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Abstract 

 
Rationale: Cardiovascular disease (CVD) is the leading cause of death worldwide. While 
advances in CVD therapeutics have been made, there remain unmet needs for better 
approaches to prevent and treat various forms of CVD such as coronary atherosclerosis and 
peripheral artery disease (PAD). The McNamara lab has identified the helix-loop-helix 
transcription factor Inhibitor of differentiation 3 (Id3) as a regulator of atherosclerosis 
development in both mice and humans. In my studies, I sought to identify cell type-specific 
roles for Id3 in regulating atherosclerosis development and adaptive neovascularization in the 
setting of skeletal muscle ischemia as a model of PAD. I hypothesized that Id3 expression in 
endothelial cells (ECs) and macrophages plays a protective role during atherosclerosis 
development and B cell-specific Id3 expression promotes angiogenesis during skeletal muscle 
ischemia to restore blood flow to distal limbs. 
 
Approach: To address these questions, a number of cell-specific transgenic murine models 
were utilized and generated. B cell-, macrophage-, and EC-specific Id3 knockout lines were 
used to investigate whether Id3 in these respective cell types regulated vascular density and 
perfusion during hind limb ischemia (HLI). Macrophage- and EC-specific Id3 knockout lines 
were used to investigate whether Id3 inhibited progression of plaque development of the aorta 
in hyperlipidemic mice (a model of atherosclerosis). Additional assays including, but not limited 
to, flow cytometry, ELISA, immunofluorescence, and cell culture were applied to quantify cell 
populations, Ig production, plaque size and characteristics, and EC proliferation where 
relevant. 
 
Results: HLI experiments reveal that B cell-specific Id3 KO, but not macrophage- or EC-
specific Id3 KO, have reduced blood flow during HLI. These results correlate with increased 
presence of B-1b numbers and IgM levels both within ischemic skeletal muscle as well as 
globally. Preliminary atherosclerosis experiments suggest that EC-specific Id3 KO, but not 
macrophage-specific Id3 KO mice, have increased atherosclerosis development compared to 
WT littermates. Macrophage-specific Id3 KO mice demonstrate increased B cell numbers in 
aortic perivascular adipose tissue (PVAT). 
 
Conclusion: These studies are the first to investigate EC-, macrophage-, and B cell-specific 
roles of Id3 in atherosclerosis and a murine model of PAD. EC-specific Id3 is atheroprotective, 
implicating a new molecular mediator through which ECs regulate lesion formation in the 
setting of hyperlipidemia. B cell-specific Id3 promotes blood flow recovery during ischemia, 
implicating a potential novel cell type (B cells) in neovascular adaptation to ischemia during 
PAD. These findings reveal novel cellular mechanisms regulating vascular disease 
progression and potential new therapeutic targets. 
 

 



  iii 
Dedication and Acknowledgements 

 
First, to my doctorate mentor, Coleen McNamara: I am extremely grateful for your guidance 
and mentorship over the last five years. Thank you for teaching me how to be a better 
scientist, for your patience, for your life lessons, and for being a wonderful role model. This 
was a long road and I think I’m ending it the best I could be because of your mentorship. 
 
To my committee, Drs. Janet Cross, Gary Owens, Shayn Peirce-Cottler, Thurl Harris, 
John Luckey, and Norbert Leitinger: thank you for the immense amount of patience, 
guidance, insights, and confidence you provided me throughout this process. 
 
To my program director, Janet Cross, thank you for the help and guidance throughout 
graduate school. You instilled a sense of calm and confidence in me that was essential in 
completing these studies. I am extremely grateful that faculty like you exist and can affect the 
lives of so many graduate students in a positive way. 
 
To the rest of the lab (past and present): Jim Garmey, Chantel McSkimming, Melissa 
Marshall – thank you for the endless hours of help and support, and for countless laughs and 
life stories. Aditi Upadhye – my lab buddy, thank you for being a role model, supportive peer, 
and great friend. Prasad Srikakulapu, Hema Kothari, Anh Nguyen, Claire Bucholz, Rende 
Xu, Jeff Sturek – my senior science experts, thank you for all of the science and life advice. 
You all are brilliant researchers who I feel lucky to call role models and lab mates. Jen Kaplan 
and Heather Perry – thank you for your early scientific and graduate school guidance. I 
learned a lot from you about science and life and I’m grateful for your support early on. Chris 
Henderson, Oom Pattarabanjird, Fabrizio Drago – thank you for the friendship, support, and 
immense brain power the three of you bring to the lab. It’s been a treat working with you. 
Stephie Kohlberg and Angelina Misiou – my Dusseldorf buddies, it was wonderful to work 
with you in lab and make new international friends. Julia Hartman, Andrea Zhou, and Carl 
Buchol – thank you for all of your hard work on the AZ project! We could not have 
accomplished that without you. Jason Li and Elias Ayoub – thank you for all your hard work 
during the 2019 Summer. Antony Haider – thank you for all your hard work and contributions 
to the HLI and athero studies. 
 
To members of the UVA-AstraZeneca collaboration team (Jeremie Boucher, Kim Kelly, 
Sasha Klibanov, Gavin O’Mahony, Dustin Bauknight, Shiva Sai, Matt Harms, Tobias 
Kroon, and Julien Dimastromatteo): thank you for all the wisdom, teamwork, and the 
opportunity to work on such a wonderful collaborative project. 
 
To Brian Annex and members of his laboratory: thank you for the extensive training in the 
murine model of hind limb ischemia and information about peripheral artery disease and 
angiogenesis in general. In particular, thank you John Lye, Vijay Ganta, and Stephanie 
McDonnell for all of your experimental guidance. 
 
I must acknowledge and thank the multiple cores and facilities that played an essential role in 
completion of this body of work: the Flow Cytomery Core, the Advanced Microscopy Core, and 
the MR5 Vivarium. Thank you for your services, knowledge, patience, and support.  



  iv 
 
I would also like to recognize members and P.I.s from the following collaborating laboratories 
who shared reagents, equipment, and knowledge: Brian Annex lab, Gary Owens lab, Zhen 
Yan lab, Shayn Peirce-Cottler lab, Mete Civelek lab, Kim Kelly lab, Rich Price lab, 
Swapnil Sonkusare lab, and Mark Kester lab. 
 
To my friends near and far: thank you for all of the adventure. The sense of community I have 
felt before and during graduate school is strong and I have all of you to thank for that.  
 
To my family: Mom and Dad – thank you for life, for endless love and support while teaching 
me to be independent and self-sufficient, for all of the experiences growing up, and for being 
incredible role models to whom I look up to everyday. Cassie and Sam – thank you for your 
love, companionship, and support. You are incredible, bright, motivated young women who are 
going to impact the world for the better. Zach – thank you for your patience, your love, for 
making me laugh and teaching me about life, and for keeping me going during graduate 
school. To the rest of my family – thank you for your love and support, and for bringing extra 
joy and life lessons into my existence. Kris, Brice, Cassie, Sam, Zach, Dorothy, Nancy, 
Dave, Pat, Wendy, Bill, Tracy, Rob, Cam, Julia, Brooke, Morgan, Anna, Jessa, and 
Emalie – I love you all and dedicate this work to you. 
 
 

“Alone, we can do so little; together, we can do so much” 
– Helen Keller 

 



  v 
Table of Contents 

Abstract ........................................................................................................................................ ii	
Dedication and Acknowledgements ............................................................................................ iii	
Table of Contents ....................................................................................................................... v	
List of Figures ............................................................................................................................ vii	
List of Tables .............................................................................................................................. x	
List of Abbreviations ................................................................................................................... xi	
Chapter 1: Introduction ............................................................................................................... 1	

I. Cardiovascular disease ........................................................................................................ 2	
II. Atherosclerosis .................................................................................................................... 3	

Endothelial cells ................................................................................................................... 3	
Vascular smooth muscle cells ............................................................................................. 4	
Macrophages ....................................................................................................................... 4	
B cells .................................................................................................................................. 5	

III. Peripheral artery disease (PAD) ........................................................................................ 6	
Characterizing skeletal muscle ischemia ............................................................................. 7	
Hypoxia promotes angiogenesis ......................................................................................... 7	
Immune system’s role in PAD.............................................................................................. 8	

IV. Immune mechanisms in atherosclerosis and angiogenesis ............................................ 12	
Immune cells in angiogenesis ........................................................................................... 12	
B cells in angiogenesis ...................................................................................................... 12	
Endothelial-immune cell interactions during atherosclerosis ............................................. 17	

V. Inhibitor of differentiation 3 in CVD ................................................................................... 17	
Chapter 2: Materials and Methods ............................................................................................ 20	

I. Reagents ............................................................................................................................ 21	
II. Murine models of cardiovascular disease ......................................................................... 23	
III. Tissue processing ............................................................................................................ 26	
IV. Flow cytometry and live cell sorting ................................................................................. 28	
V. Cell culture ........................................................................................................................ 29	
VI. Colorimetric assays .......................................................................................................... 31	
VII. Gene expression ............................................................................................................. 33	
VIII. Histology ........................................................................................................................ 33	
XI. En face analysis of aorta ................................................................................................. 34	
X. Statistics ............................................................................................................................ 34	

Chapter 3: Id3-mediated expansion of IgM-secreting B-1b cells augments ischemic 
angiogenesis in skeletal muscle ............................................................................................... 35	

I. Abstract: ............................................................................................................................. 36	
II. Introduction: ...................................................................................................................... 37	
III. Results: ............................................................................................................................ 38	
IV. Discussion:....................................................................................................................... 57	

Conclusions and Discussion .............................................................................................. 57	



  vi 
Chapter 4: Evaluating roles for endothelial- and macrophage-specific Id3 during 
atherosclerosis development .................................................................................................... 63	

I. Abstract .............................................................................................................................. 64	
II. Introduction ....................................................................................................................... 65	
III. Results ............................................................................................................................. 67	
IV. Discussion........................................................................................................................ 79	

Chapter 5: General Conclusions, Discussion, and Future Directions ....................................... 85	
I. Disease- and tissue-context is important ........................................................................... 86	
II. Identifying novel mechanisms and cell populations in disease ......................................... 87	
III. Id3: A good therapeutic target or diagnostic marker? ...................................................... 92	
IV. Summary .......................................................................................................................... 97	

Chapter 6: Literature Cited ....................................................................................................... 99	
Appendix 1: Investigating the role of Id3 during adipose tissue expansion and angiogenesis 117	

I. Introduction ...................................................................................................................... 118	
II. Id3 promoter activation in cell subsets ............................................................................ 119	
III. Id3’s role in adipose tissue angiogenesis and expansion .............................................. 121	

A. Rationale ..................................................................................................................... 121	
B. Results ........................................................................................................................ 121	
C. Conclusion and Discussion ......................................................................................... 125	

IV. EC-specific Id3 does not regulate weight gain or late-term adipose mass in vivo ......... 125	
A. Rationale ..................................................................................................................... 125	
B. Results ........................................................................................................................ 126	
C. Conclusions and Discussion ....................................................................................... 127	

V. Methods .......................................................................................................................... 127	
Appendix 2: Characterizing cellular uptake of liposomes in vivo ............................................ 131	

I. Rationale .......................................................................................................................... 132	
II. Methods .......................................................................................................................... 133	
III. Results ........................................................................................................................... 138	
IV. Conclusions and Discussion .......................................................................................... 152	

 



  vii 
List of Figures 

Chapter 1 
Figure 1.1. CVD prevalence and trends in the United States. .................................................... 2	
Figure 1.2. Schematic of atherosclerosis development. ............................................................. 6	
Figure 1.3. Processes driving neovascularization during hind limb ischemia. .......................... 11	
Figure 1.4. Potential mechanisms whereby B cells regulate angiogenesis. ............................. 16 
Chapter 2 
Figure 2.1. Description of Pcsk9-AAV generation and atherosclerosis induction. .................... 24	
Figure 2.2. Schematic of HLI procedure. .................................................................................. 26	
Figure 2.3. Live cell sorting strategy. ........................................................................................ 31 
Chapter 3 
Figure 3.1. Validation of EC-specific Id3 knockout line. ............................................................ 39	
Figure 3.2. Id3 regulates blood flow in a B cell-specific manner. .............................................. 41	
Figure 3.3. B cell-specific Id3 does not alter gastrocnemius vascular density or artery size 
during HLI. ................................................................................................................................ 43	
Figure 3.4. Id3BKO mice have comparable capillary density, but lower artery density in ischemic 
tibialis anterior muscle. ............................................................................................................. 45	
Figure 3.5. Loss of ID3 in B cells results in increased B-1b cell numbers in ischemic skeletal 
muscle. ...................................................................................................................................... 47	
Figure 3.6. Gating strategy for non-B cells in ischemic gastrocnemius muscle. ....................... 48	
Figure 3.7. Id3BKO female mice also demonstrated significant increases specifically in B-1b cell 
numbers in ischemic skeletal muscle. ...................................................................................... 49	
Figure 3.8. Id3BKO mice did not have significant changes in non-B cell subsets in the ischemic 
skeletal muscle. ........................................................................................................................ 50	
Figure 3.9. Id3BKO mice have increased B-1b cell numbers in the blood, bone marrow, 
peritoneal cavity, and spleen at day 7 of HLI. ........................................................................... 51	
Figure 3.10. Id3BKO mice have increased circulating and local levels of IgM. ........................... 52	
Figure 3.11. Levels of IgG isoforms in Id3BWT and Id3BKO mice. ............................................... 53	
Figure 3.12. Circulating levels of DAMP-specific IgM levels are higher in Id3BKO mice. ........... 54	
Figure 3.13. Blood flow during HLI in µMT, Rag1-/-, and sIgM-/- mice. ...................................... 55	
Figure 3.14. IgM inhibits EC proliferation, but not tubule formation in vitro. ............................. 56	
Figure 3.15. Experimental schematic for sIgM+/+ and sIgM-/- B-1b adoptive transfers. ............. 61	
Figure 3.16. Schematic explaining working hypothesis. ........................................................... 62 
 
 



  viii 
Chapter 4 
Figure 4.1. Body mass and lipid levels in EC- and macrophage-specific Id3 transgenic lines. 68	
Figure 4.2. Macrophage-specific loss of Id3 does not alter atherosclerosis development. ...... 71	
Figure 4.3. EC-specific loss of Id3 augments atherosclerosis development. ........................... 73	
Figure 4.4. BCA lesion size and VCAM-1 expression quantification. ....................................... 74	
Figure 4.5. VCAM-1 expression on PVAT stromal and vascular cells. ..................................... 75	
Figure 4.6. CD68 staining in the aortic root. ............................................................................. 77	
Figure 4.7. Immune cell populations in the PVAT of EC-specific transgenic lines. .................. 78	
Figure 4.8. Immune cell populations in the PVAT of Id3MWT and Id3MKO mice. ......................... 79	
Figure 4.9. Potential mechanisms whereby Id3 regulates atherosclerosis development in ECs.
 .................................................................................................................................................. 82 
Chapter 5 
Figure 5.1. Schematic of CyTOF staining and analysis of PAD and control PBMCs. .............. 89	
Figure 5.2. Schematic EC Id3 KO CyTOF staining and analysis. ............................................. 92 
Chapter 6 
None. 
Appendix 1 
Figure A1.1. Id3 promoter activation in cell types within the epididymal adipose stromal 
vascular fraction. ..................................................................................................................... 120	
Figure A1.2. Adipose explant sprouting is not regulated by Id3. ............................................ 123	
Figure A1.3. Adipose vascular density after 4-6 weeks of HFD feeding is not regulated by Id3.
 ................................................................................................................................................ 124	
Figure A1.4. Results from obesity study in Id3ECWT and Id3ECKO mice. ................................... 126 
Appendix 2 
Figure A2.1. Liposome synthesis and blood and tissue PK and biodistribution. .................... 139	
Figure A2.2. Cellular characterization of liposome uptake after one week of treatment. ........ 141	
Figure A2.3. DiD+ liposomes co-localized with CLECSF13 in liver. ........................................ 142	
Figure A2.4. Cell subsets that took up liposomes in the Epid and SC adipose SVF and ATM 
subset flow cytometry gating strategy. .................................................................................... 143	
Figure A2.5. Cell subsets that took up liposomes in the peritoneal cavity and flow cytometry 
gating strategy. ....................................................................................................................... 144	
Figure A2.6. DiD+ liposomes co-localized with CD68+ macrophages in white adipose tissue 
and CLECSF13 in liver. .......................................................................................................... 145	
Figure A2.7. Cell subsets that took up liposomes in the bone marrow and flow cytometry gating 
strategy. .................................................................................................................................. 146	



  ix 
Figure A2.8. Cell subsets that took up liposomes in the blood and flow cytometry gating 
strategy. .................................................................................................................................. 147	
Figure A2.9. Cell subsets that took up liposomes in the spleen and flow gating strategy. ..... 149	
Figure A2.10. Cellular biodistribution of liposomes at four- and 24-hour time points. ............ 150	
Figure A2.11. Proportion of cell subsets that were DiD+ in adipose SVF at early time points. 151	



  x 
List of Tables 

Chapter 1 
None. 
Chapter 2 
Table 2.1. Flow cytometry antibodies ....................................................................................... 22	
Table 2.2. Antibodies used for immunofluorescence ................................................................ 22	
Table 2.3. SouthernBiotech antibodies used for ELISA ............................................................ 23	
Table 2.4. ELISA antibodies and dilutions ................................................................................ 32	
Table 2.5. qRT-PCR primers .................................................................................................... 33 
Chapter 3 
None. 
Chapter 4 
None. 
Chapter 5 
Table 5.1. Early investigation into ID3 SNP rs11574 expression and ABI measurements. ...... 96 
Chapter 6 
None. 
Appendix 1 
Table A1.1. Id3 gene expression correlates with angiogenic and blood vessel regulatory 
genes. ..................................................................................................................................... 122	
Table A1.2. Flow cytometry antibodies ................................................................................... 128 
Appendix 2 
Table A2.1: Flow cytometry antibodies ................................................................................... 137	
 
 
 



  xi 
List of Abbreviations 

 
Abbreviations Definition 

αSMA Alpha-Smooth muscle actin  
ANDI Adaptive neovascularization during ischemia 
AKT Protein kinase B 

ApoE Apolipoprotein E 
ATLO Artery tertiary lymphoid organ 
BAFF B-cell activating factor 
BCA Brachiocephalic artery 

CCL2 C-C Motif Chemokine Ligand 2, Monocyte chemoattractant protein 1 
CCR2 C-C chemokine receptor type 2 
CD31 Cluster of Differentiation 31, Pecam-1 
CD68 Cluster of Differentiation 68; Scavenger Receptor Class D, Member 1 

CLI Critical limb ischemia 
CVD Cardiovascular disease 

CXCR4 C-X-C chemokine receptor type 4 
CXCL12 C-X-C motif chemokine 12, Stromal cell-derived factor 1 

CyTOF Cytometry by time of flight 
DAMP Damage-associated molecular pattern 

EC Endothelial cells 
ECM Extracellular matrix 

ELISA  Enzyme-linked immunosorbent assay 
eNOS Endothelial nitric oxide synthase 
FACS Fluorescence-activated cell sorting 
FcγR Fc-gamma receptor 

GWAS Genome-wide association study/ies 
H&E Hemotoxylin & Eosinophin 
HDL High-density lipoprotein 
HFD High-fat diet 
HIF Hypoxia-inducible factor 
HLI Hind limb ischemia 

HMGB1 High mobility group box 1 



  xii 
I Ischemic 

IC Intermittant claudication 
ICAM1 Intercellular Adhesion Molecule 1 

Id3 Inhibitor of Differentiation 3 
Id3105A Id3 SNP rs11574 major allele expressing an alanine at amino acid 105 
Id3105T Id3 SNP rs11574 minor allele expressing a threonine at amino acid 105 

IF Immunofluorescence 
IHC Immunohistochemistry 

IL-1β Interleukin-1 beta 
Ig Immunoglobulin 

LDLR Low density lipoprotein receptor 
LDPI Laser Doppler perfusion imaging 
MBV Microvascular blood volume 
MFI Mean fluorescence intensity 

MMP Matrix metallopeptidase 
NI Non-ischemic 

NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells 
oxPAPC Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine 

P2Y2R P2Y purinoceptor 2 
PAD Peripheral artery disease 

Pcsk9  Proprotein convertase subtilisin/kexin type 9 
PRR Pattern recognition receptor 

PVAT Perivascular adipose tissue 
qRT-PCR Quantitative Reverse Transcription Polymerase Chain Reaction 

RAGE Receptor for advance glycation end products receptor 
TG Triglyceride 

TGFβ Transforming growth factor β 
TLR Toll-like receptor 

VV Vasa vasorum 
VCAM-1 Vascular cell adhesion protein 1 

VSMC Vascular smooth muscle cell 
WD Western diet 

 



  1 
 

 
 
 
 
 

Chapter 1: Introduction 
 
  



  2 
I. Cardiovascular disease 
Cardiovascular disease (CVD) is the leading cause of death worldwide1. The AHA reports that 

CVD was the leading cause of death in 2016 (Figure 1.1A) with approximately 850,000 deaths 

in the U.S. attributed to CVD. Heron reported that 1 in 4 individuals in the U.S. died of CVD in 

20172. While the medical field has made great progress in developing therapies to treat 

various forms of CVD, a need to identify novel effective therapies still exists. Since the rate of 

death due to CVD reached its lowest point in 2010, the number of CVD-related deaths has 

risen (Figure 1.1B)1. New therapies such as the lipid-lowering PCKS9 inhibitors3, 4 and anti-

inflammatory IL-1β inhibitors5 demonstrate therapeutic efficacy in some studies, however, not 

all patients responded positively to these treatments6. Thus, an increased understanding of 

mechanisms driving development of and adaptation to CVD will aid in continued therapeutic 

and diagnostic advances. 

 

Figure 1.1. 

 
Figure 1.1. CVD prevalence and trends in the United States.  
(A) In 2016, CVD was the leading cause of death in the U.S. (Chart 13-4). (B) While the 
prevalence of CVD had been decreasing from 2000 until 2010, it has been on the rise again 
since then (Chart 13-6). Both figures are from “Heart Disease and Stroke Statistics—2019 
Update: A Report From the American Heart Association”1. 
 
 

Specific CVDs such as atherosclerosis and peripheral artery disease (PAD) are multi-

factorial diseases mediated by genetics, diet, lifestyle habits such as smoking and physical 

activity, and co-morbidities such as diabetes and kidney disease. GWAS have identified a 

number of genetic mutations that correlate with CVD and follow-up studies demonstrate 

potential causation in some instances. However, these studies utilize genomic information from 
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samples of heterogeneous populations with differential effects on CVD pathogenesis. Thus, 

cell-type specific studies of potential CVD-regulators are important for improving our 

understanding of mechanisms regulating CVD. My studies are centered on understanding the 

cell-specific roles that transcription factor Inhibitor of differentiation 3 (Id3) in CVD, more 

specifically in atherosclerosis and peripheral artery disease (PAD). The overarching hypothesis 

of this work is that Id3 regulates development of atherosclerosis and adaptive 

neovascularization during ischemia (ANDI) through cell-specific mechanisms. Throughout this 

work, I will address specific questions that better elucidate the varied and cell-specific roles Id3 

plays in regulating vascular disease. 

 
II. Atherosclerosis 
One form of cardiovascular disease is atherosclerosis, which is the formation of lipid-laden 

lesions that reduce or occlude blood flow in major coronary and peripheral arteries7. Over time, 

these plaques may grow larger and unstable due to the advancement of necrosis, a lack of or 

reduction in a protective collagen-containing fibrous cap, or an influx of pro-inflammatory 

immune cells8, 9. This instability can lead to plaque rupture, inducing thrombosis, and more 

severe outcomes such as myocardial infarction or stroke. It is estimated that approximately 

805,000 myocardial infarctions, or heart attacks, occur each year in the U.S10. Many different 

vascular and immune cells contribute to the development of atherosclerotic lesions including 

endothelial cells (ECs), vascular smooth muscle cells (VSMCs), macrophages, and B cells. 

Lesions develop between the intimal (EC-rich) and medial (VSMC-rich) space where their 

expansion will begin to occlude the lumen. While some immune cells, such as macrophages, 

are recruited to this intima-medial space, many are found in the adventitia surrounding the 

plaque-burdened artery10. Each of the mentioned cell types play distinct roles during 

atherogenesis that vary from physically surrounding the lesion, to secreting athero-regulatory 

factors. 

 
Endothelial cells 
Initial steps in the development of atherosclerosis involve the endothelium. Areas of disturbed 

flow, such as those at branch points and along the curvature of the aortic arch are more prone 

to lesion development due to mechanical signals that reduce EC barrier function and promote 
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an inflammatory state11, 12. EC barrier function is reduced permitting increased retention of 

lipids in the sub-endothelial space of the vascular wall where atherosclerotic lesions eventually 

develop12. ECs in areas of disturbed flow also express increased levels of pro-inflammatory 

molecules such as VCAM-1 and ICAM111, 13, which bind to immune cells in circulation and 

recruit them into the vascular wall as well (Figure 1.2). Over time, this accumulation of lipid 

and immune cells leads to development of small lesions known as fatty streaks, followed by 

larger and larger lesions that are eventually classified as plaques. These plaques contain lipid, 

necrotic cells, and immune cells including monocyte-derived macrophages and T cells8, 14-16.  

In addition to the endothelium of the aorta, there is another vascular bed with athero-

regulatory functions: the vasa vasorum (VV). These are smaller arteries that run alongside the 

aorta and provide perfusion of oxygen and nutrients to the thick walls of major arteries (Figure 
1.2). Under conditions of atherosclerosis, the VV will undergo sprouting of a network of 

capillaries that perfuse the adventitia via inflammatory and hypoxic signals. This angiogenesis 

facilitates further transport of immune cells, lipid, nutrients, and cytokines to the growing 

lesion17. 

 
Vascular smooth muscle cells 
Vascular smooth muscle cells (VSMCs) also play an important role in lesion development. 

Lipid and inflammatory signals activate VSMCs to proliferate and produce extracellular matrix 

(ECM) products that aid in stabilizing the outer layers, or cap, of the lesion18. A lack of VSMC 

activation or VSMC dysfunction may prevent these stabilization steps increasing the likelihood 

of plaque rupture and thrombosis. Recent studies have also demonstrated that chronic stages 

of atherosclerosis prompt various cell types to adapt non-traditional phenotypes, such as 

VSMCs adopting phagocyte-like phenotypes19 or ECs taking on a fibroblastic phenotype20. 

This process may serve to accommodate high lipid levels in the plaque and provide adaptive 

functions to stabilize the plaques. 

 
Macrophages 
Macrophages are professional phagocytes that take up lipid and necrotic cells within the 

lesion. One study found that accumulation of macrophages was a characteristic of human 

plaques following MI9, but research beyond this study demonstrates that macrophages are a 
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common characteristic of stable and unstable plaques in both mice and humans. While 

macrophages play useful roles in scavenging lipids and debris within plaques, they are also 

considered to be atherogenic due to the signals they secrete in this environment. 

Macrophages are classified as foam cells when they have phagocytosed and are storing high 

levels of lipid21. This hyperlipidemic state modifies signaling within macrophages, leading to 

secretion of pro-inflammatory cytokines, immune cell-recruiting chemokines, and ECM-

degrading proteases9, 14, 15. Overall, macrophages are a prevalent cell type in lesions that 

influences atherosclerosis development. 

 
B cells 
B cells are recruited to the surrounding PVAT during atherosclerosis development where they 

secrete a variety of cytokines and atherogenic IgG or atheroprotective IgM, depending on the 

B cell subset22, 23. These atheroprotective IgM prevent atherosclerosis, at least in part, by 

binding to oxidized lipids in the lesion and inhibiting uptake by macrophages. This then 

reduces foam cell formation and secretion of pro-inflammatory cytokines (Figure 1.2). B-1 cells 

are derived from the fetal liver and persist through self-renewal during adulthood24, 25. 

Characterized as CD19+B220low lymphocytes, they are the major source of IgM production – in 

particular natural, poly-specific IgM26. Studies are underway to identify the human equivalent of 

this subset27-29. B-1 cells can be further subdivided into CD5+ B-1a and CD5- B-1b cells. B-1b 

cells secrete higher levels of IgM in vivo than B-1a cells30 and recent unpublished sequencing 

studies from the McNamara lab demonstrate that each subset secretes a unique repertoire of 

IgM antibodies. B-2 cells are the major source of IgG and also produce antigen-specific IgM. 

B-2 cells are derived from progenitor populations within the bone marrow25. Studies revealed 

that B cells are not typically localized within atherosclerotic plaques, but do reside in the PVAT 

in areas of atherosclerosis in artery tertiary lymphoid structures (ATLOs) (Figure 1.2). The full 

impact of these cells is still under investigation. Further, antibodies are found in abundance 

within atherosclerotic plaques, but the original source of these immunoglobulins remains 

unclear. It is thought that they may reach the plaque via the vasa vasorum22, 23.  
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Figure 1.2. 

