5,
MI-like staining decreases dramatically (Figure 10-21). This could indicate an attempt by the
immune system to resolve inflammation. However, it is also possible that the drop in M1-like
macrophages is due to macrophage cell death in response to the chronic inflammation and bacterial

translocation that occurred with gavage treatment of H. hepaticus. Further, it is important to
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consider that existing unpolarized and M2 macrophages can re-polarize into M 1-like macrophages

based on the local environmental stimuli.

PVAT and creeping fat with IBD

Creeping fat is hyperplasia of the mesenteric fat immediately adjacent to the inflamed
segments of the intestines. Although creeping fat is well established as a hallmark of Crohn’s
disease in humans, the cause of the phenomenon is unclear. There have been connections made
between bacterial translocation and the development of creeping fat (Kredel & Siegmund, 2014).
This does occur in normal, healthy gut physiology; however, it is strongly increased during
Crohn’s. This could allude to chronic bacterial translocation leading to the adipose tissue
hyperplasia in creeping fat of Crohn’s disease. It is unclear whether direct parallels can be drawn
between intestinal creeping fat and inflamed PVAT with IBD, largely because creeping fat is not
currently a feature in any mouse models of IBD, and human studies have yet to thoroughly
investigate PVAT features. Structurally, there appears to be similarities, as creeping fat contains
small, hyperplastic adipocytes similar to our observations in mesenteric PVAT (Figure 2-4)
(Kredel & Siegmund, 2014). Creeping fat is a potent producer of cytokines, growth factors,
adipokines and fatty acids, much like the pro-inflammatory shift seen in PVAT across various
diseases (Karaskova et al., 2021). Macrophages are also present in creeping fat, once again alluding
to the profound effect that the macrophages could be eliciting on the surround fat tissue, much like
in inflammatory PVAT. However, creeping fat has a macrophage population different than both
colonic macrophages in IBD and our observations in PVAT. Creeping fat has increased M1 and
M2 macrophages (Karaskova et al., 2021), with a proportionally greater expansion of the M2
population (Kredel et al., 2013). Interestingly, the investigations by Kredel et al. discovered that

creeping fat adipose favored M2-like macrophages that, of course, release anti-inflammatory
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cytokines (Kredel et al., 2013). If creeping fat is housing M2-like macrophages, then this provides
evidence that creeping fat may be an attempt by the body to resolve inflammation or at the very
least, deter it. Additional studies looking at both PVAT and creeping fat are needed to determine

whether their pathogenic changes have truly common features and/or timelines in IBD.

Predicted effects of PVAT macrophage population changes on vascular function

From our preliminary clodronate studies, we know that depleting macrophages after 90
days makes PVAT neutral, meaning that the PVAT is no longer pro- or anti-contractile. In
reference to the Day 80 timepoint (Figure 16), our data shows that M1s are increased and M2s are
decreased. This correlates with the partial rescue effects observed during the clodronate studies.
Clodronate depletes global macrophage levels, including M1 and M2 subtypes. Intervention with
Clodronate at Day 90 of IBD progression would decrease M1 levels, which would decrease the
pro-constrictive effects that they elicit. However, it would also exhaust the already depleted M2
macrophages, not allowing the full-saving effect necessary for the vessel to become anticontractile

once again.

Study limitations

It must be noted that there were limitations to our study. Firstly, we used one antibody
marker each for total, M1-like and M2-like macrophage staining. These markers, F4/80, CD68 and
CD206, are expressed on the surface of all, M1-like, and M2-like macrophages, respectively.
However, CD206 and CD68 these are not specific to only macrophages. CD68 highly expressed
by cells of the mononuclear phagocyte lineage, including dendritic cells (Chistiakov et al., 2017).
It is expressed in considerably lower levels by lymphoid cells such as B lymphocytes and T

lymphocytes. CD206 is also not solely expressed in macrophages and has been shown to be
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expressed on dendritic and endothelial cells as well (Azad et al., 2014). Despite these limiting
factors, each of these markers are widely accepted and used as markers of their respective
macrophage populations in mice.

