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Dissertation Abstract

Cardiovascular diseases (CVDs) and cancer are the leading causes of

death worldwide. Central to many cardiovascular diseases, including myocardial

infarction, angina, and stroke, is the process of atherosclerosis, or the hardening

of blood vessels. Single-cell sequencing has been used to elucidate many areas

of physiology and disease. To understand fundamentals of the cellular

processes at play and to derive better treatment and prevention of CVDs, we

first examined a publicly available human-derived single-cell dataset of coronary

arteries. In doing so, we discovered processes involving smooth muscle cell

differentiation (Chapter 2). We also uncovered technical gaps in current practices

of single-cell analysis, which gave rise to the development of PlaqView (Chapter

3). PlaqView (www.plaqview.com) is a single-cell web portal aimed to curate,

standardize, and provide access for reanalysis of cardiovascular single-cell

datasets without the need for technical coding skills.

We further explore the role of cardiovascular diseases in the context of

cancer (Chapter 4). For cancer patients, cardiovascular side-effects from

chemotherapy are of special concern. To further our understanding of

chemotherapy-induced cardiomyopathies, we designed, optimized, and

performed single-nucleus multimodal sequencing on left-ventricular tissues from

six human patients. Our results suggest that cardiomyopathy arising from

chemotherapy side-effects is transcriptionally different from other forms of

cardiomyopathy, despite the same standard of treatment currently used

clinically. Furthermore, we discovered the specific expression of XIST in

chemotherapy-induced cardiomyopathy and many potential off-target effects of

standard heart-failure therapies. Our data, which will be publicly available

through PlaqView, opens up many potential avenues of future study (Chapter 5).

http://www.plaqview.com
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Chapter 1: Background



Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 2

1.1: Epidemiology of Cardiovascular Diseases (CVD)

Cardiovascular diseases (CVDs) remain the leading cause of death in the

U.S., along with cancer and stroke (1–3). According to the 2021 morbidity and

mortality report from the Centers for Disease Control and Prevention (CDC), heart

disease (excluding stroke) causes about 161 deaths per 100,000 US population. In

contrast, cancer and SARS-CoV-2 were responsible for 146 and 85 per 100,000,

respectively (3,4). Surprisingly, the mortality rate for heart disease increased from

2019 to 2020 by about 7 per 100,000 (4).  As demonstrated by the longitudinal

Framingham Heart Study, the lifetime risk of a person developing cardiovascular or

heart disease in the U.S. is approximately 50% (5).

Globally, CVDs are responsible for approximately one-third of all deaths, as

reported in 2016 (6). In 2012-2013, CVDs were estimated to cause over 17 million

deaths globally each year (7). Although the trend of CVD incidence and death is

decreasing overall, CVDs remain a major driver of healthcare costs, disability, and

quality of life (6).

1.2: Overview of Non-Atherosclerotic Cardiovascular Disease (CVD)

Although the term “CVD” is often associated with atherosclerotic disease

(see next section), CVDs are heterogeneous in etiology with an array of genetic,

environmental, and lifestyle factors (5). The World Health Organization (WHO)

divides CVDs into the following groups of disorders: coronary heart disease,

cerebrovascular disease, peripheral artery disease, rheumatic heart disease,

congenital heart disease and thrombotic disease (deep vein thrombosis and

pulmonary embolism) (8).

Rheumatic heart disease and congenital heart diseases are the two major

categories that are distinct from non-atherosclerotic disease, although

atherosclerosis may be present in both. In rheumatic heart disease, certain

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=774138893080828&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:75243db9-cd33-4847-85e0-64d4f9ec7e59,e6ddebf6-a90f-485d-a131-51d7cb167bd7:0c27b9ce-bc01-46dd-a023-ff9504e6c47b,e6ddebf6-a90f-485d-a131-51d7cb167bd7:1f4fe334-cd5f-42a7-9ef8-6e32144c4a1c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7855094734695347&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:861835da-6f62-45f7-b9fa-1e5784b004d4,e6ddebf6-a90f-485d-a131-51d7cb167bd7:1f4fe334-cd5f-42a7-9ef8-6e32144c4a1c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8825226536478777&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:861835da-6f62-45f7-b9fa-1e5784b004d4
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=29078609158163293&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:ee43fca9-cf9c-481a-a127-7d27dc35e36b
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=44174424764794407&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:3794693e-d156-4fd2-80dd-e5c31d184a0d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8429576450634754&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b4e163b7-1510-4704-ae7b-9edbadafc978
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5676428144890154&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:3794693e-d156-4fd2-80dd-e5c31d184a0d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5801478516358415&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:ee43fca9-cf9c-481a-a127-7d27dc35e36b
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7740608013383136&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:e0da5cb2-b1a4-451a-8963-118fcba02a3f
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infections such as Streptococcus pyogenes and Enterococcus faecalis, can

colonize the heart and valves that lead to subsequent destruction and embolism to

other parts of the body, such as the brain (9). Other infectious sources, such as the

Coxsackie virus and common upper respiratory viral infections can cause viral

myocarditis and pericarditis, respectively (10). These types of viral etiologies can

cause transient heart diseases that coalesce into long-term restrictive heart

disease, where the pericardium thickens and elicits diastolic dysfunction (10,11).

Congenital heart diseases have extremely broad clinical presentations. For

example, Tetralogy of Fallot (TOF), the most common cyanotic congenital heart

disease, manifests as cyanosis when the child is agitated or crying, and can be

managed with supplemental oxygen in some cases (12). In contrast, transposition of

the great arteries manifest cyanosis within the first 12h of birth, regardless of

supplemental oxygen (13). For a comprehensive review of congenital heart

diseases, readers are referred to the review by Puri, et al. (13).

1.3: Overview of Atherosclerotic Diseases

The majority of cardiovascular diseases are caused by atherosclerosis, the

hardening of the vasculature via the development of fibrous and fatty lesions

typically referred to as an atherosclerotic lesion or atheroma (14). The formation of

atheroma marks the start of the atherosclerosis process, and can be observed even

in children (15). In a study of teenagers who received heart transplants, about one in

six patients were found to have abnormal thickening of the coronary arteries (16). In

older adults, atherosclerosis directly contributes to the formation of several vascular

pathologies, including coronary artery disease (e.g., angina, myocardial infarctions),

peripheral artery disease (e.g., claudications), and cerebrovascular diseases (e.g.

stroke).

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5835146369183563&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a1411f19-6d48-4a8d-98e3-c0802ef1224a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7431959756588096&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:88ed9adf-a2d0-40c4-992f-1a2eb0bc5b0a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=1731094097811391&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:88ed9adf-a2d0-40c4-992f-1a2eb0bc5b0a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:5323975b-94dc-4470-add1-b84f892e2769
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=3530424928860687&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:db5ceb65-eef0-44fc-8a8d-f0cfe28f7775
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=14558879437704708&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:999894c7-f038-4a44-b0af-310fd5b78a41
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=30526778194151083&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:999894c7-f038-4a44-b0af-310fd5b78a41
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=29491534542718645&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:18d68720-f220-4343-87e3-40e19689b42e
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=41138353608848166&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:374d2fae-3cfc-4895-a499-97e604de61a5
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6627685493866801&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:8b0f8330-12c8-4edb-9456-1407a0ea9ab9
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In young adults and children, atherosclerosis begins with the formation of the

atheroma, where the intima of the blood vessels involved thickens, and

accumulates “lipid-laden macrophages” (14,17). Over decades, these atheromas

continue to develop and grow in complexity. The vast majority of adults have some

kind of atheroma or visible atherosclerosis in their vasculature, especially the aorta

and coronary arteries. A major focus in the research field is the development and

stability of the atheromatous plaques over the adult lifespan, and how these

plaques can rupture or cause clinical symptoms such as angina (partial occlusion of

the coronary artery leading to poor blood flow and transient ischemia of the heart).

In earlier lesions, a process called positive remodeling dominates as the

primary compensatory mechanism. Positive remodeling is when the atherosclerotic

plaque and vessel expand together to offset luminal loss, especially in the coronary

arteries. In later stages, negative remodeling can progress with the external elastic

membrane of the vessel failing to expand and the lumen narrowing from the

expanding atheromatous plaque (14,15).

1.4: Known Risk Factors of Coronary Artery Diseases

Clinically, three major risk factors are assessed when determining the risk of

an individual for Coronary Artery Disease (CAD) via the Atherosclerotic

Cardiovascular Disease Score risk calculator (18): hypertension, smoking, and

serum cholesterol. In fact, an additive effect is observed with increased blood

pressure and other co-morbidities such as diabetes, age, smoking status, and sex

(males have a higher prevalence of CAD) (19,20). Alternatively, key factors have

been identified that are associated with good health and promoted by the American

Heart Association, which include not smoking, healthy diet, physical activity, and

normal blood pressure, glucose, cholesterol, and weight (7).

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=20151043265153312&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:18d68720-f220-4343-87e3-40e19689b42e
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=19924754302469327&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:18d68720-f220-4343-87e3-40e19689b42e,e6ddebf6-a90f-485d-a131-51d7cb167bd7:374d2fae-3cfc-4895-a499-97e604de61a5
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7341427408033827&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:46f98ddf-9ac4-4293-9810-d6c6827d4c2b
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4996894914959573&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a3205fe5-64cc-48af-8566-6049e6d87b38,e6ddebf6-a90f-485d-a131-51d7cb167bd7:6fb6ec37-f217-49d6-96b7-74a74635fe1b
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9656508072982198&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b4e163b7-1510-4704-ae7b-9edbadafc978
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Although there are clear environmental risk factors that can be somewhat

controlled, like smoking, family history, genetic and epigenetic factors that

contribute to atherosclerosis and CVDs remain incompletely described (21,22). For

example, genome-wide association studies (GWAS) have found over 200 regions

within the human genome where one or more polymorphisms (SNPs) are associated

with CAD (22). Furthermore, cell-type-specific epigenetic alteration and phenotypic

switching have been found to affect both formation and stability of the

atherosclerotic plaque (17,22,23).

1.5: Brief Overview of Research Areas in Atherosclerosis Research

Two areas of research currently dominate the atherosclerosis field of

research: 1) understanding and slowing down the development of atheromas, and

2) understanding factors that contribute to the development of the fibrous cap and

its stability (22,24–27).

Role of Inflammation

Both in vitro and murine models, as well as human observational studies,

have implicated the role of the immune system in the formation of atherosclerotic

plaques, or atherogenesis (14). For example, expression of VCAM-1 in the

endothelial wall attracts leukocytes and is associated with an increase in size of the

atheroma in mouse models fed a high-fat diet (14). Furthermore, inflammatory

mediators are thought to inhibit collagen synthesis and increase collagenase

expression, ultimately decreasing the overall stability of the fibrous cap (14).

Evidence derived from human observational studies suggests that systemic

inflammation is associated with worse prognosis, as indicated by levels of

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9274566816078446&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:562aa093-e6ab-4aba-a6fb-e2d8c3ca7747,e6ddebf6-a90f-485d-a131-51d7cb167bd7:92bb59ba-9c5d-475c-900d-efdfac582dee
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=03225016014402071&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:92bb59ba-9c5d-475c-900d-efdfac582dee
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=27850313202543975&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:92bb59ba-9c5d-475c-900d-efdfac582dee,e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:58ccbcbd-6aee-45c3-9bd4-16e268799e45
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C-reactive protein (CRP), Interleukin (IL)-6, and other inflammatory cytokines. (7,14).

Furthermore, elevated CRP is linked with recurrent angina and myocardial

infarctions (14). Systemic inflammation is linked to other comorbidities such as

diabetes, hypertension, and lifestyle factors such as smoking and alcohol use.

Despite the strong evidence linking atherosclerosis and inflammation, clinical trials

that have sought to target inflammation in atherosclerosis by reducing IL-1B, such

as the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS)

trial, have failed to yield efficacious, FDA-approved therapies to-date (28).

Role of Oxidative Stress

As a part of the immune arsenal, oxidative mediators have been extensively

studied in many common complex diseases with heritable components (29).

Similarly, oxidative stress has been of interest in the cardiovascular disease field.

The prevalent hypothesis surrounding the role of oxidative stress in atherosclerosis

is that lipid oxidation induces cytokine expression, inflammation, and leukocyte

recruitment (30,31).

Despite conventional wisdom suggesting oxidative stress from nitric oxide

(NO) and reactive oxygen species (ROS) are deleterious, new evidence suggests

that they may play critical roles in maintaining homeostasis and may be associated

with better cancer prognosis (29). At this time, clinical trials of antioxidants have

largely proven ineffective and further research is needed to clarify the role of ROS

and NO in the atherosclerotic and cardiovascular environment.

Role of Genetics
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Genome Wide Association Studies (GWAS) have identified over 200 loci

associated with CAD (22). While few specific genetic abnormalities have been linked

to overt CAD, such as mutations in 5-lipoxygenase activating protein (FLAP) in MI

and stroke (32), a large number of genetic analyses in cohort studies imply that the

cumulative effects of a large number of variants with small genetic and epigenetic

effect sizes may play important roles in cell type-specific contributions to CADs

(33–38).

1.6: Overview of Medications for Atherosclerotic and Cardiovascular

Diseases

Anti-Inflammatory Agents

Despite the well-known roles of inflammation and ROS in the pathogenesis

of CVDs, the role of direct anti-inflammatory agents (such as oral steroids or

immunosuppressants) are limited except in cases of autoimmunity-mediated

diseases (11,39,40). However, indirect effects of several drugs, such as statins

(discussed in next section), and aspirin (used as anticoagulants), may have some

effect in modulating the immune response (40). Direct modulators of the immune

system, such as canakinumab from the CANTOS trial, are not currently approved or

used in routine treatments and preventions of cardiovascular events.

Statins

The three primary components to manage most cardiovascular diseases

remain the same: control of blood pressure, cholesterol profiles, and lifestyle

modifications. Clinically, statins, such as atorvastatin and simvastatin, are the most

widely used medication to lower serum lipid levels in patients at-risk for
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cardiovascular events such as a myocardial infarction or a cerebrovascular event

(7,39,40). Statins work by inhibiting the hydroxymethylglutaryl-CoA (HMG-CoA)

reductase enzyme in the sterol synthesis pathway (41), thereby lowering the overall

serum cholesterol level. Clinically, statins have been shown to prevent

cardiovascular events and have mortality benefits (41).

There is also an increasing body of evidence that suggests statins may

modulate the stability of the plaque by altering the expression of matrix

metalloproteinases (40,42), CRP, and increasing nitric oxide synthesis (43). In

clinical trials, statins have been shown to reduce cardiovascular-related mortality,

reduce plaque size, and have been the mainstay treatment for atherosclerosis for

many years (39). These properties of statins have been actively investigated for

patients with heart failure; the plaque-stabilizing and anti-inflammatory properties of

statins may reduce the risk for acute coronary syndrome when the heart is failing

(44).

ACEs and ARBs

Other than managing lipid profiles, many cardiovascular diseases can be

managed with blood pressure medications, when appropriate. Many agents belong

in this class and their detailed mechanisms are beyond the scope of this thesis.

However, the two mainstays in this class, beta-blockers and

angiotensin-converting-enzyme inhibitors (ACE-inhibitors), will be briefly discussed

here, as they have been proven to decrease mortality in both coronary artery

disease and heart failure (45,46).

ACEs have been widely used to control blood pressure by affecting the renin

angiotensin-aldosterone system (20,45,46). ACEs and its related drug ARBs

(angiotensin II receptor blockers), are first-line therapy of choice for essential
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https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=37971257561998073&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:11392f91-5544-472e-974a-7a4e56199321
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https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5735098962500984&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:81bda59c-5e8c-4a87-8d79-4c98ff7c2771,e6ddebf6-a90f-485d-a131-51d7cb167bd7:f4e63623-1480-4013-b9db-75d06407aa49
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=11739004510005102&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:7130dd34-9a73-436a-84ab-9e30a862e026
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4112776090699173&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a24980ee-dd1e-4ce4-aba1-13113f867a07
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hypertension (45). The renin-angiotensin-aldosterone system (RAAS) is active in

heart failure, where reduced blood flow to the kidneys triggers systemic

vasoconstriction to increase blood flow to the kidneys. By inhibiting the RAAS,

ARBs and ACE-inhibitors cause reductions in the systemic blood pressure.

Furthermore, ACEs have been shown in the CONSENSUS study to reduce the

one-year mortality of advanced heart failure from 52% to 36% (47). However,

despite the wide use of ACE-inhibitors and ARBs, the overall five-year mortality for

heart-failure remains unchanged at 50% (46).

Beta-Blockers

Beta-blockers can have varied effects based on their selectivity to the

beta-adrenergic receptor (48). In general, they lower the heart rate and cause some

vasodilation. Beta-blockers have been consistently shown to reduce mortality in

heart failure patients by 30% or more (48). However, at this time, beta-blockers are

usually not used to as monotherapy to treat essential (idiopathic) hypertension, but

are used in heart-failure or in combination with other drugs such as ACE-inhibitors

in controlling hypertension (20,45,46)

1.7: Interplay Between Cardiovascular Diseases and Cancer

Atherosclerosis is implicated in many other diseases, including heart failure,

hypertension, and kidney diseases (14). In particular, the interplay between cancer

and heart diseases and the field of “cardioncology” as a whole is gaining significant

momentum (49,50).

Together with cardiovascular disease, cancer remains a leading cause of

death in the U.S. and developed countries (3). The development of novel cancer
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therapies and increase in the molecular understanding of many forms of cancer

have significantly blunted the mortality rate from cancer (51). However, many cancer

survivors are now dealing with the sequelae from off-target effects of anti-cancer

therapies, particularly cardiovascular side-effects.

Overview of General Cancer Treatments

Besides surgical resection, cytotoxic chemotherapies are the mainstays in

the cancer treatment arsenal. These therapies can be broadly divided into targeted

and non-targeted subtypes. Non-targeted cytotoxic therapies, such as

5-fluorouracil (an anti-metabolite) and doxorubicin (an anthracycline drug), are the

most widely-used chemotherapies for a variety of malignancies worldwide, and are

particularly effective in solid tumors such as colorectal cancer (51). On the other

hand, targeted molecular therapies such as trastuzumab, an anti-ErbB2 (HER2)

monoclonal antibody, have given new hope in the treatment of resilient cancer

subtypes (52). Non-chemotherapy treatments, such as radiation, either as a

monotherapy or in combination with other modalities, can also significantly reduce

the disease burden in Hodgkin's lymphoma and other malignancies (53,54).

Despite increasingly sophisticated chemotherapy designs, there is a

simultaneous increase in cancer-related diseases, often due to the very therapies

used to combat cancer (52). Interestingly, almost all of the aforementioned

therapies have been implicated in the development of cardiovascular sequelae,

even after years of remission. A specialized field of medicine, called

‘cardio-oncology,’ has emerged to deal with patients with pre-existing cardiac

conditions, and patients who develop cardiac symptoms as a result of therapy, both

of which require specialized therapy plans.
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Cardiovascular Complications from Chemotherapies

A wide range of cardiotoxic effects can be observed in each kind of

chemotherapy, ranging from acute-onset type, i.e., myocardial infarctions and

arrhythmias, to early or late-onset, i.e., fibrosis and cardiomyopathy. Of note, almost

all known categories of chemotherapies can cause cardiomyopathy or ventricular

dysfunction (52).

Currently, chemotherapy-related cardiotoxicity is mostly thought to affect the

myocardium through the generation of reactive oxygen species (ROS), direct DNA

damage, mitochondrial dysfunction, and changes in the transcriptome that leads to

cardiac remodeling and fibrosis (55–57). Among these mechanisms, changes in

cellular transcriptome are of particular interest; recent findings using induced

pluripotent stem cell models suggest that expression of certain transporters allow

import and accumulation of cytotoxic drugs within the myocardium (58). However,

previous studies of chemotherapy-induced cardiomyopathies have been done only

in murine and in vitro models, and a comprehensive map of the cell-specific

processes in primary human tissues is not available.

Chemotherapy Cardiomyopathies Have Varying Clinical Presentation and

Onset

Many chemotherapies cause late-onset cardiomyopathies (CMs), especially

in patients who underwent treatment as children; up to 60% of pediatric patients

who received anthracyclines develop some forms of cardiac dysfunction later in life

(55). In pediatric patients, anthracycline causes the insidious onset of asymptomatic

CM that progresses to restrictive cardiomyopathy (RCM) in adulthood (or in teenage

years), even if treatments were stopped many years ago. In contrast, patients who

were treated as adults generally develop dilated cardiomyopathy (DCM) (51,59,60).
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For newer types of therapies, such as tyrosine kinase inhibitors used to treat

BCR-ABL leukemia in children, the long-term effect is unknown due to the age of

the drug. While the molecular underpinnings of these phenotypic differences are

unclear, the urgent nature to develop preventative treatments is evident, as there

are currently no effective treatments for these late-onset heart failure patients

besides a heart transplant, which puts patients on life-long immunosuppressants.

