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Abstract 

Pulmonary fibrosis pathophysiology is increasingly recognized to be influenced by 

the biology of telomeres, a field that has now grown in prominence with the widespread 

adoption of affordable next-generation sequencing over the past decade, leading to an 

improved understanding of telomere-related mechanisms underlying pulmonary fibrosis.  

Despite these advancements, notable gaps in knowledge persist. Firstly, individuals with 

telomere biology disorders or shortening face a heightened risk of developing conditions 

such as fibrotic interstitial lung diseases, but the genetic and molecular mechanisms 

catalyzing this process are yet to be fully elucidated. Secondly, the field lacks 

comprehensive natural history studies focusing on telomere-related mechanisms 

underlying the progression of pulmonary fibrosis to death or lung transplantation across 

diverse racial groups. Thirdly, the current ability to model telomere-related pulmonary 

fibrosis is constrained due to the absence of high-fidelity models. Lastly, and perhaps 

most significantly, there is an evident paucity in our understanding of the implications of 

racial diversity in genetic and genomic research, especially as it impacts disease 

progression in pulmonary fibrosis. Numerous individuals displaying pulmonary fibrosis 

phenotypes post-genomic sequencing do not exhibit commonly identifiable genetic 

markers, suggesting the potential discovery of novel, racially diverse telomere-related risk 

loci for pulmonary fibrosis syndromes is on the horizon. 

 



 xix 

In my doctoral research, I have addressed pivotal knowledge gaps by conducting 

an unprecedented large-scale natural history study, exploring the progression of 

pulmonary fibrosis across diverse racial groups, leading to either death or lung 

transplantation. I collaborated with several institutions to investigate telomere length's 

predictive capacity in racially diverse pulmonary fibrosis cohorts, uncovering stark racial 

disparities, especially among Black patients. I found that peripheral leukocyte telomere 

length consistently correlates with chronological age and serves as a predictive mortality 

biomarker in pulmonary fibrosis across all racial groups. Further, I delved into the nuances 

of telomere biology in peripheral blood mononuclear cell subsets and induced pluripotent 

stem cells (iPSCs) derived from multiracial cohorts of patients with pulmonary fibrosis.  

My research revealed the prognostic impact of telomere length in patients with fibrotic 

hypersensitivity pneumonitis receiving immunomodulatory therapy, marking a pioneering 

study in this domain. My findings identified significant mutations in eight genes—

PDE4DIPP, ZNF683, SFRP5, MIR6077, RPSAP72, WASIR2, GAPDHP27, and 

CNTNAP3P2—as critical drivers of honeycomb fibrosis in multiethnic populations with 

pulmonary fibrosis. This study unveiled unique transcriptomic differences in key variants 

across Black and White patients. Through a comprehensive integration of whole genome 

sequencing and expression quantitative trait loci analyses, I have revealed striking 

differences between self-identified race and genetic ancestry and uncovered novel host 

defense and cell senescence gene variants contributing to disease risk across a spectrum 

of pulmonary fibrosis subtypes. In sum, my findings regarding telomere biology and 

genomic risk variants in pulmonary fibrosis have yielded new insights into disease 
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progression mechanisms, enhanced theragnostic modeling, fostered international and 

institutional data sharing and collaboration, and generated patient-derived cellular models 

for future research into disease mechanisms and innovative therapeutic strategies 

specific to pulmonary fibrosis. 
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Chapter I 

Introduction 

The majority of this chapter is adapted from several foundational clinical studies in 

pulmonary fibrosis that I led, and review articles detailing the role of genetics and 

genomics in pulmonary fibrosis and iPSC-derived genomic models of pulmonary disease 

phenotypes that I have written in collaboration with Drs. Yoav Gilad, Natalia Gonzales, 

Rekha Vij, and Imre Noth. These articles have been published in JAMA Network Open, 

European Respiratory Journal, Chest, Annals of American Thoracic Society, and 

accepted for publication in the Annual Review of Genetics. 

Adegunsoye A, Freiheit E, White EN, Kaul B, Newton CA, Oldham JM, Lee CT, 

Chung J, Garcia N, Ghodrati S, Vij R, Jablonski R, Flaherty KR, Wolters PJ, Garcia CK, 

Strek ME. Evaluation of Pulmonary Fibrosis Outcomes by Race and Ethnicity in US 

Adults. JAMA Netw Open. 2023 Mar 1;6(3): e232427. PMID: 36897590. 

Newton CA, Oldham JM, Ley B, Anand V, Adegunsoye A, Liu G, Batra K, 

Torrealba J, Kozlitina J, Glazer C, Strek ME, Wolters PJ, Noth I, Garcia CK. Telomere 

Length and Genetic Variant Associations with Interstitial Lung Disease Progression and 

Survival. Eur Respir J. 2019 Jan 11. PMID: 30635297. 

Adegunsoye A, Oldham JM, Bellam SK, Montner S, Churpek MM, Noth I, Vij R, 

Strek ME, Chung JH. CT Honeycombing Identifies a Progressive Fibrotic Phenotype with 

Increased Mortality Across Diverse Interstitial Lung Diseases. Ann Am Thorac Soc. 2019 

Jan 17. PMID: 30653927 
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Adegunsoye A, Vij R, Noth I. Integrating Genomics into Management of Fibrotic 

Interstitial Lung Disease. CHEST 2019 Jan 17. pii: S0012-3692(19)30001-7. PMID: 

30660786 

Adegunsoye A, Gonzales NM, Gilad Y. Induced Pluripotent Stem Cells in Disease 

Biology and the Evidence for Their In Vitro Utility. Annu. Rev. Genet. 2023;57. 

doi.org/10.1146/annurev-genet-022123-090319  

I have adapted tables, figures, and texts from several of these articles and reviews 

for this chapter. Additionally, I have also adapted other tables, figures, and texts from 

published papers for which I served as an author or co-author: 

(i) Data presented in the section of this chapter, “Pulmonary fibrosis outcomes by 

race and ethnicity” have been published in: Adegunsoye A, Oldham JM, Bellam SK, 

Chung JH, Chung PA, Biblowitz KM, Montner SM, Lee C, Hsu S, Husain AN, Vij R, Mutlu 

G, Noth I, Churpek MM, Strek ME. African-American Race and Mortality in Interstitial 

Lung Disease: A Multicenter Propensity-Matched Analysis. Eur Respir J. 2018. PMID: 

29724923. 

(ii) Data presented in the section of this chapter, “Telomere length and gene variant 

association with survival in pulmonary fibrosis” have been published in:  

Allen RJ, Oldham JM, Jenkins DA, Leavy OC, Guillen-Guio B, Melbourne CA, Ma 

SF, Jou J, Kim JS; CleanUP-IPF Investigators of the Pulmonary Trials Cooperative; Fahy 

WA, Oballa E, Hubbard RB, Navaratnam V, Braybrooke R, Saini G, Roach KM, Tobin 

MD, Hirani N, Whyte MKB, Kaminski N, Zhang Y, Martinez FJ, Linderholm AL, 
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Adegunsoye A, Strek ME, Maher TM, Molyneaux PL, Flores C, Noth I, Gisli Jenkins R, 

Wain LV. Longitudinal lung function and gas transfer in individuals with idiopathic 

pulmonary fibrosis: a genome-wide association study. Lancet Respir Med. 2023 

Jan;11(1):65-73. PMID: 35985358; PMCID: PMC10077113. 

Kim JS, Manichaikul AW, Hoffman EA, Balte P, Anderson MR, Bernstein EJ, 

Madahar P, Oelsner EC, Kawut SM, Wysoczanski A, Laine AF, Adegunsoye A, Ma JZ, 

Taub MA, Mathias RA, Rich SS, Rotter JI, Noth I, Garcia CK, Barr RG, Podolanczuk AJ. 

MUC5B, telomere length and longitudinal quantitative interstitial lung changes: the MESA 

Lung Study. Thorax. 2022 Aug 5:thoraxjnl-2021-218139. PMID: 36690926; PMCID: 

PMC9899287. 

Oldham JM, Allen RJ, Lorenzo-Salazar JM, Molyneaux PL, Ma SF, Joseph C, Kim 

JS, Guillen-Guio B, Hernández-Beeftink T, Kropski JA, Huang Y, Lee CT, Adegunsoye 

A, Pugashetti JV, Linderholm AL, Vo V, Strek ME, Jou J, Muñoz-Barrera A, Rubio-

Rodriguez LA, Hubbard R, Hirani N, Whyte MKB, Hart S, Nicholson AG, Lancaster L, 

Parfrey H, Rassl D, Wallace W, Valenzi E, Zhang Y, Mychaleckyj J, Stockwell A, Kaminski 

N, Wolters PJ, Molina-Molina M, Banovich NE, Fahy WA, Martinez FJ, Hall IP, Tobin MD, 

Maher TM, Blackwell TS, Yaspan BL, Jenkins RG, Flores C, Wain LV, Noth I. PCSK6 

and Survival in Idiopathic Pulmonary Fibrosis. Am J Respir Crit Care Med. 2023 Feb 13. 

PMID: 36780644. 

Allen RJ, Stockwell A, Oldham JM, Guillen-Guio B, Schwartz DA, Maher TM, 

Flores C, Noth I, Yaspan BL, Jenkins RG, Wain LV; International IPF Genetics 

Consortium. Genome-wide association study across five cohorts identifies five novel loci 
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associated with idiopathic pulmonary fibrosis. Thorax. 2022 Aug;77(8):829-833. PMID: 

35688625 

Allen RJ, Guillen-Guio B, Oldham JM, Ma SF, Dressen A, Paynton ML, Kraven 

LM, Obeidat M, Li X, Ng M, Braybrooke R, Molina-Molina M, Hobbs BD, Putman RK, 

Sakornsakolpat P, Booth HL, Fahy WA, Hart SP, Hill MR, Hirani N, Hubbard RB, McAnulty 

RJ, Millar AB, Navaratnam V, Oballa E, Parfrey H, Saini G, Whyte MKB, Zhang Y, 

Kaminski N, Adegunsoye A, Strek ME, Neighbors M, Sheng XR, Gudmundsson G, 

Gudnason V, Hatabu H, Lederer DJ, Manichaikul A, Newell JD Jr, O'Connor GT, Ortega 

VE, Xu H, Fingerlin TE, Bossé Y, Hao K, Joubert P, Nickle DC, Sin DD, Timens W, Furniss 

D, Morris AP, Zondervan KT, Hall IP, Sayers I, Tobin MD, Maher TM, Cho MH, 

Hunninghake GM, Schwartz DA, Yaspan BL, Molyneaux PL, Flores C, Noth I, Jenkins 

RG, Wain LV. Genome-Wide Association Study of Susceptibility to Idiopathic Pulmonary 

Fibrosis. Am J Respir Crit Care Med. 2020. PMID: 31710517. 
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Pulmonary fibrosis outcomes by race and ethnicity 

The complexities of the genetic landscape within the interstitial lung diseases 

(ILDs) extends beyond their clinical, radiographic, and pathological characteristics, 

extending into the realm of racial and ethnic diversity [1-3]. ILDs, representing a diverse 

collection of diffuse parenchymal lung disorders, often culminate in devastating 

pulmonary fibrosis, leading to significant impairment of lung function and elevated 

mortality rates [4]. With the aging population worldwide, the incidence of ILDs and their 

mortality rates have seen an upward trajectory[5]. The influence of racial disparities on 

disease risk and mortality, however, remains an underexplored domain. 

African-Americans, who constitute the largest minority race in the United States, 

have been associated with higher rates of respiratory impairment and worsened survival 

outcomes in numerous pulmonary diseases[6-8]. This population exhibits earlier onset of 

chronic obstructive pulmonary disease, a steeper decline in lung function, and increased 

mortality risk associated with lung cancer compared to their European-American 

counterparts. Similarly, the severity of connective tissue diseases and associated risk for 

pulmonary involvement is greater among African-Americans[3]. Yet, despite these 

disparities, the majority of studies characterizing patients with ILD and assessing survival 

outcomes have been conducted predominantly in White populations. Epidemiological 

evidence suggests that patients of African descent are less likely to develop idiopathic 

pulmonary fibrosis (IPF), the most severe form of ILD, but face a younger age of death 

from IPF compared to other races[9]. As with other pulmonary disorders, earlier onset of 

ILD and worsened outcomes among African-Americans could necessitate earlier 
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therapeutic intervention. Independent of access to care, it appears that African-American 

race is linked with a younger age at ILD diagnosis and an increased mortality rate[10]. 