 
Figure 1.2. Schematic of atherosclerosis development.  
Diagram demonstrating the roles that macrophages, B cells, ECs, and VSMCs play during 
atherogenesis. 
 
III. Peripheral artery disease (PAD) 
Peripheral artery disease is another form of CVD that is particularly prevalent in aging and 

diabetic populations1. It is a disease characterized by reduced blood flow to peripheral tissues, 

such as the legs, as a result of arterial occlusions predominantly due to atherosclerosis7. This 

disease is further classified depending on symptoms and severity. Patients who experience 

pain in the limbs during activity are classified as PAD with intermittent claudication (IC), while 

patients with chronic pain in the limbs or tissue necrosis resulting in gangrene or limb 

amputation are classified as PAD with critical limb ischemia (CLI)7, 31, 32. Patients with 

comparable atherosclerotic blockages demonstrate varying degrees of symptoms ranging from 

no pain to CLI. The varying outcomes of this disease are due to a multitude of factors that 

include the capacity for their distal tissue to adapt to ischemia and prompt angiogenic and 

arteriogenic processes to increase perfusion33, 34. Studies presented in this work are in part 

focused on the mechanisms regulating adaptive neovascularization during ischemia (ANDI). 

The ischemia that induces ANDI is usually caused by atherogenic processes that induce 
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blockages in the major arteries of the lower limbs. Affecting around 25% of the aged 

population in the U.S., very few effective therapies for PAD exist for these patients1. More 

research into the mechanisms driving ANDI will increase our understanding of the disease and 

how patients adapt to arterial blockages in the lower limbs, and our ability to develop therapies.   

 
Characterizing skeletal muscle ischemia 
PAD induces ischemia in distal limb tissue, which can manifest in a variety of co-morbidities 

including pain and necrosis. Ischemia is defined as a restricted blood flow to a tissue, which 

results in reduced oxygen levels. This lowered oxygen level induces a variety of cellular 

responses that include cell activation, cell death, and secretion of chemotactic and pro-

inflammatory signals35-39. Low oxygen is detected intracellularly by the hypoxia-inducible 

factors (HIFs): HIF1α, HIF-1β, and HIF-2. HIF promotes expression of genes that promote 

inflammation, angiogenesis, cell senescence, cell proliferation, and cell death40, 41. Much of this 

is dependent on the magnitude and duration of hypoxic stimuli. In the setting of tissue injury 

and ischemia, stressed and dying cells also express and release molecular signals that are 

abnormal to tissue settings at homeostasis42, 43. These molecules are known as damage-

associated molecular patterns (DAMPs) and they bind to a series of pattern recognition 

receptors (PRRs) including toll-like receptors (TLRs) and the RAGE receptor. TLRs regulate 

expression of various anti- and pro-angiogenic signaling including of VEGFA, sVEGFR1, and 

VEGFR244, 45. Each TLR has a unique effect in ECs and on angiogenesis. The RAGE receptor 

has been shown to promote endothelial permeability via β-catenin and VE Cadherin activity46. 

 

Hypoxia promotes angiogenesis 
In general, the presence of low oxygen tension leads to stabilization of HIF transcription factors 

in the cytoplasm. HIF-1α in particular, has been shown to then translocate to the nucleus 

where it promotes gene expression of many pro-angiogenic genes including VEGFA, 

VEGFR2, PIGF, angiopoietin-1 and -2, PDGFβ, CXCL12, sphingosine-1-phosphate receptors, 

and CXCR4, MMP2, and MMP940, 41 (Figure 1.3). Many of these signals are conserved 

amongst other diseases and injury conditions that induce angiogenesis. 

VEGFA promotes activation of ECs, which releases them from quiescence in a stable 

vessel47, 48. During activation, ECs will extend filipodia for migration and signaling purposes, 
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produce enzymes to degrade the surrounding ECM, and loosen EC-EC junctions to permit 

cell motility47, 49, 50. The first ECs will migrate away from the existing vessel to begin formation 

of a neovessel. These cells, referred to as tip cells, upregulate CXCR4, VEGFR2, and endoglin 

to promote migration toward chemokine gradients originating from the source of hypoxia51, 52 

(Figure 1.3). Endoglin also promotes ECM breakdown as part of this process53. ECs distal to 

the tip cell take on a stalk cell phenotype, regulated by Notch/DLL4 signals52, 54, 55. These cells 

downregulate migration and filipodia forming functions. Instead, stalk ECs proliferate and 

express PDGFβ to recruit pericytes, which stabilize the neovessels. These final, resolving 

steps are important for establishing a stable vessel. This in part explains why VEGFA 

treatments for PAD have been ineffective at regenerating vessels in limb ischemia: ECs must 

be exposed to lower VEGFA levels or be less responsive to VEGFA in order to stabilize new 

vessels56. While other signals and processes also play roles in this highly complicated and 

temporally orchestrated process, this provides a general summary sufficient for the scope of 

this work.   

 

Immune system’s role in PAD 
Inflammation has an established role in PAD57. Ridker et al. found that subjects with higher 

levels of hsCRP had increased likelihood of developing PAD independent of traditional risk 

factors58. In a longitudinal study, Liang et al. identified rheumatoid arthritis as a predictor of 

PAD further suggesting that inflammation is potentially influencing angiogenic responses 

during PAD59. Further work, however, is needed to discern between the affects inflammation 

has on atherosclerosis in the major arteries of the lower limb and ANDI in human patients. 

Murine models demonstrate that HIF-1α-induction of chemokine expression recruits in 

monocytes and other bone marrow-derived cells that promote angiogenesis41, 60. Indeed, both 

the CXCR4/CXCL12 and CCR2/CCL2 signaling axes have been implicated in regulating 

angiogenesis in ischemic muscle60. Additionally, Klotzsche-von Ameln et al. demonstrate that 

Del-1 KO mice have increased immune cell recruitment and neovascularization during hind 

limb ischemia. Del-1, the developmental endothelial locus-1, is a glycoprotein that 

endogenously inhibits leukocyte adhesion. In Del-1 KO mice, blocking β2-integrin leukocyte 

infiltration attenuated cell recruitment and angiogenesis in ischemic muscle demonstrating a 

potential role for recruited inflammatory cells in ischemic angiogenesis61. In addition to studies 
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surveying broad, circulating markers of inflammation, a number of studies have identified 

specific roles for innate immune signals, macrophages, and T cells in hind limb ischemia. 

These mechanisms as well as additional cellular mediators of angiogenesis that will be 

expanded on below are represented diagrammatically in Figure 1.3. 

 

Pro-angiogenic inflammatory signals  
The cytokines secreted by immune cells in HLI bind to endothelium and induce NFκB-

regulated gene expression. In ECs, NFκB promotes expression of VEGFA, IL-8, and other pro-

angiogenic signals62, 63 to promote tubule formation, proliferation and migration, and in vivo 

angiogenesis35, 64. These signaling axes demonstrate one mechanism by which inflammation 

regulates angiogenesis. PRR signaling also regulates angiogenesis with mixed effects 

depending on the receptor and cell type. Global loss of TLR2 in mice results in reduced blood 

flow during hind limb ischemia, while global TLR4 and TLR9 KO mice have the opposite 

phenotype65, 66. Iwata et al. further support that TLR2 promotes recovery during HLI. The study 

showed that extracellular BCL2, a DAMP upregulated during ischemia, promotes TLR2-MyD88 

signaling, which reduced apoptosis67. This study, however, does not investigate cell-specific 

TLR2 signaling activities, so it remains unclear how much of the effects are driven by EC 

apoptosis rather than apoptosis in other cell types. Finally, an additional study suggests a role 

for the inflammasome downstream of PRR signaling. Caspase-1 activation in ECs inhibits cell 

survival and angiogenesis at least in part via downregulation of VEGFR268.  

 

Immune cell subsets in HLI 
Monocytes and macrophages have well-established roles in responding to and promoting 

angiogenesis and arteriogenesis during ischemia in skeletal muscle. CCL2 is necessary to 

recruit and retain monocytes from the bone marrow to sites of ischemia69. Krishnasamy et al. 

demonstrate that monocytes differentiate into macrophages in the ischemic muscle70. Once 

there, monocytes and monocyte-derived macrophages promote angiogenesis in the following 

ways: 1.) expressing VEGF, bFGF, PDGF, TNFα, and IFNγ, 2.) providing physical support to 

vascular structures, and 3.) degrading ECM around neovessels to promote growth60. 

Interestingly, Coppacia et al. demonstrate that inflammatory monocytes promote angiogenesis 

more effectively than non-inflammatory monocytes69. Additionally, Hellingman et al. show that 
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monocytes pre-stimulated with secreted factors from T cells more effectively promote 

angiogenesis71. This demonstrates the importance of intercellular interactions in regulating 

angiogenesis. 

T cells also regulate perfusion responses during ischemia independently of 

macrophages. Generally, Th2 and Th17 T cells secrete factors that support EC sprouting and 

in vivo angiogenesis in HLI while Th1 T cells promote vascular regression72. CD8+ T cells are 

recruited to ischemic skeletal muscle where they have pro-arteriogenic effects73. Conflicting 

results are reported regarding Treg-mediated effects on neovascularization during perfusion: 

some studies demonstrate addition of Tregs augments blood flow during HLI, while others 

report they attenuate blood flow73-75. Recently, Kwee et al. demonstrated that antigen-primed T 

cells implanted into ischemic skeletal muscle promote increased flow during the course of 

HLI76. Del1 KO mice with increased ischemic neovascularization had increased B and T cell 

lymphocyte numbers in skeletal muscle at day 14 of HLI, but no changes in monocyte or 

macrophage numbers. This suggests a role for B and/or T cells in promoting angiogenesis, 

however, the study did not separately quantify these populations to determine individual B- or 

T-cell influences on angiogenesis61. 

Otherwise, very little research has gone into understanding the potential role that B cells 

might play during HLI and angiogenesis. Findings from my studies introduce a novel role for B 

cells in angiogenesis during hind limb ischemia. Before reporting these findings, a review of 

known roles of B cells in angiogenesis will improve our understanding of the mechanisms in 

my studies. 

 
  



  11 
Figure 1.3.  

 
Figure 1.3. Processes driving neovascularization during hind limb ischemia.  
Hypoxia induces stable expression of HIF-1α, which in turn promotes expression of pro-
angiogenic genes including VEGFA and CXCL12 to recruit in immune cells and promote EC 
sprouting. Inflammatory signaling within ECs also regulates angiogenesis via NFkB and 
DAMP-PRR signaling. 
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IV. Immune mechanisms in atherosclerosis and angiogenesis 
As briefly overviewed above, the immune system plays an important and varied role in 

regulating atherosclerosis and angiogenesis. In this section, I will focus on two major 

processes relevant to the body of work I performed during my PhD training: 1. The emerging 

role B cells play in angiogenesis, and 2. The role endothelial-immune cell interactions play 

during atherosclerosis. 

 

Immune cells in angiogenesis 
Inflammation has a well-established role in regulating angiogenesis in multiple disease 

contexts. The innate and adaptive immune systems each regulate angiogenesis in unique 

ways. While cell types such as macrophages have well-established roles in tumor, ischemic, 

and wound healing angiogenesis77-79, the roles of other cell types such as dendritic cells, and 

innate lymphoid cells in angiogenesis are less understood. Albini et al. have reviewed the role 

of innate immune cells in tumor angiogenesis highlighting that macrophages, neutrophils, 

natural killer cells, innate lymphoid cells, myeloid-derived suppressor, dendritic cells, mast 

cells, γδT cells play angio-regulatory roles during tumor growth77. Adaptive immune cells also 

regulate angiogenesis through multiple mechanisms. The roles T cells play in regulating 

angiogenesis are subset-specific and have been studied in multiple disease settings. Broadly, 

T cells have the capacity to produce VEGFA and other angio-regulatory cytokines80. Cytotoxic 

CD4+ and CD8+ T cells have been shown to be anti-angiogenic while Tregs and Th2 and Th17 

T cells are pro-angiogenic in the setting of ischemia72, 81-84. The role that B cells and B cell-

derived antibodies have in regulating angiogenesis, however, is slightly more complex and 

context-dependent (Figure 1.4). 

 
B cells in angiogenesis 
B cells produce pro-angiogenic signals 

Like many other cell types, B cells are capable of expressing and secreting various signals that 

regulate angiogenesis. B cells can secrete pro-angiogenic signals such as VEGFA in response 

to multiple stimuli including IL-3385, BAFF86, and hypoxia87. B-1b cells specifically express 

VEGFA in response to IL-33, a signal that is released by necrotic cells85. B cells can also 

induce expression of VEGFA by MSCs through direct cell-cell interactions88. Overexpression of 

MYC in a human B cell line has also been shown to induce VEGF protein production89. B cells 
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also express matrix metallopeptidases (MMPs) such as MMP9 and MMP7, which play 

important roles in angiogenesis90-92. While one study demonstrated BAFF-stimulated B cells 

promote lymphangiogenesis in lymph nodes86, more studies are required to further 

demonstrate that B cell production of pro-angiogenic molecules has a significant effect on 

pathogenic angiogenesis. 

One study more directly demonstrates that B cells can secrete pro-angiogenic signals. 

Yang et al. demonstrate that Stat3 expression in B cells promotes angiogenesis during tumor 

growth through secretion of VEGFA93. Stat3 knockout B cells administered with tumor cells 

inhibited tumor growth and vascular density while Stat3 competent B cells did not, relative to 

PBS controls. Further in vitro assays demonstrate that Stat3 in B cells promotes endothelial 

tubule formation in a VEGFA-dependent manner. The study did not subset B cells, so it 

remains unclear what subset(s) is the source of VEGFA in this model. 

 

B cells, including immature B cells, promote angiogenesis 

B cell-deficient models have demonstrated a pro-angiogenic role for B cells in tumor and 

wound healing models. Using the HPV16 epithelial tumor model, B cell-deficient JH knockout 

mice demonstrate attenuated tumor growth, vascular density, and expression of MMP9 and 

VEGF94. JH knockout mice were generated via targeted deletion of the JH gene segments, 

which inhibits assembly of the immunoglobulin heavy chain (H)95. This knockout revealed that 

absence of the H chain prevents development of most B cells. Additionally, using a wound 

healing model, splenectomized mice demonstrated slower wound healing than sham-treated 

mice or splenectomized mice administered B cells96. Administration of B cells, but not T cells, 

to mice that did not undergo splenectomy demonstrate faster wound healing and increased 

CD31+ staining within the wound compared to PBS controls97. Furthermore, global CD19 

knockout mice demonstrate slower wound healing than wild type mice98. CD19 knockout mice 

have B cells and the study demonstrated that CD19 has an important functional role on B cells. 

In the study, hyaluronan stimulated B cells to express IL-6, IL-10, and TGF-β via TLR4 

agonism in a CD19-dependent manner. Finally, Fagiani et al. identified a population of pro-

angiogenic CD45dimVEGFR1+CD31low cells that displayed many characteristics of immature B 

cells99. These cells are upregulated in circulation during tumor growth and promote 

angiogenesis in vitro. 
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IgG and FcγR in neovascularization 

Studies have demonstrated conflicting roles for IgG binding to FcγR in regulating 

angiogenesis. First, IgG is deposited at the site of injury during wound healing and 

perivascularly in ischemic skeletal muscle100. FcγR knockout mice demonstrate attenuated 

tumor growth and vascular density in an epithelial cancer model. Andreu et al. demonstrated 

that FcγR stimulation of mast cells promotes EC proliferation in a VEGFR2-dependent 

manner94. Additionally, FcγR knockout mice demonstrate altered vasodilatory responses to 

high-fat feeding suggesting that hyperlipidemic-induced changes in endothelial function are at 

least in part due to FcγR signaling101. 

Conversely, multiple studies have demonstrated that administration of exogenous IgG 

attenuates neovascularization via FcγR in multiple models including corneal injury100, tumor 

growth100, 102, and hind limb ischemia100, 103. Indeed, administration of the Fab region of an anti-

VEGFA IgG, Ranivizumab, did not inhibit angiogenesis during hind limb ischemia or corneal 

injury as effectively as Bevacizumab, which is an anti-VEGFA antibody consisting of the Fab 

and Fc regions. Furthermore, inhibition of Fc receptors in conjunction with Bevacizumab no 

longer attenuated angiogenesis compared to Bevacizumab administration alone. Justiniano et 

al. demonstrated that activation of FcγR1 and IgG administration stimulates secretion of 

soluble-VEGFR1 by monocytes, which inhibited tubule formation in vitro104. This in total 

demonstrates that FcγR stimulation by IgG has anti-angiogenic effects in part due to secretion 

of soluble-VEGFR1 by monocytes. 

These studies demonstrate that loss of FcγR expression attenuate neovascularization, 

but agonism of the FcγR also attenuates neovascularization. Why the results from FcγR KO 

studies differ from exogenous FcγR stimulation remains unclear. It is possible that FcγR KO 

results in compensatory expression of other Fc receptors, which may influence angiogenic 

outcomes. Alternatively, there are multiple isoforms of FcγR and each of these binds to 

different forms of IgG at different binding affinities105. Additionally, each FcγR family member 

has unique downstream signals that either stimulate or inhibit activation in cells106. Different 

forms of IgG binding to specific FcγR may have differential effects on angiogenesis.  
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Role for IgM in angiogenesis? 

Evidence is emerging to suggest IgM may regulate angiogenesis, but studies directly 

addressing this question have not been published. IgM is deposited at the site of ischemia in 

multiple models including hind limb, cardiac, and intestinal ischemia107-111. IgM deficiency 

protects against acute ischemia/reperfusion injury111, 112, but these models have not been 

applied to chronic ischemia during which angiogenesis occurs. Furthermore, IgM deposition 

induces complement deposition and genetic knockout of complement components in this 

model demonstrated that complement influences I/R injury severity113, 114. Finally, genetic 

knockout of the IgM receptor FcμR both globally and in Lysm-expessing myeloid cells results 

in attenuated tumor growth115. This study did not quantify vascular density, so the degree to 

which neovascularization contributed to the phenotype is unclear. When considered together, 

this evidence plus the established role for IgG-FcγR signaling in angiogenesis suggests that 

IgM may regulate pathogenic angiogenesis. Further studies are required to prove this 

definitively. 
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Figure 1.4.  

 
Figure 1.4. Potential mechanisms whereby B cells regulate angiogenesis.  
B cells promote angiogenesis in wound healing and tumor growth. IgG produced by B cells 
binds to FcγR on macrophages and mast cells, which produce angio-regulatory factors and 
influence angiogenesis in ischemia, tumor growth, and eye injury. FcγR KO models attenuate 
angiogenesis, while exogenous delivery of IgG to activate FcγR can also attenuate 
angiogenesis. 
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Endothelial-immune cell interactions during atherosclerosis 

Development of atherosclerotic lesions is in part due to recruitment of immune cell 

populations through the endothelium. There are multiple families of adhesions molecules with 

established roles in atherogenesis. Selectins expressed on ECs and leukocytes participate in 

rolling and initial adhesion. The immunoglobulin superfamily consists of many proteins involved 

in adhesion and cell recognition. Integrin proteins coordinate extracellular binding of signals 

and cells to intracellular signaling responses. Integrins also co-signal with members of the 

immunoglobulin superfamily, such as VCAM-1 and ICAM1116.  

Atherogenic stimuli induce ECs to upregulate expression of these adhesion 

molecules13. P- and E-selectins bind to carbohydrate ligands on leukocytes at the initial 

tethering and rolling steps. To stabilize binding interactions, VLA-4 and LFA-1 on leukocytes 

bind to VCAM-1 and ICAM1, respectively. This, coupled with a breakdown of a tight EC barrier 

through downregulation of tight gap junctions, permits extravasation of leukocytes to the sub-

endothelial/intima region. ICAM1 and PECAM-1 mediate this process in conjunction with a 

chemokine gradient to draw the cells away from the lumen116, 117. 

In these studies, VCAM-1 is of particular interest to us. It is upregulated in regions of 

disturbed flow, where atherosclerotic lesions also form11. Furthermore, it has been shown to be 

regulated by PKCβ and NF-κB in ECs118. In human coronary arteries, a positive correlation 

between leukocyte number and the level of VCAM-1 expression on neovessels around 

plaques was observed119. This suggests two key mechanistic considerations: 1.) that VCAM-1 

expression does indeed participate in recruitment of leukocytes to growing lesions, and 2.) that 

it is VCAM-1 expression on small neovessels, potentially the vasa vasorum, that correlate with 

increased immune cell presence, not VCAM-1 expression on arterial ECs. Studies from the 

McNamara lab mirror these findings in mice where VCAM-1 expression was abundant in the 

intima and increased VCAM-1 expression correlated with increased macrophage and T cell 

content120.  

 

V. Inhibitor of differentiation 3 in CVD 
Inhibitor of differentiation 3 (Id3) is a helix-loop-helix transcription factor broadly 

expressed in mice and humans. Id3 is activated and upregulated by many different stimuli 

including growth factors, lipids, redox species, and inflammatory stimuli121-126. It regulates 
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cellular proliferation, differentiation, and activation in response to these signals and this 

influences pathogenesis of multiple diseases and vascular processes including 

angiogenesis127, 128 and atherosclerosis30, 120, 129. Global loss of Id3 in mice (Id3GKO) manifests 

in multiple phenotypes. On an atherogenic background, such as Apoe-/- or Ldlr-/-, Id3 knockout 

mice develop more atherosclerosis than wild type (WT) controls120, 129. Id3GKO mice develop 

larger lesions containing increased macrophage numbers and VCAM-1 expression, and 

demonstrate augmented B cell recruitment to the aorta120, 129. In the setting of obesity, Id3 

promotes increases in microvascular blood volume and proliferation of adipocyte progenitor 

cells to support expansion of adipose tissue. In my studies, I present the first evidence that Id3 

also promotes blood flow recovery during ischemia. 

ID3 is also relevant in human CVD. The lab previously identified a single nucleotide 

polymorphism (SNP) rs11574 that exists in the coding region of the human ID3 gene. 

Expression of the minor allele results in placement of a threonine instead of an alanine at 

amino acid 105130. Expression of the minor allele of SNP rs11574 (Id3105T) attenuates 

interactions with binding partner E12 and significantly correlates with increased indices of 

coronary artery disease including intima-media thickness130 and coronary artery calcium131. 

 The findings regarding Id3’s role in CVD (atherosclerosis and angiogenesis) in Id3GKO 

mice are compelling. However, given its broad cell-type expression, much is left to understand 

about the cell-specific roles it plays during CVD pathogenesis. Using an Id3-GFP reporter 

mouse (Appendix 1, Figure A1.1A), we found that Id3 promoter activation was present at the 

greatest percentage in ECs and T cells (Appendix 1, Figure A1.1D). Additionally, Id3 

promoter activation was highest per cell in EC and MSC populations (Appendix 1, Figure 
A1.1E). These data and findings from the McNamara lab and others regarding Id3’s role in 

angiogenesis127, 128, 132, 133 demonstrated compelling rationale for investigating the EC-specific 

role for Id3 in both angiogenesis and atherosclerosis. The role of macrophage-specific Id3 had 

also never been investigated in atherosclerosis. Findings from Lipinski et al. and Doran et al. 

demonstrated an increase in macrophage populations in atherosclerotic lesions of Id3GKO mice 

and provided rationale to investigate this question further. Finally, the role of B cells in 

angiogenesis is a relatively unexplored area of research, thus pursuit of the B cell-specific role 

of Id3 in angiogenesis provided a novel set of questions and outcomes. In Chapters 3 and 4, I 

report my findings on the EC-, macrophage-, and B cell-specific roles of Id3 in angiogenesis 
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during hind limb ischemia and the EC- and macrophage-specific roles of Id3 in 

atherosclerosis development, respectively. 
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Chapter 2: Materials and Methods 



  21 
I. Reagents 
Prepared Buffers and Media 
AKC lysis buffer: 0.15 M NH4Cl + 0.01 M KHCO3 + 0.1 mM EDTA in ddH2O 

FACS buffer: 0.05% NaN3 + 1% BSA in PBS 

Sort buffer: 1% BSA in PBS 

Digestion buffer for skeletal muscle and lungs: 1 mg/mL collagenase type I in FACS buffer or 

DMEM 

Digestion buffer for PVAT: 200 U/mL collagenase type XI + 60 U/mL DNase I + 125 U/mL 

hyaluronidase type I + 500 U/mL collagenase type I + 20 mM HEPES in PBS 

Peritoneal lavage media: 5% HI-FBS + 1x Pen/strep in DMEM 

Sort collection buffer: 20% HI-FBS + 1 mM HEPES + 1x NEAA + 100 μM NA-pyruvate + 40 

μg/ml Gentamycin + 55μM β-mercaptoethanol in RPMI 

TLR9 agonist treatment media: 10% HI-FBS + 1 mM HEPES + 1x NEAA + 100 μM NA-

pyruvate + 40 μg/ml Gentamycin + 55μM β-mercaptoethanol + 100 nM CpG ODN 1668 in 

RPMI 

EC growth media: 5% HI-FBS + 1x Anti-anti in EC growth media (Cell Applications, 211-500) 

EC starvation media (Cell Applications, 209-250) 
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Antibodies 
Table 2.1. Flow cytometry antibodies 

Antigen Clone Vendor 
Alpha-SMA 1A4 Sigma-Aldrich 

B220 RA3-2B2 eBioscience 
CD3 145-2C11 eBioscience 
CD4 GK1.5 Biolegend 
CD5 53-7.3 Invitrogen 
CD8 53-6.7 BD Biosciences 

CD11b M1/70 BD Biosciences 
CD11c N418 eBioscience 
CD19 Id3 eBioscience 
CD23 B3B4 eBioscience 
CD31 390 eBioscience 
CD34 MEC14.7 Biolegend 
CD45 30-F11 BD Biosciences 

CD115 AFS98 eBioscience 
CD184/CXCR4 2B11 eBioscience 
CD185/CXCR5 SPRCL5 Invitrogen 

CD206 C068C2 Biolegend 
CD326/EPCAM Caa7-9G8 Miltenyi 

F4/80 BM8 Biolegend 
IgM R6-60.2 BD Biosciences 

Live/Dead - Invitrogen 
Ly6C HK1.4 Biolegend 
Ly6G 1A8 Biolgend 

VCAM-1 429 Biolegend 
 
Table 2.2. Antibodies used for immunofluorescence 

Tissue Antigen Clone Dilution Vendor 
Skeletal muscle CD31 SZ31 1:250 Dianova 
Skeletal muscle Alpha-SMA 1A4 1:500 Sigma-Aldrich 
Skeletal muscle IgM - 1:100 SouthernBiotech 
Aortic root, BCA VCAM-1 EPR5047 1:250 Abcam 

Aortic root CD68 FA-11 1:250 Biolegend 
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Table 2.3. SouthernBiotech antibodies used for ELISA 

Antibody Purpose Catalog 
Number 

Mouse IgM-UNLB Standard 0101-01 
GaM IgM, UNLB Capture 1020-01 

GaM IgM, AP-conj Detection 1020-04 
Mouse IgG-UNLB Standard 0107-01 
GaM IgG, UNLB Capture 1030-01 

GaM IgG, AP-conj Detection 1030-04 
Mouse IgG1-UNLB Standard 0102-01 
GaM IgG1, UNLB Capture 1070-01 

GaM IgG1, AP-conj Detection 1070-04 
Mouse IgG2a-UNLB Capture 1080-01 
GaM IgG2a, AP-conj Detection 1080-04 
Mouse IgG2b-UNLB Standard 0104-01 
GaM IgG2b, UNLB Capture 1090-01 

GaM IgG2b, AP-conj Detection 1090-04 
Mouse IgG2c-UNLB Standard 0122-01 
GaM IgG2c, UNLB Capture 1079-01 

GaM IgG2c, AP-conj Detection 1078-04 
Mouse IgG3-UNLB Standard 0105-01 
GaM IgG3, UNLB Capture 1100-01 

GaM IgG3, AP-conj Detection 1100-04 
 
 
II. Murine models of cardiovascular disease 
Knockout mice on a C57Bl/6 background were generated and housed at the University of 

Virginia. All animal experiments performed in this study were approved by the Institutional 

Animal Care and Use Committee of the University of Virginia. 

