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1. ZUSAMMENFASSUNG

Arteriogenese beschreibt den Wachstumsprozess natirlicher Bypdsse von praexistenten
Arteriolen zu vollfunktionsfahigen Arterien, welcher den Blutfluss nach Okklusion einer Arterie
wiederherstellen und so Ischamieschaden und Nekrose verhindern kann. Die Auswanderung
von Neutrophilen aus den Kollateralen und Mastzelldegranulation sind hierbei zeitlich frih
ablaufende Prozesse. Die Rolle von B-Zellen in der Arteriogenese noch nie untersucht worden
und weiterhin gibt es kontrare Aussagen (iber die Funktion CD4- und CD8-positiver T-Zellen in
der Arteriogenese. Daher zielte meine Studie darauf ab, die Rolle der Lymphozyten in der
Arteriogenese naher zu beleuchten. So zeigten Ragl knock-out (KO) Mause, bei denen die B-
als auch die T-Zellen-Populationen fehlen, eine eingeschrankte Arteriogenese. Die Analyse der
Makrophagen-Phanotypen im perivaskularen Raum zeigte, dass der Ragl Knock-out mit einer
erhéhten Anzahl an inflammatorischen Makrophagen (CD68*/MRC1°) und einer erniedrigten
Anzahl an regenerativen Makrophagen (CD68*/MRC1") einherging. Dies lasst darauf schlieRen,
dass das adaptive Immunsystem die Arteriogenese beeinflussen kénnte, indem es die
Polarisation der Makrophagen beeinflusst. Des Weiteren zeigten Wildtyp-Mause (WT) nach
CD20 vermittelter B-Zell-Depletion eine verringerte Arteriogenese und verminderte
Akkumulation regenerativer Makrophagen. Allerdings wurden neben B-Zellen auch T-Zellen
sowie eosinophile Granulozyten durch die CD20 Depletion erfasst: Mittels
Durchflusszytometrie konnte ich zeigen, dass die Expression von CD20 nicht auf B-Zellen
beschrankt war, sondern auch andere Zelltypen, wie CD4* T-Zellen, CD8* T-Zellen, y6 T-Zellen
und eosinophile Granulozyten CD20 exprimieren kénnen. Mittels bildgestitzter Zytometrie
und unter Verwendung zweier unterschiedlicher CD20 Antikérper konnte ich diese
Beobachtung bestatigen. Dies erklart warum eine CD20-Depletion auch T-Zellen, yd T-Zellen
und eosinophile Granulozyten betraf. Mit diesen Ergebnissen lasst sich eine vorlaufige

Schlussfolgerung tber die Rolle der B-Zellen in der Arteriogenese ziehen.

Zur Untersuchung der alleinigen Rolle von B-Zellen im Rahmen der Arteriogenese stellen B-
Zell defiziente (JHT KO) Mause eine bessere Alternative dar. Im Vergleich zu WT-Mausen
zeigten B-Zell defiziente Mause verminderte Arteriogenese, wobei sich jedoch die lokale
Akkumulation von inflammatorischen (CD68*MRC17) und regenerativen (CD68*MRC1*)

Makrophagen zwischen beiden Gruppen nicht unterschied. Histologische immunfluoreszenz-



Analysen zeigten das Vorhandensein von CD20* Zellen in B-Zell defizienten M&usen und
flihrten zu der Vermutung, dass die Prasenz von CD20* Zellen in B-Zell defizienten Mausen
moglicherweise verantwortlich fiir diese unveranderte Makrophagen Akkumulation sei. Die
Depletion von CD20 in B-Zell defizienten Mausen fihrte hierbei zur einer stark
verschlechterten Arteriogenese und eine einhergehende vermehrte Anzahl an
inflammatorischen (CD68*/MRC1) und einer verringerten Anzahl an regenerativen

(CD68*/MRC1*) Makrophagen.

Darilber hinaus offenbarten Analysen von TCRa KO-Mausen, dass diese eine unveranderte
Arteriogenese aufwiesen und eine vermehrte Akkumulation an regenerativen Makrophagen
zeigten. Trotzdem wirkte sich, Gberraschenderweise, die Depletion von y6 T-Zellen negativ auf
die Arteriogenese sowohl bei TCRa KO-Mausen als auch bei WT-Mausen aus. Aullerdem
reduzierte die y6 T-Zell Depletion die lokale Ansammlung von regenerativen (CD68*/MRC1*)
Makrophagen. Somit konnte ich im Rahmen meiner Untersuchungen zum ersten Mal die
Beteiligung von y6 T-Zellen bei Prozessen der Arteriogenese zeigen. y& T-Zellen exprimieren
IFN-y im Zuge der Arteriogenese. Analysen zum Aktivierungsstatus von Makrophagen zeigten,
dass das Vorhandensein von y& T-Zellen eine Vermehrung der Expression von CD169 (Siglec-
1) zur Folge hatte. CD169 Makrophagen offenbarten eine fordernde Wirkung auf die
GefaRproliferation durch vermehrte Expression von IL-10 und PDGFB. Zusammenfassend
konnten meine Studien Uberzeugende Hinweise auf die Involvierung von B-Zellen und y6 T-

Zellen in die Prozesse des Wachstums natdirlicher Bypdasse (Arteriogenese) liefern.
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SUMMARY (English)

Arteriogensis is a natural bypass growth of preexisting arteriole to fully functioning arteries
that rescue organs from ischemic damage and necrosis. Neutrophil extravasation and mast
cell degranulation are the early cellular events in this process. The Role of B cells in
arteriogenesis has never been studied. There is contradictory evidence of CD4* and CD8* T
cells role in arteriogenesis. My study aims to identify the role of lymphocytes in arteriogenesis.
Using Ragl KO mice, | found lack of B and T cells Ragl KO mice showed impaired
arteriogenesis. Macrophage phenotype analysis in perivascular space revealed that impaired
arteriogenic response in Ragl KO mice was associated with increased number of inflammatory
(CD68*MRC1) macrophages and reduced number of regenerative (CD68*MRC1*)
macrophages indicating the role of adaptive immune system in resolving the inflammation
and facilitate the collateral artery growth. Next, in WT mice, CD20 mediated B cell depletion
resulted in impaired arteriogenesis associated with the reduced regenerative macrophage
accumulation. Not only B cells, but fraction of CD20* T cells and eosinophils were also depleted
by CD20 depletion. Flow cytometry analysis showed that CD20 expression was not limited to
B cells but also other cell types, i.e., CD4 T cells, CD8 T cells, yd T cells, and eosinophils. Imaging
cytometry using two clones of CD20 antibodies confirms this observation and explains why
CD20 depletion affected CD4 T cells, y& T cells, and eosinophils. These results draw a tentative
conclusion on the role of B cells in arteriogenesis. B cell-deficient (JHT KO) mice provide a
better alternative to study the role of B cells in arteriogenesis. B cell-deficient mice showed
reduced arteriogenesis; however, inflammatory (CD68*MRC1) and regenerative
(CD68*MRC1*) macrophage accumulation were not affected by B cells absence. Histology
immunofluorescence analysis showed the presence of CD20* cells in B cell-deficient mice, and
these cells might be the reason why B cell-deficient mice have similar macrophages compared
to WT mice. CD20 depletion in B cell-deficient mice showed a strong negative effect on
arteriogenesis, associated with an increased number of inflammatory (CD68*MRC1)
macrophages and decreased regenerative (CD68*"MRC1*) macrophages. Next, analysis from
TCRa KO mice showed me that lack of CD4 and CD8 T cells does not impact arteriogenesis and
favored regenerative (CD68*MRC1*) macrophage accumulation. Nevertheless, surprisingly, y6
T cell depletion negatively affected arteriogenesis in TCRa KO mice and WT mice.

Furthermore, y6 T cell depletion also reduced the regenerative (CD68*MRC1*) macrophage
11



accumulation. My study, for the first time, identified the involvement of y6 T cell in
arteriogenesis. y6 T cells expressing IFN-y in arteriogenesis. Macrophage activation status
analysis showed that CD169 (Siglec-1) expression decreased in yd T cell depleted mice. CD169
macrophages showed vascular growth-promoting properties as analyzed by expression of IL-
10 and PDGFB. In conclusion, my study provides convincing evidence of the contribution of B

cells and y& T cells in collateral artery growth (arteriogenesis).
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2. INTRODUCTION

2.1 Immune system-an overview

The immune system is a diverse system evolved into a well-organized defense to protect
multicellular organisms from pathogens. The diversity in functionality is the co-ordination and
involvement of many organs, cells, and pathways. The complexity in defense response
execution is highly fascinating to study. Rapid response is seen immediately after the system
encounters the pathogens; however, a precise recognition and destruction mechanism is
time-consuming. Based on the same criteria, the immune system can be explained in two

classes (Kuby Immunology, 7th edition).
2.1.1 Innate immunity

Innate immunity is classified as a non-specific fast responding defense system. It uses built-in
molecular and cellular barriers to protect against infections or common invaders. The barriers
include physiological such as skin, and chemical barriers, such as damaged associated
molecular patterns (DAMPs), which leads to blocking entry, rapid identification, and
phagocytic destruction (Beutler B et al., 2004), (Land WG et al.,, 2015). In addition, the

complement system holds a special role in the innate immune system (Rus H et al., 2005).
2.1.2 Adaptive immunity

Adaptive immunity is different from innate immunity because it needs a longer time to react;
however, it is highly specific and effective in tackling pathogens (Kuby Immunology, 7th
edition). The primary cells that control the adaptive immunity rely on B and T lymphocytes
which take time to get into action because it needs innate immunity support to present
antigens to the receptors to activate (Danilova N et al., 2012). In the following step,
lymphocytes program the strategies to eliminate the invaders effectively. However, once the
strategy is ready by selecting specific types-called clonal selection, adaptive immunity makes
sure that the invaders cannot escape. More precisely, the destruction strategy is memorized
and prepared for the rapid response for the subsequent encounter. This is a unique feature of

the adaptive immune system (Kuby Immunology, 7th edition).
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Figure 1
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Figure 1. Hematopoiesis schema showing myeloid cells raise from the common myeloid progenitor. T and B

lymphocytes rise from lymphoid progenitor cells. (Figure is adopted from Kuby Immunology, 7th edition)
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2.1.3 Cells of Immune system

Under the steady-state condition, the common myeloid progenitor cells generate
granulocytes, monocytes, and macrophages, whereas the common lymphoid progenitor cells

generate B lymphocytes and T lymphocytes (Fig. 1).

Myeloid cells are first responding to the pathogens and communicate with lymphoid cells.
They include neutrophils, basophils, mast cells, eosinophils, monocytes, macrophages, and
dendritic cells. Lymphocytes are the key players of adaptive immunity which include B
lymphocytes, T lymphocytes, and NK cells. After it encounters with antigen-presenting cells, B
cells get activated and ultimately differentiate into plasma cells, which produces antibodies. T
lymphocytes are majorly subdivided into two types. T helper cells and T cytotoxic cells. Natural
killer cells do not express antigen-specific receptors. They are considered innate immune cells.
NKT cells type of lymphocytes shares features of T cells and NKT cells (Kuby Immunology, 7th

edition).
2.1.4 B lymphocytes

Hematopoietic stem cells undergo different development stages and generate common
lymphoid progenitors (CLPs) in the bone marrow. CLPs which remained in bone marrow
further rose to B cells (Duchosal MA et al., 1997). During the developmental process, they

acquire different surface markers, making it easy to understand what type of cells they are.

B cells are majorly two types; B1-B cells and B2-B cells. B1-B cells are raised from the fetal liver
and constitute a significant portion of B cells during the development, but they remain a minor
fraction in adults. B1-B cells produce natural antibodies of IgM and IgA; hence, they are
considered innate B cells that mediate humoral immune reactions (Kuby Immunology, 7th
edition). B2-B cells are involved in adaptive immune reactions. During the development, CLPs
cells generate pro-B and pre-B cells and finally immature B cells. After this development,
immature B cells migrate to into blood circulation, and reach the spleen for further
maturation. Group of B2-B cells reach the marginal sinus of the spleen (Marginal Zone B cells-

MZB), interact with pathogens, and further mature to antibody-producing plasma cells. The

15



second type of B2-B cell-Follicular B cells are involved in antigen-specific long-lived antibody-

producing plasma cells, memory cells with the co-ordination with dendritic cells and T cells.
2.1.5 T lymphocytes

T cells are generated in the thymus (Kumar BV et al., 2018). T cells are characterized by their
cell surface receptor (TCR) (Kuby Immunology, 7th edition). T cells possibly can acquire two
different receptors which decide their function, 1) aBTCR and 2) y6TCR. aBTCR* T cells present
in a large portion of lymphocytes (60-70%) whereas y6TCR* T cells remains minor (0.5-5%).
afTCR* T cells again subdivided into two major types based on co-expression of CD4 and CD8
surface protein. CD4* T cells, also called T helper cells, are activated by MHC class Il from
antigen-presenting cells (APC) and help B cells and macrophages for adaptive immune
reactions (Luckheeram RV et al., 2012). Regulatory T cells from CD4* T cells further classified
into two groups based on their FOXP3 transcription factor expression; FOXP3*CD4* T cells and
FOXP3-CD4* T cells majorly involving in immune tolerance. CD8+ T cells are called as cytotoxic
T cells and are responsible for killing function through binding with MHC class | molecules

(Saigusa et al., 2020).
2.1.6 Monocytes/Macrophages-Sentinels of the Immune system