Recently, death rates from chronic respiratory diseases have seen a significant 

upsurge, largely driven by the escalating burden of ILDs, leading to a twofold increase in 

mortality rates over the past four decades[5]. Pulmonary fibrosis (PF), a form of ILD 

characterized by lung tissue destruction, accounts for the most substantial increase in 

mortality rates. This disproportionate impact is primarily due to the increasing burden of 

ILD on PF-related outcomes such as respiratory-related deaths, disease severity, and an 

increasingly aging population. 

Racial and ethnic minority populations bear the brunt of the health disparities and 

preexisting socioeconomic inequities, which have a significant impact on morbidity and 

mortality rates. Black patients have high rates of respiratory impairment, are thrice as 

likely to die from obstructive lung diseases such as asthma, and may have differential 

survival outcomes in ILD compared to White individuals[8]. Despite these disparities, our 

understanding of the relationship between health disparities and racial differences in 

outcomes among patients with PF is limited due to poor enrollment of racial and ethnic 

minority individuals in ILD registries and clinical trials. Additionally, our understanding of 

the age at which clinically relevant outcomes occur in racial and ethnic minority 

populations with PF is also far from complete. Hence, there is an urgent need to examine 

the age at PF-related outcomes and the heterogeneity in survival patterns among White, 

Black, and Hispanic participants with PF in a nationally acquired US registry. The 
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validation of these findings with data from geographically diverse tertiary care centers 

with PF expertise is equally crucial. 

While substantial advancements have been made in understanding the genetic 

and molecular underpinnings of ILDs, there remains a paucity of studies examining the 

impact of racial and ethnic diversity in these diseases. More extensive research is needed 

to close the gap in our knowledge regarding racial disparities in ILD and PF, with a 

particular focus on the inclusion of minorities in genetic and genomic studies. This will 

ensure a comprehensive understanding of the disease and inform targeted strategies to 

address healthcare disparities, ultimately improving patient outcomes across all races 

and ethnicities. 

 

Black race is associated with younger age at diagnosis of interstitial lung disease 

One of the initial retrospective investigations into the influence of race and ethnicity 

in ILD [9], put forth the intriguing finding that African-Americans were less prone to 

develop IPF, the most severe form of ILD. However, they encountered a notably earlier 

age of mortality due to IPF [9]. In the light of these insights, I postulated that beyond IPF, 

and independent of healthcare access, African-American individuals would likely present 

with ILD diagnosis at a younger age compared to other racial groups. My expectation, 

mirroring patterns in other pulmonary disorders, was that a premature onset of ILD and 

subsequent worsened outcomes in African-Americans could necessitate earlier 

therapeutic measures. This hypothesis was substantiated by my subsequent research 

involving a large, extensively characterized multi-center cohort with a range of ILD types, 



 8 

conclusively demonstrating a correlation between African-American race and an earlier 

age at diagnosis of ILD (Figure 1.1) [3]. 

 

 

 

 

 

 

 

 

Racial and ethnic disparities are present in pulmonary fibrosis-related outcomes 

The significance of race and ethnicity as influential variables in the progression 

and outcomes of pulmonary fibrosis remains an area of exploration yet to be fully tapped. 

Given the limited understanding of the age at which pulmonary fibrosis-related outcomes 

occur in racial and ethnic minority populations, I hypothesized the existence of racial or 

ethnic disparities in the age at these outcomes among patients with pulmonary fibrosis. 

Consequently, I aimed to assess the age at clinically relevant pulmonary fibrosis-related 

outcomes (diagnosis, hospitalization, lung transplant, and death) and evaluate the 

heterogeneity in survival patterns among White, Black, and Hispanic participants with 

pulmonary fibrosis. For these purposes, I employed a nationally acquired US registry and 

corroborated these findings using data from four geographically distinct tertiary care 

centers with pulmonary fibrosis expertise [11]. 

Figure 1.1 Heterogeneity in pulmonary fibrosis survival time by racial group. a) 
Survival time from interstitial lung disease (ILD) diagnosis stratified by race/ 
ethnicity; b) survival stratified by race among patients with ILD.  
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This research uncovered considerable racial and ethnic disparities in pulmonary 

fibrosis outcomes throughout the lifespan of affected individuals from these minority 

groups. Remarkably, Black patients with pulmonary fibrosis experienced diagnosis, 

hospitalization, lung transplantation, and death at younger ages compared to Hispanic 

and White patients (Figure 1.2), and these findings remained consistent across various 

age groups (Figure 1.3)[11]. While mortality rates seemed lower in Black individuals than 

in Hispanic and White individuals, the slight increase in life expectancy did not 

compensate for the significant age differences, given that the diagnosis of pulmonary 

fibrosis in Black patients generally occurred a decade earlier compared to White patients. 

pulmonary fibrosis-induced debilitation typically manifests around middle age, with the 

median age at pulmonary fibrosis diagnosis occurring between 60 and 70 years [11]. 

Consequently, the earlier onset of the disease likely has substantial repercussions on the 

quality of life, frequency of hospitalization, and functional capacity of the affected 

individuals. 

  Figure 1.2 Mean age at pulmonary fibrosis outcomes stratified by race and 
ethnicity. P values are for analysis of variance comparing all 3 racial groups. 
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Interestingly, Black individuals reportedly encounter delays in disease 

diagnosis[10]. This observation raises concerns that even the seemingly earlier diagnosis 

of pulmonary fibrosis in Black patients might still be delayed. Consistent with current 

trends in national epidemiological data, our study demonstrated lower lung transplant 

rates and disproportionately higher hospitalization rates among Black and Hispanic 

patients with pulmonary fibrosis, compared to White patients. These disparities 

underscore the profound impact of healthcare disparities on racial minority populations. 

Our findings also elucidated intriguing demographic patterns across racial and 

ethnic groups. Aligning with the male predominance in the overall study population, the 

majority of White patients with pulmonary fibrosis were men. This contrasted with the 

female predominance observed in the Black subpopulation. Accompanying this divergent 

sex distribution, pulmonary fibrosis diagnostic subcategories varied in their distribution 

patterns across racial and ethnic groups. While idiopathic pulmonary fibrosis (IPF) was 

the prevalent diagnosis in White patients, fibrotic hypersensitivity pneumonitis (fHP) was 

most commonly diagnosed in Hispanic patients. Autoimmune related interstitial lung 

disease, alternatively known as Connective tissue disease-interstitial lung disease (CTD-

ILD), was three to four times more common in Black patients compared to White patients. 

Considering the higher reports of autoimmune disease in Black individuals and the 

frequent presence of pet birds in Hispanic households, it's plausible that confirmation bias 

in the medical diagnosis process contributes to these observed diagnostic disparities 

across racial and ethnic groups. 
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Figure 1.3 Consistent disparities in pulmonary fibrosis outcomes across age groups. 

For instance, a study examining US decedents with IPF within the National Center 

for Health Statistics database indicated that Black decedents were less likely to be coded 

with IPF than White decedents [9]. Conversely, Hispanic decedents were more likely to 

receive an IPF code at death. This anomaly underscores the need for clinical data from 

geographically diverse ILD centers and meticulously curated datasets prioritizing 

diagnostic ascertainment when assessing outcome disparities across racial subgroups. 

This study illuminated the substantial racial and ethnic disparities present in 

pulmonary fibrosis-related outcomes [11]. It underscores the need for continued 

exploration and a deeper understanding of these disparities to inform equitable healthcare 

policies and interventions. A more inclusive approach to research and clinical care will 

not only enhance our understanding of the disease but also drive us towards tailored 

therapeutic strategies that address these disparities, leading to improved patient 

outcomes across all races and ethnicities. 

 

 

 

 

 

 

 

 

  



 12 

Telomere length and gene variant association with survival in pulmonary fibrosis 

Our understanding of the interplay between genetics and the pathogenesis of 

interstitial lung diseases (ILDs), including pulmonary fibrosis (PF), has expanded 

considerably in recent years. Evidence now suggests that common genetic variants and 

short telomere lengths contribute significantly to the risk of developing either sporadic or 

familial ILD [12-14]. Telomeres are crucial noncoding parts of chromosomes, vital for 

maintaining genomic stability [15]. They consist of repeated 6 nucleotide sequences 

(TTAGGG), which shrink with each cellular division, triggering apoptosis when a critical 

shortening threshold is reached. The complex molecular machinery involved in telomere 

structure and regulation has fascinating implications in a variety of inherited diseases, 

many of which result in ILD or bone marrow dysfunction. 

It is worth delving into the intricacies of telomere structure: telomeres exhibit a 

unique "D-loop-T-loop" structure, featuring an elongated single guanine-rich strand that 

invades a double-strand region of the telomere, displacing one strand to form the 

displaced loop (D-loop). The accompanying double-strand region, known as the T-loop 

or telomere loop, and the telomere loop's elongated single-strand guanine-rich area, 

stabilize this unique D-loop-T-loop structure. Key proteins, such as Ku, involved in DNA 

double-strand break repair, play a role in telomere maintenance. Notably, anti-Ku 

antibodies have been reported in systemic sclerosis and myositis overlap syndromes that 

frequently manifest with significant associated ILD [16]. Moreover, telomerase, 

comprising telomere reverse transcriptase (TERT) and the telomere RNA template 

(TERC), is integral in the generation of telomeric repeats [15]. Additional proteins also 
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Figure 1.4 Telomere-related gene variants across clinical phenotypes of pulmonary 
fibrosis 

contribute to telomere replication, regulation, and maintenance. Mutations in these 

telomere-related genes have a clear association with the development of severe ILD. 

However, beyond these conditions, telomere length in itself presents an exciting potential 

biomarker. Shortened age-adjusted leukocyte telomere length (LTL) has been linked to 

worse survival in patients with idiopathic pulmonary fibrosis (IPF) and chronic 

hypersensitivity pneumonitis (CHP) [17, 18]. However, the pathogenic implications of 

shortened telomere length across various ILD subtypes remain underexplored. 
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Table 1.1. Gene function of common and rare gene variants 
associated with pulmonary fibrosis. 
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To fill this gap in knowledge, I embarked on a comprehensive review of current 

literature, identifying studies examining common and rare gene variants impacting 

telomere biology in individuals across the fibrotic lung disease spectrum (Figure 

1.4)(Table 1.1) [19]. I noted that about 15% of familial kindreds with ILD harbor rare 

coding mutations in TERT, the gene locus that encodes the protein component of 

telomerase [20-22]. Other rare mutations with large effects were found in genes encoding 

the human telomerase RNA component (TERC), surfactant proteins (SFTPC and 

SFTPA2), and dyskerin (DKC1). Interestingly, gene burden analysis of 99 unrelated 

patients with familial pulmonary fibrosis (FPF) revealed that an exoribonuclease, PARN, 

shared five new heterozygous mutations among all affected relatives. Furthermore, 

damaging and missense variants were found in the RTEL1 gene encoding a DNA 

helicase critical for telomere stability, protection, and elongation [22]. Whole exome 

sequencing (WES) of genomic DNA obtained from 25 familial interstitial pneumonia (FIP) 

kindreds registered in an ongoing study and validated through further sequencing of 

affected individuals from another 163 kindreds authenticated the existence of candidate 

rare variants [23]. Peripheral blood mononuclear cells (PBMCs) from affected individuals 

as well as from unaffected carriers of identified rare variants exhibited telomere lengths 

falling below the 10th percentile for age. This phenomenon suggested compromised 

functionality of RTEL1, a DNA helicase vital for unwinding the T-loop structure of 

telomeres at chromosomal ends. Thus, an impairment of RTEL1 results in the release of 

circular telomeric DNA fragments (T-circles) and a progressive shortening of telomeres 
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Figure 1.5 Conceptual fibrosis model of altered gene function and affected cells. 

with successive rounds of DNA replication. In addition to inducing genomic instability, the 

loss of RTEL1 functionality also contributes to global genome replication defects, 

culminating in a disrupted cell cycle progression (Figure 1.5). Similarly, telomere length 

measurement, classical burden test evaluation of excess-risk mutations, and WES of nine 

FPF-linked genes in a cohort of 101 well-phenotyped cases of rheumatoid arthritis-

associated interstitial lung disease (RA-ILD) in comparison to 1,010 control subjects 

without known autoimmune, inflammatory, or pulmonary disease showed that 12% of 

patients with RA-ILD had heterozygous mutations in the coding regions for TERT, RTEL1, 

PARN, or SFTPC gene loci [24]. These mutations were present at a significantly higher 

frequency among patients with RA-ILD compared to healthy control subjects, 

underscoring the role of these FPF-linked genes in RA-ILD susceptibility. 
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Figure 1.6 Telomere shortening and observed clinical phenotypes. A, Early onset 
gray hair. B, Coronal MRI image depicting splenomegaly in non-cirrhotic portal 
hypertension. C, Hepatic Doppler ultrasonographic image depicting enlarged caliber 
of portal vein in non-cirrhotic portal hypertension. D, CD34 immunostaining histologic 
image of bone marrow aspirate depicting occasional mast cells and plasma cells in 
a patient with aplastic anemia. E, High-resolution hematoxylin and eosin stain 
depicting squamous cell carcinoma of the tonsil. F, Chest high-resolution CT axial 
image depicting usual interstitial pneumonia in a patient with pulmonary fibrosis. 

