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Information technology continues to shape and transform biological research. 

Bioinformatic research and methods are as diverse and divergent as the biological issues aimed to 

solved, with RNA sequencing becoming a prominent tool to derive key breakthroughs. This 

dissertation capitalizes on the adoption of transcriptional platforms and various bioinformatics 
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analysis to comprehend biological “memory” of cells expanded ex vivo for therapeutic approaches 

and evaluate spatial lung reprograming in a vaping-induced pulmonary injury inhalation model. 

Ex vivo expansion of cells is necessary in regenerative medicine to generate large 

populations for therapeutic use. Adaptation to culture conditions prompt an increase in 

transcriptome diversity and decreased population heterogeneity in cKit+ cardiac interstitial cells 

(cCICs). The “transcriptional memory” influenced by cellular origin remains unexplored and is 

likely to differ between neonatal versus senescent input cells undergoing culture expansion. The 

work presented in this dissertation demonstrates that age, pathology and the cellular stress 

associated to the in vivo tissue microenvironment persist after culture adaptation, influencing 

targets of 1) cell cycle, 2) senescence associated secretory phenotype (SASP), 3) RNA transport, 

and 4) ECM-receptor/fibrosis.  

Vaping continues to increase worldwide. Promoted as a “healthier” alternative to 

traditional smoking, emerging evidence indicates “healthier” should not be confused with 

“harmless”. Findings in this dissertation demonstrate pulmonary consequences of vaping after 

chronic direct inhalation exposure. Profound pathological changes to upper airway, lung tissue 

architecture, and cellular structure are evident within 9 week of exposure. Marked histologic 

changes include increased parenchyma tissue density, cellular infiltrates proximal to airway 

passages, alveolar rarefaction, increased collagen deposition, and bronchial thickening with elastin 

fiber disruption. Transcriptional reprogramming includes significant changes to gene families 

coding for xenobiotic response, glycerolipid metabolic processes, and oxidative stress. This 

vaping-induced pulmonary injury model demonstrates mechanistic underpinnings of vaping-

related pathologic injury. 
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Novel technologies are required to circumvent limitations associated with basic 

cardiopulmonary biology. Transcriptional profiling platforms continues to produce data essential 

for advancement of therapeutic approaches. Collectively, studies in this dissertation holds the 

potential to improve in vitro expansion protocols critical for adoptive transfer approaches, restore 

transcriptional phenotypes in vivo and ultimately to improve efficiency of therapeutic approaches 

after vaping or cardiac injury. 
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 CHAPTER 1 
 Transcribing the heart: Faithfully interpreting cardiac transcriptional insights 

 

 

  



2 
 

1.1 The rise of bioinformatics  

Information technology has shaped our society in multiple fronts, particularly in the field 

of regenerative medicine. Coalescence of biology and informatics continues to have a broad 

impact, from revolutionizing the way science is communicated to the experimental approaches 

used to gain insight in the biomedical field. The amount of biological data generated today is 

unprecedented, with sources ranging from sequencers to smartwatches. The formal hybridization 

of computer science, information engineering and statistics to analyze and interpret biological data 

is known as bioinformatics. Because of this wide-range definition, bioinformatic research and 

methods are as diverse and divergent as the biological issues they are resolving, with RNA 

sequencing being a prominent tool to develop transcriptional datasets and derive key 

breakthroughs in the field of regenerative medicine. Considering the limited reparative capacity of 

the adult mammalian heart, concentrated efforts have focused upon gathering bioinformatic 

knowledge to advance regenerative medicine in this information age. Transcriptional profiles 

provide suitable phenotypical readouts critical for understanding basic cell biology necessary to 

improve clinical efficacy of cardiogenic therapeutic approaches after injury. 

In the last few years key contributions have explored the cardiac transcriptome (See Table 

1.1). Myocardial subpopulations (myocytes, interstitial cells, endothelial cells, fibroblasts, 

leucocytes) have been transcriptionally and epigenetically profiled at different stages of 

development at baseline and following myocardial infarction1. Effects of topological changes 

which take place after injury on cardiac fibroblast have been described in conjunction with the 

chromatin states associated2. The cell surface receptome of cardiac progenitor cells has been 

characterized using RNA sequencing (RNA-Seq) and proteomic profiling3,4. These approaches 

provide valuable insights but are limited by selective isolation strategies or indirect transcriptome 
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flattening as a result of bulk RNA isolation approaches. Complex biological systems such as the 

myocardium possess a cellular heterogeneity spectrum across multiple distinct populations that 

can only be revealed by single cell level analyses. 

 

1.2 Analyzing cardiac heterogeneity 

Pioneering approaches to tackle cardiac heterogeneity used single cells qPCR to study 

cardiac fibroblasts5. Massively parallel transcriptional profiling of individual cells by single-cell 

RNA-Seq (scRNA-Seq) unmasks heterogeneity concealed by bulk sequencing of population 

averages and the limitations of sc-qPCR. Implementation of scRNA-Seq has been used to infer 

cell lineages, identify subpopulations, and highlight cell-specific biological characteristics6–12. 

Specifically, single-cell/nuclei RNA-Seq reveals novel cell relationships in the context of 

hematopoietic stem cells10,11, lymphoid and adipocyte cells13, describes the immune cell repertoire 

in atherosclerosis14, neural dynamics in newborns15 and is used as a tool to optimize differentiation 

protocols16.Most notably in the cardiac context, scRNA-Seq has proven to be a valuable tool for: 

1) identification of cardiac nonmyocyte transcriptional heterogeneity in the uninjured murine heart 

and the substantial loss of identity markers of in vitro expanded cells compared with their freshly 

isolated ancestors17,18, 2) optimization cardiomyocytes reprograming protocols19; 3) defining 

cardiomyocytes chamber-specific transcriptional signatures in developmental stages6,20; 4) 

assessing differentiation capacity of enriched c-kit populations21, 5) lineage tracing myofibroblast 

populations22 and; 6) unveiling culture expansion effects upon transcriptome diversity and 

heterogeneity critical for adoptive transfer protocols18. 

Collectively, these findings together, establish a remarkable initial framework to study the 

biological role, diversity, interplay and drift of the identified cardiac subpopulations. Cardiac 
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biology presents unique challenges in resolving the standing questions in the field. For instance, a 

truly unbiased analysis of the transcriptional heterogeneity of the cardiac interstitial population 

remains to be done, as previous approaches may have overlooked modestly represented 

populations or were based upon protocols that preemptively depleted for specific cell types17. 

Monolayer culture protocols decrease native heterogeneity and impact the overall transcriptome, 

therefore alternative in vitro expansion protocols need to be developed and tested18. Cell size and 

cardiomyocyte morphology tend to be noncompatible with various single-cell RNA-Seq 

platforms, particularly droplet base systems. Transcriptional profiling of single nuclei 

cardiomyocytes has been performed to circumvent size incompatibility23, yet the impact of ploidy 

and nucleation states in the transcriptional phenotype remains elusive. Functional baseline 

heterogeneity of all cardiac populations needs to be described and annotated during the evolution 

of various types of cardiac injury and in the aging heart to truly understand the cardiac intercellular 

dynamics. The impact of ploidy states in cardiac homeostasis recently reported24 defines an 

emerging aspect of basic cardiac biology requiring further exploration to establish the impact of 

ploidy upon functional divergence in the mammalian myocardium. Novel technological platforms 

and creative bioinformatic analysis are proving invaluable to resolve these longstanding issues and 

gain insights in cardiac regenerative medicine. 

1.3 Advancing transcriptional platforms 

 Cardiomyocyte cell morphology, cryopreservation of limited samples, adequate selection 

of transcriptional platform and data availability are but a few of the difficulties that add to the 

complexity of analyzing cardiac populations at a single-cell resolution. Overwhelming as these 

challenges may appear, the tools to move forward already exist and others continue to be developed 

(Table 1.1). Recently, single-nuclei RNA-Seq has revealed long intergenic noncoding RNA 
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regulation of cell cycle stress response in cardiomyocyte23, differentiated myoblasts25 and other 

applications15,26. Cryopreservation remains a technical challenge for preparation of limited 

samples for storage, nevertheless protocols continue to being tested in various cell types and tissues 

to confirm minimal impact upon transcriptional profiles23,27. Robustness of scRNAseq platforms 

and lineage-specific transcription factor lineage reconstruction has been performed in a massive 

collaborative effort to make publicly available organism-wide transcriptional representation of 

murine diversity (Tabula muris)28. Slide-Seq, a high spatial resolution tool has been developed to 

assess transcriptional topology in tissue29. BRB-Seq and Div-Seq stand among the recently 

developed tools used in barcoding and demultiplexing bulk RNA-Seq13 and Edu labeling of single 

nuclei to capture cellular dynamics15. These platforms in conjunction with non-transcriptional 

methodologies such as single-cell immunoblotting12, mass cytometry14 and ATAC-Seq1, have the 

potential to solve long standing questions associated cardiac transcriptome-proteome relationships, 

post-transcriptional modifications and impact of chromatin states upon the transcriptome and 

discrete cardiac populations. 

1.4 The targeted bioinformatics approach 

Technological availability and technical access are not the only challenges to overcome in 

bioinformatic analyses of the cardiac transcriptome (Figure 1.1). Appropriate methods to generate 

and curate biological data, as well as subsequent steps of quality control, analysis, interpretation, 

and representation are integral elements of bioinformatic technology transfer. As with any 

experimental approach, it begins with an adequate experimental design which keeps in mind the 

strengths and limitations of the platform selected to generate biological data. Datasets derived for 

transcriptome analysis are by definition ‘big’ enough to require nonconventional computational 

approaches, increasing the risk of getting lost in an ocean of information. While exploratory 
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analysis is always required, targeted analysis and computational approaches should be outlined at 

early stages of design to mitigate the risk of drifting away from a coherent and focused conclusion. 

Just as with platform selection, the analyses available hold advantages and drawbacks. For 

instance, dimensionality reduction (principal component analysis, t-distributed stochastic neighbor 

embedding, and uniform manifold approximation and projection30 are useful in hierarchical, 

unsupervised and phenotypic clustering of single cells and identity annotation12,14,23. Gene 

expression data can yield information on frequency distribution14, gene set enrichment14, 

intercellular communication analysis16,17, differential gene expression, gene ontology, pathway 

enrichment analysis16, cell surface signature analysis3, gene correlation and network analysis23, 

cellspecific transcription factor enrichment and networks28, spanning-tree progression analysis of 

density-normalized events20, and pseudotime analysis12,19,26,31,32. Depending on the platform used 

for RNA-Seq, beside transcript quantification, isoform detection, genetic, transcriptomic variant 

calling33 and organ spatial reconstruction34 can also be performed. 

Analysis selection will largely depend upon hypothesis or biological questions to be 

resolved, with a serious challenge being the noticeable disconnect between biologist/clinicians 

who know which critical biological questions to pursue versus bioinformatics specialists who are 

versed in the advantages and limitations of bioinformatic approaches available. Bridging 

communication between these two groups is imperative to avoid underutilization of datasets, 

maximize the yield of information, design cost-effective experiments, and prevent data 

misinterpretation. 

1.5 Conclusion 

Outside of the biological context, ‘transcription’ is defined as a process associated with 

faithful and systematic recording of information in written form; the process of data documentation 
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with promising potential to draw accurate interpretations. The mammalian heart remains an elusive 

and challenging target to generate translational approaches in regenerative biology. However, with 

ever-evolving technology, appropriate bioinformatic approaches, and collective efforts and 

synergistic communication, the field will overcome current challenges and accurately transcribe 

what the heart has to say. 

1.6 Translational Perspective 

Novel technologies are required to circumvent limitations associated with basic cardiac 

biology. Transcriptional profiling platforms continues to produce phenotypical data essential for 

advancement of therapeutic approaches. Accurate interpretation of multivariate transcriptional 

data holds the potential to improve in vitro expansion protocols critical for adoptive transfer 

approaches, restore transcriptional phenotypes in vivo and ultimately to improve efficiency of 

cardiac regenerative and therapeutic approaches after injury. Unique challenges in the study of the 

cardiac transcriptome continue to be addressed such as: cardiomyocyte morphology, 

cryopreservation of limited samples and adequate selection of transcriptional platform at a single-

cell resolution. Still much remains to be done, with development and implementation of novel 

transcriptional platforms and creative bioinformatic analysis as essential elements to resolve 

standing questions in the field of cardiac regenerative medicine. 
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Table 1.1 Chronology of cardiac research and technological progress in transcriptional analysis. 

Expansion of literature associated with cardiac transcriptome and technical advances in transcriptome 
analysis and platforms by year. 

Year Area Citation Brief description 

2014 Cardiac 
Transcriptome  

5 Characterization of the cardiac fibroblast transcriptome 

2015  20 Lineage tracing of cardiac progenitor cells and cells derived from 
mouse embryonic stem cells 

2016  6 Transcriptional analysis of cardiac cells isolated throughout cardiac 
development 

2016  22 Lineage tracing and transcriptional analysis of myofibroblasts 

2016  24 Single nuclei RNASEQ on human myoblasts 

2017  21 Single cell transcriptional analysis of cKit+ cells 

2017  19 Fibroblast to cardiomyocyte reprograming efficiency assessed by 
transcriptional analysis 

2017  1 Multicellular analysis of sorted populations by bulk RNASEQ 

2017  23 Single nuclei transcriptional analysis of cardiomyocytes 

2018  16 Endothelial differentiation efficiency from induced pluripotent stem 
cells assessed by scRNASEQ 

2018  27 Compendium on single-cell transcriptional data of various mouse 
tissues 

2018  17 Transcription analysis of cardiac nonmyocyte populations  

2018  29 Immune characterization of healthy and atherosclerotic cells using 
scRNASEQ 

2018  2 Implications of topological states in cardiac fibroblasts 

2018  18 Impact of culture adaptation on the in situ transcriptome of cardiac 
interstitial cells 

2019  3 Cardiac progenitor cells transcriptional signatures evaluated by bulk 
RNASEQ 

2016 Technical 
Advancement 

15 Protocol design to assess the transcriptome of recently dividing cells 

2017  26 Impact of cryopreservation on sample transcriptional profile 

2019  13 Protocol design for cost-efficient bulk RNASEQ 

2019  14 Dimensionality reduction of single-cell data using uniform manifold 
approximation and projection (UMAP) 

2019  28 Development of platform to identify spatial transcripts in tissue 
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Figure 1.1 The bioinformatic process in the analysis of the cardiac transcriptome. 
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 CHAPTER 2 
 Transcriptional features of biological age maintained in human cultured cardiac 

interstitial cells 
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2.1 Abstract: 

Ex vivo expansion of cells is necessary in regenerative medicine to generate large 

populations for therapeutic use. Adaptation to culture conditions prompt an increase in 

transcriptome diversity and decreased population heterogeneity in cKit+ cardiac interstitial cells 

(cCICs). The “transcriptional memory” influenced by cellular origin remained unexplored and is 

likely to differ between neonatal versus senescent input cells undergoing culture expansion. 

Transcriptional profiles derived from single cell RNASEQ platforms characterized human cCIC 

derived from neonatal and adult source tissue. Bioinformatic analysis revealed contrasting imprint 

of age influencing targets of 1) cell cycle, 2) senescence associated secretory phenotype (SASP), 

3) RNA transport, and 4) ECM-receptor/fibrosis.  A small subset of cCICs exist in a transcriptional 

continuum between “youthful” phenotype and the damaged microenvironment of LVAD tissue in 

which they were embedded. The connate transcriptional phenotypes offer fundamental biological 

insight and highlights cellular input as a consideration in culture expansion and adoptive transfer 

protocols. 

 

2.2 Keywords: 

In vitro expansion, Senescence, Biological age, Single cell RNASEQ, Culture adaptation, 

Transcriptional memory 
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2.3 Introduction: 

Single cell transcriptional analysis is a powerful tool to derive biological insights by 

inferring cellular phenotypic characteristics. Single cell methodologies are now routinely 

employed to interrogate cell populations for biological properties, complex cellular interactions, 

and evaluate potential of next-generation ex vivo cell-based therapeutics35–37. Our group found that 

standard culture conditions prompt concurrent acquisition of transcriptome diversity, merging 

commonality, and loss of original cell identity markers in murine cKit+ cardiac interstitial cells 

(cCICs)38. However, migration toward transcriptome homogeneity in cCIC cultures may be limited 

by replicative senescence evidenced by “transcriptional memory”. Simply put, adaptation to 

culture conditions is likely subject to the biological age of the input cell population24,39. Cardiac 

cell therapies require in vitro expansion, with adoptive transfer protocols relying on culture 

expansion as an essential step to ensure adequate cell supply and potential ex vivo enhancement40–

43. Culture expansion influences upon donor cells have been previously reported but 

characterization and understanding of these effects remains limited44,45. 

The influence of biological age upon adaptation to in vitro culture can be examined by 

comparing cCIC derived from chronologically young versus aged myocardial tissue samples.  

Human subject tissues provide the “gold standard” for translational relevance, with neonatal cCIC 

exhibiting a youthful phenotype relative to cells derived from aged and failing hearts39. Human 

cCICs derived from ventricular tissue of neonate or adults undergoing left ventricular assisted 

device (LVAD) implantation were used as input for in vitro expansion and subsequent single cell 

transcriptional profiling.  Transcriptional reprogramming prompted by culture  of human cCICs 

would ordinarily lead toward increased commonality38, but adaptability may be limited by the 

tissue of origin reflected in neonatal versus damaged/senescent myocardium microenvironments. 