Monocytes are a highly heterogeneous cell population that makes up 5% to 10% of total white
blood cells (WBC). They are raised from granulocyte monocyte progenitor in the bone marrow
and mature after entering into peripheral tissue. Monocyte infiltrates into tissue and
differentiates into macrophages. Tissue migrated macrophages play an essential role in repair
and regeneration (Kuby Immunology, 7th edition). It’s been reported that inflammatory
monocytes, which are highly phagocytic in nature, can infiltrate into tissue more rapidly (Wynn
& Vannella, 2016). Once infiltrated based on the tissue microenvironment, they can either
proliferate or recruit more monocytes or be mixed cell populations at the lesion site (Gordon,
2003). Macrophages are also effective antigen-presenting cells and can activate T
lymphocytes. Once activated, macrophages can participate in both innate and adaptive
immune responses (Franken et al., 2016). Macrophage activation is typically carried out in two
pathways; the classical and the alternative pathway. These activation pathways for which

macrophage effector functions greatly depends on interaction with specific ligand take place.
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The effector functions can be increased phagocytosis, pro-inflammatory and anti-
inflammatory cytokine release and, vascular promoting growth factor expression (Gordon,
2003). The classical activation (M1 type macrophages) is more like an innate basis, which
means the activation stimuli can be lipopolysaccharide (LPS) or interferon-gamma (IFN-y)
(Murray et al.,, 2014). The classically activated macrophages show typical features of
inflammation promotion by releasing nitric oxide and IL-6, which are effective pathogen
killers. In the other hand, macrophage interaction with T cells (T helper cells) can induce
different macrophage phenotypes. The interaction can result in the release of IL-4/IL-13 can
affect the different gene expressions in macrophages i.e. downregulation of inflammatory
genes by IL-10 and TGF (Transforming growth factor) family cytokines. Macrophage activation
by IL-4/IL-13 and together with IL-10 stimuli are considered as an alternative pathway.
Alternatively activated (M2 type) macrophages possess anti-inflammatory features and
majorly involve in tissue repair and regeneration (Gordon, 2003), (Murray et al., 2014).
However, the activation stimuli are microenvironment specific and difficult to differentiate;
for example, in chronic sterile inflammation conditions, macrophage acquire different
metabolic signatures over mixed stimuli, which results in different effector functions though
they express typical activation markers (Koelwyn et al., 2018). This information highlights the
importance of studying the activation stimuli and activation status of the macrophages

particularly in tissue microenvironment.
2.2 Cardiovascular diseases and global burden

Cardiovascular diseases include coronary artery diseases (CAD) and peripheral arterial
diseases (PAD) are the vascular pathologies of blood vessels that are a burden for public
health. World Health Organization has estimated 231.7 (crude death rate per 100,000
populations) deaths in 2019 that account for 32.7% of total deaths globally (WHO-2020-
Geneva) indicating the serious concern about understanding the pathology of CAD in order to
develop simple and effective therapeutic options is much demanded. The generalized risk
factors for developing CAD are; unhealthy personal habits, including excessive alcohol
consumption, which may lead to increased blood pressure, blood glucose levels, blood lipids
and ultimately cause low-density lipoprotein deposits in arteries which form atherosclerosis

plague (WHO-2020-Geneva). This process is further extended by leukocyte infiltration and
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activates the inflammatory responses. Such accumulation activates immune cells deposition
and further extends the plaque formation and narrows the arterial lumen, which causes
stenosis and myocardial infarction. 85% of CVD deaths are due to stroke. From the past
decades, a piece of substantial knowledge has been achieved in CVDs research; however,
many questions remained unanswered to understand the pathophysiology of cardiovascular

diseases.

2.2.1 Immune-mediated Inflammation in Cardiovascular diseases

Low-density lipoproteins (LDL) are the initiating factors that trigger vascular inflammation.
Deposited lipids activate endothelial cells and also macrophages. The coordination between
endothelial cells and macrophages causes the release of adhesion molecules and chemokine
to facilitate further immune cell extravasation (Hansson et al., 2006). Upon the infiltration of
monocytes, local production of colony-stimulating factors converts monocytes to
macrophages (Smith et al.,, 1995). Macrophages phagocyte oxidized LDL and present the
related antigens. The residential dendritic cells (DCs) control the T cell activation; however,
based on the danger signal, DCs can further activate adaptive immune responses (Niessner et
al., 2006) (Niessner & Weyand, 2010). T cells and B cells activated by macrophage and DCs
infiltrate to the lesion site in a similar mechanism by adhesion molecules and chemokines.
Studies from human lesions and Apoe” mice showed evidence of the role of adaptive
immunnity (Paulsson et al., 2000), (Liuzzo et al., 2000), (Schaheen et al., 2016). However, T
cells and B cells subsets showed controversial evidence in CVDs (Tedgui & Mallat, 2006). CD4*
T cells from the lesion site can express CD44 surface marker showed that the T cells were
exposed to antigen before infiltrating the lesion. This observation indicates that rapid
activation might occur in secondary lymphoid organs (Saigusa et al., 2020). Studies from CD4
knock-out mice or CD4 depletion in mice showed that CD4* T cells pro-atherosclerosis (Zhou
et al., 2000) hence deficiency protected mice from atherosclerosis lesion development. In
support of this observation, CD4* T cells from atherosclerosis-prone mice accelerated
atherosclerosis in receipt mice (Zhou et al., 2000). However, T cells subtypes possess different
roles, i.e. CD4* T regulatory cells showed anti-atherosclerotic in a mouse model (Ait-Oufella et
al., 2006). CD8" T cell depletion showed also protected mice from atherosclerosis in
atherosclerosis-prone mice. These CD8* T cells showed higher levels of IFN-y compared to non-
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atherosclerotic mice (Seijkens et al., 2019). However, opposite results were reported showing
IFN-y from CD8* T cells does not play any role in atherosclerosis (Kyaw et al., 2013). y6 T cells
in other hand, has also been identified in atherosclerosis. Internalized cholesterol drives y6 T
cells activation in atherosclerosis which leads to higher expression levels of IL-17. However,

TCRy& knockout does not show any difference (Chen H, et al. 2014).

2.3 Arteriogenesis-A natural bypass

Peri-collateral and pericardial vascular growth has been observed very often in patients
suffering from arterial blocks. This alternative natural rescuing process at a certain level
preserves the organs from ischemic damage and minimizes chronic events. When the arterial
lumen narrowed due to plaques, blood will be re-directed to the small non-functional
arteriole. Increased blood circulation in the arteriole applies fluid shear stress. This
hemodynamic shear stress signal is transduced to molecular activation. This phenomenon was
first-ever observed by Wolfgang Schaper and group (Van Royen et al., 2001). In 1995, they
coined the word “Arteriogenesis” from the definition, the strength of natural bypassing
mechanism in which naturally existed arteriole expand in their diameter (Fig. 2) (Limbourg et
al., 2009) and start supplying oxygenated blood and rescue the tissue from ischemic damage
(Carmeliet, 2000). Though the blood bypassing is rapid, expansion of arterioles is time-
consuming process. Understanding the molecular mechanism involving the arteriogenesis
possesses a tremendous therapeutic option for the patients whose surgical interventions to

treat occlusions are unsuccessful or for whom the angioplasty is not feasible.

19



Figure 2. Images of growth of collateral arteries at 7 days after femoral artery ligation in mouse hind limb. (a)
The femoral artery was sham-operated (non-ligated). (b) The femoral artery was ligated to induce arteriogenesis.
Significant growth of collateral arteries was observed during arteriogenesis (arrows). The typical corkscrew
formation of growing collaterals were seen. Veins are faintly stained (a, b, arrowhead) Scale bars, 1 mm

(Limbourg et al., Nat Protocol 2009, reprinted with permission from the journal).
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2.3.1 Arteriogenesis-Mechanism

Occlusion or stenosis in a major artery generates a pressure gradient between the pre-
occlusive to post-occlusive regions. Re-directed blood flow applies shear stress on the vascular
wall (Deindl & Schaper, 2005). This can activate endothelium to trigger inflammation and
express adhesion molecules and chemokines to recruit leukocytes (Scholz et al., 2000).
Arteriogenesis is greatly dependent on monocytes/macrophages; however, the involvement
of T cells was reported earlier (Hellingman et al., 2012), (Van Weel et al., 2007), (Stabile et al.,
2003). This mechanism is a similar way that atherosclerosis takes to progress. Monocyte
pavement, macrophage conversion, lymphocyte recruitment are the sequential events in the
progression of the lesion (Hansson et al., 2011). Analysis of the activation status showed that
lymphocytes might expose to respective antigens more rapidly in secondary lymphoid organs
before their infiltration to the lesion site. Based on the fact that studying the lymphatic
environment could be interesting to deeply understand the innate and adaptive immunity in

arteriogenesis.
2.3.2 Arteriogenesis-Therapeutic approach

Thrombus formation or stenosis in any major artery results in ischemic damage or necrosis of
the tissue due to reduced oxygenated blood perfusion. Percutaneous angioplasty or bypass
surgery is the current therapeutic options to treat such occlusive pathologies. Moreover,
sometimes in-stent restenosis may be introduced at the intervention site which is again
difficult to treat (van Royan, N. et al.,, 2009). However, arteriogenesis provides a natural
alternative and rescues tissue from ischemic damage. Understating the factors which promote

arteriogenesis thus attain interest to avoid invasive management of occlusive diseases.

Due to its complexity, arteriogenesis cannot be promoted with a single factor, as the growth
of collateral arteries involves recruitment of leukocytes, which supply a multiple vascular
growth-promoting factors and proliferation of endothelial, smooth muscle cells (Chillo et al.,

2016). However, a few studies were attempted to induce arteriogenesis therapeutically.

Shear stress, which is a driving force of arteriogenesis, can be induced by physical exercise.

Patients with stable CAD showed a hemodynamic improvement of collateral blood upon
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prescribing 3 months of exercise training. A randomized, open-label, single-center trial-The
impact of Intensive Exercise Training on Coronary Collateral Circulation in Patients with Stable
Coronary Artery Disease (EXCITE) was conducted to study the impact of exercise on CAD
outcome. Eligible patients were grouped into high-intensity training group vs moderate-
intensity group and usual care group. Coronary collateral flow index (CFl) and Vo, peak
response were significantly increased in the high-intensity group and moderate-intensity
group but not the usual care group. However, EXCITE has few limitations; this study provides
the clinical benefits of exercise in patients with stable CAD (Mdbius-Winkler, S et al., 2016).
Another approach, a double-blinded, randomized, placebo-controlled pilot study STimulation
of ARTeriogenesis (START) was conducted on 40 patients with claudication treated with
placebo or Granulocyte-macrophage colony-stimulating factor (GM-CSF) applied
subcutaneously. GM-CSF has shown pro-arteriogenic properties in animal models
(Buschmann, I. R, et al., 2001). However, there were no significant differences between the
placebo and GM-CSF treated groups in the START trial. Small sample size and strong side
effects were the limitations of the study. Hence the START trial does not recommend GM-CSF

treatment to the patients with claudication (van Royan, N. et al., 2005).

2.4 Study motivation

Fluid shear stress is the physiological force behind the initiation of arteriogenesis. When an
arterial occlusion occurred, the re-directed blood flow applies shear stress on arterioles
endothelium results in inflammation. Shear stress-induced sterile inflammation attracts
inflammatory cells includes mast cells, neutrophils, inflammatory monocytes, and
lymphocytes. Soon after, neutrophils extravasation is regulated and mast cells disappear from
the site. This regenerative phase is highly dependent on anti-inflammatory or regenerative
macrophages. Recently, the mechanism behind mast cells, platelets, and neutrophils
mediated inflammation in arteriogenesis was proposed (Lasch et al., 2019). The functional role

of B and T lymphocytes, on the other hand, is still unknown.