Currently, we do not have concrete guidelines for undertaking genetic testing in 

FIP or for integrating test results into patient care. However, existing recommendations 

suggest updating the family history of IPF patients at every visit since up to 10% of 

bloodline relatives subsequently receive a diagnosis of idiopathic interstitial pneumonia. 

Indications of short telomeres, such as a family history of neonatal respiratory distress, 

childhood ILD, aplastic anemia, cryptogenic cirrhosis, or premature graying before 25 

years of age, could guide such an evaluation [25] (Figure 1.6). A positive genetic 

diagnosis may not only be prognostic, but also facilitate risk stratification in lung transplant 

candidates and assist in estimating risk for close relatives. Therefore, genetic testing 

could be beneficial in patients with FIP and high likelihood of a positive genetic diagnosis. 
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In collaboration with colleagues from the University of Texas Southwestern, and 

the University of California San Francisco, I also investigated LTL, and MUC5B 

rs35705950 and TOLLIP rs5743890, which had all been previously linked to IPF [26]. Our 

study aimed to assess the associations between these genomic markers and survival 

outcomes as well as the rate of disease progression in patients with interstitial pneumonia 

with autoimmune features (IPAF), and connective tissue disease-associated interstitial 

lung disease (CTD-ILD). IPF was used as a comparator. Our findings illustrated that IPAF 

and CTD-ILD patients have a longer LTL compared to IPF patients. Among IPAF patients, 

LTL below the 10th percentile correlated with a faster lung function decline and worse 

transplant-free survival (Figure 1.7). The MUC5B rs35705950 minor allele frequency 

(MAF) was higher in IPAF patients and was linked to worse transplant-free survival. 

Interestingly, RA-ILD had a shorter LTL and higher MUC5B MAF compared to non-RA 

CTD-ILD. This study emphasized the differential associations of LTL and MUC5B MAF 

with lung function progression and survival for the autoimmune-related forms of ILD (IPAF 

and CTD-ILD) and underscores the burgeoning recognition of the role of genetic variants 

and telomere biology in the pathogenesis, progression, and prognosis of ILD. This area 

of research promises to bring forth novel diagnostic and therapeutic strategies to address 

these devastating diseases. 
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Figure 1.7 Progression of pulmonary fibrosis by leukocyte telomere length. 

Radiologic honeycombing and increased mortality in pulmonary fibrosis 

A gamut of pulmonary fibrosis features can be identified on high-resolution 

computed tomography (CT) chest imaging, notably reticulation, bronchiectasis or 

bronchiolectasis, and honeycombing [27, 28]. Honeycombing, defined as clustered cystic 

airspaces of similar diameters (~3–10 mm), typically subpleural with thick, well-defined 

walls, is a critical CT characteristic in IPF, the most lethal form of pulmonary fibrosis [28]. 

IPF, which is diagnosable in individuals with no discernable cause, often presents as a 

"usual interstitial pneumonia" (UIP) pattern characterized by predominant lower lobe and 

peripheral bilateral reticulation and honeycombing on high-resolution CT imaging. Recent 

consensus guidelines by the American Thoracic Society, European Respiratory Society, 

Japanese Respiratory Society, and Latin American Thoracic Association stipulate that the 

'extent' of CT honeycombing independently forecasts mortality in individuals with IPF [28]. 

Consequently, the extent of honeycombing is frequently assessed on chest CT scans 

during IPF evaluation. 
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Figure 1.8 Prevalence of honeycomb pulmonary fibrosis and survival patterns. 
(A) Prevalence across diverse forms of interstitial lung disease (ILD) subtypes; 
(B) Kaplan-Meier analysis demonstrates worsened 10-year survival in 
participants with ILD and CT honeycombing. 

 
However, despite the critical role honeycombing plays in IPF, its prevalence, 

prognostic impact, and associated mortality patterns across the diverse spectrum of ILDs 

are not well understood. The frequent diagnostic reclassification to alternate ILD subtypes 

in patients initially classified as IPF and the shared phenotypic similarities amongst 

different progressive fibrotic ILDs prompted me to hypothesize that the binary presence 

of honeycombing on chest CT scans (radiologic honeycombing) might be prevalent and 

indicative of reduced survival across various ILD subtypes, independent of the ILD 

classification or clinical disease severity [29]. I thus sought to ascertain if CT 

honeycombing was associated with mortality and delineate the mortality patterns in study 

participants with CT honeycombing [30]. 
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Figure 1.9 Variation in mortality from honeycombing across pulmonary fibrosis 
subtypes. 

To bridge this knowledge gap, I orchestrated an observational cohort study 

involving adult participants with multidisciplinary or adjudicated ILD diagnosis and 

available chest CT imaging documentation at the index diagnosis [30]. The sample 

spanned five U.S. hospitals (including one tertiary and four non-tertiary medical centers) 

and comprised 1,330 participants, evaluated over 4,831 person-years of follow-up. We 

observed the prevalence of CT honeycombing as 42.0%, 41.9%, 37.6%, and 28.6% in 

fibrotic HP, CTD-ILD, IPF, and unclassifiable/other ILDs, respectively (Figure 1.8). 

Among participants with CT honeycombing, cumulative mortality hazards were consistent 

across ILD subtypes, except for CTD-ILD, which exhibited a lower mortality hazard. 

Overall, the mean survival time was notably shorter among those participants with CT 

honeycombing (Figure 1.8-1.9).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After adjusting for center, sex, age, forced vital capacity, diffusing capacity, ILD subtype, 

and use of immunosuppressive therapy, CT honeycombing was associated with an 

increased mortality rate within non-IPF ILD subgroups (Table 1.2). Interestingly, in IPF, 
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Table 1.2 Associations between computed tomography (CT) honeycombing and 
mortality. 

mortality rates were comparable between those with and without CT honeycombing. This 

pivotal study underscored that CT honeycombing is remarkably prevalent in diverse ILD 

forms and identifies a progressive fibrotic ILD phenotype with a high mortality rate akin to 

IPF. Furthermore, this investigation elucidated that CT honeycombing is associated with 

a greater mortality rate when compared to those without honeycombing [30]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Utility of induced pluripotent stem cells in pulmonary fibrosis pathobiology. 

Over the last two decades, we have seen a surge in the identification of genomic 

loci linked to human traits and diseases, thanks to the proliferation of genome-wide 

association studies [31]. Despite this progress, our understanding of the genetic 

underpinnings of diseases is still unfolding, largely due to the fact that most disease-

associated genetic variants are noncoding. These variants mostly influence gene 

regulation rather than the function of proteins. This recognition catalyzed my interest in 

exploring tools that enable us to delve into gene regulation in contexts that are most 

pertinent to the disease. Among the arsenal of models available, induced pluripotent stem 
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cells (iPSCs) and differentiated cell types stand out for their ability to simulate disease 

conditions [32, 33]. I thus undertook an extensive review of the literature on the utility of 

iPSCs during my doctoral studies, drawing from my own research and that of others [34]. 

In this review, I underlined the potential of iPSCs as a promising model for pulmonary 

fibrosis, helping us illuminate disease biology and augment our understanding of human 

genetic diseases. Historically, attempts to understand the causes and consequences of 

human disease have relied on functional data from frozen adult tissues obtained 

postmortem or via invasive surgery [35, 36]. Despite the enormous dataset generated by 

the Genotype-Tissue Expression project (GTEx), they were often limited in their ability to 

investigate the genetic influence on gene regulation in cell types and tissues that are most 

relevant to many complex diseases. This limitation sparked my hypothesis that we need 

to extend quantitative trait loci (QTL) mapping studies to more relevant cell types, tissues, 

and states to better understand the genetic regulation of diseases. My research led me 

to recognize iPSCs as a powerful model for studying gene regulation in disease-relevant 

contexts. iPSCs can be reprogrammed from a variety of accessible somatic cell types 

such as blood cells and fibroblasts [37], and they can be differentiated into virtually any 

cell type [38-41]. Crucially, iPSCs retain disease-specific DNA mutations, making them 

suitable for modeling both Mendelian and complex diseases at a population level. They 

provide us a dynamic in vitro environment that closely mimics the in vivo condition, making 

them a superior model over primary cell lines. Furthermore, they enable us to study 

regulatory variation during development, an aspect critical to disease progression that 

isn't easily studied in humans in vivo. 
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Figure 1.10 Genomic models of pulmonary disease phenotypes derived from iPSCs 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the realm of pulmonary diseases, the inaccessibility of lung cell types poses a 

significant challenge. Alveolar epithelial cells (AECs) and lung fibroblasts play crucial 

roles in lung function and the pathogenesis of pulmonary diseases [42, 43]. Investigative 

studies which I performed during my doctoral studies focused on leveraging iPSCs to 

model these cell types to explore the pathobiology of pulmonary fibrosis and other lung 

diseases. One of the promising aspects of iPSC-derived cells is that their gene expression 

profiles appear to closely resemble those seen in human fetal pulmonary cells. Through 

these patient-specific preclinical platforms, my ongoing research, in concert with that of 
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my peers, has leveraged the generation of iPSC-derived pulmonary cells with the 

potential to study a range of pulmonary disorders, including monogenic pulmonary 

disorders and fibrotic ILD (Figure 1.10). These studies provided me with critical insights 

into iPSC-derived pulmonary cells have enabled patient-specific preclinical platforms for 

elucidating epithelial-intrinsic dysfunction that occurs during the pathogenesis of ILD and 

provide assurance that iPSCs will continue to deepen our understanding of the 

pathobiology of pulmonary fibrosis and the influence of genetic variants. Following on 

knowledge gained from this endeavor during the course of my doctoral studies, I 

generated seventy (n=70) pulmonary fibrosis PBMC lines into lymphoblastoid cell lines 

(LCLs of which twenty (n=20) have been further converted into iPSCs, all of which have 

had QC indexing, transcriptomic analyses and WGS performed (Figure 1.11). These cell 

lines will provide an enduring platform for characterizing gene regulatory differences 

between LCLs, iPSCs, and differentiated cell types such as fibroblasts and AECs. They 

will also provide a platform to study gene regulation throughout fibroblast development 

using iPSCs and recently developed genomic techniques. Leveraging this resource, we 

can better study how regulation is encoded in the genome and the mechanisms by which 

regulation is achieved, and these cell lines will enable me and others to also explore new 

questions while assaying many different molecular phenotypes with the aid of additional 

genomic techniques such as ATAC-seq, ChIP-seq, and TWAS. 
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Figure 1.11 Digital images of PBMC-derived iPSCs in pulmonary fibrosis 
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Chapter II 

Telomere length associates with chronological age across racially diverse 

pulmonary fibrosis cohorts 

The data in this chapter are adapted from the following manuscript, which was 

published during my doctoral studies: Adegunsoye A, Newton CA, Oldham JM, Ley B, 

Lee CT, Linderholm AL, Chung JH, Garcia N, Zhang D, Vij R, Guzy R, Jablonski R, Bag 

R, Voogt RS, Ma SF, Sperling AI, Raghu G, Martinez FJ, Strek ME, Wolters PJ, Garcia 

CK, Pierce BL, Noth I. Telomere length associates with chronological age and mortality 

across racially diverse pulmonary fibrosis cohorts. Nature Communications 2023 March 

17;14(1):1489. PMID: 36932145; PMCID: PMC10023792. 

In this study, I designed and performed the experiments, analyzed the data, and 

wrote the manuscript. 

Additional data in this chapter are adapted from the following publication in Thorax: 

Kim JS, Manichaikul AW, Hoffman EA, Balte P, Anderson MR, Bernstein EJ, Madahar P, 

Oelsner EC, Kawut SM, Wysoczanski A, Laine AF, Adegunsoye A, Ma JZ, Taub MA, 

Mathias RA, Rich SS, Rotter JI, Noth I, Garcia CK, Barr RG, Podolanczuk AJ. MUC5B, 

telomere length and longitudinal quantitative interstitial lung changes: the MESA Lung 

Study. Thorax. 2022 Aug 5: thoraxjnl-2021-218139. PMID: 36690926; PMCID: 

PMC9899287. 
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Introduction 

Despite the significant advancements made in understanding the pathophysiology 

of pulmonary fibrosis, gaps still remain in our knowledge of the prognostic implications of 

this disease across different racial and ethnic groups[10]. In an effort to enhance the 

precision of pharmacotherapeutic measures and inform targeted management strategies 

for diverse patients, I embarked on an extensive study of pulmonary fibrosis biomarkers, 

with a particular focus on their implications across varying racial and ethnic groups [44]. 