14 
 

Therefore, the guiding hypothesis was that age and/or condition of origin is represented by 

“transcriptional memory” profiling as well as population heterogeneity characteristics of cCICs 

undergoing in vitro expansion. Although cell identity markers are indeed diminished by in vitro 

expansion, transcriptome profiling reveals segregation of neonatal versus LVAD-derived cCICs 

through bioinformatic analyses.  Transcriptional features intrinsic to the origin microenvironment 

of donor cells remains despite the artificial culture environment, either neonatal or 

senescent/pathologic. Retention of transcriptional phenotypic signature of origin furthers 

understanding into moderate efficacy of select cell-based therapeutic strategies and provides and 

highlights the importance of cellular adaptation for strategic design of adoptive transfer protocols 

and treatments involving donated cells. 
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2.4 Materials and Methods: 
2.4.1 Neonatal and Adult cCIC Isolation 

Neonatal cKit+ cardiac interstitial cells (cCIC) were derived from nonsurgically obtained 

postmortem cardiac tissue. Adult human cCICs cell lines for individual isolates from two patients 

undergoing surgical implantation of a left ventricular assist device (LVAD).  

Table 2.1 Sample passages and medical history 

SAMPLE SEX AGE PASSAGE MEDICAL HISTORY 
H16-114 Female 60 5 Hypothyroidism  

Acute and Chronic systolic and fiastolic heart failure 
H13-65 Male 54 5 Pathological sample from patient not available 
NEONATAL Male   5 N/A 

 

The study was designed in accordance with The Code of Ethics of the World Medical 

Association (Declaration of Helsinki) and approved by the institutional review committees at San 

Diego State University along with the institutional review board (#120686). Neonatal heart tissue 

procured from post-mortem infants (spontaneously deliver that did not survive), with informed 

consent from family members, was provided by a commercial source (Novogenix Laboratories) 

and used for isolation of human cardiac cells. LVAD derived samples were received from 

consenting patients with institutional review board (IRB) approval following NIH guidelines for 

human subjects’ research. All patients were fully consented to donate explanted tissue sessions 

prior to surgery. Cells were isolated as previously published, and expanded to replicate standard 

conditions38,46,47. 

Briefly, heart samples were mechanically minced into 1-mm3 pieces and digested in 

collagenase II (150 U mg/mL, Worthington, LS004174) followed by brief low-speed (850 rpm for 

2 minutes) centrifugation to remove cardiomyocytes and tissue debris. The supernatant was 

subjected to magnetic-activated cell sorting using c-kit–conjugated microbeads (Miltenyi Biotec, 
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#130-091-332), and c-kit– enriched cells were plated in human c-kit CIC media. Neonatal and 

LVAD derived cCICs were incubated at 37°C in 5% CO2 to passage 5 and used for single cell 

RNASEQ (scRNASEQ). Media used in the study are listed in Table S1. Media used in the study 

contained: 10% ES FBS (16141061, Gibco), 1% Penicillin-Streptomycin-Glutamine (100X, 

10378016, Gibco), 5 mU/mL human erythropoietin (H5166, Sigma), 10 ng/mL human 

recombinant basic FGF (GMP100-18B, Peprotech), 0.2 mMol/L L-Glutathione (10007461, 

Cayman) in F12 HAM's (1x) (SH30026.01, HyClone). 

Table 2.2 Human cKit+ Cardiac Interstitial Cells Medium 
 

COMPONENT CATALOG NUMBER 

 

HUMAN 

CKIT+ 

CARDIAC 

INTERSTITIA

L CELLS 

MEDIUM 

10% ES FBS 16141061, Gibco 

1% Penicillin-Streptomycin-Glutamine (100X) 10378016, Gibco 

5 mU/mL human erythropoietin H5166, Sigma 

10 ng/mL human recombinant basic FGF GMP100-18B, Peprotech 

0.2 mMol/L L-Glutathione 10007461, Cayman 

F12 HAM's (1x) SH30026.01, HyClone 

 

2.4.2 Library generation and Sequencing 

Single-cell RNA-Seq libraries were generated by loading Neonatal and LVAD derived 

cells suspension on a Chromium™ Controller (10x Genomics) and prepared using Chromium ™ 

Single Cell 3′ Library & Gel Bead Kit v2 (10x Genomics) following manufacturer’s protocol. 

Library fragment size was determined with Agilent Bioanalyzer High Sensitivity DNA Kit 

(average library size: 450–490 bp). The sequencing libraries were quantified by quantitative PCR 

(KAPA Biosystems Library Quantification Kit for Illumina platforms P/N KK4824) and Qubit 3.0 
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with dsDNA HS Assay Kit (Thermo Fisher Scientific). Libraries were sequenced at the UC San 

Diego IGM Genomics Center utilizing an Illumina HiSeq2500 with 2 × 75 paired-end kits using 

the following read length: 98 bp Read1, 8 bp i7 Index, and 26 bp Read2. Single cells libraries were 

processed concurrently and pooled together after sample indexing and prior sequencing to prevent 

batch effect. 

Raw sequencing data was processed and aligned with the Cell Ranger pipeline (10X 

Genomics, Version 3.0.1). Sequencing reads were aligned to the human genome GRCh38-3.0.0. 

Libraries were aggregated and sequencing depth normalized using CellRanger Version 3.0.1.  

2.4.3 Single cell selection and quality control 

Cells with fewer than 200 genes were filtered out to avoid inclusion of empty droplets in 

downstream analysis. Based on UMI and gene detection distribution droplets multiplets were 

excluded using the Interquartile Range Rule (Values over the third quartile and 1.5 the interquartile 

range are consider outliers). Cell with more than 10% of mitochondrial gene UMI count and genes 

detected in fewer than three cells were filtered out using Seurat R Package (v3.2.0)48. The first 12 

principal components were found to be significant to perform dimensionality reduction. 

Preparations derived from in vitro studies yielded 4722 barcoded cells for analysis, from which 

2943, and 1779 corresponded to LVAD and Neonatal derived, respectively. Final removal of 

unwanted sources of variation and batch effect correction strategies included normalization of 

sequencing depth of samples on CellRanger Version 3.0.1 and on Seurat (v3.2.0) 

LogNormalization of the data that normalizes the feature expression measurements for each cell 

by the total expression, followed by identification and scaling of single cell variable features using 

the “Variance Stabilizing Transformation” (vst) selection method.48,49. 
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2.4.4 Dimensionality Reduction and Unsupervised Clustering  

Approximately 2000 variable genes were selected based on their expression and dispersion. 

Prior dimensionality reduction, data was scaled to mean expression equal to 0 and variance across 

cells equal to 1. Principal component analysis was performed on the scaled data as a linear 

dimensionality reduction approach. The first 12 most significant principal components (PCs) were 

selected for non-linear dimensional reduction and unsupervised clustering using a complementary 

methods including supervised PC selection, Jackstraw statistical and heuristic approaches50.  

2.4.5 Differential expression analysis 

Differential expression analysis was done using Wilcoxon rank sum test and selecting for 

a threshold of 0.05 for an adjusted p-value and a log (FC) >0.25 was used to define statistically 

significant and differentially expressed genes (DEGs).  

2.4.6 Gene ontology analysis  

Gene ontology(GO) enrichment analysis for DEGs lists derived from Neonatal, LVAD and 

Intermediate cells was performed using the enrichGO and compareCluster functions of 

clusterProfiler (3.16.1) R package51. GO term enrichment was calculated with a minimum 

annotation size of 10 and a maximum of 500 genes, selecting for GO terms with p-value cutoff of 

0.05 using BH method.  

2.4.7 RNA velocity and pseudotime analysis 

RNA velocity was performed to explore the transitional states of Neonatal and LVAD 

derived cCICs. Expression data from 4722 cells was used to generate a cds object to process 

through monocle352–54. Analysis were performed using 12 PCs for dimensionality reduction and 

trajectory inference.  
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2.4.8 Gene expression module scores 

Modules scores for single cells were calculated for Secretory Associated Senescence 

Phenotype factors (SASPs), Growth Factors, Interleukins, Receptors and Ligands and genes 

involved in the regulation of Wnt pathway, using the AddModuleScore function in the Seurat R 

package. Cell Cycle score and analysis was performed as described by the Satija group55 based on 

the cell cycle markers developed for scRNA-SEQ analysis56. 

 

  



20 
 

Table 2.3 Gene targets per module score. 

  SASPs 
Growth 
Factors Interleukins 

Receptors 
and ligands 

Wnt 
Regulation 
Score 

Marker IL6 AREG IL6 ICAM1 PSMA4 
  IL1B EREG IL7 ICAM3 PSMB3 
  MIF NRG1 IL1A TNFRSF11B PSMA1 
  NRG1 EGF IL1B TNFRSF1A PSMA3 
  FGF2 FGF2 IL13 TNFRSF10C PSMD8 
  HGF HGF IL15 FAS PSMD2 
  FGF7 FGF7   PLAUR PSMB1 
  VEGFA VEGFA   IL6ST PSMC1 
  ANG ANG   EGFR PSMD13 
  CXCL12 KITLG     PSMB6 
  IGFBP3 CXCL12     PSMC3 
  IGFBP4 PIGF     PSMB2 
  IGFBP6 NGF     PSMB7 
  IGFBP7 IGFBP2     PSMA7 
  MMP1 IGFBP3     PSME2 
  TIMP2 IGFBP4     PSMB5 
  SERPINE1 IGFBP6     RBX1 
  PLAT IGFBP7     PSMA5 
  CTSB       CTNNB1 
  ICAM1       RUVBL1 
  ICAM3       HDAC1 
  TNFRSF11B       CAV1 
  TNFRSF1A       PSMD3 
  FAS       SNX3 
  IL6ST       CDC42 
  EGFR       RHOA 
          CALM1 
          PFN1 
          AP2M1 

 

2.4.9 KEGG pathway analysis 

DEG lists in ENTREZ ID format from Neonatal and LVAD samples were used as input 

for pathway analysis. DEGs fold changes were used to identify pathways upregulated in Neonatal 

or LVAD samples. The pathview R package (V1.28.1) was used to integrate transcriptional data 

and visualize relevant pathway paths. 
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2.4.10 Data availability 

scRNA-Seq data generated in this study has been uploaded to the NCBI Gene Expression 

Omnibus (GEO) database under the Accession No. GSE164026. 

 

2.5 Results: 
2.5.1 Connate transcriptional profiles segregate Neonatal and LVAD derived cells after 

culture expansion.  

cCICs were derived as previously described46 from human neonatal cardiac samples or 

adult heart failure patients undergoing surgical LVAD implantation (See Methods). Single cell 

suspensions of neonatal or LVAD cCICs were processed in a droplet single cell RNA-SEQ 

platform (10x Genomics) (Fig. 2.1a). Unsupervised clustering revealed 11 clusters (Clusters 0-10) 

in the aggregated samples (Fig 2.1b). Transcriptional segregation of neonatal and LVAD cCICs 

was evident through dimensionality reduction approaches (Fib. 2.1c). The transcriptional divide 

was more pronounced in Neonatal/LVAD ratios between each cluster after normalization to input, 

with 3 clusters being composed of primarily neonatal cCICs (Clusters 1, 2 and 6), 6 clusters LVAD 

(Clusters 0, 3-5, 7 and 10) and only 2 clusters being comprised of both neonatal and LVAD cells 

(Cluster 8 and 9)(Fig. 2.1d). Cluster 0 displayed the highest cell frequency with 875 cells, with 

clusters 0-7 making up ~90% of the analyzed cells (Fig. 2.1e). Consistent with our previous 

observations38 and expression data from the cellular milieu in the adult human heart57, both 

neonatal and LVAD cells showed loss of expression for cell identity markers characteristic of 

freshly isolated cCICs (Data not shown). However, differential expression analysis revealed 577 

differentially expressed genes (DEGs) characteristic of each group (Fig. 2.1f). Collectively, 
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neonatal and LVAD derived cCICs lost cell identity markers upon ex vivo expansion yet retain a 

distinct transcriptional signature connate to their origin. 

2.5.2 Neonatal cells transcriptome associated with higher cell cycle progression and 
proliferation 

Cultured cells expressed cell cycle and proliferation genes at a higher proportion than 

freshly isolated parental cells38,39. Assessment of biological age transcriptional imprint in cultured 

populations was performed through cell cycle scoring using previously developed using markers 

for scRNA-SEQ analysis56 (Fig. 2.2a). Analysis revealed 35.5% and 39.6% of neonatal cells to be 

in G2M and S phases of the cell cycle respectively, while 63.5% of LVAD cells were scored in 

G1 phase (Fig. 2.2b). Neonatal cCICs displayed approximately two-fold increase in cells in G2M 

and S phases compared to LVAD cells. The opposite was observed in LVAD cells in G1 showing 

a 2.5-fold change increase in comparison to neonatal cells. Neonatal cCICs expressed higher levels 

of G2M genes56 (Fig. 2.2c) and at a higher rates, as illustrated by expression of MKI67 and 

CCND1, markers consistently associated with cell proliferation. MKI67 was expressed in 35.9% 

of neonatal cCICs with only to 12.6% LVAD derived cells expressing it. The increase was 

consistent with the ~2.5-fold increase in Cyclin D1 previously reported in cells comparably 

prepared39,58 (Fig. 2.2d and 2.2e). These results demonstrate that a cell cycle imprint associated 

with biological age persists after culture and is sufficient to surmount influences of culture 

adaptation. 

2.5.3 Senescence Associated Secretory Phenotype factors overexpressed in LVAD derived 
cells  

Cellular senescence is not limited to replicative arrest, as detrimental effects have been 

documented in vitro and in vivo upon intracellular regulation and the microenvironment 

surrounding senescent cells59. Expression of Senescence Associated Secretory Phenotype factors 
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(SASPs)59 was surveyed in culture expanded cCICs to assess widespread changes consequential 

to biological age and pathology. Overexpression was characteristic in LVAD-derived cells for 

interleukins (IL6, IL1B), inflammatory factors (MIF) and growth factors and regulators (NRG1, 

FGF2, HGF, FGF7, VEGFA, ANG, CXCL12, IGFBP3, IGFBP4, IGFBP6 and IGFBP7), proteases 

(MMP1, TIMP2, PLAT and CTSB) and soluble receptors/ligands (ICAM1, ICAM3, 

TNFRSF11B, TNFRSF1A, FAS, IL6ST and EGFR) (Fig. 2.3a). Interestingly, SERPINE1 has 

been associated with coronary heart disease but was overexpressed in neonatal cells. Additional 

SASPs markers were evaluated showing mild to consistent upregulation on LVAD derived cells, 

with the exception of TGFB1 (Data not shown)60. Pseudotime analysis using Monocle3 established 

the progression of cultured cells from distinct origins in clusters 8 and 9 (Fig. 2.1d and 2.3b). Using 

expression of SASPs and ODC1 as a target critical for development61, the transcriptional trajectory 

between neonatal and LVAD derived cells was defined, pseudotime abstract units were calculated, 

and directionality of the system was authenticated (Fig. 2.3b, 2.3c). LVAD derived cells positioned 

in the terminal leaves of the pseudotime plot consistent with the transcriptional profile of their 

aged origin. Further confirmation using expression of 39 genes generated SASP (26 genes), growth 

factor (18 genes), interleukin (6 genes), and receptor and ligands (9 genes) scores for each cell in 

our dataset (See Methods). Neonatal cells scored lower for growth factors, receptors and ligands 

and overall SASPs targets, while maintaining a similar score of interleukin expression (Fig. 2.3d). 

Beta galactosidase 1 (GLB1) was expressed in 0.28% of neonatal cCICs with to 0.5% LVAD 

derived cells expressing it. The increase observed in LVAD samples was consistent with the 

increase observed in senescence markers p16 and GLB1 previously reported by our group in cells 

comparably prepared62. Overexpression of Fibroblast Growth Factor 2 (FGF2) and Hepatocyte 

Growth Factor (HGF)  along with other secretory targets in LVAD cCICs is consistent with 
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previous observations46 (Fig. 2.3e). Collectively, these results support transcriptional imprinting 

in LVAD derived cells resulting from prolonged cellular stress in vivo prompts acquisition of a 

widespread senescent profile that is absent in neonatal cCICs.  

2.5.4 LVAD cCICs deregulate elements of RNA transport pathway 

Pathways associated with the transcriptional imprint of biological age delineate 

mechanisms in which biological age promotes and/or correlates with SASP and impairment of cell 

cycle. Significantly identified DEGs and fold-changes obtained through differential expression 

analysis (Fig. 2.1f), were cross-referenced with the Kyoto Encyclopedia of Genes and Genomes 

(KEGG). KEGG pathway analysis and single cell expression confirmed LVAD-derived cCICs 

downregulate key elements of RNA transport pathways compared to neonatal samples (Fig. 2.4a). 

Targets upregulated in neonatal cells included nuclear pore complex components TPR and UBC9 

(encoded by the UBE21 gene), the transcription initiation factors 4E-BP, eIF1 and eIF4G (encoded 

by the EIF4EBP1, EIF1 and EIF4G1 genes respectively), units of the exon-junction complex Upf3 

and SRm160 (encoded by the UPF3A and SRRM1 genes respectively) and the superoxide 

dismutase IPOB (encoded by SOD-2). Interestingly, only eEF1A (encoded by the EEF1A1 gene) 

which plays a role in translation, recruitment of t-RNA and nuclear export was upregulated in 

LVAD samples.  

Consistent with their origin and biology, neonatal and LVAD cCICs did not show 

expression of Fcγ receptors typical of hematopoietic lineages. However, KEGG pathway analysis 

revealed expression of targets downstream the Fcγ receptors and involved in FcγR mediated 

phagocytosis in neonatal cells (Fig. 2.4b). Neonatal targets included secondary signaling molecule 

SPHK cell, cell cycle regulator CDC42 and the filipodia associated MyosinX (encoded by SPHK1, 
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CDC42 and MYO10 genes respectively). Podosome forming protein Gelsolin was upregulated in 

LVAD samples.  