The main aim of my study was to identify the relevance of lymphocytes in arteriogenesis. For
this, firstly arteriogenesis was induced in mice lacking B and T cells (Ragl KO). The role of B

cells in arteriogenesis was evaluated using CD20 mediated B cell depleted mice and B cell-
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deficient (JHT KO) mice. The role of T cells was evaluated using TCRa KO mice and mice treated
with anti-TCRy® antibody. These approaches were employed to identify specific lymphatic

niche in arteriogenesis.
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3. GENERAL MATERIAL

3.1 Materials

Table 1. Mouse strains

Strain Background | Source

C57BL/6J -- Charles River Laboratories, Deutschland

JHT KO mice C57BL/6 Prof. Dr. Klaus Rajewsky, MDC, Berlin, Germany
TCRa KO mice C57BL/6 Prof. Dr. Ludger Klein, LMU, Munich, Germany

PD Dr. rer. nat. Reinhard Obst, LMU, Munich,
Ragl KO mice C57BL/6 Germany

Table 2. Medication

Name Supplier

Fentanyl CuraMED Pharma, Karlsruhe, Germany
Midazolam Ratiopharm GmbH, Ulm, Germany
Medetomidine Pfizer Pharma, Berlin, Germany
Buprenorphine Reckitt Benckiser Healthcare, London, UK
Naloxone Inresa Arzneimittel GmbH, Freiburg, Germany
Flumazenile Inresa Arzneimittel GmbH, Freiburg, Germany
Atipamezole Zoetis, Berlin, Germany

Table 3. Consumables

Name Cat Supplier

Student Fine Scissors 91460-11 FST, Germany

Olsen-Hegar Needle Holders
with Suture Cutters 12002-12 FST, Germany
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Student Dumont #7 Forceps 91197-00 FST, Germany
Dumont Forceps - Micro-
Blunted Tips 11253-20 FST, Germany
Dumont Forceps - Micro-
Blunted Tips 11253-25 FST, Germany
Student Dumont #5 Forceps 91150-20 FST, Germany
Student Vannas Spring
Scissors 91500-09 FST, Germany
Student Fine Scissors 91460-11 FST, Germany
Olsen-Hegar Needle Holders
with Suture Cutters 12002-12 FST, Germany
Student Dumont #7 Forceps 91197-00 FST, Germany
Dumont Forceps - Micro-
Blunted Tips 11253-20 FST, Germany
Fisher Scientific GmbH,
Falcon tubes 15 10468502 Schwerte, Germany
Fisher Scientific GmbH,
Falcon tubes 50 10788561 Schwerte, Germany
96 well v bottom plate 3897 Costar, Schwerte, Germany
Becton, Dickinson and Company,
BD Microlance™ 3 24G 304100 Ireland
Becton, Dickinson and Company,
BD Microlance™ 3 26G 303800 Ireland
Becton, Dickinson and Company,
BD Microlance™ 30G Ireland
Becton, Dickinson and Company,
BD Plastipak™ 1 303172 Ireland
B. Braun Melsungen AG,
Venofix® Safety 4056502-01 Melsungen, Germany
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Sterican® Kanuelen 30G 4656300

B. Braun Melsungen AG,

Melsungen, Germany

ETHICON #3-0 SUTUPAK

Sterile suture EH6823

Johnson & Johnson

International, Belgium

ETHICON 6-0 COATED VICRYL | V302

ETHICON, LLC, Cincinnati, USA

Probengefas 1.3 microtube

SARSTEDT AG & Co. KG,

EDTA coated 41.1395.005 NUmbrecht, Germany
Sakura Fineteck Europe B.V.,
Tissue-Tek Cryomold® 4566 Netherlands
Engelbrecht Medizin-und
Labortechnik GmbH,
Einbettkassetten 500/Grin Edermiinde, Deutschland
Becton, Dickinson and Company,
BD 2 Discardit II™ Syringe 300849 Ireland
Table 4. Reagents
Table 4.1 General reagents
Reagent Cat Supplier
Phosphate buffered saline Apotheke Klinikum der Universitat,
(PBS) APO-ST009 Munich, Germany
Fetal bovine serum (FBS) F7524 Sigma-Aldrich, Taufkirchen, Germany
Ethylenediaminetetraaceticacid
(EDTA) 15575020 Invitrogen, Waltham, MA, USA
Collagenase IV CLS4 Worthington, Freehold, NJ, USA
DNase | 11284932001 | Roche, Penzberg, Germany
RPMI 1640 medium 31870-074 Gibco, Dubline, Ireland
Percoll® 17-0891-01 GE Healthcare, Chicago, IL, USA
Hank’s Balanced Salt solution
(HBSS) H9394-500 Sigma-Aldrich, Taufkirchen, Germany,
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Morphisto, Frankfurt am Main,
4% paraformaldehyde (PFA) 1,176 Germany
Adenosine A9251-25G Sigma-Aldrich, Taufkirchen, Germany,
Tween® 20 A4974, 0500 | AppliChem GmbH, Darmstadt, Germany
Potassium hydrogen carbonate | A0564, 1000 | AppliChem GmbH, Darmstadt, Germany
Ammonium chloride A-0171 Sigma-Aldrich, Taufkirchen, Germany,
Sucrose A2211,1000 | AppliChem GmbH, Darmstadt, Germany
Adenosine A9251-25G Sigma-Aldrich, Taufkirchen, Germany,
Bovine Serum Albumin A3059-50G Sigma-Aldrich, Taufkirchen, Germany,
Sakura Fineteck Europe B.V.,
Tissue-Tek® O.C.T. 4583 Netherlands
ELISA MAX™ Standard Set
Mouse IL-6 431301 BioLegend, Koblenz, Germany
ELISA MAX™ Standard Set
Mouse IL-10 431411 BioLegend, Koblenz, Germany
4’, 6-diamidin-2-phenylindole
(DAPI) D9542-5MG | Sigma-Aldrich, Taufkirchen, Germany

Table 4.2 Gradient Percoll solution

Percoll gradient For 100 ml Color
70 % Percoll 70 ml Percoll 30 ml HBSS pink
37 % Percoll 37 ml Percoll 63 ml PBS white
30 % Percoll 30 ml Percoll 70 ml| HBSS pink
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Table 4.5 Buffers

Table 4.5.1 Red blood cell lysis buffer

Compound Weight
Ammonium Chloride (NH4CI) 8.26 g
Potassium bicarbonate (KHCO3) lg
EDTA 0.037 g
ddH20 1 liter
pH 7.2

Table 4.5.2 Flow cytometry (FACS) buffer

Compound Concentration
PBS -

EDTA 2.5mM

FCS 5%

Sodium azide 0.02%

Table 4.5.3 Fc-Blocking buffer

Name

Concentration

anti-CD16/32

1.6 pug / ml (in flow cytometry buffer)

Table 4.6 Antibodies

Table 4.6.1 Flow cytometry antibodies

Name

Clone

Cat Supplier
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Brilliant Violet 421 anti-mouse/human

CD11b M1/70 101235 BioLegend
Brilliant Violet 510 anti-mouse I-A/I-E

(MHCH) M5/114.15.2 | 107635 BioLegend
Brilliant Violet 605 anti-mouse Ly-6C HK1.4 128035 BioLegend
Brilliant Violet 650 anti-mouse CD8a 53-6.7 100741 BioLegend
Brilliant Violet 711 anti-mouse TCRy& | GL3 563994 BD Biosciences
Brilliant Violet 786 anti-mouse CD3 17A2 100231 BiolLegend
FITC anti-mouse CD20 SA275A11 150408 BioLegend
PerCP/ Cyanine5.5 anti-mouse Ly-6G 1A8 127615 BioLegend
PE anti-mouse CD170 (Siglec F) S17007L 155506 BioLegend
PE/Cy5 anti-mouse F4/80 BMS8 123111 BioLegend
PE/Cy7 anti-mouse CD11C N418 117318 BioLegend
APC anti-mouse CD19 1D3 17-0193-82 invitrogen
Alexa Fluor anti-mouse CD4 Cb4 GK1.5 invitrogen
APC/Cyanine7 anti-mouse CD45 30-F11 103116 BioLegend
PE anti-mouse CD20 QCH6A7 12-0203-82 invitrogen
anti-mouse CD16/CD32 93 14-0161-82 invitrogen
Alexa Fluor 647 anti-mouse CD31 MEC13.3 102516 BiolLegend
Alexa Fluor 647 anti-mouse CD169 3D6.112 142407 BioLegend
PE anti-mouse CD163 $15049I 155307 BiolLegend
Alexa Fluor 647 anti-mouse CD31 MEC13.3 102516 BioLegend
Alexa Fluor 546 donkey anti-rabbit IgG

(H+L) -- A11081 invitrogen
Alexa Fluor 488 donkey anti-rabbit IgG

(H+L) -- A10040 invitrogen
Alexa Fluor 546 goat anti-rat IgG (H+L) | -- A21206 invitrogen
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Table 4.6.2 Therapeutic antibodies

Name Clone Cat Supplier
Ultra-LEAF™ Purified anti-mouse CD20 Antibody SA271G2 | 152104 | BiolLegend
Ultra-LEAF™ Purified Rat 1gG2b, k Isotype control
Antibody RTK4530 | 400644 | BiolLegend
uc7-
Ultra-LEAF™ Purified anti-mouse TCR y/& Antibody 13D5 107517 | BiolLegend
Ultra-LEAF™ Purified Armenian Hamster IgG Isotype
control Antibody HTK888 400959 | BiolLegend
Table 4.7 Real-time PCR primers
Target Forward primer (5'-3') anT | Cycles ' Product
(bp)
18S rRNA For-GGACAGGATTGACAGATTGATAG 64 | 40 108
Rev-CTCGTTCGTTATCGGAATTAAC
CD20 For-TAAGCCTCTTTGCTGCCATT 60 | 45 209
Rev-CAAGAACACAGACTGAATGCTG
IFN-Y For-GAAAATCCTGCAGAGCCAGA 60 |45 183
Rev-CATGAATGCATCCTTTTTCG
IL-17A For-TCTCTGATGCTGTTGCTGCT 60 |45 195
Rev-CGTGGAACGGTTGAGGTAGT
IL-10 For-CAGGCAGAGAAGCATGGC ‘ 66 | 45 83
Rev-TGCTCCACTGCCTTGCTC ‘
PDGFB For-GAAGATCATCAAAGGAGCGG ‘ 62 |45 120
Rev-CCTTCCTCTCTGCTGCTACC
PDGFRB For-AGGACAACCGTACCTTGGGTGACT 62 | 45 89
Rev-CAGTTCTGACACGTACCGGGTCTC
Table 5 Instruments
Instrument Cat Supplier
Scientific balance PG203-S Waagendienst Winkler GmbH, Germany
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pH meter pH7110 WTW GmbH, Weilheim, Deutschland
Centrifuge 5424 Eppendorf AG, Hamburg, Germany
Centrifuge 5430R Eppendorf AG, Hamburg, Germany
Thermo Cycler 2720 Applied Biosystems, Thermo Scientific™

CRYOSTAR
Cryotome NX70 HISTOSERVE GmbH, Celle, Germany
SimpliNano 29-0887-91 GE Healthcare Life Sciences

DYNEX® Technologies GmbH, Baden-

ELISA Reader MRXTC Wirttemberg, Germany
Fluorescence
microscope DM6 B Leica Microsystems, Wetzlar, Germany

Fluorescence

microscope Axio Imager 2 | Carl-Zeiss GmbH, Munich, Germany

Laser scanning

microscope LSM880 Carl-Zeiss GmbH, Munich, Germany
BD

Flow cytometer

LSRFortessa

BD Biosciences, NJ, USA

Sorter

MoFlo Astrios
AT13011

Beckman Coulter Biomedical GmbH, Munich,

Germany

StepOnePlus™

Real-Time PCR

Thermo Cycler System Life Technologies, California, USA
ImageStreamX

Imaging cytometer Mark-Il AMNIS Corporation, Seattle, WA, USA

Table 6 Software

Software

Source

Carl Zeiss™ AxioVision Rel. 4.8.2

Carl-Zeiss GmbH, Munich, Germany

GraphPad prism 8

GraphPad Software, California, USA

MS Office

Microsoft Corporation, Redmond, USA
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IDEAS Luminex Corporation, Texas, USA
BD FACS.D.iva v8.0 BD Biosciences, NJ, USA

FlowJo-v10 BD Biosciences, NJ, USA

ZEN Blue Carl-Zeiss GmbH, Munich, Germany
INKSCAPE Open source, online

Carl Zeiss™ AxioVision Rel. 4.8.2 Carl-Zeiss GmbH, Munich, Germany
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5. METHODS
5.1 Government approval statement

8-12 weeks old mice of mixed gender were used in the study. All animal experiments were

performed after approval from the Government of Upper Bavaria, Germany.
5.2 Anesthesia and post-surgical management

Mice were anesthetized with standard 3 combo mixture using, fentanyl (0.05 mg/kg),
midazolam (5 mg/kg), and medetomidine (0.5 mg/kg) in 100uL via subcutaneously. After the
surgical procedure, mice were given buprenorphine (0.05 mg/kg). After performing the
perfusion measurement, anesthesia effect was antagonized with naloxone (1.2 mg/kg),
flumazenil (0.5 mg/kg) and atipamezole (2.5 mg/kg). The route of administration was
subcutaneous. Post-operative pain was managed with buprenorphine (0.05 mg/kg) for every

8-12 hr until day 3.
5.3 Induction of arteriogenesis

After anesthetizing mice, bepanthen was applied to the eyes to avoid desiccation. Upper thigh
skin on both limbs was disinfected, and hair from the surgical site was shaved. Mice were
placed on a heating pad (37°C). Mice limbs were fixed with surgical tape. The profunda femoris
origin was estimated and a small skin incision was made. Skin and epithelial layers were
prepared to access femoral artery by carefully separating it from femoral vein and nerve. After
separating the artery, a surgical thread was placed under artery (Fig. 3) distally to the
epigastric and profunda femoris branch. The thread was tied closely using a holder. The exact
surgical procedure was performed on the other limb (left leg) without closing the surgical
thread, which serves as intra sham control (Limbourg et al., 2009). The skin incision was closed
with a surgical suture. Any arterial/venule/surrounding tissue damage during the procedure

was strictly avoided.

33



Figure 3. Surgical procedure of femoral artery ligation. A small skin incision was made and femoral artery at the

branching site was carefully separated from femoral vein and nerve. Surgical thread was placed under the

femoral artery and closed tightly to stop the blood flow distally. Skin incision was later closed with sutures.