 
Genetic knockout models 
Five transgenic knockout lines were maintained and utilized in these studies: Id3 global 

knockout (KO) and wild type (WT) littermates (Id3GWT and Id3GKO, respectively), Id3 B cell-

specific KO and WT littermates (Id3fl/flCD19cre/+ (Id3BKO) and Id3fl/flCD19+/+ (Id3BWT)), Id3 

myeloid-specific KO and WT littermates (Id3fl/flLysmcre/+ (Id3MKO) and Id3fl/flLysm+/+ (Id3MWT)), 

Id3 endothelial cell-specific conditional KO and WT littermates (Id3fl/flCdh5-CreERT2 (Id3ECKO) 

and Id3+/+Cdh5-CreERT2 (Id3ECWT)), and secreted IgM-deficient mice and WT littermates (sIgM-

/- and sIgM+/+). To induce Id3 KO in the conditional knockout line, Id3ECKO and Id3ECWT mice 

were administered 1 mg of tamoxifen via intraperitoneal injection per day for ten days over the 
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course of two weeks. Tamoxifen was resuspended in peanut oil at a concentration of 10 

mg/mL and filter-sterlized prior to administration. Two weeks were allocated for tamoxifen 

wash-out following the final injection and prior to the start of any treatments or studies. 

 
Model of coronary atherosclerosis 
To induce development of atherosclerosis, mice were treated with one dose of a plasmid 

containing mutated protein mPcks9-D377Y (Addgene, 58376) packaged in AAV8 (Vigene) 

(Figure 2.1A). 1x1011 viral genomes were administered via tail vein injection. The following 

day, mice were placed on a western diet (Envigo TD #88137, 42% fat from cholesterol) to 

induce hyperipidemia. Following 1-2 weeks of western diet feeding, blood was obtained by 

orbital bleed to measure plasma levels of cholesterol and validate induction of hyperlipidemia. 

To quantify atherosclerosis burden, mice were fed western diet for 12 weeks (Figure 2.1B). 

 
Figure 2.1. 

 
Figure 2.1. Description of Pcsk9-AAV generation and atherosclerosis induction.  
(A) mPcsk9-D337Y plasmid was purchased from Addgene and amplified by Maxi-prep. 
Plasmid was then sent to Vigene to package in AAV8. 1x1011 viral genomes were administered 
via tail vein injection to each mouse to begin induction of atherosclerosis. (B) Prior to AAV 
administration, mice were administered 1 mg of tamoxifen in peanut oil via intraperitoneal 
injection once per day for 10 days over the course of two weeks. Following 2-3 weeks of 
tamoxifen washout, mice were administered mPcsk9-D377Y-AAV8. One day following the 
injection, mice were given a western diet that lasted for the remainder of the experiment. 
Additionally, blood was drawn after approximately 2 weeks of diet to validate increased 
circulating lipid levels. 
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Model of Peripheral artery disease / hind limb ischemia (HLI) 
To induce hind limb ischemia, the femoral artery of each mouse was ligated and resected 

(Figure 2.2). Briefly, mice were anesthetized with ketamine/xylazine and placed on a heating 

pad to maintain a proper body temperature. An incision was made on the underside of the 

mouse’s left leg near the hip crease and adipose tissue and fatia was separated to access to 

the femoral artery. The femoral artery was ligated immediately rostral to the internal iliac artery 

bifurcation and then a section of the femoral artery distal to this point was resected. Smaller 

bifurcations between the internal iliac bifurcation and the epigastric bifurcation were cauterized 

to prevent bleeding and the femoral artery was carefully separated from the femoral vein and 

the local skeletal muscle. The femoral artery was cauterized immediately caudal to the 

epigastric bifurcation to prevent bleeding and end the resection. The incision was closed using 

staples. Mice were administered buprenorphine every twelve hours for the next 48 hours and 

water containing antibiotics and acetominophine for the next 7 days to manage pain. 

To quantify blood flow in each limb, mice were anesthetized with ketamine/xylazine or 

isofluorane and placed under a PeriScan PIM-II blood perfusion monitor (laser Doppler 

scanner) (Perimed, Inc. North Royalton, OH). Images were taken in triplicate. Regions of 

interest (ROIs) were traced around the ischemic and non-ischemic foot of each mouse to 

quantify perfusion intensity. Perfusion of the ischemic foot was normalized to the non-ischemic 

foot for each mouse. Perfusion was quantified at multiple time points including 1, 3, 7, 14, 21, 

and 28 days post-femoral artery ligation and resection. 
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Figure 2.2. 

 
Figure 2.2. Schematic of HLI procedure.  
Briefly, the femoral artery was ligated immediately rostral to the internal iliac artery bifurcation 
and then a section of the femoral artery was resected until immediately past the epigastric 
artery bifurcation. Ischemia developed distal to the resection in tissues including the 
gastrocnemius, tibialis anterior, and the foot. 
 
 
III. Tissue processing 
In general, mice were euthanized by CO2 overdose. Blood was harvested via cardiac puncture 

and stored in 10 μL of 0.5 M EDTA to prevent coagulation. Mice were perfused through the left 

ventricle (after cutting the right atrium) with 10 mL PBS supplemented with 0.5 mM EDTA 

followed by 5–10 mL of PBS before harvesting all other tissues. Inguinal lymph nodes were 

removed before harvesting the inguinal (subcutaneous) adipose tissue. All tissues harvested 

for RNA extraction were flash frozen in liquid nitrogen and stored at -80°C. 

 

Aorta and Brachiocephalic artery (BCA) 
For en face preparation and BCA isolation, aorta and BCAs were cleaned of PVAT. The BCA 

was extracted from above the subclavean-carotid bifurcation to the aortic bifurcation and fixed 

in 4% PFA overnight. The aorta was extracted from the mouse from the aortic arch to the iliac 

bifurcation, and then fixed in 4% paraformaldehyde. After at least 24 hours, aortas were 



  27 
opened longitudinally from the aortic arch to the iliac bifurcation and pinned to expose the 

lumen side of the aorta. BCAs were stored in 70% ethanol and paraffin embedded. 

For analysis of the aortic root, whole hearts include the aortic root were fixed in 4% PFA at 

4°C, rotating, for 24-48 hours. 

 

Blood 
For flow cytometry analysis of cell populations, 100 μL of blood was treated with AKC lysis 

buffer for 5 minutes, rotating. Lysis was quenched with FACS buffer and cells were spun down. 

Pellets were resuspended in FACS buffer to be stained for flow cytometry. 

To isolate plasma, blood samples were spun down at 5,000 g for 5 minutes at room 

temperature. Plasma was then transferred into a fresh tube and stored at -20°C. 

 

Bone marrow 
Following perfusion, rear femurs and tibias were harvested and excess muscle and tissue 

removed. The ends of each bone were cut away to access the marrow. Using 5 mL of PBS per 

bone, each bone was flushed using a syringe. Cell suspensions were spun and treated with 

AKC lysis buffer to lyse remaining red blood cells. Cells were then washed with FACS buffer to 

be stained for flow cytometry. 

 

Lungs 
Lungs (all lobes) were placed in digestion buffer, minced, and incubated at 37°C, shaking, for 

~45 minutes. Digested tissue was then passed through a 19-gauge needle ten times to create 

a single-cell suspension. The suspension was then passed through a 70 µm filter, washed with 

FACS buffer, and pelleted. Cells were treated with AKC lysis buffer to lyse remaining red blood 

cells. Cells were then stained for live cell sorting. 

 

Peritoneal cavity lavage 
Peritoneal cells were collected by peritoneal lavage. Lavages were spun down and treated with 

AKC lysis buffer to lyse remaining red blood cells as needed. Cells were then washed with 

FACS buffer to be stained for flow cytometry or sort buffer for live cell sorting. 
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PVAT 
PVAT was placed in digestion buffer, minced, and incubated at 37°C, shaking, for ~45 

minutes. Digested tissue was then pipetted up and down to create a single-cell suspension, 

passed through a 70 µm filter, washed with FACS buffer, and pelleted. Cells were treated with 

AKC lysis buffer to lyse remaining red blood cells as needed. Cells were then stained for flow 

cytometry.  
 
Skeletal muscle 
For flow cytometry analysis of cell populations, gastrocnemius muscles were placed in 

digestion buffer, minced, and incubated at 37°C, shaking, for ~45 minutes. Digested tissue 

was then pipetted up and down to create a single-cell suspension, passed through a 70 µm 

filter, washed with FACS buffer, and pelleted. Cells were treated with AKC lysis buffer to lyse 

remaining red blood cells as needed. Cells were then stained for flow cytometry. 

For who tissue analysis, gastrocs were fixed in 4% PFA at 4°C, rotating, for 24-48 hours. 

 

Spleen 
Spleens were mashed through a 70 µm filter and washed with 10 mL of FACS buffer, then 

spun down. Cell pellets were resuspended in 5 mL of AKC lysis buffer and incubated for 5 

minutes before being quenched with 5 mL of FACS buffer. Cells were then spun down and 

aliquoted to use 1/50th of each sample for flow cytometry. 

 

IV. Flow cytometry and live cell sorting  
All cells were stained with fluorophore-conjugated antibodies against cell surface proteins 

(Table 2.1) in FACS buffer or Brilliant Violet Stain Buffer (BD, if more than one Brilliant Violet 

fluorophore was used at one time) for 25 minutes at 4°C then washed with FACS buffer. For 

cell population analysis, cells were then stained with Live/Dead (Fisher) in PBS for 30 minutes 

at 4°C then washed with FACS buffer. Cells were then fixed with 2% PFA for 7–10 minutes at 

room temperature and washed with FACS buffer. Finally, cells were resuspended in FACS 

buffer and stored at 4°C until analyzed. Cells were run on the Attune (Thermofisher) and 

compensated and analyzed in FCS Express. For live cell sorting, cells were stained with DAPI 
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prior to sorting on the Influx or FACSAria Fusion (BD Biosciences). Cells were sorted into 

RPMI media enriched with 20% FBS. 

 

V. Cell culture 
Cell lines 
Human umbilical vein endothelial cells were ordered from Lonza (C2519A) and cultured in EC 

growth media. Cells were passaged using TrypLE Express (Gibco, 12605-010). Experiments 

were conducted with cells passaged 2 to 5 times. 

 

Tubule formation 
Prior to passing cells, 75 uL of growth factor-reduced Matrigel (Corning) was pipeted into each 

well of a 96-well plate (as needed). The Matrigel was left to polymerize at 37°C for 30 to 60 

minutes. HUVECs were then passaged and 15,000 HUVECs were placed in each well at a 

final volume of 100 uL. Cells were cultured in EC starvation media (Cell Applications, 209-250) 

with or without additional treatments, as specified in the results sections. Plates were placed in 

a hypoxia chamber (2% O2, C-Chamber and ProOx C21 from Biospherix) within a cell culture 

incubator at 37°C for six hours. Five images of each well were then taken on an Accu-Scope 

camera (Excelis). These images were of the center of the well and the areas immediately 

above and below, and to the right and left of the center. Images were then analyzed to quantify 

the number of branch points and boxes formed by tubules. Branch points were defined as 

points where at least two different cell/tubules intersected. Boxes were defined as areas 

surrounded completely by connected tubules. These values were collected for each image and 

averaged for each well and treatment. 

 

Cellular proliferation 
10,000 cells were plated per well of a 96-well plate in 100 μL of EC starvation media with or 

without additional treatment. Additional wells were filled with 100 μL of media without cells to 

use as a blank control. Cells were then cultured in a hypoxia chamber (2% O2, company info) 

within a cell culture incubator at 37°C for 24 hours. At 23 hours, 20 μL of MTS reagent 

(Promega) was added to each well and the plate placed back in the hypoxia chamber for one 

additional hour. Absorbance from each well was then read with a SpectraMAX 190 microplate 
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reader (Molecular Devices) at 490 nm and 665 nm. 665 nm values were subtracted from 

490 nm to account for background. Blank control values were then subtracted from the 

absorbance values of each other well and these values were normalized to the vehicle control. 

 
Cell activation 
HUVECs were plated in a 24-well plate and allowed to grow in EC growth media until 90% 

confluent. Cells were then washed with PBS and cultured in EC starvation media for 30 

minutes prior to the start of treatment. Cells were treated with specified treatments 

resuspended in EC starvation media for 2 hours. Cells were then harvested in Trizol for RNA 

extraction. 

 
B cell culture and conditioned media preparation 
B-1a, B-1b, and B-2 cells were sorted from peritoneal lavage samples (Figure 2.3) on the 

FACSAria Fusion or Influx cell sorters (BD). They were then resuspended in TLR9 agonist 

treatment media at 500,000 cells per 250 uL for 7 days or in EC starvation media at the same 

cell:media ratio for 6 hours. Cultures were then spun down and conditioned media 

supernatants transferred to fresh tubes and stored at -20°C. Cell pellets were resuspended in 

Trizol for RNA extraction. 
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Figure 2.3. 

 
Figure 2.3. Live cell sorting strategy.  
(A) Schematic of approach for preparing and staining samples that were then run on a flow 
cytometer to sort B-1a, B-1b, and B-2 cells. (B) Example gating strategy for the sorts. (C) 
Table clarifying markers used to identify each subset. 
 

 

VI. Colorimetric assays 
ELISA 
Total IgM, total IgG, IgG1, IgG2a, IgG2b, IgG2c, and IgG3, HMGB1-specific IgM, and 

oxPAPC-IgM in mouse plasma was measured using colorimetric ELISA (Tables 2.3,2.4). 

EIA/RIA high-binding microplates were coated with IgX-specific antibody, HMGB1, or oxPAPC 

(Table 2.4). Mouse IgM, IgG, IgG1, IgG2b, IgG2c, and IgG3 standards (Southern Biotech), or 

plasma or serum samples were detected with alkaline phosphatase-conjugated goat anti-

mouse IgM, IgG1, IgG2b, IgG2c or IgG3 secondary antibody (Southern Biotech) and pNPP 

substrate (Southern Biotech 0201-01). Absorbance measurements were analyzed with a 

SpectraMAX 190 microplate reader (Molecular Devices) at 405 nm. The standard curve was 

determined using a 4-parameter function and concentration measurements were extrapolated 
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using Softmax Pro 3.1.2 software. Only samples with CV<15% and within the standard 

curve were included in analysis. 

Table 2.4. ELISA antibodies and dilutions 

Assay 

Coat/Capture Standard 
Sample 
dilution 

Detection 

Reagent D/C Reagent D/C Reagent D/C 

Total 
IgM 1020-01 1:1600 0101-01 200 

ng/mL 

Plasma, 1:2000; 
Muscle lysates, 

1:100 
1020-04 1:4000 

HMGB1-
specific 

IgM 
HMGB1 1 

μg/mL 

12-week 
athero 
plasma 

1:100 1:100 1020-04 1:4000 

oxPAPC
-specific 

IgM 
oxPAPC 5 

μg/mL 

12-week 
athero 
plasma 

1:200 1:100 1020-04 1:4000 

Total 
IgG 1030-01 1:1600 0107-01 200 

ng/mL 1:50000 1030-04 1:1000 

IgG1 1070-1 1:1600 0102-01 200 
ng/mL 1:5000 1070-04 1:8000 

IgG2a 1080-01 1:400 
Day 7 
HLI 

plasma 
1:100 1:5000 1080-04 1:1000 

IgG2b 1090-01 1:800 0104-01 200 
ng/mL 1:500 1090-04 1:2000 

IgG2c 1079-01 1:400 0122-01 200 
ng/mL 1:500 1079-04 1:500 

IgG3 1100-01 1:1600 0105-01 200 
ng/mL 1:50000 1100-04 1:8000 

D/C = Dilution/Concentration 
 
 
Total cholesterol levels 
Plasma was subjected to colorimetric enzymatic assay to quantify total cholesterol using the 

Infinity Cholesterol kit (ThermoFisher, TR13421). Briefly, plasma was diluted in PBS and 2 uL 

were combined with 200 uL of reagent and incubated at 37 C for 5 minutes. Absorbance 

measurements were analyzed with a SpectraMAX 190 microplate reader (Molecular Devices) 

at 500 nm. Total cholesterol was calculated using the following equation: Total cholesterol 

(mg/dL) = (Abssample – Absblank) / (Absstandard – Absblank) * 200 mg/dL * dilution factor, where the 

cholesterol concentration of the standard was 200 mg/dL. 
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VII. Gene expression 
RNA extraction and cDNA synthesis 
RNA was extracted from tissues and cells using Trizol extraction. 0.5 to 1 μg of RNA was then 

treated with DNase (Invitrogen) and used to reverse transcribe cDNA using an iScript cDNA 

synthesis kit (BioRad).  

 

qRT-PCR 
To quantify gene expression, cDNA was diluted in water as needed and combined with 0.5 mM 

forward and reverse primers (Table 2.5) and SYBR Green (SensiFast, BioLine). Semi-

quantitative real-time PCR was performed on a CFX96 Real-Time System with an annealing 

temperature of 60°C for all reactions (BioRad). Data were calculated by the ΔΔCt method and 

expressed in arbitrary units that were normalized to 18s levels. 

 
Table 2.5. qRT-PCR primers 
Gene Species Forward sequence Reverse sequence 
Id3 Mouse TGCTACGAGGCGGTGTGCTG TGTCGTCCAAGAGGCTAAGAGGCT 
18s Mouse CGGCTACCACATCCAAGGAA AGCTGGAATTACCGCGGC 

 
VIII. Histology 
Preparing sections 
Fixed hearts and skeletal muscle were incubated in 30% sucrose overnight at 4°C, rotating, 

until the tissues were saturated and sank to the bottom of the tube. Then, tissues were 

embedded in OCT and 10 μm sections were cut by Cryostat (Leica biosystems). Aortic roots 

were cut from the beginning of the three aortic leaflets to the aortic arch. 

 

Immunofluorescence 
Tissue sections were permeabilized with 0.25% Triton-100 in PBS, and then washed in PBS. 

Sections were blocked with 0.6% fish skin gelatin with 10% serum in PBS, then incubated with 

primary antibodies in 0.6% fish skin gelatin with 10% serum in PBS overnight at 4°C. Sections 

were washed as before and then incubated with secondary antibody for 1-2 hours at room 

temperature. Following one final wash, slides were counterstained with DAPI (1 μg/mL) and 

coverslipped using ProLong Gold (Life Technologies). Images were obtained using Zeiss 
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LSM700 confocal microscope, 20X objective. Figures shown are maximal intensity 

projection images. 

 
Oil red O staining 
Aortic root sections were stained with Oil Red O. Images were obtained with the Olympus 

BX51 Microscope (Olympus). Total root, total plaque, and Oil red O-positive plaque areas were 

quantified using Image-Pro Plus software (Media Cybernetics). 

 

Movat 
BCA sections were stained with Movat’s pentachrome stain by Missy Bevard in the UVA 

CVRC Histology Core. 

 
XI. En face analysis of aorta 
Pinned aortas were stained using Sudan IV (Sigma) as previously described129. Aortas were 

imaged using a Nikon D70 DSLR camera and the percentage of the total aorta area that was 

Sudan IV+ plaque area was quantified using Image-Pro Plus software (Media Cybernetics). 

 
X. Statistics 
All statistical analysis was performed using Prism 7 or 8 (GraphPad Software, Inc.). Because 

sample n < 15 for all murine experiments, normal distribution could not be determined. Mann-

Whitney tests were used to compare two experimental groups, Kruskal-Wallis tests were used 

to compare three experimental groups with one independent variable, and two-way ANOVAs 

were used to compare three or more experimental groups with two independent variables 

(such as both time and genotype, for example). Data are generally expressed as mean ± SD. 

P values and the specific statistical analyses use are specified in figure legends.  
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Chapter 3: Id3-mediated expansion of IgM-secreting B-1b cells 
augments ischemic angiogenesis in skeletal muscle 
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I. Abstract: 
Background: Peripheral artery disease (PAD) is a prevalent vascular disease with many co-

morbidities and few effective therapeutic options. There is a need to better understand the 

mechanisms mediating adaptive neovascularization and tissue perfusion in this patient 

population from a molecular and cellular level. In this study, we investigate the potential role(s) 

for helix-loop-helix transcription factor Inhibitor of differentiation 3 (Id3), B cells, and B-1 cell-

derived IgM in regulating microvascular blood flow during murine hind limb ischemia, a model 

of PAD.  

Methods: A murine model of hind limb ischemia (HLI) was employed to model PAD through 

ligation and resection of the femoral artery. Laser Doppler perfusion imaging and quantification 

of CD31+ endothelial cells (ECs) in gastrocnemius muscles by immunofluorescence were 

employed to quantify microvascular blood flow and EC number during HLI in a series of Id3 KO 

lines. Flow cytometry and ELISA were utilized to quantify B cell subsets and IgM levels in 

skeletal muscle and in circulation during HLI. Cultured ECs were treated with conditioned 

media from B-1 subsets sorted from sIgM+/+ and sIgM-/- mice followed by quantification of cell 

proliferation and tubule formation.  

Results: B cell-specific loss of Id3, but neither EC- nor macrophage-specific loss, resulted in 

impaired perfusion recovery during HLI. B cell-specific Id3 KO mice (Id3BKO) had reduced 

artery density in the tibialis anterior, but not the gastrocnemius muscle, compared to Id3BWT 

mice. Additionally Id3BKO mice had increased B-1b cell numbers in ischemic skeletal muscle, 

and increased local and circulating levels of total and DAMP-specific IgM. Treatment of ECs 

with conditioned media from sIgM+/+ B-1b cells, but not sIgM-/- B-1b cells inhibited EC 

proliferation. 

Conclusions: This study is the first to demonstrate that mice with loss of Id3 specifically in B 

cells results in impaired perfusion recovery during HLI. B cell-specific loss of Id3 promotes 

expansion of the IgM-secreting B-1b cell population raising the interesting hypothesis that IgM 

may impair perfusion recovery after HLI. Future studies are needed to investigate deeper 

mechanisms whereby Id3, B-1b cells, and IgM regulate ischemic vascular adaptation. These 

outcomes plus investigation of levels of IgM and B cell populations in human PAD subjects 

across a symptomatic spectrum may reveal potential novel therapeutic targets for this disease. 
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II. Introduction: 
Peripheral artery disease (PAD) is a prevalent vascular disease with many co-morbidities and 

few effective therapeutic options34, 134. There is a need to identify novel molecular and cellular 

mechanisms regulating the capacity for individuals to maintain adequate tissue vascularization 

in response to reduced blood flow in major peripheral arteries. This can occur through multiple 

functions including arteriogenesis, angiogenesis, and vasodilation135. Studies demonstrate 

PAD is mediated by many different factors including genetics, inflammation, lifestyle, and lipid 

levels57, 134, 136. In this study, we investigated the potential role(s) for the helix-loop-helix 

transcription factor Inhibitor of differentiation 3 (Id3) and B cells in regulating vascularization 

during skeletal muscle ischemia. 

Id3 is a broadly expressed member of the helix-loop-helix transcription factor family that 

regulates cell proliferation, differentiation, and responses to hyperlipidemia and mitogens 

including growth factors and inflammatory stimuli121-126. Id3 promotes angiogenesis during 

tumor growth and adipose tissue expansion127, 128, but whether this is the case in the setting of 

ischemia remains unclear. Furthermore, the SNP rs11574 is located in the coding region of the 

human ID3 gene and alters function of the protein130. Expression of the minor allele (Id3105T) 

significantly correlates with increased indices of coronary artery disease including intima-media 

thickness130 and coronary artery calcium131. Given the established role of Id3 in mediating 

progression of cardiovascular disease, we hypothesized that Id3 also augments ischemic 

neovascularization during ischemia. 

Id3 has an established role in regulating B-1 cell population size and function through 

direct and indirect mechanisms30, 137. Indeed, loss of Id3 globally and specifically in B cells 

results in expansion of B-1b cells30, 137, 138. B-1b cells are part of the B-1 subset of B cells, 

which are derived from the fetal liver and produce the majority of natural IgM found in vivo24-26. 

Additional results from global knockout studies suggest that Id3 likely has important roles in 

regulating other cell types including macrophages and endothelial cells (ECs) during 

cardiovascular disease progression120, 129. To date, however, the roles of global and cell-

specific Id3 expression in hind limb ischemia (HLI) have not been investigated. 

Prior cell-specific knockout studies have demonstrated essential roles for ECs35, 68 and 

macrophages69-71, 78, 139 in regulating ischemic neovascular adaptation in skeletal muscle. To 

date, however, very little is known about the role B cells might play in HLI or PAD. However, B 
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cells have been implicated in promoting angiogenesis in tumors, eye injury, and wounds93, 

94, 97-100, 103, 140 as well as in amplifying tissue damage during acute ischemia/reperfusion 

injuries in multiple tissues including skeletal muscle107, 110, 141. Thus, we investigated the EC-, 

macrophage-, and B cell-specific roles of Id3 in promoting microvascular blood flow during HLI. 

 
 
III. Results: 
Validation of EC-specific Id3 knockout 
Id3ECWT and Id3ECKO were generated by breeding Id3fl/+Cdh5cre/ERT2+ mice. Id3ECWT had an 

Id3+/+ genotype, while Id3ECKO mice had an Id3fl/fl genotype (Figure 3.1A). The cre/ERT2 

required treatment for 10 days with tamoxifen to induce translocation of ERT2-cre from the 

plasma membrane to the nucleus. Of note, Id3MKO and Id3BKO mice were previously validated 

in the McNamara lab30, 122. Following two weeks of tamoxifen wash-out, lungs from Id3ECWT 

and Id3ECKO mice were extracted and digested to isolate a single-cell suspension (Figure 
3.1B). Using live cell sorting, CD45-CD31+ ECs, CD45-CD31- stromal cells, and CD45+ 

immune cells were isolated and RNA was extracted to quantify Id3 mRNA expression. qRT-

PCR results revealed that Id3 expression levels were reduced only in Id3ECKO EC populations, 

but not Id3ECWT EC populations, nor in non-EC populations of either genotype (Figure 3.1C). 

These results validate that our conditional knockout mouse effectively knocked out Id3 

expression in an EC-specific manner. 
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Figure 3.1. 

 
Figure 3.1. Validation of EC-specific Id3 knockout line.  
(A) Schematic of the breeding to generate Id3+/+Cdh5cre+ (Id3ECWT) and Id3fl/flCdh5cre+ (Id3ECKO) 
mice. (B) Mice were treated with tamoxifen (1 mg/day). After that, lungs from each mouse 
were isolated and digested to isolate a single cell suspension. Using flow cytometry, CD45+ 
immune cells, CD45-CD31+ endothelial cells, and CD45-CD31- non-endothelial stromal cells 
were sorted for RNA extraction. (C) Following cDNA synthesis, Id3 mRNA levels were 
measured by qRT-PCR in all three cell subsets form Id3ECWT (Id3+/+) and Id3ECKO (Id3fl/fl) mice. 
Data shown is the mean ± standard deviation.  
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Id3 regulates microvascular blood flow in a B cell-specific manner  
To investigate whether Id3 regulates microvascular blood flow in response to ischemia, HLI 

was surgically induced in Id3 knockout and wild type (WT) littermates (Figure 3.2A). At day 3 

of HLI in wild type mice, Id3 mRNA levels were significantly increased in ischemic 

gastrocnemius muscles compared to non-ischemic muscles (Figure 3.2B). Using laser 

Doppler perfusion imaging (LDPI), we found that Id3GKO mice had significantly reduced 

microvascular blood flow at days 14 and 21 of HLI compared to Id3GWT littermates (Figure 
3.2C). Cell-specific Id3 knockout mice were employed to determine the role individual cell 

types played in the observed phenotype. Given the established role of both ECs and 

macrophages in ischemic angiogenesis, blood flow recovery during HLI in EC-specific Id3 

knockout mice (Id3ECKO) and wild type littermates (Id3ECWT) as well as macrophage-specific Id3 

knockout mice (Id3MKO) and wild type littermates (Id3MWT) was investigated. Interestingly, we 

found that the perfusion levels of Id3ECKO and Id3MKO were not significantly different from WT 

controls (Figure 3.2D-E).  

While no literature exists to support a specific role for B cells in promoting blood flow 

recovery during HLI, prior studies in models of atherosclerosis and diet-induced obesity reveal 

that loss of Id3 has significant effects on B-1 cell populations and disease outcomes in vivo30, 

129, 137, 138. Thus, we tested whether B cell-specific Id3 KO mice (Id3BKO) had altered 

microvascular blood flow during HLI. Indeed, Id3BKO mice phenocopied Id3GKO mice with 

reduced microvascular blood flow relative to Id3BWT controls (Figure 3.2F). 
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Figure 3.2. 

 
Figure 3.2. Id3 regulates blood flow in a B cell-specific manner.  
(A) Schematic of the murine model of hind limb ischemia (HLI) and quantification of 
microvascular blood flow using laser Doppler perfusion imaging. (B) mRNA levels of Id3 in 
ischemic (I) and non-ischemic (NI) gastrocnemius muscle lysates. (C) Results from laser 
Doppler perfusion imaging (LDPI) quantifying blood flow in the feet of Id3GWT and Id3GKO 
littermate males at days 1, 3, 7, 14, and 21 days post-femoral artery ligation. Blood flow is 
quantified as proportion of blood flow in ischemic foot over blood flow in the non-ischemic foot 
per mouse. (D-F) Blood flow results in Id3MWT and Id3MKO male littermates (D), Id3ECWT and 
Id3ECKO male littermates (E), and Id3BWT and Id3BKO male littermates (F). Circles represent 
male mice, squares represent female mice, closed shapes represent WT littermates, and open 
shapes represent KO littermates. Data shown is the mean ± standard deviation. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001, as indicated. Statistical analyses were performed using 
Mann Whitney U test (B) and two-way ANOVA (C-F). 
 