A genomic biomarker that has recently caught the attention of the scientific community is 

the short leukocyte telomere length found in peripheral blood, which serves as an 

indicator of cellular senescence [45]. It is associated with germline mutations in both 

common and rare gene variants involved in telomere biology and linked to the incidence 

as well as mortality of pulmonary fibrosis [26]. The relationship between short leukocyte 

telomere length, age, and pulmonary fibrosis is well documented [17, 22, 26]. However, 

the significance of these biomarkers across different racial and ethnic populations is 

largely obscured by the underrepresentation of racial and ethnic minorities in most genetic 

studies to date. My research focuses on filling this void and answering the pivotal question 

of whether telomere shortening is consistently associated with increasing age in 

pulmonary fibrosis across diverse racial and ethnic groups. Interestingly, the scientific 

community has barely scratched the surface when it comes to understanding racial 

differences in gene polymorphisms among patients with pulmonary fibrosis. Most existing 

research has excluded African-American patients, which could be due to the reported 

higher prevalence of pulmonary fibrosis in European Americans.  
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While an increasing amount of work has been dedicated to understanding 

pulmonary fibrosis, a striking gap remains in our understanding of racial differences in 

gene polymorphisms among patients. Prior studies, including linkage analysis, telomere 

length measurements, and genome-wide association studies, have disproportionately 

excluded African-American patients [46]. This may stem from an often-held belief that 

pulmonary fibrosis is more prevalent in European Americans. However, such an oversight 

potentially leaves an unaddressed question: Do genetic polymorphisms that contribute to 

PF susceptibility in non-African-American patients apply to African-American 

populations? Several single nucleotide polymorphisms (SNPs) associated with IPF 

susceptibility have been identified through genome-wide association analyses (GWAS) 

[14, 47, 48]. However, most of these SNPs are relatively rare and their association with 

outcomes remains to be clarified. Two critical gene regions, the MUC5B gene promoter - 

rs35705950, which encodes a member of the mucin family of proteins, and Toll-

interacting protein (TOLLIP) - rs5743890, rs5743894, rs5743854, rs3750920, which 

regulates human Toll-like receptor signaling pathways, are areas of high conservation 

[49-54]. Polymorphisms in these regions are considered the most potent and replicated 

genetic risk factors for IPF, with established associations with disease outcomes. 

Individuals with shorter telomere length, have been shown to more frequently have lung 

high attenuation areas which is associated with the MUC5B risk allele [55]. Interestingly, 

it has been suggested that MUC5B, associated with pulmonary fibrosis onset and 
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mortality in European Americans, might be absent in African populations, an aspect that 

needs further exploration [52]. 

In collaboration with other research team members, I set out to elucidate this 

complexity. By performing targeted genotyping of the most significant pulmonary fibrosis-

associated SNPs, including TOLLIP and MUC5B, we analyzed a multi-racial subset of 

patients with autoimmune-related PF, enrolled prospectively in the University of Chicago 

ILD registry. A preliminary analysis of our data uncovered striking racial disparities in 

these susceptibility and mortality-associated SNPs (p<5x10-5). Notably, the highest 

prevalence of the heterozygous rs35705950 G->T (MUC5B) and rs5743890 A->G 

(TOLLIP) risk alleles was observed in patients of European ancestry, while patients of 

African or Asian descent exhibited significantly lower frequencies of these SNPs among 

all US racial groups. Furthermore, patients of European ancestry had notably shorter 

peripheral blood leukocyte telomere length when compared to other US racial groups. 

These findings point towards a compelling link between racial ancestry and differences in 

these genomic factors among patients with autoimmune-related pulmonary fibrosis, 

suggesting potential variations in pulmonary fibrosis-associated SNPs and telomere 

lengths across different races. 

To fill the existing knowledge gap, I spearheaded the first comprehensive natural 

history study of telomere length variation across racial and ethnic groups [44]. This study 

aimed (a) to comparatively analyze differences in leukocyte telomere length between 

racial/ethnic groups with pulmonary fibrosis and within control populations; (b) to 

investigate whether leukocyte telomere length is associated with chronological age 
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across racially and ethnically diverse pulmonary fibrosis cohorts and (c) to assess the 

relationship between leukocyte telomere length and mortality risk across ethnic groups 

with pulmonary fibrosis. I hypothesized that shorter telomere length is associated with 

increased age and greater mortality across diverse racial groups, underscoring the 

importance of this biomarker in all patients with pulmonary fibrosis. 

 

Methods  

Study design, age, and mortality ascertainment 

This comprehensive cohort study drew upon a meticulously curated database of 

patients diagnosed with various subtypes of fibrotic interstitial lung disease, collectively 

termed as pulmonary fibrosis. These patients were enrolled in a prospective manner 

across four widely dispersed U.S. tertiary centers: University of Chicago, University of 

California San Francisco, University of California Davis, and University of Texas 

Southwestern, Dallas. Spanning over a significant period from September 2003 to 

December 2019, this study ensured a robust multidisciplinary diagnosis of pulmonary 

fibrosis through an exhaustive evaluation that incorporated clinical data, pulmonary 

function tests, high-resolution computed tomography scans, and surgical lung biopsies, 

adhering to the current American Thoracic Society/European Respiratory Society criteria. 

A dedicated team of pulmonologists, rheumatologists, thoracic radiologists, and a 

thoracic pathologist collaboratively assessed subjects for the multidisciplinary diagnosis 

of interstitial lung disease. All participants were rigorously recruited in accordance with 
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consensus American Thoracic Society/European Respiratory Society criteria and were 

enrolled post receiving written informed consent. The study was conducted in strict 

compliance with guidelines set forth by relevant hospital institutional review boards (IRB: 

UChicago#14163A; UCSF#10-01592 & #10-00198; UCDavis#585448-7 & #875917-2; 

UTSW#082010-127 & #AAAS0753). 

Study participants were enrolled at the diagnosis of pulmonary fibrosis. 

Furthermore, patients who participated in the Idiopathic Pulmonary Fibrosis Clinical 

Research Network clinical trials and consented to the optional genetics substudy were 

included, provided they had available genomic DNA. As a control group, we included 

healthy participants from the "Health and Retirement Study"(HRS)[NIA-U01AG009740] 

who had available individual-level demographic data and leukocyte telomere length 

measurements obtained via quantitative polymerase chain reaction assay. 

For this study, race and ethnicity data were self-reported by participants and 

categorized following the standards set by the U.S. Census Bureau, thereby ensuring the 

consistency of demographic information [56]. Participants reported their chronological 

age at the point of study enrollment. The specified racial and ethnic categories were White 

(not Hispanic), Black (not Hispanic), Asian (not Hispanic), and Hispanic. Any participant 

fitting these predefined classifications was included in the analysis. The study focused on 

comparisons among the following four groups: Hispanic, non-Hispanic White, non-

Hispanic Black, and non-Hispanic Asian participants, henceforth referred to as Hispanic, 

White, Black, and Asian participants [56]. Vital status was meticulously verified through a 

review of medical records and cross-referenced with the U.S. Social Security death index 
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for reliability. Lung transplantation status was ascertained from the Electronic Medical 

Records (EMR) of individual sites, ensuring a robust data collection approach. 

Recognizing the potential influence of age and sex on mortality in pulmonary diseases, 

analyses of the association of leukocyte telomere length with mortality were carefully 

adjusted for these variables. In all cohorts, mortality refers to all-cause mortality unless 

otherwise specified. Our rigorous methodology underscored the critical importance of 

demographic considerations in the study of pulmonary fibrosis and their potential impact 

on disease outcomes. 

 

Telomere length analysis 

We extracted genomic DNA from peripheral blood leukocytes of study participants. 

Leukocyte telomere length in peripheral blood was measured using the quantitative 

polymerase chain reaction (qPCR) technique, which was performed in triplicate using the 

RotoGene real-time PCR system by Qiagen [17, 21, 57]. LTL values were then adjusted 

for age, using data from healthy controls for comparison. Further, we utilized leukocytes 

from saliva samples taken from control subjects in the Health and Retirement Study 

(HRS) for comparative analysis [58]. To facilitate the comparison and analysis, we used 

standardized LTL values, calculated by subtracting the expected value (based on the 

Cronkhite 2008 study) from the observed LTL obtained through qPCR [59]. These values 

were depicted in the results as the telomere length (O-E, adjusted). While LTL 

measurements for all cohorts are represented as a T/S ratio, for the California cohort, LTL 

is reported in base pairs (bp). Given the potential variability in qPCR-based LTL 
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measurements across different study sites, we opted to standardize LTL values. We 

achieved this by employing z-score normalization, which adjusted for age and sex and 

categorized the results into quartiles. This process ensured a uniform distribution for each 

sample based on empirically computed standard deviations for each individual across 

each cohort. In our survival analyses, we classified LTL measurements below the median 

(TL50) and transformed TL (employing a negative log-transformation of one minus the 

percentile TL). I then compared the mortality hazard ratios for each percentile of TL to the 

highest TL percentile among subjects with pulmonary fibrosis. 

 

Statistical analyses 

Across all cohorts, I employed Fisher exact tests to investigate the associations 

between pairs of categorical variables. For continuous variables, I applied two-tailed t-

tests or analysis of variance (ANOVA). To compare LTL between distinct diagnostic 

subgroups of pulmonary fibrosis, I made use of the nonparametric Mood’s median test. 

Recognizing baseline demographic differences between Black and White participants 

with PF, I performed sensitivity analyses involving propensity-score matching within this 

selected subcohort, followed by LTL measurements analysis. I employed generalized 

linear models equipped with a logistic regression link to evaluate the relationship between 

age and LTL. I then assessed the assumption of linearity for continuous covariates using 

a lack-of-fit sum of squares test, which compares the linear fit to a restricted cubic spline 

fit with five knots, thereby ensuring the statistical model's suitability for the selected 

observations. Linear regression models were utilized to assess the congruity between 



 35 

median standardized LTL and chronological age for all included racial/ethnic groups, 

stratified by sex. I analyzed rates of absolute mortality using conditional logistic 

regression. 

The investigation leveraged Cox proportional hazards models for estimating 

hazard ratios and time-to-mortality analysis, with robust standard errors incorporated to 

account for familial correlation within the cohort. Patients were stratified by quartiles of 

standardized LTLs, and I used the Cochran–Armitage test to discern trends across 

quartiles, attributing quartile integers (1, 2, 3, and 4) as scores [17, 60]. I plotted the 

estimated survival functions for each quartile based on the Cox model. For the PF cohort, 

I considered transplant-free survival over five years, with survival time calculated from 

study enrollment to death, lung transplantation, loss to follow-up, or the end of the study 

period. My multivariable models assessing mortality were adjusted for age, sex, 

measures of pulmonary function, and hospital center, focusing on established 

confounders previously linked to both the predictor and the outcome. Survival curves 

were plotted using the Kaplan–Meier survival estimator, and in my Cox models, I ensured 

that no covariate effects violated the proportional hazards assumption. I designated a 

level of 0.05 as statistically significant for all two-sided P values. For data collation, I used 

Microsoft Excel for Mac Version 16.65, 2019, and carried out analyses using Stata (V 

2019.R.16, V 2021.R17; StataCorp) and R.v.3.5.1. 
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Results  

Our comprehensive study included a total of 7,854 individuals, comprised of 2,046 

participants diagnosed with pulmonary fibrosis and 5,808 control participants from the 

Health and Retirement Study (Table 2.1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The average age of PF participants was 65 years with a standard deviation (SD) 

of 11 years, while for the HRS control group it was slightly higher at 69 years with a SD 

of 10 years. It was noteworthy that Black participants consistently presented the youngest 

mean age across all sites, and significantly, the age at pulmonary fibrosis diagnosis was 

markedly lower than that of their White counterparts (Chicago: 54 vs 65 years, P < 0.001; 

Table 2.1 Pulmonary fibrosis (PF) and health retirement survey (HRS) control 
cohorts stratified by racial ancestry. 
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California: 60 vs 68 years, P < 0.001; Texas: 53 vs 64 years, P < 0.001; IPFNet: 61 vs 67 

years, P = 0.25) (Figure 2.1). 