5.4 Laser Doppler Imaging for perfusion measurement

Blood perfusion recovery measurement is one of the important methods to characterize
arteriogenesis. This was done by a Laser Doppler. After being anesthetized, the mouse was
placed in an incubator at 37 °C for 10 min. Using a low-power laser beam the instrument scan
the lower hind limbs and generates a flux image. An arbitrary flux mean values were generated
after drawing an ROI (Region of Interest) on each limb from ankle to toe. The relative perfusion
recovery was calculated by the mean of ligated to sham-operated ratio (Fig. 4, 5). A value of <
12% immediately after surgical procedure was set as the cut-off for accurate femoral artery
ligation; mice showed the value more than the cutoff was ignored for further analysis.
Perfusion recovery was analyzed at different time points, i.e., baseline perfusion before the

surgical procedure, immediately after surgery, day 3, and day 7 after surgery was measured.
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Figure 4. LDI output image of at baseline showing the drawing the ROI, corresponding flux mean value, validity

of the ROl selection and area of the ROI.
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Figure 5. LDl output image of at immediately after surgery showing the drawing the ROI, corresponding flux mean
value, validity of the ROl selection and area of the ROI.
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5.5 In vivo treatments

5.5.1 In vivo CD20 cell depletion

For CD20 cell depletion, 200-250 pg of Ultra-LEAF™ Purified anti-mouse CD20 antibody
(BioLegend) was injected intravenously (i.v.) on 7 days before the surgical procedure. This time
point has been reported to completely depleted B cells in mice. The Control group was treated
with the same concentration of Ultra-LEAF™ Purified Rat 1gG2b, k Isotype control antibody
(Schaheen et al., 2016).

5.5.2 In vivo y6 T cell depletion

v& T cell depletion was carried out by injecting a single dose of 200-250 ug of Ultra-LEAF™
Purified anti-mouse TCR y/6 antibody (BioLegend) intravenously on 1 day before the surgical
procedure. The Control group was treated with the same concentration of Ultra-LEAF™

Purified armenian Hamster IgG Isotype control antibody.

5.5.3 Bromodeoxyuridine (BrdU) treatment

BrdU is a structural analogue of thymidine. During the DNA replication (S phase), BrdU is
incorporated in the DNA of replicating cell; thus it is used as a proliferative marker. Mice
received a daily dose of 1.25 mg BrdU dissolved in 100 pl of PBS, intraperitoneally, starting

from surgical procedure day until one day before the endpoint.

5.6 Perfusion and tissue harvesting

Mice were sacrificed humanly. The skin was disinfected, and the abdominal cavity was
accessed by opening the abdomen. The aortic artery and vena cava were separated next to
the kidneys. The sharp end of a butterfly needle was cut away in order to avoid damage during
the catheterization of the aorta. A small incision was made in the aorta, and the butterfly

needle was inserted, and the incision was closed with a surgical silk thread. Using a three-way
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cannula fitted with a perfusion tube with 50 ml capacity syringe and a 5 ml syringe. The
perfusion syringe was filled with 20 ml of freshly prepared pre-warmed (37°C) vasodilation
buffer (check buffers) and allow the buffer to flow throw the aorta. To fix the dilated vessels,

10-20 ml of 3-4% of paraformaldehyde was perfused afterwards.

After the perfusion, the skin was removed from both thighs, and the muscle was excised
(Kumaraswami et al.,, 2020). For cryopreservation, excised muscle was placed in tissue
cassettes and incubated in 15% sucrose for 1 hr and then in 30% sucrose overnight. Later, the
excess sucrose solution from tissue was removed by blotting on paper and later embedded in
cryomolds filled with TissueTek. These cryomolds were placed on dry ice for a an hour and

later stored at -80°C.

5.7 Histology Immunofluorescence

TissueTek embedded muscles were cut in two parts where the femoral artery was ligated (or
sham-operated). One of the parts was placed on disc and later fixed to cryotome. 8-10 um

thick cross-sections were prepared from tissue.

5.7.1 BrdU staining

Cryosections were incubated with 2N HCL for 30 minutes at 37°C to denature the DNA, then
washed three times with PBS, each time incubating 10 minutes in PBS. After that, slices were
incubated in a humidified dark room overnight at 4 °C with anti-BrdU antibody (1/50). The
sections were washed three times in PBS the next day. The primary labelling was detected by
incubating with alexa fluor 546 conjugated secondary antibody (1/200) for 1 hour at room
temperature. The sections were washed three times in PBS. Finally, for 10 minutes at ambient
temperature, DAPI counter-stained (1/1000). After washing in PBS, slices were mounted with

a Mowiol or mounting media and stored at 4 °C until imaging.
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5.7.2 Macrophage staining

8-10 um cryosections were stained with alexa fluor 488 conjugated anti-CD68 (1/100), anti-
MRC (1/200), anti-F4/80 (1/50), alexa fluor 647 conjugated anti-CD169 (1/50), PE-conjugated
anti-CD163 (1/50), anti-MARCO (1/50), PE-conjugated anti-CD40 (1/50) antibodies 4 °C for
overnight. Following the next day, sections were washed as described above and incubated
with corresponding secondary antibodies (for unconjugated primary antibodies) for 1 hr at
ambient temperature, followed by washing and counterstaining with DAPI. All antibodies were

diluted in PBS.

5.7.2 Image acquisition and analysis

Immunofluorescence images were acquired with Zeiss LSM 880 confocal laser scanning
microscope with an Airyscan feature. 2-3 superficial collateral adductor muscle sections were
imaged. In total 6-10 collateral arteries were analyzed by microscope. For macrophage and
BrdU positive cell quantification, all images were acquired with 20x objective without area
zoom. For Mean Fluorescence Intensity (MFI) analysis, the slide was overviewed (Fig. 6),
multiple positions where the macrophages were accumulated around the perivascular space
were selected. The focus was increased to zoom 4. Around 16 pum Z-stack with 30 slices planes
were set up. Laser exposure was adjusted and fixed using the brightest position. These
standard Staining and imaging conditions were strictly followed throughout the experiment to
maintain integrity in MFl analysis. Finally, a polygonal ROl was drawn around the macrophage.
The software generated an arbitrary mean value for each channel and was compared and
analyzed. Since | did not include the area from the muscle section, background intensity

subtraction was avoided.

Representative images were acquired either with 20x (plane or oil) or 40x (oil) objective with
the same (above) Z-stack setup. Image format was either 1024*1024 or 2048*2048. Acquired
images were analyzed with ZEN black software (Carl Zeiss AG, Germany). For MFI
representation, macrophages located in close proximity to growing artery was selected and

imaged with 15 zoom, 2024*2024 image formats for detailed quality.
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Figure 6. Representative immunofluorescence image showing location of collateral arteries (arrows) in WT mice

adductor muscle collected on day 7 after surgical procedure. Muscle section was stained for CD31 marker.

5.8 Flow cytometry, imaging cytometry, sorting and gene expression

5.8.1 Flow cytometry

Mice were anesthetized and sacrificed humanly. Cardiac blood was collected in EDTA-coated
collecting tubes by cardiac puncture. Organs were collected from mice and placed in a petri

dish filled with cold PBS. Bone marrow was collected by flushing the tibia with cold PBS.

The cardiac blood was centrifuged at 350-420 g for 5 min at 4 °C. The cell pellet was dissolved
in 10 ml of RBC lysis buffer and incubated on ice for 5 min. Later, tubes were filled with 5 ml
of cold PBS and centrifuged. The supernatant was discarded, RBS lysis was repeated if the
pellet was still contained Red blood cells. Finally, RBC free cell pellet was dissolved in 20 uL of

FACS buffer.
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For single-cell suspensions from organs, the organs were cut into small pieces with surgical
scissors and placed in a tube with 1 ml of RPMI media. To digest the tissue 1 ml of enzyme
cocktail, which contains collagenase IV (200U/) and DNase | (0.2 mg/) was added, and the
mixture was incubated in a laboratory shaker for 1 hr at 37 °C with 120 rpm. Digested tissue
mixture was filtered through a 70 um cell strainer and filled up 50 ml with FACS buffer. Tubes
were centrifuged at 350-420 g for 5 min at 4 °C. The supernatant was discarded. The cell pellet
was dissolved in 4 ml of 70% Percoll. 4 ml of 37% Percoll was gently layered over 70% Percoll,
followed by 30% Percoll. Tubes were centrifuged for 30 min at room temperature with 940 g
speed. The acceleration was set to a minimum, and the break was removed to preserve the
gradient separation. Cell layer from the interface between 70% and 37% Percoll was collected
in a fresh tube and filled up to 15 ml with FACS buffer. Tubes were centrifuged at 350-420 g
for 5 min at 4 °C. The supernatant was discarded, and the cell pellet was dissolved in 200 uL

of FACS buffer.

Cell suspension was later transferred to 96 well V bottom plate and centrifuged at 350-420 g
for 5 min at 4 °C. The supernatant was discarded carefully. The Cell pellet was dissolved in 200
uL of eFluor 450 fixable/viability dye (1/1000 dilution) and incubated in the dark at 4 °C for 30
min. Thereafter cell suspension was centrifuged, and the cell pellet was resuspended in 200
uL of FACS buffer and centrifuged. The cell pellet was resuspended in 50 pL of Fc-Block and
incubated at 4 °C for 10 min. A two-fold concentration of FACS antibody cocktail was prepared
in FACS buffer. 50 uL of antibody cocktail was added and incubated at 4 °C for 20 min. The cell
suspension was centrifuged at 350-420 g for 5 min at 4 °C. The cell pellet was resuspended in
20 pL of FACS buffer and centrifuged. For intracellular staining, cells were fixed in 1% PFA for
15 min at room temperature and washed with 200 L of FACS buffer by centrifugation at 350-
420 g for 5min at 4 °C. The cell pellet was suspended in 0.1% TritonX for 15 min at 37 °C. Later,
centrifuged at 350-420 g for 7 min at 4 °C. The cell pellet was resuspended in 100uL of antibody
solution at incubated at 4 °C for 20 min in the dark. After incubation, the plate was centrifuged
at 350-450 g for 7 min at 4 °C. The supernatant was discarded carefully without losing the cell
pellet. Later pellet was resuspended in 200 uL of FACS buffer and centrifuged. AT final, the cell
pellet was dissolved in 100 L of FACS buffer and analyzed by a flow cytometer (Kumaraswami

et al.,, 2020).
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5.8.2 Single-cell imaging

Single-cell suspension was prepared as explained in Flow cytometry (5.8.1).

The cell pellet was resuspended 20 pl of fixable/viability dye (eFluor780) (1/1000 dilution) for
20 min at 4 °Cin the dark. Centrifuged and washed with 20 pL of FACS buffer. Cell pellet then
incubated with antibodies of interest mixture at 4 °C for 20 min. Next, cells were centrifuged
at 350-420 g for 5 min at 4 °C. The supernatant was discarded, and the cell pellet was
resuspended in 200 pL of FACS buffer and centrifuged. The cell pellet was fixed and
permeabilized as explained previously (3.8.1). Next, the cell pellet was incubated with anti-
CD20 antibody (for intracellular staining) for 30 min at 4 °C in dark. Then after centrifuged and
washed with 200 uL of FACS buffer. At finally, the cell pellet was resuspended in 50 pL of DAPI
(1/2000, PBS). Cell imaging was performed in AMNIS, and the data was analyzed by IDEAs
software (Fig. 7).
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5.8.3 Cell sorting

The single cell suspension was prepared as explained above. The cell pellet was incubated with
antibodies of interest for 30 min at 4 °C in dark. Cells were centrifuged at 350 g for 5 min at 4
°C. The cell pellet was resuspended in 200 uL of cold PBS and centrifuged at 350 g for 5 min at
4 °C. Finally, the cell pellet was resuspended in 200 plL of cold PBS. Cytox blue was added
(1/1000 dilution) right before feeding to the sorter. Sorted cells were collected in sterile tubes
contained 100 pL of cold PBS. Sorting protocol using cold PBS showed improved RNA yield and
quality.

5.8.4 RNA isolation, cDNA synthesis

Sorted cells were centrifuged for 5 minutes at 350g at 4 °C. The cell pellet was dissolved in cell
lysis buffer. RNA isolation was carried out using a commercially available kit (Qiagen) according
to the manufacturer’s instructions. The supernatant was discarded after the sorted cells were
pelleted. After that, the cells were lysed in cell lysis buffer. After the lysis, ethanol was added.
Total volume was then transferred to RNeasy spin columns. RNA was then bound to the
column. Bound RNA was eluted with elution buffer at a final volume of 30 pL of RNAse free
water. RNA concentration and purity were analyzed by nanodrop. Complementary DNA
(cDNA) was synthesized using maximal H minus kit (ThermoFisher) followed by manufacturer’s

instructions.

Reaction conditions

Reagent Concentration or volume
Template RNA 50-100 pg

Primers (Forward and Reverse) 0.25 ul

10 Mm Dntp mix 1l

Nuclease free water adjust to 15 pl volume
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5X RT Buffer 4l

Maximal H Minus Enzyme Mix 1l

Final total volume 20 ul

Reaction Program

Incubation 10 min 25°C
Reverse Transcription 15 min 50 °C
Termination 5 min 85°C
Holding - 4°C

5.8.5 Real time PCR

PCR master mix was prepared with 5 um forward and reverse primer, 2 ul of ddH,0 and 5 ul
of Powerup SYBR Green amplification mix. 2 pl of undiluted cDNA was used as template in 8
pl of master mix (10 pl reaction mix). Real time PCR was carried out in StepOne Plus PCR

machine (Cycle condition refer Table.2.7.). Data was analyzed with AACt method.