Fewer DEGs matched with the mitogen-activated protein kinases (MAPK) pathway. In 

contrast to the repression observed in other pathways, LVAD cells displayed upregulation of 

receptor tyrosine kinases and growth factors (Fig. 2.3e and 2.4c).  Consistent with SASPs findings 

there was an increase in the expression of Interleukin 1B and its receptor, which role in heart 

disease has been documented 63. Collectively, these results indicate that cell cycle and SASPs 

transcriptional features retained after culture adaptation correlate with deregulated RNA 

processing, transport capacity and enhanced growth factor sensitivity in LVAD cells. 

 

2.5.5 LVADs cCICs show a pre-fibrotic and ECM upregulated phenotype  

Collagen expression, deposition, and cross-linking is associated with the progression of 

heart failure 64, myocardial stiffness65 and increase in adventitial fibrosis in LVAD patients 66. 

KEGG analysis revealed ECM-Receptor interaction as an additional pathway predominantly 

upregulated in LVAD cells (Fig. 2.5a). Except for Collagen IV, multiple extracellular matrix and 

cell adhesion proteins were upregulated in LVAD derived cCICs including collagens, THBS2, 

Laminin and Fibronectin as revealed by single cell expression (Fig. 2.5b). Periostin and TCF21, 

both markers of activated cardiac fibroblasts67,68,  showed higher expression level in LVAD 

derived cells and were positioned in the terminal leaves of pseudotime plot compared to neonatal 

cCICs (Fig. 2.5c and 2.5d). Co-expression analysis verified robustness of observations not driven 

by spurious expression of single fibroblast or ECM markers. Fibrotic shift in LVAD cells is 

consistent with co-expression of fibroblast and ECM markers (Fig. 2.5e). Collectively, these 

results demonstrate LVAD derived cCICs are primed with a fibrotic phenotype. 
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2.5.6 Intermediate subsets overexpress Wnt regulators and maintain a hybrid phenotype 

A subset of neonatal and LVAD cCICs representing approximately 9% of analyzed cells 

which we refer to as “Intermediate cells” (aggregate of clusters 8 and 9) with the rest of the clusters 

being exclusively Neonatal or LVAD. Intermediate cells converged to a common transcriptome 

(Fig. 2.6a), with differential expression analysis as well as gene ontology analysis revealing 

additional insights. Differential expression analysis revealed 733 DEGs upregulated in the 

Intermediate group (517 and 534 DEGs for LVAD and neonatal respectively; Fig. 2.6b), which 

were used as input for GO term analysis. Annotation by cellular components reveals enrichment 

for focal adhesion and cell-substrate junction components in LVAD cells, whereas elevated 

metabolic activity as well as enrichment for ATP synthase complex and mitochondrial respiratory 

chain elements in neonatal and Intermediate cells (Data not shown). DEGs annotation for 

molecular function revealed prominent oxidase, ATP synthase and transmembrane activity GO 

terms in Intermediate cells, while oxidoreductase activity and various ECM binding GO terms 

typified the Neonatal and LVAD derived cells respectively (Data not shown). Congruent with 

results from KEGG pathway analysis, annotation by biological process reveal LVAD cells were 

enriched with ECM organization and interleukin GO terms, while neonatal cells show GO terms 

associated with initiation and regulation of RNA translation (Data not shown). Regulators of Wnt 

signaling were prominently featured in GO terms of intermediate cells (Fig. 2.6c) as confirmed by 

expression of 29 genes. Wnt regulation-associated transcript expression and calculated score was 

highest for intermediate cells while neonatal and LVAD expression score distributions were both 

lower (Fig. 2.6d and 2.6e). Wnt signaling is activated upon myocardial infarction consistent with 

participation during inflammation and fibrosis 69. Further examination of the intermediate 

population revealed five subclusters with a consistent relative even split in cell distribution 

between Neonatal and LVAD populations (Data not shown). The hybrid transcriptional profile of 
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intermediate cells overlapping with both neonatal and LVAD populations reveals a mixture of 

SASPs, cell cycle, fibrosis and RNA transport markers. (Fig. 2.6f-h). These results together 

indicate the intermediate subset exhibits a hybrid phenotype drift characterized by Wnt pathway 

regulation and reprogramming that transcriptionally segregates these cells from the parental 

isolates. 
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2.6 Discussion: 

Consequences of disease as well as age exert profound influences upon cells including 

alteration of gene expression, metabolism, functional competency, replicative potential, and more 

70,71. Certain features of aged cells are exacerbated or mitigated by environmental conditions in 

host tissues such as oxidative stress, nutrient status, inflammatory / cytokine production, and 

pathological changes 59,72–74. Many of these conditions can be recapitulated in cell culture studies 

with treatments that mimic the aged tissue environment 75,76. Studies using established cell lines to 

study biological consequences of aging are of limited value for extrapolation to the complex in 

vivo mileau. In situ studies have provided significant insight regarding adaptations and distinct 

features of aged cells 77–79, but whether the characteristic phenotypic state of aged cells is retained 

following isolation and culture expansion is poorly understood.  Moreover, conditions of culture 

expansion inherently favor cells with the highest proliferative and survival potential. Thus, it is 

unclear to what extent culture expansion allows hallmarks of aging to persist when harvesting 

cellular samples from aged tissue and subjecting them to multiple passages after initial isolation.  

Biological characterizations of cultured cells are often used as a proxy for their in vivo 

counterparts to correlate phenotypic properties and identify cellular responses 75. However, even 

in the case of primary cultured derived directly from tissue explants there is evidence of rapid 

adaptation to culture conditions, selective pressure, and loss of differentiated characteristics 80. 

Such changes are particularly evident at the transcriptional level, where our group previously 

documented increased gene expression diversity together with loss of identifying cell markers in 

primary isolations of cCICs subjected to in vitro expansion 38. Thus, many distinct hallmarks of 

primary cells vanish in the wake of Darwinian selection occurring in vitro with serial passaging. 

However, our previous study 38 compared freshly isolated cells versus derivative cultured 
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counterparts from young healthy mice. Whether cells derived from an aged environment coupled 

to chronic pathological stress would be capable of similar transcriptional reprogramming leading 

to a ‘rejuvenated’ profile exhibiting reduction of senescence and/or functional impairment markers 

remains to be explored. The decision to use human heart primary explants was based upon the 

impaired biological phenotype of aged cCIC from previous studies 39 supporting the premise that 

cells isolated from heart failure patients were most likely to show persistent irreversible 

transcriptional signatures when compared to identically prepared neonatal cells. The yield of cells 

obtained (4722 total cells, 1779 neonatal and 2943 LVAD) is sufficient for bioinformatic analyses. 

Neonatal cells exhibit enhanced growth kinetics and telomere length compared to LVAD 

derived cCICs39 consistent with our findings of autochthonous transcriptional features in cultured 

cCICs  segregating with biological age (Fig. 2.1). Neonatal cCICs displayed higher frequency and 

expression levels of G2M genes, including cell proliferation markers like MKI67 and CCND1, 

and cell cycle regulators CDC8A and CDC20 (Fig. 2.2c). LVAD derived cCICs retained a 

widespread senescent profile, in particular high expression of proinflammatory interleukins such 

as IL6 and IL1B, and other SASPs elements like TNF receptors and insulin like growth factor 

binding proteins (Fig. 2.3a). Pathway and co-expression analysis of fibroblast markers Ddr2, 

Tcf21, Vimentin, Periostin and Collagen deposition markers indicated a primed fibrotic phenotype 

in senescent cells (Fig. 2.5). Cell cycle scoring, expression together with SASPs pseudotime 

analysis (Fig. 2.3) established the transcriptional trajectory from youthful to LVAD-derived 

senescent cells.   

Cellular senescence is associated with deregulation of RNA processing, shuttling, splicing 

and translation 81,82. Deterioration of the cellular microenvironment from aging or chronic stress is 

associated with defective RNA processing in human peripheral blood leukocytes 83. Consistent 
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with the literature, KEGG pathway analysis results revealed downregulation of RNA transport 

pathway in LVAD derived samples such as nuclear basket protein TPR and exon junction UPF3A, 

with only EEF1A1 (a RNA transcription regulator) gene upregulated in LVAD samples (Fig. 2.4). 

In contrast, neonatal cCICs exhibit a proliferative profile with upregulation of RNA transport 

pathway members. These findings demonstrate a persistent impairment of essential RNA 

transcriptional processing capabilities in LVAD-derived cCIC that is refractory to culture 

adaptation (Fig. 2.7).  

The intermediate cell population represents an aggregate group with intriguing hybrid 

transcriptional signature features. To our knowledge, the intermediate transcriptional profile of a 

pre-fibrotic senescent cultured cell subset exhibiting both decreased ECM transcripts and high Wnt 

pathway regulation has not been previously reported (Fig. 2.5 and 2.6). However, a novel cardiac 

fibroblast population with strong Wnt-signaling was previously identified by transcriptional 

profiling 84,85. These intermediate cells may represent a fraction of neonatal cells starting to senesce 

in vitro converging with LVAD derived cCICs reactivated in culture. Alternatively, the 

intermediate population could be arising simultaneously out of both neonatal as well as LVAD 

groups due to selective pressure of the culture environment.  

This study highlights an often overlooked consideration, namely retention of 

“transcriptional memory” of cells undergoing culture expansion. Influences of age-associated 

imprinting upon transcriptome plasticity continues to be explored 86 and intersection with culture 

adaptation remains poorly understood. Clearly, biological aging impacts upon the transcriptome 

signature of cCIC as shown in this report, consistent with diminished replicative capacity of human 

cCICs in vitro 24. Previous evaluation of various cCICs isolation and expansion protocols revealed 

a high degree of transcriptome similarity with individual donor profiles accounting for major 
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differences 87.Persistent senescence characteristics are an important limitation for autologous use 

of aged donor cells in therapeutic treatments. Cell-based interventional strategies need to consider 

the autochthonous state of the parental origin cells and the impact upon efficacy for engraftment 

and functional improvement in the clinical setting. Incorporation of ex vivo protocols has been 

successful to augment the functional potential of aged cells 88.  For example, hypoxic conditions 

mimicking physiological oxygen tension increased self-renewal, replicative capacity and 

mitochondrial function of cultured cCIC 89. Genetic modification with Pim-1 kinase has been 

shown to ‘rejuvenate’ human cCIC and enhance reparative potential in adoptive transfer studies 

62,90. Cardiac organoids, cardiac-tissue-like-constructs and CardioClusters all are approaches to 

facilitate cell-to-cell communications in three-dimensional tissue microenvironments 91–93. Future 

strategies for cellular therapeutics should strive to retain youthful phenotypes and/or reprogram 

senescent adult cells to overcome imprinting from their origin that otherwise compromises 

desirable functional capabilities.    

Findings presented in this report are unavoidably constrained by human sample 

availability, biology, and costs of analyses.  Human genetic diversity is an inherent variable unique 

to each patient that cannot be controlled but can only be assessed with large individual sample 

numbers. Along similar lines, samples of aged heart tissue will inevitably exhibit a spectrum of 

concurrent pathological features ranging from mild to severe. In our experimental design the use 

of aged tissue from LVAD patients was intended to represent a heart pushed to the limit of 

biological exhaustion indicative of advanced age and stress for maximum impact upon the derived 

cCICs.  At the other end of the aging spectrum, availability of fresh human cardiac tissue at early 

developmental stages is always challenging due to ethical and legal concerns. Last, but not least, 

is the expense and expertise costs associated with scRNA-Seq experimentation and bioinformatic 
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analyses. Integration of our findings with published non-failing non-human heart scRNASEQ 

datasets57 was attempted to increase our sample population. However, comparative assessments 

with pre-existing datasets provided negligible insights due to multiple factors including differences 

in isolation protocol, culture conditions, single cell preparation, and interspecies biological 

compatibility with our samples. Findings presented herein represent an important initial foray into 

exploring relative forces of cellular origin versus culture adaptation, with a clear need for 

incorporation of appropriate datasets using cultured cCICs derived from multiple sources including 

healthy adult hearts to extend the biological continuum in future studies. 
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2.8 Figures 

 

Figure 2.1 Connate transcriptional profiles retained in Neonatal and LVAD derived cells after in 
vitro expansion. 

a) Schematic of experimental workflow of cCICs isolation and scRNASEQ from Neonatal and LVAD 
cardiac tissue. UMAP projection of cCICs color-coded according to b) unsupervised clustering of gene 
signatures and c) as derived from either Neonatal or LVAD cardiac tissue. d) Relative and absolute e) 
contributions of Neonatal or LVAD derived cCICs to each cluster as shown in UMAP (panel b). f) Heatmap 
representing the top 20 differential expressed genes from Neonatal and LVAD cCICs. 
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Figure 2.2 Cell cycle expression patterns heightened in neonatal derived cells. 

a) UMAP projection of cells color-coded by transcriptional cell cycle score. b) Stacked bar graph 
representing ratio of cells in G2M, G1 and S stages according to cell cycle score. c) Dotplot representing 
expression of G2M-specific genes in both populations. Circle diameter represents the percentage of cells 
expressing a particular gene, while normalized average expression is represented by color intensity. d) 
Ridge plot representing MKI67 transcript expression and cell distribution on neonatal and LVAD 
populations. 
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Figure 2.3 Senescent Associated Secretory Phenotype factors (SASPs) elevated in LVAD derived 
cells. 

a) Dotplot representing expression of SASPs genes in both populations. Circle diameter represents the 
percentage of cells expressing a particular gene, while normalized average expression is represented by 
color intensity. Monocle generated UMAP projection of cCICs color-coded according to b) population of 
origin and c) calculated pseudotime analysis. Pseudotime transcriptional trajectory visualized by line across 
UMAP projection. Origin indicated by white number one circle. Nodes annotated in black circles and leaves 
numbered in gray. d) Ridge plots representing cell distribution on neonatal and LVAD populations and their 
respective calculated module scores for Senescent Associated Secretory Phenotype factors (SASPs), growth 
factors, interleukins and receptors and ligands. e) Heatmap representing single cell expression of paracrine 
and secreted factors from Neonatal and LVAD cCICs. 
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Figure 2.4 RNA transport pathway deregulated in LVAD derived cells. 

Simplified KEGG pathway analysis derived from differential expression analysis and Dotplot representing 
expression of genes involved in a) RNA transport, b) FcγR-mediated phagocytosis and c) MAPK signaling 
pathways. Panels simplified from original analysis (SF 6-8). Genes in KEGG pathway analysis are color-
coded in green when upregulated in Neonatal samples and red when upregulated in LVAD derived cells. 
In dotplot circle diameter represents the percentage of cells expressing a particular gene, while normalized 
average expression is represented by color intensity. 



38 
 

 

 

Figure 2.5 LVAD derived cells primed with a fibrotic transcriptional phenotype. 

a) KEGG pathway analysis derived from differential expression analysis of genes involved in ECM-
Receptor interaction pathway. Panels simplified from original analysis (SF 9). Genes in KEGG pathway 
analysis are color-coded in green when upregulated in Neonatal samples and red when upregulated in 
LVAD derived cells. b) Heatmap representing single cell expression of extracellular matrix factors in 
Neonatal and LVAD cCICs. c) Scatter plot representing expression of POSTN plotted against calculated 
pseudotime. Pseudotime transcriptional increased visualized by line across scatter plot. d) Monocle 
generated UMAP projection of cCICs color-coded according to TCF21 expression. Pseudotime 
transcriptional trajectory visualized by line across UMAP projection. Origin indicated by white number one 
circle. Nodes annotated in black circles and leaves numbered in gray. e) Scatter plot visualizing co-
expression of fibroblast markers DDR2 vs TCF21 (left) and POSTN vs TCF21 (right). 
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Figure 2.6 Neonatal and LVAD overlapping cells overexpress Wnt signaling regulators and sustain 
a hybrid phenotype. 

a) Relative contributions of Neonatal or LVAD derived cCICs to each unsupervised cluster as shown in 
UMAP (Fig 1b). b) Heatmap representing the top 30 differential expressed genes from exclusively Neonatal 
and LVAD cCICs and Intermediate cells. c) Wnt regulation GO terms results from Gene Ontology analysis 
annotated by Biological Process. Circle diameter represents the gene ratio from the 693 DEGs being 
expressed in the Intermediate cells, while significance level is color-coded according to heatmap scale. d) 
Ridge plots representing cell distribution on neonatal and LVAD populations and their respective calculated 
module scores for Wnt Regulation. Dotplot representing expression of e) Wnt Regulation markers, f) 
SASPs, g) G2M-specific genes and h) fibrosis markers in both unique and overlapping populations. Circle 
diameter represents the percentage of cells expressing a particular gene, while normalized average 
expression is represented by color intensity. 
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Figure 2.7 Transcriptional features of biological age are maintained following culture adaptation of 
cCICs. 

Schematic of in vitro expanded cCICs displaying transcriptional phenotype retained by Neonatal and 
LVAD derived cells. 
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 CHAPTER 3 
 Cardiovascular consequences of vaping 

 

  



42 
 

3.1 Abstract 

Purpose of review: Vaping activity continues to increase worldwide. Promoted as a 

“healthier” alternative to traditional smoking, emerging evidence indicates “healthier” should not 

be confused with “harmless”. Direct inhalation exposure of the respiratory tract in experimental 

research demonstrates pulmonary consequences of vaping. However, cardiovascular consequences 

of vaping are poorly characterized and are a priority area of research to reveal vaping-induced 

pathogenesis. 

Recent findings: Alterations in cardiovascular homeostasis, inflammation, and molecular 

changes following vaping exposure demonstrate vaping-related health concerns. 

Summary: This review summarizes cardiovascular consequences of vaping from 

cumulative research findings. Strategic application of emerging technologies to understand the 

impact of vaping upon the cardiovascular system will be essential for defining the true risks of 

vaping-associated injury. 

Keywords: 3-5 Vaping, electronic cigarettes (E-cig), cardiopulmonary, vascular, 

cardiovascular disease, research. 