 
 

 
 

 

  

Figure 2.1. Chronological age distribution across racial groups with pulmonary 
fibrosis. 
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Males constituted 54% of the pulmonary fibrosis participant group and 41% of the 

HRS control group. Notably, the average body mass index (BMI) was relatively high in 

both pulmonary fibrosis participants (28 ± 6 kg/m^2) and control participants (29 ± 6 

kg/m^2). The prevalence of tobacco use was strikingly similar between pulmonary fibrosis 

(58%) and control participants (57%). The median duration of follow-up for pulmonary 

fibrosis participants was 31 months, with an interquartile range (IQR) of 14-60 months. 

This in-depth participant profile provided a robust foundation for our subsequent analyses. 

 

Telomere length across racial/ethnic groups 

Among the pulmonary fibrosis participants, there was a distinct disparity in 

leukocyte telomere length across racial groups, with Black subjects exhibiting the longest 

LTL. The mean standardized leukocyte telomere length at pulmonary fibrosis diagnosis 

was significantly longer in Black participants (0.37 ± 0.49) compared to White participants 

(-0.06 ± 0.47) in the pooled pulmonary fibrosis cohort (P < 0.0005). This difference was 

maintained when the data was stratified by participant recruitment site. Similarly, among 

the HRS control participants, the mean standardized LTL was longer in Black participants 

(0.08 ± 0.48) as compared to White participants (-0.04 ± 0.49) (P < 0.0005). Notably, the 

discrepancy in LTL across racial groups was 3.6-fold more pronounced in the pulmonary 

fibrosis cohort than in the control group (Figure 2.2). 
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Figure 2.2. Leukocyte telomere length across racial groups with pulmonary fibrosis. 
Mean observed minus expected (O–E; age and gender-adjusted) leukocyte telomere 
length (TL) is longest in Black subjects with pulmonary fibrosis (PF). A. CHICAGO 
cohort, mean age and gender-adjusted TL(O–E) of −0·09(0·43), 0·34(0·46), 
0·24(0·59), and −0·13(0·53), respectively. B. CALIFORNIA cohort, mean age and 
gender-adjusted TL(O–E) of −0·06(0·49), 0·32(0·56), 0·28(0·49), and −0·08(0·58), 
respectively. C. TEXAS cohort, mean age and gender-adjusted TL(O–E) of 
−0·07(0·46), 0·46(0·51), 0·14(0·57), and 0·16(0·55), respectively. D. IPFNet cohort, 
mean age and gender-adjusted TL(O–E) of 0·013(SD 0·50), 0·27(SD 0·41), −0·13(SD 
0·33), and −0·25 (0·60), respectively. E. Pooled PF cohort, mean age and gender-
adjusted TL(O–E) of −0·06(0·47), 0·37(0·49), 0·19(0·54), and −0·04(0·57), 
respectively. F. HRS cohort, mean age and gender-adjusted TL(O–E) of −0·04(0·49), 
0·08(0·48), 0·16(0·51), and 0·19(0·53), respectively. Thick short black lines = 
subgroup median; black dotted line = cohort median TL. Group comparisons between 
white subjects (#) and other racial subgroups were conducted using the student’s T-
test; ***P < 0·0005; NS not significant (P ≥ 0·05). 
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Within the control cohort, Black, Hispanic, and Asian subjects displayed lower odds 

of having LTL below the median compared to White subjects (Black: OR = 0.7, 95% CI = 

0.6–0.8, P < 0.001; Hispanic: OR = 0.5, 95% CI = 0.5–0.6, P < 0.001; Asian: OR = 0.6, 

95% CI = 0.4–0.9, P = 0.015). A similar pattern was observed among the PF cohort, 

where Black and Hispanic subjects had lower odds of having LTL below the median 

(Black: OR = 0.2, 95% CI = 0.2–0.4, P < 0.001; Hispanic: OR = 0.5, 95% CI = 0.4–0.7, P 

< 0.001). However, there was no notable difference in Asian subjects compared to White 

subjects (OR = 0.9, 95% CI = 0.5–1.4, P = 0.55). Telomere length significantly differed 

between White and Black subjects (Table 2.3). In propensity-score matched analyses, 

the difference in mean LTL between Black and White subjects with pulmonary fibrosis 

became less pronounced (0.37 ± 0.49 vs. 0.33 ± 0.56, respectively). Finally, an 

examination of quartiles of standardized LTL stratified by race/ethnicity revealed a 

consistent trend of increasing mean LTL from the lowest quartile (Q1) to the highest 

quartile (Q4) across all racial groups.  

  
Table 2.2 Mean Age and Telomere Lengths Differences Between 
White and Black Subjects. 
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Sex, ILD subtypes, and Telomere length 

The average unadjusted leukocyte telomere length consistently appeared shorter 

in males compared to females, a pattern that was evident across all pulmonary fibrosis 

cohorts as well as the Health and Retirement Study (HRS) control participants. This 

gender disparity manifested itself consistently across all examined racial and ethnic 

groups. There was a distinct variation between different subtypes of pulmonary fibrosis, 

both in their baseline demographics and in their standardized leukocyte telomere length 

measurements, post-adjustment for age and sex. 

Participants diagnosed with idiopathic pulmonary fibrosis were older, with a 

median age of 68 years, and exhibited the shortest median leukocyte telomere length at 

-0.20 (interquartile range -0.49–0.08) (Fig. 2). In comparison, subjects with interstitial 

pneumonia accompanied by autoimmune features (median age 63 years; median 

leukocyte telomere length -0.02, interquartile range -0.29–0.32), fibrotic hypersensitivity 

pneumonitis (median age 65 years; median leukocyte telomere length 0.06, interquartile 

range -0.24–0.36), connective tissue disease-related interstitial lung disease (median age 

57 years; median leukocyte telomere length 0.28, interquartile range -0.08–0.69), and 

other interstitial lung diseases (median age 61 years; median leukocyte telomere length 

0.06, interquartile range -0.17–0.47) were generally younger and had longer leukocyte 

telomere lengths (P < 0.0005). 
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In contrast, participants diagnosed with the unclassifiable subtype of pulmonary 

fibrosis (median age 70 years; median leukocyte telomere length -0.13, interquartile 

range -0.42–0.17) displayed leukocyte telomere length measurements that did not 

significantly differ from those with idiopathic pulmonary fibrosis (P = 0.20) (Fig. 2). Across 

pulmonary fibrosis subtypes, White subjects consistently exhibited the shortest leukocyte 

telomere lengths. 

 

Telomere length and chronological age 

The correlation between leukocyte telomere length and age revealed a decreasing 

pattern as age increased, in both pulmonary fibrosis patients from all participating 

institutions and Health and Retirement Study (HRS) control subjects (Table 2.4). This 

Figure 2.3. Leukocyte telomere length across clinical phenotypes of pulmonary 
fibrosis 
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Table 2.3 Shorter telomere length occurs with increasing chronological age. 
Stratification by age group demonstrates shorter mean and median leukocyte 
telomere length with increasing chronological age among pulmonary fibrosis 
cohorts and control subjects. 
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negative correlation between chronological age and leukocyte telomere length persisted 

across racial groups in both the HRS control subjects and pulmonary fibrosis participants. 

When assessing leukocyte telomere length quartiles, we observed an anticipated 

increment in average leukocyte telomere length measurements from the first quartile (Q1) 

to the fourth quartile (Q4) across age categories stratified by five-year intervals. 

Pulmonary fibrosis participants, however, displayed a broader interquartile range for all 

age categories compared to the HRS control participants (Figure 2.4). 

 

  
Figure 2.4. Telomere length interquartile range is wider in pulmonary fibrosis. 
Standardized leukocyte telomere length measured by qPCR demonstrates wider 
interquartile range variation in pulmonary fibrosis (PF) and decreases with 
increasing age. TL demonstrates a nonlinear negative correlation with age across 
diverse racial groups in healthy subjects A. Whites; B. Blacks; C. Hispanics; and 
D. Asians; that is altered in subjects with pulmonary fibrosis; E. Whites; F. Blacks; 
G. Hispanics; and H. Asians. 
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Upon standardization, leukocyte telomere length demonstrated a negative 

association with chronological age across White, Black, Hispanic, and Asian HRS control 

participants. This mild negative association amplified across White, Black, Hispanic, and 

Asian pulmonary fibrosis subjects, with the most substantial correlation observed among 

Black pulmonary fibrosis participants (Table 2).  

 

  Table 2.4 Models depicting the association of leukocyte telomere length (LTL) with 
age and mortality across diverse racial populations. 
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The assessment of median leukocyte telomere length within each substratum of 

race and sex exhibited a strong correlation across racial and ethnic groups for the age-

telomere length relationship in both male and female HRS control subjects (R2 = 1.0; P < 

0.001) (Figure 2.5). The presence of pulmonary fibrosis disrupted this uniform linear 

relationship across racial and ethnic groups, leading to a non-significant correlation 

among male pulmonary fibrosis participants (R2 = 0.84; P = 0.06). In these patients, 

leukocyte telomere length was shortest in older White or Asian males. Hispanic ethnicity 

notably impacted the age-leukocyte telomere length relationship among controls 

(interaction term P = 0.027), whereas race did not. In contrast, in pulmonary fibrosis, 

Hispanic ethnicity, as well as White and Black race, significantly influenced the age-

leukocyte telomere length relationship (interaction term P < 0.001), while Asian race did 

not (interaction term P = 0.25). The overall age/leukocyte telomere length relationship 

between pulmonary fibrosis and HRS control subjects across racial and ethnic categories 

demonstrated that pulmonary fibrosis exerted an independent effect on this relationship, 

as evidenced by significant interaction P values. 

Our analysis of the association between leukocyte telomere length and 

chronological age, using age- and gender-adjusted leukocyte telomere length below the 

median (TL50), confirmed the modest association across all racial and ethnic subgroups 

of the HRS population (R = 0.11–0.33) and among pulmonary fibrosis participants (R = 

0.17–0.30) (Table 2). 
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Figure 2.5. qPCR telomere length decreases with increasing age in pulmonary 
fibrosis. Median TL for each race (White red, Black gray, Hispanic orange, and 
Asian green) stratified by sex (male = squares, female = triangles) among the A. 
Control population (HRS); and B. PF population); statistical test: generalized linear 
regression of sex-stratified median TL across racial/ethnic groups. R2 (the 
coefficient of determination), RMSE (root mean squared error), and P value 
reported for each subgroup. C. Shorter TL below the median (TL50) has greater 
prevalence with increasing age across all racial groups in the HRS control 
population (dashed lines), but this association was stronger in White and Black 
subjects with PF (solid lines). Subjects with PF (White n = 1613, Black, n = 162, 
Hispanic, n = 187, Asian, n = 70). Control subjects (White n = 4319, Black, n = 779, 
Hispanic, n = 614, Asian, n = 96). Other racial groups [n = 14] are not included in 
the graphs above. TL depicted are observed minus expected (O–E; age and 
gender-adjusted). Purple dotted line = fitted values for females and black dashed 
line = fitted values for males. 
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In a sub-cohort of 13 patients with ILD, we validated our qPCR measurements 

against telomere length (kb) measured in peripheral blood lymphocytes and granulocytes 

via flow-cytometry-based fluorescent in situ hybridization (FISH) by the Department of 

Pathology at Johns Hopkins Hospital.  T/S ratios compared to granulocyte and 

lymphocyte telomere lengths measured using flow-FISH showed significant correlation 

(p<0.01) for both comparisons. (Figure 2.6) 

 

 

  

 

  

Figure 2.6 Leukocyte subset qPCR values measurements of telomere length 
correlate highly with values from flow-cytometry-based fluorescent in situ 
hybridization (Flow-FISH). 
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Telomere length and mortality 

Pulmonary fibrosis participants displayed varying rates of absolute mortality and 

mortality incidence ratios, with those having age- and gender-adjusted leukocyte telomere 

length below the median (TL50) manifesting the lowest rates among Black participants 

and the highest among Hispanic participants (Table 2). As the severity of pulmonary 

fibrosis increased, reflected by the ILD-GAP score, leukocyte telomere length observably 

shortened across all racial and ethnic pulmonary fibrosis subgroups (data not shown). 