5.9 Statistics

All the results were analysed with GraphPad Prism 8 (GraphPad Software, California, USA).
Data from two groups with single timepoint was analysed by student’s t test. Data from
multiple groups from more than one timepoint was analysed by 2-way ANOVA with Bonferroni
correction. Data represented as either mean%S.D. or mean+S.E.M. The detailed description

was mentioned in figure legend. A p-value <0.05 was considered statistically significant.
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6. RESULTS
6.1.1 Relevance of lymphocytes in arteriogenesis

6.1.2 Arteriogenesis in the absence of B and T cells

The hindlimb ischemia mouse model is the better suited mouse model to evaluate
arteriogenesis. Arteriogenesis is induced by ligating femoral artery distal to the epigastric and
profunda femoris brach (Fig. 3). Due to arteriogenesis the collateral arteries in the adductor
muscle grow in a characteristic corkscrew pattern (Fig. 2). Laser Doppler Imaging (LDI) allows
for a highly controlled surgical ligation (Fig. 4 & 5). LDI can detect any faulty ligation after
femoral artery ligation, which could help to avoid evaluation errors. To see if arteriogenesis
drives in an adaptive immunological manner involving B and T lymphocytes, | utilized Ragl KO
mice, which lack B and T cells in the system. Arteriogenesis was induced in wild-type (WT) and
Ragl KO mice by surgically ligating the femoral artery distal to the epigastric and profunda
femoris branches. Perfusion recovery was measured before ligation, immediately after
ligation, on day 3, and on day 7 after ligation. Ragl KO mouse had significantly worse relative
perfusion recovery on days 3 and 7 after femoral ligation than WT mice (Fig. 8A-B). | then
checked to see if Ragl KO mice had any issues with vascular cell proliferation. On day 7 after
femoral ligation, the adductor muscle was cut into 10um thick sections and stained with anti-
BrdU antibody (Fig. 8C). Vascular cell proliferation was measured by counting BrdU* nucleated
cells on the vascular wall. Ragl KO mice had a significantly lower number of proliferating
vascular cells than WT mice (Fig. 8D). Next, | checked collateral artery growth by analyzing the
luminal diameter of superficial collateral arteries in adductor muscle. Ragl KO mice
demonstrated considerably less collateral artery growth as defined by luminal diameter on
day 7 after femoral ligation than WT mice (Fig. 8E). Macrophages provide growth-promoting
factors during arteriogenesis. Macrophage phenotype CD68*MRC1™ considered as
inflammatory, whereas CD68*MRC1* are anti-inflammatory/regenerative macrophages. |
wanted to see if the Ragl KO mice poor arteriogenesis response was linked to perivascular
macrophage accumulation. Adductor muscle sections from WT mice and Ragl KO mice on day

7 after femoral artery ligation were stained with anti-CD68 and anti-MRC1 antibodies (Fig. 8F).
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Ragl KO mice had a considerably higher number of CD68*MRC1" inflammatory macrophages
than WT mice (Fig. 8G), whereas CD68*MRC1* macrophage accumulation was significantly
reduced (Fig. 8H).

The conclusion drawn: Lack of functional B and T cells in Ragl KO mice significantly attenuated

arteriogenesis.
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Figure 8. Impaired arteriogenesis in mice genetically lack of B and T cells

@

Relative perfusion of WT and Ragl KO mice as calculated by ligated / sham at baseline, immediately
after femoral artery ligation, at day 3 and at day 7 after femoral artery ligation (aFAL). Data represent
meantS.D. *P<0.05 by two-way ANOVA multiple comparison test with Bonferroni correction, n=6 mice.
Representative Doppler flux images of WT (upper panel) and Ragl KO (lower panel) mice at immediately
after femoral artery ligation (left) and at day 7 after femoral artery ligation (right). Flux color scale
indicate low (blue) to high (red).

Epifluorescence microscope images of WT and Ragl KO mice adductor muscle at day 7 after femoral
artery ligation, stained for BrdU (pink), lectin (green, to visualize arteries) and nuclei (blue). Proliferating
vascular cells were identified as BrdU* nucleated cells residing on vascular wall. Scale bar 20pm.

Bar graph data showing the number of BrdU* vascular cells. Each dot represents the mean data of one
mouse in the group. A total of 6-10 collateral arteries were analyzed. Data mean+S.D., *P<0.05, as
analyzed by t test, n=6 mice.

Bar graph data showing the luminal diameter of collateral arteries. Each dot represents mean of 6-10
collateral arteries. Data mean#S.D., *P<0.05, as analyzed by t test, n=6 mice.

Representative immunofluorescence images of macrophages around perivascular space of collateral
artery in WT and Ragl KO mice day 7 aFAL. Scale bar 20pum.

Bar graph showing number of CD68*MRC1 macrophages.

The number of CD68*MRC1* macrophages. G and Hat day 7 after femoral artery ligation. Data
meanzS.D. Each dot represents mean of 6-10 collateral arteries. * P<0.05 by t test, n=6 mice.

6.1.3 Relevance of B lymphocytes in Arteriogenesis

6.1.4 Arteriogenesis in the absence of B cells

6.1.5 CD20 mediated B cell depletion

B cells can control the inflammation due to their immune regulatory properties. The role of B

cells in arteriogenesis has never been studied. B cells, | speculate that B cells might play a role

in transitioning from the inflammatory to the regenerative phases by influencing the

macrophage compartment, likely via IL-10. To test this hypothesis, | treated WT mice with anti-

CD20 antibody, and the control group received the same dose of Isotype control antibody (Fig.

9A). After a single dose of anti-CD20 antibody treatment, B lymphocytes as determined by

CD19* cells by flow cytometry were significantly decreased in bone marrow (Fig. 9B), spleen
(Fig. 9C), and blood (Fig. 9D).
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Figure 9

A o~ Surgery day LDI, Tissue harversting,

i"’:}lsotype control LDI Flowcytometry (d3)

ok | | I |

S | | | |
f;!; Anti-CD20 -7 day  baseline day 3 aFAL day 7 aFAL
WT

M Isotype control Isotype control

B BM C Spleen D Blood
20 80+ 60
60
9 3 404
2 407 °
[
8 U 204 *
204 o
*
0= 0-
& N > Q
& S & S
) -7 0
o & & >
s v S
& A&

Figure 9. Anti-CD20 treatment effectively deplete B cells in BM, spleen and blood

A. Diagram showing study design. WT mice were randomly divided into two groups. One group received
Isotype control antibody (200-250 pg/mice, intravenously), another group received anti-CD20 antibody
(200-250 pg, intravenously) at -7 day before femoral artery ligation. Perfusion was measured at baseline,
aFAL, at day 3 and day 7. Mice were humanly sacrificed at day 3 (blood and spleen were harvested for
flow cytometry) and day 7. After perfusion, muscles were cryopreserved and used for histology analysis.

B. & C, D; Bar graphs showing B cells (% of CD45) in (B) BM, (C) spleen, and (D) blood. Each circle
represents the value of one mouse. Data mean#S.D., *P<0.05, as analyzed by t test, n=6 mice.

6.1.6 Effect of CD20 depletion on arteriogenesis

At day 3 and day 7 after femoral artery ligation, anti-CD20 antibody-treated mice had
significantly lower perfusion recovery than WT mice treated with Isotype control antibody (Fig.
10A-B). In the anti-CD20 antibody-treated group, vascular cell proliferation (Fig. 10C) and
collateral artery growth (Fig. 10D) were similarly significantly reduced. In anti-CD20 antibody-

treated WT mice, the number of perivascular CD68*MRC1" inflammatory macrophages was
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unaltered (Fig. 10E), while the number of regenerative CD68*MRC1* macrophages was

drastically reduced (Fig. 10F).

The conclusion drawn: CD20 depletion impaired arteriogenesis in WT mice.
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Figure 10. CD20 depletion interferes with arteriogenesis in WT mice

A. Data showing relative perfusion differences between two groups (Isotype control vs Anti-CD20). Data
meanzS.D., ¥*P<0.05 by two-way ANOVA multiple comparison test with Bonferroni correction, n=6 mice.

B. Representative Doppler flux images from WT mice treated with Isotype control (upper panel) and Anti-
CD20 antibody (lower panel) at aFAL, at day 7 aFAL.

C. Bar graph data showing the data of BrdU* vascular cells.

Luminal diameter of collateral arteries at day 7.

E. &F. Bar graphs showing the number of CD68*MRC1 (E) and CD68*MRC1*(F) macrophages at day 7
aFAL.

o
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C, D, E and F; Each dot represents mean of 6-10 collateral arteries. Data represent mean%S.D., ns no
significance, * P<0.05 by t test, n=6 mice.

6.1.7 Effect of CD20 depletion on splenic T cells and eosinophils

B cells are known to have some regulatory activities, as previously stated. | would like to see
how the Anti-CD20 treatment affects T cells and eosinophils (see Fig. 14 for gating strategy),
since it drastically reduced B cells. There was no significant difference in the percentage of
CD4 (Fig. 11A), CD8 (Fig. 11B), or eosinophils (Fig. 11D) between Isotype and Anti-CD20 treated
WT mice in flow cytometry analyses. Anti-CD20-treated mice, on the other hand, showed

significantly increased y& T cells (Fig. 11C).

The conclusion drawn: CD20 depletion showed no effect on CD4, CDS8, y6 T cells and

eosinophils.
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Figure 11
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Figure 11. Effect of CD20 depletion on splenic T cells and Eosinophils

Bar graphs showing data of (A) CD4 (% of CD3),(B)CD8 (% of CD3),(C)yS T cells (% of CD45)
and, (D) eosinophils (% of CD45) in the spleen, analyzed by flow cytometry. Each circle represents the value of
one mouse. Data meantS.D., ns no significance, as analyzed by t test, n=6 mice.
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6.1.8 Effect of CD20 depletion on CD20 positive T cells and eosinophils

Flow cytometry analysis revealed that fraction of T cells and eosinophils are CD20 positive (Fig.
12). Since anti-CD20 treatment targets CD20, | would like to check whether CD20 positive T
cells and eosinophils were also targeted by anti-CD20 treatment. The percentage of
CD4*CD20" cells (out of CD4*) in WT mice treated with anti-CD20 antibody was significantly
lower than in WT mice treated with isotype control antibody (Fig. 12A). Anti-CD20 therapy had
no effect on CD8*CD20* cells (Fig. 12B). Anti-CD20 therapy, on the other hand, significantly
reduced the percentage of TCRy&6*CD20* T cells (Fig. 12C) and Siglec-F*CD20* eosinophils (Fig.

12D).
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Figure 12. Effect of CD20 depletion on CD20 positive splenic CD4, CD8, yé T cells, and
eosinophils

Representative flowcytometry contour plots showing % of (A) CD4*CD20* T cells, (B) CD8*CD20* T
cells, (C) TCRy&6*CD20"T cells, (D) Siglec-F*CD20* eosinophils (pseudocolor plot), (left panel-Isotype control, right
panel-Anti-CD20). Violin graphs showing data (of A, B, C, D). Data mean#S.E.M., ns no significance, * P<0.05, as
analyzed by t test, n=6 mice.

My Flowcytometry findings raise doubt on the specificity of CD20 antibodies (ref
flowcytometry antibodies in material section under antibodies). To answer this question, |
collected blood leukocytes from WT mice on day 3 aFAL. Staining was performed using anti-
CD19, anti-TCRP, anti-TCRyS antibodies. | precisely used two clones of anti-CD20 antibodies
from two different companies (BioLegend and invitrogen). Both clones of anti-CD20 antibodies
were able to stain CD19* B cells, which served as a positive reference cell type (Fig. 13A). Anti-
TCRB, anti-TCRyb antibodies were used to stain conventional T cells and yo T cells respectively.

Single cell imaging was performed in AMNIS. This approach (Fig. 7) clearly demonstrated that
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both clones of CD20 are co-stained on conventional T cells and y6 T cell (Fig. 13B-C). CD20
expression has been observed in conventional T cells, but it has not been reported in yo T cells
to my knowledge. To confirm my findings further, | sorted B cells and y& T cells from WT mice
blood collected on day 3 after femoral artery ligation and sham operation. RNA was extracted
from the sorted cell and cDNA was synthesized. Real-time PCR was used to examine CD20
gene expression. B cells (CD19*) were used as a positive reference cell population (Fig. 13D).
CD20 is expressed at measurable levels in y& T cells (Fig. 13E). However, the difference between

ligated vs sham surgery was not significant in both B and y& T cells.
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6.1.9 Flow cytometry gating strategy for identification of different

leukocytes
Figure 14
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Figure 14. Flow cytometry gating strategy

Sequential flow cytometry gating strategy showing identification of different leukocytes. Top panel to identify
live CD45* leukocytes. Middle panel showing CD3* T cells and CD19* B cells gated from live CD45*. CD4* and CD8*
cell populations were gated from CD3*. y& T cells were identified from CD3*DN (double negative) cells. Lower
panel showing inflammatory monocytes (Ly6Chi) and neutrophils identified from DN (CD3°CD19°CD11b*).
Dendritic cells (DCs) and eosinophils were identified from DN (Ly6C Ly6G’) cell population.
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6.2 Arteriogenesis in B cell-deficient (JHT KO) mice

Anti-CD20-mediated B cell depletion has been reported as a promising treatment option for B
cell malignancies. One of the mechanisms hypothesized for the successful depletion of B cells
by anti-CD20 antibody therapy was macrophage activation. As a result of CD20-mediated B
cell depletion, the splenic and circulatory macrophage compartments maybe affected, and
could be potentially interfering with macrophage accumulation during arteriogenesis. Second,
my flow cytometry investigation revealed that fraction of T cells and eosinophils are CD20
positive. My data from CD20 depletion, taken collectively, is insufficient to define the role of
B cells in arteriogenesis. As a result, a better model approach is required to determine the role
of B cells. To answer this question, | planned to replicate my findings (from Figure.10) using B
cell-deficient (JHT KO) mouse, which have the Jh region of the heavy chain knocked out and
cannot produce B cells in the system under any circumstances. To induce arteriogenesis, both
WT and JHT KO mice had their femoral arteries ligated. Laser Doppler imaging analysis on days
3 and 7 revealed a significant reduction in perfusion recovery in B cell-deficient mice (Fig. 15A-
B), which was consistent with the perfusion findings from CD20 depleted mice. In B cell-
deficient mice, vascular cell proliferation (Fig. 15C-D) and collateral artery growth (Fig. 15E)
were similarly considerably reduced. Surprisingly, perivascular macrophage analysis (Fig. 15F)
showed that the number of inflammatory (CD68*MRC1") (Fig. 15G) and regenerative
(CD68*MRC1*) macrophages (Fig. 15H) did not differ significantly.