Chemotherapies Adversely Affect Microcirculation

Hallmarks of cardiovascular toxicity from chemotherapies include systemic

hypertension, pulmonary hypertensions, myocardial infarction (acute coronary

syndrome), claudication (peripheral artery diseases), and stroke (cerebrovascular

events). Depending on the therapy used, the side effect profile can vary greatly.

However, the recurring theme of damage to the microcirculation persists throughout

the chemotherapeutic arsenal (61).

Although the exact mechanisms of actions from chemotherapies on the

endothelial tissue is unknown, there are several hypotheses. A number of drugs, like

5-fluorouracil and cisplatin, are thought to cause increased vasoreactivity or

spasms via either permanent or transient damage to the tissue (61). Other drugs,

such as VEGF inhibitors, may cause damage via inhibiting nitric oxide synthesis

through the Akt/Pkb pathway (61). In any case, the common outcome is the

development of cardiovascular events like angina and acute coronary syndrome.

Furthermore, anthracycline-induced cardiomyopathies seem to be tightly linked with

increased reactive oxygen species generation (52,60).

Clinical Practices and Limitations
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The current management of chemotherapy-related cardiac dysfunction is

essentially the same as other forms of cardiomyopathy. Patients who have

preexisting cardiovascular diseases, such as angina (partial blockage of the

coronary arteries) have to ‘optimize’ these preexisting conditions before undergoing

treatment with anthracyclines, i.e. getting blood pressure down via the use of

beta-blocker, lifestyle modifications, and tobacco cessations (52,53,62). In patients

with preexisting low ejection fractions (a surrogate measure of % heart function),

ACEs, beta-blockers, and dexrazoxane (a free iron-chelator) may be used (62).

Despite being FDA-approved, the clinical effect of dexrazoxane has been

controversial and is reserved for a small cohort of breast cancer patients who have

received a significant amount of doxorubicin (62). In children, there are very few

clinical guidelines in regards to protecting cardiovascular functions (63). To

summarize, there are no effective preventative measures or cardioprotectants to

date for patients with cancer undergoing chemotherapy.

Although highly desired in the clinical setting, stratification strategies to

identify patients who are at the highest risk of cardiovascular sequelae from

chemotherapy are not available. Currently, the only clinical measure used to

estimate patients’ risk is left ventricular ejection fraction (LVEF) (62). Ideally, a future

model based on demographic data as well as sequencing data based on either

tumor or other biomarkers would be highly informative.

1.8: Current Single-Cell Biology Literature in Cardiovascular Diseases

Single-cell Technologies Hold Promise In Unlocking Novel Preventative

Treatments

Beyond understanding the fundamental cellular and genetic underpinning of

diseases, single-cell technologies have been expanded in many areas of research
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to improve translational and precision medicine. So far, clinical applications of

scRNA-seq include: identifying mechanisms of chemotherapy resistance, drug

discovery and design, and disease state prediction in combination with

machine-learning (64–67). Furthermore, a recently developed machine-learning

algorithm applied to single-cell data was able to accurately predict the disease state

of multiple sclerosis, a multifactorial disease, using only 13 patient samples (67). In

other words, single-cell methods increase the prediction and statistical power when

primary samples are scarce.

Single-cell Study on Sporadic Hypertrophic and Dilated Cardiomyopathy

So far, four major studies exist that detail the single-cell environments of

hypertrophic and dilated cardiomyopathies arising sporadically or by known genetic

mutations (68–71). Koenig et al. described seven groupings of cardiomyocyte states

across healthy vs. dilated cardiomyopathy (71). They also noted specific patterns of

gene expression in DCM cardiomyocytes, such as lower expression of NPPA, JAK2,

STAT4, and increased ADRB2 and ANKRD1 (71), which they termed

“disease-associated cardiomyocyte state”. In addition, they note the shift and

emergence of disease-associated monocyte and fibroblast populations. This study

serves as an important landmark dataset for non-chemotherapy-related dilated

cardiomyopathy.

Similarly, Reichart et al. described important findings in dilated

cardiomyopathy in the context of certain genetic mutations, such as titin (TTN) and

lamin A (LMNA). Previous studies have shown that these mutations, often in

anchoring proteins (lamin A/B, plakophilin-2) and structural proteins (troponin T/C,

Titin), can cause DCM and heart failure (70,72). In this study, they described various

states of cardiomyocytes and fibroblasts as pertains to disease states (70).
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Interestingly, they described altered cellular communication profiles when

comparing healthy vs. diseased. Taken together, the two studies by Reichart et al.

and Koenig et al. provide a useful reference and are particularly useful to discern

cellular differences in cardiomyopathies.

In contrast, Chaffin et al. compared healthy hearts against dilated (DCM) and

hypertrophic cardiomyopathies (HCM) (68). Although the sequenced cellular

compositions are roughly similar, they noted striking differences in transcriptional

profiles between healthy vs. DCM and healthy vs. HCM, but not DCM vs. HCM.

They observed “activated” fibroblasts using pseudotime and trajectory analysis, but

also experimentally induced these states in lentiviral experiments (68). In the context

of cardiomyopathies in general, it remains unanswered whether

chemotherapy-induced DCM are transcriptionally similar to DCM or HCM.

Lastly, Nicin et al. showed that in pressure-induced cardiac hypertrophy (i.e.

aortic stenosis) hypertrophied cardiomyocytes have down-regulated EPH Receptor

B1 (EPHB1) expression. In a co-culture experiment, reduction of EPHB1’s ligand,

EFNB2, in endothelial cells induced cardiac cell hypertrophy (69). Although EPHB1

is shown to play a role in cardiac tissue architecture (73), the role of EPHB1 in

chemotherapy-induced DCM is not investigated.

1.9: Current Gaps in the Field and Justification for this Work

Gap in Methodology and Access

Once published, single-cell datasets are usually deposited in static data

banks such as Gene Expression Omnibus (GEO), where reanalysis with newly

developed tools is difficult and requires advanced programming skills. As single-cell

technologies become more widely available and more data are generated, there has
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been a rapid increase in the number of tools designed to help parse out biological

and clinical relevance. At the time of writing, there are over 800+ tools listed on

scRNA-tools.org (74).

Despite the abundance of computational tools available, the fact that most

tools require the users to have substantial programming skills remains a significant

barrier to analyzing and exploring single-cell data, particularly across multiple

datasets (75,76). Few tools, such as the cBioPortal for Cancer Genomics

(www.cbioportal.org), have distilled extremely large datasets and made them

accessible to everyone (77). However, no such tool currently exists for the

cardiovascular field.

Despite the rapid growth in single-cell technologies and datasets,

previously-published single-cell datasets are not readily available to scientists for

several reasons: 1) Datasets are often very large, which require specialized

computing clusters to access and parse. 2) No standardized guidelines exist for

single-cell data, so the format deposited in public repositories such as the Gene

Expression Omnibus (GEO) varies greatly. 3) Cell metadata are often not included,

which serves as a severe drawback for scientific reproducibility. 4) Advances in

single-cell computation methods require the users to have high levels of

programming knowledge (e.g. R, Python) and are not always feasible in most

scenarios. 5) Datasets are often not publicly deposited and reanalysis of crucial

datasets is often impossible. As more datasets emerge, the need for a central

repository specifically tailored for single-cell atherosclerosis datasets becomes

more pressing.

Gap in Knowledge
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Single-cell sequencing methods can uncover the heterogeneous cellular

response to diseases and environmental insults, and are particularly useful in CVDs

for discovering maladaptive responses and key drivers in various cell types (68–71).

In coronary artery disease and heart failure studies, novel cell-specific regulatory

and repair mechanisms in response to disease and therapy have been identified

using single-cell methods. While some somatic mutations (e.g. Titin) are clearly

linked to familial DCM, the risk factors and specific cellular changes underlying

chemotherapy-induced DCM are not clearly understood. To date, no single-cell

studies or comprehensive atlases exist for chemotherapy-induced DCM in human

primary tissues, creating an enormous knowledge gap in its cellular landscape and

pathophysiology. Here, I hypothesize that single-cell analysis of primary

chemotherapy-induced DCM tissues will reveal clinically relevant cellular

mechanisms that may be used for prevention and therapy.

1.11: Overview of Dissertation

In Chapter 2, I detail my original research work on a reanalysis of a

previously-published single-cell dataset on human atherosclerosis, and the

formation of the initial release of PlaqView, a web-portal for analysis of a few

atherosclerosis-related single-cell data.

In Chapter 3, I describe the expansion and rebuilding of PlaqView to

PlaqView 2.0, with great enhancement to features, back-end structures, scope of

data, and user-interface.

In Chapter 4, I explain my latest work-in-progress, where I generated original

human single-cell multimodal data to investigate the pathology underlying

chemotherapy-induced cardiotoxicity. Here, I will also discuss shortcomings and

future directions.
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Chapter 2: Investigation of Human Atherosclerosis
Microenvironment

This Chapter has been published at Atherosclerosis as the following Original
Research Article:

Ma, W. F. et al. Enhanced single-cell RNA-seq workflow reveals coronary artery
disease cellular cross-talk and candidate drug targets. Atherosclerosis 340, 12–22
(2022). https://doi.org/10.1016/j.atherosclerosis.2021.11.025.

Figure and table numbers have been adapted for this thesis.

https://doi.org/10.1016/j.atherosclerosis.2021.11.025
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2.1: Abstract

Background and aims

The atherosclerotic plaque microenvironment is highly complex, and selective

agents that modulate plaque stability are not yet available. We sought to develop a

scRNA-seq analysis workflow to investigate this environment and uncover potential

therapeutic approaches. We designed a user-friendly, reproducible workflow that will be

applicable to other disease-specific scRNA-seq datasets.

Methods
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Here we incorporated automated cell labeling, pseudotemporal ordering,

ligand-receptor evaluation, and drug-gene interaction analysis into a ready-to-deploy

workflow. We applied this pipeline to further investigate a previously published human

coronary single-cell dataset by Wirka et al. Notably, we developed an interactive web

application to enable further exploration and analysis of this and other cardiovascular

single-cell datasets.

Results

We revealed distinct derivations of fibroblast-like cells from smooth muscle cells

(SMCs), and showed the key changes in gene expression along their de-differentiation

path. We highlighted several key ligand-receptor interactions within the atherosclerotic

environment through functional expression profiling and revealed several avenues for future

pharmacological development for precision medicine. Further, our interactive web

application, PlaqView (www.plaqview.com), allows lay scientists to explore this and other

datasets and compare scRNA-seq tools without prior coding knowledge.

Conclusions

This publicly available workflow and application will allow for more systematic and

user-friendly analysis of scRNA datasets in other disease and developmental systems. Our

analysis pipeline provides many hypothesis-generating tools to unravel the etiology of

coronary artery disease. We also highlight potential mechanisms for several drugs in the

atherosclerotic cellular environment. Future releases of PlaqView will feature more

scRNA-seq and scATAC-seq atherosclerosis-related datasets to provide a critical resource

for the field, and to promote data harmonization and biological interpretation.
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2.2: Background

Atherosclerosis, a complex process involving chronic inflammation and

hardening of the vessel wall, represents one of the major causes of coronary artery

disease (CAD), peripheral artery disease, and stroke (78). Rupture of an unstable

atherosclerotic lesion can lead to the formation of a thrombus, causing complete or

partial occlusion of a coronary artery (79). The contribution of smooth muscle cells

(SMCs) to both lesion stability and progression has recently been established by

numerous groups. However, the exact mechanisms by which SMCs modulate the

atherosclerotic microenvironment and whether pharmacological agents can be used

to selectively counter SMC-related deleterious effects are still under investigation

(17,80,81).

Recent advances in single-cell RNA-sequencing (scRNA-seq) have enabled

ultra-fine gene expression profiling of many diseases at the cellular level, including

atherosclerotic CAD (17). As sequencing costs continue to decline, there has also

been a consistent growth in scRNA datasets, data analysis tools and applications

(82). Currently, a major challenge with scRNA-seq analysis is the inherent bias

introduced during manual cell labeling, in which cells are grouped by clusters and

their identities assigned collectively based on their overall differential gene

expression profiles (83). Another drawback inherent to commonly used scRNA-seq

protocols is that they destroy the samples, making time-series analyses of the same

cells impossible. Instead, these studies must rely on time-points from separate

libraries to monitor processes such as clonal expansion and cell differentiation

(24,84).

Recently, new approaches have been developed to compensate for both

shortcomings, namely automatic cell labeling, pseudotemporal analysis, and
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trajectory inference. Tools such as ‘SingleR’, ‘scCATCH’, ‘Seurat’, and ‘Garnett’ have

been used to assign unbiased identities to individual cells using reference-based

and machine learning algorithms (83,85–87). Moreover, tools such as ‘Monocle3’

and ‘scVelo’ align and project cells onto a pseudotemporal space where each cell

becomes a snapshot within the single-cell time continuum (76,88). In essence, the

single scRNA-seq dataset is effectively transformed into a time series (76,89,90).

Although the pseudotemporal scale does not reflect the actual time scale, it is a

reliable approximation to characterize cell fate and differentiation events, e.g.,

during organogenesis, disease states, or in response to SARS-CoV-2 infections

(88,89,91).

In this study, we present the application of an enhanced, scalable, and

user-friendly scRNA-seq analysis workflow on four previously published human and

mouse atherosclerosis scRNA-seq datasets (17,81,92). Focusing on the only

available human coronary artery dataset (17), we performed unbiased automatic cell

identification at the single-cell level, pseudotemporal analysis, cell-to-cell

communication profiling, and drug repurposing analysis. Our results demonstrate

potential new mechanisms by which SMCs contribute to the atherosclerotic

phenotype and signaling within the lesion microenvironment. More importantly, we

revealed attractive candidate avenues and prospective therapeutic targets for

experimental studies of pharmacological candidates. We also developed an

interactive web application, PlaqView (www.plaqview.com), to allow users to

explore this and other human and mouse cardiovascular single-cell datasets. This

reproducible analysis pipeline and application can also be easily modified to

incorporate different tissue data sources and single-cell modalities such as

scATAC-seq or CITE-seq, and will serve as a template to analyze and visualize

single-cell datasets in other disease models.
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2.3: Results and Discussion

Unbiased automatic cell labeling is comparable to manual annotation, and

reveals abundant cells with chondrocyte and fibroblast characteristics.

Recently, automatic cell identification tools have been implemented to

overcome the subjective nature of manual cell-cluster labeling (83). Here, we

compared two popular reference-based cell type annotation methods, ‘SingleR’ (83)

and ‘Seurat’(93), by applying these tools to a previously published human coronary

artery scRNA-seq dataset(17), and found that ‘Seurat’ in combination with the

Tabula sapiens (TS) reference(94) had the highest concordance with author-supplied

manual labels when compared to labels produced by SingleR (Figure 2.1). For

example, smooth muscle cells (SMC), pericytes, endothelial cells, and blood cells

such as T-cells, B-cells, and mast cells are labeled in similar clusters. From

Seurat/TS, we found that the majority of cell types were fibroblasts (FB, 27%),

macrophages (Mø, 26%), endothelial cells (14%), and SMCs (11.5%, Figure 2.1B).

In contrast, more cells were labeled as endothelial cells by both singleR (16.21%,

Supplemental Figure 2.1A) and Wirka et al. (16.3%, Supplemental Figure 2.1B).

Furthermore, Seurat/TS identified 11.5% cells as SMCs, whereas singleR and Wirka

et al. found 13.8% and 6.2%, respectively. Although the true population percentage

is likely somewhere in-between, this highlights the need to use multiple tools when

analyzing single-cell datasets. We also applied an additional reference-based cell

annotation tool ‘scCATCH,’ and found that it underperforms relative to Seurat and

SingleR, and fails to provide consistent cell type assignment when provided with

similar tissue priors (Supplemental Table 2.1). These and additional labeling tools

have been extensively benchmarked elsewhere (95).
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Figure 2.1: Unbiased automatic cell labeling of human coronary scRNA data

using ‘Seurat v4’ had high concordance with manual labels and

pseudotemporal and ultra-fine clustering reveals FB-like cells derivation from

SMCs. (A) Top panel: UMAP clustering of 9798 cells derived from human coronary

artery explants with labels based on Seurat v4 using the Tabula sapiens reference;

middle panel: automatic labels provided by singleR using Human Primary Cell Atlas;
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bottom panel: cluster-based manual annotation provided by original authors Wirka

et al. (B) Population breakdown by percentage based on Seurat/TS labels. (C) Left:

RNA trajectory (line) shows direct paths from the SMCs toward FBs; middle:

ultra-fine clustering shows the logical transition stages (microclusters) from SMCs to

FBs, and each cluster is numbered for clarity; right: pseudotemporal analysis

confirms that the cell and clusters existing along a logical single-cell continuum. (D)

Selected genes that were shown to vary over pseudotime by Moran's I test were

visualized. SMC: smooth muscle cells, EC: endothelial cells, FB: fibroblasts, Mø:

macrophages.

Although Seurat/TS did not identify the novel cell state that Wirka et al., refer

to as ‘fibromyocytes’, a clear transition from SMCs to fibroblasts (FB) within the

overall cluster was noted (Figure 2.1, top). However, Seurat/TS underperformed in

some clusters. For example, SingleR identified neurons/astrocytes and PreB_CD34-

cells in concordance with Wirka et al., whereas Seurat/TS labels neurons/astrocytes

as Erythrocytes and did not identify the cluster PreB_CD34-. In their original

publication, Wirka et al., did not identify clusters 10, 11, 12, 14, and 18 (17).

However, using reference-based annotation, more cells were confidently identified,

presumably due to the larger and newer references used and that individual cell

expression is not masked by grouping of cells. SingleR identified cells that have

osteoblast and chondrocyte (CH)-like cells, whose roles in atherosclerotic plaque

stability are under active investigation (92,96). However, the exact identity and

behaviors of these cells in this dataset will require further validation by comparing

with other tissues with advanced calcification. In the UMAP clusters reflecting

single-cell identities provided by SingleR (Figure 2.1, middle), there was an

infiltration of osteoblast (OS), stem cell (SC), and chondrocyte (CH)-like cells within

and next to the SMC cluster. Similar but more transitional cell-mixing is also
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observed using Seurat/TS (Figure 2.1). Although UMAP representations often reflect

global gene expression similarity, subtle changes in key phenotypic genes that

cause cells to appear more similar to CHs or OSs are often difficult to observe in

human single-cell datasets. Although the exact consequences of these phenotypic

modulations are still under investigation, data from lineage-tracing mouse models

suggest that SMCs transition to a panoply of phenotypes such as stem-like and

osteogenic phenotypes, and that the osteogenic transcription factor Klf4

contributes to plaque destabilization (92).

Pseudotemporal ordering identifies distinct fibroblast-like cells originating

from SMCs.

To evaluate putative cell fate decisions or differentiation events (e.g., SMC

phenotypic transition states), we performed pseudotemporal analysis and ultra-fine

clustering using ‘Monocle3’, a method previously applied to normal and diseased

states, e.g., embryo organogenesis and response to coronavirus infection,

respectively(88,89,91). We compared over 60 additional trajectory inference (TI)

methods including Slingshot (97), PAGA (98), and SCORPIUS using the ‘Dynverse’

package (99,100). However, we found that most TI algorithms were unsuitable for

complex tissue environments such as atherosclerotic plaques due to their inability

to distinguish disconnected topologies (Supplemental Table 2). Consistent with

Wirka et al., we found that SMCs directly give rise to FB-like cells as revealed by

Monocle3 (Figure 2.1C, left). This corroborates earlier findings showing that SMCs

may transition or de-differentiate into ‘fibromyocytes’—SMCs that have undergone

a phenotypic modulation to an extracellular matrix producing cell type within the

atherosclerotic lesions (17,24). Although Monocle3 cannot distinguish a clear

boundary where SMCs become so-called ‘fibromyocytes’, it infers a possible

course by which SMCs transition to FB or FB-like cells through a series of smaller
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‘transition states’ or fine-clusters (Figure 2.1C, middle). Additionally,

pseudotemporal analysis using SMCs as a starting point shows clear alignment in

the transition pathway, which further strengthens the idea that many of these FB are

indeed closely related to SMCs (Figure 2.1C, right). These findings are consistent

with mouse data using lineage tracing to establish that multiple cell types including

ECM-producing and fibroblast-like cells are derived from SMCs (101).