 
Id3BKO mice demonstrate muscle-specific differences in artery density during HLI 
To begin understanding how the vasculature changes in Id3BKO mice to account for differences 

in blood flow recovery, vascular density and artery size were quantified in gastrocnemius 

muscles at Day 28 of HLI. Vascular density in the gastrocnemius muscle was quantified by 

counting the number of CD31+ structures per image (Figure 3.3A, arrowhead). Five images 

were captured per muscle section, one to three sections along different areas of the muscle 

were provided per mouse, and 6-8 mice were provided per experimental group. The number of 

CD31+ structures per muscle section were quantified and averaged amongst all muscles in the 

same experimental group (i.e. NI Id3BKO). Results demonstrate that vascular density was 
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greater in I muscles compared to NI muscles, but there were no differences between 

genotypes regardless of ischemia status (Figure 3.3B). The number of CD31+ structures that 

co-localized with αSMA+ staining were quantified to reflect the number of arteries in the 

gastrocnemius of each group (Figure 3.3A, arrow). Interestingly, the number of αSMA+CD31+ 

structures showed a statistically trending increase in I Id3BKO muscles compared to NI Id3BKO 

muscles. I Id3BKO muscles had more αSMA+CD31+ structures than NI Id3BKO muscles, but 

there was no difference between NI and I muscles in the Id3BWT groups (Figure 3.3C). 

However, when the number of αSMA+CD31+ structures was quantified as a proportion of total 

CD31+ structures, there were no significant differences between experimental groups by 

genotype or ischemia status (Figure 3.3D). This suggests that the proportion of arteries to 

capillaries in each muscle group were generally the same, but increases in overall vascular 

density had a more profound effect on the number of arteries than capillaries in the tissue. 

Though Id3BKO mice have increased numbers of αSMA+ arteries in gastrocnemius muscles, 

they have reduced blood flow recovery suggesting that these arteries may be smaller in size 

than arteries in Id3BWT. 

Thus, we then quantified the size of αSMA+ arteries in gastrocnemius muscles to test 

whether the lumenal diameter of arteries were smaller in I Id3BKO muscles compared to I 

Id3BWT (Figure 3.3E). The maximal diameter (diametermax) was measured in each artery as 

well as the diameter perpendicular to that of the diametermax to account for arteries that did not 

maintain a circular shape during tissue processing (Figure 3.3E). Diameters per artery were 

averaged and then averaged per image and muscle section to generate the overall average 

artery diameter per mouse. When compared amongst experimental groups, diameters were 

comparable regardless of ischemia status or genotype (Figure 3.3F). Diametermax 

measurements were also not different amongst all experimental groups (Figure 3.3G). 
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Figure 3.3. 

 
Figure 3.3. B cell-specific Id3 does not alter gastrocnemius vascular density or artery 
size during HLI.  
(A-G) Gastrocnemius muscles from Id3BWT and Id3BKO mice were harvested at day 28 of HLI, 
then fixed, embedded, and sectioned. Sections were stained with antibodies against EC 
marker CD31 and contractile protein αSMA, which is typically expressed in perivascular cells 
such as pericytes and VSMCs. (A) A representative image of CD31+ and αSMA+ is provided. 
The white arrow points to a αSMA+CD31+ structure, while the arrowhead points to a CD31+ 
structure. Scale bar delineates 50 µm. From each mouse, 1-3 sections at different locations 
along the muscle were stained. 5 images of each muscle were captured and quantified for 
CD31+ and αSMA+ structures. (A-C) The number of CD31+ structures (B) and αSMA+CD31+ 
structures (C) per muscle section were quantified. (D) Additionally, the proportion of CD31+ 
structures that were αSMA+ was also quantified. (E-G) The maximal and perpendicular-to-the-
maximal diameters of each αSMA+ structure (E) were quantified and averaged to calculate 
average vessel diameter (F). Scale bar in (E) delineates 25 µm. (G) Maximal artery diameters 
were also calculated and plotted. Data shown is the mean ± standard deviation. *p < 0.05, **p 
< 0.01, ****p < 0.0001, as indicated. Statistical analyses were performed using two-way 
ANOVA. Vascular density and artery number and proportion (A-D) were quantified by Antony 
Haider.  



  44 
Finally, blood flow recovery differences could be accounted for based on differences 

in vascular density or artery size in specific muscle groups. Thus, we applied the same 

quantification to tibialis anterior (TA) muscles from Id3BWT and Id3BKO mice as was used for 

gastrocnemius muscles (Figure 3.4A). Additionally, three sections 300 µm apart per muscle 

were stained to quantify vascular density and artery size across the muscle (Figure 3.4B). The 

average CD31+αSMA- capillary density per muscle was not different between genotypes 

(Figure 3.4C), nor was the area under the curve when capillary densities were plotted across 

each section (Figure 3.4D-E). However, when αSMA+CD31+ artery density was averaged per 

muscle and plotted across sections, there was a trending reduction in the density of arteries 

both as an overall average per muscle and when densities were plotted across sections in the 

TA muscles of Id3BKO mice (Figure 3.4F-H). The size of these arteries were not different 

between genotypes (Figure 3.4I-K).  

Additionally, increased vascular permeability suggests decreased vascular stability and 

thus lower perfusion. Early signs of edema and vascular permeability were assessed by 

quantifying the wet and dry weights of TA muscles after 7 days of HLI. While edema clearly 

increased with ischemia, there was no difference between genotypes (Figure 3.4L). 
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Figure 3.4 

 
Figure 3.4. Id3BKO mice have comparable capillary density, but lower artery density in 
ischemic tibialis anterior muscle.  
(A-K) Ischemic tibialis anterior (TA) muscles from Id3BWT and Id3BKO mice were harvested at 
day 28 of HLI, then fixed, embedded, and sectioned. Sections were stained with antibodies 
against EC marker CD31 and contractile protein αSMA, which is typically expressed in 
perivascular cells such as pericytes and VSMCs. (A) A representative image of CD31+ and 

αSMA+ is provided. The white arrows point to αSMA+CD31+ structures, while the arrowhead 
points to a CD31+ structure. Scale bar delineates 50 µm. (B) From each mouse, 3 sections 300 
µm apart from one another along the TA muscle were stained. 5 images of each muscle were 
captured and quantified for CD31+ and αSMA+ structures. (C) The number of CD31+αSMA- 
capillaries per muscle section were averaged across sections per mouse. (D,E) The number of 
CD31+αSMA- capillaries were also plotted per section (D) and the area under the plotted curve 
quantified (E). (F-H) The number of αSMA+CD31+ arteries per muscle section were averaged 
(F) and plotted across sections (G) and the area under the plotted curve also quantified (H). (I-
K) The average artery diameter per muscle section was also averaged (I), plotted (J), and 
AUC quantified (K). (L) Finally, TA muscles from day 7 of HLI were harvested to measure wet 
and dry weights of the each muscle. The ratio of wet weight to dry weight were calculated and 
plotted. Data shown is the mean ± standard deviation. ****p < 0.0001, as indicated. Statistical 
analyses were performed using Mann Whitney tests (C,E,F,H,I,K) and two-way ANOVA (L). 
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Id3BKO mice have increased numbers of infiltrating B cells in ischemic skeletal muscle 
To date, the presence of B cells in skeletal muscle during HLI has been investigated to a very 

limited extent61. Additionally, the extent to which other immune cell populations have been 

characterized in ischemic skeletal muscle compared to non-ischemic controls is also limited. 

Immune cell populations in ischemic and non-ischemic gastrocnemius muscles were 

characterized at HLI day 7 using flow cytometry to compare overall changes that occur to 

skeletal muscle immune populations in the presence of ischemia as well as in order to observe 

what changes occurred prior to the emergence of blood flow recovery differences between 

Id3BKO and Id3BWT mice (Figure 3.5A, Figure 3.6). We observed a significant increase in total 

CD45+ immune cells (Figure 3.5B, Figure 3.7A) as well as CD19+ B cells (Figure 3.5C, 
Figure 3.7B) in ischemic muscle compared to non-ischemic muscle. The overall increase in 

immune cells was in part due to increases in B cell numbers, however, there were also 

substantial increases in CD11b+F4/80+ macrophages (Figure 3.8E), CD3+ T cells (Figure 
3.8F), Ly6G+ neutrophils (Figure 3.8J) and other CD11b+ immune cells (Figure 3.8K). 

Furthermore, Id3BKO mice had significantly higher numbers of total B cells in ischemic muscle 

compared to Id3BWT mice (Figure 3.5C). These differences were due to increases in 

CD19+B220low B-1 cells (Figure 3.5D).  B220high B-2 cells (Figure 3.5E) were not different 

between genotypes, nor were CD5+ B-1a CD19+ cells (Figure 3.5F). However, the number of 

CD5- B-1b cells (Figure 3.5G) were significantly higher in Id3BKO mice compared to Id3BWT. 

Total T cell, macrophage, neutrophil, and other immune cell numbers were not significantly 

changed in Id3BKO mice (Figure 3.8). Additionally, B-1b cells numbers were significantly higher 

in the peritoneal cavity, spleen, and bone marrow of Id3BKO mice compared to Id3BWT mice 

(Figure 3.9). 
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Figure 3.5. 

 
Figure 3.5. Loss of ID3 in B cells results in increased B-1b cell numbers in ischemic 
skeletal muscle.  
(A) Flow cytometry gating strategy for identifying immune cell populations in digested 
gastrocnemius muscles. (B) Quantification of total CD45+ cells per gastrocnemius muscle. (C) 
Quantification of total CD19+ B cells per gastrocnemius muscle. (D) Quantification of total 
CD19+B220low B1 cells per gastrocnemius muscle. (E) Quantification of total CD5- B-1b cells 
per gastrocnemius muscle. (F) Quantification of total CD5+ B-1a cells per gastrocnemius 
muscle. (G) Quantification of total CD19+B220high B-2 cells per gastrocnemius muscle. Data 
shown is the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, as indicated. 
Statistical analyses were performed using two-way ANOVA. 
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Figure 3.6 

 
Figure 3.6. Gating strategy for non-B cells in ischemic gastrocnemius muscle.  
To identify non-B cell immune subsets in gastrocnemius muscles at day 7 of HLI, singlets (1) 
that did not take up the Live/Dead stain (2) were analyzed. First, CD45+ cells were gated (3), 
followed by CD19- cells (4). CD11b+F4/80+ macrophages were next identified (5) and the 
F4/80- remaining population was also gated. From that gate, Ly6G+ neutrophils and Ly6G- cells 
were gated (6). And from the Ly6G- population, CD115+ monocytes and other CD11b+ cells 
were identified (7). 
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Figure 3.7. 

 
Figure 3.7. Id3BKO female mice also demonstrated significant increases specifically in B-
1b cell numbers in ischemic skeletal muscle.  
(A-H) Gastrocnemius from non-ischemic (NI) and ischemic (I) legs were isolated from Id3BKO 
and Id3BWT mice at day 7 of HLI. (A-H) Flow cytometry was used to characterize cell 
populations of single-cell suspensions from NI and I gastrocnemius muscles. Total CD45+ cells 
(A), total CD19+ B cells (B), CD19+B220low B-1 cells (C), CD19+B220high B-2 cells (D), CD5+ B-
1a cells (E), CD5- B-1b cells (F), CD5+ T cells (G), and CD19-CD3- cells (H) per muscle were 
quantified. Data shown is the mean ± standard deviation. *p < 0.05, **p < 0.01, as indicated. 
Statistical analyses were performed using two-way ANOVA. 
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Figure 3.8. 

 
Figure 3.8. Id3BKO mice did not have significant changes in non-B cell subsets in the 
ischemic skeletal muscle.  
(A,B) Gastrocnemius from non-ischemic (NI) and ischemic (I) legs were weighed in Id3BKO and 
Id3BWT mice at day 7 of HLI. (A) The ratio of I gastrocnemius mass (GastrocI) to NI 
gastrocnemius mass (GastrocNI) demonstrate that GastrocI were generally smaller than 
GastrocNI. (B) All four experimental groups were also plotted to demonstrate similarities and 
differences in muscle masses. (C-K) Flow cytometry was used to characterize cell populations 
of single-cell suspensions from NI and I gastrocnemius muscles (C). Total live cells (D), 
CD11b+F4/80+ macrophages (E), CD3+ T cells (F), CD4+ T cells (G), CD8+ T cells (H), CD115+ 
monocytes (I), and Ly6G+ neutrophils (J), and other CD11b+ cells (K) per muscle were 
quantified. Data shown is the mean ± standard deviation. *p < 0.05, **p < 0.01, as indicated. 
Statistical analyses were performed using two-way ANOVA. 
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Figure 3.9 

 
Figure 3.9. Id3BKO mice have increased B-1b cell numbers in the blood, bone marrow, 
peritoneal cavity, and spleen at day 7 of HLI.  
(A-C) Blood, bone marrow, peritoneal cavity, and spleen cells were harvested and processed 
to a single-cell suspension. Cells were stained with antibodies to identify B cell subsets by flow 
cytometry. (A) Total CD45+ immune cells, CD19+ B cells, B220low B-1 cells, CD5+ B-1a cells, 
CD5- B-1b cells, and B220high B-2 cells were quantified in each tissue of both Id3BWT and 
Id3BKO mice. 5 mice were quantified per genotype. (B,C) Gating strategy for B cell subsets in 
the blood and peritoneal cavity (B) and bone marrow and spleen (C). *The cell count is number 
of cells per 50 µL of blood for blood cells, per tibia and fibula in one hind limb for the bone 
marrow, per whole lavage for the peritoneal cavity, and per whole tissue for the spleen. Counts 
are expressed as the mean with the standard deviation in parentheses. +Statistical significance 
is defined as a p-value less than 0.05. Statistical analyses were performed using Mann 
Whitney tests. 
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Id3BKO mice have higher levels of total and DAMP-specific IgM during HLI 
B-1 cells are a major source of IgM26 and prior studies suggest that expansion of the B-1b cell 

population in vivo will result in increased IgM levels30, 129. We found that Id3BKO mice had 

significantly higher levels of total IgM in circulation with a particularly significant spike in IgM 

levels at day 7 of HLI (Figure 3.10A). IgM levels were also increased locally in skeletal muscle 

after 7 days of HLI and this appears to persist until day 28 of HLI (Figure 3.10B). IgM can be 

identified in ischemic skeletal muscle by immunofluorescence as well (Figure 3.10C). 

Additionally, total IgG, IgG1, IgG2a, IgG2b, IgG2c, and IgG3 levels were not different between 

genotypes after 7 days of HLI (Figure 3.11). 

 

Figure 3.10. 

 
Figure 3.10. Id3BKO mice have increased circulating and local levels of IgM.  
A) Total IgM in plasma from Id3BWT and Id3BKO mice was measured by ELISA at pre-HLI, Day 
7, and Day 28 of HLI. (B) Total IgM levels in non-ischemic (NI) and ischemic (I) skeletal 
muscle at days 7 and 28 of HLI. (C) IgM and DAPI staining in ischemic gastrocnemius muscle 
from day 21 of HLI. Data shown is the mean ± standard deviation. *p < 0.05, ****p < 0.0001, as 
indicated. Statistical analyses were performed using Two-way ANOVA. 
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Figure 3.11. 

 
Figure 3.11. Levels of IgG isoforms in Id3BWT and Id3BKO mice.  
(A-F) Plasma was collected from Id3BWT and Id3BKO mice at day 7 of HLI. (A-F) ELISA was 
used to measure circulating levels of total IgG (A), IgG1 (B), IgG2a (C), IgG2b (D), IgG2c (E), 
and IgG3 (F). Data shown is the mean ± standard deviation. Statistical analyses were 
performed using Mann Whitney U tests. 
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I was also interested in investigating whether IgM’s specific to danger-associated 

molecular patterns (DAMPs) such as High mobility group box-1 (HMGB1) and oxidized 

phospholipid 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (oxPAPC) (Figure 
3.12A). Both of these molecules have been shown to have pro-angiogenic effects in ECs46, 142-

149. IgM specific to HMGB1 and oxPAPC were significantly higher in the plasma of Id3BKO mice 

at day 7 of HLI (Figure 3.12B,C). 

 
 
Figure 3.12 
 

 
Figure 3.12. Circulating levels of DAMP-specific IgM levels are higher in Id3BKO mice.  
(A) IgM can bind to specific epitopes on danger-associated molecular patterns (DAMPs) 
known to be released in the setting of ischemia. (B,C) Plasma was collected from Id3BWT and 
Id3BKO mice at day 7 of HLI. ELISA was used to measure circulating levels of IgM specific to 
high-mobility group box-1 (HMGB1) (B) and oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphocholine (oxPAPC) (C). Data shown is the mean ± standard deviation. *p < 0.05, ***p < 
0.001, as indicated. Statistical analyses were performed using Mann Whitney U tests. 
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B cell and IgM deficiencies had limited effects HLI perfusion 
Data thus far suggests a role for B cells and IgM in attenuating perfusion during HLI. To test 

whether reduction of B cells or IgM will increase blood flow during HLI, the capacity for B cell-

deficient (µMT-/-), B- and T cell-deficient (Rag1-/-), and secreted IgM-deficient (sIgM-/-) mice to 

recover blood flow during HLI was compared to WT controls. µMT-/- and Rag1-/- demonstrated 

reduced blood flow at day 7 of HLI, however, there were no differences between genotypes at 

later HLI time points (Figure 3.13A). Interestingly, sIgM+/+ and sIgM-/- had comparable blood 

flow at all time points during HLI (Figure 3.13B). 

 
 
Figure 3.13. 

 
Figure 3.13. Blood flow during HLI in µMT, Rag1-/-, and sIgM-/- mice.  
(A) B cell-deficient (µMT-/-), B- and T cell-deficient (Rag1-/-), and B- and T cell sufficient control 
(C57Bl/6) mice were subjected to femoral artery ligation and resection to induce HLI. (B) 
Secreted IgM-deficient mice (sIgM-/-) and wild type littermates (sIgM+/+) were also subjected to 
femoral artery ligation and resection to induce HLI. (A,B) Blood flow was measured by LDPI at 
days 1, 7, 14, and 21 of HLI to determine if perfusion recovery was different between strains. 
Data shown is the mean ± standard deviation. *p < 0.05 compared to Day 7 C57Bl/6 values. 
Statistical analyses were performed using Two-way ANOVA. 
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IgM inhibits EC proliferation in vitro 
To begin to investigate whether IgM has direct effects on the vasculature, ECs were cultured 

with conditioned media (CM) from sIgM+/+ or sIgM-/- B-1b cells. Both EC proliferation and tubule 

formation were quantified (Figure 3.14A). ECs cultured with CM from sIgM+/+ B-1b cells had 

reduced EC proliferation compared to vehicle and sIgM-/- CM-treated cells (Figure 3.14B). 

However, when tubule formation was quantified by the number of branch points and closed 

boxes formed in culture, there were no differences between treatment groups (Figure 
3.14C,D). 

 
 
Figure 3.14. 

 
Figure 3.14. IgM inhibits EC proliferation, but not tubule formation in vitro.  
(A) B-1b cells from sIgM+/+ and sIgM-/- mice were sorted by flow and stimulated in vitro by a 
TLR9 agonist CpG/ODN 1668 for 7 days to induce IgM production. The conditioned media 
from each stimulation was then used to treat HUVECs in the setting of hypoxia. To account for 
affects induced by TLR9 agonist remaining in the conditioned media, this agonist was included 
in the vehicle control. (B) Proliferation was measured using an MTS assay. (C,D) And from a 
tubule formation assay, the number of branch points (black X’s in A) (C) and closed boxes 
(white asterisk in A delineates the middle of a box) (D) formed by HUVECs were quantified. * p 
< 0.05, as specified. Statistical analyses were performed using one-way ANOVA. 
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IV. Discussion: 
Conclusions and Discussion 
These findings are the first to report that Id3 expression in B cells regulates blood flow 

recovery during HLI. To date, no other studies have specifically investigated whether B cells 

contribute to HLI perfusion recovery. In addition to pursuing deeper mechanisms by which B 

cell-specific Id3 promotes perfusion recovery, the potential impact that B cells have on skeletal 

muscle perfusion and symptoms in PAD patients remains unexplored. 

These findings contribute to a broad and small body of work concerning the role of B 

cells in neovascularization. While studies have demonstrated roles for B cells and B cell-

produced antibodies in regulating angiogenesis in the setting of cancer, eye injury, and wound 

healing, little is known about how B cells regulate neovascularization during HLI. Klotzsche-

von Ameln et al. demonstrated that Del-1-/- mice have increased B and T cell recruitment to 

skeletal muscle and reduced blood flow recovery; however, the study did not demonstrate that 

B cell-intrinsic mechanisms were mediating neovascularization61. Two additional studies 

demonstrated that exogenous delivery of an anti-VEGFA antibody can inhibit capillary density 

and blood flow recovery during HLI via interactions with FcƔR on myeloid cells100, 103. It 

remains unclear, however, how much this signaling axis affects angiogenesis at homeostatic 

levels. B cells and IgM have also been implicated in promoting tissue injury during 

ischemia/reperfusion via complement deposition107-112, 114, 150. This injury model, however, is 

much more acute and lacks a chronic time point in which to observe and quantify a 

neovascular component. Furthermore, inflammation has generally been implicated in PAD and 

murine studies demonstrate roles for macrophages and T cells, but B cells are rarely 

considered. Results from this study are the first to implicate B cells in blood flow recovery 

during HLI. 

 

Identifying vascular changes mediating blood flow recovery 

 Interestingly, we observed reduced blood flow in Id3BKO mice at later time points, but 

there were no significant differences in total vascular density, αSMA+ artery density, or artery 

diameter in the gastrocnemius at day 28 of HLI. Fluid build-up in the TA muscle was also not 

different at day 7 of HLI. The question then remains, what is changing in the vasculature of 

these mice to manifest differences in blood flow? One potential mechanism could be adaptive 
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arteriogenesis in hind limb muscles other than the gastrocnemius. I hypothesize that 

arteriogenesis contributes to blood flow recovery more than angiogenesis because Arpino et 

al. demonstrated that new capillaries generated in response to ischemia in skeletal muscle are 

less functional than pre-ischemic vessels. With reduced perivascular cell investment and 

arterio-venule malformations, the neovessels demonstrated reduced red blood cell velocity in 

response to hypoxia persistently for months after induction of HLI151. These findings suggest 

that growth of new blood vessels during skeletal muscle ischemia may in fact contribute to 

persistent ischemia, rather than attenuate it. Instead, increased arteriogenesis in pre-existing 

arteries may be contributing to blood flow to a greater extent. 

Furthermore, artery size was not different between Id3BWT and Id3BKO gastrocnemius 

muscles. Thus, it is possible that the gastrocnemius muscle is not the ideal muscle to quantify 

arteriogenesis differences in this HLI model. Indeed, J. Geoffrey Pickering’s group presented 

an abstract at ATVB/PVD Vascular Discovery 2019 demonstrating that gastrocnemius muscles 

often do not fully infarct during HLI. In contrast, the TA muscle fully infarcts in the model of HLI 

used in these studies152. Thus, if the ischemia and neovascularization in the TA is more 

responsible for the reduced and then recovered blood flow observed in Id3BKO mice, then it 

would be most appropriate to quantify vascular changes such as artery diameter in the TA 

muscle.  

In addition or alternative to reduced arteriogenesis, Id3BKO mice may also have 

attenuated vasodilatory functions during ischemia compared to Id3BWT mice. This would 

explain why vascular density and artery sizes were not different between genotypes, but blood 

flow recovery was. In order to test whether Id3BKO mice have reduced vasodilation responses 

in Id3BKO mice, the capacity for arteries to dilate in response to various stimuli in vivo and ex 

vivo must be tested. The specific arteries to test are higher order resistance arteries, which 

have an established role in regulating blood pressure, and thus the extend of blood flow to the 

periphery. Cardinal TR, et al. quantified in vivo vasodilation of the profunda femoris artery 14 

days post-femoral artery ligation in the hind limb by using electrical stimulation of the gracilis 

muscle and additionally through bathing the artery in vasodilatory stimuli such as acetylcholine 

(Ach) and sodium nitroprusside (SNP)153. The profunda femoris was also removed, cannulated 

and pressurized to 80 mmHg, and treated with vasodilatory stimuli (Ach and SNP). Results 

demonstrated that vasodilation is attenuated in arteries exposed to chronic ischemia compared 
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to non-ischemic controls. I propose to conduct similar experiments with Id3BWT and Id3BKO 

mice after 21 days of HLI and hypothesize that Id3BKO ischemic arteries will demonstrate 

greater attenuation of vasodilation in response to stimuli compared to Id3BWT ischemic arteries.  

Should our results demonstrate that Id3BKO arteries have attenuated vasodilatory 

responses, it is of interest to identify a signaling axis by which this is regulated. Endothelial 

production of nitric oxide (NO) induces vasodilation through diffusion of NO to SMCs, where 

cGMP-dependent protein kinase activity is induced to upregulate SMC relaxation154. 

Additionally, activation of TRPV4 channels in ECs causes an influx of calcium, which causes 

hyperpolarization of EC and SMC membranes co-localized at myoendothelial junctions. This 

results in SMC relaxation (reduced contractions) and vasodilation155. While these signaling 

axes promote a similar vasodilatory outcome at homeostasis, excess NOS activity can also 

inhibit vasodilation in diseased settings. A recent study from the Sonkusare Lab at UVA 

demonstrates that vasodilation is attenuated in the setting of obesity and inflammation due 

excess production of NO by NOS, leading to the production of peroxynitrate (PN). PN inhibits 

the vasodilatory effects of TRPV4 by inhibiting TRPV4 activation by AKAP150 (Ottolini M, in 

press). Whether a similar mechanism also occurs in ischemia is unknown. 

 To investigate the mechanism(s) whereby B cell-specific Id3 inhibits blood flow 

recovery via reduced vasodilation, I will measure expression of NO synthases (NOS’s) such as 

endothelial-specific NOS (eNOS) and inducible NOS (iNOS) in ischemic arteries in the muscle. 

I hypothesize that Id3BKO arteries will have reduced NOS expression. However, should NOS 

expression be greater in Id3BKO arteries and vasodilation attenuated, we can investigate 

whether TRPV4 activation and signaling is attenuated. To do this, we will measure the levels of 

TRPV4 activity by quantifying calcium sparklet formation. Increased sparklet formation 

indicates increased TRPV4 activity and this correlated with increased vasodilation. I 

hypothesize that Id3BKO arteries will have reduced calcium sparklet and TRPV4 activity. 

 

Determine whether increased IgM levels inhibit blood flow recovery 

Loss of Id3 in B cells attenuated blood flow at later time points during HLI and this correlated 

with early increases in B-1b cell numbers in ischemic muscle and increases in local and 

circulating levels of IgM. In addition to total IgM, DAMP-specific IgM levels were also 

increased. These DAMPs, HMGB1 and oxPAPC, are pro-angiogenic and upregulated in the 
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setting of ischemia46, 142-149. More specifically, HMGB1 exogenously delivered during HLI 

was shown to promote blood flow recovery156. I hypothesize that increased levels of IgM 

specific to these molecules may result in increased IgM-DAMP binding, which could inhibit 

DAMP-induced mechanisms that promote blood flow recovery. DAMPs bind to pattern 

recognition receptors (PRRs), which are expressed on a multitude of different immune and 

vascular cells. The interactions between DAMPs and PRRs depends both on the ligand and 

receptor. HMGB1 can bind to TLR4 and RAGE to induce downstream signaling. TLR signaling 

has been shown to induce iNOS expression and NO levels, which may then induce 

vasodilation.  Overall, this hypothesis introduces a potential novel role for IgM in ischemic 

neovascularization and one that opposes the disease-protective roles IgM is often associated 

with. For example, in the setting of atherosclerosis, IgM is atheroprotective by inhibiting oxLDL 

uptake by macrophages22, 23, 30. 

While results demonstrated that B cell and IgM-deficient mice do not augment blood 

flow recovery at late time points as initial results in Id3BKO mice might suggest, I do not believe 

this nullifies my aforementioned hypothesis regarding the potential role that excess IgM might 

play in inhibiting blood flow recovery. As I am hypothesizing that IgM inhibits blood flow, 

absence of IgM may promote greater blood flow or comparable blood flow to that of wild type 

controls. A multitude of studies have demonstrated that IgM is deposited in skeletal muscle 

during ischemia and this prompts deposition of complement107, 108, 110, 112, 157, 158. Complement 

plays a role in recruiting immune cells and promoting expression of pro-inflammatory 

cytokines159. Complement has also been shown to influence neovascular processes such as 

angiogenesis160, 161. One potential mechanism whereby excess IgM could inhibit blood flow 

recovery is via excess complement deposition and expression of pro-inflammatory cytokines. 