 

 

 

 

 

 



43 
 

3.2 Introduction 

Vaping continues to gain popularity over the last decade across a diverse spectrum of users. 

In 2018 an estimated 14.9% of U.S. adults over 18 years old reported use of electronic cigarettes 

(E-cig)94. Use among youth has also increased with 19.6% of U.S. high-school students and 4.7% 

middle school students using E-cigs as of 202095. Ill-conceived distribution of so called “Dank 

Vapes” contributed substantially to hospitalizations with 2,807 patients suffering from E-cig or 

vaping product use-associated lung injury (EVALI) in the U.S. as of February of 202096,97. Clinical 

trials report acute impact of E-cig and nicotine use on cardiac physiology98–100* with pathological 

and economic costs derived from long-term exposure still being delineated101,102. Documented 

smoke-related cardiovascular disease (CVD)103 and the associated financial burden on 

healthcare104,105 foreshadows the future of vaping-associated CVD. Information on the intersection 

between vaping and cardiovascular health and homeostasis is still in early stages with a clear need 

for additional research to define susceptibility of cardiac structure and function to vaping. 

Systemic biological consequences of vaping are too broad to consider in a short overview 

of the field. Therefore, this review focuses upon cardiovascular health and vaping with an 

emphasis upon recent trends and future directions.  For detailed information on vaping-related 

impact on lung, vasculature, and other biological aspects, there are excellent recent reviews 

covering these subjects in depth106–109. Topics addressed here on the consequences of vaping 

include: 1) cardiovascular health, function, remodeling and homeostasis, 2) cardiac cell and 

molecular biology, 3) impact from localized and systemic immune responses, and 4) consideration 

of emerging technologies and experimental approaches.  Evaluation of current research is 

necessary for planning approaches that will ultimately mitigate morbidity and mortality 

consequential to vaping. 
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3.3 Impact on Cardiac Structure and Function  

Adverse effects of vaping have been observed in lungs with growing evidence indicating 

involvement of the heart and pulmonary circulation as well as deleterious impact upon 

function110*. Vaping can lead to acute respiratory distress syndrome (ARDS) in severe cases which 

is characterized by pulmonary hypertension and remodeling of the blood vessels of the 

lung109,111,112(Fig. 3.1). Increased vascular resistance drives right ventricular dysfunction, 

exacerbating cardiopulmonary damage. Acute cardiomyopathic events are rare and often 

reversible113*, however subsequent development of heart failure has also been documented114. 

Potential preventive and therapeutic approaches require insight derived from integrative 

examination of subject/vaping interactions, which includes chemical makeup and toxicity of 

vaping liquids, responses in subject’s comorbidities and impact on cardiac tissue and cellulome. 

Nicotine, propylene glycol/vegetable glycerin (PG/VG), other E-cig components and their 

byproducts are detrimental to cardiovascular health115. Nicotine is a highly addictive 

sympathoexcitatory drug, increasing heart rate and blood pressure and causing vasospasm during 

acute administration. Increased sympathetic stimulation can increase risk of arrhythmias and 

ischemia116. Numerous confounding effects, such as sensitization and desensitization responses, 

individual differences, and unclear dose-response ratios complicate simple interpretation of  

nicotine effects upon the cardiovascular system117. A murine model of high level nicotine exposure 

results in both systemic and pulmonary hypertension and subsequent right ventricle remodeling118.  

Systemic hypertension was present only during the first three weeks of exposure until development 

of nicotine-tolerance. However, at 8 weeks right ventricular systolic pressure was increased 

accompanied by increased right ventricular internal diameter, wall thickness, and MAPKs 

activation indicative of remodeling. Inhaled nicotine led to right ventricular remodeling mediated 



45 
 

by Angiotensin II type 1 receptor by acting upon the renin-angiotensin system 119*. Administration 

of nicotine to young rats induced ROS production, promoting cardiomyocyte death by interfering 

with mitophagy and the intrinsic apoptotic pathway120. E-cig aerosol promotes alterations in a 

similar manner to tobacco smoke by promoting myocardial oxidative stress and inflammation 

leading to fibrosis121. As with tobacco cigarettes, recent studies found an association between E-

cig use and self-reported hypertension in the population 122and measured systemic hypertension in 

animal models 123*, mainly driven by nicotine’s effect on vasoconstriction and elevation of 

systemic vascular resistance. Combustible cigarettes cause a greater increase in sympathetic 

stimulation compared to E-cigs116. Labeling inaccuracies and elevated nicotine concentrations 

pose novel risks not inherent to combustible cigarettes 124.  Moreover, it is still not known if 

subsequent increases in adrenaline level have clinically relevant cardiovascular effects among 

vapers. 

Although non-nicotine components and byproducts are more abundant in combustible 

cigarettes compared to electronic cigarettes, the presence and variety of these components in vape 

aerosol together with systemic and cardiovascular impact should not be underestimated. Flavoring 

additives to vaping juice are of particular interest, such as electrophysiological effects of toxic 

aldehydes such as vanillin and cinnamaldehyde 125*. Flavoring aldehydes increased sympathetic 

stimulation compared to fruit-flavored e-vapor. Additionally, oxidizing compounds, metals, 

volatile organic compounds, carbonyls, and other components in E-cig vapor are dangerous for the 

circulatory system 126. Further experimental and clinical assessment is needed to determine the 

impact of heterogeneous byproducts present in vape aerosol. 

Vaping is particularly problematic in patients with underlying health conditions due to 

increased susceptibility to damage from acute and chronic insults. Administration of nicotine to 
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rats increased myocardial infarct size 127. A high-fat diet and E-cig smoke with nicotine exposure 

decreased left ventricular contractility with increased apoptosis and structural alteration of the 

heart in mice128*.  Thus, pre-existing conditions and comorbidities are likely to contribute 

significantly to vaping-induced CVD.  

 

3.4 Vaping consequences on the vascular endothelium 

Cardiac endothelium plays a significant role in the control of vascular 

relaxation/contraction. The established relationship between smoking-mediated endothelial 

dysfunction and cardiovascular disease129,130 supports the importance of understanding vaping 

exposure upon endothelial health. A randomized controlled trial showed reduction in endothelial 

dysfunction on individuals switching from tobacco cigarettes to vaping, independently of nicotine 

content of the latter131. Impaired flow-mediated dilation (FMD), a metric for endothelial 

dysfunction and a predictor of cardiovascular risk, was reported in acute smokers but not E-cig 

vapers132. In contrast, tobacco cigarettes and JUUL E-cig decreased FMD at comparable levels133.  

Blood biomarkers of inflammation were increased and FMD decreased after a single episode of 

E-cig inhalation in otherwise healthy adults134. These superficially irreconcilable results could be 

explained due to the diversity of exposure protocols, in vivo models, variation in voltage settings, 

and E-cig brands in each study.  

In addition to dysfunction, vascular oxidative stress135,136, decreased of vascular endothelial 

growth factor (VEGF) expression, and a reduction of the density of capillaries have been 

reported137. There is significantly increased carotid plaque burden that young adult smokers and 

vapers exhibit compared to matched nonsmokers138*. Increased atherosclerotic lesions, burden and 

risk mediated by TLR9 pathway in response to vaping exposure was demonstrated in a mouse 
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model139*. Increased circulating endothelial progenitor cells, increased acute microvascular 

endothelial dysfunction, and arterial stiffness are additional factors altered in E-cig studies140,141. 

Evidence for long-term effects of vaping upon the circulatory system is lacking, but available data 

suggest E-cigs shouldn’t be marketed as “safe” alternatives to cigarettes. However, vaping could 

mitigate smoking endothelial dysfunction in the short-term when employed as a smoking cessation 

strategy. However, E-cigs are not innocuous and further research is required to clarify 

discrepancies in the field and evaluate health and safety consequences of long-term vaping 

exposure.  

3.5 Cellular and Molecular Response to E-Cigarettes in the Cardiovascular System 

Mitigating strategies and therapeutic approaches require identification of pathways driving 

cardiac pathology as well as insight regarding molecular responses to E-cig. Molecular processes 

such as inflammation and reactive oxygen species (ROS) contribute significantly to CVD and 

vaping pathologies. Disruption in the balance of pro- and antioxidant systems in vasculature is 

associated with arrhythmias and myocardial remodeling due to pathogenic hypertrophy and 

apoptotic signaling142. E-cig exposure increases ROS in cardiomyocytes and aortic tissue vas 

detected by dihydroethidium (DHE) fluorescence123,135,143. Increased ROS coincided with 

decreased endothelial nitric oxide synthase (eNOS) following 3 days of exposure in mice, 

suggesting that decreased antioxidant nitric oxide is involved in the increase in oxidative stress135. 

The oxidative stress phenotype was alleviated by knocking out the ROS-producing enzyme 

NADPH Oxidase Subunit 2 (NOX2), confirming that oxidative stress is NOX2 dependent135. It is 

unclear the extent to which ROS accumulation observed in animal E-cig exposure studies 

translates to chronic users. 
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The cellular response to E-cig exposure is vital to understand mechanisms of pathogenesis. 

RNA-sequencing data of iPSC-derived cardiomyocytes exposed to E-cig extract for 2 days in vitro 

altered gene expression signatures for proliferation and apoptosis143. Notably, natriuretic peptide 

B (NPPB) upregulation was observed alongside downregulated myosin light chain kinase (MYLK) 

and troponin I3 (TNNI3). Proper levels of these proteins are essential for healthy heart function 

and appropriate stress responses. Increased apoptotic nuclei and increased cleaved-caspase 3 

protein levels were reported in a high-fat diet/E-cig exposure study 128. Increased apoptosis appears 

related to dysregulation of the AMPK pathway, since apoptosis regulator AMP-activated protein 

kinase (AMPK) was decreased in E-cig exposed mice with no expression of its downstream target 

Acetyl-CoA carboxylase (ACC)128. Cellular and molecular responses to vaping implicate 

increased oxidative stress and apoptosis, but data correlating these risk factors with reported 

pathology is still lacking. Further characterization of the signaling pathways and mechanism for 

vaping-induced molecular stress and damage such as vascular dysfunction, inflammation, 

remodeling, and impaired function are required to inform the public of the risks associated with 

E-cig use and will be essential for development of therapeutic interventions. 

 

3.6 Innate and Adaptive Immune Response to E-Cigarettes 

The innate and adaptive immune response to E-cig exposure has been predominantly 

examined in the pulmonary system  and to a lesser extent in the cardiovascular system144–149. 

Sustained inflammation caused by typical recurring vape exposure could lead to downstream 

toxicity from oxidative stress and exert compounding effects to increase risk for cardiovascular 

disease. Additionally, immune response to vaping could exacerbate risk for CVD such as 

atherosclerosis and coronary artery disease. Environmental stressors such as E-cig vapor promote 



49 
 

macrophage transition into foam cells which build up in arteries as atherosclerotic plaques150. E-

cig exposure for 16 weeks in ApoE−/− mice led to development of atherosclerotic plaques with 

increased levels of Mac2+ macrophages compared to controls139. Inhibition of TLR9 ameliorated 

the phenotype suggesting that TLR9 is mediating the atherosclerotic response. Additionally, 

macrophage marker CD68 was found to have increased protein levels in the aorta of mice 

following acute E-cig exposure135. Human studies have reported conclusions consistent with 

animal studies reporting increased levels of lymphocytes, monocytes, and neutrophils in the blood 

of E-cig users compared to non-users151*.  

Increased levels of inflammatory cytokine IL-6 in blood has been reported in both human 

and mouse models of E-cig exposure following a wide range of exposure time lengths135,139,152,153*. 

Other cytokines including ICAM-1, MCSF, MCP-1, and IL-8 increase following acute exposure 

times in humans but it is unclear whether this is a transient response to initial E-cig exposure or if 

the inflammatory response is sustained long enough to be associated with pathogenesis152,153. 

Analysis of immune cell populations and signaling in animal studies on a timescale analogous to 

decades in humans can serve as approximations of future risk for E-cig users. The current SARS-

CoV-2 (COVID19) pandemic154,155* drew attention regarding concerns related to immune system 

response following infection when combined with E-cig exposure. Alterations of 

immunocompetency pursuant to vaping are likely to have as yet poorly understood consequences 

for cardiopulmonary protection and homeostasis.   

3.7 Emerging technologies and experimental approaches 

Emerging consequences of vaping on cardiovascular homeostasis will require real-time 

solutions, creative experimental approaches, and innovative therapeutic approaches. Fortunately, 

state-of-the-art and high throughput technologies continue to be developed with some already 
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deployed to elucidate the impact of vaping. Single-cell and nuclei RNA sequencing (sc/snRNA-

Seq) has proven to be a valuable tool to characterize the lung changes in response to senescence156, 

fibrosis157 and smoking158. Exploration of the cardiac transcriptome has yielded a remarkable 

framework to study the biological diversity, interplay, and plasticity of identified cardiac cell 

subpopulations. Single-cell transcriptional analysis has revealed the phenotypical diversity and 

intercommunication within the murine cardiac cellulome at the baseline17 and under chronic 

cardiac fibrosis85*. Cardiac topology and chamber-specific transcriptional signatures of the human 

heart have been contextualized with genes implicated in cardiomyopathies using snRNA-Seq57. 

Dynamic interactions and insight on immune changes following acute injury in mouse models via 

myocardial infarction84,159 or ischemia reperfusion160* have been derived from using scRNA-Seq 

platforms. Vaping effects on cardiac development can be cross-referenced to published datasets of 

temporal and chamber-specific benchmarks of cardiac development 6,161. Framework to assess 

changes on in vitro phenotypes and protocols of culture expanded cardiac cell will be critical to 

evaluate the influence of vaping18,162. Organism-wide transcription cell atlas like the Tabula Muris 

project28 and the Mouse Cell Atlas163,164 can be used as baselines for comparison of cardiac and 

systemic changes derived from vaping exposure. New technologies and approaches in 

transcriptional analysis are currently underway to determine the impact of vaping upon 

cardiovascular biology. Paradigm development will benefit from high-throughput technologies 

targeting the proteome and secretome including mass spectrometry and mass cytometry165, 

together with epigenomic platforms, and spatial approaches recently adopted to address standing 

biological questions of intercellular heterogeneity and communication.  
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3.8 Future considerations  

Vaping popularity and activity continue to evolve with diverse, complex, and dynamic 

societal pressures advancing E-cig adoption and product development. Cardiopulmonary effects 

and documentation of pathogenesis continues to benefit from research studies tackling the complex 

and diverse array of possible exposure regimens (Fig. 3.2, Table 3.1). Acute consequences of 

vaping exposure include changes in pulmonary hypertension, cardiac remodeling, function, 

arterial pressure and stiffness, and cell and molecular changes (Fig 3.1 & 3.2, Table 3.1). Long-

term cardiovascular effects of recreational vaping will eventually be revealed in decades ahead, as 

popularization of the vaping lifestyle is a relatively recent phenomenon, in the near term, 

implications of acute and chronic vaping for cardiopulmonary health will be revealed through 

carefully executed studies that reveal vaping impact. 

Datasets166, research observations, and experimental strategies for assessing vaping 

pathogenesis can be rooted in the approaches and concepts derived from the decades-long pursuit 

of biological studies on traditional cigarette smoking. Experimental animal models of chronic 

exposure with vaping protocols relevant and comparable to human recreational vaping will be 

crucial to evaluate long-term progression of cardiovascular health. Experimental approaches 

should consider cardiac cellular composition, heterogeneity, and topology, together with 

constraints inherent in handling and preservation of mammalian cardiopulmonary tissues.  

 

3.9 Conclusion 

In conclusion, there is a profound need for thoughtful and translationally relevant research 

to address cardiovascular consequences of vaping. New devices, vape juice mixtures and trends 

continue to be introduced, increasing variation among previous as well as ongoing studies. A 
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composite strategy incorporating robust longitudinal assessments to investigate vaping-induced 

pathogenesis will need to account for variability of available products and experimental designs. 

Clinical evaluations of right ventricular systolic and diastolic function have been centered on 

ARDS patients167,168. However, signs of right ventricular dysfunction such as chest discomfort and 

breathlessness manifest only after left ventricular function is compromised, ultimately 

complicating early assessment of pulmonary involvement169. Right ventricular remodeling 

observed in a mouse vaping model170* implicates cardiopulmonary consequences that can 

contribute to not only  cardiac remodeling but also increased risk for secondary debilitating 

conditions. Current studies suggest a correlation between vaping and atherosclerosis, but 

additional experimental and clinical data is needed to define causality. Another area worthy of 

attention is the study of cell and molecular processes potentially affected by vaping, such as 

mitochondrial metabolism and energetics, stress response and genotoxicity.  

Collectively, these considerations emphasize the need for promotion and expansion of 

vaping research. Associations between harm perception and desire to quit vaping have been 

established171, which can be further reinforced by the scientific community contribution of 

elucidating mechanisms of vaping-induced pathology. Establishing a mechanistic basis of vaping-

induced pathogenesis is critical for development of preventative and therapeutic interventional 

strategies. Efforts to curb the pathologic consequences of vaping are likely to involve multiple and 

potentially distinct approaches for young versus aged users. Fundamental research at tissue, 

cellular, molecular, and physiologic levels needs to keep pace with vaping industry initiatives and 

campaigns. Only through investment and expansion of research efforts on vaping will society be 

able to implement interventions designed to mitigate progression of injury and prevent irreversible 

damage, thereby fostering repair and recovery.  
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3.10 Key points 

• Adverse effects of vaping have been observed with growing evidence indicating impact in 

cardiac structure as well as deleterious impact upon function. 

• Current research suggest E-cigs are not innocuous for cardiac endothelium, localized 

immune cell populations and overall cardiovascular homeostasis. 