Further analysis of the pseudotemporal graph using Moran’s I statistic is

performed to identify specific changes associated in this transition pathway. Genes

associated with healthy SMC phenotypes, such as MYH11 (a canonical marker of

SMC), IGFBP2 (associated with decreased visceral fat), and PPP1R14A (which

enhances smooth muscle contraction), are decreased by approximately 50-75%

along the SMC trajectory as these cells become more FB-like (Supplemental Table

3, Figure 2.1D, p < 0.1E-297) (80,102). Similar results were found by another group

using mouse lineage-traced models where MYH11 expression was decreased in

SMC-derived modulated “intermediate cell states” (81).

More importantly, specific inflammatory markers and proteins associated

with thrombotic events during CAD, including complement proteins C7 and C3,

FBLN1, and CXCL12, are increased along the same trajectory (Figure 2.1D)

(79,103). Recent evidence suggests that CAD-associated CXCL12 secreted from

endothelial cells may promote atherosclerosis (104). Our results point to a

potentially new source of CXCL12 that could be targeted to inhibit SMC-to-FB

dedifferentiation. Together, and in corroboration of recent studies, our

pseudotemporal analysis demonstrates that SMC and modulated, FB-like cells exist

within a continuum, with phenotypes toward the FB phenotype associated with

worse clinical observations (17,81). This is further supported by a recent study, in

which blocking of SMC-derived intermediate cells coincides with less severe

atherosclerotic lesions (81). Precisely how these modulated cells might influence the
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overall stability of atherosclerotic lesions and clinical outcomes requires additional

longitudinal studies using genetic models and deep phenotyping of human tissues

(24,80,81).

Ligand-receptor analysis shows complex intercellular communications in the

human coronary micro-environment

To examine the potential cross-talk between different cell types using

scRNA-seq data, we performed cell-to-cell communication analysis using ‘scTalk’, a

network-based modeling method that uses confirmed interactions from

StringDB(105,106). The resulting networks are highly dependent on the prior

labeling methods (Figure 2.2A). While FB cells labeled from Seurat/TS were shown

to have weak outgoing signaling, FB from manual and singleR labeling have

stronger outgoing signals. The strength of the interaction, or path weight, is

calculated based on the summed weight of a four-layer node network as described

in (106). Cells that are labeled as osteoblasts from SingleR had significant autocrine

signaling as well as outgoing signals, but corresponding cells in the same UMAP

regions (e.g., ‘pericyte’ in the manual labels) do not exhibit the same signaling

pattern. This further highlights the need to explore various labeling priors as well as

develop label-agnostic inference tools.

Recently, ‘CellChat’ and its companion database were introduced by Jin et

al. CellChat infers the probabilities of cell-cell communications using the law of

mass action, and is particularly useful in visualizing pathway-specific interactions

(107). We provided CellChat with the labels and produced from Seurat/TS and

scRNA-seq count matrices, and discovered several significant pathways: collagen,

laminin, fibronectin (FN1), and complement signaling (Figure 2.2B). In particular,

SMCs exert a strong signal in FN1 and collagen signaling, and FB have significant
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contributions in laminin and complement pathways. Like collagen type IV, laminin

isoforms form the basement membrane and have been studied in the context of

atherosclerosis, particularly in endothelial cells (108). However, the exact

mechanisms of how FB and FB-like cells contribute to plaque formation and/or

stability requires future mechanistic studies.

In addition to complement activation, other immune system involvement is of

particular interest in the atherosclerosis field (26). We examined the overall MHC-I

and MHC-II signaling activation within the atherosclerotic environment (Figure

2.2C-D). We found that almost all cell types exert putative signaling toward NK and

T-cells via MHC-I (Figure 2.2C), principally through HLA-A (Supplemental Figure

2.2A), whereas high MHC-II class interactions are focused on only macrophages

(Figure 2.2D). While macrophages under basal conditions express low levels of

MHC-II molecules(109), our result suggest that a majority of the cells within the

lesion may contribute to macrophage activation through interactions such as

HLA-DPA1:CD4, HLA-DMB:CD4, and HLA-DRA:CD4 interactions (Supplemental

Figure 2.2B). In fact, many of these MHC-II class molecules, such as HLA-DRA and

HLA-DMB, have been shown to have possible prognostic value in identifying

atherosclerotic plaque rupture (110).
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https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7549914425993952&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fafb2157-f87c-47e2-af31-f55faf47aa5b
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4948339651164906&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:44706a00-c03c-44ee-a38f-6fe69eea890c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=26734078385633053&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:8d6e3209-af39-44b6-a5a2-9e55ec120a60


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 31

Figure 2.2. Comprehensive ligand-receptor analysis reveals the major

inflammatory and immune signaling pathways in FBs.

To identify putative actionable signaling targets, we first evaluated the overall

expression and signaling patterns between SMCs, FB, pericytes, and T-cells using

singleR, then cross-referenced these interactions against known druggable

databases using DGIdb 3.0 (111). As more cell types are included, the interaction

network becomes increasingly complex (Supplemental Figure 2.2), thus more

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8358162157553884&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fdcd1490-5ab1-4f78-b68e-d40d3a05ad45
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simplified schematics depicting the overall results are presented (Figure 2.3A-B).

Unlike scCATCH, singleR does not delineate the interactions by specific signaling

pathways but rather by cell type-specific expression, which is particularly useful in

providing a global overview of signaling for each cell type. We first highlighted the

signaling from fibroblast (FB) or FB-like cells to T-cells, pericytes, and SMCs using

labels provided by Seurat/TS. These signaling pairs involved various known

inflammatory and repair mechanisms like C3 complement, fibulin-1 (FBLN1), and

matrix metalloprotease 2 (MMP2, Figure 2.3A, Supplemental Figure 2.2). We then

examined how SMCs may signal to the other aforementioned cell types (Figure

2.3B), and we found that COL1A2 and C3 are common ligands used by SMCs and

FBs.

Integrative analysis of cell-cell communication reveals cell-specific druggable

targets

To investigate potential pharmacological interventions that may disrupt

deleterious intercellular communications, we performed an integrative analysis of

cell-cell communication with known druggable genome databases. Key mediators

C3, MMP2, and integrins (ITGA1, ITGB1, ITGB5, all expressed by FBs) interact with

T-cells, pericytes, and SMCs, and can be disrupted by drugs such as compstatin,

tanomastat, SAN-300, volociximab, and cilengitide, respectively (Figure 2.3A).

Similar components, such as collagen (COL1A2) and C3, also appear to be

significantly expressed in SMCs that could signal to FBs, pericytes, and T-cells

(Figure 2.3B). Interestingly, multiple studies have linked C3 and the complement

system to atherosclerotic lesion maturation in mouse models (112), and a recent

case study showed that compstatin-derived C3 inhibitor (AMY-101) may prevent

cardiovascular complications in patients with severe COVID-19 pneumonia

(113,114). Further, a recent study demonstrated that microRNA-9 repression of

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9188337919614461&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:399aa7cc-447f-4358-9528-cb21a04fe81f
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4198538016638478&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:650363b0-362d-4444-87a3-984d8120ac18,e6ddebf6-a90f-485d-a131-51d7cb167bd7:89291f46-2208-4a91-93cc-0dafaf83be9e
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Syndecan-2 (SDC2) impedes atherosclerosis formation (115), while MMP2 alteration

also contributes to atherosclerosis in mouse models (116). Here, we show that

SMCs communicate with FBs within the atherosclerotic environment via

SDC2-MMP2, and reveal additional upstream candidate drug therapies that may

influence atherosclerosis progression (Figure 2.3A). In general, these results provide

a potential mechanistic explanation by which FBs and SMCs can modulate the

inflammatory environment and plaque formation.

Figure 2.3: Integrative analysis with drug-gene interaction database DGIdb 3.0

reveals potential pharmacological inhibition of SMC and FB signaling and

dedifferentiation.

Surprisingly, anti-EGFR (epidermal growth factor receptor)-based cancer

treatments such as erlotinib, cetuximab, and gefitinib were identified as potential

key mediators of signaling pathways between SMCs and FBs via EFEMP1 (EGF

Containing Fibulin Extracellular Matrix Protein 1) and EGFR (Figure 2.3B). EFEMP1

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7410681132759969&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:dbbcd3af-e276-43b0-885b-494466242006
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9662951208597164&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:6d5a1ea0-3ad5-4f7e-ada1-8ef9a7681f5a
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has been suggested as a prognostic marker for atherosclerotic plaque rupture (110).

Although the overlap between CAD and cancer etiology has been previously noted,

the long-term efficacy and cardiovascular impact of chemotherapy drugs, such as

erlotinib, requires further translational studies to investigate their potential use in

cancer patients to treat CAD (30,117,118).

While the exact clinical outcome of SMC de-differentiation is not fully

resolved (17,92), such events observed in different single-cell studies present

opportunities for pre-clinical pharmacological intervention and testing. Here, we

performed integrative analysis of gene expression variation along the SMC-to-FB

RNA trajectory with DGIdb. We found that the expression of complement genes

such as C3 and C7, and chemokine CXCL12 are increased as SMCs become more

FB-like. Although CXCL12 derived from endothelial cells has been recognized to

promote atherosclerosis in mouse models (104), here we provide a potentially new

source of CXCL12 using human data and found several pharmacological agents

such as tinzaparin, an FDA-approved anticoagulant, to investigate in future

interventional studies. Together, this combination of cell-cell communication and

trajectory analyses reaffirm the druggable potential of these target genes.

PlaqView is a user-friendly web application to share and explore

atherosclerosis-related single-cell datasets

To enable other researchers to explore the transcriptomic landscape of the

atherosclerotic environment easily and rapidly, we developed a web interface called

PlaqView (www.plaqview.com, Figure 2.4A). This interactive R- and Shiny-based

tool allows for multiple gene queries and comparisons of gene expression,

cell-labeling methods such as SingleR, Seurat/TS, and scCATCH, RNA-trajectory

tools such as Monocle3 and Slingshot, integrative drug-gene analysis using DGIdb

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5143938007487653&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:8d6e3209-af39-44b6-a5a2-9e55ec120a60
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8983853372016833&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:3ab1ec4f-d673-46c9-a1ee-2301b8e203a0,e6ddebf6-a90f-485d-a131-51d7cb167bd7:75b17545-903f-440a-9dc5-2fbb125f90ad,e6ddebf6-a90f-485d-a131-51d7cb167bd7:3bfa12f5-5880-48a9-bac1-6fce854a60e8
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=821570269926319&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b87e911a-1be1-425f-8df3-647fd26d8d3a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=30934753790820035&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a2598e83-b523-4d60-89e7-3cebdf0e7e8b
http://www.plaqview.com
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3.0, and outputs high quality graphs and detailed tables. Calculations are done ad

hoc according to users’ input and the application has been optimized for rapid

exploration of these datasets by academic researchers, clinicians, and lay

scientists. To our knowledge, there are no publicly available tools to visualize

atherosclerosis-related single-cell datasets without prior coding knowledge. Further,

PlaqView is under active development and will be releasing new datasets

coincidently with future atherosclerosis-related publications. At the time of writing,

three human and four mouse datasets from four independent studies are available

in PlaqView (Supplemental Table 4). PlaqView is also open-source and is fully

maintained at https://github.com/MillerLab-CPHG/PlaqView. We have written

PlaqView to be easily repurposed for other single-cell studies; all description files

are written in basic R markdown, and the data preprocessing pipeline can be

adapted to any tissue from mouse or human. As the database in PlaqView expands

along with the growing number of single-cell datasets, we anticipate that it will

become an essential tool for the atherosclerosis research field. Furthermore,

PlaqView will serve as a template for other fields of single-cell biology to rapidly

disseminate relevant and cutting-edge data with minimal web-development skills

required.

https://github.com/MillerLab-CPHG/PlaqView
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Figure. 2.4: PlaqView and its analysis pipelines are reproducible, user-friendly

tools for single-cell data analysis and presentation.

Limitations
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Despite the advances presented in this workflow, we are still working to

improve several limitations. For instance, the default reference in ‘SingleR’ and

Tabula sapiens (94) do not contain more recently discovered cellular phenotypes

such as ‘fibromyocytes’ (17,83,104,119), which may require a combination of

manual and automated labeling methods for accurate identification. Factors such as

the intrinsic heterogeneity of the tissue sample, disease stage, and tissue

processing artifacts are difficult to isolate computationally and could influence

automated labeling methods. Nonetheless, interactive viewers and tools such as

PlaqView, which incorporate multiple methods and visualizations in one location,

could help users separate out the technical and biological variation from various

single-cell datasets. Additionally, the modular nature of PlaqView will also allow for

future improvement of labeling methods as more precise reference datasets are

made available.

While we cannot verify the directionality of the RNA trajectories presented,

future releases of PlaqView will feature RNA ‘velocity’ as described in (76) where

directionality will be calculated using splice/unspliced RNA ratios from raw data.

Lastly, the true efficacy of proposed drugs cannot be verified without extensive

pre-clinical testing and clinical trials. Still, these findings may catalyze future

investigative efforts to develop more targeted therapies.

2.4: Conclusions

Our findings show that an enhanced, reproducible pipeline for scRNA-seq

analysis has the potential to improve upon current standard scRNA-seq

bioinformatics protocols. For instance, we provide new insights into intricate

vascular cell differentiation and communication pathways while providing actionable

and testable targets for future experimental studies (Figure 2.4B). In our combined

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8300973967542701&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:51dacc81-18b6-4779-8362-c98afa40a227
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=39513973307233263&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a2598e83-b523-4d60-89e7-3cebdf0e7e8b,e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:5a734a22-e729-4ad3-8013-8ace8a7cbe3d,e6ddebf6-a90f-485d-a131-51d7cb167bd7:06796668-c849-45b8-88a9-ebc093462bf5
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8160049913402808&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:84462c30-dc17-49d9-8ccf-ec4a112b6678
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analysis, we found that SMCs give rise to a population of FBs that express genetic

signatures associated with inflammation and extracellular matrix degradation. For

example, SMCs signal to FBs via inflammatory molecules like C3 complement and

MMP2, whose expression increases along the SMC-to-FB trajectory. We revealed

possible therapeutic avenues that may disrupt these cell-to-cell communications

and alter the atherosclerotic pathology. Furthermore, several FDA-approved drugs

(e.g., erlotinib, cetuximab, and gefitinib) were shown as potential effectors of SMC

signaling to FB, and merit molecular studies to determine whether they may be

used to treat CAD in cancer patients to simplify or augment current drug regimens

(117). This is consistent with recent reports showing beneficial effects of the acute

promyelocytic drug all-trans-retinoic acid (ATRA) in atherosclerosis mouse models

(81). Further investment in scRNA-seq may also help resolve the balance of

anti-tumor efficacy and atheroprotection for immune checkpoint inhibitors as well

as immunomodulators at the interface of cardio-immuno-oncology (49).

Although the utilization of this workflow can compensate for many of the

shortcomings of current scRNA-seq analyses, we are still unable to perform

cell-lineage tracing that reflects actual timescales without additional gene

engineering experiments in vivo (120). However, leveraging mitochondrial DNA

variants in snATAC-seq data has enabled lineage tracing analysis in human cells

(121,122). Likewise, these analyses can ultimately be extended to integrate spatial

omics and other multi-modal data (93). As spatial transcriptomics, scATAC-seq,

and/or CITE-seq data become more widely available, this workflow can be easily

modified to discover signaling pathways or differentiation events at specific tissue

locations and timepoints, allowing for more disease-relevant drug-gene interaction

analyses (Figure 2.4B).

Nonetheless, this pipeline can be applied immediately to datasets from other

tissues or diseases to generate informative directions for follow-up studies, and is

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=23957444239697423&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:3ab1ec4f-d673-46c9-a1ee-2301b8e203a0
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4510562136922027&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:d786ee9a-e525-4ade-8b78-93f35cb4088e
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8853325999918708&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:897c2426-06c7-4319-8a28-90ef4426becd
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6063158522970657&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:db1197ba-cdfe-47de-96fc-1af4faf89362
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8871368746169713&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a19d48cb-a15a-4aff-942d-a3cdbc056b42,e6ddebf6-a90f-485d-a131-51d7cb167bd7:4007317e-9fe3-49ce-9fb1-0bce393b09ff
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6102862094572441&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c1a172b8-dfcb-40bc-828d-5768faeb2a40
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more user-friendly and reproducible compared to standard scRNA analyses.

PlaqView serves as a central repository for interactive analysis and exploration for

atherosclerosis-related single-cell datasets. As PlaqView incorporates additional

relevant single-cell datasets, we anticipate that this application will become an

indispensable resource for the community and for the growing field of

‘cardioinformatics’ (123–125). Most importantly, web applications such as PlaqView

democratize the access and analysis of single-cell data, which will promote

collaboration, reproducibility, and innovation across disciplines (77,126).

2.5: Methods

Data retrieval and pre-processing

Human coronary artery scRNA data read count matrix was retrieved from the

Gene Expression Omnibus (GEO) using #GSE131780 and loaded into R 4.1.1, and

was preprocessed using standard parameters of the R packages ‘Seurat’ v.4, and

‘Monocle3’ as required (75,86,87,89): read count matrix was read into R and

converted to a ‘Seurat object’ using the CreateSeuratObject() function. Then, the

object underwent removal of mitochondrial and low-quality reads, followed by

normalization and variable feature selection using the NormalizeData() and

FindVariableFeature() functions, respectively. Uniform manifold approximation

projections (UMAPs) were then calculated using the runUMAP() function using the

first 30 dimensions. Custom scripting was created to export UMAP of the clusters

from ‘Seurat’ into ‘Monocle3’ before pseudotemporal analysis.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=02322042053728013&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:30ebdbec-b995-430c-9e87-763bee1edf4c,e6ddebf6-a90f-485d-a131-51d7cb167bd7:e0b47b2e-4c18-443b-ae79-91eb3c39158b,e6ddebf6-a90f-485d-a131-51d7cb167bd7:f25cd855-661e-412e-9f2b-3d52a37db9e8
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=42952518331208767&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:9c47a858-32ba-4d6e-ad99-48423c77eac6,e6ddebf6-a90f-485d-a131-51d7cb167bd7:50f96623-8786-45cb-a5be-b00bda81eaf2
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=1265431658178986&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:077b4e9e-7e50-49a4-be03-c9ac1d5a5609,e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:83e3da57-bc65-4855-9852-dfcea933fd8f,e6ddebf6-a90f-485d-a131-51d7cb167bd7:138ae018-ce70-45df-b5b6-360ff4aafcde
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Automatic cell Identification

scRNA read matrices were read into ‘SingleR’ as previously described for cell

labeling (83). Here, we exported the processed scRNA matrix from Seurat into a

‘SingleCellExperiment’ object using the GetAssay() function, and fed into ‘SingleR’

along with the human primary cell atlas as the reference via the ‘celldex’ package

(83). ‘SingleR’ compares each cell’s gene expression profile with known human

primary cell atlas data and gives the most likely cell identity independently.

‘SingleR’ first corrects for batch effects, then calculates the expression correlation

scores for each test cell to each cell type in the reference, and the cell identity is

called based on reference cell type exhibiting the highest correlation. Annotations

provided by ‘SingleR’ were then abbreviated for clarity.

To validate the labeling provided by singleR, we tested two additional

labeling tools: ‘scCATCH’ (86) and ‘Seurat’ (86,93) using the Tabula sapiens data

(abbreviated as Seurat/TS). Tabula sapiens is the latest and largest human

single-cell reference available to-date (94). For ‘scCATCH’, the findmarkergenes()

function was first used to identify marker genes in the query dataset using the

minimum percentage of cell expression cut off of 0.25, minimum log-fold change of

0.25, and p-value of 0.05. We then ran the main labeling function scCATCH() and

specified the tissue type as ‘Blood Vessel’, ‘Heart’, ‘Myocardium’, and ‘Serum’.