While some pro-inflammatory signaling can promote neovascularization, excess signals may 

instead induce cell death and dysfunction. This may interfere with normal blood flow recovery. 

Before determining the specific mechanism, however, experiments must be conducted to 

determine if excess IgM inhibits blood flow recovery. 

To determine whether increased IgM levels inhibit blood flow recovery in vivo, sIgM+/+ B-

1b or sIgM-/- B-1b cells will be sorted (Figure 2.3) and transferred into Rag1-/- mice 

intravenously (Figure 3.15A). 250,000 to 300,000 cells will be transferred into each mouse 

and three weeks later, mice will be subjected to femoral artery ligation and resection to induce 
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HLI. Pilot data demonstrates that IgM levels are comparable to wild type (WT) mice at three 

weeks post-transfer (Figure 3.15B). Blood flow will then be measured at days 1, 7, 14, 21, and 

28 of HLI (Figure 3.15A). I hypothesize that Rag1-/- that receive sIgM+/+ B-1b cells will have 

reduced blood flow relative to sIgM-/- B-1b recipients due to the presence of IgM. 

 
 
Figure 3.15. 

 
Figure 3.15. Experimental schematic for sIgM+/+ and sIgM-/- B-1b adoptive transfers.  
(A) B-1b cells will be harvested from peritoneal cavity of sIgM+/+ and sIgM-/- mice. 250,000 or 
500,000 sIgM+/+ or sIgM-/- B-1b cells will be adoptively transferred intravenously into Rag1-/-  
mice. Two weeks later, mice will be subjected to femoral artery ligation and resection to induce 
HLI. Laser Doppler perfusion imaging (LDPI) will then be used to quantify blood flow at 1 day, 
1-, 2-, 3-, and 4 weeks of HLI (time spans specified in parentheses). (B) Total IgM was 
measured in plasma of a pilot group of Rag1-/- mice receiving WT B-1b cells at day 7 and 14 
after transfer. Their circulating IgM values were compared to C57Bl/5 wild type mice (WT) pre-
HLI surgery. 
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Summary 

In summary, these studies are the first to demonstrate a role for B cells in regulating 

perfusion during HLI. The findings presented in this chapter implicate increased B-1b cell 

numbers and IgM levels as inhibitors of blood flow recovery during HLI. Further studies to 

precisely define the mechanisms whereby the vasculature changes to inhibit blood flow 

recovery are needed. Our current hypothesis is that loss of Id3 induces expansion of IgM-

producing B-1b cells and this excess level of IgM has inhibitory effects on blood flow recovery 

(Figure 3.16). Finally, there is a strong interest in determining whether these findings translate 

into human patients. Future studies measuring IgM levels and describing B cell populations in 

PAD patients will be informative contributions to these studies. 

 

Figure 3.16. 

 
Figure 3.16. Schematic explaining working hypothesis.  
B cell-specific Id3 KO mice have attenuated blood flow recovery and increased B-1b numbers 
and IgM levels. The working hypothesis is two-fold: 1.) B cell-specific Id3 KO attenuates blood 
flow recovery by inhibiting vasodilation in resistance arteries, and 2.) Increased B-1b cells 
produce IgM, which interacts with DAMPs produced during ischemia, such as oxPAPC and 
HMGB1, and attenuates their pro-angiogenic effects in ischemic skeletal muscle. 
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Chapter 4: Evaluating roles for endothelial- and macrophage-
specific Id3 during atherosclerosis development 
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I. Abstract 
Rationale: Previous studies from our lab demonstrated that Id3 attenuated atherosclerosis at 

least in part by inhibiting B cell recruitment to the aorta, macrophage numbers in the intima of 

plaques, and VCAM-1 expression in plaques. These studies, however, were conducted in 

global Id3 KO mice leaving to question what the cell-specific roles of Id3 are in this disease 

setting. Bone marrow transplant results demonstrate a role for both bone marrow-derived and 

non-bone marrow-derived cells in the mechanisms whereby Id3 controls atherogenesis. Many 

cell types play important roles in controlling atherosclerosis development. Two of the cell types 

central to this process are macrophages and endothelial cells (ECs). By employing cell type-

specific Id3 knockout mouse lines, I investigated the potential role for Id3 in ECs and 

macrophages in controlling atherogenesis. 

Approaches: Macrophage- and EC-specific Id3 KO mouse lines (Id3MKO and Id3ECKO) were 

generated using LysM-cre and Cdh5-cre/ERT2 mice, respectively, crossed with Id3-floxed 

mice. Mice were administered AAV8 carrying an expression plasmid for mutated mPcsk9-

D377Y to induce hyperlipidemia. Mice were fed Western diet (WD) for 12 weeks to induce 

atherosclerosis in Id3MKO and Id3ECKO mice and their respective littermates. Aortas, aortic roots, 

and brachiocephalic arteries (BCAs) were harvested to quantify lipid deposition and plaque 

size. Further immunofluorescence staining was used to quantify CD68+ macrophage content 

and VCAM-1 expression. Finally, immune cell content and EC-specific VCAM-1 expression in 

PVAT from these mice were quantified using flow cytometry. 

Results: Id3MWT and Id3MKO mice developed atherosclerosis similarly after 12 weeks of WD 

feeding. Early results, however, showed that Id3ECKO mice developed more atherosclerosis 

than Id3ECWT littermates after the same diet regimen. Plaque size was larger in Id3ECKO mice 

compared to Id3ECWT littermates, but VCAM-1 expression and CD68 content in the aortic root 

at this time point were no different between genotypes. Additionally, immune cell population 

sizes in the PVAT were not different between genotypes of either cell-specific strain. 

Conclusions: Results from these studies demonstrate that Id3 expression in ECs, but not 

LysM-expressing macrophages may regulate development of atherosclerosis in vivo. More 

specifically, early results suggest that Id3 in ECs may inhibit atherogenesis in the aorta, the 

aortic root, and the BCA. Thus far, results demonstrate that EC-specific Id3 does not regulate 

VCAM-1 expression or recruitment of leukocytes after 12 weeks of WD feeding. Future studies 
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investigating VCAM-1 expression at earlier time points, the regional-specific recruitment of 

immune cells to plaques, and Id3’s interaction with other signaling pathways in ECs may 

further elucidate the specific mechanisms whereby Id3 attenuates atherosclerosis in vivo. 

 

 

II. Introduction 
Atherosclerosis is a common cardiovascular disease (CVD) in the U.S. and worldwide 

that leads to severe complications such as heart failure and myocardial infarction1. Effective 

therapies that reduce risk factors such as lipid levels exist, but the prevalence of 

atherosclerosis remains. This suggests that additional therapeutic approaches based on new 

mechanisms are needed. While many cell types regulate atherosclerosis, dysfunction in ECs 

and macrophages are two notable processes by which atherogenesis occurs15, 18. Early pro-

inflammatory signals and increased lipid levels begin to activate ECs in areas of disturbed flow 

in major arteries14. This results in breakdown of tight EC-EC junctions, upregulation of 

adhesion molecules such as VCAM-1 and ICAM111, 13, and the uptake of lipids into the vessel 

wall14. Monocytes and other immune cells are recruited to the site of inflammation and lipid 

deposition. While monocyte-derived macrophages play an important role in clearing excess 

lipid from the vessel wall, this often causes formation of foam cells18. These foam cells can 

secrete pro-inflammatory signals to recruit in further inflammatory cells15, release ECM-

degrading enzymes162, and accumulate in the plaque where they can cause build-up of a 

necrotic, fatty core. This together leads to unstable, thrombosis-prone plaques8. While we 

generally understand the mechanisms whereby atherosclerosis develops, there is still a need 

for additional therapeutics to target novel mechanisms that may prevent or treat this disease. A 

better understanding of the molecular mechanisms mediating the dysfunction in ECs and 

macrophages may provide novel therapeutic targets. 

Prior studies from the McNamara lab demonstrate that global loss of HLH-transcription 

factor Id3 results in increased atherosclerosis burden in Apoe-/- and Ldlr-/- mice fed a Western 

diet (WD)120, 129. Bone marrow transplant experiments demonstrate an athero-regulatory role 

for Id3 in both non-bone marrow-derived cells and bone marrow-derived cells129. Furthermore, 

the SNP rs11574 has been identified in the coding region of the human ID3 gene. Expression 

of the the minor allele, Id3105T, attenuates Id3’s ability to interact with its binding partner 
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E12130. Id3105T is also associated with worsened indices of CAD including increased 

cIMT130 and CAC131. These data demonstrate that Id3 plays an important role in regulating 

atherosclerosis in both mice and humans, however, the exact cell types in which Id3 is 

regulating these effects remains unclear. 

 

Id3, ECs, and atherosclerosis 
Given the important role endothelium plays in regulating atherogenesis12, 18 and that Id3 is 

expressed in endothelial cells133 (Appendix 1, Figure A1.1), it is possible that Id3 expression 

specifically in the endothelium plays a pivotal role in controlling plaque development. 

Accordingly, we hypothesized that loss of Id3 specifically in endothelial cells will result in 

increased atherosclerotic burden. One potential mechanism whereby Id3 in ECs might protect 

against atherogenesis is via immune cell recruitment. Global loss of Id3 results in increased 

macrophage content and VCAM-1 expression in the intima of aortic root lesions120. Thus, it can 

be further hypothesized that loss of Id3 in ECs will result in increased VCAM-1 expression on 

ECs and increased immune cell populations recruited to the plaque as well as the surrounding 

perivascular adipose tissue (PVAT).  

 

Id3, macrophages, and atherosclerosis 
Macrophages and other myeloid cells play an important role in promoting atherosclerosis 

through expression of pro-inflammatory cytokines and chemokines and ECM-degrading 

enzymes. I hypothesized that loss of Id3 specifically in macrophages would also result in 

increased atherosclerotic burden. This may be due to altered macrophage proliferation or 

differentiation. Indeed, prior studies demonstrated that Id3GKO mice have greater numbers of 

macrophages both in the aorta and in atherosclerotic plaques120, 129. Id3 has a well-established 

role in regulating proliferation and differentiation in a multitude of different cell types122, 137, 163, 

164. Thus, I hypothesized that Id3 might protect against atherogenesis due to alterations in the 

number or types of macrophages found within plaques. An increase in pro-inflammatory (M1) 

macrophages may drive increased atherogenesis, thus if Id3 inhibits differentiation of 

macrophages toward an M1-phenotype, then Id3MKO mice may develop increased 

atherosclerosis. 
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Model of atherosclerosis 
To address the questions posed in these studies, an emerging inducible approach for 

stimulating atherogenesis in mice was validated and utilized. AAV8-delivery of a plasmid 

expressing a mutated form of mPcsk9-D377Y induces hyperlipidemia and atherosclerosis in 

mice. Mutation D377Y in Pcsk9 causes an approximate ten-fold increase in PCKS9 protein 

expression levels in the liver. This overexpression of PCSK9 results in decreased expression 

of Low-density lipoprotein receptor (LDLR) on the surface of hepatocytes, which causes 

increased levels of lipid to remain in circulation. Multiple groups have successfully employed 

this method of inducing atherosclerosis in mice165-167. AAV8-mPcsk9-D377Y was administered 

to Id3ECWT, Id3ECKO, Id3MWT, and Id3MKO mice, which were also fed a western diet (WD) to 

induce development of atherosclerosis. 

 
 
III. Results 
Validation of AAV8-mPcsk9-D377Y efficacy in inducing hyperlipidemia and weight gain 
in mice 
To validate the effectiveness of our atherosclerosis induction and also determine whether all 

genotypes had comparable lipid levels and weight gain, weights and plasma samples were 

collected at the end of the 12-week study. Mice were weighed prior to or early on in the 

induction of atherosclerosis and at the end of 12 weeks of WD feeding. All mice were treated 

with one dose of AAV8-mPcsk9-D377Y one day prior to beginning WD feeding. Total body 

mass (Figure 4.1A,C) and weight gain (Figure 4.1B,D) were not different between genotypes 

in the EC- and macrophage-specific Id3 KO strains, but mice did gain a substantial amount of 

weight and adiposity. To quantify lipids, plasma was collected at the end of the WD feeding. 

Results reveal that Id3MWT, Id3MKO, Id3ECWT, and Id3ECKO had comparable cholesterol and 

triglyceride levels and that mPcsk9-D377Y treatment did indeed induce hyperlipidemia (Figure 
4.1E-H). 
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Figure 4.1. 

 
Figure 4.1. Body mass and lipid levels in EC- and macrophage-specific Id3 transgenic 
lines.  
(A,C) Total body mass of Id3ECWT and Id3ECKO (A) and Id3MWT and Id3MKO (C) after 12 weeks of 
WD feeding. (B) The change in body mass as a percent of weights from one week of WD 
feeding were calculated in EC-specific Id3 WT and KO mice. (D) The change in body mass 
was calculated as a percent of pre-WD feeding for macrophage-specific Id3 WT and KO mice. 
(E-H) Lipids were quantified by the UVA Clinical labs to determine if cholesterol levels (E,G) 
and triglyceride levels (F,H) were different between Id3ECWT and Id3ECKO (E,F) and Id3MWT and 
Id3MKO (G,H) mice after 12 weeks of WD feeding. 
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Loss of Id3 in ECs, but not macrophages, augments atherosclerosis development 
To determine if Id3 in macrophages or ECs regulates atherosclerosis development, mice were 

fed a WD for 12 weeks following induction of hyperlipidemia using AAV8-delivered mPsck9-

D377Y. Atherosclerotic burden was quantified in the aortic root by Oil red O staining, the 

brachiocephalic artery (BCA) by Movat’s staining, and the remainder of the aorta by en face 

staining. Id3MKO mice did not develop atherosclerosis to a different extent than Id3MWT 

littermates by en face staining (Figure 4.2A) in the whole aortic region (Figure 4.2B) or 

regionally in the arch (Figure 4.2C), thoracic (Figure 4.2D), or abdominal regions (Figure 
4.2E). To quantify lesion size in the aortic root, 10 µm cross sections of the aortic root were 

collected and sets of 4 sections were selected at 200 µm increments along the root (Figure 
4.2F). The total pixel area of lesion(s) per section was averaged amongst sets and all set 

averages were plotted along the root length (Figure 4.2F,G). The area under of the curve was 

then calculated to represent total area volume along the root (Figure 4.2G). No significant 

differences were seen between Id3MWT and Id3MKO mice. This same approach was used to 

calculate the proportion of the root that contained lesion and no differences were observed 

(Figure 4.2H). Furthermore, to assess lipid content in the lesion, the total lesional area of Oil 

red O+ staining and the proportion of Oil red O+ staining to total lesion area were calculated 

and plotted along the root (Figure 4.2I,J). Neither revealed significant differences in lipid 

content between genotypes (Figure 4.2I,J). Finally, lesion size (Figure 4.2K), the proportion of 

aortic root containing lesion (Figure 4.2L), total Oil Red O+ area (Figure 4.2M), and proportion 

of lesion that was Oil Red O+ (Figure 4.2N) were each calculated as a single average amongst 

all sections analyzed per mouse. No differences were observed between genotypes. While the 

AUC calculations better reflect the overall volume of lesion along the analyzed length of the 

vessel, the overall average will reveal if any mice have particularly large lesions along the 

vessel. 
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Figure 4.2. 
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Figure 4.2. Macrophage-specific loss of Id3 does not alter atherosclerosis 
development.  
(A) En face staining of the lumen of Id3MWT and Id3MKO aortas was conducted to quantify total 
lipid content. (B-E) Lipid content in the total aorta (B), arch region (C), thoracic region (D), and 
abdominal region (E) were quantified. (F) Aortic roots were also sectioned and stained with oil 
red o to quantify lipid-rich lesions. In order to quantify lesions throughout the entire root, 
sections were selected at 200 µm increments along the root. (G) Total lesion area at each 200 
µm increment was calculated and plotted along the length of the root to calculate the area 
under the curve (AUC). This value serves to represent the overall volume of lesion in the root. 
The AUC for each mouse was averaged and quantified. (H) The ratio of lesion to total root 
area was also plotted to calculate the AUC. (I,J) The total area of Oil Red O+ area in the 
lesions (I) and percent of total lesions that were Oil Red O+ (J) were also calculated and 
plotted along the length of the root. (K) The average total pixel area of lesions across the entire 
root was also calculated for each mouse. (L-N) The same was done for lesion-to-root area 
ratio (L), total Oil Red O+ area (M), and Oil Red O+ area-to-lesion area (N). Aortic roots were 
sectioned by Melissa Marshall and stained and quantified by Elias Ayoub. 
 
 

To begin assessing whether EC-specific expression of Id3 regulates atherosclerosis 

development, a similar analysis was applied to a preliminary group of Id3ECWT and Id3ECKO 

mice. En face staining revealed a significant increase in total lipid content of the aorta in 

Id3ECKO mice compared to Id3ECWT littermates (Figure 4.3A,B), which appeared to be due to 

lesions within the aortic arch (Figure 4.3C-E). Lesion area when plotted along the length of the 

aortic root was trending towards being greater in Id3ECKO mice, but was not significant (Figure 
4.3F,G). When plotted as the lesion-to-root area ratio, there was no significant difference 

between genotypes (Figure 4.3H). When assessing lipid content, however, the area of Oil red 

O+ lesion was significantly greater in Id3ECKO mice (Figure 4.3I) and the Oil red O+-to-total 

lesion area ratio was trending towards being significantly greater (Figure 4.3J). When 

averaged over the entire length of the root, total lesion area was significantly greater (Figure 
4.3K), but the lesion-to-root area was not (Figure 4.3L). Both the total Oil Red O+ area (Figure 
4.3M) and the proportion of lipid staining within the lesions (Figure 4.3N) were trending 

towards being increased in Id3ECKO mice.  

Finally, the BCA was also stained with Movat’s stain to quantify total lesion size (Figure 
4.4A). Sections were selected at 150 µm increments along the BCA. Total lesion area was 

calculated in each section and plotted along the length of the BCA. The area under the curve 

for each mouse was plotted and revealed that there was a trending increase in lesion volume 

in the Id3ECKO mice (Figure 4.4B). When an average of all sections per mouse was calculated, 
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there was a significant increase in total lesion area (Figure 4.4C), but not in the lesion-to-

lumen area ratio (Figure 4.4D). 

 
Figure 4.3. 
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Figure 4.3. EC-specific loss of Id3 augments atherosclerosis development.  
(A) En face staining of the lumen of Id3ECWT and Id3ECKO aortas was conducted to quantify total 
lipid content. (B-E) Lipid content in the total aorta (B), arch region (C), thoracic region (D), and 
abdominal region (E) were quantified. (F) Aortic roots were also sectioned and stained with oil 
red o to quantify lipid-rich lesions. In order to quantify lesions throughout the entire root, 
sections were selected at 200 µm increments along the root. (G) Total lesion area at each 200 
µm increment was calculated and plotted along the length of the root to calculate the area 
under the curve (AUC). This value serves to represent the overall volume of lesion in the root. 
The AUC for each mouse was averaged and quantified. (H) The ratio of lesion to total root 
area was also plotted to calculate the AUC. (I,J) The total area of Oil Red O+ area in the 
lesions (I) and percent of total lesions that were Oil Red O+ (J) were also calculated and 
plotted along the length of the root. (K) The average total pixel area of lesions across the entire 
root was also calculated for each mouse. (L-N) The same was done for lesion-to-root area 
ratio (L), total Oil Red O+ area (M), and Oil Red O+ area-to-lesion area (N). Aortic roots were 
sectioned by Melissa Marshall and stained and quantified by Jason Li. * represents p < 0.05. 
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Figure 4.4. 

 
Figure 4.4. BCA lesion size and VCAM-1 expression quantification.  
(A) BCAs were sectioned and stained with MOVAT to quantify total lesion area. (B) The lesion 
area in sections at 150 µm increments along the BCA were plotted and the area under the 
curves of each genotype were calculated. (C) The total pixel area of lesion per section was 
also averaged amongst all sections per mouse. (D) The proportion of BCA lumen area that 
contained lesion was also calculated. (E) BCAs were also stained for VCAM-1 expression 
using immunofluorescence. Total VCAM-1 pixel area as a percent of total lesion area was 
calculated. BCA embedding, sectioning, and MOVAT staining was performed by Missy Bevard 
in the CVRC Histology Core, VCAM-1 staining and quantification was performed by Jason Li. 
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Loss of Id3 does not alter VCAM-1 expression 
To begin investigating the mechanism by which Id3 in ECs may inhibit atherosclerosis 

development, VCAM-1 expression was quantified in the aortic root and ECs from the PVAT. 

Total VCAM-1 expression by immunofluorescence was quantified in the BCA (Figure 4.4E). 

Initial results reveal no difference between Id3ECWT and Id3ECKO mice after 12 weeks of WD 

feeding (Figure 4.4E). To further assay VCAM-1 expression, the ECs in the PVAT were 

assessed for VCAM-1 expression levels and frequency after 12 weeks of WD (Figure 4.5A). 

Loss of Id3 in ECs did not alter the number of CD31+ ECs nor other CD45- vascular or stromal 

cells (Figure 4.5B). Id3ECKO mice did not have different percent VCAM-1+ ECs (Figure 4.5C) 

or VCAM-1 MFI on ECs (Figure 4.5E) compared to WT littermates. This was also the case for 

non-EC, CD31- stromal and vascular cells (Figure 4.5D,F). Overall, these data suggest that at 

a later time point of 12 week of WD feeding, EC-specific Id3 does not regulate VCAM-1 

expression in PVAT-derived CD45- cells. 
 
Figure 4.5. 

 
Figure 4.5. VCAM-1 expression on PVAT stromal and vascular cells.  
(A) Flow cytometry was used to identify and quantify VCAM-1 populations from digested PVAT 
tissue. (B) Total CD45-CD31+ and CD45-CD31- cell population sizes were compared between 
Id3ECWT and Id3ECKO mice. (C,D) The proportion of CD31+ ECs (C) and CD31- non-EC stromal 
and vascular cells (D) that were VCAM-1 positive was calculated. (E,F) The MFI of VCAM-1 
expression on CD31+ (E) and CD31- (F) cells was also calculated. 
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Loss of Id3 in ECs does not alter immune cell population sizes in PVAT or the aortic 
root 
Despite no apparent differences in VCAM-1 expression in assays performed thus far, it is still 

possible that immune cell populations may have been differentially recruited to the plaque and 

PVAT in Id3ECKO mice. Either VCAM-1 may be upregulated at earlier time points, or Id3ECKO 

mice could recruit cells to the plaque and PVAT in a VCAM-1-independent manner. Many 

other integrins and adhesion molecules participate in immune cell adherence and trans-

endothelial migration. Further, past studies showed Id3 KO mice to differentially express other 

adhesion molecules128. To assess immune cell recruitment to the plaque and PVAT, 

immunofluorescence and flow cytometry were used, respectively (Figure 4.6A and Figure 
4.7A). Aortic roots were stained with CD68, a marker of macrophages, and total CD68 pixel 

area per root was quantified (Figure 4.6A). By CD68 staining, there was no significant 

difference between Id3ECWT and Id3ECKO mice (Figure 4.6B), or Id3MWT and Id3MKO mice 

observed (Figure 4.6C). Additionally, PVAT was digested into single-cell suspensions and 

stained with antibodies against surface markers for a variety of immune cells (Figure 4.7A). 

Total numbers of each immune cell subset were no different between EC-specific genotypes 

(Figure 4.7B).  

The same assay was applied to macrophage-specific Id3 KO mice. No difference in 

total numbers of different immune cell subsets was observed in Id3MWT and Id3MKO mice 

(Figure 4.8A). However, when calculated as a percentage of CD45+ cells, Id3MKO mice had a 

significant increase in the proportion of B cells within the PVAT relative to Id3MWT mice (Figure 
4.8B). This effect appeared to be due to increases in B-2 cells. Interestingly, while differences 

in B cell populations were observed, no changes in macrophage numbers were observed. This 

includes CD11c+ M1 and CD206+ M2 macrophages (Figure 4.8C). 
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Figure 4.6. 

 
Figure 4.6. CD68 staining in the aortic root.  
(A) Aortic roots from Id3ECWT, Id3ECKO, Id3MWT, and Id3MKO mice fed 12 weeks WD were 
isolated, sectioned, and stained with an antibody against CD68. (B,C) The total pixel area of 
CD68 in the lesions was calculated as a percent of total lesion area in Id3ECWT and Id3ECKO (B) 
and Id3MWT and Id3MKO mice (C). Roots were sectioned by Melissa Marshall and stained and 
quantified by Jason Li (EC-Id3 line) and Elias Ayoub (Lysm-Id3 line). 
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Figure 4.7. 

 
Figure 4.7. Immune cell populations in the PVAT of EC-specific transgenic lines.  
(A) Flow cytometry was used to identify and quantify immune cell populations from digested 
PVAT tissue. Immune cell populations analyzed included: CD45+CD11b+F4/80+ macrophages 
(Macs), Ly6G+ neutrophils (Neutr.), CD11c+ dendritic cells (DCs), CD3+ T cells, CD19+ B cells, 
B220low B1 cells, B220high B2 cells, and CD206+ M2 macrophages and CD11c+ M1 
macrophages. (B) Immune cell populations were quantified as the number of cells per g of 
PVAT in Id3ECWT and Id3ECKO mice after 12 weeks of WD. 
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Figure 4.8. 

 
Figure 4.8. Immune cell populations in the PVAT of Id3MWT and Id3MKO mice.  
(A) Flow cytometry was used to identify and quantify immune cell populations from digested 
PVAT tissue as in Figure 4.7. Immune cell populations were quantified as the number of cells 
per g of PVAT in Id3MWT and Id3MKO mice after 12 weeks of WD. (B) The proportion of CD45+ 
immune cells that are comprised of each subset was also calculated in Id3MWT and Id3MKO 

mice. (C) The number of M1 and M2 macrophages was also quantified. * represents p < 0.05. 
 
 
 
IV. Discussion 
EC-specific Id3 KO Discussion and Conclusions 
These findings are the first to suggest an EC-specific role for Id3 in regulating atherosclerosis 

development. In the presence of hyperlipidemia, preliminary results suggest that EC-specific 

Id3 prevents plaque development in the aortic arch, aortic root, and BCA. The exact 

mechanisms by which Id3 mediates these effects remains unclear, but findings thus far 

suggest it may be independent of late-time point VCAM-1 expression and recruitment of 

immune cells to the plaque and PVAT. Before definitively concluding this, however, a few 

considerations should be made regarding experimental approach. The first is simply that an 

additional cohort of mice should be assessed for atherosclerosis burden. While initial results 
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are promising, the cohort size is insufficient to confidently conclude that Id3 expression in 

ECs inhibits atherosclerosis development. 

Second, ECs are one of the first cell types to respond to lipid and inflammatory signals 

that lead to development of atherosclerosis18. Thus, the 12-week time point utilized in these 

studies may be inappropriate for quantifying VCAM-1 expression, as a more chronic stage of 

atherosclerosis has been reached by then. Indeed, when comparing chow-fed ApoE+/+ aortas 

to ApoE-/- aortas, VCAM-1 staining can be seen on ApoE-/- aortas at as early as 5 weeks of 

age11 and preliminary work from the McNamara lab demonstrates that VCAM-1 is also 

expressed on endothelium after just a few weeks of WD feeding. Quantifying VCAM-1 

expression at an earlier time point, such as after 2 or 4 weeks of WD, may demonstrate more 

significant differences. To date, aortas and aortic roots have been harvested from a cohort of 

Id3ECWT and Id3ECKO mice fed 4 weeks. The roots can be used to stain for VCAM-1 expression 

at an earlier time point. Should results from these studies demonstrate upregulation of VCAM-

1 in Id3 KO ECs, a potential mechanism whereby this occurs is via Id3 inhibition of E12-

promotion of VCAM-1 as previously shown in VSMCs by the McNamara lab120. Additional 

molecular mechanisms by which Id3 inhibits VCAM-1 should also be pursued. Aortas were 

also digested into a single-cell suspension and banked for future staining and analysis. These 

samples will be used for CyTOF staining and analysis in order to identify novel signaling 

proteins and surface markers in EC populations that may differ between Id3ECWT and Id3ECKO 

mice (see Chapter 5 for further details).  