The conclusion drawn: B cell deficiency results in reduced arteriogenesis without any impact

on perivascular macrophage accumulation.

55



Figure 15
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Figure 15. Reduced arteriogenesis in B cell-deficient mice

A.

.

Laser Doppler perfusion measurements of WT and JHT KO mice at baseline, immediately after femoral
artery ligation (aFAL), at day 3, and at day 7. Data represent mean#S.D., *P<0.05 by two-way ANOVA
multiple comparison test with Bonferroni correction. n=8 mice.

Doppler flux images of WT (upper panel) and JHT KO (lower panel) mice at aFAL and at day 7.
Epifluorescence images showing BrdU* cells in WT and JHT KO mice at day 7 aFAL.

& E; Bar graphs data showing (C) % of BrdU+ vascular cells, (D) Inner luminal diameter of collateral
arteries at day 7. Data represent meantS.D., *P<0.05 by t test. n=6 mice.

Representative immunofluorescence images of macrophages around perivascular space of collateral
artery in WT and JHT KO mice day 7 aFAL. Scale bar 20pum.

& H; Number of perivascular (G) CD68*MRC1, (H) CD68*MRC1* macrophages. Data represent
meanzS.D., ns no significance by t test. n=6 mice.
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6.2.1 Effect of CD20 depletion in B cell-deficient mice

Arteriogenesis was impaired in B cell-deficient animals without affecting perivascular
macrophage accumulation. | stained B cell-deficient mice adductor muscle to see whether
there was a conceivable cause. Surprisingly, CD20* cells were detected in the vicinity of
developing collateral arteries in B-cell deficient mouse (Fig. 16A). Despite the fact that CD20
is a well-known B cell marker in mice and humans, my flow cytometry analysis found that CD20
is also present in T cells and eosinophils. In B cell-deficient mice, | expected that CD20* cell
population would be recruited to the perivascular area of collateral arteries. Because B cell-
deficient mice had a similar amount of regenerative macrophages at day 7 after surgery, |
wondered if these CD20* cells were the cause of the observed phenomenon in B cell-deficient
mice. | used anti-CD20 antibody to investigate the relevance of CD20" cells in B cell-deficient
mice, while the control group got Isotype control antibody. Surprisingly, mice lacking B cells
responded to CD20 depletion. Anti-CD20 treated mice had significantly lower perfusion
recovery than B cell-deficient mice treated with Isotype control antibody (Fig. 16B). This was
associated with significantly reduced vascular cell proliferation (Fig. 16C) and collateral artery
growth (Fig. 16D). In B cell-deficient mice with anti-CD20 antibody, the number of
inflammatory (CD68*MRC1°) macrophages (Fig. 16F) was significantly increased, whereas the

number of regenerative (CD68*MRC1*) macrophages (Fig. 16G) was significantly reduced.

The conclusion drawn: CD20 expressing cells were relevant to arteriogenesis and macrophage

accumulation in B cell-deficient mice.
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Figure 16
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Figure 16. Impact of CD20 depletion on arteriogenesis in B cell-deficient mice

A. Immunofluorescence image showing the presence of CD20 expressing cells in B cell-deficient (JHT KO)
mice at 7 aFAL. Scale bar 20 um.

B. Relative perfusion recovery of B cell-deficient (JHT KO) mice treated with Isotype control and anti-CD20
antibody as analyzed ligated/sham at baseline, aFAL, at day 3 and at day 7. Data represent mean#S.D.,
*P<0.05 by two-way ANOVA multiple comparison test with Bonferroni correction. n=6 mice.

& D; Bar graph showing the data of (C) BrdU* vascular cells, (D) luminal diameter.

Epifluorescence images showing macrophages in perivascular space at day 7. Scale bar 20um:

& G; Number of (F) CD68*MRC1 and (G) CD68*MRC1* macrophages at day 7 aFAL.

C, D, F, G; Each circle represents mean of 6-10 collateral arteries. Data represent mean+S.D., * P<0.05
by t-test, n=6 mice.

6.3 Arteriogenesis in the absence of T cells

6.3.1 Arteriogenesis in absences of conventional T cells

TCRa KO mice lack the alpha and beta TCR population, which accounts for the majority of T
cells. To investigate the role of T cells in arteriogenesis, WT and TCRa KO mice underwent
femoral arteries ligation. In TCRa KO mice, the loss of T cells had no influence on perfusion
recovery (Fig. 17A-B). WT and TCRa KO mice had similar vascular cell proliferation (Fig. 17C-D)
and collateral artery growth (Fig. 17E). Perivascular macrophage analysis (Fig. 18A) showed
that TCRa KO mice had no difference in the number of proinflammatory (CD68*MRC1)
macrophages. Moreover, surprisingly, TCRa KO mice had considerably more regenerative

(CD68*MRC1*) macrophages (Fig. 18C).

The conclusion drawn: T cell deficiency does not affect arteriogenesis and instead favors

macrophage accumulation in TCRa KO mice.
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Figure 17
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Figure 17. Conventional T cell deficiency does not interfere with arteriogenesis in TCRa KO

mice

A.

Laser Doppler perfusion analysis of WT and TCRa KO mice at baseline, immediately after femoral artery
ligation (aFAL), at day 3 and at day 7. n=6 mice. Data represent meantS.D., ns no significance by two-
way ANOVA multiple comparison test.

Representative Doppler flux images of WT (upper) and TCRa KO (lower) mice at immediately aFAL and
at day 7.

Epifluorescence images showing BrdU* cells in WT and TCRa KO mice. Scale bar 20 pum.

Bar graphs showing the percentage of BrdU* vascular cells.

Data showing luminal diameter of collateral arteries.

D, E; timepoint at day 7, each dot represents mean of 6-10 collateral arteries. Data represent mean%S.D.,
ns no significance by t-test. n=6 mice.
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Figure 18
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Figure 18. TCRa KO showed increased regenerative macrophage accumulation in

perivascular space

A. Representative confocal immunofluorescence images of adductor muscle stained for CD68 and MRC1,
DAPI for nuclei at day 7; left panel data from WT and right panel from TCRa KO mice. Scale bar 20 um.

B. & C;Bar graphs data showing the number of (B) CD68*MRC1, (C) CD68*MRC1* macrophages of growing
collaterals in adductor muscle. The time timepoint of the analyzed data was day 7. Each dot represents
a mean of 6-10 collaterals. Data mean#S.D., ns no significance, * P<0.05, by t-test, n=6 mice.
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6.3.2 yoT cell depletion interfered with arteriogenesis in TCRa KO mice

Although TCR alpha/beta (TCR TCRap) chain is found in the majority of T cells, a small
percentage of T cells are TCR gamma/delta (TCR TCRy&) chain positive which are referred to
as yO T cells. y& T cells can exist in TCRa KO mice. The absence of conventional T cells in TCRa
KO mice had no effect on arteriogenesis, implying that y6 T cells might play a role. To support
my hypothesis, my immunofluorescence staining showed the presence of y6 T cells in the
adductor muscle of TCRa KO mice on day 7 after femoral artery ligation (Fig. 19A). The
localization of y& T cells are in close proximity to the growing collateral artery (artery lumen
was indicated with dashed line). Secondly, Anti-CD20 depletion is showed impaired
arteriogenesis and decreased number of CD20* y6 T cells. So | sought to check the relevance
of y& T cells to arteriogenesis in TCRa KO mice. yé T cells were depleted in TCRa KO mice mice
with Anti-TCR y6 antibody and control group received isotype control antibody (Fig. 19B). Both
groups underwent femoral artery ligation surgery and were kept under observation for 7 days.
This treatment approach significantly effectively depleted yd T cells in blood (Fig. 19C) and
spleen (Fig. 19D). Perfusion recovery was assessed on day 3 and also day 7 (endpoint) (Figure.
20A). Compared to the Isotype control antibody-treated group, the perfusion recovery was
reduced in TCRa KO treated with anti-TCRy antibody. However, the difference was significant
only on day 7 (Fig. 20A). A clear visible reduction in collateral arteries growth (arrows) is seen
in adductor muscle of anti-TCRy6 treated TCRa KO mice (Fig. 20B). Vascular cell proliferation
(Fig. 20C, corresponding quantification Fig. 20D) and collateral artery growth (Fig. 20E) were
significantly reduced with anti-TCRy6 antibody treatment. On day 7 following femoral artery
ligation, perivascular macrophage (Fig. 20F) analysis revealed that the number of
proinflammatory (CD68*MRC1°) macrophages was significantly increased (Fig. 20G), whereas
the number of regenerative (CD68*MRC1*) macrophages was significantly reduced (Fig. 20H)
in TCRa KO mice treated with anti-TCRy6 antibody.

The conclusion drawn: yo T cells contributed to arteriogenesis in TCRa KO mice.
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Figure 19
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Figure 19. y6 T cell depletion by Anti-TCR y6 in TCRa KO mice

A. Immunofluorescence image showing the presence of y6 T cells in the adductor muscle of TCRa KO mice
at day 7 after surgery. Dashed line indicate arterial lumen. Scale bar 20 um.

B. Schema of experiment design showing TCRa KO mice were randomly divided into two groups. One group
was treated with an Isotype control antibody, and another group with Anti-TCR y& antibody on one day
prior to the surgical procedure (-l1day) via intravenously. Perfusion was measured at baseline,
immediately after surgery, at day 3, and at day 7 after surgery. Mice were humanly sacrificed at day 3
and day 7 time points. Blood and spleen (on day 7) were harvested and processed for flow cytometry.
Muscles were harvested (on day 3 and on day 7) and cryopreserved for histology analysis.

C. Bar graph data showing flow cytometry analysis of y6 T in the blood (%) at day 7. Data mean%S.E.M.,
* P<0.05, by t test, n=3-4 mice.

D. Data showing flow cytometry analysis of y& T in the spleen (%) at day 7. Data mean+S.E.M., * P<0.05, by

t test, n=3-4 mice.
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Figure 20
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Figure 20. y6 T cell depletion impaired arteriogenesis in TCRa KO mice

A. Relative perfusion analysis of TCRa KO mice treated with Isotype control and anti-TCR y6 antibody, at
baseline, immediately after surgery, at day 3 and at day 7. Data represent meanS.D., ns no significance,
*P<0.05 by two-way ANOVA multiple comparison test with Bonferroni correction. n=6 mice.

B. Representative microscopic adductor muscle image showing blood-filled collaterals (arrows) in TCRa KO
mice treated with Isotype control (top), anti-TCR y6é (lower) at day 7.

C. Epifluorescence images showing BrdU* cells. Scale bar 20 um.
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D. & E; Bar graphs showing percentage (D) (%) of BrdU+ vascular cells, (E) luminal diameter of collateral
arteries at day 7.
Confocal microscope images showing macrophages around perivascular space. Scale abr20 um.
& H; Number of CD68*MRC1" (left) and CD68*MRC1* (right) macrophages at day 7.
D, E, G & H; Each circle represents a mean of 6-10 collateral arteries. Data mean+S.D., ns no significance,
*P<0.05 by t-test. n=5-6 mice.

6.3.3 Relevance of y6 T cells to arteriogenesis in WT mice

Anti-TCR antibody-mediated depletion of y6 T cells in TCRa KO mice confirmed the importance
of y& T cells in arteriogenesis. Following that, | wanted to see if y& T cells have a role in
arteriogenesis also in WT mice. | tested the effect of y& T cell depletion on arteriogenesis in
WT mice. WT mice treated with anti-TCRy& antibody showed significantly impaired perfusion
recovery on day 3 and day 7 after femoral artery ligation (Fig. 21A), and reduced collateral
artery growth (Fig. 21B), similar to prior experimental data from TCRa KO mice (Fig. 21A-B).
Anti-TCRy6 antibody-treated WT mice had considerably lower vascular cell proliferation (Fig.

21C) and luminal diameter (Fig. 21D) than Isotype control antibody-treated WT mice.

The conclusion drawn: y& T cells contribute to arteriogenesis in WT mice.
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Figure 21

WT day 7 aFAL
A B :
- g
E 1.45 -0~ WT+Isotype control ‘g’
% 1.2 O WT+Anti-TCRyS é
5, 1.0- . g
< 0.8 -
Z 0.6 = F
g° . =
g 0.4+ e B
o N
Z 0.2 @ g
i <
2 0.0 T 1 T
&N S A
~o‘z§°b\ §Y’ gz;\ b@
W WT+Isotype control WT+Anti-TCRyd
C D
801 804
S s | e
$ :
2 60 = 607 *
8 8
E - 5
; 40 5 407 1
}? g 000
5 20 g 207
2 3
m
0- 0-
3 o
SRS
e QOOQ 'x(’&o
& Q >
\%0\ \%66 v
F G,
ns
4 o

WT+Isotype control WT+Anti-TCRYd

CD68 MRC1 cells
CD68"MRC]1*cells

Figure 21. Relevance of yé T cells to arteriogenesis in WT mice

A. Perfusion analysis of WT mice treated with Isotype control and anti-TCRy8 antibody. Data represent
meanzS.D., ¥*P<0.05 by two-way ANOVA multiple comparison test with Bonferroni correction. n=6 mice.
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B. Representative microscopic blood-filled collaterals in adductor muscle of TCRa KO mice treated with
Isotype control (top), anti-TCR y6 (lower) at day 7, arrows showing superficial collaterals.