The CZ Biohub recently released the first comprehensive human single-cell

blueprint consisting of high-quality sequencing from 25 organs and eight normal

human subjects, and a large portion is dedicated to vasculature tissue(94). This

atlas is extremely helpful in that many reference-based labeling tools lack the

necessary reference for correct tissue types. We obtained this dataset and

converted it into a Seurat-ready file using the Convert() function in the ‘SeuratDisk’

package. We then used the FindTransferAnchors() function in ‘Seurat V4’ to find the

low-dimensional representations of our dataset, then used the TransferData()

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=15229980978185131&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5a734a22-e729-4ad3-8013-8ace8a7cbe3d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8016637817156164&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5a734a22-e729-4ad3-8013-8ace8a7cbe3d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=06060304658594873&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:83e3da57-bc65-4855-9852-dfcea933fd8f
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=677211716551953&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:83e3da57-bc65-4855-9852-dfcea933fd8f,e6ddebf6-a90f-485d-a131-51d7cb167bd7:c1a172b8-dfcb-40bc-828d-5768faeb2a40
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=835896472776319&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:51dacc81-18b6-4779-8362-c98afa40a227
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8401942391717286&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:51dacc81-18b6-4779-8362-c98afa40a227


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 41

function to label the test dataset. The annotation provided by ‘Seurat’ and the

‘Tabula sapiens’ dataset were abbreviated for clarity.

Pseudotemporal Ordering and Trajectory Inference

Pseudotemporal analyses were performed as previously described in the

analysis of embryo organogenesis (89). The processed count matrix was imported

into a ‘cds’ object for ‘Monocle3’ using the new_cell_data_set() function, and

preprocessed again using the preprocess_cds() function. To have consistent

UMAPs across these tools, we used custom scripts to transfer the UMAP calculated

in ‘Seurat’ into ‘Monocle3’ before running the main functions ‘learn_graph()’ and

‘order_cells()’ to get trajectory and pseudotime. The starting nodes, or root nodes,

were selected in the SMC cluster using an automated function that picks the node

most heavily surrounded by ‘early cells. We picked SMCs as the starting cell type

based on prior evidence suggesting that SMCs can ‘dedifferentiate’(17,92). The

SMCs and related clusters were then subsetted for detailed sub-clustering and

analysis. For each cluster, Moran’s I statistics were calculated, which identify genes

that are differentially expressed along their trajectories. The Moran’s I statistic

helped inform the selection of genes to display in Figure 2.1D. We reviewed the

most significant candidates of the Moran’s I calculation and selected 12 to present

for clarity. Additionally, we explored 60+ other trajectory inference methods using

the ‘Dynverse’ package (99). We first used guidelines_shiny() function to filter out

methods that are not suitable for disconnected topography, as in the case of human

tissues where cells are developed from multiple progenitors. We then exported the

‘Seurat’ object into a ‘dyno’ object using the wrap_expression() function.

infer_trajectory() function was used to calculate the trajectory based on the chosen

algorithm, including ‘SlingShot’ (97), ‘SCROPIUS’ (100), and ‘PAGA’ (98). Detailed

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=43541430152597305&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:138ae018-ce70-45df-b5b6-360ff4aafcde
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6616147949625273&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:b87e911a-1be1-425f-8df3-647fd26d8d3a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=38096578696431604&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5b99192e-fc8a-424d-b6b6-d581d4f7d467
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=11143505283450128&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a3971662-3b1c-4f47-868a-cf4176e8d83f
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8634946748654008&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:f7e9fae1-3d96-4d42-a505-7aedc8dd3909
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=06934931491316632&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:d8b0495a-cec5-403c-bea4-3ea84260df0a
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codes to reproduce the figures and custom scripts aforementioned can be found at

the Miller Lab Github (see availability of data and materials).

Ligand-receptor cell communication analysis

We analyzed candidate ligand-receptor interactions to infer cell

communication using the R package ‘scTalk’, as previously described in the

analysis of glial cells (106) and CellChat (107). For scTalk, we exported statistically

significant differentially expressed genes from ‘Seurat’ using the ‘FindMarkers()’

function and imported the preprocessed data. Then, overall edges of the cellular

communication network were calculated using the ‘GenerateNetworkPaths()’

function, which reflects the overall ligand-receptor interaction strength between

each cell type. Then, the cell types of interest were specified and treeplots were

generated using the ‘NetworkTreePlot()’ function. The final figures were re-rendered

in BioRender manually for clarity. For CellChat, the processed Seurat object was fed

into the ‘createcellchat()’ function and processed using its standard pipeline. Briefly,

the Seurat count matrices were extracted along with the Seurat/TS annotation

generated previously. CellChatDB.human was loaded and differentially expressed

genes and interactions were identified in the CellChat object via

identifyOverExpressedGenes() and identifyOverExpressedInteractions(),

respectively. The CellChat algorithm was then run to calculate the probable

interactions and pathways via computeCommunProb() and

computeCommunProbPathway(). We also ran filterCommunication() to filter out

interactions with less than 10 cells in each cell type.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9161786319312473&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:f71b75fd-ae94-4b61-9531-bb6b1c4780cf
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=269948896014638&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:9834eec3-93e1-4000-8f3f-b16e83cc1da0
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Gene-drug interaction analysis

The above identified ligand and receptor interaction pairs were fed into the

Drug-Gene Interaction database (DGIdb 3.0) to reveal candidate drug-gene

interactions (111). Ligands and receptors that were deemed significant from ‘scTalk’

and genes identified in Monocle3 were evaluated using the ‘queryDGIdb()’ function

of the ‘rDGIdb’ R package (111,127). Additionally, we queried CTD2, OMIM, ClinVar,

Pharos, GnomAD, and the ExAC databases using the docker-based tool

‘DrugThatGene’ (128). We included all top FDA-approved drugs and experimental or

investigational drugs with verified inhibitory or antagonistic activities, as well as

drugs that may influence or be influenced by changes in the receptor. Figures 3A-D

were modified using BioRender for clarity.

Development of PlaqView

PlaqView is written in R and Shiny, and is hosted on the web at

www.plaqview.com using dedicated DC/OS servers at the University of Virginia, but

can be run locally through RStudio. The raw data was first processed as previously

described, but packaged into .rds objects. The data were placed into a housing

directory within the PlaqView application. Custom scripts were written to recall

selected datasets on the user-interface and loaded on-demand. Users-inputs were

made interactive using Shiny’s reactive scripting practices, and calculations were

done ad hoc. Packages such as Seurat, CellChat, and singleR are wrapped and

rebuilt during each update in the web server. This application is open-sourced and

its code and data is available at github.com/MillerLab-CPHG/PlaqView. Additional

datasets are actively being recruited and will be made available in future updates.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=10765713442401792&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fdcd1490-5ab1-4f78-b68e-d40d3a05ad45
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=844761849932699&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:ea977aa8-8cb4-42ac-b76f-9b92e1171b81,e6ddebf6-a90f-485d-a131-51d7cb167bd7:fdcd1490-5ab1-4f78-b68e-d40d3a05ad45
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2779062089889587&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b8339a1e-f142-4308-9afc-6d75344280f9
http://www.plaqview.com
http://www.plaqview.com
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2.14: Supplemental Figures and Tables

Supplemental Figure 2.1. (A) Population percentage when cells are labeled using

singleR. (B) Population when using author-provided labels.
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Supplemental Figure 2.2. Comprehensive ligand-receptor pairs as revealed by

‘scTalk’ when provided with Seurat/TS or SingleR labels. Top: signaling from

fibroblasts to macrophages, pericytes, smooth muscle cells, T-cells, or natural killer

cells. Middle: signaling from smooth muscle cells. Bottom: signaling from smooth

muscle cells but with labels from SingleR. Simplified figures of A and B were

presented in Figure 3.3 in the main text.
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Supplemental Figure 2.3, and Supplemental Tables 2.1-4 are available online at

the following link:

https://www.atherosclerosis-journal.com/cms/10.1016/j.atherosclerosis.2021.11.02

5/attachment/ce49374c-f58d-4c15-af48-4c52a15145a9/mmc1.docx
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Chapter 3: Construction and Expansion of a
Comprehensive Single-Cell Data Portal for
Cardiovascular Diseases

This Chapter has been published at Frontiers in Cardiovascular Medicine as the
following Original Research Article:

Ma, W. F. et al. PlaqView 2.0: A comprehensive web portal for cardiovascular
single-cell genomics. Frontiers Cardiovasc Medicine 9, 969421 (2022).
https://doi.org/10.3389/fcvm.2022.969421.

Figure and table numbers have been adapted for this thesis.

https://doi.org/10.3389/fcvm.2022.969421
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3.1 Abstract

Single-cell RNA-seq (scRNA-seq) is a powerful genomics technology to

interrogate the cellular composition and behaviors of complex systems. While the

number of scRNA-seq datasets and available computational analysis tools have

grown exponentially, there are limited systematic data sharing strategies to allow

rapid exploration and re-analysis of single-cell datasets, particularly in the

cardiovascular field. We previously introduced PlaqView, an open-source web

portal for the exploration and analysis of published atherosclerosis single-cell

datasets. Now, we introduce PlaqView 2.0 (www.plaqview.com), which provides

expanded features and functionalities as well as additional cardiovascular

single-cell datasets. We showcase improved PlaqView functionality, backend data

processing, user-interface, and capacity. PlaqView brings new or improved tools to

explore scRNA-seq data, including New and improved features include: gene query,

metadata browser, cell identity prediction, ad hoc RNA-trajectory analysis, and

drug-gene interaction prediction. We also include 25 new datasets; these new

datasets include single-cell atlases, human datasets from other cardiovascular

diseases such as aortic aneurysm, and those from mouse experimental models

such as atherogenic diets and genetic knock-outs. PlaqView serves as one of the

largest central repositories for cardiovascular single-cell datasets, which now

includes data from aneurysm, genetic mouse knock-outs, and healthy references.

PlaqView 2.0 brings advanced tools and high-performance computing directly to

users without the need for any programming knowledge. Lastly, we outline steps to

generalize and repurpose PlaqView’s framework for single-cell datasets from other

fields.

http://www.plaqview.com
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3.2 Introduction

Named “Method of the Year” in 2013, single-cell RNA sequencing

(scRNA-seq) technology has now been used in virtually every field of biology and

medicine, including cancer biology and cardiovascular medicine (129,130). While

scRNA-seq technologies continue to evolve and multi-modal measurements

become increasingly more common, there has been a rapid increase in both the

number of analysis tools and the complexity of single-cell data. At the time of

writing, scrna-tools.org reports over 1,000 tools dedicated to single-cell data

analysis (131). Despite the abundance of single-cell analysis tools available, there

are two major challenges that affect the single-cell community as a whole: 1) there

are no standardized methods of single-cell data sharing, and 2) increasingly

complex and large single-cell data require advanced bioinformatic skills and

resources for comprehensive analysis and interpretation.

The lack of standardized data sharing leads to the omission of critical

metadata needed for reproducible analysis, such as author-defined cluster and

cell-type annotations, and variables such as sex and age group (132). Despite the

existence of public archives such as the Gene Expression Omnibus (GEO) and

Sequence Read Archive (SRA), there is no uniform requirement for the deposition of

metadata. Even within SRA, some datasets require specialized cloud computing

tools (e.g. Google Cloud Computing) to access, such as the data from Li et al. (133).

A recent study has found that less than 50% of the published figures from public

single-cell data can be reproduced as published (126). Furthermore, raw sequence

files are very large (often >15GB per file) and thus have very high computational

resource requirements.

The fact that most tools require users to have significant programming skills

remains a significant barrier to reanalyzing and exploring single-cell data,

particularly across multiple datasets (75,134). A few tools, such as the cBioPortal

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=11302024795869736&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:3a0cee75-cae9-48f4-8da4-8f7fa491317a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:cb649857-d343-48e7-bfe7-937df975aae5
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=38078758532455115&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:3dbe8987-3706-4be6-b0be-f7a54de01987
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=07130086334691121&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a2044d91-4ff4-4d5a-bf29-501a4518f34d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6384300026687169&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:4843c2ee-3072-41b0-a4ba-588e3a4662ea
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2625053658233326&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:50f96623-8786-45cb-a5be-b00bda81eaf2
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2422593365625343&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:61f1ad0c-38c4-4b9b-a476-a67cfe357c84
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for Cancer Genomics (www.cbioportal.org), have distilled large bulk RNA-seq

datasets, made them accessible to everyone, and provided multiple query

functions, but none are designed for single-cell datasets (Supplemental Table 1)

(77). Other portals, such as DISCO, provide real-time data integration and queries of

multiple datasets across different tissues; however, DISCO currently lacks

cardiovascular-specific datasets and comparison of analysis tools (Supplemental

Table 1) (135). As more datasets emerge, the need for a centralized and

domain-specific repository tailored for single-cell cardiovascular datasets becomes

more pressing. A centralized repository packaged with tools specific for

cardiovascular diseases will facilitate the advancement of the field as a whole and

support the democratization and utility of single-cell data.

Previously, we introduced PlaqView, an open-source web portal focused on

the exploration of the data generated by Wirka, et al., (17) and a few other

atherosclerosis-related datasets (27). Here, we introduce PlaqView 2.0, a

significantly improved release with a broader scope to include, among others,

datasets from other areas of the cardiovascular field, including human aortic

aneurysm (136), healthy human heart atlas (72), human aortic valves (137), mouse

models of atherogenesis (31), and others. We describe improvements to the user

interface, new ad hoc functions to calculate trajectory on cells of interest, metadata

exploration, and the ability to export publication-ready figures in addition to existing

functions such as basic gene expression query and drug-gene interaction analysis.

We also highlight several backend improvements that allow us to bring

high-performance, reproducible computing environments to lay scientists via the

web browser. Lastly, we outline basic steps to repurpose the PlaqView

programming scaffold for other areas of single-cell investigation.

http://www.cbioportal.org
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6279986247993891&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:9c47a858-32ba-4d6e-ad99-48423c77eac6
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=525183740355159&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c46a545a-cd55-4536-a049-88fe123f7398
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=06685567993973718&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5109976941439068&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:da2284c1-7672-4537-921d-e3c520e2c8a3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7867714395456561&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:e961f211-a299-4ab9-89cc-78abd65df6a7
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=21743330751001344&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c13f5614-fc62-4e05-813d-75e8609178bc
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=45231460995557193&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:6b967773-e827-42cf-998d-75c0069646ba
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=05748865762098654&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:ee6b3966-f675-4c74-a0a3-01566b34bc0d
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3.3: Results

Plaqview 2.0 Includes Significant Expansion in Data Availability

Since our initial publication introducing PlaqView, which featured 7 datasets

from 4 studies (27), PlaqView 2.0 now features 32 datasets: 23 from human tissues

and 9 from mouse tissues (Figure 3.1, Supplemental Table 2). New single-cell

datasets made available in this release include those from: mouse carotid ligation

experiments (138), mouse adventitial cell layer (139), human adult heart

compartments (72), human COVID-19 autopsy hearts (140), and human aortic

leaflets (137). At the time of writing, PlaqView now contains over 1.7 million total

cells. PlaqView will be actively maintained and we will continue to add new datasets

upon their publication and release to the public.

Figure 3.1. PlaqView 2.0 incorporates 32 cardiovascular-related datasets. (A)

Major datasets available on PlaqView. PlaqView brings high-performance

computing directly to the browser in order to handle large datasets such as ones

from Litvinukova et al., which are atlas-type survey data that contain tissues from

the entire human heart. (B) Species composition of PlaqView’s database.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2817477564879667&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:da2284c1-7672-4537-921d-e3c520e2c8a3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=33114905030523767&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:d77861cd-5bf1-43fb-ac84-1b08430fa3e8
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2203287512446691&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:21914728-10cc-4259-adf6-fea3af19e28c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6868399993964234&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c13f5614-fc62-4e05-813d-75e8609178bc
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9066543761377401&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a0b95808-1c8f-4fc5-9538-a6fb10cd3401
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6604384191337727&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:6b967773-e827-42cf-998d-75c0069646ba
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PlaqView Allows Rapid Query of Gene Expression of Single Cell Datasets

Gene expression-based query is the mainstay for single-cell data exploration.

When interacting with single-cell datasets, scientists commonly begin with querying

expression levels of one or more genes of interest. However, this is also one of the

most time-consuming steps because public data are often shared in various

formats that require customized codes to be read and analyzed. In PlaqView 2.0,

each dataset has been systematically preprocessed from various stages of

upstream analysis to allow efficient querying on-demand. Upon launching the

PlaqView homepage (www.plaqview.com), users can open the scRNA-seq portal

(Figure 3.2), choose the scRNA-seq dataset of their interest, and load it into the

memory of their dedicated session. Manually curated information about each

dataset is also available on the portal and on the main homepage. Once the dataset

is loaded, users are directed to the “Gene Lookup” tab (Figure 3.3) where they can

enter a single gene or multiple genes, select the plot type they prefer (e.g. Dot Plot,

Feature Plot, or Ridge Plot), and choose from one of the available cell-labeling

methods (see next section) for query. The Gene Query function is powered by

Seurat (75). Gene symbol capitalizations are automatically corrected based on

species of the dataset selected to conform to Human Gene Nomenclature

Committee (HGNC) or Mouse Genome Informatics (MGI) gene nomenclature

conventions (e.g. APOE for humans and Apoe for mice) (141,142). The queried

gene(s) plots then will appear alongside the conventional UMAP displaying the cell

type, and users can download high-quality, publication-ready figures in .pdf format.

To facilitate functional interpretation within a given single-cell dataset,

PlaqView conducts automated Pathway Enrichment Analysis with the queried

genes, powered by EnrichR (143–145). Although not commonly a part of a standard

single-cell RNA-seq pipeline, pathway enrichments provide additional insights into

the biological importance and functional consequences. Users can choose their

http://www.plaqview.com
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=508994637314942&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5383703827152361&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:27b0e249-e7cc-48d1-8f30-201746bc863d,e6ddebf6-a90f-485d-a131-51d7cb167bd7:91d4a004-b25b-4141-854a-36c04edc2e9c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7193081924042176&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fd55af3e-8285-4b5c-a39e-a967984ef582,e6ddebf6-a90f-485d-a131-51d7cb167bd7:b5ccdd68-8056-4902-b426-0de17d56659f,e6ddebf6-a90f-485d-a131-51d7cb167bd7:74a4cae1-dfb6-481d-b6f9-042c2c3e13e5
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preferred databases from a list of well-annotated sources such as ENCODE

(Encyclopedia of DNA Elements) and GO (Gene Ontology). For example, querying

the two NADPH oxidase genes implicated in redox metabolism and atherosclerosis

“CYBB” and “NOX4” (29,146), in the Li et al. (2020) dataset using the

“GO_Biological_Process_2018” database shows the top function category as

“superoxide anion generation,” and that (FB), macrophages (Mø), and smooth

muscle cells (SMCs) highly express these genes (Figure 3.3). This information allows

users to quickly assess and generate hypotheses and aid in the design of future

experiments.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7447704534233186&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:54691229-ad66-457f-bbe4-ca6e5a4197ce,e6ddebf6-a90f-485d-a131-51d7cb167bd7:6cd04af7-cecb-482c-80cc-f97e4b70ea13
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Figure 3.2. PlaqView 2.0 homepage facilitates selection and loading of relevant

datasets. The homepage allows users to browse dataset details and load selected

datasets into their dedicated session for further exploration.



Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 57

Figure 3.3. Gene Query page allows rapid visualization of gene expression,

UMAP embeddings, and facilitates automated GSEA. PlaqView 2.0 supports
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visualization of a single gene or multiple genes via feature, dot, and ridge plots, as

powered by Seurat. Users can also choose their preferred annotation methods and

download high-quality pdfs for publication. This instance is a demonstration using

Li et al. dataset.

Cell Labeling and Differential Gene Expression

Cell identity prediction remains one of the most time-intensive and critical

steps in the single-cell analysis pipeline (147). Previously, we found that the

upstream cell-state prediction step greatly affects downstream analysis such as

cell-cell communication analysis (27), and multiple labeling methods should be

compared for consistency. Automated labeling tools are great starting points and

help eliminate the inherent bias introduced in cluster-based manual annotation

(147). However, current references may not accurately predict novel cell types or

transitional states, such as the ‘myofibroblasts’ as shown in Wirka et al. (17).

Furthermore, discovery of novel niche cell-types are difficult and require careful

examination of the differential gene expression patterns.