In the consolidated pulmonary fibrosis population, standardized leukocyte 

telomere length, considered as a continuous measure, displayed an association with 

mortality, with shorter telomere length consistently predicting an elevated mortality risk 

(Figure 2.7). Patients with leukocyte telomere length below the median (TL50) exhibited 

worse survival outcomes across all pulmonary fibrosis subtypes, racial or ethnic groups 

(Figure 2.8), and study locations (Figure 2.9) when compared with participants who had 

telomere length at or above the median (TL≥50) (Supplementary Figs. 3–5, Adegunsoye 

A et al. Nature Communications 2023). This trend remained consistent, even after 

adjusting for age, sex, and disease severity. Each decrease in telomere length quartile 

was linked to an increased risk of death in pulmonary fibrosis participants, this trend held 

true for each subtype of pulmonary fibrosis and across the different racial and ethnic 

groups (Figure 2.10). 
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Figure 2.7 Shorter leukocyte telomere length (TL) consistently predicts worse 
survival patterns in pulmonary fibrosis (PF). A. Scatter plot of mortality hazard ratios 
(HR)* in PF by transformed TL comparing each centile of TL to the highest TL centile. 
The plot depicts increasing mortality hazard with shorter TL. B. Survival stratified by 
age and gender-adjusted TL below the median (TL<50%) vs. above the median 
(TL≥50%) in the PF cohort. Fixed effect mortality hazard estimates for quartiles of 
leukocyte telomere length (TLQ) adjusted for age, gender, FVC, DLCO, ILD subtype, 
and hospital center categorized by C. PF subtype, and D. race/ethnicity. HR depicted 
per quartile increase in TL. White n = 1613, Black n = 162, Hispanic n = 187, Asian 
n = 70, others n = 14, All patients n = 2046. The navy-blue boxes within the forest 
plot represent the point estimate for the Cox mortality hazard ratio for each cohort, 
the thin horizontal line represents its 95% confidence interval, the vertical line is the 
line of no effect, and the diamond represents the overall effect estimate. 
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Multivariable Cox proportional hazards models, adjusted for age, sex, forced vital 

capacity, diffusing capacity of the lungs for carbon monoxide, pulmonary fibrosis subtype, 

and study site, revealed that having a telomere length below the median (TL<50) was 

independently associated with a higher risk of death among pulmonary fibrosis subjects. 

This pattern maintained its consistency across different racial and ethnic groups 

(Hispanic, HR = 3.40, 95% CI = 1.88–6.14; Asian, HR = 2.11, 95% CI = 0.54–8.23; White, 

HR = 2.21 95% CI = 1.79–2.72; and Black participants, HR = 2.22, 95% CI = 1.05–4.66). 

 

 

  

Figure 2.8 Telomere length below the 50th percentile predicts worse survival in 
pulmonary fibrosis across racial groups. Survival pattern by TL in (A) White 
subjects; (B) Black subjects; (C) Hispanic subjects; and (D) Asian subjects. 
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  Figure 2.9 Telomere shortening below the median predicts worse pulmonary 
fibrosis survival across geographically disparate study locations. Survival stratified 
by age and gender-adjusted TL below the median (TL<50%) vs. above the median 
(TL≥50%) in (A) CHICAGO cohort (n=459); (B) CALIFORNIA cohort (n=658); (C) 
TEXAS cohort (n=670); (D) IPFNet cohort (n=259). (E) Plot of p-values for the 
association of mortality hazard ratios (HR) in PF with transformed TL (negative log-
transformed inverse of one minus percentile TL); HR depicted for decreasing 
centiles of TL compared to highest centile of TL. (F) Survival stratified by age and 
gender-adjusted TL in quartiles for each center; TOTAL (n=2046). 
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Figure 2.10 Quartiles of telomere length predict survival. 
A. Kaplan–Meier survival curve according to age and 
gender-adjusted leukocyte telomere length in quartiles 
(TLQ). B. Kaplan–Meier survival curves according to TLQ 
adjusted for age, gender, FVC, DLCO, ILD subtype, and 
hospital center. Cox proportional hazard ratio (HR) and 
95% confidence interval of this estimate are depicted with 
the respective P-value in each plot. 
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Discussion 

These genomic investigations into pulmonary fibrosis unveiled the crucial role 

leukocyte telomere length plays and its correlation with racial/ethnic disparities in patients. 

In surveying these genomic markers across a diverse pool of patients, I identified unique 

variations in telomere length and age at diagnosis across racial and ethnic groups. This 

exploration offers a novel perspective on pulmonary fibrosis etiopathogenesis, 

highlighting the necessity to factor in genetic elements when managing patients. 

In patients with pulmonary fibrosis, I showed that short leukocyte telomere lengths 

are common and are associated with worse survival across all racial and ethnic groups. 

A particularly intriguing finding was the distinct racial and ethnic differences in the extent 

of leukocyte telomere length shortening and its correlation with chronological age. For 

example, Black subjects presented a 3.6-fold increase in the odds of having longer 

leukocyte telomere lengths and were diagnosed with pulmonary fibrosis over a decade 

younger than their White counterparts. This implies that the phenomenon of leukocyte 

telomere length shortening, associated with pulmonary fibrosis, doesn't occur uniformly 

across all racial and ethnic groups, potentially reflecting the chronological age at the time 

of pulmonary fibrosis diagnosis. 

My comprehensive study demonstrated that the linear relationship between 

chronological age and telomere length in pulmonary fibrosis markedly diverges from 

healthy controls. This discrepancy might suggest that an acceleration of biological aging 
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processes, early senescence, and cellular apoptosis contribute to the pathobiologic 

mechanisms underlying pulmonary fibrosis. Furthermore, the shortest leukocyte telomere 

lengths were present in older male Asian and White individuals with pulmonary fibrosis, 

where IPF was the most prevalent condition. This supports the theory that telomere 

shortening could be a causal factor for IPF, a condition that frequently manifests in 

families harboring pathogenic mutations in telomere-maintenance genes and short 

leukocyte telomere lengths [61-63]. However, when observing the Black participant 

group, it was noted that they exhibited less significant telomere shortening and developed 

lung disease at an earlier chronological age. This finding implies that aberrations in 

telomere homeostasis might contribute less significantly to pulmonary fibrosis 

development in this particular demographic. Pathological disruptions in telomere 

homeostasis, such as mutations in telomerase RNA component (TERC) or telomerase 

reverse transcriptase (TERT) genes, could result in defects within the telomerase 

complex. Over time, this can lead to the onset of pulmonary fibrosis characterized by 

extremely shortened telomeres. Conversely, it's noteworthy to mention that autoimmune 

conditions and most other pulmonary fibrosis causes do not typically result in such 

dramatically shortened telomeres. This differential effect underscores the complexity and 

diversity of factors contributing to pulmonary fibrosis across different populations. These 

findings indicate that gene-by-environment factors might have an influence on telomere 

length, which could explain why leukocyte telomere lengths in Black patients are not as 

profoundly shortened at disease onset compared to White patients. 
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This research also revealed a high prevalence of autoimmune-associated causes 

of pulmonary fibrosis among Black subjects, underscoring the varying contribution of lung 

stressors in the etiopathogenesis of pulmonary fibrosis across racial backgrounds. Non-

hereditary factors such as inflammatory disease states, sporadic autoimmune conditions 

[64-66], toxic inhalation of environmental antigens [67], air pollution [5, 68], and various 

socioeconomic determinants of health disproportionately impact Black individuals, adding 

another layer of complexity to the observed racial disparities in pulmonary fibrosis. 

In this study, I was able to establish a strong association of leukocyte telomere 

length with chronological age across racially and ethnically diverse pulmonary fibrosis 

cohorts. However, my findings also unveiled age-specific differences in the association 

of leukocyte telomere length with the risk of lung function impairment and specific 

pulmonary fibrosis subtypes across diverse races. This suggests that the clinical 

predictors of respiratory impairment might differ based on the age stratum, thereby 

informing targeted treatment strategies. 

Despite the variation of leukocyte telomere lengths in this diverse pulmonary 

fibrosis population, my research revealed that shorter leukocyte telomere lengths are 

uniformly linked to worsened survival across all races, irrespective of the pulmonary 

fibrosis subtype. While genetic data predominantly stem from calculations derived from a 

single race, leukocyte telomere lengths hold predictive value for mortality even after 

adjusting for known confounding variables (Figure 2.11). This validation endorses the 

use of leukocyte telomere lengths as a valuable prognostic biomarker applicable to all 

racial and ethnic groups, enhancing the delivery of personalized medicine to patients. 
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In my investigation, I demonstrated that among patients with pulmonary fibrosis, 

leukocyte telomere length measurements offer considerable prognostic significance for 

mortality, even after adjustments are made for established confounding variables. The 

research demonstrated a “dose-dependent” relationship, whereby shorter leukocyte 

telomere lengths (categorized by quartiles) were associated with increased mortality 

Figure 2.11 Mediation analyses of effects of age and race on telomere length, 
and on pulmonary fibrosis survival. 
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across different racial and ethnic groups. Moreover, a leukocyte telomere length falling 

below the median value proved to be a valuable prognostic biomarker applicable to all 

racial and ethnic demographics. This discovery holds significant clinical relevance as 

identifying individuals at heightened risk, those with shorter telomeres regardless of their 

racial or ethnic origins, could enable us to inform pharmacological strategies and guide 

precision disease management. By doing so, we can significantly enhance the delivery 

of personalized medicine to Pulmonary Fibrosis patients, thereby improving outcomes 

and the quality of life for patients. 

This investigation, though insightful, had several constraints. Primarily, the study’s 

cross-sectional nature inhibits longitudinal assessment of leukocyte telomere length 

dynamics. Moreover, the focus on race/ethnicity, a complex blend of perceived origin, 

culture, and genetics, can introduce variability. The method of measurement employed 

was qPCR, allowing analysis on archived samples but providing only average leukocyte 

telomere length. It is possible that shorter telomeres could be linked to mortality from 

pulmonary fibrosis comorbidities, as physiological age tied to telomere length may drive 

mortality more significantly than chronological age. Unfortunately, due to the study's 

retrospective design, the precise cause of death for participants remained uncertain. 

Although z-score standardization allowed within-group racial/ethnic differences in 

standardized leukocyte telomere length, the methodological heterogeneity precluded 

direct comparison of absolute leukocyte telomere lengths between cases and controls. 

Furthermore, treating all Asian participants as a single group, despite clear differences in 

socioeconomic position, culture, and immigration history among various Asian ethnicities, 
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may have introduced less precision. Lastly, residual confounding variables influencing 

leukocyte telomere lengths may have persisted, even after adjustments. Nevertheless, 

the large sample size and diverse geographic regions should mitigate these effects. 

In conclusion, this innovative research offers unique insights into the 

etiopathogenesis of pulmonary fibrosis across racial and ethnic groups, providing a 

roadmap for future studies. These investigations could provide greater insight into the 

potential value of hormonal-based interventions in pulmonary fibrosis, looking to 

ameliorate telomere loss or impact clinically relevant outcomes, thus paving the way for 

more personalized and effective treatment strategies. 
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Chapter III 

Prognostic and theragnostic impact of telomere length in  

fibrotic hypersensitivity pneumonitis 

 

Introduction 

Recent advances in clinical trials have demonstrated a significant impact of 

antifibrotic therapies in decelerating lung function decline in patients suffering from IPF 

and progressive fibrosing interstitial lung disease (PF-ILD)[69]. These promising results 

are replicated even in the case of scleroderma-associated ILD, despite the concurrent 

application of the immunosuppressive therapy mycophenolate mofetil [70]. 

However, the therapeutic landscape for other forms of ILD such as fibrotic 

hypersensitivity pneumonitis remains somewhat barren, with a distinct lack of prospective 

data available. My prior research suggested the potential efficacy of mycophenolate 

mofetil in treating fibrotic hypersensitivity pneumonitis, with findings pointing towards a 

decrease in adverse events, a reduction in the required prednisone dosage, and overall 

improvements in lung function when compared to the sole use of prednisone [71]. 

Nevertheless, this premise demands further exploration through prospective studies. 

Intriguingly, my previous research also illustrated a correlation between short leukocyte 

telomere length and a higher mortality rate among patients with ILD [26]. Further, another 

recent investigation presented evidence suggesting that leukocyte telomere length might 

have a notable influence on the patient's response to immunosuppressive therapy [57]. 

In that study, it was found that patients suffering from IPF with shorter leukocyte telomere 
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length experienced a heightened risk of death, the need for lung transplantation, and 

decline in their forced vital capacity when exposed to immunosuppressive therapy, which 

included mycophenolate mofetil. 

Taking into consideration these intriguing findings, I sought to probe whether 

similar outcomes were observable in patients diagnosed with fibrotic hypersensitivity 

pneumonitis [60]. Consequently, I hypothesized that patients with chronic hypersensitivity 

pneumonitis and exhibiting short leukocyte telomere length would demonstrate a higher 

prevalence of both death and disease progression when compared to their counterparts 

with longer leukocyte telomere length. As the exploration of the relationships between 

telomere length, genetic factors, and treatment response continues, our hope is that our 

findings will contribute to the knowledge pool and eventually lead to more personalized 

and effective treatment strategies for individuals living with chronic hypersensitivity 

pneumonitis and other interstitial lung diseases. 

 

Methods 

Study design, age, and pharmacotherapeutic categorization 

The study population consisted of a diverse group of participants from multiple centers. 