• Further research is required to clarify discrepancies in the field and evaluate health and 

safety consequences of long-term vaping exposure. 
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3.12 Figures 

 

Figure 3.1 Summary of reported cardiovascular consequences of vaping. 
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Figure 3.2 Cardiovascular consequences of vaping research timeline 
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Table 3.1 Selected papers of interest on cardiovascular consequences of Vaping 
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 CHAPTER 4 
 Fundamentals of vaping-associated pulmonary injury leading to severe respiratory 

distress 
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4.1 Abstract 

Vaping of flavored liquids has been touted as safe alternative to traditional cigarette 

smoking with decreased health risks. The popularity of vaping has dramatically increased over the 

last decade, particularly among teenagers who incorporate vaping into their daily life as a social 

activity. Despite widespread and increasing adoption of vaping among young adults, there is little 

information on long-term consequences of vaping and potential health risks. This study 

demonstrates vaping-induced pulmonary injury using commercial JUUL pens with flavored vape 

juice using an inhalation exposure murine model. Profound pathological changes to upper airway, 

lung tissue architecture, and cellular structure are evident within 9 week of exposure. Marked 

histologic changes include increased parenchyma tissue density, cellular infiltrates proximal to 

airway passages, alveolar rarefaction, increased collagen deposition, and bronchial thickening with 

elastin fiber disruption. Transcriptional reprogramming includes significant changes to gene 

families coding for xenobiotic response, glycerolipid metabolic processes, and oxidative stress. 

Cardiac systemic output is moderately but significantly impaired with pulmonary side ventricular 

chamber enlargement. This vaping-induced pulmonary injury model demonstrates mechanistic 

underpinnings of vaping-related pathologic injury. 

 

4.2 Introduction 

Relative merit of vaping for “harm reduction” intervention that transitions smokers away 

from combustible cigarettes remains under attack because of widespread adoption of vaping as a 

social activity and lifestyle choice by “never smokers,” particularly adolescents 172–174. The 

electronic vaping-associated lung injury (EVALI) outbreak of 2019 serves as a sobering 

demonstration of potential dangers resulting from uninformed experimentation with vape juice 

composition 175–177. In comparison, commercially sold vape juices and prefilled disposable devices 
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typically do not provoke acute lung injury and respiratory distress as pointed out by vaping 

advocacy groups 178–180. However, vaping-associated pulmonary injury (VAPI) in a minority of 

users is a well-documented and growing concern in the clinical setting with multiple independent 

reports of severe respiratory illness including acute respiratory distress syndrome including 

potential pulmonary circulation impairment 107,114,181–186. Life-threatening consequences of VAPI 

emphasized by high profile media coverage over the last couple of years have raised public 

awareness of danger linked to vaping 187–190 with increased calls for regulatory oversight and 

expanded research 191,192. Fundamental unresolved issues using commercial vaping products from 

reputable sources include (1) how do individual specific biological factors influence susceptibility 

to VAPI; (2) what is the underlying pathogenesis of VAPI leading to respiratory distress; and (3) 

how does progression of VAPI precipitate pulmonary circuit failure? Immediacy of the problem 

in society, recency of modern electronic vaping, and the rapid evolution of vaping technology 

necessitate development of an innovative platform to study biological processes of VAPI. 

Studies of VAPI often target specific biological processes to assess consequences for 

phenotypic or functional impact in cells, tissues, or animals. Assessment of vape fluid exposure in 

vitro is typically focused upon a particular cell type such as epithelial or vascular cells 141,146,193–

195. Alternatively, in vitro studies of mixed cell cultures offer insight into disruption of structural 

interactions in “organoid” settings 196. Primary culture of explanted tissue is another option for 

assessing consequences of vape juice exposure 197,198. Observation of in vitro system is 

advantageous for several reasons including simplifying, focusing, and increasing throughput with 

targeted analyses of select cell or tissue types, but extrapolating findings to the in vivo setting 

remain problematic without corresponding animal studies. Experimentation conducted using 

animal models shows varying outcomes after vape juice exposure ranging from negligible to 
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substantial 123,193,199,200. Inconsistent findings are undoubtedly due, at least in part, to variability in 

exposure protocols. Relatively few studies provide compelling rationales for experimental design 

or acknowledge inherent limitations of their approach 201. Critics of vaping research leverage 

issues of experimental interpretation and variation to challenge relevance of findings, leading to 

pitched debate between pro-versus anti-vaping advocacy groups 202,203. Establishing reasonable 

approximations of human vaping behavior as well as clinical manifestations of VAPI is essential 

and desperately needed to advance research and promote consensus among all stakeholders. 

Quintessential combined features of VAPI are most appropriately recapitulated in a 

mammalian inhalation exposure model. Capturing the numerous variables of human vaping 

activity such as (but not limited to) frequency of use, vaping inhalation topography, device type, 

and vape juice formulation create a daunting challenge for implementing a “typical” exposure 

protocol. Nevertheless, topography and demographics of vaping have been studied 204–207, whereas 

user preferences for devices and juices are a moving target subject to social and marketing 

influences 208. Presently, JUUL remains the most popular e-cigarette device with 51.6% of the 

reusable market share in April 2021 and 49.7% of the entire e-cigarette market 209–211. Vape juice 

preferences trend toward fruit flavors, often with the addition of menthol to provide a cooling 

sensation 212,213. Considerations such as these should be collectively incorporated into 

experimental design if the intent is to target human behaviors and choices. 

Rapid evolution of the vaping industry coupled with unpredictable trending preferences of 

end users can have devastating consequences such as the EVALI outbreak, which was quickly 

correlated to ill-conceived modifications in “Dank Vape” juices 214,215. However, severe 

respiratory distress syndromes linked to VAPI are increasingly seen in the clinical setting 

involving vapers using commercially sourced devices and vape fluid 114,216–220. Evolution and onset 
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of VAPI in otherwise healthy individuals remains poorly understood, especially on cellular and 

molecular levels. Thus, the emerging clinical syndrome of VAPI forms the basis of this report 

wherein an experimental model of inhalation exposure was developed and characterized. Findings 

presented here document, to our knowledge, the first VAPI inhalation exposure model instigated 

using popular products sourced entirely from retail markets revealing novel biological responses 

and pathogenic processes. 

 

4.3 Results 
4.3.1 Structural and morphometric alterations to lung parenchyma and airways following 

vape exposure 

Tissue samples harvested following Week 9 of exposure comprised the excised respiratory 

tree consisting of trachea with lungs, with hearts concurrently processed as detailed in the 

Materials and Methods section. Termination of the study at Week 9 time point was chosen based 

upon longitudinal histologic observation of lung tissue exhibiting progressive pathological features 

of VAPI. Longitudinal time course histological assessments were performed on a small cohort of 

subjects beginning at Week 5 at 1-wk intervals for a small cohort (Data not shown). Overt 

behavioral or physiological stress was not evident from daily routine monitoring of mouse subjects 

throughout the Week 9 time course. Lung sections were prepared in the coronal plane and 

visualized for basic structure by H&E stain (Fig 4.1). Normal non-vaped lung tissue shows typical 

features of larger bronchi proximal to primary branch points becoming smaller toward peripheral 

regions, scattered vasculature of various sizes, and parenchyma with uniformly distributed alveolar 

areas (Fig 4.1, A1). In comparison, vaped lung shows increased staining intensity proximal to 

bronchi in central regions and remodeling of lung parenchyma (Fig 4.1, A2), suggesting 

pathological changes in bronchiolar and vascular structure. Closer visualization of bronchioles 

from vaped lung sections reveals wall thickening, deterioration of smooth muscle organization, 
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and increases in cellular infiltrates (Fig 4.1B). Large accumulations of cellular infiltrate are 

particularly prominent near vasculature as clusters of numerous cells concentrate around injured 

vessels (Fig 4.1C). Widespread alveolar rarefaction in vaped lung tissue is present with significant 

losses in peripheral regions as revealed by alveolar space quantitation (Fig 4.1D). Adverse 

remodeling of thickened bronchiole walls was also significant (Fig 4.1E). Collectively, these 

findings demonstrate multiple pathological abnormalities consistent with VAPI and reveal the 

extent and nature of damage caused by inhalation exposure in the lungs. 

 

4.3.2 Pathologic disruption of structural organization in airway and lung tissue of vaped 
mice 

Pursuant to findings using H&E (Fig 4.1), additional histological stains were used to further 

understanding of lung tissue composition. Coronal lung sections from both non-vaped and vaped 

mice were stained with either Pentachrome or Trichrome dye mixtures to reveal distribution of 

elastin fibers or collagen, respectively (Fig 4.2). Normal non-vaped lung shows densely packed 

elastin fibers surrounding the periphery of airway passages originating in the central bronchi and 

continuing into the distal airspaces. In contrast, structural organization alteration of elastin fibers 

in the vaped lung is evident by loss of alignment, density, and orientation relative to the airway 

(Fig 4.2, top row). Damage to lung architecture is prevalent in vaped tissue sections with increased 

collagen deposition associated with bronchial airways, vessels, and alveolar spaces compared to 

the non-vaped control sample (Fig 4.2, bottom row). Estimation of collagen deposition indicates a 

45.69% (1.5-fold) increase in the vaped lung compared to the non-vaped group (non-vaped 

covered 3.46% of area; vaped covered 5.04% of area) by methyl blue stain quantitation on images. 

These results provide further evidence of VAPI pathology and structural abnormalities induced by 

inhalation exposure of vape aerosol. 
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4.3.3 Mucin accumulation in bronchial airways of vaped mice 

Presence of mucopolysaccharides and glycoproteins in lung tissue sections was observed 

using periodic acid–Schiff (PAS) stain with detection visualized as a deep red Fuchsia color. PAS 

labeling intensity is increased in the lung tissue of vaped mice compared with non-vaped samples 

(Fig 4.3A). PAS stain was notably present in the epithelial lining of airway tracts in numerous 

large secretory vesicles. This initial finding was further confirmed by immunolabeling for mucin 

5AC (Muc5AC), a major constituent glycoprotein of secretory mucus produced by goblet cells 

that protects airways from foreign pathogens 221,222. Muc5AC immunolabeling is increased in 

bronchiolar goblet cells in the airway of vaped mice compared with non-vaped samples (Fig 4.3B). 

Cell membranes are visualized with immunolabeling for Epithelial-cadherin (ECAD), a cell 

adhesion molecule 223. Muc5AC immunolabeling shows distribution along the apical surface of 

epithelial lining as expected for a secretory protein. Elevation of mucin protein expression was 

confirmed by immunoblot analysis of protein homogenates prepared from the right lung lobe using 

antibodies to Muc5AC and Muc1 (Fig 4.3C). Protein levels for Muc5AC and Muc1 were 

significantly increased by 3.5 ± 0.36 and 2.3 ± 0.19-fold, respectively, as determined by 

quantitative analysis (P < 0.001). Taken together, these findings demonstrate increases in PAS 

stain and mucin accumulation in vaped lung samples consistent with expectations for VAPI and 

airway epithelial tract response to expunge xenobiotic agents. 

 

4.3.4 Pseudostratified columnar epithelium disruption in trachea of vaped mice 

Upper airway epithelial lining play a critical role in the respiratory defense response to 

xenobiotic agents by trapping and clearing foreign pathogens 223,224. Within the epithelial lining, 

ECAD serve an indispensable role in regulation of cell–cell adhesion as well as regulation of innate 
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immunity 225. Thus, upper airway structure was evaluated with emphasis upon ECAD localization 

and protein expression level. Trachea sections from upper airway were also 

immunohistochemically labeled for the water-specific channel Aquaporin 5 (Aq5) 226, basal cells 

expressing cytokeratin 5 (Krt5), ciliated cells expressing α-tubulin, and the cytoskeletal signaling 

molecule tetraspanin 227–229. Deterioration of upper airway pseudostratified epithelial organization 

is evident in samples from vaped mice versus non-vaped controls (Fig 4.4A and B). Normal 

columnar structure remodels into a multilayered cellular sheet with dysmorphic features varying 

from collapsed (Fig 4.4A) to hyperplastic (Fig 4.4B). Basal cell localization along the basement 

membrane shows irregularities and Aq5 immunoreactivity is diminished in sections from vaped 

mice relative to non-vaped controls. Notably, ECAD immunoreactivity is enhanced in vaped 

sections versus non-vaped controls (Fig 4.4A and B) prompting further evaluation by immunoblot 

analysis of the right lung lobe that demonstrates a significant 30% elevation of ECAD protein in 

the vaped lung (P < 0.01; Fig 4.4C). In summary, these results reveal multiple alterations of 

proteins involved in structural and functional properties of the lung airway and concomitant loss 

of pseudostratified cellular architecture in trachea epithelium. 

 

4.3.5 Inflammatory activity increased in vaped mice 

Presence of cellular infiltrates observed by H&E (Fig 4.1C) suggests the presence of an 

inflammatory response in the lung of vaped mice. Immunophenotyping was performed using 

antibody to CD11b (also known as Mac-1), an integrin primarily expressed on monocytes, 

macrophages, neutrophils, DCs, NK cells, and a subset of B and T cells 230,231 as well as CD11c, a 

marker of DCs. CD11b and CD11c immunoreactivity is increased in tissue sections from lung 

parenchyma of vaped mice compared to non-vaped controls (Fig 4.5A and B). Comparison of 

cellular density for CD11b and CD11c was determined by counting of cells in sections from two 
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non-vaped and four vaped mouse samples. Four images were taken per sample, each with an area 

of 1.32 mm2 totaling 5.27 mm2 imaged per sample. Cell count for CD11b was significantly 

increased by fourfold (8.875 ± 1.62 for no vape versus 35.69 ± 4.66 vape; P = 0.001. Cell count 

for CD11c was significantly increased by 2.3-fold (23.25 ± 7.2 no vape versus 53.19 ± 5.257 vape; 

P = 0.003). Additional evidence supporting enhanced inflammatory activity in vaped lung samples 

was provide by immunoblot analysis of lung parenchyma homogenates for immune cell markers. 

Expression of CD11b increased 2.5 ± 0.33-fold in vaped compared with non-vaped control 

samples, along with similar elevations of CD45 (2.0 ± 0.12-fold), CD206 (1.4 ± 0.07-fold), and 

CD11c (1.9 ± 0.16-fold) (Fig 4.5C and D). Inflammatory cytokine expression was also elevated in 

vaped versus non-vaped lung tissue homogenates including IL-6 (2.1 ± 0.14-fold), IL-1 (1.9 ± 

0.07-fold), and high mobility group box protein-1 (HMGB-1; 1.4 ± 0.04-fold). Last, elevation of 

the extracellular matrix protein fibronectin (2.5 ± 0.20-fold) is indicative of inflammation and 

possibly tissue repair after bronchopulmonary injury 232,233. Overall, these results indicate 

potentiation of inflammation consistent with VAPI in the lungs of vaped mice. 

 

4.3.6 Transcriptome profiling of alterations induced by vape inhalation exposure 

Spatial transcriptional analysis demonstrates biological effects consistent with 

observations from microscopy and immunoblot analyses (Figs 4.1–4.5). Transcriptional data were 

obtained from cryosections of upper pulmonary branches from non-vaped (NV) and vaped (V) 

mice (two males and two females) using the Visium platform (10× Genomics) and aligned to the 

murine transcriptome (Fig 4.6A). All samples displayed comparable unique molecular identifier 

(UMI) and detected gene expression per spot with a slight differential between lung parenchyma 

and upper airway tissue (Data not shown). Unsupervised clustering revealed 14 clusters throughout 
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all samples (Clusters 0–13), facilitating tracing of treatment-associated features within the 

pulmonary architecture (Fig 4.6B–D). 

Spot distribution normalized to input revealed some clusters distributed in both NV and V 

samples (clusters 0, 3, 5, and 12; Fig 4.1E). Spots from clusters 2, 4, 8, and 10 were predominant 

in the NV group, whereas spots from clusters 1, 6, 7, 9, 11, and 13 were mostly present in V 

samples (Fig 4.6E). An expected factor driving transcriptional clustering was lung architecture as 

captured in the tissue section and number of transcriptionally similar spots (Fig 4.6F). Therefore, 

accurate interpretation of data spots required subset of lung parenchyma and upper airway for 

downstream analysis (parenchyma: clusters 0, 1, 2, 3, 5, 6, 7, 10, and 12; upper airway: clusters 4, 

8, 9, 11, and 13; Figs 4.6D). Spot mapping identified cell types in each cluster by score, with some 

spots mapping to multiple cell types (Table 4.1). 

Multiple cells from each lung section were captured on each spot (50 μm in diameter) of 

the gene expression slide, conferring the spots with hybrid transcriptome for spatial analysis. Cell 

type identification of hybrid gene expression spots was done by cross-referencing spatial 

transcriptome to the Mouse Cell Atlas (MCA) single-cell annotated database (1) (Fig 4.6A). Spot 

mapping identified cell types in each cluster by score, with some spots mapping to multiple cell 

types (Data not shown). Spot mapping mostly aligned to transcriptome annotated in the murine 

lung, but in some instances displaying transcriptional similarities to cell types from other tissues 

or developmental stages (Data not shown). Spot ratios per cluster were contextualized with the 

number of spot per cluster (Fig 4.6F and G). Endothelial and stromal cells were present throughout 

all clusters and lung regions, with some spots matching cell type subclassifications characterized 

by expression of particular markers (Figs 4.6G). Lung parenchyma broadly displayed transcripts 

distribution of annotated adipocytes, AT1, AT2, B cells, club cells, DCs, and macrophages, 
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whereas spots in the upper airway show higher transcript for ciliated and muscle cells (Data not 

shown). Clusters 0, 3, 5, and 12 predominant in parenchyma in both NV and V samples captured 

endothelial, stromal, ciliated cells, club cells, muscle, lower proportion adipocyte, erythroblasts, 

and macrophages. However, clusters overall vaped samples showed higher spatial distribution of 

spots mapping to MCA annotated AT1, AT2, ciliated cells, and club cells (Data not shown), 

suggesting a shift on these populations in response to vaping treatment. Together, these findings 

define transcriptional changes on the lung architecture in cell type detection and spatial distribution 

in response to chronic vaping exposure. 