PlaqView enables users to run and compare several methods of cell

annotation and compare them against other databases, as well as exporting the

entire differential gene expression matrix for manual exploration of rare cell types. In

many areas of the application and specifically under the “Cell Labeling” tab, users

have the ability to explore the cell identities as provided by the original authors

(when available), by SingleR (83), and by Seurat V4 “label transfer” using the Tabula

Sapiens atlas (75,148). To demonstrate this, we explored the Livinukova et al.,

annotation (Figure 3.4A) against the annotation provided by Seurat’s label transfer

using the Tabula Sapiens reference (Figure 3.4B) (75,148). These identity predictions

are pre-run during the data processing stage and stored within each data object. By

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=87518388619851&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0fa7489b-713b-4ed9-96b4-a1f080b3d1cb
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=040024185600815&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:da2284c1-7672-4537-921d-e3c520e2c8a3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=23000088714501565&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0fa7489b-713b-4ed9-96b4-a1f080b3d1cb
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=25622475440592607&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=42657308785773873&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5a734a22-e729-4ad3-8013-8ace8a7cbe3d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6164913896241871&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:c780564c-62de-4f35-bd34-10b6ba0c3303
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=623046139105414&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a,e6ddebf6-a90f-485d-a131-51d7cb167bd7:c780564c-62de-4f35-bd34-10b6ba0c3303
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running the cell identity prediction during the preprocessing stage (see Methods)

and not on-demand, PlaqView can rapidly display results with little downtime. To

allow additional flexibility, transparency and further exploration of the differentially

expressed genes in each cell type, we provide precomputed tables of the

differentially expressed genes based on labeling methods in downloadable .csv

format. By precomputing these tables during the preprocessing stage, we cut down

hours of computing time for the end-user. These tables provide users the

opportunities to review genes or cell groups of interests, and serve as starting

points for downstream analysis such as drug-gene interaction analysis.

Figure 3.4. Annotation Explorer page facilitates cell-level annotation

comparison. Users can compare pre-computed cell identity annotations as well as

author-provided labels (when available). Using the Litvinukova et al. dataset, we

demonstrate the difference between the annotation from the (A) original authors and

(B) Seurat label transfer using the Tabula Sapiens reference.

In PlaqView 2.0, we have incorporated a new interactive feature named Cell

Identity PRedictor, or CIPR (Figure 3.5) (149). CIPR provides an additional

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=35973789571967263&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c028f0ce-95e6-40fe-bc27-806e1afd2833
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opportunity for users to interact with the data and further explore and compare the

cell annotations. CIPR calculates, in real-time, cluster-based gene expression

similarity index scores against known references, such as the Database of Immune

Cell Expression (DICE), Immunological GenomeProject (ImmGen), and the Human

Primary Cell Atlas (149). CIPR provides an additional opportunity for the users to

interact with the data and further explore and compare the cell annotations. To run

CIPR on the loaded dataset, users need to select the starting labeling method

(default is the unlabeled Seurat clusters) and the reference to benchmark against

(default is ImmGen Mouse). CIPR was designed to be able to run against human

and mouse references interchangeably. PlaqView will output an interactive CIPR

plot where users can select the cluster(s) of interest and explore the top similar cell

types, their descriptions, identity scores (calculated as a function of fold-change

dot-product) and percent of genes that are similarly co-expressed. For example,

when running the COVID-19 heart autopsy data from Delorey et al. (140) using the

pre-sorted human RNAseq reference provided by CIPR, we noted a high

concordance between the author-labeled “CD8+ T-cells” with the reference cluster

“Effector memory CD8 T cells”, with a 75.5% percent positive correlation in gene

signature. Lastly, Users can download a full table of the CIPR results in .csv format

as well as the CIPR plot in .pdf format for publication.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9948606668454752&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c028f0ce-95e6-40fe-bc27-806e1afd2833
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4249329950923241&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a0b95808-1c8f-4fc5-9538-a6fb10cd3401
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Figure 3.5. CIPR integration allows further exploration and interaction with

cell-level annotation. Users can benchmark pre-computed annotations with

existing single-cell references, and interactively compare and visualize identity

scores and percent correlations with the top candidate reference identities. Light

blue box indicates selected groups for detailed tables.

PlaqView Enables Users to Explore Unstructured Metadata

Currently, no systematic convention exists in sharing single-cell metadata

that are essential for reproducible analysis and future meta-analysis. These

important metadata, such as sex, age, sample location, and author-provided

cell-type annotations, are often omitted when submitting data to public repositories.

Currently, it is estimated that fewer than 25% of current single-cell studies have

provided cell-level metadata (132). PlaqView 2.0 aims to provide a platform for

easier standardization and sharing of cell-level metadata in three ways: 1) we curate

and reformat existing metadata and append them into the Seurat object, 2) we

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=3320705428349501&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:a2044d91-4ff4-4d5a-bf29-501a4518f34d
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require new submissions to have pre-embedded metadata, and 3) we developed

features to explore all existing available metadata in their unabridged format.

When available, PlaqView separates the metadata into “Factor-Type” (Figure

3.6A) and “Continuous-Type” variables (Figure 3.6B). Examples of factor-type

metadata include sex, age-group, biological individuals, and disease type, whereas

continuous-type metadata include percent mitochondrial reads, age, and p-values

of singleR annotations. PlaqView will output appropriate feature maps when these

data are available. Furthermore, we introduce the ability to query gene expression

based on factor-type variables. We demonstrate its use by querying the genes

APOE, COL1A1, FBLN1, and FBLN2 in the Tucker et al. (150) dataset using the

“chamber” variable (Figure 3.6C). Interestingly, fibulins (FBLN1 and FBLN2) are

more highly expressed in the right atrium (RA) and left atrium (LA), compared to

ventricular samples, most likely due to the differential behavior of atrial and

ventricular fibroblasts (151). However, further interrogation using the “experiment”

and “biological.individual” variables show significant variation of fibulin expression

among the atrial samples as well as among individuals sampled (Supplemental

Figure 3.1A and 3.1B). This particular example demonstrates the critical need for

better metadata sharing as well as the utility of the metadata explorer feature.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7794673909250311&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:4c1e2f28-c35d-4688-8ddf-ea14a60ba10a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6842740204353935&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:cef358e5-9278-4e91-859d-1bbc77eb5cea
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Figure 3.6. Metadata Explorer enables visualization and query of unabridged

cell-level metadata. When available, cell-level metadata are divided into (A)

factor-type such as cells separated by “biological_individuals,” and (B)

continuous-type such as percent mitochondria by seurat cluster for visualization. (C)

Users can also query gene expression based on factor-type metadata such as the

heart “chamber” in the case of Tucker et al. (150). (D) We embed the metadata

during the preprocessing stage and PlaqView sorts the metadata and runs

calculations in response to the user selection to generate corresponding UMAPs

and Violin plots.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=35562660261448675&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:4c1e2f28-c35d-4688-8ddf-ea14a60ba10a
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Cell Trajectories and Re-Clustering

RNA trajectory analysis, in conjunction with pseudotemporal ordering, has

been widely used as a method to reconstruct cell fate, differentiation, and transition

events (22,27,89,152). In terms of cardiovascular data, RNA trajectories have been

useful in studying the fate and transitions of fibroblasts, immune cells, smooth

muscle cells and other intermediate cell types (22,27,153,154). In PlaqView 2.0, we

provide additional functionality in RNA trajectory estimation with Monocle3 (89) by

integrating high-performance calculation steps directly within the browser. Upon

opening the “Trajectory” page, the full pre-calculated RNA trajectory using the entire

dataset is displayed. Now, users can select cells of interest and subset these cells

for re-clustering and re-calculation of their RNA-trajectory (Figure 3.7A-C). This

interactive feature allows supervised input and selection of relevant cells that can

help reduce trajectory “noise.” Furthermore, this feature is helpful because RNA

trajectories may not always be applicable to every cell type in the study, such as

those that are post-mitotic or slow-dividing. Depending on the number of selected

cells, ad hoc calculation of RNA-trajectory can take up to 10-15 mins, which is

longer than a typical shiny application timeout rule (Figure 3.7D). We made custom

services rules in the backend container to ensure that RNA-trajectories are

calculated in the most time-efficient manner possible and modified any timeout

rules typically applied to reliably deliver RNA-trajectory results. As future datasets

get larger, we will implement a notification and ticketing system to allow users to

return to the same session when calculations are complete. This new interactive

feature allows users to focus on their cell types of interest to better develop future

hypotheses and experiments.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9249202941108015&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:138ae018-ce70-45df-b5b6-360ff4aafcde,e6ddebf6-a90f-485d-a131-51d7cb167bd7:1eaed852-c1ba-4e60-839a-789143ec7f72,e6ddebf6-a90f-485d-a131-51d7cb167bd7:da2284c1-7672-4537-921d-e3c520e2c8a3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:92bb59ba-9c5d-475c-900d-efdfac582dee
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=01588903736350522&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:da2284c1-7672-4537-921d-e3c520e2c8a3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:a745cd56-f77e-402c-af82-76050c1329a8,e6ddebf6-a90f-485d-a131-51d7cb167bd7:a216ec6c-bf40-4652-9a6d-3d6a25190706,e6ddebf6-a90f-485d-a131-51d7cb167bd7:92bb59ba-9c5d-475c-900d-efdfac582dee
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2082227776715675&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:138ae018-ce70-45df-b5b6-360ff4aafcde


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 65

Figure 3.7. PlaqView 2.0 enables interactive RNA trajectory inference. (A) Full

cell trajectory inferences are presented to the user, as demonstrated using the

Alsaigh et al. dataset. (B) Selected cells are highlighted in black. These cells can

be subsetted and their (C) trajectories can be re-calculated in PlaqView as powered

by Monocle 3. (D) We pre-compute the overall trajectory during the pre-processing

stage, and recalculations of subset trajectories are done ad hoc as needed by

PlaqView as an on-demand function.

https://app.readcube.com/library/?style=Frontiers%20in%20Cardiovascular%20Medicine
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Druggable Genome and Cell Targeting

Lastly, to enable researchers to rapidly explore current drug databases in the

context of relevant single-cell datasets, we integrated the Drug Gene Interaction

Database (DGIdb v4) with PlaqView (111,127). In the “Druggable Genome” tab,

users can input a gene of interest to simultaneously query the gene expression

within the loaded single-cell dataset as well as display potential drug interactions

(Supplemental Figure 3.2). Now, users can select multiple databases including

Catalog of Somatic Mutation in Cancer (COSMIC), Food and Drug Administration

(FDA), and DrugBank as described in DGIdb v4 (155). Additionally, users can

download the corresponding UMAP as .pdf as well as the full drug-interaction table

as .csv format. This feature is invaluable in rapidly formulating hypotheses and

future drug-repurposing experiments.

Goals and Future Updates

We are committed to bringing the most updated and relevant cardiovascular

datasets to PlaqView. Currently, we plan to update the PlaqView database at least

once monthly as more datasets and studies are published. Furthermore, we are

currently developing other multi-modal portals suited for data such as single-cell

Assay for Transposase-Accessible Chromatin (scATAC-seq), spatial RNA-seq, and a

separate portal to compare healthy and diseased tissues in a systematic manner.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=3445055094173911&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fdcd1490-5ab1-4f78-b68e-d40d3a05ad45,e6ddebf6-a90f-485d-a131-51d7cb167bd7:ea977aa8-8cb4-42ac-b76f-9b92e1171b81
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=0982124412301364&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:52b50c0d-8561-41f8-be4a-26302fb8f640
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3.4 Material and Methods

Data Formatting

One of the major challenges of reproducible single-cell analysis is the lack of

standardization in data-sharing format. We have found that the most commonly

used methods are: 1) sharing processed data as matrices (e.g. one file for counts,

one file for metadata, etc.), 2) sharing raw FASTQ files, 3) sharing processed Seurat

objects as .rds files or equivalent, such as h5ad files. We have found that sharing

single-cell data as .rds or equivalent is the most convenient and reproducible

method as the metadata are matched at the cell-level. However, as noted above

fewer than 25% of published single-cell RNA-seq studies provide this cell-level

metadata.

For PlaqView, each dataset curated or submitted is standardized and is

ready to be read by the application. Although some efforts have been made to allow

interconversions between file formats, such as sceasy

(https://github.com/cellgeni/sceasy), manual effort is still required to standardize

analysis input for PlaqView. Depending on the incoming file type, they are

converted or updated into the latest Seurat object class in R, and are saved as .rds

files. These processed files, along with their raw formats, are made publicly

available on the PlaqView homepage at https://plaqview.com/data. Systematic

processing script is available in in the PlaqView DataProcessing Github page

(https://github.com/MillerLab-CPHG/PlaqView_DataProcessing) and can be used

as a reference for other areas of single-cell application to readily convert datasets

into R-readable format.

https://github.com/cellgeni/sceasy
https://github.com/MillerLab-CPHG/PlaqView_DataProcessing
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Data Processing Steps

Once the datasets are converted into the raw Seurat objects, we process

them in the same manner to generate several output files to be read by PlaqView

(Figure 3.8). First, we filter out low quality cells that have <200 or >2,500 features,

and those with >5% mitochondrial reads. Exceptions are made for particular

datasets that evaluate mitochondrial read data, such as data from Li et al. (136).

Then, standard Seurat preprocessing using the following functions are conducted:

FindVariableFeatures(), NormalizeData(), ScaleData(), RunPCA(), RunUMAP(),

FindNeighbors(), and FindClusters().

To infer cell identity using automatic methods, the scaled RNA matrix is

extracted using the GetAssayData() function and fed into SingleR as a new singleR

object using the SingleR() function. The identities called by singleR are added into

the metadata slot within the Seurat object.

Similarly, we use Seurat’s label transfer function FindTransferAnchors() and

TransferData() to predict cell identity using the Tabula Sapiens and Tabula Muris

(156) references, depending on the original species. Identity calls are added to the

metadata column using the AddMetadata() function. Some longer cell labels, such

as “Smooth_muscle_cells” are shortened to “SMC.” The final Seurat object that

contains the SingleR calls, Seurat calls, Seurat clusters (numbered clusters) are

exported as an .rds file (Figure 3.8).

To enable trajectory analysis, we used custom scripts to extract Seurat data

and place them into a Monocle3 CDS object using the new_cell_data_set() function.

The new CDS object is preprocessed using the following functions:

preprocess_cds(), reduce_dimension(), cluster_cells() (89,152). A custom script is

used to overlay the Seurat UMAP embedding into the Monocle3 object for

consistent visualization. Then, starting nodes were selected automatically based on

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8215495775681966&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:e961f211-a299-4ab9-89cc-78abd65df6a7
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9956801989671351&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:79cc69e5-f322-4f3f-8b0e-fb1cd1b3c037
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=38135650057450154&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:1eaed852-c1ba-4e60-839a-789143ec7f72,e6ddebf6-a90f-485d-a131-51d7cb167bd7:138ae018-ce70-45df-b5b6-360ff4aafcde
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the closest vertex followed by learn_graph() and order_cells(). The resulting

monocle3 object was exported as an _cds.rds file (Figure 3.8).

Finally, we compute the entire differential expression for all cell types labeled

by different methods (i.e. Seurat clusters, author-provided, singleR, and

Seurat/Tabula Sapiens annotations) using the FindAllMarkers() function. This is the

most time-consuming and memory intensive part of the preprocessing pipeline and

we use the Future package to parallelize this step. The full R script for the

preprocessing pipeline is located in our Data Processing Github page

(https://github.com/MillerLab-CPHG/PlaqView_DataProcessing).

Figure 3.8. Overview of data processing and programmatic strategy for PlaqView.

Data submitted to PlaqView are processed systematically and stored as Seurat .rds

https://github.com/MillerLab-CPHG/PlaqView_DataProcessing
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objects. These objects, along with calculated differential gene expression tables and

trajectories, are stored in secured storage provided by the University of Virginia.

Additionally, app development and data processes are all conducted in a cataloged, stable

Docker RStudio environment that is registered both on GitHub and DockerHub.

Data Storage, Submission and Requests

Raw human sequencing data often require specialized secured storage both

due to their size and institutional review board (IRB) compliance regulations.

Currently, PlaqView 2.0 only requires the downstream count matrices and does not

use any raw sequencing. When data are submitted to PlaqView as raw sequences

(such as FASTQ or BAM files), they are processed offline in a dedicated

high-performance computing platform and only the count matrices are transferred

to PlaqView storage, which is protected under an institutional firewall (Figure 3.8).

Nonetheless, most datasets currently on PlaqView are already open-access

and are deposited in different public storage spaces in various raw formats. All

datasets available on PlaqView have undergone systematic preprocessing and are

saved in .rds formats that can be requested directly on PlaqView.com under “Data.”

Furthermore, researchers can directly and securely submit their dataset to PlaqView

on the PlaqView homepage.

Reproducible Computing Environment

Various approaches in computer science and within the R community have

been used to create reproducible and stable computing environments to facilitate

faster new user setup, scalability for larger datasets, and increased stability of web

applications. To our knowledge, popular built-in tools such as renv does not
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completely enable a reproducible environment and only records the versions of

tools in an R computing environment

(https://rstudio.github.io/renv/articles/renv.html). Recently, the combination of

Docker and R gave rise to the Rocker Project (https://www.rocker-project.org/),

which utilizes the image building capability of Docker in conjunction with R.

Essentially, a predetermined set of R tools are installed on top of a basic operating

system, such as Ubuntu. This enables programmers to capture the entire

computing environment- including the base operating system, R, and all dependent

packages- and can be downloaded to any computing platform reliably and in

isolation. This has an advantage over other tools such as renv in that Docker

images contain the actual packages and operating system, therefore in the event of

version changes or deleted repositories, it will not break with the computing

environment. Based on Rocker, we have built a custom Docker image that enables

users to run the exact analysis pipelines with all dependencies already installed,

and is available via DockerHub at millerlab/plaqviewmaster. This Docker image has

two major utilizations: as a stable environment for feature development and as a

base for the PlaqView application deployment, as it contains all the necessary

packages and serves as a backbone for the web application (Figure 3.8).

Service Structure Overview

PlaqView is designed to enable researchers to interact with

high-performance computing via the web browser. The superstructure of PlaqView

is to translate user input and selection from the browser via Shiny and run

calculations in R, which runs in a clustered container orchestration environment

alongside the University of Virginia High Performance Computing system

(Supplemental Figure 3.3A). To enable user interactions with the data without

coding knowledge, each interactive element in PlaqView is coded as Shiny Reactive

https://rstudio.github.io/renv/articles/renv.html
https://www.rocker-project.org/


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 72

elements, which change the underlying R code snippets in preparation for the

analysis. For example, when a user selects a dataset, the corresponding values of

the working directory is changed to the selected value, and when the user clicks

“Load Dataset”, Shiny monitors and triggers the event to execute the R code to load

the .rds files within the working directories.

Currently, we are using DC/OS (Distributed Cloud Operating System) to regulate

the amount of memory and processor each user can access. and DC/OS also

automatically handles the workload demands to scale up more service instances in

response to increased user access. Furthermore, this infrastructure allows for

isolated, or “sticky,” instances so each user is given a dedicated R instance and

cannot access other users’ instances. This is commonly referred to as “stateless

programming.” Currently, PlaqView supports up to 32GB of memory per user (the

memory required to access the largest dataset, and can be scaled up as needed).

In the near future, we plan to further scale up using Kubernetes on large

commercial-grade infrastructures such as Google Cloud Computing.

Development Workflow

Typically, PlaqView development occurs in several stages: edit source code

(app.r file), test locally and update Docker images, deployment, and bug fixes

(Supplemental Figure 3.3B). The standard development workflow starts with editing

the app.R script, which encompasses the UI (user interface) and the Server codes

(codes that calculate and compute results). New features and codes are tested

locally in the Dockerized RStudio container for bugs. Final edits are pushed to

GitHub as “commits” and new changes initiate GitHub Actions to recompile the

application from the base Docker image. Normally, this step involves reinstallation

of the base operating Linux system and its dependencies, R, Shiny, and all
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dependent R packages from scratch, and typically takes about 60mins. However, at

this stage, we have simplified the building process by pulling the aforementioned

pre-built Docker base image. In our experience, the typical rebuild takes about 60

minutes whereas pulling the stable base Docker image from DockerHub takes only

3-4 mins.

Once the app is live, we begin to capture user feedback and fix any

additional bugs. We implement bug fixes and feature requests via GitHub as well as

through internal runtime log reviews.

Alternative Service Structure and Adaptation to Other Fields of Research

PlaqView was originally developed for atherosclerosis-related cardiovascular

datasets, but the underlying structure was designed to be easily adapted to other

fields of research. The entirety of the source-code has been made available on

GitHub. Furthermore, each iteration of PlaqView comes with a containerized base

image hosted on DockerHub (wfma888/plaqviewmaster), which allows for

immediate and reproducible deployment in virtually any computing structure.

Essentially, there are two major steps to adapt PlaqView to other fields: minimal

processing of the user interface script and deploying to a suitable service structure.

are the two major steps to adapting PlaqView to other fields.