This cohort was prospectively enrolled, and comprised of consenting individuals who had 

a confident multidisciplinary diagnosis of chronic hypersensitivity pneumonitis. Our 

participants were from four institutions; the University of Chicago, University of California 

San Francisco, University of California Davis, and University of Texas Southwestern, 

Dallas. They were enrolled between September 2003 and December 2019, thus providing 
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us with a long-range, dynamic dataset. All procedures involved were approved by the 

relevant institutional review boards to ensure ethical compliance. Genomic DNA was 

extracted from peripheral blood leukocytes of the patients, and telomere lengths in these 

DNA samples was measured using quantitative PCR, performed in triplicate to ensure 

reliability [72]. The telomere length was adjusted for age using data from normal controls, 

creating a baseline for comparison across our diverse set of patients. Additionally, I took 

into account potential variations across different study sites by standardizing telomere 

lengths through normalization, ensuring that our data remained consistent and valid 

regardless of the source. To further delineate our data, I categorized the standardized 

telomere lengths into quartiles. This categorization was crucial for understanding the 

distribution and trends within our study cohort and allowed us to more effectively test our 

hypothesis regarding the role of telomere length in chronic hypersensitivity pneumonitis 

outcomes. 

To glean the required clinical information about our study participants, I used their 

electronic medical records. These records were instrumental in providing us with an in-

depth understanding of each patient's medical history and current health status. I also 

used these records to confirm the vital status of our participants, supplementing this 

information with the US Social Security death index for verification. In order to maintain 

the integrity and specificity of our study, I excluded any patients who had received 

azathioprine either prior to or during the study period, as this could potentially confound 

my results. This step led to the exclusion of 19 participants from our analysis. I applied a 

binary categorization to our study population based on their pharmacotherapeutic 



 63 

regimen. Specifically, I differentiated between those who had been on a mycophenolate 

mofetil therapy of 500 mg or more per day for at least a month during the study period, 

and those who had not. This categorization was crucial in allowing me to understand the 

potential effects of this therapy on telomere length and the outcomes of patients with 

chronic hypersensitivity pneumonitis.  

 

Statistical analyses 

I utilized a propensity score approach, a powerful statistical tool that helped me 

predict the conditional probability of a patient receiving mycophenolate mofetil (MMF) 

treatment. This methodology ensured a balanced comparison and helped in managing 

potential confounding factors that could bias my results. Variables considered in the 

propensity score model included demographic factors such as age and sex, as well as 

smoking status and the use of prednisone therapy. To delve deeper into disease severity, 

I incorporated several physiological indices into our model. These indices included the 

forced vital capacity (FVC) and the diffusing capacity of the lung for carbon monoxide 

(DLCO), which are widely recognized as critical measures of lung function. I also 

considered the severity and distribution of fibrosis, the presence of usual interstitial 

pneumonia patterns, the degree of traction bronchiectasis, and the appearance of ground 

glass opacities and mosaic attenuation. 

I utilized inverse probability of treatment weighting (IPTW) to estimate the average 

effect of treatment on time-to-event outcomes [73]. This allowed me to neutralize any bias 

due to confounding variables and helped create an "apples-to-apples" comparison across 
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different groups of patients. To visualize these results, I plotted survival functions using 

the Kaplan-Meier estimator and employed Cox proportional-hazards models to estimate 

hazard ratios. I computed the transplant-free survival time as the time from the start of 

immunosuppressive therapy to the occurrence of a significant event such as death, lung 

transplantation, loss to follow-up, or the end of the study period. In all multivariable 

outcome models, I adjusted for variables that were imbalanced across groups and 

controlled for differences between centers. In instances where missing data was 

encountered, I applied a statistical technique known as multiple imputation using chained 

equations. This allowed me to create a complete dataset for our analyses. I limited this 

approach to covariates with less than 20% missing data to maintain the robustness of 

these results. 

In this investigation, I further included a comprehensive longitudinal analysis of the 

percentage predicted values for FVC and DLCO using linear mixed-effects models with 

restricted maximum likelihood modelling and an autoregressive structure. To align the 

time-course in all patients, I grouped pulmonary function tests into 90-day epochs. This 

enabled me to examine the evolution of FVC and DLCO over time and to assess their 

association with disease progression and outcomes. These statistical analyses were 

completed using Stata, a comprehensive software package that provided the necessary 

tools for managing, analyzing, and graphing the data.  
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Results 

Our study focused on a cohort of 208 patients diagnosed with fibrotic 

hypersensitivity pneumonitis. Of these, 19 were excluded due to the receipt of 

azathioprine before or during the investigation period, resulting in a final group of 189 

patients. This diverse cohort, comprised of individuals from various backgrounds, served 

as a solid foundation for the rigorous analysis that followed. The cohort consisted of a 

relatively balanced mix of sexes, with females representing 51% of the total. 

Predominantly, the cohort was white (85%), with a median age of 65 years, and a 

substantial percentage (47%) had a history of tobacco use. Regarding the physiological 

indices of disease severity, baseline measures of FVC and DLCO, both as percentages 

of the predicted values, stood at 65% and 53%, respectively. Moreover, around 52% of 

patients had undergone a surgical lung biopsy, and 75% received corticosteroids, 

reinforcing the severity of the disease in the cohort (Table 3.1). 

  Table 3.1 Baseline characteristics of fibrotic hypersensitivity 
pneumonitis (HP) study population. 
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Median MMF exposure time was similar between patients with TL in the first 

quartile (Q1) and those in the second to fourth quartiles (Q2–Q4) (10 months (IQR 5–16 

months) versus 10 months (IQR 4–23 months); p=0.86). Use of corticosteroid therapy 

was similar between both groups (Q1 77.1% versus Q2–Q4 74.5%; p=0.72). Baseline 

FVC was lower in Q1 patients that received MMF when compared to those that did not 

receive MMF (63.2±18.2% versus 74.1±14.7% pred; p=0.029). Similarly, baseline DLCO 

was lower in Q2–Q4 patients who received MMF than those that did not receive MMF 

(48.2±20.3% versus 58.2±24.4% pred; p=0.011). 

Each quartile decrease in TL was associated with a stepwise decrease in 

transplant-free survival (Figure 3.1). Crude mortality rates were higher for Q1 patients 

when compared to Q2–Q4 (27.3 deaths per 100 person-years versus 8.4 deaths per 100 

person-years; p=0.0002). In propensity score-adjusted analyses, Q1 patients had 

increased mortality overall when compared to Q2–Q4 (HR 3.29, 95% CI 1.56–6.95; 

p=0.002). When compared to Q1 patients who did not receive MMF, survival was 

improved in Q2–Q4 patients who received MMF (HR for interaction term 0.17, 95% CI 

0.05–0.61; p=0.007), but not in Q2–Q4 patients who did not receive MMF (p=0.13), or in 

Q1 patients who received MMF (p=0.87) (figure 1c and d). Significant interaction existed 

between MMF and TL for Q3 (HR 0.19, 95% CI 0.05–0.70; p=0.013) and Q4 (HR 0.18, 

95% CI 0.06–0.57; p=0.003), but not for Q1 (p=0.72) or Q2 (p=0.37). Seven patients were 

censored due to lung transplantation, all with TL above the first quartile. Those who 

received MMF appeared more likely to undergo lung transplantation (n=6; 10%) 
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compared to those who did not receive MMF (n=1, 2%; p=0.066). Importantly, irrespective 

of TL, annualized change in FVC and DLCO measurements did not differ with MMF use. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 3.1 Quartiles of telomere length predict transplant-
free survival in fibrotic hypersensitivity pneumonitis. 

Figure 3.2 Propensity score-adjusted Cox regression theragnostic model of 
survival in fibrotic hypersensitivity pneumonitis. 
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Figure 3.3 Scatterplots for lung function trajectory in fibrotic (chronic) 
hypersensitivity pneumonitis stratified by quartile (Q) and mycophenolate mofetil 
(MMF) therapy. 

Figure 3.4 Lung function trajectory grouped by MMF therapy in fibrotic 
hypersensitivity pneumonitis. Forced vital capacity (FVC) % predicted trajectory 
from baseline for the first 24 months grouped by MMF therapy (blue squares and 
dotted lines) versus no MMF therapy (red circles and solid lines) for first quartile 
(Q1), and second to fourth quartiles (Q2–Q4) of TL. f) Diffusing capacity of the 
lung for carbon monoxide (DLCO) % predicted trajectory from baseline for the first 
24 months grouped by MMF therapy versus no MMF therapy for patients with TL 
in Q1, and Q2–Q4. Δ: annualized change in pulmonary function. 
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Discussion 

These analyses show a stepwise decrease in transplant-free survival with each 

quartile decrease in telomere length. Crude mortality rates were notably higher for those 

patients with telomere length in the first quartile when compared to the others. Through 

propensity score-adjusted analyses, we identified that those in the first quartile had a 

higher mortality rate overall. Interestingly, we found improved survival in patients who 

received mycophenolate mofetil and had telomere lengths in the second to fourth 

quartiles, compared to those in the first quartile who did not receive the treatment. 

These findings were echoed in a significant interaction between the treatment and 

telomere length for the third and fourth quartiles. Furthermore, patients who received the 

treatment seemed more likely to undergo lung transplantation. Importantly, regardless of 

telomere length, the annualized change in FVC and DLCO measurements showed no 

significant difference with the use of mycophenolate mofetil. These observations 

underscore that mycophenolate mofetil therapy is not associated with improved survival 

or lung function in patients with fibrotic hypersensitivity pneumonitis and short telomeres. 

This parallels the association in idiopathic pulmonary fibrosis and likely reflects a shared 

pathway in the pathophysiological processes of advanced fibrosis underlying these two 

diseases. 

Contrarily, in the absence of short telomeres, the improved survival associated 

with mycophenolate mofetil in fibrotic hypersensitivity pneumonitis may hint at 

fundamental differences between idiopathic pulmonary fibrosis and fibrotic 
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hypersensitivity pneumonitis. While idiopathic pulmonary fibrosis does not typically have 

an inflammatory component, fibrotic hypersensitivity pneumonitis does, and 

immunosuppressive therapy might alleviate exposure-related alveolar inflammation 

earlier in the disease course. Furthermore, while certain genetic variants are common to 

both diseases, the array of telomere-related mutations and susceptibility-associated gene 

polymorphisms appears to differ in their associations with lung function decline and 

survival across different types of interstitial lung diseases [26, 74]. This study revealed 

key associations fundamental to pharmacotherapy in patients with fibrotic hypersensitivity 

pneumonitis that would serve as a foundation for larger, meticulously designed studies to 

probe the impact of immunosuppressive therapy in patients with telomere mutation 

related ILDs. This will help refine treatment strategies, enhancing their precision and 

effectiveness in addressing this challenging condition. 
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Chapter IV 

Telomere biology disorders associate with autoimmunity in pulmonary fibrosis. 

Introduction  

Pulmonary fibrosis (PF) is a debilitating condition that poses significant challenges 

in terms of diagnosis and treatment. The past two decades have seen the emergence of 

telomere biology disorders (TBD) as an important factor in the pathophysiology of 

pulmonary fibrosis. Currently, there are 14 known genes associated with these disorders, 

which include ACD, CTC1, DKC1, NAF1, NHP2, NOP10, PARN, RTEL1, TERC, TERT, 

TINF2, STN1, WRAP53, and ZCCHC8 [75-80]. Mutations in these genes result in a range 

of multiorgan pathologies considered part of a single disease entity, referred to as a 

telomeropathy, short telomere syndrome, or TBD. The phenotypes of TBDs vary 

depending on the age at diagnosis. Infants diagnosed with TBD typically present severe 

immunodeficiency, bone marrow failure, and gastrointestinal and neurologic dysfunction. 

Adults, on the other hand, may initially present with interstitial lung disease [20, 22, 81], 

emphysema [82], cryptogenic cirrhosis [83, 84], isolated macrocytosis or mild 

cytopenia(s), severe bone marrow failure [85, 86], or hematologic malignancies [87, 88]. 