C. & D; Bar graphs showing percentage (C) % of BrdU* vascular cells, (D) luminal diameter of collateral
arteries at day7.
Epifluorescence images showing macrophages in perivascular space. scale bar 20 um.
& G; Number of (F) CD68*MRC1 and (G) CD68*MRC1* macrophages at day 7.
C, D, E & F; Each circle represents mean of 6-10 collateral arteries. Data meanS.D., ns no
significance, *P<0.05 by t test. n=6 mice.

6.3.4 Functional relevance of ybé T cells in arteriogenesis

v& T cells possibly express IL-17A or IFN-y under inflammatory conditions, as reported
previously. Since femoral artery ligation results in chronic sterile inflammation, | hypothesized
that either IL-17A or IFN-y from y& T cells was relevant to their positive effect in arteriogenesis
in mice. To investigate this, | sorted y6 T cells from WT mice blood on day 3 after femoral
artery ligation and sham operation. RNA was isolated, and cDNA was synthesized. Gene
expression analysis by real-time PCR showed no detected level of IL-17A (data not shown),
whereas IFN-y expression was significantly increased in cells sorted from ligated mice blood

(Fig. 22).

The conclusion drawn: yo T cells are IFN- y expressing cells in arteriogenesis.
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6.3.5 Macrophage activation status in arteriogenesis

v6 T cells are relevant to arteriogenesis and macrophage accumulation in TCRa KO and WT
mice. And y& T cells are IFN-y expressing cells. IFN-y was reported to induce macrophage
polarization towards pro-inflammatory phenotypes in In vitro assays. However, this
phenomenon cannot be applied to the tissue microenvironment. By using MRC1 and CD169
macrophage markers, | would like to explore the activation status of perivascular macrophages
in relevance to yd T cells. Cryosections from adductor muscles collected on day 3 after femoral
artery ligation from WT and TCRa KO mice treated with anti-TCRyd antibody and Isotype
control antibody were stained with CD68, MRC1, and CD169 antibodies. Mean fluorescence
intensity (MFI) analysis revealed that anti-TCRy® treated WT (Fig. 23A) and TCRa KO mice (Fig.
23B) showed no significant difference in MRC1 expression whereas CD169 expression was
significantly decreased with anti-TCRyd treatment. Moreover, CD169 perivascular

macrophages also expressing lymphotoxin beta receptor (LTBR) (Fig. 23C).
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Figure 23. Macrophage activation status in arteriogenesis ggplot data showing expression of MRC1
(left) and CD169 (right) in WT mice. (A) and TCRa KO mice (B) treated with Isotype control and Anti-TCR y&
antibody. Each dot represents MFI value of one macrophage. Data mean#S.D., * P<0.05, by t-test, n=6
mice. (C) Confocal microscope image showing CD169 macrophage express LTBR. Scale bar 10 um.
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6.3.6 Perivascular macrophages express IL-10 and PDGF-f in arteriogenesis

Perivascularly accumulated macrophages express vascular growth factors, which ultimately
promote vascular (endothelial and smooth muscle) cell proliferation. IFN-y from y6 T cells
induces classically activated macrophages. y6 T cell depletion, on the other hand, drastically
reduced CD169 expression on macrophages in the current experimental setting. As a result, |
would like to look at the expression of cytokines in CD169* macrophages that promote
vascular development. F4/80*CD169* macrophages from spleen, blood, and muscle were
sorted at day 3 after femoral artery ligation. RNA was isolated, and cDNA was synthesized.
Gene expression analysis by real-time PCR revealed that macrophages isolated from spleen,
blood and muscle showed the expression of IL-10 (Fig. 24A), platelet-derived growth factor-p
(PDGF-B) (Fig. 24B). RNA isolated from collateral showed expression of platelet-derived
growth factor receptor-p (PDGFR-B) (Fig. 24C) on day 3 after femoral artery ligation. However,
the difference between sham and ligated was very minimal. Immunofluorescence staining
showed that PDGFRB expression on smooth muscle cell layer of collateral artery day 7 after

surgical procedure (Fig. 24D).

69



Figure 24
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Figure 24. IL-10 and PDGFR-f expression in arteriogenesis

Bar graph data showing expression levels of (A) IL-10 and (B) PDGFR-B in splenic, blood, and muscle macrophages.
Macrophages were polled from 4 WT mice, data from two independent experiments. (C) Bar graph data showing
PDGFR-B expression in RNA extracted from WT mice collateral arteries on day 3 post-surgery. (D) Confocal
microscope image showing PDGFR-[3 expression on collateral arteries in sham-operated (top) and femoral ligated
(lower) WT mice at day 7 after ligation. Scale bar 20 um.
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7. DISCUSSION

7.1 Role of adaptive immunity in arteriogenesis

Since the adaptive immune response needs a longer time to rise after exposure to the
antigens, the innate immune response provides rapid and non-specific defense reactions
(Kuby Immunology, 7th edition). Therefore, the cells of the innate immune (Fig. 1) system
typically act minutes after exposure to the danger signal. This action is majorly a coordinate
job between neutrophils and mast cells by increased phagocytosis and cytokine release. These
cellular events are collectively referred to as Inflammation (Kuby Immunology, 7th edition).
Increased fluid shear stress in the vasculature is one of the crucial physiological forces for
arteriogenesis. Once the endothelium experiences fluid shear stress, mechanosensing
molecules activate many molecular and cellular events, which causes inflammatory leukocyte
recruitment and cytokine release (Lasch et al., 2019), since this process happens in the
absence of infectious agents, hence called sterile inflammation (Beneke et al., 2017). Over the
past years, a substantial knowledge from our group and other groups has already explained
the crucial involvement of the innate immune system in arteriogenesis.

Shear stress experienced endothelium attracts myeloid cells. Locally recruited neutrophils
disappear 1 day after surgical ligation of the femoral artery. At a similar time interval, mast
cell activation also reduced, and the macrophage accumulation slowly rose and reach peak
level on a week after the surgery (Chillo et al., 2016), (Lasch et al., 2019). Macrophage and
lymphocyte crosstalk have been established in chronic inflammatory mouse models (Mosser
& Edwards, 2008). This data clearly shows that adaptive immunity might be important to
control the sterile inflammation by influencing the macrophage compartment and facilitating

collateral artery growth in arteriogenesis (La Sala et al., 2012). The main aim of my study is to
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identify the role of adaptive immunity in arteriogenesis by using a mouse model of hindlimb
ischemia, a preclinical animal model to study arteriogenesis (collateral artery growth). Few
studies attempted to find the role of T cell involvement in arteriogenesis. However, the
outcome was contradictory due to the different mouse strains sued and treatments applied
(Van Weel et al., 2007). These findings made me speculate that the role of adaptive immunity
in arteriogenesis is minimal. However, the role of B cells in arteriogenesis has never been
reported. To fill this gap, | wanted to study arteriogenesis by using a better mouse model that
lacks both B and T cells in system. Ragl KO mice lacks functional B and T cells and provides the
potential opportunity to study the role of adaptive immunity (Mombaerts et al., 1992).
Arteriogenesis was evaluated in Ragl KO mice through perfusion recovery, vascular cell
proliferation, and luminal diameter of collateral arteries. Having no functional B and T cells in
Ragl KO mice showed impaired arteriogenesis, which was associated with the increased
number of inflammatory (CD68*MRC1”) macrophages accumulation in the perivascular space
of growing collateral arteries (Fig. 8).

The reduced arteriogenesis in Ragl KO mice could be viewed in two ways; first, since the
myeloid system and lymphoid system crosstalk is crucial for the survival of cells of the immune
system (Innate and adoptive). Lack of lymphocytes in Ragl KO mice could affect myelopoiesis.
Arteriogenesis is majorly dependent on monocyte/macrophages (Deindl & Schaper, 2005). If
the mouse has altered myelopoiesis, this can result in reduced arteriogenesis. However, Ragl
KO mice showed normal myelopoiesis (Aiello et al., 2007). Hence, the impaired arteriogenesis
in Ragl KO mice was not due to altered myelopoiesis but due to the lack of B and T cells.
Secondly, earlier studies in arteriogenesis focused on locally accumulated leukocytes but

lacked knowledge about secondary lymphoid organs involvement. In atherosclerosis mouse
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models, B cell and T cell activation analysis showed that lymphocytes were exposed to
antigens more rapidly (Paulsson et al., 2000), indicating that primary and secondary lymphoid
compartments might be necessary in chronic inflammatory models (Hansson et al., 2006).
Ragl KO mice resulted in reduced arteriogenesis support my hypothesis that the adaptive
immune compartment might play a role in arteriogenesis by resolving the inflammation to
enable the growth of collateral arteries through regenerative (CD68*MRC1*) macrophages.
However, since Ragl KO mice lack both B and T cells, the reduced arteriogenesis in Ragl KO
mice could be the result of a collective lack of B cells and T cells.

To solve the aforesaid question, arteriogenesis was studied independently in Bcelland T

cell-deficient mouse models.

7.2 Role of B lymphocytes in arteriogenesis

The Role of B cells in arteriogenesis was never reported yet. However, data from similar
chronic inflammation mouse models have shown a positive and negative role of B cells. To
start with, in atherosclerosis models, deposition of oxidative lipids and phospholipids were
proposed as the pathological initiators (Binder et al., 2002). The progress of atherosclerotic
lesion development linked with natural IgM and IgG antibodies to oxidized low-density
lipoproteins (Shaw et al., 2000). These antibodies accumulate in lesions and interfere with the
macrophage-mediated clearance of lipids (Shaw et al., 2000). However, it is also reported that
activated B1 cells possess an atheroprotective role via IgM type anti-oxidized low-density
lipoproteins (anti-oxLDL) (Srikakulapu et al., 2017) via CXCR4 expression (Doring et al., 2020).
Above findings has indicated the involvement of B cell through their natural antibodies. It is

noteworthy that B cells also possess a regulatory function by inhibiting the BCR activation
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signaling and negatively regulate the inflammation. The anti-inflammatory regulatory nature
of the B cells were defined by their capacity to release anti-inflammatory cytokine IL-10, hence
regulatory B cells named as B-10 b cells (lwata et al., 2011), (Tedder, 2015), (Radomir et al.,
2021). By using B cell depletion through anti-CD20 antibody treatment was found to reduce
the atherosclerosis development in mice (Ait-Oufella et al., 2010). The same study identified
two significant phenomenons which explained the pro-atherogenic role of B cells, and hence
the depletion reduced atherosclerosis. Firstly, CD20 depletion restored the IgG type anti-
oxLDL antibody levels, whereas IgM type anti-oxLDL levels were significantly decreased.
Secondly, they found B cells drive CD3 T cells infiltration is the reason for the inflammation
and probably the cause of lesion progression. Since CD20 depletion reduced the B cells,
subsequently dendritic cells and CD3 T cells activation was reduced (Cochain & Zernecke,
2016), (Zernecke, 2015), (Bobryshev, 2010). In addition, CD20 depletion markedly also
reduced macrophage accumulation (Ait-Oufella et al., 2010). However, some macrophage
phenotypes are anti-atherogenic (Chinetti-Gbaguidi et al., 2015), (Willemsen & de Winther,
2020). In an interesting study showed B cell depletion through anti-CD20 antibody treatment
protected the mice from abdominal aortic aneurysm (Schaheen et al., 2016). Similar to Ait-
Oufella et al., Schaheen et al., also found that CD20 depletion did not affect IgG levels, whereas
IgM levels were lowered. Interestingly, Schaheen et al., found B220* (murine B cells marker)
plasmacytoid dendritic cells in CD20 depleted mice aorta that were not targeted by anti-CD20
antibodies. A similar experimental setting in my study showed the opposite outcome. B cell
depletion was carried out with a single dose of anti-CD20 antibody. Similar to others (Ait-
Oufella et al., 2010), (Schaheen et al., 2016), this treatment approach (Fig. 9A) significantly

depleted B cells from BM (Fig. 9B), spleen (Fig. 9C), and blood (Fig. 9D). Anti-CD20 antibody
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treatment resulted in reduced arteriogenesis in WT mice (Fig. 10), as analyzed by perfusion
recovery (Fig. 10A), vascular cell proliferation (Fig. 10C), and luminal diameter (Fig. 10D). The
anti-arteriogenic effect of CD20 depletion was associated with reduced regenerative
macrophage accumulation (Fig. 10F), whereas inflammatory macrophages (Fig. 10E) were not
affected. Numerous studies conducted in human multiple sclerosis patients (treated with
Rituximab) reported that some T cells were also depleted by anti-CD20 treatment
(Palanichamy et al., 2014), (Sabatino et al., 2019). This knowledge led me to check whether a
similar effect could also be possible in my experimental settings. T cell (CD4, CD8, y6 T) and
eosinophil number were not affected with CD20 depletion (Fig. 11A, B, C, D). Surprisingly my
flow cytometry analysis showed CD20 expression on CD4, CD8, y8 T cells, and eosinophil. Anti-
CD20 treatment significantly reduced CD20*CD4* T cells (Fig. 12A), CD20*TCRy&* T cells (Fig.
12C), and CD20*Siglec-F* eosinophils (Fig. 12D) but not CD20*CD8* T cells (Fig. 12B). A limited
data already suggesting that T cells can express CD20 marker (Palanichamy et al., 2014), but
according to my knowledge, my study for the first time showing that CD20 expressiononyd T
cells and on eosinophils. Next, | used two clones of CD20 antibodies to confirm my finding of
CD20 expression by using Imaging flow cytometry (AMINS). Imaging cytometry data clearly
showed CD20 expression in TCR* B (used to identify CD4* CD8*) cells (Fig. 13B), and TCRy&* T
cells (Fig. 13C). CD19* cells serve as a reference cell population (Fig. 13D). Furthermore, using
CD19* B cell (Fig. 13D) as reference cell population, | confirm CD20 expression in TCRy&* T cells
sorted from WT mice blood collected on day 3 after surgical procedure. However, no
difference was found in cells sorted from femoral ligated compared to sham-operated mice

(Fig. 13E). The above observation is a paradigm shift in what we know about CD20 expression.
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Data from the CD20 depletion experiment could not draw any conclusions to my
understanding because CD20 depletion not only depleted B cells but showed some effect on

multiple cell compartments.