Due to the size of the single-cell datasets, PlaqView and adapted versions

are best hosted on dedicated, large high-performance clusters. Commercial

solutions that would work well are Google Cloud Services as Google Run instances

or Amazon Web Services. Shinyapps.io also provides a native and easy way to

deploy Shiny apps for beta testing, however limitations in memory per instance and

slow performance limits its usefulness in analyzing large datasets.
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3.4: Discussion

To date, very few single-cell portals like PlaqView exist for cardiovascular

genomics research. ExpressHeart, a single-cell portal dedicated to

non-cardiomyocyte cells, has several single-cell datasets but has limited scope and

features for data re-analysis (Supplemental Table 1) (157). Other, larger data portals

such as the Broad Single Cell Portal (SCP) have many large studies but failed to

include many critical cardiovascular datasets such as Wirka et al. (17) and Xu et al.

(137), and lack the focus on cardiovascular diseases in general. PlaqView aims to

bridge the gap between large, multi-organ portals like SCP and niche portals such

as ExpressHeart and serve as a critical resource for the cardiovascular field.

PlaqView helps overcome many modern challenges in the single-cell field,

such as the complex coding and computational knowledge needed to explore

single-cell data and standardization for data sharing. Since its initial release, we

have registered users from 35 countries, with the top being U.S., China, Germany,

and the Netherlands. To our knowledge, PlaqView is the most comprehensive

single-cell portal dedicated to cardiovascular research. We are committed to the

longevity of PlaqView and are working on furthering PlaqView’s capability as

multimodal datasets are released, such as spatial and scATAC-seq data. Our

immediate goals are 1) including additional relevant single-cell datasets, 2) creating

a subportal for live single-cell dataset integration and comparison, and 3) creating a

subportal for multimodal single-cell data visualization.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=11410475707909007&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:7beb8ec6-5efc-45de-8848-d1abf8f2fb6d
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7245770723091717&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=597615658444892&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:6b967773-e827-42cf-998d-75c0069646ba
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3.5: Contribution to the Cardiovascular Field

Single-cell data has always been challenging to share, analyze, and visualize.

Typically, these datasets require specialized computing knowledge and

high-performance computing tools not readily available. Previously, we presented

PlaqView, a web-portal to allow lay scientists and benchtop researchers to rapidly

view single-cell RNA-seq data for atherosclerosis. Here, we introduce PlaqView 2.0,

a significant improvement to the PlaqView application. In this second major release,

we introduce many new features, such as a metadata explorer, cell identity

prediction, and ad hoc RNA-trajectory calculations. We further improved the

usability, speed, stability, and scale of the application. For example, we significantly

expanded the scope of data to include data from other areas of cardiovascular

disease, such as human aortic valve stenosis and aortic aneurysms, and high

fat-induced atherosclerosis in mice. PlaqView serves both as a repository of

single-cell data for cardiovascular diseases as well as a tool to rapidly visualize,

renalayze, and share scRNA-seq data without the need to code or have specialized

computing tools. PlaqView is an invaluable resource that bridges the gap between

computational and experimental research to advance cardiovascular medicine.

3.6: Data Availability Statement

All data described herein are made available on the PlaqView data portal

(www.plaqview.com) with links to the respective datasets and their DOIs. All code is

also made available on GitHub (https://github.com/MillerLab-CPHG/PlaqView).

http://www.plaqview.com
https://github.com/MillerLab-CPHG/PlaqView
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3.13: Supplemental Figures and Tables

Supplemental Figure 3.1. APOE, COL1A1, FBLN1, and FBLN2 expression in Tucker et

al. dataset. Expression data is divided by the metadata column (A) “experiment” and (B)

“biological.individual.”
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Supplemental Figure 3.2. Druggable genome facilitates drug-repurposing and

targeting of specific cell populations. PlaqView 2.0 integrates the latest data from DGIdb

to enable side-by-side queries of gene expression and drug-gene interaction. Users can

download full drug-interaction tables as well as publication-read expression feature plots.
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Supplemental Figure 3.3. Superstructure of PlaqView and application lifecycle. (A)

PlaqView enables user interaction with underlying R code using Shiny. When users interact

with PlaqView, our high-performance computing cluster at UVA interprets and calculates

the output. The resulting outputs are rendered and formatted by Shiny. (B) when new

features are being developed or bugs reported, we edit the main app.R script, which we

then test locally and push to GitHub. This triggers a rebuild action using the base Docker

image and new changes are built on top and new builds are made live automatically.

Supplemental Tables 3.1 and 3.2 can be found Online at the following web address

(shown as Supplemental Table 1 and 2 on website):

https://www.frontiersin.org/articles/10.3389/fcvm.2022.969421/full#supplementary-

material
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Chapter 4: Investigating Cell-Specific Responses

in Chemotherapy-Induced Cardiomyopathy

This Chapter is a work-in-progress and contains work that has not been previously

published.

4.1: Brief Background and Rationale

Interplay Between Cardiovascular Disease and Cancer

Cardiovascular disease and cancer are the leading causes of death in the

U.S. (3,4). Although new antineoplastics and treatment regimens have greatly

increased survival for many types of cancer, there is now a special population of

patients affected by both cancer and cardiovascular disease, which gave rise to the

specialized field of cardio-oncology (49,52,59).

The interplay between cardiovascular diseases and cancer is complex and

under active investigation. In the aging population, existing CVDs can complicate

cancer treatment regimens, and the very same antineoplastic regimens can also

adversely affect the development of CVDs. On the other hand, childhood and

adolescent cancer treatment can lead to early-onset of CVDs and heart failure. In

general, most systemic antineoplastics and radiation to the chest pose some form

of risk for the development of cardiovascular problems (52,61).

The current clinical treatment and management for chemotherapy-induced

cardiomyopathy and heart failure are essentially the same as with all other kinds of

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6995899171212452&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:861835da-6f62-45f7-b9fa-1e5784b004d4,e6ddebf6-a90f-485d-a131-51d7cb167bd7:1f4fe334-cd5f-42a7-9ef8-6e32144c4a1c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6927179368390675&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:897c2426-06c7-4319-8a28-90ef4426becd,e6ddebf6-a90f-485d-a131-51d7cb167bd7:63a35d7b-1ad3-42a7-9ef2-f1c55df69b31,e6ddebf6-a90f-485d-a131-51d7cb167bd7:6ba159c9-cb90-4c55-8d3f-ee24860b91d9
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=22119680168297773&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:63a35d7b-1ad3-42a7-9ef2-f1c55df69b31,e6ddebf6-a90f-485d-a131-51d7cb167bd7:1df777b7-2c15-4de1-b858-b07e306108c7
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heart failure; these treatments focus on reducing systemic volume overload via

diuretics and ace-converting enzyme inhibitors. Unfortunately, the prognosis for all

heart-failure patients remains poor- at about 50% survival in five years

(46,47,55,158).

Current Understanding and Proposed Mechanisms

Currently, the prevailing mechanism of cardiomyopathy induction by

chemotherapy (especially anthracyclines) is centered on the formation of reactive

oxygen species (ROS). Anthracyclines such as Doxorubicin (DOX) are thought to

enter the cell’s nucleus and intercalate with GC-rich regions of the chromosomes

(159). It appears that DOX can modulate ROS formation via the NADPH oxidases

and nitric oxide synthases (NOS) in the mitochondria, which ultimately triggers

downstream Bcl-2-associated X protein (BAX) activation and apoptosis (159).

Furthermore, the intercalation by DOX into the DNA results in the formation of

DOX-DNA-Topoisomerase complexes that ultimately lead to DNA-repair response

and subsequent cell death (159,160).

In small animal models such as rats, hypertension has been shown to

sensitize the animals to the cardiotoxic effects of chemotherapy (159). This

suggests that underlying systemic processes may accelerate the cardiotoxic effects

of chemotherapy, rather than localized direct damage alone. However, as with most

small animal models, these observations are hard to generalize to the human

population as rodents have a vastly different cardiovascular structure, and many

physiological and metabolic differences (161–163). Additionally, the administration

of DOX in mice (usually just one intraperitoneal injection) does not reflect the

complex regimen that human cancer patients typically receive (159).

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5527365224317635&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:7bb81528-3731-4a17-8224-46acd9c7c132,e6ddebf6-a90f-485d-a131-51d7cb167bd7:83245f4a-b10e-46c2-8306-7f882cddad63,e6ddebf6-a90f-485d-a131-51d7cb167bd7:da50a3d5-73b0-4513-be39-a4412672b71f,e6ddebf6-a90f-485d-a131-51d7cb167bd7:c90c7c1d-ce48-433d-96ba-c01c30c7e72c
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7257213164892726&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b3627ffc-65df-4ca8-b4eb-61445ac04668
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8129972350524535&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b3627ffc-65df-4ca8-b4eb-61445ac04668
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=31040249693434907&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b3627ffc-65df-4ca8-b4eb-61445ac04668,e6ddebf6-a90f-485d-a131-51d7cb167bd7:31f92f9d-c35d-49c4-b826-7d60f58ee0c7
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8206248139811277&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b3627ffc-65df-4ca8-b4eb-61445ac04668
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=642458517962428&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:043d1842-2d70-4193-aa93-3388002cef59,e6ddebf6-a90f-485d-a131-51d7cb167bd7:cf7500c3-70a2-46cc-bbea-180901a1c9c3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:4a0d6c09-d128-4b85-ad30-0ff09937752e
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9400079063116342&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b3627ffc-65df-4ca8-b4eb-61445ac04668
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A step removed from animal models is using human induced-pluripotent

stem cells (iPSCs). While several studies have used iPSC to test for acute cellular

toxicity, these models are limited in that they are short-lived and do not fully capture

the dynamics and stochasticity of the human heart (164). Nonetheless,

patient-derived iPSCs seem to recapitulate susceptibility to cardiomyopathy

phenotypes of the patients they were derived from, likely because these

patient-derived iPSCs inherit the same susceptibility genetic backgrounds

(164,165). Because of the ability to recapitulate the genetic susceptibility of

individuals, iPSCs could be good models for individualized predictive medicine

(164,165).

Justification for This Work

Recently, single-cell sequencing technologies, e.g. scRNA-seq and

scATAC-seq, have emerged as the methods of choice for elucidating the cellular

changes in various pathophysiologic contexts, including non-chemotherapy-related

dilated cardiomyopathies (e.g., idiopathic and genetic mutation-related),

pressure-induced cardiomyopathy and hypertrophic cardiomyopathy (68,69,71,72).

These studies provide insight and opportunities for therapeutic intervention and a

better understanding of the cellular heterogeneity in these diseases. Furthermore,

these data allow for integrative comparison to show the different cellular

mechanisms between various forms of cardiomyopathy. Unfortunately, no

single-cell sequencing dataset exists for chemotherapy-induced cardiomyopathies

and the cellular pathophysiology of this particular form of cardiomyopathy remains

poorly understood. This is likely due to scarcity and difficulty in obtaining

high-quality samples from human hearts, compounded by the difficulty of obtaining

high-quality sequencing from multinucleated tissue.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9565726170904116&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b2c72a62-2835-471a-ba47-a3c228195003
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=0412132966961446&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b2c72a62-2835-471a-ba47-a3c228195003,e6ddebf6-a90f-485d-a131-51d7cb167bd7:70a13066-4fa2-49b7-97d1-3baa8c538bf1
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=14736787112835403&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:b2c72a62-2835-471a-ba47-a3c228195003,e6ddebf6-a90f-485d-a131-51d7cb167bd7:70a13066-4fa2-49b7-97d1-3baa8c538bf1
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9969371666553962&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:073632ec-b2be-43b2-beb6-a1509703c2e4,e6ddebf6-a90f-485d-a131-51d7cb167bd7:38830838-9779-4c10-8d5a-2f5d5082cbc5,e6ddebf6-a90f-485d-a131-51d7cb167bd7:98f2f334-9276-4dcf-9140-8d2be09708c9,e6ddebf6-a90f-485d-a131-51d7cb167bd7:c13f5614-fc62-4e05-813d-75e8609178bc
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Currently, most cardiomyopathies, including chemotherapy-induced

cardiomyopathy, are treated symptomatically, such as by reducing volume overload

via diuretics, ACE-inhibitors, and beta-blockers, which may improve survival in the

clinical settings (59,166). However, there is very little knowledge informing the exact

molecular differences between chemotherapy-induced cardiomyopathy and other

forms of cardiomyopathy, and how common heart-failure drugs may be affecting

the heart in these different settings.

As cancer survivorship increases, understanding the long-term effects from

prior chemotherapies becomes more pressing. Furthermore, understanding how

DOX-induced cardiomyopathy relates to other forms of DCM by single-cell

sequencing may inform treatment decisions and reveal new therapy targets or

potential off-target effects. The study conducted in this chapter will not only amend

the aforementioned knowledge gap in the field, but will create the foundational

reference for additional hypothesis generation and testing.

4.2: Results

Informed Consent and Patient Demographics

All patients were informed regarding tissue harvesting and usage, and IRB

protocol has been approved with the IRB #20007. No identifiable information has

been used, and each patient’s characteristic is found in Tables 4.1 and 4.2.

Sample ID Status Tissue Type Age Sex Diagnostic Code

CH1 (UVA109) Chemo Left Ventricle 53 Male I50.84

CH3 (UVA174) Chemo Left Ventricle 55 Female I42.0

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5663039318603574&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:6ba159c9-cb90-4c55-8d3f-ee24860b91d9,e6ddebf6-a90f-485d-a131-51d7cb167bd7:d042e033-ebbc-4620-8762-4bf2be3a116e
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CH4 (UVA120) Chemo Left Ventricle 59 Female I42.8

CH5 (UVA198) Chemo Left Ventricle 59 Female I50.2

N1 (UVA017) Normal Left Ventricle 55 Female NA

N3 (UVA014) Normal Left Ventricle 49 Male NA

Table 4.1: Patient metadata for multiomic sequencing.

Sample ID Status Tissue Type Age Sex Diagnostic Code

CH1-V

(UVA109)

Chemo Left Ventricle 53 Male I50.9

CH4-V

(UVA174)

Chemo Left Ventricle 55 Female I42.0

N3-V (UVA014) Normal Left Ventricle 49 Male NA

NID1-V

(UVA008)

Non-

ischemic

DCM

Left Ventricle 61 Male I42.0

Table 4.2: Patient metadata for spatial RNA sequencing. Note that CH1-V and

N3-V were the same samples as CH1 and N3, respectively, that were also used in

multiomic sequencing.
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Optimization of Nuclei Isolation Protocol

One of the central technical barriers in single-cell and single-nucleus studies

is isolating cells and nuclei that are intact and free of debris, while protecting RNA

and DNA from endonucleases (167). While many previous studies have published

proposed protocols, the most effective method is study-specific, depending on

tissue type, storage medium, and goal of study (17,69,167–169).

For previously frozen tissues and tissues for which it is difficult to get intact

whole-cells such as brain and muscle, single-nucleus RNA-seq is the preferred

method (170). We began testing for nuclei quality on pilot normal ventricular tissues

using our previously published method designed for snATAC-seq (22). The major

steps of the protocol are as follows: 1) freeze dry the tissue in liquid nitrogen and

break apart with a mortar and pestle, 2) transfer tissue into a Dounce homogenizer

and homogenize, and 3) debris clean up with Opti-Prep. When we tested this

protocol on the healthy LV samples that were previously frozen and kept in -80C,

we observed 2x106 nuclei/mL, but ample debris remained even after repeated

filtering with 70µm cell strainer, and high viability was observed (16.5%, FIGURE

4.1). For single-nuclei isolation, high “viability” suggests that either there is ample

auto-fluorescent debris or that many cells are intact and the nuclei are not released.

Typically, we aim for 5% or lower, which means 95% are clean, isolated nuclei.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=1559216310569539&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c42d30be-803c-41fb-bf1c-3bbeb25b576e
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=32195962553579605&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c42d30be-803c-41fb-bf1c-3bbeb25b576e,e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:98f2f334-9276-4dcf-9140-8d2be09708c9,e6ddebf6-a90f-485d-a131-51d7cb167bd7:96228555-59b7-42b8-b217-2979e75cd0e8,e6ddebf6-a90f-485d-a131-51d7cb167bd7:af030b4d-5ba6-4939-a2f0-4b33c3b3746f
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=700876890710184&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0f0f8d75-4d8b-4af7-9485-6b2df1ef7d76
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6368733918455358&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:92bb59ba-9c5d-475c-900d-efdfac582dee
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Figure 4.1: Luna images at 1X (left) and 10X (right) of LV nuclei isolated using

protocol previously reported in Turner et al., 2022. Nuclei isolates were stained with

Trypan Blue and imaged using the Luna counter via the Bright Field Count function.

We sought to reduce the amount of debris using another recently published

protocol with some in-house modification to optimize for multiomic analysis

(171,172). We embedded the same healthy pilot tissues into OCT (Optimum Cutting

Temperature) media, and sliced the tissue at 20µm, 50µm, and 100µm thicknesses

for a total of 600µm of tissue at each thickness. This step replaces the liquid

nitrogen-freezing and mortar and pestle step to give a more gentle

tissue-dissociation step. Then, the tissue slices were dissolved, filtered with a 70µm

cell strainer, and their nuclei released using the 10X Multiome Nuclei Isolation Kit

(see Section 4.3 Materials and Methods for detailed steps and product numbers).

With this in-house protocol, we were able to isolate over 160,000 nuclei with

a 6% viability by slicing the tissue at 50µm for the pilot healthy tissue (Figure 4.2).

Microscopic examination of the nuclei revealed significantly cleaner isolate with

very few observable debris (Supplemental Figure 4.1). We proceed with this exact

protocol for the samples assigned for actual sequencing.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8453509384078625&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:1d54bbec-d230-404b-8fa4-e9e404d82eb6,e6ddebf6-a90f-485d-a131-51d7cb167bd7:e210c0c0-7534-4415-b465-40ef187f2020
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Figure 4.2: Nuclei yield (left) and viability (right) for pilot nuclei isolation protocol.

Sequencing Quality Control for Multiomic Analysis

The sequencing was handled in two batches to minimize handling time of

each sample. Additionally, samples CH1 and CH3 both had additional adjacent

tissues that were sequenced to supplement the original tissue due to small tissue

sizes, and are labeled as CH1_B and CH3_B, respectively (Table 4.3).

Sample Thickness Number of
Slices

Concentrati
on (nuc/uL)

Nuclei Viability Batch

N1 50μm 12 1930 20% First

N3 50μm 12 3070 19% First

CH1 50μm 20 1300 40% First

CH3 50μm 20 360 5% First

CH1_B 50μm 12 2960 0.7% Second

CH3_B 50μm 12 4560 0.2% Second

CH4 50μm 12 9000 0.1% Second
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CH5 50μm 12 8250 0.1% Second

Table 4.3: number of frozen slices and thickness used in multiomic analysis. We

typically aim for <5% viability, which means 95% of the nuclei are free from the cell.

Nuclei are resuspended for an approximate final volume of 50uL.

The nuclei concentration and viability suggest that both original

chemotherapy-related samples, CH1 and CH3, were heavily degraded.

Macroscopically, these two original samples were very small (~1mm in diameter

each, data not shown). Therefore, in the second batch, we added adjacent LV

tissues from these two patients (CH1_B and CH3_B, respectively) to supplement

the cell count. The tissues from the second batch appeared more intact upon visual

inspection, and the overall viability was lower than 1%, suggesting that most nuclei

were free from the cell with limited debris (Supplemental Figure 4.2).

Differential Gene Expression and Clustering Reveals Highly Distinct Cell Type

Signatures

Nuclei isolated from the LV tissue were processed using the 10X Genomic

Multiome library kit and sequenced using NextSeq 2000 (see Materials and

Method), and raw BCL files were aligned using Cellranger and Cellranger-atac. After

basic filtering for low-quality nuclei (removing high mitochondrial read percentage

and cells with low read mapping), 16,422 high-quality nuclei remained–12,612 cells

from the chemotherapy group and 3,810 from the control group (Figure 4.3, Left).

The distribution and range of contribution from each donor varied (Figure 4.3,

Right). However, all downstream statistical methods are non-parametric and do not

assume even sample distribution.
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Figure 4.3. Left: cellular composition of the final scRNA-seq dataset by disease

state, and by Right: donor. “CH” denotes chemotherapy donor and “N” denotes

normal donor.