Second, recent findings from the McNamara lab and others demonstrate distinct 

differences in the cell populations in different regions of the PVAT along the aorta23 

(Srikakulapu P, in progress). The abdominal PVAT is more characteristic of white adipose, 

while adipocytes in the thoracic PVAT have characteristics of brown fat. More B cells are found 

in the PVAT localized around the arch than in the thoracic and abdominal regions. En face 

results demonstrated the greatest regional difference in the arch region of Id3ECKO compared to 

Id3ECWT aortas (Figure 4.3A-E). Thus, an informative next experiment would include a focused 

analysis to determine if immune cells are differentially recruited to PVAT specifically within the 

arch region. 
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Potential mechanisms whereby EC-specific Id3 inhibits atherosclerosis development 
Beyond the specific mechanisms supported by previous studies from the McNamara lab, Id3 

could also inhibit atherosclerosis development through other molecular mechanisms. 

Published literature demonstrates that factors such as CXCR4168, TGFβ169, Caveolin-1170, 

P2Y2R171, and eNOS172, 173 regulate atherogenesis in an EC-dependent manner. Id3 interacts 

with many of these factors either by regulating transcript levels of the protein or being 

upregulated or activated downstream of their signaling. Given this, it is possible that Id3 

induces, inhibits, or responds to any or all of these factors to regulate atherosclerosis.  

For example, the McNamara lab has shown that Id3 inhibits CXCR4 expression, but 

loss of Cxcr4 in ECs results in increased atherosclerosis. Döring et al. demonstrated that 

CXCR4 inhibits atherosclerosis by activating AKT/WNT/β-catenin signaling to promote VE-

Cadherin expression and maintain a stable endothelial barrier168. Thus, these data suggest 

conflicting phenotypic outcomes should Id3 indeed regulate CXCR4 in EC. An alternative 

mechanism may be that CXCR4 promotes Id3 expression. Id3 is also induced downstream of 

AKT174, so it is also possible that CXCL12-CXCR4 signaling promotes Id3 expression to 

induce atheroprotection in ECs.  

In other signaling contexts, however, Id3 inhibits AKT signaling175, 176. P2Y2R signaling 

induces AKT activation to induce eNOS expression and VCAM-1 expression, which promotes 

atherosclerosis development. Id3 may inhibit these signaling pathways by downregulating 

AKT. Additionally, TGFβ induces expression of Id3 in mammary carcinoma cells177 and B 

lymphocyte progenitors164 via Smad signaling. However, loss of Tgfb in ECs results in reduced 

atherosclerosis169, while EC-specific Id3 KO results in increased atherosclerosis. This 

suggests that Id3 may potentially serve as a negative regulator of TGFβ signaling in 

endothelial cells. 

In summary, the signaling pathways regulating Id3 and other atherosclerosis mediators 

are complex and context-dependent. Figure 4.9 summarizes potential pathways through which 

Id3 regulates atherosclerosis. Experiments centered on a focused question will be necessary 

to parse out the exact mechanism whereby EC-specific Id3 is atheroprotective. One approach 

to narrow down potential signaling pathways would be to identify those that are differentially 

regulated in Id3 KO ECs compared to Id3 WT ECs in the setting of atherosclerosis using a 

high-dimensional analysis approach such as CyTOF.  
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Figure 4.9. 

 
Figure 4.9. Potential mechanisms whereby Id3 regulates atherosclerosis development in 
ECs.  
Atheroprotective CXCR4 may promote expression of Id3 to attenuate atherosclerosis 
development via maintenance of EC barrier. Id3 attenuation of E12-promoted VCAM-1 
expression also has not been verified in ECs. Id3 may also attenuate AKT/eNOS- or TGFb-
induced atherogenesis. 
 
 
LysM-specific Id3 KO Discussion and Conclusions 
Additional results revealed no significant differences between atherosclerosis burden in Id3MWT 

and Id3MKO mice. This suggests that Id3 expression in a different bone marrow-derived 

population may be responsible for its atheroprotective effects. Prior work from the lab reveals 

that loss of Id3 in B cells was atheroprotective, contradicting the suggested results from prior 

bone marrow transplant experiments30. Loss of Id3 resulted in increased B-1b cell numbers 

and levels of IgM against oxidation-specific epitopes (OSEs). Adoptive transfer of B-1b cells 

into Rag1-/- resulted in increased OSE-specific IgM levels and attenuated atherosclerosis30. 

Furthermore, these OSE-specific IgMs have been shown to inhibit foam cell formation and 

atherosclerosis development in vivo178-181. Results from these studies thus far, however, do not 

rule out the possibility that loss of Id3 in B-2 cells may augment atherosclerosis development. 

Further studies are needed to better understand this potential mechanism. Additionally, while 

considered one of the optimal macrophage-specific genes to use, LysM is not expressed solely 

in macrophages, nor is it expressed in the entirety of macrophage populations in vivo182, 183. 

Thus, this simultaneous “leakiness” and “inefficiency” of the Id3 knockout may have influenced 

atherosclerosis outcomes. Unfortunately, a gene to drive macrophage-specific Cre expression 

has not yet been identified. Upon identifying one, it will be additionally informative to cross the 
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line with ROSA26floxSTOP-YFP line to simultaneously identify macrophages in case trans-

differentiation or down-regulation of traditional macrophage markers occurs during disease 

progression. 

Interestingly, Id3MKO mice have increased proportions of PVAT-resident B cells. This 

brings to question how Id3 in macrophages may be affecting B cell behavior, recruitment, 

proliferation, or survival. The increase was predominantly due to B-2 cells, which preferentially 

recruit to the arch region of the aorta during atherosclerosis development129. This cell subset is 

also generally considered to be atherogenic22. As suggested in the discussion of EC-specific 

results, an additional study at the 12-week time point analyzing immune cell subsets in the 

arch, thoracic, and abdominal PVAT regions may reveal further differences between 

genotypes. In particular, I hypothesize that the increase in B cell numbers would be even more 

pronounced in the arch region of Id3MKO mice. 

There are a few possible mechanisms by which macrophages may influence B cell 

behavior to potentially regulate atherosclerosis development. First, macrophages secrete 

chemokines such as CXCL13 that recruit and retain B cells in tissues and sites of injury or 

disease184, 185. CXCL13 plays an important role in the formation of tertiary lymphoid organs 

(TLOs)186, which form in the adventitial area surrounding arteries and adjacent to PVAT during 

atherosclerosis development187. B cells typically do not enter into atherosclerotic plaques, but 

rather remain in TLOs and the PVAT surrounding areas of plaque development16. Thus, it is 

feasible that monocyte-derived macrophages recruited to lesions in the intima may secrete 

CXCL13 and other chemokines that recruit B cells to the surrounding PVAT and adventitia to 

form TLOs. 

Second, macrophages may stimulate B cells in TLOs and PVAT to affect B cell and 

macrophage behavior. CD40-CD40L interactions likely occur between B cells and 

macrophages and have been shown to be pro-inflammatory in the setting of atherosclerosis188. 

Additional findings from B cell lymphoma studies reveal that tumor-associated macrophages 

stimulate B cell activation and survival through STAT3, PI3K, and/or NFκB189. If Id3 promotes 

secretion or expression of signals or co-stimulatory molecules on macrophages, this may 

induce proliferation or activation of B cells in TLOs. In this case, these cells may produce 

additional atheroprotective or atherogenic Ig’s, depending on the subsets activated. 
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With regard to experimental approach, it is possible that the selected 12-week time 

point may be too early. Should macrophages drive B cell recruitment, accumulation, and/or 

activation in an Id3-dependent manner, the effects on atherosclerosis development may not 

manifest until later, chronic time points. Indeed, B cells increasingly accumulate in artery 

tertiary lymphoid organs (ATLOs) with time187. Thus, additional studies quantifying 

atherosclerosis burden and immune cell accumulation after 18 or 24 weeks of WD may reveal 

differential effects between Id3MWT and Id3MKO mice. 

 

Summary 
In summary, these are the first studies to investigate the EC- and macrophage-specific roles 

for Id3 in atherosclerosis development. These studies also validate the effectiveness of 

utilizing AAV-delivery of mutated-Pcsk9-D377Y to induce hyperlipidemia in mice. 12-week WD 

studies reveal Id3 expression in ECs, but not macrophages, is atheroprotective. Lesions in the 

aortic root and BCA, and lipid content in the lumen of the aorta were greater in Id3ECKO mice 

than WT littermates. However, results thus far do not identify specific molecular and cellular 

mechanisms whereby Id3 protects against atherogenesis. Additional findings suggest Id3 

expression in macrophages may inhibit B cell proliferation or recruitment to PVAT during 

atherosclerosis as Id3MKO mice have more B cells in aortic PVAT than WT littermates. Further 

studies investigating the molecular mechanism(s) whereby EC-specific Id3 attenuates 

atherosclerosis development and macrophage-specific Id3 controls PVAT-resident B cell 

numbers are needed. 
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Chapter 5: General Conclusions, Discussion, and Future 
Directions 
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These studies report findings centered on improving our understanding of the cell-specific 

roles that Id3 plays during vascular disease. One larger concept supported by my studies in 

conjunction with previously published McNamara Lab findings is that the disease-, tissue-, and 

cellular-context in which questions are asked and pursued is important. Further, recent 

advances in multi-dimensional approaches provide new opportunities to describe cellular 

populations at a deeper level. These approaches allow for discovery of novel cell populations 

and signaling pathways that are regulated by Id3. Finally, with my data and the prior two topics 

in mind, I will discuss the potential feasibility of Id3 as a therapeutic target and/or diagnostic 

biomarker in human disease and how these studies may inform some of these decisions. 

 

I. Disease- and tissue-context is important 
The role of the vasculature in disease pathogenesis varies depending on the tissue and 

disease in question. In some instances, augmentation of neovascularization or endothelium 

activation is beneficial, such as in the settings of ischemia or infection. In the absence of 

sufficient oxygen and nutrients, neovascularization is needed to adequately perfuse tissue to 

bring additional oxygen and nutrients. In the setting of infection, activation of endothelium to 

recruit in immune cells helps the individual clear the pathogen. However, in the setting of 

cancer, angiogenesis facilitates the growth of tumors and pro-angiogenic signals in the eye in 

people with diabetes can lead to retinopathy causing harm rather than healing. Results from 

our B cell- and EC-specific Id3 knockout studies contribute to this concept.  

 

Id3 has distinct cell-specific roles in vascular disease 
Prior studies demonstrate that loss of Id3 in B cells attenuates atherosclerosis, at least in part, 

by promoting the expansion of B-1b cells, which secrete IgM specific to oxidation-specific 

epitopes (OSEs) found on lipids both in the plaque and in circulation30. Increased levels of 

IgMs to OSEs protect against atherogenesis by binding to oxidized lipids and preventing 

formation of foam cells and induction of pro-inflammatory cytokines that further exacerbate 

atherogenesis23. Interestingly, my studies reveal that loss of Id3 in B cells attenuates protective 

neovascularization in ischemic skeletal muscle to promote perfusion. In this model, loss of Id3 

promotes increased levels of IgM-secreting B-1b cells, but this correlates with worsened 

perfusion outcomes suggesting that these B-1b cells and IgM have detrimental effects in the 
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setting of HLI. Whether and how exactly IgM might be inhibiting neovascularization in 

response to ischemia still remains unclear. Early work suggests that it may at least in part be 

through direct effects of IgM on endothelial cells in the vasculature (Chapter 3, Figure 3.14). 

Furthermore, our early atherosclerosis studies in the EC-specific Id3 KO mice suggest 

that Id3 in ECs is atheroprotective. However, loss of Id3 in ECs does not alter adipose tissue 

expansion (Appendix 1, Figure A1.4) nor tissue perfusion during HLI (Chapter 3). In the latter 

two disease models, angiogenesis plays a more central role in disease pathogenesis than in 

the setting of atherosclerosis. Id3 may promote EC signaling pathways more pivotal to large-

artery diseases such as atherosclerosis but more precise experiments to test this are needed. 

There is also the consideration of tissue type in delineating the impact of Id3 in ECs on disease 

progression. EC characteristics are tissue-specific190, 191, thus the regulatory signals that Id3 

responds to in directing EC behavior may not be present or as prevalent in skeletal muscle or 

adipose tissue as they are in the aorta. Skeletal muscle and adipose tissue also depend on the 

microvascular for tissue perfusion and function and this could be another possible explanation 

for discrepancies between EC-specific Id3 effects. 

 

II. Identifying novel mechanisms and cell populations in disease 
Advances in cytometry and analytical techniques permit deeper characterization of cell 
populations 
The use and advancement of techniques to collect and analyze large, multi-dimensional 

datasets is progressing rapidly. These approaches provide utility in identifying novel cellular 

subsets and biomarkers in disease, monitoring changes in cell populations over the course of 

disease progression, and understanding new signaling mechanisms in individual cells and cell 

populations. The basic research and clinical realms have identified progressive ways to use 

these approaches and they also demonstrate utility in advancing the studies presented in this 

document. 

One such technology is mass cytometry or cytometry by time-of-flight (CyTOF). This 

approach uses heavy metal-conjugated antibodies and mass cytometry to characterize cell 

populations at a single-cell resolution using more parameters than currently permitted by 

traditional flow cytometry192. Studies can currently employ around 40 different metal-

conjugated antibodies to characterize cell populations. Analytic techniques also exist to break 
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down, organize, and present this high-dimensional data in pragmatic and informative 

ways193, 194. CyTOF has been used to identify novel cellular subsets and biomarkers in 

disease, monitor changes in cell populations over the course of disease progression, and also 

determine the effects of treatments on cellular populations195-197. 

The technologies employed for RNA sequencing at the bulk- and single cell-level are 

also rapidly expanding and improving. Advancement of techniques to amplify small amounts of 

RNA transcripts have made single-cell sequencing more feasible. As a result, single-cell 

sequencing is a more appealing technique for many given the ability to assess cells at a single 

cell level rather than from a bulk, heterogeneous population. Analysis of these datasets have 

permitted deeper characterization of heterogeneous cell populations and mapping of cell fate 

trajectories198-201.  

Since there can be a disparity between the level of transcript and protein measured in a 

cell at any given time, there is one additional technique that incorporates sequencing with 

proteomics to quantify transcript and protein levels at the same time. BD’s platform is known 

as Rhapsody and this technology employs oligonucleotide-conjugated antibodies and single-

cell sequencing to both quantify the full transcriptome of a cell as well as the levels of proteins 

targeted by each oligo-conjugated antibody202. Early results using these approaches indeed 

confirm that RNA levels do not always track linearly with their corresponding protein in a cell 

demonstrating a unique utility for this approach for scientific discovery and also validation of 

how effectively sequencing approaches translate to proteomics. Overall, these approaches are 

rapidly improving and provide promise for both discovery and hypothesis-directed 

investigations related to the work presented in this dissertation.   

 

Identifying novel cell populations in human disease 
Results from our HLI studies implicate a role for B cells in regulating neovascularization during 

ischemia in skeletal muscle. To date, it is unclear if and which B cell populations may 

contribute to adaptive neovascularization in PAD patients. CyTOF can be used to begin 

understanding how B cells might be involved in human PAD and adaptive neovascularization 

during ischemia (ANDI). While obtaining muscle biopsies to look at muscle-resident B cell 

populations may be difficult, analysis of circulating B cells for differences in number and 

expression of proteins that may regulate their trafficking to skeletal muscle during ischemia 
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(such as chemokine receptors) may provide important insights. It is also possible that B cells 

may influence neovascular outcomes via secreted factors or Ig’s or by stimulating other cell 

populations, such as monocytes, T cells, and macrophages that are also found in ischemic 

skeletal muscle. I propose that analysis of circulating B cells is a useful starting point for 

identifying novel B cell sub-populations in PAD and individuals with insufficient ANDI. 

Identification of PAD-associated B cell populations can be achieved by comparing the B 

cell populations of PAD patients to age-, sex-, smoking status-, and type 2 diabetes-matched 

controls. Blood samples from these patients can be stained with the panel proposed in Figure 
5.1 and clustered based on B cell and progenitor markers. Following that, control and PAD 

samples can be compared to determine if the expression of activation markers, or the 

frequency of any B cell sub-populations change in the setting of PAD (Figure 5.1). 

 

Figure 5.1. 

 
Figure 5.1. Schematic of CyTOF staining and analysis of PAD and control PBMCs.  
ASL images in upper left-hand corner were adopted from Lopez et al203. CyTOF analysis 
images are from previous analysis conducted by Chantel McSkimming and Hema Kothari. 
 

An additional approach would be to compare cell populations amongst PAD patients 

with varying disease severity. For example, PAD patients with intermittent claudication (IC) 
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may be compared to critical limb ischemia (CLI) patients, who arguably have reduced ANDI, 

to identify populations that may change in the presence of more severe disease (CLI). We 

have an ongoing collaboration with Dr. Christopher Kramer in Cardiovascular Medicine at UVA 

to collect blood samples from PAD patients whose reperfusion capacity is quantified by arterial 

spin labeling (ASL)203. ASL is a cardiovascular magnetic resonance imaging technique that 

enhances the ability to detect arterial blood flow without utilizing a contrast agent. This 

technique also allows both spatial and temporal resolution of perfusion. Dr. Kramer uses ASL 

to quantify perfusion in response to an ischemic event by applying a cuff to the leg of the 

participant temporarily. Upon release of the cuff, agent is administered and perfusion in the 

skeletal muscle of the lower limb is imaged and later quantified. This allows Dr. Kramer to 

quantify the magnitude and speed with which patients’ muscles perfuse following an ischemic 

event. Reduced perfusion reflects the extent of vascularization in the tissue and potential 

vascular dysfunction that may prevent blood flow through existing vessels. The upper left 

panels of Figure 5.1 are the resultant images reflecting the extent of perfusion in healthy and 

PAD patients. The goal with this study is to identify novel populations of B cells or markers on 

a subset of B cells that correlate with ANDI that can be determined by perfusion capacity 

following an acute ischemic episode.  

One potential population to investigate is B cells expressing progenitor markers such as 

CD34 or c-Kit or angiogenic markers such as VEGFR2 or CXCR4. CD34, c-Kit, VEGFR2, and 

CXCR4 have all been identified on putative circulating “endothelial progenitor cells” (EPCs) or 

“circulating angiogenic progenitor cells” (CACs)204-206. Due to limited use of other cell 

subsetting markers, the true identity of these populations remains unclear. However, a 

published study from 1991 demonstrated that human B cell populations from bone marrow and 

the blood express CD34207 suggesting that at least some of these EPC/CACs may be B cells. 

Furthermore, a recently published study from Steffen et al. demonstrates that many Sca-

1+VEGFR2+ “EPCs” found in circulation in mice during vascular injury are CD45+CD19+208 

demonstrating that what was previously considered an EPC could in fact be circulating 

leukocytes such as a B cell. In a study from Hayek et al., reduced numbers of circulating 

CD34+VEGFR2+ cells correlated with increased risk of PAD diagnosis or -associated events in 

a cohort209 demonstrating a potential role for these circulating “pro-angiogenic” cells in PAD 

and ANDI. 
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These studies would provide useful data for generating new hypotheses and 

identifying potential new biomarkers for PAD and reduced ANDI. However, follow-up studies 

using larger cohorts of patients and pursuing potential mechanisms whereby the identified 

populations or proteins change with disease will also be necessary to determine their utility as 

biomarker or therapeutic targets. 

 

Identifying novel signals and cellular characteristics regulated by Id3 
CyTOF and RNA sequencing approaches can also be applied to our cell-specific Id3 KO mice 

of interest to identify cell populations and signaling pathways that may be regulated by Id3 in 

the setting of atherosclerosis or ischemia. In the context of atherosclerosis, Id3 WT and Id3 KO 

ECs can be sequenced or stained for CyTOF analysis following an atherogenic stimulus such 

as a short-term WD feeding or ex vivo treatment with pro-inflammatory cytokines and oxidized 

lipids (Figure 5.2). Because the populations isolated from mouse aortas will be very 

heterogeneous, CyTOF or a single-cell sequencing approach will be optimal to ensure 

accurate identification of ECs. Some potential pathways that Id3 may be interacting with in 

ECs were proposed in Chapter 4 (Chapter 4, Figure 4.9). These and others will guide 

development of a CyTOF panel that can be used to assess EC characteristics in Id3ECWT and 

Id3ECKO mice (Figure 5.2). 

Graduate student Chris Henderson in the McNamara lab is also optimizing induced 

pluripotent stem cell (iPSC) cultures and CRISPR-Cas9 constructs to generate Id3 WT and Id3 

KO stem cells as well as those expressing the major and minor alleles of ID3 SNP rs11574. 

We have successfully differentiated these cells into ECs and thus, this may serve as a useful 

tool in testing changes in EC characteristics and signaling pathways in the absence of Id3. 

Bulk RNA sequencing may be applied to this setting as the cells are less heterogeneous than 

the primary cell experiments previously proposed. Overall, these approaches will permit 

unbiased and/or directed investigation into changes in protein expression and signaling 

pathway activation in response to changes in Id3 expression.  
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Figure 5.2. 

 
Figure 5.2. Schematic EC Id3 KO CyTOF staining and analysis.  
CyTOF analysis images are from previous analysis conducted by Chantel McSkimming and 
Hema Kothari. 
 
 

III. Id3: A good therapeutic target or diagnostic marker? 
Finally, it is worthwhile to consider whether Id3 may serve as an effective therapeutic target 

and/or diagnostic biomarker based on my findings and our general knowledge of Id3. Id3 has 

emerged as an important regulator in multiple diseases including atherosclerosis30, 120, 129-131, 

cancer123, 125, 128, 174, 175, and obesity122, 127, 138, 210. Generally, it is induced by many stimuli 

relevant in disease progression and is also expressed broadly amongst cell and tissue types. 

Cell-specific knockout studies suggest that it may have contradicting roles in the same 

disease, such as atherosclerosis, depending on the cell type in which it is knocked out. Thus, 

targeted delivery would be needed to effectively use Id3 as a therapeutic target. 

There are many questions to consider on this matter. Would blocking or inducing Id3 

expression effectively attenuate CVD symptoms? How does one target Id3 to treat CVD 

symptoms? Is there are a way to specifically target Id3 expression in certain cell types? What 

about using Id3 as a biomarker for disease onset or severity? Id3 expression in the setting of 

cancer serves as a good example of how it might be used as a biomarker211, 212. Id1 and Id3 
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have been shown to promote cancer cell proliferation and increased expression of these 

proteins correlates with worsened prognosis211, 212. Thus, in certain cases, patient samples can 

be analyzed for the extent of Id3 expression to assess the risk-level of the patient. Additionally, 

it is important to consider the challenges to targeting or interpreting Id3 as a biomarker. Initial 

studies to determine feasibility in human cohorts may also need to be conducted. 

 

Approaches and Challenges to Targeting Id3 
One way to target Id3 activity is by controlling expression levels of the gene. This can 

be done by delivering a short hairpin RNA (shRNA) to inhibit Id3 expression or a small 

expression plasmid to promote expression of Id3. Techniques to load nucleotides in liposomes 

has advanced and can effectively deliver gene-modifying compounds to cells in vivo213. 

Furthermore, results from our collaborative project with the Boucher, Kelly, and Klibanov labs 

reveal that most cell types are capable to taking up liposomes to different extents (Appendix 

2). Because of this, a more targeted approach should be employed. The use of phage display 

to identify peptides that bind specifically to a certain cell type or protein has been successful 

and may prove effective for this objective214, 215. Additionally, contradicting outcomes from cell-

specific knockouts of Id3 suggest that the directionality in which Id3 will regulate CVD 

pathogenesis is cell type-dependent. Broad non-specific delivery may not be effective or may 

cause untoward effects further supporting development of cell-specific targeting approaches. 

There are a few additional challenges and caveats to consider. First, our data as well as 

what has already been in the literature suggests that phagocytes and the reticulendothelial 

system (especially the spleen and liver) most efficiently take up liposomes216-218. A liposome 

will need to be designed in a way to potentially reduce some of this uptake to make more 

particles available for uptake by our cell(s) of interest. Adding polyethylene glycol (PEG) is an 

effective way of slowing down phagocytosis of liposomes, but our data demonstrates that 

uptake will inevitably occur. Second, thorough evaluation of liposome biodistribution over time 

will be needed to confidently determine where liposomes are taken up and when. Data from 

our studies shows that immediate uptake of liposomes is distinct from later uptake. Liposome 

localization and side effects after chronic dosing will be needed to ensure that targeting is 

effective and untoward effects are minimized. These types of studies are costly and time-
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consuming, so thorough planning to ensure testing is executed in the proper sequence and 

at adequate time points will be needed. 

Oligonucleotides can also be targeted without liposome-encapsulation. Won et al. 

demonstrated effective delivery of an shRNA to Fabp4 using an adipose-specific peptide 

conjugated to a D-form 9-arginine construct, which serves as a carrier for shRNA 

oligonucleotides219. Treatment attenuated Fabp4 expression in adipose tissue and improved 

metabolic outcomes in a model of obesity-associated dysmetabolism. Using an approach such 

as this may be a promising alternative to liposomal delivery. Additional studies utilizing the 

ATS-9R construct to target other transcriptional regulatory elements have also been conducted 

successfully. Chung et al. delivered a CRISPR interference (CRISPRi) construct consisting of 

a catalytically inactive Cas9 and a single guide RNA to the Fabp4 gene to inhibit Fabp4 

expression in adipose tissue220. This too attenuated dysmetabolism associated with obesity. 

Targeting delivery of nucleotide constructs with a peptide-9-arginine system may be an even 

more effective means of targeting Id3 expression in vivo. 

Small molecule inhibitors are another possible approach for inhibiting Id3 activity. To 

date, no Id3-specific inhibitors have been developed, however. AGX51 is a pan-Id inhibitor that 

attenuates ocular neovascularization221. Unfortunately, this molecule is not specific to Id3 and 

thus could induce untoward effects due to inhibition of other Id’s. A study from the McNamara 

lab in 2004 did, however, demonstrate that phosphorylation of Id3 at a serine residue (Ser5) 

promotes Id3 activity121. Phosphorylation of Id3 at Ser5 results in increased proliferation of 

vascular smooth muscle cells (VSMCs) and attenuation of p21Cip1 expression due to inhibitory 

interactions between Id3 and E-protein binding partners. Thus, development of a small 

molecule that can inhibit the phosphorylation of Id3 at Ser5 is one potential way to block Id3 

activity. 

Finally, it is important to consider that Id3 is a transcription factor that interacts with 

multiple transcriptional binding partners that each regulates a different set of genes. Thus, it is 

upstream of many cellular processes and this can make it challenging to target Id3 and 

perhaps some of its downstream effects without also inducing unwanted side effects. From this 

perspective, it may be difficult to consider Id3 as a promising therapeutic target. Rather, it may 

be useful as a tool in basic, mechanistic research to identify altered downstream pathways that 

are protective or pathogenic in the setting of CVD. Approaches such as RNA sequencing and 
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CyTOF that generate large datasets and allow unbiased inquiries into signaling pathways 

and cell characteristics during disease perturbations will serve useful in tools in this endeavor. 

 

Id3 as a Potential Diagnostic Marker 
While it is yet untested whether Id3 can serve as an effective therapeutic target, findings from 

the McNamara lab and other suggest it can serve as a useful biomarker for disease severity. 

For example, ID3 expression is upregulated in multiple forms of cancer and leads to increased 

cell proliferation and tumor growth211, 212. It is thus used as a biomarker to indicate a higher risk 

cancer. Inhibition of Id3 family member Id1 in experimental settings has proven to be effective 

at attenuating tumor growth and severity211. The Id3 SNP rs11574 is associated with altered 

indices of CVD severity. Expression of the minor allele of this SNP (Id3105T) results in 

attenuated interactions specifically with its binding partner E12. Id3105T also correlates with 

worsened indices of CVD: increased carotid intima-media thickness (cIMT)130 and increased 

coronary artery calcium (CAC)131.  

Many risk scores exist for predicting cardiovascular morbidity and mortality associated 

with atherosclerosis including the Framingham Risk Score222, the Systemic Coronary Risk 

Evaluation (SCORE)223, and the SYNTAX score224. Each score is tailored to a slightly different 

population of atherosclerosis patients whether that is a specific age group, presence or 

absence of previous myocardial infarctions, or other factors. Further, none of these incorporate 

gene or SNP expression, though there is an established genetic component to this disease225, 

226. Findings from our lab suggest that genotyping for the Id3 SNP may provide an additional 

useful variable to improve the capacity for predicting atherosclerosis risk. 

Id3105T may also serve as a useful marker for PAD risk. Indeed, our murine studies 

demonstrate that global knockout of Id3 attenuates skeletal muscle perfusion during HLI 

(Chapter 3). To begin addressing this question, initial association analyses were run to 

determine if expression of Id3105T correlated with a lower average ankle-brachial index (ABI). 

This was done with in collaboration with Josyf Mychaleckyj from the Center for Public Health 

Genomics at UVA. Values from the Multi-Ethnic Study of Atherosclerosis (MESA) were used in 

the analysis. An individual is determined to have PAD if they have an ABI of less than 0.9. 