Due to this reason, a better experimental setting is needed to understand the role of B cells in
arteriogenesis. At this stage, | used B cell-deficient (JHT KO) mice. B cell-deficient mice showed
impaired arteriogenesis (Fig. 15A), associated with reduced vascular cell proliferation (Fig.
15D), collateral artery growth (Fig. 15E). However, both inflammatory and regenerative
macrophages were unchanged (Fig. 15G, H) speculate the idea, maybe B cells could involve in
arteriogenesis progress independently without working through macrophage compartment,
or locally accumulated macrophages acquire different activation status in the absence of B
cells (Srikakulapu & Mcnamara, 2020). B cell-deficient mice showed CD20* cells in adductor
muscle (Fig. 16A). Since | found CD20 expression not only limited to B cells, | speculate the
idea that CD20* cells might be relevant for observed arteriogenesis and macrophages
accumulation in B cell-deficient mice. To rule out the relevance of these CD20* cells to
arteriogenesis in B cell-deficient mice, | repeated CD20 depletion in B cell-deficient mice.
Surprisingly B cells deficient having no B cells in the system still responded to the CD20
depletion treatment. CD20 depletion has a strong negative effect on arteriogenesis (Fig. 16B-
D). This was associated with increased inflammatory macrophages (Fig. 16F) and decreased
regenerative macrophage accumulation (Fig. 16G). This data supports my previous finding of

CD20 expression on different cell compartments.

7.3 Role of T lymphocytes in arteriogenesis
T cells reported to module macrophage differentiation in inflammatory models (Weirather et

al., 2014). Since B cell-deficient mice showed no difference in macrophage phenotype. |
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speculate that macrophage accumulation in arteriogenesis is T cell-dependent. Stabile et al.
reported that IL-16 expressing CD8* cells contribute to hindlimb blood flow recovery (Stabile
et al., 2006). Van Weel et al. showed an essential role of CD4* T cells in arteriogenesis.
Subsequently, similar data was reproduced in MHC-II deficient mice, which lack mature CD4*
T helper cells. The same study also found the critical role of NK1.1* cells (Van Weel et al., 2007).
However, this study lacks mechanistic insights to bias the cell-cell-dependent regulatory
function. Another study reports the role of T cell costimulatory signaling molecule along with
the role of regulatory T (Treg) cells in post-ischemic neovascularization. They observed
reduced Treg cell number either in CD28 deficient mice or anti-CD25 treatment enhanced
postischemic neovascularization (Zouggari et al.,, 2009). In contrast, Hellingman et al,,
reported the limited role of Treg cells in neovascularization. Using the anti-CD25 antibody and
DEREG Foxp3 approach, they achieved Treg depletion and found that under both conditions,
the difference was minimal (Hellingman et al., 2012). However, the data ambiguity in all the
studies above made no clear conclusions and lacked the observed effect mechanism. In
addition, there was a difference in surgical procedures, and methodological evaluations could

have some impact on results which may not simply apply to the model | used in my study.

Considering all the factors, | wanted to test whether conventional (TCRa based) T cells play a
role in arteriogenesis. By using TCRa KO mice (lacks CD4* and CD8+ cells), I found
arteriogenesis was not affected in the absence of conventional T cells (Fig. 17A-E).
Inflammatory macrophage number was comparable in TCRa KO mice (Fig. 18B). Interestingly
lack of conventional T cells favoured an increased number of regenerative macrophage
accumulation (Fig. 18C). | asked a question about how these mice compensated for the loss of
major T cell population. TCR y& T cells protected TCRa/B KO mice against malaria parasite
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infection (Tsuji et al., 1994). This finding led me to speculate the idea that TCRa KO mice might
get benefitted from the presence of y6 T cells since TCRa KO do not show any difference in
arteriogenesis and, in fact showed significantly increased regenerative macrophage. My
immunofluorescence images showing the infiltration of y& T cells in adductor muscle (Fig.
19A). To rule out the relevance of y& T cells in TCRa KO mice, | depleted y& T cells using anti-
TCRyd antibody. Clone UC7-13D5 for the depletion of y& T cells was debatable (Koenecke et
al., 2009), (Wu et al., 2007). However, in my current experimental setting (Fig. 19B), | found
anti-TCRyd (Clone UC7-13D5) antibody significantly depleted yoT cells in the blood (Fig. 19C)
and spleen (Fig. 19D), as analyzed by flow cytometry. TCRa KO mice treated with anti-TCRy&
antibody showed impaired arteriogenesis response (Fig. 20A-E) associated with an increased
number of inflammatory macrophage accumulation (Fig. 20G), whereas regenerative
macrophage accumulation was significantly decreased (Fig. 20H). A similar effect was also
observed in WT mice with anti-TCRy6 treatment (Fig. 21A-E). The number of inflammatory
macrophages in WT mice treated with anti-TCRyé also showed an increased trend, however,
the difference was not significant (Fig. 21G). In line with previous data (Fig. 20H), WT mice
treated with anti-TCRyd showed significantly decreased regenerative macrophage
accumulation (Fig. 20H). This observation backs up my prior findings that y& T cells are
engaged in arteriogenesis not just in TCRa KO mice, but also in WT mice. IL-17A y6 T cells and
IFN-y y& T cells were reported to be involved in inflammatory models (Kohlgruber et al., 2018).
Next, | would like to check the signatory cytokine that y6 T cells express in arteriogenesis. yo
T cells were sorted from WT mice on day 3 after surgical procedure, and gene expression was
analyzed by real-time PCR. IL-17A cytokine expression was undetectable under present the

experimental setting. | found significantly increased IFN-y expression in y6 T cells from ligated
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WT mice than sham operated WT mice (Fig. 22). Hence, y& T cell are IFN-y expressing cells in
arteriogenesis. IFN-y cytokine was reported as a pro-inflammatory cytokine in many
experimental settings (Schroecksnadel et al., 2006), (Lee et al., 2017), (Kopitar-Jerala, 2017).
It's been reported from in-vitro studies that IFN-y polarizes macrophages towards
inflammatory subtypes. However, the tissue microenvironment is the strong determinant
during macrophage polarization by providing a signal in a time-dependent manner. For
example, inflammatory macrophages (M1) dominates in the initial phase of arteriogenesis,
whereas regenerative or anti-inflammatory macrophages (M2) in the later phase (Troidl et al.,
2013). Interestingly macrophages stimulated by IFN-y can negatively regulate neutrophil
infiltration (Hoeksema et al., 2015) could resolve the inflammation. | want to check the
function of IFN-y in arteriogenesis by identifying the macrophage activation status. Our
group’s data has shown that exogenous IFN-y treatment can rescue mice from y& T cell
depletion (unpublished data). This somehow indicates that IFN-y is a pro-arteriogenic
cytokine. However, further confirmation has to be done in the future. Since | found y6 T cells
were IFN-y expressing cells and were relevant to arteriogenesis in TCRa KO mice and also in
WT mice, however, CD8* T cells can express a high amount of IFN-y in cell-mediated immunity,
which leads to diverse responses (Pandiyan et al., 2007). Based on that, | would like to explore
macrophage activation status in arteriogenesis. Perivascular macrophages activation status
was analyzed at day 3 after femoral artery ligation by using MRC1 and CD169 (Siglec-1)
markers (by means of mean fluorescence intensity). WT and TCRa KO mice treated with anti-
TCRy®6 treatment showed reduced CD169 expression on macrophages, but not MRC1 (Fig. 23A,
B). v& T cells were IFN-y expressing in arteriogenesis. CD169 expression on macrophages

induced by IFNs (Bourgoin et al., 2020), (Martinez-Pomares & Gordon, 2012). CD169, also
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known as siglec-1 or sialoadhesin is expressed on a subset of macrophages. CD169 major work
involving cell-cell adhesion. CD169 macrophages reported activating B cells, iNKT T cells, and
CD8 T cells (Jian HR et al., 2006). Circulating neutrophils showed high levels of ligands for
CD169. Mice model of renal ischemia-reperfusion experiments showed that depletion of
CD169 macrophages facilitated increased endothelial ICAM-1 expression, excessive neutrophil
infiltration, and caused irreversible renal damage (Karasawa K et al., 2015). However, no
reports were available about CD169 macrophages in cardiovascular disease mouse models. T
cells showed reduced proliferation capacity in sialodhesin KO mice (Jiang HR et al., 2006).
Moreover, CD169 macrophages can activate T cells to secrete IFN-y. However, in my
observation, y6 T cells are essential T lymphocytes for arteriogenesis and are expressing IFN-
v. Depletion of y& T cells resulted in reduced CD169 expression on perivascular macrophages.
T cells from sialoadhesin KO mice showed lower levels of IFN-y secretion (Jiang HR et al.,
2006) indicating CD169 macrophage cross-talk with T cells. | speculate the idea that depletion
of yo T cells might interfere with the availability of IFN-y in arteriogenesis. Hence perivascular
macrophages from anti-TCRyd treated mice showed reduced CD169 expression. Perivascular
CD169 macrophages co-express LTBR (Fig. 22C), indicating possible T and B lymphocyte cross-
talk (Perez et al., 2017). This finding led me to speculate the idea that CD169 macrophages
were might be crucial macrophage subtype in arteriogenesis. To answer this, F4/80*CD169*
macrophages were sorted from spleen, blood, and muscle on day 3 after femoral artery
ligation. Gene expression analysis by real-time PCR from sorted macrophages showed
expression of IL-10 and PDGFPB (Fig. 24). However, high expression levels of IL-10 were
observed in macrophages isolated from muscle (Fig. 24A), whereas no difference in PDGF(

expression levels was observed among splenic, blood, and muscle macrophages (Fig. 24B).
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Convincingly collateral arteries were expressing a receptor for PDGFp (Fig. 24C, D). However,
the expression levels were not significant between ligated and sham-operated (Fig. 24C). This

data indicates CD169 macrophages could promote collateral artery growth via PDGFp.
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8. GRAPHICAL ABSTRACT

Figure-25 A
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Figure 25. Model illustrating lymphocyte involvement in arteriogenesis

v6 T cells

O

A. Model approach. Arteriogenesis was induced by ligating right femoral artery and left femoral was sham
operated. As a result of arteriogenesis fully grown collateral arteries were seen in right adductor muscle (arrow).
Arteriogenesis was characterized by analysis of perfusion recovery by LDI, vascular cell proliferation, analysis of
luminal diameter and perivascular macrophages by Immunofluorescence. B. CD20 targeted B cell depletion
resulted in decreased arteriogenesis in WT mice. C. Anti-CD20 treatment targeted not only B cells but CD20* CD4
T cells, y6 T cells and eosinophils. (B & C observation was WT+lIsotype control vs WT+anti-CD20). D. B cell deficient
(JHT KO) mice showed decreased arteriogenesis without effecting perivascular macrophages (observation was
WT vs JHT KO). Anti-CD20 treatment showed negative effect in JHT KO mice with decreased regenerative
(CD68*MRC1*) macrophages, whereas inflammatory (CD68*MRC’) macrophages were increased (Observation
was JHT KO+Isotype control vs JHT KO+anti-CD20). E. Lack of conventional T cells showed no effect in
Arteriogenesis and more over favored CD68*MRC1* macrophage recruitment (observation was WT vs TCRa KO).
However, depletion of y6 T cells with anti- TCRyd showed decreased arteriogenesis and decreased macrophage
recruitment (observation was TCRa KO+lsotype control vs TCRa KO+anti-TCRy®). F. y& T cells are IFN-y expressing

cells in arteriogenesis. G. CD169 macrophages can express IL-10 and PDGFP and may promote vascular growth.
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9. OUTLOOK

Promoting arteriogenesis could be a better alternative for invasive management of
cardiovascular diseases. However, due to its complexity, extensive research has to be done.
Any knowledge to understand and to add to molecular mechanism in arteriogenesis is greatly
useful for therapeutics development. My present study provides convincing evidence of B and
T lymphocyte involvement in arteriogenesis. For the first time, my study shows the evidence
that IFN-y expressing y& T cell are pro-arteriogenic in nature. Furthermore, my study also

found that CD169 expression on macrophages is reduced in y6 T cell depleted mice.

10. STUDY LIMITATIONS

My study has fewer limitations. To begin with, my experimental approaches provided
convincing evidence about the role of lymphocytes in arteriogenesis; however, they did not
provide mechanistic insights at this stage. Secondly, My study did not explore the subtypes of
vO T (Vy1+yd T cells, Vy4+ y8 T cells) and B cells (B1-B cells, B2-B cells) and needs to elucidate
in the future. Finally, IFN-y signaling concerning CD169 macrophage vascular growth

promoting feature remains to be elucidated.
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