Compounding to the limitations of only using one marker for each of the antibodies of
interest, we were also limited on our ability to count the exact cell number of macrophages per
FOV like we have done previously in the mesenteric artery adventitia. This is due to numerous
factors. First, the PVAT is much larger in volume than the adventitia and contains a great deal
more macrophages. Second, and more important to this study, the complexity of the macrophage
cell shape and their ability to squeeze between adipocytes makes them difficult to count accurately.
Future studies can address most of these limitations by (1) using flow cytometry to characterize
macrophage populations with multiple markers and (2) using single cell RNA sequencing of
dissociated PVAT to define the genotypes of all PVAT cell types. However, we believe that the
immunofluorescent measurements in intact PVAT were the critical first step as they measured cell
populations in the intact tissue without the enzymatic perturbations needed to isolate single cells
for flow cytometry or RNA sequencing.

Another limitation is within our animal model itself. While our model is sufficient for
studying IBD, it more closely resembles the pathophysiology of Crohn’s disease than Ulcerative
colitis because it includes small intestine and rectal inflammation. However, it should also be
mentioned that our mouse model is unable to replicate the cobble-stone appearance of lesions that
occurs in the colons of human Crohn’s patients. The implications of IL-10 knockout must also be
taken into consideration. Kim et al. postulated that IL-10 induction by M2 macrophages gives
functional characteristics that help resolve inflammation through reduction of pro-inflammatory
pathways and secreting factors (Kim et al., 2020). Another group, da Silva et al., showed that IL-

10 cytokine release was necessary for M2 macrophages anti-inflammatory effects in a model of
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inflammatory muscle pain (da Silva et al., 2015). This is relevant to our study because, one could
argue, that our model cannot respond in a true anti-inflammatory fashion because our model lacks
the IL-10 necessary for physiological M2 induction. It is possible that our M2 macrophages may
not work in the same anti-inflammatory sense as seen in vifro or in human patients but could be a
less functional phenotypic subtype of the M2-like proliferation. This could point to what is
occurring in Figure 22c, with M2-like macrophages being less pronounced after the first initial
time-points even while total macrophages were increased. Lack of IL-10 in our genetically
deficient models may cause a less pronounced M2 macrophage proliferation in response to the
increased M1-like proliferation shown in Figure 22b. And while disruption in the equilibrium of
M1 vs M2 is associated with IBD, our model may not accurately depict the exact M2-like
macrophages involvement in IBD because of lack of IL-10. To control for this possibility, studies
could be repeated in a different mouse model, such as the T-cell transfer or dextran sulfate sodium
models, to see if our results can be recapitulated. These other models also have key differences
compared to human IBD patients, but replication of mouse studies in multiple models for any IBD
study would increase the rigor and impact of the results.

Overall, the experiments from this thesis found evidence of a structural and functional
changes occurring in PVAT that coincide with an imbalance in macrophage proliferation during
IBD pathogenesis. Under physiological conditions, PVAT is anti-contractile in vascular function.
In our foundational studies, we were able to exhibit loss of this anti-contractile function into a pro-
contractile state during IBD progression. To go along with these functional changes, we were also
able to determine that PVAT goes through structural changes as well. We were able to show that
under IBD progression, PVAT undergoes structural changes, with decreased size and increased
density vs Control PVAT. Importantly, macrophages are also found within the PVAT and

vasculature, and play a role in maintenance of vascular homeostasis and function. They are able to
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proliferate into subtypes with alternate functions in response to physiological changes occurring in
the vasculature. In our foundational studies, we were able to determine that IBD progression was
associated with an increase of macrophages in the mesenteric vascular wall in IBD vs Control. To
further explore the involvement of macrophage proliferation in IBD development, we performed a
timepoint study focused on the changes that occur in total, M1 and M2 macrophages in PVAT. We
found that IBD progression was associated with an increase in total and M1 and a decrease in M2
macrophages in IBD vs Control. IBD was also associated with a decrease in M2:M1 macrophage
ratio compared to Control. Importantly, the trends of the M2:M1 ratio continued to separate as IBD
progressed, alluding to the importance of M2 macrophages in vascular homeostasis. These results
are consistent with other studies in PVAT, IBD and other diseases associated with imbalances in
macrophage proliferation. Although additional studies are needed to provide a more complete
understanding of PVAT and macrophages in the progression of IBD, the current data suggest that
PVAT macrophages represent a promising target to improve vascular function and therefore

intestinal blood flow in IBD.
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