MESA is a longitudinal study collecting blood samples and clinical information from participants 

at multiple exams occurring over time. ABI’s were measured during the first and fifth exams of 
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MESA. We found that there was no association between expression of Id3105T and ABI 

levels either at the initial exam or when the change in ABI was measured from exam 1 to exam 

5 (Table 5.1).  
 
 
Table 5.1. Early investigation into ID3 SNP rs11574 expression and ABI measurements.  
Data from MESA was used to quantify the association between expression of the minor allele 
of ID3 SNP rs11574 and ABI values. ∆ABI is defined as the change in ABI per subject from 
exam 1 to exam 5. ABI = ankle-brachial index, CAU = Caucasian, AFA = African American, N 
= number of subjects Beta = effect size estimate, SE = standard error. 

 
 

However, these findings highlight some important factors to consider when conducting 

analyses like this. First, Criqui and Aboyans point out that while ABI measurements have a 

high specificity for diagnosing PAD, the sensitivity of this approach is lower227. This means the 

rate of false-negative diagnoses is higher than it should be. Thus, we may not be accounting 

for all subjects with PAD in this cohort and the population with high ABI’s may not be 

completely free of PAD. Additionally, ABI does not correlate with time to claudication or 

maximal claudication228. Unfortunately, this was the only clinical readout for PAD collected in 

MESA. Angiography is considered the gold standard for diagnosing PAD, thus, finding a large 

database with this readout for PAD diagnosis would be ideal for conducting a study. However, 

further assays to quantify distal tissue perfusion (such as ASL) and severity of disease (IC and 

CLI diagnoses) are also needed to discern between patients with and without adequate ANDI. 

While there are a few studies suggesting a genetic component to PAD development, the 

strongest risk factor for PAD is smoking. Kullo and Leeper suggest that it is difficult to identify 

genes associated with PAD development because of the strong environmental influence on 

this disease229. While two patients may have been exposed to similar environmental factors 

and developed comparable macrovascular blockages, they will not necessarily have 

comparable ANDI and resultant symptoms. By utilizing disease severity diagnostics and ASL, 
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we may better resolve the influence of genetics on the severity and progression of PAD. A 

powered study with initial angiography diagnoses, disease severity diagnostics, and ASL 

would be ideal to determine if Id3105T is more frequently expressed in patients with PAD and 

or PAD patients with maladaptive neovascularization.  

 Finally, findings from cell-specific Id3 KO studies raise the question of the effectiveness 

of studies correlating Id3105T expression with disease burden in humans. Since the SNP is in 

the germline, it is present in all cells, making it difficult to determine how Id3105T may be 

influencing behaviors in individual cell types in the body. Cell-specific studies in mice 

demonstrate loss of Id3 in certain cell types (non-bone marrow-derived cells, ECs) augments 

atherosclerosis development, while it attenuates atherosclerosis in other settings (B cells, 

other bone marrow-derived cells)30, 129. If findings from my studies (Chapter 3) translate to 

human disease, expression of the Id3105T in B cells attenuates ANDI during PAD, while 

Id3105T expression in macrophages and ECs do not affect the ANDI. Thus, expression of the 

Id3105T in PAD patients may then only demonstrate an association with greater disease 

severity and inadequate ANDI if the frequency of B cells in that patient is higher, or the 

capacity for their B cells to localize to skeletal muscle are greater. In order to parse out these 

complex mechanism, more thorough characterization of each patient is required. Coupling the 

genotype of the ID3 SNP rs11574 with characterization of circulating immune cells using 

CyTOF in a population of PAD and control patients may better inform us on the potential for 

Id3105T to be used as a biomarker in conjunction with other biomarkers. These studies raise 

interesting questions concerning whether ID3 can be used to predict CVD burden and risk, but 

it is clear that further investigation is needed before they can be implemented. 

 
IV. Summary 
In total, these studies have demonstrated novel cell-specific roles for Id3 in the development of 

vascular disease. The McNamara lab has previously established a strong rationale for 

continued study into the roles Id3 plays in regulating cardiovascular disease development. 

Results from these studies provide new directions along which to investigate how Id3 regulates 

vascular disease. We have implicated B cells as a new cell type that regulates adaptive 

neovascularization during skeletal muscle ischemia and an important molecular mediator of 

their effects: Id3. Early studies suggest a role for EC-specific Id3 in attenuating atherosclerosis 

development as well. Continued investigation into the mechanisms behind these observed 



  98 
effects could provide us with novel therapeutic targets or biomarkers for PAD and/or 

atherosclerosis. However, it is clear that further inquiries into the expression of Id3 and the 

presence and characterization of B cell populations during human CVD are needed as well. 

Continued advancements in our understanding of basic cellular and molecular mechanisms 

coupled with the progression of research techniques such as CyTOF and single-cell 

sequencing make these inquiries possible and further spark a sense of excitement as the ever-

present drive to understand, treat, and prevent human disease continues. 
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I. Introduction 
Obesity is a prevalent disease affecting around one third of the U.S. population. Characterized 

by excess adiposity, it can lead to many co-morbidities include diabetes and dyslipidemia. The 

mechanisms driving development of obesity and excess adiposity are still being characterized 

as are additional effective treatments for the disease. In addition to the data presented in 

Chapters 3 and 4, I addressed questions concerning cell-specific expression of Id3 and the 

role of Id3 in the vasculature during adipose tissue expansion during my studies. These 

questions were prompted by findings published by Cutchins et al. in 2012 demonstrating that 

global loss of Id3 attenuates high-fat diet (HFD)-induced adipose tissue expansion as well as 

microvascular blood volume (MBV)127. How this change in blood volume is regulated and 

whether the reduction in MBV in part drove reduced adipose tissue expansion remains 

unclear.  

Adipose tissue and the vasculature intersect in many ways beyond simply co-localizing. 

Adipose tissue expansion depends on neovascularization and changes in pro-angionic signals 

such as VEGFA result in altered adipose tissue size and characteristics230-234. Indeed, 

adipocyte progenitor cells (AdPCs) establish a niche along the vasculature of adipose 

tissue235. Additionally, adipocytes233, 236, 237 and other adipose-resident cells such as 

macrophages238-241 secrete pro-angiogenic factors to support vascular growth in adipose 

tissue. Finally, ECs have been shown to differentiate into adipocytes242 further solidifying the 

close relationship between adipose tissue and the vasculature. 

Id3 regulates adipose tissue differentiation122, 243 and angiogenesis128, 132, 221, but 

whether Id3 in part regulates adipose tissue expansion due to its role in the vasculature 

remains unclear. Utilizing global and endothelial cell (EC) Id3 KO lines as well as a novel Id3-

GFP reporter mouse, we investigated the three larger questions: 1.) In what cell types is Id3 

expression promoted during HFD feeding? 2.) Does Id3 promote the angiogenic potential of 

adipose tissue? and 3.) Is adipose tissue expansion dependent on Id3 activity in ECs? 
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II. Id3 promoter activation in cell subsets 
A. Rationale 
Id3 is a broadly expressed transcription factor that regulates homeostatic functions and 

disease pathogenesis in a multitude of cells and tissues. Prior studies demonstrate its 

expression in vascular smooth muscle cells (VSMCs)121, 163, B cells30, macrophages122, 

myocytes244, and endothelial cells133. These studies are all conducted under different disease 

settings and the cells originate from a variety of tissue beds. I was interested in beginning to 

understand the breadth and extent to which Id3 is expressed in various cell types within a 

single tissue. To do this, I utilized an Id3-reporter mouse in the setting of a brief high-fat diet 

(HFD) feeding to 1.) identify the cell types expressing Id3, and 2.) determine if Id3 expression 

changed at all in the setting of early hyperlipidemia – a condition observed in many patients 

with PAD or atherosclerosis. 

 

B. Results 
To begin to understand the cell types that express Id3, we utilized a transgenic Id3-reporter 

mouse. In this mouse, the GFP gene is inserted downstream of the Id3 promoter in one allele 

(Figure A1.1A). The mice are generated as heterozygotes for the GFP-insertion to avoid 

generating Id3 KO mice and potentially altering normal tissue function due to a lack of Id3 

expression. Id3-GFP mice were fed one week of chow or HFD and then epididymal adipose 

depots were harvested from each mouse. The stromal vascular fraction was isolated from 

each fat sample and stained for flow cytometry (Figure A1.1B). A variety of cell subsets were 

quantified during analysis (Figure A1.1C). Please note, a GFP- littermate was used in this 

experiment to generate a GFP fluorescence-minus-one (FMO) control. The percent of each 

cell subset that was GFP+ was calculated and T cells and B cells demonstrated some of the 

highest percentages of GFP expression (Figure A1.1D). Additionally, one week of HFD 

induced increased percent of GFP+ cells in T cells, B cells, macrophage and monocytes, 

endothelial progenitor cells (EPCs), and AdPCs (Figure A1.1D). Finally, the amount of GFP 

expressed per cell was analyzed using the mean fluorescence intensity values for each 

subset. In general, the CD45- populations expressed a higher GFP MFI than CD45+ cells. 

More specifically, ECs and mesenchymal stem cells (MSCs) had some of the highest MFIs of 

all populations (Figure A1.1E). 
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Figure A1.1. 

 
Figure A1.1. Id3 promoter activation in cell types within the epididymal adipose stromal 
vascular fraction.  
(A) Schematic explaining the Id3-GFP transgenic line. The GFP gene was knocked in 
immediately downstream of the Id3 gene. The genotype of GFP+ mice was Id3Gfp/+ to avoid 
producing full Id3 knockouts. (B) Experimental schematic: mice were fed either one week of 
obesity diet (60% kcal from fat) or chow and then epididymal adipose depots were harvested, 
digested, and stained for flow cytometry analysis. (C) Markers used to identify each subset. 
Subset abbreviation definitions are as follows: Macrophages and monocytes (Macs/monos), 
smooth muscle cells (SMCs), endothelial cells (ECs), endothelial progenitor cells (EPCs), 
mesenchymal stem cells (MSCs), and one week of chow or obesity diet (HFD). (D,E) The 
proportion of (D) and magnitude (MFI, E) of Id3 promoter activation in CD45+ immune and 
CD45- stromal and vascular cell subsets. Data collected with the help of Anh Nguyen. 
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C. Conclusions and Discussion 
These results revealed the proportion and extent to which Id3 expression was promoted in a 

multitude of cells from epididymal adipose SVF after one week of chow or HFD feeding. 

Generally, ECs and MSCs had the highest GFP signal per cell and T cells and ECs had the 

greatest proportion of GFP+ cells. An important caveat to bear in mind when reviewing these 

results is that this is an Id3-reporter mouse and thus GFP expression does not necessarily 

reflect Id3 protein levels in each of these cell subsets. Gene promoter activation is not 

congruent with mRNA transcription, which is not congruent with protein translation or 

stabilization, thus it would be inaccurate to project these results to protein levels of Id3. These 

data did, however, direct our attention towards ECs as being a potential cell type of interest in 

which to study the effects of Id3 expression. 

 
III. Id3’s role in adipose tissue angiogenesis and expansion 
A. Rationale 
Previous studies from the McNamara lab showed that Id3 global KO (Id3GKO) mice have 

attenuated adipose tissue expansion, microvascular blood volume, and VEGFA expression 

during HFD-feeding127. The literature shows there is a clear connection between adipose 

tissue expansion and vascular growth230, 232-234 and results from Cutchins et al. suggest there 

may be a vascular component to the inhibited adipose tissue expansion observed. Whether 

this change in vascular blood volume is due to attenuated angiogenesis remains unclear. 

Thus, in these studies I aimed to quantify the angiogenic potential of Id3GWT and Id3GKO 

adipose tissue depots to begin to better understand the role the vasculature might play in 

Id3GKO mice during adipose tissue expansion. 

 

B. Results 
To begin to address the possibility that Id3 may be regulating angiogenesis in adipose tissue, 

we analyzed mouse adipose tissue gene expression data from the Hybrid Mouse Diversity 

Panel database245. The strength of correlations between each gene in the database and Id3 

was calculated. The top 100 most highly-correlated genes were then subjected to Gene 

Ontology (GO) enrichment analysis where the top five pathways that emerged were related to 

angiogenesis and neovascularization (Table A1.1). This suggested to us that Id3 could be 

playing a role in angiogenesis in adipose tissue. 
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Table A1.1. Id3 gene expression correlates with angiogenic and blood vessel 
regulatory genes.  
Top five hits from Gene oncology enrichment analysis. 100 genes with the highest expression 
correlation with Id3 were clustered according to their functional role. P-values reflect 
significance of correlation. Analysis was performed by Mete Civelek. 

 
 

Next, to determine the angiogenic potential of adipose tissue in Id3GWT and Id3GKO mice, 

adipose was extracted from both genotypes and cultured in Matrigel to quantify vascular 

sprouting over time. Images taken each day revealed that sprouting in these conditions was 

maximal by the fourth day of culture (Figure A1.2A-C). Furthermore, the proportion of 

subcutaneous and omental adipose tissue that sprouted was much higher than epididymal 

adipose. Finally, there were no differences in sprouting potential of any adipose depots 

between Id3GWT and Id3GKO mice (Figure A1.2A-C). In addition to quantifying the potential for 

sprouts in each aliquot, the extent of sprouting in each sprouted explant was quantified. To do 

this, the area of the explant and the area of the explant plus its sprouts were quantified. 

Explant plus its sprouts area was greater than that of the explant along (Figure A1.2D,E). To 

quantify the extent of sprouting, the explant plus sprouts area was divided by the area of the 

explant only and multiplied by 100 to generate a percentage. Note that epididymal explants 

were not quantified due to the limited number of explants that sprouted. Neither subcutaneous 

(Figure A1.2D) nor omental adipose explants (Figure A1.2E) demonstrated differences 

between genotypes. 

  

Cluster P-value 
Vasculature development 4.45E-08 

Blood vessel development 3.22E-07 

Angiogenesis 1.66E-06 

Blood vessel morphogenesis 3.83E-06 

Vasculogenesis 1.53E-04 

Table 1. Id3 gene expression correlates 
with angiogenic and blood vessel 
regulatory genes. Top five hits from Gene 
oncology cluster analysis. 100 genes with 
the highest expression correlation with Id3 
were clustered according to their functional 
role. P-values reflect significance of 
correlation between genes within the cluster. 
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Figure A1.2. 

 
Figure A1.2. Adipose explant sprouting is not regulated by Id3.  
(A-C) The number of epididymal (A), subcutaneous (B), and omental (C) explants that 
generated sprouts was quantified as a percentage of total explants cultured. (D,E) The area of 
explant plus sprouts and explant alone were quantified and plotted to demonstrate that the 
area of explant plus sprouts was greater than explant alone in most cases. The extent of 
sprouting was calculated as the percent of explant plus sprouts area that was taken up by 
explant area alone in the subcutaneous explants (D) and omental explants (E). 
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Finally, vascular density in the adipose tissue of Id3GWT and Id3GKO littermates was 

also quantified to determine if vascular density was altered after a short-term HFD feeding. 

Adipose tissue aliquots were stained with BODIPY and lectin and whole mounted for imaging 

(Figure A1.3A). Rapid analysis of vessel elements (RAVE) analysis (see methods) was used 

to quantify the total area of lectin staining (Figure A1.3B), total length of vascular structures 

(Figure A1.3C), the tortuosity of the vessels (Figure A1.3D), and the number of branch points 

(Figure A1.3E) in each adipose image. By all of these metrics, there was no difference 

between Id3GWT and Id3GKO mice after 4-6 weeks of HFD feeding. 

 
 
Figure A1.3. 

  
Figure A1.3. Adipose vascular density after 4-6 weeks of HFD feeding is not regulated 
by Id3.  
(A) Adipose tissue was stained with BODIPY and lectin and whole mounted. (B) The total 
volume of lectin+ staining relative to the total volume of each image was calculated as the 
Vessel Volume Fraction. (C) The total length of vessels per image was calculated as the 
Vessel Length Density. (D) The change in detail over the change in the scale, or tortuosity, of 
the vessels was calculated as the Fractal Dimension. (E) The number of points where at least 
two vessels met was quantified as the number of Branch points. 
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C. Conclusion and Discussion 
GO enrichment analysis of transcripts from mouse epididymal adipose tissue collected in the 

Hybrid Mouse Diversity Panel revealed that Id3 significantly correlated with many genes 

involved in angiogenesis and neovascularization. Assays, however, revealed that angiogenic 

potential and the extent of vascular content were not different in adipose of Id3GWT and Id3GKO 

littermates during HFD-feeding. One additional assay that could be conducted to determine 

whether Id3 regulates angiogenesis in adipose tissue would be to quantify CD31+ capillary 

structures in cross sections of adipose tissue. Simultaneously, the diameter of larger arteries in 

the adipose tissue can be quantified to determine if arteriogenic processes may be contributing 

to the reduced MVB observed in Id3GKO mice. 

Results from adipose explant experiments also revealed that mouse omental and 

subcutaneous adipose tissue have a greater angiogenic potential than epididymal adipose 

tissue. Why this is remains unclear, but raises interesting questions regarding the differences 

between adipocytes and other adipose-resident cells in each of these depots. Is there an 

intrinsic difference in the vasculature within each depot that results in differential angiogenic 

potential? Or perhaps the populations of non-vascular cells in the stromal-vascular fraction 

(SVF) of each depot secrete different angio-regulatory factors. 

 
 
IV. EC-specific Id3 does not regulate weight gain or late-term adipose mass 
in vivo 
A. Rationale 
While results thus far suggest that Id3 does not regulate angiogenic sprouting in adipose 

tissue, it is still possible that Id3 activities in the vasculature regulate adipose tissue expansion. 

Indeed, we observed that ECs had the largest proportion of cells with Id3 promoter activity and 

there are mechanisms independent of sprouting angiogenesis that may regulate MBV. Further, 

Tang et al. showed that AdPCs occupy a perivascular niche in adipose tissue235 and Tran et al. 

demonstrated that ECs are capable of differentiating to adipose tissue242. These results 

suggest that ECs can play a role in adipose tissue homeostasis that may not stem from 

neovascularization processes. In these studies, we utilized the EC-specific Id3 WT (Id3ECWT) 

and KO (Id3ECKO) littermates validated in Chapter 3 (Figure 3.1) to address whether Id3 

expression in ECs would regulate adipose tissue expansion during HFD feeding. I 
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hypothesized that Id3ECKO mice would demonstrate attenuated adipose tissue expansion 

and overall weight gain. 

 

B. Results 
Id3ECWT and Id3ECKO mice were fed a HFD for 20 weeks. Over the course of the diet, mice were 

weighed to track weight gain and no difference was observed in total weights (Figure A1.4A) 

or weight gain (Figure A1.4B) between genotypes. Though there was no difference in weight 

gain, it is possible that glucose handling may have been affected by changes in the adipose 

tissue. However, no difference in glucose tolerance was observed after conducting a glucose 

tolerance test (Figure A1.4C). Finally, at the end of the diet, adipose tissue and the liver were 

harvested and weights compared. There were no differences in the mass of the liver (Figure 
A1.4D), epididymal adipose tissue (Figure A1.4E), or subcutaneous adipose tissue (Figure 
A1.4F) of Id3ECWT and Id3ECKO mice. However, the mass of omental fat was significantly 

reduced in Id3ECKO mice (Figure A1.4G). 

 

Figure A1.4. 

 
Figure A1.4. Results from obesity study in Id3ECWT and Id3ECKO mice.  
(A,B) Id3ECWT and Id3ECKO mice were fed HFD for approximately 20 weeks and weighed 
everyone 1-2 weeks. (C) Towards the end of the diet regimen, a glucose tolerance was 
conducted on the mice. (D-G) At the end of feed, livers (D), epididymal adipose (E), 
subcutaneous adipose (F), and omental adipose (G) were weighed and normalized to the total 
body weight of each mouse to account for variations in overall weight gain.  
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C. Conclusions and Discussion 
While no significant differences were observed in total weight gain or glucose tolerance 

between Id3ECWT and Id3ECKO mice, there was an observed difference in omental mass 

between genotypes. This demonstrates that Id3 in ECs regulates omental fat mass, but the 

mechanism whereby this occurs remains unclear. It is possible that Id3 could promote 

angiogenesis in omental fat, which in turn would support further expansion of adipose tissue 

mass. Given the greater angiogenic potential of omental fat compared to epididymal and 

subcutaneous fat (Figure A1.2), it is possible that Id3ECKO omental fat explants may 

demonstrate attenuated EC sprouting relative to Id3ECWT controls. It is also important to note 

that adipose tissue weights were not measured at earlier time points, thus we cannot yet 

conclude if Id3 has an effect on early adipose tissue expansion that is later overcome by 

compensatory mechanisms or chronic conditions. While many findings from this experiment 

revealed no phenotypic differences between genotypes, these results contribute to a fuller 

understanding of the EC-specific role that Id3 plays during disease. 

  

V. Methods 
Animals and Feeding 
Id3-reporter mice, Id3GWT and Id3GKO littermates, and Id3ECWT and Id3ECKO littermates were 

generated and housed at the University of Virginia. All animal experiments performed in this 

study were approved by the Institutional Animal Care and Use Committee of the University of 

Virginia. Mice were fed a high-fat diet (HFD) composed to 60% kcal from fat for varying 

amounts of time as specified in Results sections. When needed, chow controls were fed 

normal chow diet instead of HFD. 

 

Prepared Buffers and Media 
AKC lysis buffer: 0.15 M NH4Cl + 0.01 M KHCO3 + 0.1 mM EDTA in ddH2O 

FACS buffer: 0.05% NaN3 + 1% BSA in PBS 

Digestion buffer: 1 mg/mL collagenase type I in FACS buffer or DMEM 
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Tissue processing 
In general, mice were euthanized by CO2 overdose. Mice were perfused through the left 

ventricle (after cutting the right atrium) with 10 mL PBS supplemented with 0.5 mM EDTA 

followed by 5–10 mL of PBS before harvesting tissues. Tissues were store in PBS during 

processing to keep them hydrated. Epididymal adipose depots were placed in digestion buffer, 

minced, and incubated at 37°C, shaking, for ~45 minutes. Digested tissue was then pipetted 

up and down to create a single-cell suspension, passed through a 70 µm filter, washed with 

FACS buffer, and pelleted. Cells were treated with AKC lysis buffer to lyse remaining red blood 

cells as needed. Cells were then stained for flow cytometry.  

 

Flow cytometry 
All cells were stained with fluorophore-conjugated antibodies against cell surface proteins 

(Table A1.2) in Brilliant Violet Stain Buffer (BD) for 25 minutes at 4°C then washed with FACS 

buffer. Cells were then stained with Live/Dead (Fisher) in PBS for 30 minutes at 4°C then 

washed with FACS buffer. Cells were then fixed with 2% PFA for 7–10 minutes at room 

temperature and washed with FACS buffer. Finally, cells were resuspended in FACS buffer 

and stored at 4°C until analyzed. Cells were run on the LSR Fortessa (Beckton Dickison) by 

Anh Nguyen and compensated and analyzed in FlowJo (FlowJo).  

 

Table A1.2. Flow cytometry antibodies 
Antigen Clone Vendor 

Alpha-SMA 1A4 Sigma-Aldrich 
CD3 145-2C11 eBioscience 

CD11b M1/70 BD Biosciences 
CD19 Id3 eBioscience 
CD29 HMB1-1 eBioscience 
CD31 390 eBioscience 
CD34 MEC14.7 Biolegend 
CD45 30-F11 BD Biosciences 

CD105 MJ7/18 Biolegend 
CD117 2B8 Biolegend 
GFP FM264G Biolegend 

Sca-1 D7 Invitrogen 
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Tissue harvesting 
In general, mice were euthanized by CO2 overdose. Mice were perfused through the left 

ventricle (after cutting the right atrium) with 10 mL PBS supplemented with 0.5 mM EDTA 

followed by 5–10 mL of PBS before harvesting tissues. Epididymal, omental, and 

subcutaneous adipose depots were then harvested. Inguinal lymph nodes were removed prior 

to harvesting subcutaneous adipose depots.  

 

Adipose tissue explants 
Epididymal, subcutaneous, and omental fat were aliquoted into small pieces approximately 1-2 

mm by 1-2 mm. Matrigel was placed into wells of a 96-well plate and stored on ice to keep the 

Matrigel in liquid-phase. One adipose aliquot was then added into each well and EC Growth 

Media was added on top (Lonza). The plates were then placed in a 37ºC incubator for up to 8 

days. Plates were removed each day and imaged on a Cytation 3 (BioTek). Images were 

processed and analyzed using Image J software. 

 

Adipose tissue whole mounts 
Aliquots of epididymal adipose were fixed in 4% PFA then washed in PBS. Adipose was 

blocked and permeabilized in 5% BSA, 0.3% Triton in PBS before incubating overnight with 

BODIPY 558/568 (Life technologies, D-3835) and Isolectin GS-IB4 AF488 conjugate 

(Thermofisher) at 4°C. After a final wash, samples were mounted in a 1:1 solution of PBS: 

Glycerol and digital images were acquired using confocal microscopy (Nikon Instruments 

Incorporated, Model TE200-E2; 20X objective). Images were processed using ImageJ 

software. Once processed, images were analyzed using Rapid analysis of vessel elements 

(RAVE) algorithm to quantify aspects of vessel density and complexity246. This analysis tool 

was developed by a former graduate student, Marc Seaman, while he studied in the laboratory 

of Shayn Peirce-Cottler to streamline analysis of various aspects of blood vessels identified in 

tissue. 

 

Gene expression analysis 
RNA transcript levels were obtained from the Hybrid Mouse Diversity Panel database, which is 

a database of genetic, metabolic, and cardiovascular traits from approximately 100 inbred 
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strains of mice. Transcripts were analyzed to determine the top 100 genes that correlated 

most significantly with Id3 RNA expression levels. Those 100 genes were then applied to Gene 

Ontology (GO) enrichment analysis (http://geneontology.org/docs/go-enrichment-analysis/) to 

identify the signaling pathways most significantly associated with the identified genes. These 

analyses were performed by Mete Civelek in the Center for Public Health Genomics and UVa. 
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Appendix 2: Characterizing cellular uptake of liposomes in vivo 
 

Adapted from Osinski V, et al. In vivo Liposomal Delivery of PPARα/γ Dual Agonist 
Tesaglitazar in a Model of Obesity Enriches Macrophage Targeting and Limits Liver and 

Kidney Drug Effects. Theranostics, 2020: 10(2)247 
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I. Rationale 
In collaboration with the Boucher, Kelly, and Klibanov labs at AstraZeneca and UVA, we 

conducted studies to identify novel peptides to target liposomes to adipocytes. The overall goal 

was to identify novel targeting approaches to delivery PPARα/γ tesaglitazar. More specifically, 

we hoped to target tesaglitazar to adipocytes to avoid unwanted side effects including markers 

of kidney dysfunction that were previously observed in tesaglitazar clinical trials. During these 

studies, we came across interesting findings regarding non-targeted liposomal distribution in 

vivo. These and other results have been reported in full in Theranostics247 and PLoS One248, 

but findings summarized in this document will center around our findings regarding in vivo 

uptake of liposomes.  

Liposomal drug delivery has emerged as a promising strategy to limit the side effects of 

otherwise effective therapeutics by directing the active compound to the cells and tissue of 

interest while avoiding others, such as the liver and kidney, which often contribute to undesired 

side effects217, 218. With the addition of polyethylene glycol (PEG) to liposome formulations, 

half-life of circulating liposomes increases and uptake by the reticuloendothelial system (RES, 

comprised of the liver, kidneys, spleen, bone marrow, lungs, and lymph nodes) and free drug 

in circulation are reduced. Even with such advancements in liposome formulations, uptake of 

liposomes by the liver and other RES tissues and phagocytes is still prevalent218. Liposomes 

enrich drug delivery to phagocytic cells such as tissue-resident macrophages including liver-

resident macrophages known as Kupffer cells 249. Liposome delivery has been identified as a 

promising approach for diseases associated with macrophage dysfunction216, 250. There is 

current interest in using targeted nanoparticle approaches to deliver compounds to both 

macrophages and a variety of non-macrophage cell types including cancer cells251 and 

endothelial cells 252, but a thorough characterization of the cell types that take up liposomes in 

vivo has not been reported. In the context of obesity-associated dysmetabolism, a disease 

characterized and driven by macrophage dysfunction, the capacity to target drugs to 

macrophages or other non-phagocytic immune cell types including B cells and T cells in the 

adipose may prove useful as both cell types play important roles in regulating inflammation 

and macrophage recruitment to the adipose tissue during obesity253. To address this, we used 

fluorescent labeling of liposomes coupled with fluorescently activated cell sorting (FACS) and 
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fluorescence molecular tomography (FMT) imaging to thoroughly describe these tissues 

and cell types in vivo in an unbiased manner.  