Once scaled, aligned, and mapped, we integrated the two batches of data

using Seurat’s integration function to remove batch effects (75). We then used

Seurat’s label transfer function to provide preliminary calls for cell-type labels using

the scRNA-seq data from Chaffin, et al., as the reference (68). We further manually

refined and confirmed each cluster’s identity by manually examining the top

markers (Supplemental Figure 4.3). In the final high-level (labeled as LVL1)

annotation, we observed the presence of all expected cell types, including

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5052070785535067&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=49527140127870584&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:073632ec-b2be-43b2-beb6-a1509703c2e4
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endothelial cells, macrophages, cardiomyocytes, pericytes, and fibroblasts (Figure

4.4).

Figure 4.4: Initial clustering and high-level (level one) annotation showed all major

cell types present.

To examine for batch effects, we plotted the cells by batch and did not

observe the addition of new major clusters or features (Figure 4.5). However, the

increase in cell number for each cluster significantly increases the statistical power

for downstream analysis. Furthermore, plotting by donor showed no significant

skewing for each cell type (Supplemental Figure 4.4)
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Figure 4.5: UMAP plot separated by batch showed no new cell types or clusters.

However, the second batch added a significant number of cells and will increase

downstream analysis power.

Fibroblasts Show Distinct Grouping and Activation in Chemotherapy Patients

While most cell types showed expected harmonization and close clustering,

fibroblasts showed two distinct subclusters that are closely related to

chemotherapy status despite the previous integration step (Figure 4.6). While

canonical fibroblast markers such as vimentin (VIM) and fibronectin (FN1) are

expressed in both clusters, we found that chemotherapy-fibroblasts are associated

with increased expression of activation markers (173), such as Tenascin-C (TNC),

Transgelin (TAGLN), and Periostin (POSTN, Figure 4.6). Interestingly, in another

study, the overexpression of activation markers was found in fibroblast derived from

post-myocardial infarction (173). Furthermore, fibroblast activation was also

observed in idiopathic DCM, supporting previous studies implicating fibroblasts as

critical to the heart-failure response (71).

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=03908368949276553&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:959fe62f-a4c0-4d23-b1a0-7af9079a74bd
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=43282269601685674&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:959fe62f-a4c0-4d23-b1a0-7af9079a74bd
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=0819721699828333&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:38830838-9779-4c10-8d5a-2f5d5082cbc5
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Figure 4.6: Fibroblasts from chemotherapy donors showed increased activation

markers, such as tenascin-C (TNC, p-adj.=2.45E-18), transgelin (TAGLN,

p-adj.=1.10E-25), and periostin (POSTN, p-adj.=1.50E-25).

Cellular transition states were previously observed in atherosclerosis, where

smooth muscle cells take on a fibroblastic phenotype referred to as “fibromyocytes”

(17,27). To look for transition states that may exist between normal and

chemotherapy fibroblasts, we performed pseudotime analysis of the subsetted

clusters using Monocle3 (Figure 4.7). Interestingly, Monocle3 could not find logical

transitions between the two fibroblast clusters, suggesting that they are

transcriptionally distinct. This is likely due to the fact that the chemotherapy patients

from this study were already in end-stage heart failure requiring a transplant, so we

did not capture the acute response and transition of inactivated fibroblasts.

Although they both express canonical fibroblast markers like vimentin and

fibronectin (Figure 4.6), the unique activation profiles of chemotherapy fibroblasts

present possible avenues of therapy-testing.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5684801078089805&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:da2284c1-7672-4537-921d-e3c520e2c8a3


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 94

Figure 4.7: Pseudotime analysis with Monocle3 on fibroblast clusters could not

identify a logical path connecting the two fibroblast clusters.

Fibroblasts from Chemotherapy Group Showed Transcriptional Signatures that

Mimic Idiopathic Cardiomyopathy

To define chemotherapy-specific changes in fibroblasts, we integrated our

fibroblast subset with fibroblast data from the non-chemotherapy DCM dataset by

Koenig, et al. (71). Overall, the transcriptional profiles of fibroblasts from the

chemotherapy group mimic those from idiopathic DCM and overlap the same

UMAP (uniform manifold approximation projection) dimensions, while control

(labeled as “Donor” in the Koenig, et al., data) fibroblasts from DCM closely overlap

with our normal fibroblasts (Figure 4.8).

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8994190984403972&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:38830838-9779-4c10-8d5a-2f5d5082cbc5


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 95

Figure 4.8. Fibroblasts from the chemotherapy group and idiopathic DCM data

(Koenig, et al.) clustered in overlapping UMAP coordinates, suggesting overall

similar transcriptomes. Note: Chemo and Normal-Fibroblasts are from this study,

and DCM and Donor-Fibroblasts are from Koenig, et al. Donor is the non-diseased

reference in Koenig, et al.

Despite overall transcriptional similarities, global UMAPs cannot distinguish

subtle changes and differences in gene expression or signaling pathways (67,174).

Therefore, we performed formal pathway enrichment analysis using ClusterProfilers

and bespoke codes (see Material and Methods). We found expected differences

between chemotherapy and control fibroblasts, such as altered extracellular matrix

and binding proteins (Figure 4.9, Left). Surprisingly, GTP regulation and G-protein

coupled receptor (GPCR) signaling were among the major differences between

chemotherapy and idiopathic DCM fibroblasts (Figure 4.9, Right).

Nucleotide-triphosphate exchange factors, GTPases, and nucleoside

triphosphatase regulators are highly involved in regulating the GPCR signaling

cascade that modulates extracellular matrix and cytoskeletal dynamics via proteins

like Rho and Rac (175). Furthermore, current heart-failure (HF) medications, such as

βARs agonists (β-adrenergic receptors, e.g., propranolol) and ACE-inhibitors (e.g.,

lisinopril) act on GPCR signaling (175,176).

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2203284038554466&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:1c414815-b741-4ec3-8efc-0c05710c4c3c,e6ddebf6-a90f-485d-a131-51d7cb167bd7:2b84b985-75b6-4c3a-9e5c-55c631ad2506
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=08607013011683906&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:dbdaa53c-5e21-4997-ab1b-24a61d0b6d0a
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=8255121032468609&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:681985ec-d2f6-4bbf-a5e7-e08c793117ab,e6ddebf6-a90f-485d-a131-51d7cb167bd7:dbdaa53c-5e21-4997-ab1b-24a61d0b6d0a
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While GPCR signaling is complex and is involved in many pathways, our data

suggests that fibroblasts from end-stage HF have distinct signaling profiles when

compared to idiopathic DCM and should be investigated further.

Figure 4.9: Formal pathway enrichment using the GO (Gene Ontology) Resources

Database and ClusterProfilers on fibroblasts. Top differentially expressed genes

were calculated and analyzed using ClusterProfiler via custom codes.

NADPH Oxidase 4 is Mostly Expressed in Fibroblasts, and Not Cardiomyocytes

Contrary to existing literature that suggests a central role of reactive oxygen

species (ROS) in cardiomyocytes in the pathogenesis of chemotherapy-induced

DCM, we observed very low oxidative gene expression, such as NADPH oxidases

and nitric oxide synthases, in cardiomyocytes. Instead, we found that fibroblasts

expressed a relatively high level of NADPH Oxidase 4 (NOX4, Figure 4.10, left),

which has been shown to generate ROS in the settings of cancer and fibrosis (29).

Interestingly, there is no significant difference in NOX4 expression level when we

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7688691388039883&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:54691229-ad66-457f-bbe4-ca6e5a4197ce
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compare by chemotherapy status (Figure 4.10, Right). Furthermore, major redox

signaling players, such as NOX1, NOX2 (same as CYBB), nitric oxide synthases 1, 2

and 3 (NOS1-3), and myeloperoxidase (MPO) were not significantly expressed in

any cells types (Supplemental Figure 4.5). Our data suggests that redox signaling

may not be a significantly altered pathway in most cells as a response to

chemotherapy, at least in the end-stage of chemotherapy-induced heart failure.

Figure 4.10: Left: expression of NOX4, a major constituent of the redox signaling

pathway and is involved in many pathogenic processes. Right: NOX4 expression

when grouped by chemotherapy status.

Cardiomyocytes Showed Significant Expression Changes in Response to

Chemotherapy

Cardiomyocytes have been the main focus on chemotherapy-induced

cardiotoxicity, with many iPSC cardiomyocyte models currently employed in in vitro

studies (164,165). However, single-cell mapping of the chronic response in

cardiomyocytes in human patients has not been performed. We compared the top

differentially expressed genes in cardiomyocytes from healthy and chemotherapy

groups. Of note, housekeeping genes such as ACTA1 (alpha-actin 1), TNNC1

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=00099554873246388&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:70a13066-4fa2-49b7-97d1-3baa8c538bf1,e6ddebf6-a90f-485d-a131-51d7cb167bd7:b2c72a62-2835-471a-ba47-a3c228195003
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(troponin C1), and MYL2 (myosin light-chain) were relatively downregulated in

chemotherapy-cardiomyocytes. Mutation in MYL2 has been linked with cardiac

hypertrophy, and all three of the aforementioned genes are important components

in cardiac contractility (177). The reductions in MYL2 and ACTA1 could affect the

efficiency of crossbridge binding between actin and myosin heads during the

production of isometric contraction (178,179).

More importantly, XIST (X-inactive specific transcription), a long non-coding

RNA, was highly expressed (Figure 4.11). Although XIST has been studied in mouse

models and has shown to play a role in cardiac hypertrophy, the exact effect of

XIST overexpression in the context of chemotoxicity remains to be confirmed.

Figure 4.11: Cardiomyocyte relative expression differences between chemotherapy

and normal group, with variable genes highlighted in red.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=24809908226270683&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c46e6876-73ed-4e3c-8d05-86a491070270
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=19493162141040077&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:93001b15-81c5-4ba4-988c-b95f78699c07,e6ddebf6-a90f-485d-a131-51d7cb167bd7:7a9eebf2-4528-4fc7-9d99-742ba6a4892b
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XIST is Highly and Specifically Expressed in Chemotherapy LV

X-inactive specific transcript (XIST) was highlighted as one of the genes

predominantly expressed by chemotherapy-cardiomyocytes. Surprisingly, we found

that XIST is specifically expressed by most cell types in the chemotherapy group

but not in normal control LV tissue, regardless of cell types (Figure 4.12). As a long

non-coding RNA, XIST transcripts coat the X-chromosome for inactivation

(180,181). Recently, the roles of XIST in other disease processes have emerged.

Most notably, XIST has been shown to regulate hypertrophy of the mouse heart

(181). Although XIST has been shown to be mainly expressed in females, detailed

analysis showed that XIST was only highly expressed across multiple cell types in

the chemotherapy group even when factoring in sex category (Supplemental Figure

4.6). The differential expression of XIST could in part explain the sex differences

observed in chemotherapy-induced cardiomyopathy, where female are generally

more at-risk for severe HF following chemotherapies (182). Further integration of the

RNA-expression data with coupled snATAC-seq data revealed no potential

co-accessibility regions (Supplemental Figure 4.6). At this time, the exact effect of

overexpression of XIST in chemotherapy-induced DCM– whether it is a response or

a risk-factor– remains unclear, and more patient sequencing data is required to

generalize this finding.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=46835282009390167&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:4bf56f41-d365-4762-802d-6d396a2f5cba,e6ddebf6-a90f-485d-a131-51d7cb167bd7:7ec0726d-f6df-46cc-bc99-c0f88938ef7f
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=7829119697860805&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:7ec0726d-f6df-46cc-bc99-c0f88938ef7f
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6336185427735005&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:e3436203-92fb-484e-b4fa-7b2055f84ed1
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Figure 4.12: XIST is overexpressed in almost all cell types in the

chemotherapy-induced DCM group.

Fatty Acid Oxidation Presents a Potential Avenue of Therapy for

Chemotherapy-DCM

Fatty acid metabolic pathways have been targeted as a potential mechanism

to treat angina (183). It is thought that inhibiting cardiac utilization of FA decreases

lactic acid production and improves contractile functions during cardiac ischemia

(183). Interestingly, although we found several genes related to FA metabolism to be

upregulated in cardiomyocytes, such as SLC27A6, a fatty acid transporter, we

found substantial increase in FA metabolism pathways in macrophages from

chemotherapy-DCM compared to macrophages from idiopathic DCM samples

(Figure 4.13). Although macrophage uptake of fatty acid has been studied

extensively in the context of atherosclerosis (14,17,24,139,184–186), and cardiac

injuries such as myocardial infarctions (187), how and why FA oxidation in

macrophage occurs in the context of HF is not well understood. Nonetheless,

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=3170881948724157&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5118ed2a-b4c3-4f7e-980d-ee10909e58fb
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=2411011018848237&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5118ed2a-b4c3-4f7e-980d-ee10909e58fb
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6518831451681079&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:21914728-10cc-4259-adf6-fea3af19e28c,e6ddebf6-a90f-485d-a131-51d7cb167bd7:18d68720-f220-4343-87e3-40e19689b42e,e6ddebf6-a90f-485d-a131-51d7cb167bd7:93b0f9f5-dadb-468d-b377-782d7f43b3b0,e6ddebf6-a90f-485d-a131-51d7cb167bd7:0e94602d-7e00-4331-aec1-5b174b938eb3,e6ddebf6-a90f-485d-a131-51d7cb167bd7:ed113620-5e2d-41af-a99f-bc023f74c5a2,e6ddebf6-a90f-485d-a131-51d7cb167bd7:03a135d9-6506-4d5b-b6bb-1c475a89fd7b,e6ddebf6-a90f-485d-a131-51d7cb167bd7:5eddf7c8-fd7d-418b-90b6-afaa28465073
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9114194277726614&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:dd5c670f-1262-4abb-8188-6291efda8906
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increase in FA oxidation could be a response to the increased GPCR signaling from

fibroblasts (187,188).

Figure 4.13. Macrophages demonstrate increased expression in genes related to

fatty acid binding and hydrolase activities when compared to macrophages from

idiopathic DCM.

GPCR Signaling May Be Involved in Endothelial Dysfunction

While endothelial dysfunction has been documented in many cardiovascular

diseases, such as atherosclerosis, and many forms of cardiomyopathy, the

endothelium may be particularly susceptible to chemotherapy-induced dysfunction

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=06836941291299736&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:dd5c670f-1262-4abb-8188-6291efda8906,e6ddebf6-a90f-485d-a131-51d7cb167bd7:a0321e7a-7c3b-40ac-8c52-2ec5b563d923
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(189,190). In mouse and human ex vivo experiments, the chemotherapy agent

docetaxel appears to cause endothelial dysfunction through NOX4 (190). While we

did not see high expression of NOX4 except in fibroblasts in our end-stage heart

failure tissues (Figure 4.10), we noted that chemotherapy-endothelial cells exhibited

increased RHOA GTPase and CDC42 GTPase signaling (Supplemental Figure 4.7).

GTPases have been implicated in many cardiovascular diseases, including

hypertension and diabetes, and understanding the role of GTPase affect cell

contractility and eccentric hypertrophy in the chemotherapy response could provide

future avenues to prevent cardiac toxicity (191,192).

Current Treatments for Heart Failure May Have Unwanted Effects on the

Chemotherapy-Induced Cardiomyopathic Heart

To investigate how current heart failure medications may be affecting the

heart in chemotherapy and non-chemotherapy-induced heart failures, we calculated

overexpressed genes (log2-fold change >0.5) for each diseased cell type in our

dataset and in Koenig, et al. We then cross-referenced overexpressed genes with

known interaction targets of common heart-failure treatments, including diuretics,

beta-blockers, and dexrazoxane, a drug used to prevent heart-failure in the setting

of chemotherapy (full list of drugs in Material and Methods section). The results

were surprising: we found that there were more potential interactions with most cell

types in the chemotherapy-DCM group relative to the idiopathic-DCM group (Figure

4.14). This result is concerning because most current heart failure treatments act on

the periphery to alleviate the symptoms, i.e., removing excess volume by means of

diuresis and reducing systemic blood pressure by acting on the RAAS (166). For

example, furosemide, a widely-prescribed loop diuretic, targets APOA1 (155) in

chemotherapy group cardiomyocytes, yet no target was found in the idiopathic

group cardiomyocytes (Figure 4.14). Nonetheless, how these differential interactions

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=9927510823927133&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:7799dfe0-9af0-4ef0-901e-ce6c44299823,e6ddebf6-a90f-485d-a131-51d7cb167bd7:06f179ed-d06f-430c-afee-56d791728526
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=4795806046218498&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:06f179ed-d06f-430c-afee-56d791728526
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=18599933259672508&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:e4cea60b-7cc5-47d4-b8ef-4ff6327e1dce,e6ddebf6-a90f-485d-a131-51d7cb167bd7:8f8606b2-80f7-4405-a60f-5c4a68747579
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5009405059101266&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:d042e033-ebbc-4620-8762-4bf2be3a116e
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=14495071126740167&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:52b50c0d-8561-41f8-be4a-26302fb8f640


Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 103

affect the heart as well as patient outcomes require additional studies. Full list of

drug tested and drug-gene interactions by cell type are available in our GitHub as

supplemental files.

Figure 4.14: Differential targeting analysis in different cell types by current

heart-failure drugs reveals many potential targets expressed by cells in

chemotherapy-DCM cells and not in idiopathic DCM cells. Full list of drug-gene

interaction is available in our GitHub as supplemental files.

snATAC-seq Provides Opportunities for Future Putative Driver Interrogation

In conjunction with the snRNA-seq, snATAC-seq were performed in the same

nuclei. Although fewer nuclei passed quality control criteria, we were still able to
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visualize the snATAC-seq data overlaid with the snRNA-seq (Figure 4.15). Although

we observed strong batch-effects, we were able to correct them with only two

iterations via Harmony (Supplemental Figure 4.8). In all, we were able to recapitulate

the same major clusters and were able to map the accessibility region of XIST in all

cell types. Interestingly, although XIST is highly observed in most cells in the RNA

level, many cell types, including fibroblasts, showed no open chromatin in the

corresponding gene region (Supplemental Figure 4.9). This suggests to us that the

data we have may be too sparse to conduct formal statistical analysis on its own

and must be used in conjunction with the RNA data. Nonetheless, we will make this

joint dataset as well as individual snRNA and snATAC-seq data available through

our single-cell portal, PlaqView, at www.plaqview.com.

Figure 4.15: Sparse snATAC-seq data still recapitulated major cell types present in

snRNA-seq.

http://www.plaqview.com
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Spatial Transcriptomics Provide a Starting Point for Future Confirmatory

Studies

In addition to snATAC-seq and snRNA-seq, we performed spatial RNA-seq

on two chemotherapy, one normal, and one idiopathic DCM LV samples as a proof

of concept and to provide a starting point for additional confirmatory tests. One

section was sequenced from each sample and spatial distribution of estimated cell

types were calculated using Seurat’s label transfer protocol. We found no abrupt or

focal changes in cardiomyocyte (Figure 4.16), fibroblast, endothelial or macrophage

distributions (Supplemental Figure 4.10). Unfortunately, we found it difficult to

discern specific clusters of cells or spatially variable genes, even after attempting

resolution enhancement for sample CH1 by Baysian statistics models with

BayesSpace (Supplemental Figure 4.11).

Figure 4.16: spatial RNA-seq was performed on four samples, CH1 and CH3 were

from the chemotherapy group, DCM1 is from a donor with idiopathic dilated

cardiomyopathy, and N3 is a normal control.

4.3: Discussions

The present study is the first to interrogate the cellular landscape of

chemotherapy-induced dilated cardiomyopathy (chemotherapy-DCM). We
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performed multimodal sequencing on left ventricular (LV) tissues from

chemotherapy-induced cardiomyopathy and normal patients. Furthermore, we

integrated our data with existing single-cell idiopathic DCM data to examine the

specific long-term effects and cellular response unique to chemotherapy.

Our innovative procedure allowed for isolation of high-quality nuclei from

aged, flash-frozen LV tissue, a challenging tissue type due to the multinucleated

nature and the abundance of myofibrils. We also performed comprehensive analysis

of the cellular heterogeneity between normal, chemotherapy, and idiopathic

cardiomyopathy groups.