 

4.3.7 Transcriptional response to xenobiotic stimulus, endothelial apoptosis, and lipid 
catabolism in lung parenchyma 

Transcriptional differences across treatments on the parenchyma tissue were revealed by 

differential expression analysis, with 364 differentially expressed genes (DEGs) identified on NV 

spots and 51 DEGs on V parenchyma tissue (Fig 4.7A). DEGs derived from differential expression 

analysis were used as input for gene ontology (GO) analysis. GO term analysis by biological 

processes revealed an enrichment of various ontologies associated with metabolic processes and 

cellular apoptosis in the V samples (Fig 4.7B). Gene targets belonging to GO term (GO: 0071466), 

cellular response to xenobiotic stimulus, showed consistently increased expression in V samples 

(Cyp2a5, Gsto1, Cyp2f2, Fmo2, Gsta3, and Cyp2b10; Fig 7D). Parenchyma of V samples showed 

higher spot number expressing Gsto1 and Cyp2f2 with increase distributions throughout the tissue 

(Fig 4.7C and D). Transcripts for processes of xenobiotic response and endothelial apoptosis were 

significantly increased in vaped compared to non-vaped samples (Fig 4.7E). Cidea, Acadvl, 

Hsd11b1, and Acer2 targets belong to the lipid catabolic process GO term (GO: 0016042) were 

up-regulated in the parenchyma of V samples. Consistent with exposure of vape fluid, Cidea, a 
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gene associated to lipolysis, was overexpressed in vaped samples (Fig 4.7F). Additional GO terms 

with up-regulated targets upon vaping exposure included: drug catabolic process (GO: 0042737; 

Chil3, Cyp4b1, Hbb-bt, and Prdx6), glycerolipid metabolic process (GO: 0046486; Gpd1, Thrsp, 

Agpat2, and Apoc1), and hydrogen peroxide metabolic process (GO: 0042743; Cyp1a1, Hbb-bt, 

and Prdx6) (Data not shown). Collectively, these results demonstrate parenchyma exhibit 

transcriptional changes associated activating processes of endothelial apoptosis and lipid 

catabolism in respond to vaping xenobiotic stimulus. 

 

4.3.8 Upper airway up-regulates transcriptome markers representing mitochondrial 
alterations during apoptosis and response to oxidative stress after vaping exposure 

Differential expression analysis of the upper airway revealed 96 DEGs in the NV group 

and substantial up-regulation in the V group accounting for 1,385 DEGs (Fig 4.8A). GO analysis 

demonstrated enrichment of muscle contraction targets and processes in the NV group, with more 

metabolic GO terms in the vaped samples (Data not shown). Examination of biological processes 

revealed an enrichment of various ontologies associated with cellular stress on the vaped samples 

(Fig 4.8B). Biological significance of each GO term was assessed by comparing the gene count 

per GO term in addition to the gene ratio, verifying the DEG enrichment on the NV group (Fig 

4.8C). Expression patterns of genes associated to the response to oxidative stress GO term (GO: 

0006979) were consistently upregulated in the upper airway of vaped samples (Fig 4.3D). GO 

terms associated to mitochondrial homeostasis, membrane organization, fusion, and fission and 

gene expression were pronouncedly higher in gene ratio and gene count per GO term in the V 

samples (Fig 4.8E and F). Consistent with the GO analysis, average expression of targets belonging 

to the apoptotic mitochondrial changes were higher in the upper airway of vaped samples (Fig 

4.8G). Similar to results observed in the lung parenchyma, gene ratios and counts of GO terms 
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associated to lipid metabolism were up in the V group, with up-regulated expression of genes in 

GO term (GO: 0016042) (Data not shown). Cross-referencing the DEGs from NV and V groups 

revealed an intersect of 80 DEGs characteristic of NV samples regardless of spatial distribution 

and 36 DEGs up-regulated in the V group (Data not shown). Together, these results demonstrate 

up-regulation of lipid catabolism and activation of apoptotic mitochondrial alterations and 

response to oxidative stress are the main transcriptional responses in the upper airway after vaping 

exposure. 

 

4.3.9 Pulmonary dysfunction and right ventricular remodeling in vaped mice 

VAPI as evidenced by multiple independent criteria and analyses (Figs 4.1–4.8) 

demonstrates severe damage to lung tissue. The clinical syndrome of severe VAPI has been 

associated with cardiac dysfunction 186,216,234 prompting assessment of myocardial structure and 

function in vaped mice after the 9-wk termination point of exposure. Short axis echocardiography 

was performed on all mice before euthanasia (Fig 4.9A) and multiple parameters of cardiac 

structure and function were calculated. Significant worsening (P < 0.001) of ejection fraction (EF; 

62.41 ± 1.71 versus 74.91 ± 4.35), fractional shortening (FS; 32.67 ± 1.44 versus 42.45 ± 3.02), 

left ventricular interior diameter at systole (LVIDs; 2.129 ± 0.15 versus 1.794 ± 0.2), and left 

ventricular volume at systole (LV Vol S; 15.14 ± 2.25 versus 9.764 ± 3.67) was evident comparing 

hearts from vaped mice to non-vaped controls, respectively (Fig 4.9B–E). Interestingly, these same 

four indices of EF, FS, LVIDs, and LV Vol S also exhibit a lesser but significant gender difference 

(P < 0.05) subjects with consistently worse values for hearts of male versus female vaped mice 

(Fig 4.9B–E). All remaining calculated parameters of cardiac structure and function from 

echocardiographic measurements consisting of left ventricular mass, left ventricular volume at 

diastole, left ventricular interior diameter at diastole, intraventricular septum at diastole, 
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intraventricular septum at systole, left ventricular posterior wall at diastole, and left ventricular 

posterior wall at systole were not significantly different (Table 4.2). Pulmonary circuit failure 

associated with VAPI cannot be readily assessed by echocardiography in mice, so coronal sections 

of hearts were evaluated to determine right ventricular structural abnormalities. Right ventricular 

chamber enlargement and wall thinning is consistently evident in hearts of vaped mice compared 

to non-vaped controls (Fig 4.9F and G). Furthermore, histologic quantitation of cardiomyocyte 

cross-sectional length reveals significant elongation of cells in the right ventricular wall of vaped 

mice compared with non-vaped controls (P < 0.001 to 0.05; Fig 4.9H and Table 4.3). Pathological 

damage associated with right ventricular remodeling is also observed with increased collagen 

deposition at perivascular regions near the atrioventricular junction in hearts of vaped mice 

compared with non-vaped controls (Fig 4.9I and J). This preponderance of evidence indicating 

cardiac structural and functional deterioration pursuant to vaping is consistent with expectations 

of pulmonary failure in severe VAPI 186,216,234. 

 

 

4.4 Discussion 

VAPI presents several novel and unprecedented challenges for researchers, clinicians, and 

society including (1) the diverse array of device delivery systems for vape aerosols including “do-

it-yourself” modifications, (2) an incalculable number of formulations for vape juices also 

including “do-it-yourself” recipes, (3) variability in vaping profiles and topography among users, 

(4) inability to readily obtain target tissue samples and track pathogenic changes in vapers, (5) 

inherent biological differences between users including (but not limited to) age, gender, health 

status, and genetic composition, (6) limitations of experimental modeling systems to recapitulate 

biological conditions of human vaping, (7) rapidly evolving vape industry products, (8) ephemeral 
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trends of the vape community, (9) inability to forecast long term effects of vaping due to lack of 

historical data (recency of development and utilization), and (10) balancing arguments of “harm 

reduction” for smokers versus creating a new generation of “never smoker” vapers. Assessing 

biological consequences of vaping in the human setting predominantly revolves around individuals 

experiencing symptoms of respiratory illness and relies upon non-invasive evaluation for 

diagnosis. Studying vaping pathogenesis requires understanding of alterations of both tissue 

structure/function as well as cellular/molecular biology that is not realistically possible in human 

subjects. As an alternative, rationally designed inhalation exposure models to provide biological 

insights are desperately needed. Paramount among the many questions to be addressed are: (1) 

what constituents of vape aerosol present substantial hazards for triggering pathological processes, 

and (2) what are predisposing factors for severe VAPI manifestation in some individuals? 

Identifying characteristics of “at risk” users will be critical to avoid potentially life changing 

pulmonary damage, and biological assessments using patient samples could offer diagnostic value 

for clinically relevant injury status evaluation. Whereas most vapers do not experience overt 

symptoms of VAPI, let alone exhibit pulmonary failure, a small subset of users succumb to this 

type of injury 181–186,234,235. Such severe VAPI cases arise in users of commercially available vaping 

products, unlike the EVALI epidemic in 2019 traced back to black market “Dank Vapes” 

associated with ill-conceived mixing of Vitamin E acetate and THC into vape juice 214,215(48, 49). 

EVALI syndrome often presented as acute respiratory distress syndrome with fulminant 

inflammation in the respiratory tract 175–177. In comparison, pathological processes culminating in 

severe VAPI are more obscure and slow to develop, in some cases occurring over months of 

frequent unrelenting vaping activity 181–186,234,235. Thus, rather than model lung injury using 

xenobiotic agents that induce rapid and overwhelming inflammatory activity within hours such as 
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bleomycin or meconium 236,237, the conceptual framework for this study was to use widely 

available retail vaping technology and product combined with an extended exposure protocol 

consistent with topography of a high intensity vaper likely to develop VAPI leading to 

hospitalization. 

Pathological outcomes of vaping vary dramatically in humans as well as laboratory models, 

but occurrence of severe VAPI in the clinical setting is a serious and growing concern in society 

181–186,234,235. The VAPI model developed in this report provides an experimental platform for this 

understudied syndrome, exhibiting a collective set of distinguishing characteristics without 

precedent in the literature. Foremost, phenotypic manifestations are reminiscent of clinical case 

reports of individuals hospitalized for severe VAPI including tissue damage, inflammatory 

responses, and cardiopulmonary failure. Importantly, pathogenesis was mediated by peach 

flavored vape juice with menthol cooling agent popularly used in the community delivered by the 

ubiquitous JUUL vape pen. Inhalation exposure of popular vape products using established vaping 

devices remains the best approximation of human activity to study biological effects upon the 

cardiopulmonary system. Vaping topography implemented in this report was deliberately designed 

based upon publications documenting human behavior and quantitative inhalation measurements 

(Fig 4.11; 205–207). Puff frequency, duration, and flow rate were all set at values consistent with 

typified heavy vaping consumption for human subjects to the extent that our approach using an 

exposure chamber system can deliver similar parameters. Vaping topography is a critical factor in 

experimental design and varies widely between individual reports, often without detailed 

explanations for chosen parameters 201. Justification and/or standardization of vaping topography 

remains an important unresolved issue in most vaping-related research studies. Judicious 

implementation of puff topography for inhalation exposure using real-world products common in 
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the vaping community produced a preclinical VAPI model over a 9-wk time course with clear 

evidence of pathological damage. Development of this inhalation exposure model enabled 

profiling of vaping biological effects on an unprecedented level using a combination of 

microscopic, biochemical, and molecular analyses offering fundamental insights into pathological 

responses in the cardiopulmonary system. 

Pathological alterations consistent with VAPI in our murine model include multiple 

abnormalities in the respiratory tract. Widespread remodeling is evident from the upper airway 

passages to distal alveolar spaces deep within the lung parenchyma. Alveolar rarefaction, 

particularly evident in peripheral regions of the lung, is significant as demonstrated by mean linear 

intercept analysis (Fig 4.1). Deterioration of alveolar integrity is a hallmark of multiple respiratory 

distress syndromes including VAPI 238. Despite substantial loss of alveolar integrity the mice in 

this study did not exhibit overt symptoms of respiratory distress throughout the time course of 

inhalation exposure and there was no occurrence of adverse events. Additional physiological 

analyses of respiratory functional parameters such as plethysmography and blood oxygenation 

level (pO2) could reveal subclinical manifestations in mice not apparent from behavioral 

observation. Thickening of bronchiolar passages together with localized accumulation of cellular 

infiltrate are histologic findings consistent with chronic irritation (Fig 4.1). Degeneration of airway 

structural integrity including features of epithelial dysmorphia as well as disruption of extracellular 

matrix were readily observed in histological evaluation (Fig 4.2). Elastin disorganization and 

increased collagen deposition presumably decrease airway compliance as has been described in 

other respiratory injury syndromes 239,240. Elevation of mucin production and secretion represents 

a defensive mechanism within airways to facilitate clearance of inhaled foreign agents 221,222 and 

is clearly a feature of our VAPI model (Fig 4.3). Vape juice exposure provokes various biological 
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responses including increased secretory activity 222, but relative roles of the VG/PG vehicle versus 

minor component additives of flavorings and menthol cooling agents remains obscure and 

continues to be a focus of ongoing investigation 146,149,193,213,241. Induction of inflammation and 

elevation of cytokine production (Fig 4.5) is commonly present in lung injury 144,146,242,243, but 

cellular infiltrates in our VAPI model are present in focal areas rather than uniformly distributed 

throughout tissues, most prominently proximal to airways or vessels indicative of remodeling. 

Chronic irritation serves as an inciting stimulus for oncogenic transformation 244,245, and indeed 

sporadic histologic signs of early stage tumorigenesis were rare events but present in our VAPI 

model (data not shown). Among lung epithelial proteins, ECAD plays particularly important roles 

in maintenance of cellular junctional integrity and has been linked to immunomodulatory activity 

225. Thus, the profound ECAD up-regulation in our VAPI model (Fig 4.4) may be multipurpose 

and it is tempting to speculate that ongoing suppression of airway inflammation may be involved. 

The potential relationship between VAPI, chronic airway inflammation, immunomodulation by 

ECAD, and oncogenic risk is an intriguing possibility to be explored in future studies. 

Transcriptomic profiling is a powerful tool for identifying cellular reprogramming 

consequential to environmental stress. Transcriptional profiling of vape fluid exposure has 

primarily involved cell culture models examining acute changes after short-term exposure 

protocols 246–250. Such studies have implicated vape juice for induction of genes associated with 

inflammation, metabolic/ biosynthetic processes, extracellular membrane, apoptosis, lipid 

metabolism, and hypoxia. None of these studies evaluated an inhalation exposure model of VAPI, 

which presents challenges for transcriptome profiling. Respiratory tract cellular composition is 

profoundly distinct in the upper airway compared with lung parenchyma, so spatial transcriptomics 

was used to facilitate regional identification of profiles. Predominant effects at the transcriptional 
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level in lung parenchyma include processes associated with endothelial apoptosis and lipid 

catabolism in respond to the xenobiotic stress of vape fluid exposure. In comparison, 

transcriptomic changes in the upper airway involve up-regulation of lipid catabolism and 

activation of apoptotic mitochondrial alterations and response to oxidative stress in the vaped 

samples relative to non-vaped controls. Select DEGs identified in bioinformatic analyses of 

particular interest include Gsto1 and Cyp2f2 because of their roles in inflammation 251, club cell 

differentiation, lung epithelial regeneration 252, and metabolism and toxicity of xenobiotic 

compounds 253. Rgcc, Ager, and Angptl4 were among the up-regulated DEGs within the 

endothelial cell apoptotic process GO term (GO: 0072577). Ager, the gene encoding for RAGE is 

a key marker in pathophysiology of chronic obstructive pulmonary disease associated with 

cigarette smoking 254–256 (Fig 4.7E). These few examples demonstrate the diverse transcriptional 

effects characteristic of VAPI in our murine model. Broad roles of gene families mediating 

responses to xenobiotic agents, reactive oxygen species, lipid metabolism, and apoptotic signaling 

identified in this report provide a roadmap for future characterization in human VAPI samples. 

The differential expression analysis strategy of Model-based Analysis of Single-cell 

Transcriptomics (MAST) test 257 did not yield DEGs in our analysis. However, applicability of the 

MAST test to spatial transcriptomic data relative to the features and assumptions used for single 

cell data are unclear and possibly inappropriate. We suspect the multimodality and sparsity of 

spatial transcriptomic data from highly admixed tissues as the lung, which holds the transcriptome 

of numerous mixed cells within a 50-μm spot does not compare to single-cell transcriptome 

derived from a microfluidics approach. Nevertheless, DEG results are valid based upon expression 

levels per spot and spots count of targets of interest that were robust and consistent with Wilcoxon 

test results (Fig 4.7D, 4.8D and G). Candidate genes could be valuable for screening patient 
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samples to serve as diagnostics for assessment of VAPI severity in clinical setting, perhaps in 

subclinical evaluation of patient risk for VAPI. The extraordinary sensitivity and wealth of 

information derived from spatial transcriptomics allowed for an unprecedented view of cellular 

reprogramming in response to vape fluid inhalation exposure with the resulting datasets and their 

bioinformatic analyses forming the roadmap for future investigation. 

Severe VAPI involves pulmonary failure including cardiac structural remodeling and 

functional decline 186,216,234. Echocardiographic assessment provided initial indications of 

myocardial involvement in VAPI based upon significant decreases in EF and FS as well as 

increases in LVIDs and LV Vol S (Fig 4.9). Left ventricular functional and structural alterations 

are consistent with modest systemic hemodynamic decline rather than heart failure, as would be 

expected for VAPI with primary impact upon pulmonary circulation. Because assessment of right 

ventricular structure is not feasible by echocardiography in mice, evaluations were performed by 

histological analyses of coronal sections as well as measurement of cardiomyocyte length. 