 

Abbreviations: 

AT: adipose tissue; ATM: adipose tissue macrophages; DSPC: 1,2-distearoyl-sn-glycero-3-

phosphocholine; DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; Ehhadh: enol-CoA 

hydratase and 3-hydroxyacyl CoA dehydrogenase; EC: endothelial cell; Epid: epididymal; 

Fabp: fatty acid binding protein; FACS: fluorescently activated cell sorting; FMT: fluorescence 

molecular tomography; GR: gluococorticoid receptor; Lpl: lipoprotein lipase; MCP-1: monocyte 

chemoattractant protein-1; MFI: mean fluorescent intensity; Pdk4: Pyruvate dehydrogenase 

kinase 4; PEG: polyethylene glycol; PerC: peritoneal cavity; PPAR: peroxisome proliferator-

activated receptor; RES: reticuloendothelial system; SC: subcutaneous; SD: standard 

deviation; SVF: stromal vascular fraction; Tbp: tata box binding protein; VSMCs: vascular 

smooth muscle cells 

 
 
II. Methods 
Non-liposomal drug preparation 
Tesaglitazar was dissolved in 0.5% carboxymethyl cellulose to a concentration of 0.35 mM. 

Volumes administered to mice were calculated based on body weights in order to delivery 1 

μmol per kg of body weight each day. The vehicle used for non-liposomal drug treatments was 

0.5% carboxymethyl cellulose administered at equal volumes to that of tesaglitazar. 

  
Liposome preparation and characterization 
Liposome preparation 

Liposomes were initially prepared with the remote loading attractant calcium acetate using the 

reverse-phase evaporation technique 254 with DSPC (phosphocholine), cholesterol and PEG-

2000 DSPE at a mass ratio of 2:1:1 (phospholipids were from Avanti or Lipoid; cholesterol from 

Sigma). Additionally, during this step liposomes were fluorescently labeled by adding DiD lipid 

dye at a concentration of 1 mg DiD per 1 ml of liposomes (molar ratio of 46:1 of DSPC:DiD). 

DiD is an accepted abbreviation for 1,1'-dioctadecyl-3,3,3',3'tetramethylindocarbocyanine dye. 
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As this material has two octadecyl "fatty tails", exactly as DSPC, the main component of 

the liposomes, we do not expect a significant amount to be outside of the lipid membrane. 

Long-chain phospholipids normally possess critical micelle concentrations in the picomolar 

range, so we expect a negligible amount of free dye present. Lipid dyes like DiO, DiD and DiI 

are routunely used for liposome research and they are considered non-exchangeable 255. 

 Briefly, an ether-chloroform solution of lipids was mixed with aqueous calcium acetate 

(Ca-acetate, 1 M, pH 7.4). The ratio between organic and aqueous phase was 4:1. A mixture 

was subjected to emulsification by sonication (XL2020, Misonix, 50% power, 30 sec) and then 

organic solvents were removed under vacuum using a rotary evaporator (Re111, Buchi) 

connected to a vacuum line. Resulting liposomes were subjected to repeated Nuclepore 

filtration to achieve homogeneous size distribution, as determined by dynamic laser light 

scattering (DLS, Nicomp 370). External Ca-acetate was removed using a Zeba spin-column 

and to half of the batch, aqueous tesaglitazar in HEPES buffer (pH 7.4) was added and 

incubated with mixing at 37°C for 1 hour. External unentrapped tesaglitazar was removed from 

liposomes with a Zeba spin-column. The vehicle used for liposomal treatments was liposomes 

containing aqueous calcium acetate. These were administered at volumes calculated to deliver 

comparable numbers of vehicle-loaded liposomes to the number of tesaglitazar-loaded 

liposomes. 

 

Quantifying drug loading, liposome size, shape, and zeta potential 

Drug loading was determined by measuring 270 nm using ultraviolet-visible spectroscopy (UV-

vis). Particles per volume were quantified by Nanoparticle Tracking Analysis (Nanosight 

NS300, Malvern Instruments Ltd., Worcestershire, UK) in order to calculate μg of tesaglitazar 

per mg of DPSC lipid. Dynamic light scattering (Particle Sizing System, Inc, Santa Barbara, 

CA) was utilized to quantify particle size. Liposomes were also imaged using cryoTEM to 

assess particle structure. Additionally, zeta potential was measured using a Malvern ZetaSizer, 

in 10 mM HEPES buffer pH 7.4 and 25°C. 

  

Liposome release kinetics 

Release kinetics were determined by ultrafiltration in an Amicon 10 KDa 0.5 ml ultrafilter 

cartridge, where an aliquot of liposomes was added to buffer and spun to separate liposomes 
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from the released free drug in the buffer. Concentration of tesaglitazar outside of liposomes 

was quantified by UV-vis following ultrafiltration. 

 

Animals 
Male C57Bl/6 leptin-deficient (ob/ob) and high-fat diet-fed C57Bl/6 (DIO) mice were purchased 

from Jackson Labs (Stock # 000632 and # 380050, respectively). Experiments were performed 

using 9- to 14-week old male ob/ob mice and 16-week old male DIO mice that were fed an 

obesity diet (60% cholesterol, Research Diets D12492) for 10 weeks. All animal experiments 

were performed in accordance with the Institutional Animal Care and Use Committee of the 

University of Virginia. 

 

Ex vivo biodistributions and blood pharmacokinetics 
Blood pharmacokinetics 

To quantify pharmacokinetics of tesaglitazar-loaded liposomes, a dose of approximately 2.5 

μmol tesaglitazar/kg was administered via tail vein. Blood draws were collected at 1 min, 3 

min, 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 6 h, and 24 h post-injection. Fluorescence 

molecular tomography (FMT) imaging was used to measure the amount of liposomes in 

circulation at each time point. Samples were imaged using the 680nm laser of the FMT 4000 

system (PerkinElmer, Waltham, MA). Pharmacokinetics of orally administered tesaglitazar and 

liposomal tesaglitazar were determined using non-compartmental analysis (NCA) was 

performed using Phoenix WinNonlin 8.1, Certara, NJ USA). 

 

Ex vivo biodistribution 

Tissues were harvested four and 24 hours post-injection. Liposome tissue biodistribution was 

measured using ex vivo FMT imaging of organs to determine the amount of DiD present in 

tissues. It was represented as percentage of injected dose per gram of tissue (%ID / g) and 

calculated by %ID / g = (Tissue Value * 100) / (Total injected dose) where the total injected 

dose was the sum of injected doses in instances in which treatments involved multiple 

injections.  
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Processing tissues for flow cytometry 
Peritoneal cells 

Peritoneal cells were collected by peritoneal lavage. Lavages were spun down and treated with 

AKC lysis buffer (0.15 M NH4Cl, 0.01 M KHCO3, 0.1 mM EDTA) to lyse remaining red blood 

cells. Cells were then washed with FACS buffer (PBS, 0.05% NaN3, 1% BSA) to be stained for 

flow cytometry. 

 

Adipose stromal vascular fraction (SVF) cells 

Whole adipose tissue was placed in digestion buffer (0.12 M NaCl, 4.7 mM KCl, 1.3 mM 

CaCl22H2O, 1.2 mM KH2PO4, 1.2 mM MgSO47H2O, 40 mM HEPES (pH 7.5), 2.5% BSA, 200 

nM adenosine, 1 mg/mL Collagenase Type 1), minced, and incubated at 37°C with shaking for 

45 minutes. Digested tissue was then washed with FACS buffer, and pelleted separating 

floating adipocytes from the remaining stromal vascular fraction (SVF) in the pellet. Cells were 

treated with AKC lysis buffer to lyse remaining red blood cells and then filtered through a 70 

µm filter to remove undigested tissue and/or matrix proteins. Cells were then stained for flow 

cytometry. 

 

Bone marrow cells 

Following perfusion, rear femurs and tibias were harvested and excess muscle and tissue 

removed. The ends of each bone were cut away to access the marrow. Using 5mL of PBS per 

bone, each bone was flushed using a syringe. Cell suspensions were spun and treated with 

AKC lysis buffer to lyse remaining red blood cells. Cells were then washed with FACS buffer to 

be stained for flow cytometry. 

 

Spleen 

Spleens were mashed through a 70 µm filter and washed with 10 mL of FACS buffer, then 

spun down. Cell pellets were resuspended in 5 mL of AKC lysis buffer and incubated for 5 

minutes before being quenched with 5 mL of FACS buffer. Cells were then spun down and 

aliquoted to use 1/50th of each sample for flow cytometry. 
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Blood cells 

100 μL of blood was treated with AKC lysis buffer for 5 minutes. Lysis was quenched with 

FACS buffer and cells were spun down to be stained for flow cytometry. 

 

Flow cytometry 
All cells were stained with Live/Dead in PBS for 30 minutes at 4°C then washed with FACS 

buffer. Next, the cells were stained with fluorescently-labeled antibodies against cell surface 

proteins (Table A2.1) in FACS buffer for 25 minutes at 4°C then washed with FACS buffer. 

Cells were then fixed with 2% PFA for 7-10 minutes at room temperature and washed with 

FACS buffer. If cells were sorted, they were not fixed. Finally, cells were re-suspended in 

FACS buffer and stored at 4°C until analyzed. Fixed samples were run on the Attune NxT 

(Thermofisher; one-week liposome uptake experiments) or CyAN ADP LX (Beckman Coulter; 

four hour and 24 hour liposome uptake and one-week macrophage subset experiments) and 

live cells were sorted on the INFLUX (BD). 

 

Table A2.1: Flow cytometry antibodies 
Marker Fluorochrome(s) Company Clone 

CD3 FITC Pharmingen, BD 
Biosciences 145-2C11 

CD11b BV421, FITC BioLegend M1/70 
CD11b PerCP Cy5.5 BD Biosciences M1/70 
CD11c APC ef780 eBioscience N418 
CD19 PE eBiosciences eBio1D3 
CD19 PE CF594 BD Biosciences 1D3 
CD31 FITC eBioscience 390 
CD31 BV605 Biolegend 390 
CD45 PE-CF495, PerCP BD Biosciences 30-F11 
CD115 PE eBioscience AFS98 
B220 BV421 Biolegend RA3-6B2 
F4/80 PE-Cy7 BioLegend BM8 
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III. Results 
Synthesis, circulation kinetics, and tissue biodistribution of tesaglitazar-loaded 
liposomes 
PEGylated liposomes labeled with fluorescent DiD and loaded with tesaglitazar were 

synthesized for these studies with an average size of approximately 160 nm (Figure A2.1A-C). 

Following months of refrigerated storage, particle size and size distribution did not change 

significantly (Figure A2.1A). Repeats of the ultrafiltration tests showed that tesaglitazar was 

not presented at a significant quantity outside the ultrafilters, with over 90% retained. This drug 

retention is similar to what is observed for Doxil/Lipodox, which is also prepared by remote 

loading (Figure A2.1A). The zeta potential of the liposomes was -19.2 mV ± 13 mV and drug 

loading was 245 μg/mg of DSPC (Figure A2.1A). Pharmacokinetic and biodistribution studies 

were performed using LC-MS and fluorescence molecular tomography (FMT) and the amount 

of DiD in each tissue was quantifed from reconstructed images. The half-life of the liposomes 

in circulation was estimated to be 22.4 ± 10.4 h by non-compartmental analysis. It is hence in 

the same order of magnitude as the half-life of orally delivered tesaglitazar (35.4 ± 23.4 h, 

Figure A2.1D). Estimations of the C-max reveal a value of 0.62 ± 0.20 μmol tesaglitazar/L for 

orally-delivered tesaglitazar, while liposomal delivery demonstrated a C-max value of 4.38 ± 

0.68 (Figure A2.1D). Calculated as percent injected dose per gram of tissue, DiD content in 

the liver, spleen, kidney, heart, epididymal (Epid) and subcutaneous (SC) adipose tissues were 

quantified at four hours, 24 hours and 7 days post-liposome treatment (Figure A2.1E).  
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Figure A2.1. 

 
Figure A2.1. Liposome synthesis and blood and tissue PK and biodistribution. 
(A) Liposomes were synthesized, labeled with DiD, and loaded with tesaglitazar. Data 
reporting liposome characteristics are listed. (B) CryoTEM images of vehicle- and tesaglitazar-
loaded liposomes are displayed to provide examples of liposome shape. White scale bars 
represent 50 nm. (C) DLS was utilized to quantify liposome size. (D) Tesaglitazar was 
administered orally (Oral) and in DiD-labeled liposomes (Liposomes) and blood was harvested 
at multiple time points to calculate the half-life (Thalf) and C-max (Cmax) of drug in circulation 
using non-compartmental analysis. (E) FMT was used to quantify liposome uptake in liver, 
spleen, kidneys, heart, Epid and SC adipose tissues four and 24 hours following administration 
as well as after seven days with three administrations of liposomes. (F,G) LC-MS was utilized 
to quantify tesaglitazar levels in circulation (F) and in liver tissue (G) at 24-hour and 7-day time 
points post-treatment. Standard oral formulation (oral) and liposomal delivery methods were 
compared to verify comparable drug exposure levels. Data represents the mean ± SD. 
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Macrophages were the predominant cell type that took up liposomes in visceral 
white adipose tissue 
To characterize the cell types that take up drug-loaded liposomes in our system, DiD-labeled 

liposomes were administered intravenously to ob/ob mice three times over the course of one 

week (Figure A2.2A). Immunofluorescence staining of livers from these mice revealed co-

localization of DiD and Kupffer cell marker CLECSF13 (Figure A2.2B, Figure A2.3). Flow 

cytometry was performed to identify the cell types that take up tesaglitazar-loaded liposomes in 

adipose tissue and the peritoneal cavity (Figure A2.4A, Figure A2.5A). We found that nearly 

all CD45+F4/80+ macrophages in the adipose stromal vascular fraction (SVF) and the 

peritoneal cavity (PerC) were DiD+ (Figure A2.2C). Consistent with flow cytometry findings, 

immunofluorescent staining with the macrophage marker CD68 demonstrated that DiD-labeled 

liposomes co-localized with macrophages within whole mounted white adipose tissue samples 

(Figure A2.2D, Figure A2.6). Of the total DiD+ population, macrophages made up 

approximately 67% and 40% of DiD+ cells in epididymal (Figure A2.2E) and subcutaneous 

(Figure A2.2F) SVFs, respectively. Other CD45+ cells as well as CD45- vascular and stromal 

cells, particularly endothelial cells (ECs), were DiD+ demonstrating that cells other than 

professional phagocytes are capable of liposomal uptake (Figure A2.2E-F, Figure A2.4B,C). 

Various cell types including macrophages and other immune cells such as B and T cells in the 

peritoneal cavity (Figure A2.5B), bone marrow (Figure A2.7B), and blood (Figure A2.8B) 

also took up liposomes.  
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Figure A2.2. 

 
Figure A2.2. Cellular characterization of liposome uptake after one week of treatment.  
(A) DiD-labeled liposomes were injected intravenously into male ob/ob mice three times over 
the course of seven days. (B) Z-stack images of liver sections from ob/ob mice treated with 
tesaglitazar-loaded liposomes were stained with CLECS13F to identify Kupffer cells and 
assessed for co-localization with DiD-labeled liposomes. Co-localization of CLECS13F+ cells 
and DiD are marked by white arrows. (C) Peritoneal lavages and Epid and SC AT were 
harvested to stain peritoneal cavity (PerC) cells and SVF cells, respectively, for analysis by 
flow cytometry. The percentage of CD45+F4/80+ macrophages that were DiD+ was quantified. 
(D) Z-stack images of whole mounted Epid AT from an ob/ob mouse treated with tesaglitazar-
loaded liposomes was stained with CD68 to identify macrophages and assessed for co-
localization with DiD-labeled liposomes. Co-localization of interstitial CD68+ cells and DiD are 
marked by white arrows. The white box delineates the area of the merged image that is 
enlarged (right-most panel). (E,F) DiD+ macrophages and other cell subsets were also 
quantified as a percent of total DiD+ cells in the Epid AT (E) and SC AT (F), n = 5 in each 
group. The cell subsets analyzed were macrophages (CD45+F4/80+), B cells (CD45+CD19+), T 
cells (CD45+CD3+), other CD45+ Cells (CD45+CD19-CD3-F4/80-), endothelial cells (CD45-

CD31+), and other CD45- cells (CD45-CD31-). Data represents the mean ± SD.  
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Figure A2.3. 

 
Figure A2.3. DiD+ liposomes co-localized with CLECSF13 in liver.  
Z-stack images of liver sections from an additional two ob/ob mice treated with tesaglitazar-
loaded liposomes were stained with CLECS13F to identify Kupffer cells and assessed for co-
localization with DiD-labeled liposomes. Co-localization of CLECS13F+ cells and DiD are 
marked by white boxes. 
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Figure A2.4.  

 
Figure A2.4. Cell subsets that took up liposomes in the Epid and SC adipose SVF and 
ATM subset flow cytometry gating strategy.  
(A-E) Epid and SC ATs from treated ob/ob mice were harvested and processed. 
Representative flow plots demonstrate flow cytometry gating to identify CD45+F4/80+ 
macrophages, CD45-CD31+ endothelial cells, CD45+CD115+ monocytes, CD45+CD11c+ 
dendritic cells, CD45+CD3+ T cells, CD45+CD19+ B cells, and the DiD+ population within each 
of these subsets (A) as well as CD45+CD11b+F4/80+ macrophage subsets: CD11c+CD206-

CD301- M1a (B), CD11c+CD206+CD301low M1b (E), CD11c-CD206+CD301high M2 (C), and 
CD11c-CD206- M3 (D). (B,C) Quantification of the percentage of specified non-macrophage 
subsets that are DiD+ in the Epid SVF (B) and SC SVF (C) after 7 days of liposome 
treatments. (D) The DiD MFI in all cell subsets of the SC SVF at four- and 24-hour time points 
were also quantified. (E) Finally, the percent of F4/80+ macrophages that are DiD+ was also 
quantified in Epid and SC AT at four- and 24-hour time points. Mice were treated with 
tesaglitazar-loaded liposomes. Data represents the mean ± SD 
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Figure A2.5.  

 
Figure A2.5. Cell subsets that took up liposomes in the peritoneal cavity and flow 
cytometry gating strategy.  
(A) Peritoneal lavages from treated ob/ob mice were harvested and processed. Representative 
flow plots demonstrate flow cytometry gating to identify CD45+F4/80+ macrophages, 
CD45+CD115+ monocytes, CD45+CD11c+ dendritic cells, CD45+CD3+ T cells, CD45+CD19+ B 
cells, and the DiD+ population within each of these subsets. (B) Quantification of the 
percentage of non-macrophage cell subsets that are DiD+ in the peritoneal cavity after seven 
days of treatment was performed. (C) The percent of all subsets that are DiD+ was also 
quantified at four- and 24-hour time points. Mice were treated with tesaglitazar-loaded 
liposomes. Data represents the mean ± SD. 
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Figure A2.6.  

 
Figure A2.6. DiD+ liposomes co-localized with CD68+ macrophages in white adipose 
tissue and CLECSF13 in liver.  
(Ai-ix) 40-μm Z stack images of whole mounted SC AT (Ai-vi) or Epid AT (Avii-ix) from ob/ob 
mice treated with vehicle- (Ai-iii, Avii-ix) or drug-loaded (Aiv-vi) liposomes were stained with 
CD68 to mark macrophages and assessed for co-localization with DiD-labeled liposomes. Co-
localization of interstitial CD68+ cells and DiD are marked by white boxes.  
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Figure A2.7. 

 
Figure A2.7. Cell subsets that took up liposomes in the bone marrow and flow 
cytometry gating strategy.  
(A) Representative flow plots demonstrate flow cytometry gating to identify CD45+F4/80+ 
macrophages, CD45-CD31+ endothelial cells, CD45+CD115+ monocytes, CD45+CD11c+ 
dendritic cells, CD45+CD3+ T cells, CD45+CD19+ B cells, other CD45+CD11b+ cells that 
include cells such as NK cells and neutrophils, and the DiD+ population within each of these 
subsets. (B,C) Quantification of the percentage of cells subsets that are DiD+ in the peritoneal 
cavity after seven days (B) or four- and 24-hour time points (C) was performed. (D) The 
proportion of DiD+ cells that are represented by each cell subset was also calculated. Mice 
were treated with tesaglitazar-loaded liposomes. Data represents the mean ± SD. 
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Figure A2.8. 

 
Figure A2.8. Cell subsets that took up liposomes in the blood and flow cytometry gating 
strategy.  
(A) Representative flow plots demonstrate flow cytometry gating to identify CD45+CD115+ 
monocytes, CD45+CD11c+ dendritic cells, CD45+CD3+ T cells, CD45+CD19+ B cells, other 
CD45+CD11b+SSChigh cells that include neutrophils, CD45+ CD115-CD11c-CD3-CD19-SSClow 
that include NK cells, and the DiD+ population within each of these subsets. (B,C) 
Quantification of the percentage of specified subsets that are DiD+ in the blood after seven 
days (B) or four- and 24-hour time points (C) was performed. Mice were treated with 
tesaglitazar-loaded liposomes. Data represents the mean ± SD. 
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To better understand the initial kinetics by which liposomes are taken up by 

macrophages and other cell types, male ob/ob mice were administered a single dose of 

tesaglitazar-loaded DiD-labelled liposomes and the circulation time and cellular uptake of 

liposomes at four and 24 hours post-injection was assessed. A significant proportion of 

monocytes, which can differentiate into macrophages, in the blood were DiD+ at four and 24 

hours post-injection (Figure A2.8C). Additionally, nearly all macrophages found in the spleen 

were also DiD+ at early time points (Figure A2.9) and within the bone marrow, macrophages 

make up the highest proportion of DiD+ cells (Figure A2.7D). Within the adipose, a smaller 

proportion of macrophages were DiD+ and, notably, CD31+ ECs and other CD45- stromal and 

vascular cells made up a greater proportion of DiD+ cells after four and 24 hours (Figure 
A2.10A-D). However, when quantifying the DiD mean fluorescent intensity (MFI), which is the 

level of fluorescence per cell, DiD MFI was highest in the macrophage population suggesting 

that macrophages took up a larger portion of liposomes per cell than other subsets (Figure 
A2.10E). When comparing uptake at four hours post-injection to 24 hours post-injection, an 

increase in the proportion of macrophages that were DiD+ can already be observed (Figure 
A2.11). This accumulation of liposomes in the adipose tissue as well as the peritoneal cavity 

continues over the course of a seven-day treatment (Figure A2.10F).  
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Figure A2.9. 

 
Figure A2.9. Cell subsets that took up liposomes in the spleen and flow gating strategy.  
(A) Representative flow plots demonstrate flow cytometry gating to identify CD45+F4/80+ 
macrophages, CD45-CD31+ endothelial cells, CD45+CD115+ monocytes, 
CD45+CD11c+CD11b- lymphoid dendritic cells, CD45+CD11c+CD11b+ myeloid dendritic cells, 
CD45+CD3+ T cells, CD45+CD19+ B cells, and the DiD+ population within each of these 
subsets. (B) Quantification of the percentage of specified subsets that are DiD+ in the blood at 
four- and 24-hour time points was performed. Mice were treated with tesaglitazar-loaded 
liposomes. Data represents the mean ± SD. 
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Figure A2.10. 

 
Figure A2.10. Cellular biodistribution of liposomes at four- and 24-hour time points.  
(A-D) DiD-labeled liposomes were injected intravenously into male ob/ob mice and tissues 
were harvested four or 24 hours later. Peritoneal lavages, bone marrow, blood and Epid and 
SC AT were harvested to stain peritoneal cavity (PerC), bone marrow (BM), blood, and SVF 
cells, respectively, for analysis by flow cytometry. DiD+ macrophages and other cell subsets 
were also quantified as a percent of total DiD+ cells at four and 24 hours post-injection in the 
Epid AT (A,C) and SC AT (B, D), n = 6 in each group. The cell subsets analyzed were 
macrophages (CD45+F4/80+), B cells (CD45+CD19+), T cells (CD45+CD3+), monocytes 
(CD45+CD115+), dendritic cells (CD45+CD11c+), other CD45+ Cells (CD45+CD19-CD3-F4/80- 
CD11c- CD115-), endothelial cells (CD45-CD31+), and other CD45- cells (CD45-CD31-). (E) 
The mean fluorescence intensity (MFI) of DiD within each of these subsets was also quantified 
in Epid AT. (F) The percent of total cells in all aforementioned tissues that were DiD+ was also 
quantified. Data represents the mean ± SD.  
 
  



  151 
Figure A2.11. 

 
Figure A2.11. Proportion of cell subsets that were DiD+ in adipose SVF at early time 
points.  
Table reporting the percent of DiD+ cells in the Epid and SC SVF that are CD45+F4/80+ 
macrophages, CD45-CD31+ endothelial cells, CD45+CD115+ monocytes, CD45+CD11c+ 
dendritic cells, CD45+CD3+ T cells, CD45+CD19+ B cells, and other CD45+ or CD45- cells. 
Uptake percentages are reported at four- and 24 hours post-injection. These data provide 
quantification for the pie charts reported in Figure A2.10A-D, n = 6 per time point. 
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IV. Conclusions and Discussion 
In this study, a murine model of obesity-associated dysmetabolism was treated with PPARα/γ 

dual agonist tesaglitazar as a standard oral formulation or intravenously in liposomes in order 

to (1) further characterize the cell types that take up liposomes in vivo, (2) investigate whether 

liposomes could effectively attenuate drug action in the liver and kidney, and (3) determine if 

tesaglitazar delivered either as a standard oral formulation or in liposomes had anti-

inflammatory effects on macrophage populations.  

Ergen et al. recently found that myeloid subsets including macrophages take up 

liposomes in a number of tissues including liver, kidney, and lung, but uptake in the adipose 

tissue and by non-myeloid cells was not determined 256. Our results represent a fuller 

characterization of in vivo liposomal uptake in myeloid and non-myeloid cell types and include 

analysis of adipose tissue at multiple time points. After one week of treatment, liposomes were 

taken up by nearly 100% of macrophages in adipose tissue and peritoneal cavity, so with 

regard to potentially treating macrophage-induced effects in adipose tissue, our data would 

suggest that excellent delivery could be achieved. But many other cell types including CD19+ B 

cells, CD3+ T cells, and CD31+ ECs, and other CD45- cells, which could be fibroblasts, 

vascular smooth muscle cells (VSMCs), or progenitor cells, also took up these liposomes in 

adipose tissue of obese mice. This finding introduces an important caveat of our study as well 

as many other studies employing the use of liposomes that may affect our understanding of 

the mechanisms driving observed biological outcomes.  

Additionally, assessment of liposomal uptake at different time points revealed that 

monocytes in circulation and vascular cells in adipose tissue initially take up liposomes. 

However, within the first 24 hours, the percentage of adipose SVF cells that contain liposomes 

significantly increases even as the MFI, or amount of DiD in the cell, does not. This suggests 

that it may be the cells rather than the liposomes alone that are entering from the circulation 

with time. These data suggest that penetration of the vessel wall by liposomes to effect drug 

delivery of immune cells in inflamed tissues may be facilitated by disease-associated increases 

in tissue immune cell accumulation. These findings prompt additional questions regarding 

liposome biodistribution over time and the specificity of liposome targeting that could be 

pursued in future studies. Overall, our fulsome approach for evaluating liposome uptake in vivo 

with flow cytometry is a useful tool to understand the cellular mechanisms by which liposomal 
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delivery of compounds may influence biological outcomes and the residual potential risks 

of off target effects. 

Beyond simply using liposomes to deliver drug to a specific cell type, using cell-specific 

targeting moieties may improve delivery outcomes. Recently, a study utilizing a mannose 

receptor-targeted nanoparticle to target delivery of PPARα/γ agonist, lobeglitazone, to 

macrophages in advanced atherosclerotic plaques effectively reduced plaque burden and 

inflammation257. Future studies evaluating the capacity of this targeted particle to target ATMs 

and improve symptoms in an obese, diabetic model may prove successful. Additionally, 

studies have demonstrated that delivery of magnetic nanoparticles to macrophages followed 

by induction of varying mechanical forces can alter macrophage phenotype258, 259. Applying 

such a technique in vivo to induce an anti-inflammatory phenotype may effectively treat 

symptoms of obesity-associated dysmetabolism. With regard to non-macrophage cells, further 

investigation into effective targeting moieties and delivery vessels is necessary before full 

development of a targeted therapy. Given how many macrophages and other phagocytes 

within the RES take up liposomes passively, this intrinsic pathway will need to be substantially 

overcome in order to ensure adequate delivery to other non-phagocytic cells, such as B cell.  

Overall, these studies provided novel insights into the specific cell types take up 

untargeted liposomes in vivo at short and longer time points. I hope these findings will be of 

use to researchers developing novel targeted therapies and also serve as strong rationale for 

utilizing unbiased approaches to evaluate distribution of new delivery systems.    

 