In our cell-specific analysis of fibroblasts, we showed that chemo-fibroblasts

are transcriptionally distinct from normal-fibroblasts and showed markers of

activation, even at the end-stage HF. Furthermore, these chemo-fibroblasts,

although transcriptionally similar to idiopathic DCM fibroblasts, have different

G-protein coupled receptor (GPCR) signaling activity. Comparatively, this suggests

that chemo-fibroblasts may have different cytoskeletal dynamics and attachment to

the extracellular matrix, and the link between GPCR signaling in fibroblasts and fatty

acid oxidation in macrophage should be further explored. More importantly, we

found that NOX4, a key player in redox signaling, was mainly expressed in

fibroblasts, and not cardiomyocytes or any other cell types. In fact, cardiomyocytes

exhibited very low expression of key reactive oxygen species-generating (ROS) and

nitric oxide synthase genes. This finding is contrary to existing knowledge about

ROS being the central mechanism involved in the pathophysiology of

chemotherapy-DCM. However, since we are capturing these primary tissues at the

end-stage of heart failure, it is possible that genes involved in ROS production are

relatively down-regulated because the acute effects of chemotherapy have likely

passed. Nonetheless, our data suggests that chemo-fibroblasts, although
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transcriptionally similar to DCM-fibroblasts from idiopathic origin, have subtle

differences that can be the basis of off-target effects.

Our study also showed a potential new player in chemotherapy-DCM: XIST.

The X-inactive specific transcript (XIST) is a long non-coding RNA expressed mainly

in females in the inactivation of the second X chromosome (181). XIST was

specifically and highly expressed in many cell types in chemotherapy-DCM, and

presents an interesting avenue of research. It is also important to point out again

that our sample size is limited, and we only have one female control sample. At this

time, it is unclear from our preliminary data whether XIST is a result of

chemotherapy or a risk-factor for the increased susceptibility for

chemotherapy-induced cardiomyopathy in female patients. XIST, along with other

sex-specific genes, should be further investigated.

Overall our data and comprehensive analysis present the first cellular insights

into chemotherapy-induced cardiomyopathy in humans. We believe our study

presents many new avenues of research and will be a valuable resource for the

cardiovascular research community.

4.4 Study Limitations and Future Directions

Several limitations exist in our aforementioned study, despite the strong

statistical values from our calculations. First, our chemotherapy-induced

cardiomyopathy groups were all in the end-stage of heart failure. Future work

should focus on including patients from varying stages of disease although heart

biopsies are exceedingly rare. Second, our study included only two control patients

who self-identified as male and female, which is not representative of our gender

spectrum. Further studies with larger cohorts of both male and female, as well as

person who identifies as transgender, should be conducted. Lastly, at the time of

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=5999381845663997&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:7ec0726d-f6df-46cc-bc99-c0f88938ef7f
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writing, we are unable to obtain the exact amount of chemotherapy received for

each patient, making stratification of disease stage difficult.

Please see Chapter 5 for future directions.

4.5: Materials and Methods

Tissue preparation for Multiomic Analysis

Roughly 300mg of left ventricular tissues from either explant (chemotherapy

group) or rejected donor hearts (normal references) were excised from the whole

heart and either flash frozen in liquid nitrogen or embedded in OCT (Optimum

Cutting Temperature media, Tissue-Tek Sakura, Cat #4583) as blocks, and stored at

-80°C. The day before nuclei isolation, twelve tissue sections were cut in a cryostat

at -18°C using Epredia™ MX35 Premier™ Disposable Low-Profile Microtome

Blades (ThermoFisher, Cat# 3051835) at 50μm and stored in LoBind 1.5mL tubes

(eppendorf, Cat# 022431021). If the tissue was not embedded in OCT at the time of

tissue harvest, it was separately embedded on the day of sectioning without

thawing. The cut tissue slices were kept overnight at -80°C.

The sliced tissues were then processed using the 10X Genomics Multiome

Nuclei Isolation Kit (10X Genomics, Cat # 100494) with slight modifications. First,

the sliced tissues were homogenized and lysed using 500uL of Lysis Buffer. The

lysate was transferred to a 70μm sterile cell strainer over a 50mL conical tube

(pre-prechilled, on ice) and centrifuged at 200g for 30s at 4°C. The filtrates were

loaded into the filter columns and washed as described in the manufacturer’s

protocol. The final nuclei isolates were resuspended in 50uL of Resuspension Buffer

and counted with a Luna Cell Counter using Propidium Iodine/Acridine Orange dye

(Vita Scientific, Cat # F23001) at 10:1uL, respectively. All instruments and material

were kept on ice whenever possible.
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Single Nuclei Library Preparation for Multiomic Sequencing

The generation of single nuclei-indexed gene expression (GEX) and

ATAC-seq libraries was performed by the UVA School of Medicine Genome Analysis

and Technology Core (RRID:SCR_018883) using the 10X Genomics Chromium

Controller platform and the Chromium Next GEM Single Cell Multiome Kit (10X

Genomics, Cat # 1000285). Briefly, the nuclei isolate concentrations were adjusted

with a Nuclei Dilution Buffer containing RNase Inhibitor to aim for approx. 16,000

cells-per-5uL prior to incubating with the Transposase Mix. The transposed nuclei

were then loaded on the Chromium Next GEM Chip J, combined with barcoded Gel

Beads and partitioned into single-nuclei Gel Bead-in-Emulsion (GEMs). After GEMs

incubation, the resulting barcoded DNAs from both the transposed DNA and

full-length cDNA are pre-amplified. Indexed ATAC libraries generated via PCR from

the pre-amplified barcoded fragments are visualized on the Agilent 4200

TapeStation Instrument, using the Agilent D5000 kit. For gene expression,

pre-amplified barcoded DNA are further subjected to cDNA amplification and the

dual-indexed gene expression libraries are pooled by mass prior to sequencing. At

this stage, a routine quality-control sequencing run was performed on the Illumina

MiSeq using the Nano 300 Cycle Kit (1.4 Million reads/run, Illumina, Cat #

MS-102-2002), to estimate the number of targeted nuclei-per-sample via

CellRanger v3.0.2. The estimated count enables us to re-balance the pooled

sample prior to deep sequencing. We proceeded with the final sequencing with the

NextSeq 2000, using the P3-100 Cycle Kit (Illumina, Cat # 20040559). After run

completion, the binary base call (.bcl) files are generated and stored for downstream

analysis.
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Multiome Sequence Alignment

Raw .bcl files were demultiplexed and aligned to the human (Hg38) genome

using three iterations: CellRanger v7.0.1 (gene expression), CellRanger-atac v.2.0.0

(ATAC-seq), and CellRanger-ARC v.7.0.0 (Multiome) to generate data for

scRNA-only, scATAC-only, and combined scRNA/ATAC output files, respectively.

Full alignment scripts can be found at the GitHub page for this article:

https://github.com/wfma/Ma_2023.

RNA Cell Labeling and Differential Gene Expression Analysis

We imported the Multiome and RNA-only count matrices in Seurat V4 and

performed built-in basic filtering. Using the RNA-only matrices, we performed

removal of low-quality nuclei (<500 read/cell and >5% mitochondrial RNA), principal

component analysis, and dimension reduction using uniformed manifold projection

approximation (UMAP). Gene expression differences were calculated using Seurat’s

FindAllMarkers() function and p-values reported were all adjusted using the default

conservative Bonferroni correction method.

RNA Cluster Pathway and Pseudotime Analysis

To compare the large list of differentially expressed genes across clusters

and conditions, we composed bespoke code scripts to separate and annotate each

cluster and condition. These annotated cells were then analyzed using

ClusterProfiler, a technology-agnostic tool for pathway enrichment analysis (193).

For pseudotime and trajectory analysis, we first use bespoke codes to transform

our data into a cds object, which is then processed using Monocle3. The full code

script is available at https://github.com/wfma/Ma_2023.

https://github.com/wfma/Ma_2023
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6339512305384697&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:00e58903-cb3f-44b9-8138-b700bee25158
https://github.com/wfma/Ma_2023
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RNA Drug-Gene Expression Analysis

To explore how common heart-failure drugs can interact with cells in the

heart, we first subsetted and defined all positively overexpressed genes by cell type

using the FindAllMarkers() function in Seurat. We then extracted the known targets

of common heart failure drugs in DGIdb (111,155). These drugs are: captopril,

enalapril, fosinopril, lisinopril, perindopril, quinapril, ramipril, trandolapril,

candesartan, losartan, valsartan, sacubitril, ivabradine, bisoprolol, metoprolol,

carvedilol, spironolactone, eplerenone, hydralazine, furosemide, bumetanide,

torsemide, chlorothiazide, amiloride, indapamide, metolazone, triamterene, and

dexrazoxane. The full list of drug-gene interaction and references associated with

each interaction can be found on our GitHub page. The known interactions were

cross-referenced with the positively overexpressed genes by cell type, and the final

figure was created in BioRender.

Tissue Preparation for Spatial RNA-seq

Visium Tissue Optimization (TO) slides (10X Genomics, Cat # 1000193) with

10 micron sections were subjected to methanol fixation and H&E staining prior to

tissue optimization following the manufacturer’s protocol. All imaging (bright field

and fluorescence) was completed using an Olympus BX51 microscope with a

motorized stage, and 12 minutes was identified as the optimum permeabilization

time.

Visium Gene Expression slides (10X Genomics, Cat # 1000187) with 10

micron sections were fixed, H&E stained, and imaged as described for TO slide

processing. Tissue was permeabilized ([insert minutes}), released mRNA was

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=001543832188143801&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fdcd1490-5ab1-4f78-b68e-d40d3a05ad45,e6ddebf6-a90f-485d-a131-51d7cb167bd7:52b50c0d-8561-41f8-be4a-26302fb8f640
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captured on the spatially barcoded spots and subjected to cDNA synthesis per

manufacturer’s protocol. The generated cDNA was subjected to real-time PCR

quantification to determine optimal cDNA amplification. Amplified cDNA was

subjected to library preparation following the 10x Genomics Spatial Expression

Protocol.

Final library quality was assessed using the LabChip Touch HT (PerkinElmer)

and libraries are quantified by Qubit (ThermoFisher). Pooled libraries were subjected

to paired-end sequencing according to the manufacturer’s protocol (Illumina

NovaSeq 6000). Bcl2fastq2 Conversion Software (Illumina) was used to generate

demultiplexed Fastq files and the SpaceRanger Pipeline (10X Genomics) was used

to detect tissue, align reads, generate feature-spot matrices, perform clustering and

gene expression analysis, and place spots in spatial context on the slide image.

Visium spatial transcriptomics assays were carried out in the Advanced Genomics

Core at the University of Michigan.

Spatial Feature and Resolution Enhancement

Baysian statistics and other modeling methods from image analysis have

been used to enhance the resolution of Visium slides (194–196). Here, we employed

the package BayseSpace, a Baysian statistics tool that enhances the resolution of

spatial transcriptomics and impute features (gene expression). We first read the 10x

output into a Seurat object by subject and performed BayseSpace imputation

individually. The enhanced objects were then saved and merged into a combined

Seurat obj for downstream analysis. The full codes used can be accessed at our

GitHub page at github.com/wfma/Ma_2023.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=23251587685270103&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:54bd61c2-ffb7-48fd-92f0-9b067452a009,e6ddebf6-a90f-485d-a131-51d7cb167bd7:6282a8e9-d964-4d69-8339-a8757882821f,e6ddebf6-a90f-485d-a131-51d7cb167bd7:d115ffd5-189f-4fa8-8a23-97a570a46f2f
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Data and Code Availability

All data and code will be available through our single-cell web portal,

PlaqView.com. Code will also be available at github.com/wfma/Ma_2023.
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4.7: Supplemental Figures
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Supplemental Figure 4.1: 10x microscopic image of nuclei isolated from 50μm

sections from healthy pilot tissue. Red highlights were automatically generated by

the Luna counter to indicate free nuclei.

Supplemental Figure 4.2: Representative images of nuclei concentration from two

batches of tissue. CH1 and CH3 were run on the first batch, and CH1B and CH3B

(adjacent tissues from the same patients) were run on the second batch. Red dye

indicates free stained nuclei, and green stains intact cells.
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Supplemental Figure 4.3: Top differentially expressed markers generated by the

gene expression (snRNA-seq) dataset by cluster.

Supplemental Figure 4.4: UMAP projection revealed no significant variations in

clusters by patient. In most clusters, all patients were represented. The only notable

exception is the fibroblast clusters, where chemotherapy and normal fibroblasts

clustered into distinct sub-clusters.
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Supplemental Figure 4.5: Major constituents of the redox signaling pathway were

not significantly expressed in any cells, except for CYBB (NOX2), a known marker

for macrophages. NOX1: NADPH oxidase 1, CYBB is known as NOX2, MPO:

myeloperoxidase, NOS1-3: nitric oxide synthase 1-3.
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Supplemental Figure 4.6: By subsetting female patients only, we found that XIST is

specifically over-represented in the chemotherapy group across all cell types.

However, note that we only have one female patient in the normal group versus

three in the chemotherapy group.
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Supplemental Figure 4.7: Endothelial dysfunction could be linked to RHO and

GPCR signaling pathways. (A) clusterprofiler result using the reactomePA database

and (B) Gene Ontology database.

Supplemental Figure 4.8: Strong batch effect was observed (Right) in the

snATAC-seq data. However, the two batches of data converged in only two

iterations in Harmony (Left).
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Supplemental Figure 4.9: open chromatin regions were observed as peaks in the

gene region XIST for cardiomyocytes and several other cell types. Unfortunately, we

were unable to predict co-accessibility sites (links) or potential drivers for XIST.
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Supplemental Figure 4.10: Seurat integration of the spatial RNA-seq data showed

no major skewing of major cell types. We note that CH3 exhibited a high number of

voxel (spots) of fibroblasts but no focal infiltration was present, suggesting that CH3

is actively and generally inflamed.
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Supplemental Figure 4.11: BayesSpace enhancement of voxel resolution in CH1

tissue did not show clear clustering except for one area. Unfortunately, this is likely

due to an artifact of sequencing as earlier Seurat clustering did not show any focal

areas of cell subsets.
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Chapter 5: Future Directions
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Role of XIST

Many future directions were presented by the foundational study presented

in Chapter 4. In terms of the chemotherapy-induced cardiotoxicity project, one of

the most pertinent points of research is the role of XIST.

The observation that XIST is elevated in chemotherapy LV tissue is equivalent

to the problem of the chicken or the egg– which one came first? Is XIST a

predisposing factor or a response to chemotherapy? Furthermore, what is the role

of XIST in the sex-differences of susceptibility? My working hypothesis is that

overexpression of XIST may sensitize iPSCs for chemotherapy-induced toxicity

phenotype.

To test for the former, XIST can be first modulated in in vitro models of

iPSCs, where XIST can be transfected with agents like lipofectamine or lentiviral

vectors. Alternatively, XIST expression can be permanently altered by means of

CRISPR technologies. Then, different chemotherapy such as DOX can be used to

test for physiologic responses in XIST-overexpressed and XIST-repressed cells.

Simultaneously, the control cells should be measured for XIST via qPCR before and

after exposure to DOX. Furthermore, XIST can be tested in cells with an XY

chromosome arrangement to see if overexpression of XIST is protective or

deleterious to the chemotherapy response. Although single-cell sequencing was

used in our study, the modality of validation and sequencing (i.e. bulk RNA-seq,

qPCR, or snRNA-seq) should be considered in terms of cost and end points.

In follow up experiments, while mouse models exist to measure

chemotherapy toxicity, the best known models are pigs and larger animals, since

their cardiovascular system mimics those of humans. In the future, large animal

studies can be performed if in vitro models show significant results.



Investigating Atherosclerosis and Cardiovascular Diseases at the Single-Cell Resolution, Wei Feng Ma. 125

Role of GPCR and FA Metabolism

GPCR and FA metabolism pathways were consistently elevated in various

cell types in the chemotherapy group. However, the interplay between these

pathways within different cells have not been measured. Unfortunately, this is an

extremely complicated interaction that is hard to mimic in the in vitro settings, even

with the advent of cardiac stem cells and cardiac organoids due the fact that

multiple cell types need to be present.

One of the most straightforward points of examination would be to inhibit

fatty acid metabolism in the heart with chemotherapy challenge. I hypothesize that

inhibition of FA metabolism could rescue chemotherapy-induced toxicity phenotype

in iPSCs and animal models. Drugs that inhibit fatty acid metabolism in the heart,

such as ranolazine or trimetazidine,  have been used to treat angina (183). Using the

closest animal model and iPSCs available, three arms of experiment can be made:

chemotherapy alone, chemotherapy with ranolazine (antioxidant), and ranolazine

alone. The last arm should be included because the effect of ranolazine in said

animal model may not be fully characterized. End-points for the study should

include but not limited to (for cells) electrophysiology, (for animals) ejection fraction,

heart histology, and snRNA-seq of the left ventricle.

Effects of Heart-Failure Drugs

Currently, heart failure (HF) from chemotherapy is treated essentially the

same as for other kinds of HF. In our analysis in Chapter 4, we showed that

common HF drugs may have differential interactions on the heart, depending on

how the cardiomyopathy was acquired. Elucidating the specific effects of these HF

drugs can help differentiate and stratify HF drug treatment regimes to prioritize HF

drugs that are most beneficial in the specific disease context.

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=02904220702807392&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:5118ed2a-b4c3-4f7e-980d-ee10909e58fb
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While individualized animal model testing is great when dealing with few

drugs, HF treatments can be complicated and involve many modalities of therapy,

including diuretics, drugs that act on the RAAS system, and others (see Chapter 4

for details). To test for a large number of drugs, CRISPR perturbations in

combination with iPSCs would be the most efficient method to first screen out false

discoveries presented in Figure 4.14 (58,164,165,197–199). In 96-well plates,

differentiated iPSCs can be targeted with control gRNA or gRNAs that knock-out

the list of potential targets in Figure 4.14. These cells can then be treated with either

control or DOX. Primary functional tests should include measures of apoptosis,

ROS generation, mitochondrial dysfunction, calcium handling, and contractility.

An enhanced (but difficult) version of the aforementioned experiment would

be to curate isogenic cells from cancer patients. This way, we know that the iPSC

cells would inherit the same genetic background (although not the active

transcriptome) and may provide a starting point for predictive, personalized

medicine.

Final Thoughts on Cardiac Single-Cell Sequencing

At the time of experiment, we did not know if snATAC-seq, snRNA-seq, or

Visium spatial RNA-seq would perform better, since the tissues have been aged

and kept at -80°C for more than five years. In this study, we demonstrate that

snRNA-seq outperforms other modality and this method should be used for

subsequent follow up sequence experiments.

For snATAC-seq, we were able to recapitulate the same major cell types, but

on its own, the data were extremely sparse and imputed gene scores were difficult

to be used to find cell identities, when used alone. Computational calculations with

Seurat (75,93) or others like LIGER (200) were required to fully define the identities

https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=32892176554617025&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:fb306158-3fc9-4217-83d5-3989bd02dd76,e6ddebf6-a90f-485d-a131-51d7cb167bd7:70a13066-4fa2-49b7-97d1-3baa8c538bf1,e6ddebf6-a90f-485d-a131-51d7cb167bd7:f3d380de-f822-4885-9c6f-136ae22bbb6b,e6ddebf6-a90f-485d-a131-51d7cb167bd7:4253ed01-81b9-4655-afeb-663a068d0011,e6ddebf6-a90f-485d-a131-51d7cb167bd7:b2c72a62-2835-471a-ba47-a3c228195003,e6ddebf6-a90f-485d-a131-51d7cb167bd7:3f5430d4-ab94-4a0b-b8fc-a821ab75a2c3
https://app.readcube.com/library/e6ddebf6-a90f-485d-a131-51d7cb167bd7/all?uuid=6582414589675423&item_ids=e6ddebf6-a90f-485d-a131-51d7cb167bd7:c1a172b8-dfcb-40bc-828d-5768faeb2a40,e6ddebf6-a90f-485d-a131-51d7cb167bd7:87648184-95a8-45cb-98ec-cb1de36a149a
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of each cluster. Furthermore, the number of nuclei input vs. nuclei that passed QC

filter was poor, since we input the maximum allowed nuclei (16,000 per sample), it

seemed that the nuclei have been too degraded or not suitable for this kind of

multimodal analysis.

Spatial RNA-seq was our backup modality because we did not know

whether the nuclei quality was going to be sufficient for single-nucleus sequencing.

Theoretically, spatial RNA-seq can provide near-single-cell resolution sequencing

data, even if the nuclei/tissue were too degraded for nuclei-based sequencing,

since no tissue dissociation is needed. However, we found that although we were

able to obtain decent quality sequencing, we were unable to determine spatially

variable genes. This could be due to several factors: 1) we did not capture focal

changes of inflammation or fibrosis in the small section of LV that we were able to

obtain, 2) the changes to the heart from chemotherapy is broad and not focal, and

3) the LV naturally is not spatially variable, unlike many spatial atlases currently

published, e.g., on the brain. In summary, at least for follow up experiments, the

modality of choice is snRNA-seq, unless macroscopic focal changes in the tissue

were observed.
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