Pathologic alterations of right ventricular structure include chamber enlargement and wall thinning 

as well as increased perivascular collagen deposition (Fig 4.9J), all indicative of increased 

hemodynamic stress in the pulmonary circuit. Increased collagen deposition surrounding the vessel 

above the right ventricle (Fig 4.9J) is consistent with increased perivascular collagen in lung 

sections (Fig 4.2). Right side failure is likely due to persistent pulmonary hypertension, but 

measurement of murine right ventricular hemodynamics is not practicable. Implications of 

pulmonary failure including impaired pO2 as well as compromised exercise capacity resulting 

from VAPI are the subject of ongoing studies. Increased cardiomyocyte length in the right 

ventricular free wall of mice suffering from VAPI compared with non-vaped controls is consistent 

with chamber dilation and wall thinning 258,259. Collectively, cardiac remodeling is consistent with 
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expectations for severe VAPI-pathogenesis with one unanticipated distinction: the consistent 

gender-associated difference in severity. Female cardioprotection from pathological challenge is 

mediated by estrogenic activity involving AKT/Pim-1 axis downstream signaling 260–263. 

Ramifications of gender-based differences in cardioprotection in relation to risk of pulmonary 

involvement will be an interesting biological phenomenon to correlate with clinical observations 

as VAPI hospitalizations accrue in the future. 

No model can completely capture the complexities of human vaping exposure, but our 

murine model of inhalation exposure using popular vaping products and puff protocols based upon 

studies of human experience brings a new platform that can be modified as desired for rational 

experimental design (Fig 4.10A–D). Moreover, findings in this report provide broad-based yet 

integrated depiction of VAPI at the tissue, cellular, and molecular level serving as a reference point 

for future research. There is a desperate need for rigorous, unbiased, and independent research 

studies assessing biological responses to vape aerosol with inhalation exposure experimental 

models. Society is perched on the precipice of a new era for ENDS devices and vaporizers. Big 

Tobacco companies continue to find innovative ways to market tobacco related devices and 

products. Explosive growth of vaping over the past decade demonstrates consumer willingness to 

adopt new technologies for inhalation exposure in the absence of rigorous scientific research on 

potential health risks. Heated Tobacco Products represent the next generation of devices from Big 

Tobacco companies being touted for “harm reduction” compared to combustible cigarette 

smoking. Identical arguments of decreased health risks continue to be made for ENDS devices, 

and yet the evidence of pathological processes consequential to vaping is accumulating from past 

and ongoing research as well as clinical findings. Admittedly, there will always be a spectrum of 

VAPI from subclinical to mild to severe. However, no one can predict prevalence or clinical 
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presentation of VAPI in the years ahead with increasing years of exposure and advancing age of 

the user population. Only the passage of time will provide the information needed to assess the 

long term consequences of VAPI and recovery potential for human vapers, but these are certainly 

areas worthy of further investigation 109. Findings in this report are deliberately intended to reflect 

severe VAPI that represents a minority of vaping-associated respiratory illness. Modeling severe 

VAPI consistent with clinical reports 181–186,234,235 provides insight regarding risk factors, 

biological responses, and cardiopulmonary susceptibility in a dynamic marketplace attracting a 

diverse user base that will continue to expand for the foreseeable future. Whether vaping 

technology or avant-garde heated tobacco products represent a lower risk for cardiopulmonary 

complications, respiratory illness, and cardiovascular diseases remains to be seen. 

 

4.5 Materials and Methods 
4.5.1 Mouse vaping inhalation protocol 

4-wk-old male and female C57BL/6J mice were purchased from (Cat. no. 00064; Jackson 

Laboratory) and housed four mice per static cage. Ambient temperature was 70–72°F, on a 12-h 

light–dark cycle with automatic light control. Mice were supplied with Rodent Maintenance Diet 

(Teklad Global 14% Protein) and water ad libitum. During the adult phase of mouse life, 2.6 d are 

approximately equivalent to one human year. Vaping of mice started at ~8 wk (56 d) in a time 

course of 8–9 wk (age at conclusion equals 112–119 d). This represents the equivalent of human 

vaping from 16 to 37.5–40.2 yr of age according to Dutta and Sengupta 264 or the equivalent of 

18–25 yr of age according to Flurkey 265. 6-to 8-wk-old mice were exposed to Peach Ice 

70VG/30PG (ORGNX) flavored vape juice delivered as e-vapor from JUUL pens in whole body 

exposure chambers (inExpose; SCIREQ). Vaping chamber setup is represented schematically in 

Fig 4.11. Mice were exposed to 3 s puffs every 20 s at 1.8 liters/minute, intake rate. Exhaust pumps 
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for fresh air flow rate was 2.5 and 1.5 liters/minute for the 4-h duration of the vaping profile (Fig 

4.11) based upon human vaping topography recommended by Farsalinos et al. concluding “4-s 

puffs with 20–30 s interpuff interval should be used when assessing electronic cigarette effects in 

laboratory experiments, provided that the equipment used does not get overheated.” 207 In addition, 

puff duration parameters and frequency are within the reported range of human vaping topography 

from real time characterization of electronic cigarette use in the 1 Million Puffs Study 206. Animals 

were exposed for 4 h/day, 5 d/week for 9 wk (Fig 4.11). 

 

 

 

4.5.2 Histological staining 

Lungs of e-cigarette-exposed and control mice were harvested by inflation with formalin. 

Right lung lobes were sutured off at the right primary bronchus and frozen back in liquid nitrogen 

immediately after dissection, whereas the left lobe was manually inflated over the course of 15 

min with ~1.5 ml of formalin until visual confirmation of sufficient inflation. The left lobe was 

then dissected and submerged in formalin for 24 h followed by tissue processing, paraffin 

embedding, and sectioning. The lungs were compressed to attain the primary bronchial tree in the 

same plane of view as parenchyma. Sections were stained with Harris Hematoxylin and Eosin-

Phloxine (H&E) in addition to Movat’s Pentachrome reagents to visualize morphometric and 

structural changes. Lung sections were stained after the modified Russell-Movat pentachrome 

stain protocol to visualize changes in collagen, elastic fibers, and mucin deposition. Pentachrome 

staining is interpreted as elastic fibers (black to blue/black), nuclei (blue/black), collagen (yellow 

to red), reticular fibers (yellow), mucin (bright blue), fibrin (bright red), and muscle (red). 

Trichrome Stain (Masson) Kit (Cat. no. HT15; Sigma-Aldrich) was used to visualize collagen 
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deposition in hearts and lungs according to the manufacturer’s protocol. Images were acquired 

using a Leica DMIL6000 microscope running XY stage tile scanning and subsequently stitched 

using ImageJ software. PAS stain: Slides were deparaffinized and rehydrated after generic 

procedures. PAS stain was performed following the kit protocol specifications (1.01646.0001; 

Sigma-Aldrich). Hematoxylin solution modified according to Gill III was substituted, as 

recommended by the protocol, for hematoxylin solution modified according to Gill II (GHS216; 

Sigma-Aldrich). Finally, slides were mounted with toluene solution (Lot#103929; Thermo Fisher 

Scientific). Images were acquired using a Leica DMIL6000 microscope. All images were taken in 

the upper airway as close as possible to the branch point of the primary and secondary bronchi. 

4.5.3 Quantitative analysis of lung morphometry by mean linear intercept and bronchial 
wall thickness 

4.5.3.1 Mean linear intercept quantitation 

H&E–stained sections of e-cigarette exposed and control mice were analyzed for changes 

to the mean free distance between gas exchange surfaces, denoted as mean linear intercept (Lm; 

N = 10 for each group). 10 randomly selected regions of lung parenchyma without bronchioles or 

vessels from each mouse were imaged and analyzed using the semi-automated method developed 

by Crowley et al 266. 10 test lines were superimposed over the images and chords between alveolar 

walls were measured. An average of 2,000 chords per mouse were obtained. Lm was calculated 

by multiplying the lengths of the chords by the number of chords and dividing the product by the 

sum of all the intercepts. 

4.5.3.2 Bronchial wall thickness 

Lung sections of e-cigarette exposed and control mice stained with H&E were analyzed 

for changes to the thickness of the bronchial walls. Images of the bronchioles in a cross-sectional 

plane of view were taken from each mouse and measured using ImageJ software. An average of 

six independent measurements per mouse were taken. The total area of the bronchial was measured 
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by tracing the outside of the basement layer of the epithelium and the area of the lumen was 

measured by tracing the inner border of the epithelium. Wall area percentage was calculated by 

dividing the difference of the total area and the lumen area by the total area. 

4.5.4 Immunohistochemistry and confocal microscopy 

Tissue samples were formalin fixed and paraffin embedded as previously described (see 

“Histological staining”) 267. Paraffin sections (5 μm) were deparaffinized, subjected to antigen 

retrieval in 10 mM citrate, pH 6.0, and quenched for endogenous autofluorescent activity in 3% 

sodium borohydride (452882-250; Sigma-Aldrich) in TN buffer (150 mM NaCl and 100 mM Tris, 

pH 7.6) for 30 min. Blocking was performed for 30 min at room temperature with 10% Horse 

Serum in 1xTN. Tissues were immunolabeled with primary antibodies as listed in Table 4.1 

overnight at 4°C. Fluorescently conjugated secondary antibodies were diluted 1:200 (Donkey 

antigoat 488 Cat. no. A11055; Life Tech, Donkey anti-rabbit 555 Cat. no. A32794; Invitrogen, 

Donkey anti-rat 555 Cat. no. 712-166-153; Jackson Labs, Donkey anti-chicken 555 Cat. no. 703-

165-155; Jackson Labs, Donkey anti-rabbit 647 Cat. no. A31573; Invitrogen, Donkey antichicken 

647 Cat. no. 703-505-155; Jackson Labs). DAPI (Cat. no. 62248; Thermo Fisher Scientific) was 

applied in the final wash step at 0.1 μg/ml to label nuclei. Images were acquired using a Leica SP8 

confocal microscope and processed with Leica and Photoshop software. Stains were performed on 

at least three different samples per exposure group, and one technical replicate. Tissue was imaged 

from trachea, conducting airways, and lung parenchyma. 

 

4.5.5 Muc5ac immunostain 

Frozen sections prepared identical to those used for spatial transcriptomics (see below) 

were used to visualize Muc5ac. Slides stored at −80°C were warmed to room temperature and 

washed twice in PBS (0.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, and 18 mM KH2PO4), then 
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fixed in −20°C methanol for 30 min. Two more washes in PBS were performed, and then the tissue 

was blocked using 10% Horse Serum for 30 min. Next, two washes in PBS were followed by 

immunolabeling with Muc5ac (Cat. no. 1364248; U.S. Biotech) and ECAD (Cat. no. AF748; R&D 

Systems) overnight at 4°C. Two more washes in PBS were performed the following day, and 

fluorescently conjugated secondary antibodies were used to detect primary antibodies (Donkey 

anti-Rabbit 555 703-165-155; Jackson Labs, Donkey anti-Goat A11055; Life Tech) for 1 h and 30 

min at room temperature. After two washes in PBS, DAPI (Cat. no. 62248; Thermo Fisher 

Scientific) was applied in the final wash step at 0.1 μg/ml to label nuclei for 15 min in PBS, and 

slides were coverslipped and mounted in Vectashield (Cat. no. H-1000; Vector Labs). Images were 

acquired using Leica SP8 confocal microscope and images were processed with Leica software. 

Tissue was imaged in most distal airways where mucin secretion is uncommon. 

 

4.5.6 Immunoblotting 

Lungs from vaped animals and air-exposed controls were collected and stored at −80°C for 

future analysis. Frozen lung tissues were homogenized in lysis buffer containing protease and 

phosphatase inhibitor cocktails (P8340, P5726, and P2850; Sigma-Aldrich). Bradford assay was 

performed to analyze and normalize protein concentrations and lysates were prepared by addition 

of NuPAGE LDS Sample Buffer (NP0007; Thermo Fisher Scientific) and 100 μM dithiothreitol 

(161-0611; Bio-Rad). Samples were sonicated and boiled for 5 min at 95°C and stored at −80°C. 

Proteins were separated on a 4–12% NuPAGE Bis-Tris gel (NP0321BOX; Thermo Fisher 

Scientific) and transferred onto a polyvinylidene fluoride membrane. Nonspecific binding sites 

were blocked using Odyssey blocking buffer (927-60001; LICOR) and proteins were labeled with 

primary antibodies in 0.2% Tween in Odyssey blocking buffer overnight. After multiple washes, 

blots were incubated with secondary antibodies in 0.2% Tween 20 in Odyssey blocking buffer for 
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1 h 30 mins at room temperature and scanned using the LICOR Odyssey CLx scanner. 

Quantification was performed using ImageJ software. Antibodies and their dilutions are listed in 

Table 4.4. 

 

 

4.5.7 Spatial transcriptomic analyses 
4.5.7.1 Sample preparation 

Lungs were inflated through the trachea with a 1:1 PBS/OCT mix (1× PBS, Cat. no. 21-

040-CV; Corning; TissueTek O.C.T. Compound, Cat. no. 25608-930; VWR) with RNAse 

inhibitor at 0.2 U/μl (Cat. no. 3335399001; Millipore Sigma). Tissues were embedded in OCT and 

flash frozen using an isopentane and liquid nitrogen bath. Tissue sections of 10 μm were obtained 

on a CryoStar NX70 (Thermo Fisher Scientific) and processed immediately for spatial 

transcriptional analysis or stored for histological stains. Blocks and sections were maintained at 

−80°C for long-term storage. 

4.5.7.2 Image collection and spatial transcriptomic library preparation 

Freshly obtained cryosections were placed in Visium gene expression slides (Cat. no. 

2000233; 10X Genomics) for processing. Tissue staining with hematoxylin and eosin and image 

collections were performed as recommended by the Visium protocol. Images were collected on a 

Leica DMI6000 B on a 5× objective at a 1.16 μm/pixel capture resolution (Data not shown). Spatial 

transcriptomic libraries were prepared using Visium Spatial Gene Expression Slide & Reagent Kit 

following the manufacturer’s protocol (PN-1000184; 10X Genomics). Lung permeabilization time 

was optimized Visium Spatial Tissue Optimization Slide & Reagent Kit (PN-1000193; 10X 

Genomics). Samples were processed together to avoid introduction of technical batch effects. 

Library concentration and fragment size distribution of each library were tested with Bioanalyzer 
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(Agilent High Sensitivity DNA Kit, Cat. no. 5067-4626; average library size: 500–610 bp). The 

sequencing libraries were quantified by quantitative PCR (KAPA Biosystems Library 

Quantification Kit for Illumina platforms P/N KK4824) and Qubit 3.0 with dsDNA HS Assay Kit 

(Thermo Fisher Scientific). Sequencing libraries were submitted to the UCSD IGM Genomics 

Core for sequencing (NovaSeq 6000), aiming for >50K reads per spot. 

4.5.7.3 Spot processing and quality control 

Raw data were processed on the SpaceRanger pipeline (10X Genomics; version 1.2.2, Data 

not shown). Sequencing reads were aligned to the 10x mouse genome mm10-2020-A. Spots 

maintained comparable UMI and gene count detection throughout the tissue section (Data not 

shown). Counts per spot were normalized to account for variance within tissue anatomy, and 

transformed using Seurat R Package (v4.0.3) to account for technical artifacts and preserve 

biological variance 48,268. Preparations derived from slide preparation yielded 4933 barcoded spots 

for analysis, from which 1,315 corresponded to Control (842 male, 473 female), and 3,618 

corresponded to 0% vape group (1,565 male, 2,053 female). Final removal of unwanted sources 

of variation and batch effect corrections was performed using Seurat R Package (v4.0.3). 

 

4.5.8 Bioinformatics 
4.5.8.1 Dimensionality reduction and unsupervised clustering 

The first 30 principal components (PCs) were used to perform dimensionality reduction. 

Approximately 1,000 spatially variable genes were selected based on their expression and 

dispersion using the “markvariogram” method 269. PC analysis was performed on the scaled data 

as a dimensionality reduction approach. The first 30 PCs were selected for unsupervised clustering 

and nonlinear dimensional reduction (UMAP; Data not shown). PC selection was based using an 

heuristic approach ranking the percentage of the variance explained by each PC270. Clusters were 
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classified using the clustifyr package 271 using the Tabula muris data as reference set for 

classification 28 (data not shown), and spots mapped to the MCA database using scMCA package 

272. 

 

4.5.8.2 GO analysis 

GO enrichment analysis for DEGs lists derived from parenchyma and upper airway spots 

was performed using the enrichGO and compareCluster functions of clusterProfiler (3.16.1) R 

package 51. Bonferroni correction was use as a multiple hypothesis test method to control the 

number of false positives 273. 

 

4.5.9 Echocardiography 

Transthoracic echocardiography was performed on lightly anesthetized mice under 

isoflurane (1.0–2.0%; Abbot Laboratories) using a Vevo 2100 (VisualSonics). Hearts were imaged 

in the 2D parasternal short-axis (SAX) view, and M-mode echocardiography of the mid-ventricle 

was recorded at the level of papillary muscles to calculate FS. From the recorded M-mode images, 

the following parameters were measured: EF, left ventricular (LV), anterior wall thickness (AWT), 

LV posterior wall thickness (PWT), LV internal diameter (LVID), and LV volume in diastole 

(index: d) and systole (index: s). 

 

4.5.10 Cardiac histology 

After anesthetization of the mice by ketamine, hearts were arrested in diastole and perfused 

with formalin for 15 min at 80–100 mm Hg via retrograde cannulation of abdominal aorta. 

Retroperfused hearts were removed from the thoracic cavity and fixed overnight in formalin at 

room temperature. The hearts were processed for paraffin embedding and sectioned in the sagittal 
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orientation at 5 μmthickness at room temperature. The heart sections were stained with Harris 

hematoxylin and eosin Phloxine to visualize morphometric and structural changes. Images were 

obtained by a Leica DMIL6000 microscope using XY stage tile scan and manually stitched using 

ImageJ software. 

 

4.5.11 Cardiomyocyte cross sectional area quantitation 

Heart sections of all treatment groups were acquired and stained as previously described 

with the exception that heart samples were not treated with sodium borohydride. 24 images of each 

right ventricle were taken using a Leica SP8 confocal microscope at a 400× magnification. 

Quantification of the cross sectional area of right ventricularmyocytes was done in ImageJ 

software using a pixel/umratio of 3.5 for all images analyzed. Myocytes that contained two clear 

intercalated discs at each end with an associated nucleus were measured by drawing a line from 

one intercalated disc to the other, then measuring the length of the line. All measurements taken 

from each experimental group are listed in the table below. Data points were input into Prism5 

software to compose a graph and run a one way ANOVA test using Kruskal–Wallis metrics, P < 

0.01. Male Vape (n = 4, 133 measurements, SD: ±12.9 μm). Female Vape (n = 4, 116 

measurements, SD: ±14.13). Male No Vape (n = 3, 83 measurements, SD: ±14.97). Female No 

Vape (n = 3, 72 measurements, SD: ±9.935). 

 

4.5.12 Statistics 

For mean linear intercept and bronchiole wall area percentage, unpaired t tests were 

performed between the vape and no vape groups with a 95% confidence interval and a two-tailed 

P-value of 0.0167 for 1D and 0.0098 for 1E I using GraphPad Prism Version 5.02. For 

echocardiography, 5–7mice per group ANOVA with Kruskal–Wallis significant differences test 
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with P < 0.05(*), P < 0.01(**), P < 0.001(***). For differential expression analysis, Wilcoxon rank 

sum test was performed with selection for a threshold of 0.05 for an adjusted P-value and a log 

(FC) > 0.25 was used to define statistically significant and DEGs.G0 term analysis was performed 

with P-value cutoff of 0.05 using Benjamini–Hochberg Procedure. For immunoblot analysis, two-

tailed unpaired t test was used to compare two groups of vape and non-vape samples. Statistical 

analysis was performed using GraphPad Prism. A P-value of < 0.05 was considered statistically 

significant. For cardiomyocyte cross-sectional length, right ventricularmyocyteswere analyzed 

inmale and female, vaped and nonvaped samples. A one-way ANOVA using Kruskal–Wallis t test 

metrics was performed on the total number of measurements per group (P < 0.01). Male Vape (n 

= 4, 133 measurements, SD: ±12.9 μm). Female Vape (n = 4, 116 measurements, SD: ±14.13). 

Male No Vape (n = 3, 83 measurements, SD: ±14.97). Female No Vape (n = 3, 72measurements, 

SD: ±9.935). 

 

4.5.13 Study approval 

Animal protocols and experimental procedures were approved by the Institutional Animal 

Care and Use Committee at San Diego State University. 

 

4.5.14 Data Availability 

Spatial transcriptomic data generated in this study has been uploaded to the Gene 

Expression Omnibus database (GSE188805). 

 

4.5.15 Supplementary Information 

Supplementary Information is available at https://doi.org/10.26508/lsa.202101246. 
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4.7 Figures 

 

Figure 4.1 Structural and morphometric alterations to lung parenchyma and airways following 
vape exposure. 

Representative H&E images of entire lung section demonstrating overview of changes following vape 
exposure in normal (A1) and vaped (A2) lung. Representative images of vape lungs showing cellular 
infiltrates proximal to airways (B and C). Overview of vape lung showing localization of cellular infiltrates 
surrounding bronchioles (B) with inset images at right showing boxed regions of cellular infiltrates 
surrounding bronchioles. Overview of vape lung showing localization of cellular infiltrates at branching of 
primary bronchiole (C) with inset images at right showing boxed regions of cellular infiltrates at branching 
of primary bronchiole. Lung parenchyma structure (D) in normal lung (No Vape) compared to vape lung 
shows alveolar rarefaction (Vape). Average free distance between alveolar walls measured by mean linear 
intercept (Lm) shows significantly increased open space in vaped relative to normal lung (D, Mean Linear 
Intercept graph; p<0.05). Each dot represents the average of all independent measurements from one 
mouse. The bars represent the median and interquartile range. Bronchiole airway cross-section comparison 
(E) between normal (No Vape) versus vaped (Vape) lung tissue in sections. Bronchiole wall thickness 
significantly increased in vape group (E, Bronchiole Wall Thickness graph; p<0.01) measured as 
percentage of the difference between total and lumen area over total area. Each dot represents the average 
of all independent measurements from one mouse. The bars represent the median and interquartile range. 
N=10 mice for each group. 
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Figure 4.2 Pathologic disruption of structural organization in airway and lung tissue of vaped mice. 

Overview of lung sections from No Vape (left) and Vape (right) stained with either Movat’s Pentachrome 
(top row) or Masson’s Trichrome (bottom row). Pentachrome stained magnified images at right of each 
overview show elastic fiber disorganization lining the airways in Vape samples (elastic fibers and nuclei 
(black); muscle (red); fibrin (bright red); collagen and reticular fibers (yellow); ground substance and mucin 
(blue). Trichrome stained magnified images at right of each overview show increased collagen deposition 
surrounding bronchioles (top), vasculature (middle), and parenchyma (bottom) in vape lungs (collagen 
(blue); muscle fibers (red); nuclei (black). 
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Figure 4.3 Mucin accumulation in bronchial airways of vaped mice. 

(A) Periodic Acid Schiff (PAS) stain of representative No Vape or Vape lung tissue sections demonstrating 
increased mucopolysaccharides (deep red color) in vaped samples. Inset images boxed by red dotted lines 
are shown to the right of corresponding section. (B)  Increased Mucin5AC in goblet cells of lower distal 
airway near the parenchyma by confocal immunomicroscopy. All images are representative of Mucin5AC 
(red), E-cadherin (cell adhesion molecule; green), and DAPI (nuclei; blue). (C) Mucin 5AC and Mucin 1 
protein levels are significantly increased (***; p<0.001) in tissue samples prepared from lungs of vaped 
mice (Vaped) relative to normal lung samples (Non-Vaped). Corresponding quantitation of immunoblots 
is shown under each representative blot. GAPDH is used as loading control. Independent replicate blots of 
n=12 for MUC5AC and MUC1 using 4 non-vaped control mice and 17 vaped mice. Error bars represent 
SEM. 
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Figure 4.4 Pseudostratified columnar epithelium disruption in trachea of vaped mice. 

Pseudostratified cell architecture in normal trachea epithelial layer (No Vape) is disorganized by vaping 
exposure (Vape). (A) Deterioration of Basal Cell (red; Krt5) distribution, diminished Aquaporin5 channel 
immunoreactivity (white; Aq5) in surface epithelium, and increased immunolabeling of E-Cadherin (green; 
E-Cad) in vaped sample relative to No Vape control. (B). Ciliated epithelium (red; α-tubulin) and 
cytoskeletal tetraspanin (white) marks apical epithelial boundary above disorganized cell layers in Vaped 
versus No Vape controls revealed by E-Cad (green) and nuclei (blue; DAPI). All images are representative 
and taken in superior trachea. (C) E-Cadherin (E-Cad) protein levels are significantly increased (**; 
p<0.01) in tissue samples prepared from lungs of vaped mice (Vaped) relative to normal lung samples 
(Non-Vaped). Corresponding quantitation of immunoblot is shown representative blot. GAPDH is used as 
loading control. Independent replicate blots of n=6 using 4 non-vaped control mice and 17 vaped mice. 
Error bars represent SEM. 
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Figure 4.5 Inflammatory activity increased in vaped mice. 

(A) Immune cellular infiltration increased in vaped (Vape) relative to normal (No Vape) lung tissue sections 
revealed by immunoreactivity for CD11c (innate immune cells; red), vimentin (intermediate filaments; 
white), and Receptor for Advanced Glycation End products (RAGE; alveolar type-1 cells; green) with 
nuclei label (blue; DAPI). (B) Comparable immunolabeled section to (A) without RAGE labeling with 
CD11b (red), vimentin (white), and DAPI for nuclei (blue). All images are taken in the distal alveolar region 
of the lung. Inset images boxed by white dotted lines are shown to the right of corresponding section. (C) 
Increased expression of immunophenotypic markers of cellular infiltrate in Vaped lung samples relative to 
Non-Vaped controls including CD45, CD206, CD11b, and CD11c. GAPDH is used as loading control. 
Corresponding quantitation of immunoblots is shown under each representative blot. n=8 independent 
immunoblots using n=4 non-vaped control mice and n=17 vaped mice. Error bars represent SEM. *** p< 
0.001, ** p< 0.01. (D) Increased expression of immunomarkers of inflammation and matrix remodeling in 
Vaped lung samples relative to Non-Vaped controls including interleukin 6 (IL-6), interleukin 1B (IL-1B), 
high mobility group box protein 1 (HMGB1), and fibronectin (FN). GAPDH is used as loading control. 
Corresponding quantitation of immunoblots is shown under each representative blot. n=12 independent 
immunoblots using n=4 non-vaped control mice and n=17 vaped mice. Error bars represent SEM. *** p< 
0.001. 
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Figure 4.6 Vaping induces spatial transcriptional changes in pulmonary tissue. 

(A) Schematic of experimental workflow representing capture of lung tissue within fiducial frame of gene 
expression slide, RNA library preparation and data analysis to spot annotation on the Mouse Cell Atlas 
(MCA) database. (B) Spatial representation of unsupervised clusters overlaid on Hematoxylin and Eosin 
(H&E) micrographs of Non-Vaped and Vaped samples. (C) UMAP projection color-coded according to 
unsupervised clustering of gene signatures. (D) Identification of parenchyma and upper airway clusters 
overlaid on H&E micrographs of Non-Vaped and Vaped samples. (E) Relative and absolute (F) spot 
contributions of Non-Vaped and Vaped derived samples to each cluster as shown in UMAP (Panel 6C and 
Supplemental Figure 2b). (G) Putative cell type contributions by cluster relative to MCA database 
(Condense plot). 
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Figure 4.7 Chronic vaping prompts response to xenobiotic stimulus, endothelial apoptosis and lipid 
catabolism in lung parenchyma. 

(A) Heatmap representing the differential expressed genes from Non-Vaped and Vaped samples in the 
parenchyma subset. (B) GO terms results from Gene Ontology analysis annotated by Biological Process. 
Circle diameter represents the gene ratio, while significance level is color-coded according to heatmap 
scale. (C) Spatial expression and distribution of Gsto1 and Cyp2f2 in Non-Vaped and Vaped samples. 
Violin plots indicating the single spot distribution and expression of gene targets of GO terms: (D) cellular 
response to xenobiotic stimulus, (E) endothelial cell apoptotic process and (F) lipid catabolic process. 
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Figure 4.8 Upper airway upregulates targets linked to mitochondrial alterations during apoptosis 
and response to oxidative stress after vaping exposure. 

(A) Heatmap representing the differential expressed genes from Non-Vaped and Vaped samples in the 
upper airway subset. GO terms results from Gene Ontology analysis annotated by Biological Process and 
grouped by (B) cellular stress and (E) mitochondrial ontologies on Non-Vaped and Vaped samples. Circle 
diameter represents the gene ratio, while significance level is color-coded according to heatmap scale. Gene 
counts per GO term grouped by (C) cellular stress and (F) mitochondrial ontologies on Non-Vaped and 
Vaped samples. Dotplot representing expression of marker of GO terms: (D) Response to oxidative stress 
and (G) Apoptotic mitochondrial changes. Circle diameter represents the percentage of spots expressing a 
particular gene, while normalized average expression is represented by color intensity. 
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Figure 4.9 Pulmonary dysfunction and right ventricular remodeling in vaped mice. 

(A) Representative 2D echocardiography images (M-mode) at study completion (week 9). Para-sternal 
short-axis view showing LV anterior wall and posterior wall movement. Echocardiogram data from non-
vaped and vaped samples measuring (B) Ejection fraction, (C) Fractional shortening, (D) Left Ventricular 
Interior Diameter in systole and (E) Left Ventricular Volume in systole. Hematoxylin and Eosin (H&E) 
micrographs of (F) Non-Vaped and (G) Vaped hearts in coronal view. (H) Myocyte cross-sectional length 
in right ventricle. Masson's trichrome stain of (I) Non-Vaped and (J) Vaped samples hearts in sagittal view 
(Arrow: Collagen deposition. Arrowhead: cellular infiltrate). ANOVA with Kruskal-Wallis significant 
differences test.  p<0.05(*), p<0.01(**), p<0.001(***).   
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Figure 4.10 VAPI modeling and pathology. 

Schematic representation comparative summary of inhalation exposure between humans (A) versus the 
InExpose murine model (B), and healthy lung biology (C) versus pathological changes observed in this 
study (D). Additional pathological changes in right ventricular structure leading to pulmonary failure were 
also observed, but are not represented in the diagram.   
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Figure 4.11 Vaping protocol details showing InExpose equipment, vaping topography profile, and 
time course of exposure schematic. 

(A) InExpose base unit is software controlled to regulate exposure time and duration (A). ENDS device 
stroke controller ensures consistent e-vapor deposition (A-I). InExpose pump 1 generates e-vapor puffs (A-
II; one pump per exposure chamber, only one pump shown). Whole body chamber houses up to 16 subjects 
for simultaneous exposure (A-III). InExpose exhaust pumps 2 and 3 (A-IV; one pump per exposure 
chamber). Buffer chamber pulls vapor from exposure chamber in order to circulate fresh air during inter-
puff intervals (A-V). FlexiWare software controls the base unit to regulate vaping topography time and 
duration (A-VI). (B) Schematic of vaping topography. Mice in exposure chambers received e-vapor 
delivered in 3 s puffs (blue dashed line; 1.8 liters/min flow rate) in 20 s intervals (orange dashed line; 1 
liter/min air flow rate). Exhaust pump flow rate alternated between puff and interval at rates of 2.5 liters/min 
and 1.5 liters/min, respectively (grey dashed line). (C) C57BL/6J mice were exposed to Organx Peach Ice 
flavored vape juice delivered as e-vapor from JUUL pens. Chamber habitation for 4 h per day, 5 d per week 
over a 9-wk time course. Vaping Days (grey boxes), Exposure time (hatched rectangles), and Rest Days 
(white boxes) are shown. 
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4.8 Tables 

Table 4.1 Antibodies used for immunohistochemistry. 

 

Marker Species Company Catalog # Dilution 

ECAD Goat R&D Systems AF748 1:100 

Vimentin Chicken Invitrogen PA1-10003 1:400 

CD11C Rabbit Cell Signaling Tech 97585S 1:200 

RAGE Goat R&D Systems AF1145 1:100 

KRT5 Chicken Biolegend 905901 1:200 

AQ5 Rabbit Abcam Ab78486 1:400 

CD9 Rabbit Abcam Ab92726 1:100 

Alpha Tubulin Rat Biorad 1703 1:400 

Muc5ac Rabbit US Biotech 1364248 1:100 

Desmin Rabbit Abcam Ab15200 1:200 
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Table 4.2 Echocardiographic measurements shown by experimental group and gender.  Values 
represent mean ± standard deviation. 

 

 No Vape Female No Vape Male Vape Female Vape Male 

EF 74.82± 0.464655 74.99±2.531607 64.95±3.74678 59.43±2.98888 

FS 42.24±0.476157 42.66±2.090859 34.4±2.743135 30.66±1.985322 

LV_Mass 81.53±18.11191 89.68±13.87718 80.95±4.805302 88.3±11.93415 

LV_Vold 35.42±6.053918 42.03±7.525448 36.39±4.106111 44.07±6.537644 

LV_Vols 8.916±1.502419 10.612±2.718028 12.75±1.988373 17.92±3.238416 

LVIDd 3.007±0.212416 3.225±0.239866 3.045±0.139681 3.291±0.207086 

LVIDs 1.736±0.115514 1.852±0.185913 1.997±0.119995 2.283±0.167831 

IVSd 0.9405±0.08526 0.957±0.042974 0.8723±0.048719 0.9123±0.022281 

IVSs 1.355±0.098609 1.382±0.093474 1.3±0.060127 1.265±0.108597 

LVPWd 0.75±0.171771 0.726±0.035867 0.8028±0.043058 0.718±0.111153 

LVPWs 0.8085±0.184679 0.7938±0.072507 0.8578±0.063111 0.7594±0.064659 
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Table 4.3 Parameters for cardiomyocyte length measurements. 

 

Male Vape Female Vape Male No Vape Female No Vape 

Sample # Measurements Sample # Measurements Sample # Measurements Sample # Measurements 

21053 25 21075 23 21061 29 21071 24 

21099 38 21077 28 21042 19 21041 20 

21044 43 21043 34 21113 35 21059 28 

21065 27 21089 31     

Total Measurements: 133 Total Measurements: 116 Total Measurements: 83 Total Measurements: 72 

Mean: 62.51 Mean: 60.93 Mean: 56.92 Mean: 53.76 

% Increase: 8.94 % Increase: 11.77  
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Table 4.4 Antibodies used for immunoblotting. 

 

Marker Species Company Catalog # Dilution 

CD11b Rabbit Abcam Ab133357 1:500 

CD11c Rabbit Cell Signaling 97585s 1:500 

CD206 Rabbit Abcam Ab64693 1:500 

CD45 Goat R&D AF114 1:500 

E-Cadherin Rabbit R&D AF748 1:500 

Fibronectin Rabbit Sigma F3648 1:250 

GAPDH Goat Sicgen AB0067 1:3000 

HMGB1 Rabbit Abcam Ab18256 1:250 

IL1-β Rabbit Invitrogen P420B 1:50 

IL-6 Mouse Sino Biological 10395-MM19 1:250 

MUC1 Rabbit Abcam Ab109185 1:250 

MUC5AC Rabbit My Biosource MBS2028179 1:200 
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