Recent research efforts have been focused on understanding the prevalence of 

TBD in specific patient populations. Findings from these studies indicate that the 

prevalence of dyskeratosis congenita, a classical TBD presentation, is rare [89]. However, 

between 1% and 10% of adults with interstitial lung disease [20, 81], and up to 30% of 

those with familial pulmonary fibrosis [19, 90] harbor a pathogenic or likely pathogenic 

variant in a known TBD gene. In adults with hematologic disorders, the prevalence is less 
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well characterized, but estimates suggest that up to 5% of patients with aplastic anemia 

and up to 3% of those with myelodysplastic syndrome or acute leukemia carry an inherited 

variant in a TBD gene [85, 91]. The importance of these genetic considerations lies in the 

propensity of patients with TBD to have shorter telomere lengths and experience serious 

complications of standard treatments for sporadic aplastic anemia or interstitial lung 

disease (Figure 4.1). Hence, it is essential to have sensitive and specific diagnostic tests 

to identify these patients, making the study of telomere length an area of critical 

importance. However, challenges in telomere length interpretation, the absence of 

classical mucocutaneous features in most adults with genetically diagnosed TBD, and the 

similarity between typical age-related and TBD-related comorbidities often make it 

challenging to provide a clinical TBD diagnosis without genetic testing and detailed family 

assessment. In this light, the investigation of the prevalence and phenotype of TBD in 

adults with hematologic presentations that should be enriched for TBD, those with familial 

clustering of chronic hematologic abnormalities, and/or aplastic anemia/myelodysplastic 

syndrome/acute leukemia with or without interstitial lung disease, is of utmost importance. 

  Figure 4.1. Telomere-related gene variants often present with shortened telomere 
lengths in kindreds with hematological disorders. 
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Of particular interest is prior collaborative work from our ILD group and that of Dr. 

Jane Churpek [92] (Feurstein S, Adegunsoye A, Mojsilovic D, et al. 2020) performed 

early in my doctoral studies that investigated the yield of genetic testing and phenotypic 

spectra in kindreds with TBDs. Our study of 153 adult probands found that the prevalence 

of inherited pathogenic or likely pathogenic variants in a TBD gene differed according to 

phenotype. Among families where hematologic disorders and interstitial lung disease 

overlap, we found a significantly greater proportion of inherited variants compared to 

those with familial hematologic disorder presentations without interstitial lung disease 

(Figure 4.2). These findings suggest a potentially powerful association between TBD, 

interstitial lung disease, and hematologic disorders. 

 

 

  

Figure 4.2. Causative telomere biology disorders and gene variants compared in 
familial presentations. 
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In this study, a noteworthy pattern of co-occurrence of hematologic and pulmonary 

symptoms emerged among those carrying pathogenic or likely pathogenic variants in 

TBD genes [92]. If these symptoms frequently co-occur in individuals carrying variants in 

TBD genes beyond TERT and TERC, then personal and/or family history combination 

may be especially useful in selecting who to test. Interestingly, inflammatory and 

autoimmune-disease-related interstitial lung disease phenotypes were noted in several 

families. This was particularly prevalent in family 865, wherein all three members with ILD 

demonstrated a consistent pattern of chronic hypersensitivity pneumonitis. The presence 

of non-diagnostic autoimmune features was observed among four patients, marked by 

positive antinuclear antibodies. Notably, isolated instances of Raynaud's phenomenon 

and psoriasis were each identified in a single family. A microscopic examination of lung 

tissues revealed widespread lymphoplasmacytic infiltration in five out of six patients. 

Similarly, the results from bone marrow biopsies of two carriers of pathogenic or likely 

pathogenic variants highlighted notable lymphoplasmacytic infiltrates alongside clusters 

of plasma cells and eosinophils. However, comprehensive autoimmune serology panels, 

were not available for many carriers. The overlap and distribution of hematologic, 

pulmonary, and autoimmune features among our confirmed carriers of pathogenic or 

likely pathogenic variants is illustrated in a Venn-Euler diagram (Figure 4.3). The 

observed interplay of these conditions emphasizes the complex nature of the disease 

manifestation and underscores the need for further exploration into the genetic 

underpinnings of these disorders. 
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  Figure 4.3. Hematologic, pulmonary, and autoimmune features overlap in 
genetically defined TBD kindreds. (A-C) Pedigrees of families with ILD and 
autoimmune features. A circle represents a woman, and a square represents a man. 
Roman numerals indicate generations (I, II, III). A slash through the circle or square 
indicates the person is deceased. The proband is indicated by the arrow. The variant 
carrier status is mut/1 for carriers and 1/1 for wild type. The exact disease/phenotype 
is detailed below the symbol. The pedigree number and the variant found in this 
family are designated above the pedigree. (D) Lung biopsy specimen of confirmed 
TBD variant carrier (669.III.1) with diffuse lymphoplasmacytic infiltrates. Depicted 
are fibroblastic foci with a diffuse lymphoplasmacytic infiltrate (magnification 340, 
hematoxylin and eosin [H&E] staining). (E) Bone marrow biopsy specimen of 
confirmed TBD variant carrier (669.III.1) with diffuse lymphoid aggregates. This core 
biopsy sample shows clusters of lymphocytic aggregates (magnification 310, H&E 
staining). (F) Venn-Euler diagram of the overlap of hematologic, pulmonary, and 
autoimmune phenotypes observed in confirmed variant carriers. The hematologic 
phenotype was divided into 5 different categories: MDS/AML (dark brown), 
macrocytosis/macrocytic anemia (red), neutropenia (teal), thrombocytopenia 
(purple), and AA (peach); the pulmonary phenotype observed consisted of ILD 
(blue). The autoimmune overlap with ILD subtypes is highlighted in green. The 
number within the circles represents the number of patients with this 
disease/combination of phenotypes. 
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This finding is consistent with recent reports that have identified pathogenic or 

likely pathogenic variants in TBD genes in populations with clinically diagnosed 

autoimmune disorders[24].  Similarly, individuals with known TBD pathogenic or likely 

pathogenic variants have been diagnosed with autoimmune diseases [24, 63, 93, 94]. 

Understanding the relationship between autoimmunity, lymphocyte telomere length, and 

TBDs is of immense importance, both clinically and mechanistically. Importantly, knowing 

that immunosuppressive agents may be ineffective or even harmful in the treatment of 

TBD-related bone marrow failure or interstitial lung disease, maintaining a high index of 

suspicion for TBD despite autoimmune features is critical. 

Taken together, these findings underscore the need for further assessments of 

telomere length in larger populations of pulmonary fibrosis patients. This need is based 

on the rationale that autoimmune-related pulmonary fibrosis is prevalent in kindreds with 

telomere biology disorders. Only through this continued investigation can we improve our 

diagnostic and treatment strategies for this complex and challenging condition. 

 
Methods  

Study design and population  

I performed a post-hoc analysis of the multicenter pulmonary fibrosis population in 

which patients were enrolled to investigate the relationship of leukocyte telomere length 

(LTL) with chronological age and mortality across racially diverse pulmonary fibrosis 

cohorts [44]. Patient enrollment occurred prospectively across four geographically 
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disparate U.S. tertiary centers: University of Chicago, University of California San 

Francisco, University of California Davis, and University of Texas Southwestern, Dallas 

over the period from September 2003 to December 2019. 

In this investigation, I first extracted and assembled the cohort data from the 

original study, which consisted of LTL measurements among participants with pulmonary 

fibrosis stratified by race/ethnicity. These measurements were analyzed in connection 

with age and all-cause mortality and were compared with controls. The cohort was 

primarily divided by race and ethnicity into four categories: White, Black, Hispanic, and 

Asian as previously described. 

 

Statistical analyses 

Using binomial logistic regression models, odds ratios (ORs) were calculated in this 

analysis to determine the strength of association between telomere length and the chosen 

clinical predictors of respiratory impairment as the dependent variable, which included 

autoimmune-related interstitial lung disease, binary categorization of forced vital capacity 

below 50% predicted; binary categorization of diffusing capacity of the lung for carbon 

monoxide below 50% predicted; male sex, and IPF status. The predictive power of each 

clinical predictor was tested per quartile decrease in leukocyte telomere length. All data 

were further stratified by the age group at the time of pulmonary fibrosis diagnosis, 

allowing for the generation of age-specific ORs. The generated ORs and associated P-

values were visualized in a comprehensive heat map. Each racial/ethnic group had its 

panel: White (top left, in red), Black (top right, in gray), Hispanic (bottom left, in orange), 



 78 

and Asian (bottom right, in green). Each box within a panel corresponds to a specific age 

group (x-axis) and a particular clinical predictor of respiratory impairment (y-axis). The 

OR and P-value (in parenthesis) were displayed within each box, with an adjacent bar 

scaling the statistical significance of the odds likelihood. The color of each box conveyed 

the magnitude of the statistical significance, with darker colors representing higher 

significance. Furthermore, we examined the specific association between autoimmune-

related lung fibrosis and telomere length. The data from the post-hoc analysis were 

depicted in box plots stratified by race and ethnicity, which illustrated the presence of 

longer telomere lengths associated with autoimmune-related lung fibrosis. This rigorous 

methodology and advanced statistical approach allowed us to delve deeper into the 

complex interplay of telomere biology disorders, autoimmune conditions, and pulmonary 

fibrosis. Importantly, given the post-hoc nature of this study, findings are exploratory and 

require validation in prospective cohorts. All statistical tests were two-sided, and a P-value 

less than 0.05 was considered statistically significant. This analysis utilized the Stata 

software package version 16 (StataCorp LP). All data management and statistical 

analyses were conducted following a pre-specified analysis plan.  

 

Results  

With each decrease in leukocyte telomere length quartile, the age-specific odds 

for developing predictors of respiratory impairment, including forced vital capacity and 

diffusing capacity of the lungs for carbon monoxide, varied across racial groups with 



 79 

pulmonary fibrosis (Figure 4.4). In the sixth and seventh decades of life, decreasing 

leukocyte telomere length was associated with increased odds for idiopathic pulmonary 

fibrosis in White participants, and heightened odds of being male in both Black and White 

participants. 

In assessment of the age-stratified odds for predictors of lung fibrosis with 

decreasing telomere length, White (OR 0.56; P=0.013) and Hispanic (OR 0.22; P=0.017) 

subjects with shorter telomeres in their 5th decade of life had lower odds for autoimmune-

related lung fibrosis, while the odds in Black (OR 0.34; P=0.29) and Asian (OR 0.21; 

P=0.29) subjects appeared lower but did not reach statistically significant thresholds [44]. 

 

  
Figure 4.4. Age-stratified odds for predictors of lung fibrosis with decreasing 
telomere length. 
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Among subjects with CTD-ILD or IPAF, which comprised autoimmune-related 

pulmonary fibrosis, standardized telomere lengths were longer for Black (0.34), Hispanic 

(0.25), and Asian (0.23) subjects than in White subjects (0.06; P<0.001). Similarly, among 

subjects without autoimmune-related pulmonary fibrosis, standardized telomere lengths 

were longer for Black (0.11), Hispanic (0.08), and Asian (0.01) subjects than in White 

subjects (-0.06; P<0.001). Overall, standardized telomere lengths were longer in subjects 

with autoimmune-related pulmonary fibrosis than in those without autoimmune-related 

pulmonary fibrosis across all racial and ethnic groups. 

  Figure 4.5. Autoimmune lung fibrosis is associated with longer telomere length. 

Table 4.1 Differences in Telomere Lengths Stratified by Race and 
autoimmune-related pulmonary fibrosis subtype. 
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Discussion 

This study provided additional insights into the results from our analysis of 

leukocyte telomere length across racially diverse pulmonary fibrosis cohorts. In this 

investigation, I illuminated the sophisticated interplay between autoimmunity traits and 

telomere length across racial groups in understanding the underpinnings of autoimmune-

related pulmonary fibrosis. I also explored the implications of these findings for clinical 

practice, research, and public health. 

My findings reveal intriguing associations between LTL and predictors of 

respiratory impairment. The age-specific odds for developing such predictors with 

decreasing LTL quartiles varied across racial groups, suggesting the existence of intricate 

gene-environment interactions and their implications for the onset and progression of 

pulmonary fibrosis. As environmental factors can modulate the expression and function 

of genes, it is likely that certain external influences could interact with telomere biology 

disorders, autoimmune genes, and HLA genes, leading to an elevated risk of autoimmune 

disease. Future research should therefore focus on elucidating these gene-environment 

interactions and their mechanistic role in autoimmune forms of pulmonary fibrosis. 

Interestingly, in the sixth and seventh decades of life, decreasing LTL was 

associated with increased odds for idiopathic pulmonary fibrosis (IPF) in White 

participants and heightened odds of being male in both Black and White participants. This 

finding underscores the potential interplay of sex differences with disease susceptibility 

mechanisms for pulmonary fibrosis, further suggesting that genetics and biological sex 
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may play a complex role in determining individual susceptibility to pulmonary fibrosis. It 

might be that hormonal or genetic differences across genders modulate the impacts of 

telomere biology disorders and autoimmunity on the development of pulmonary fibrosis. 

Further investigation is warranted to substantiate this hypothesis. 

Notably, I found that autoimmune-related interstitial lung disease (ILD) was three 

to four times more common in Black patients compared to White patients [44]. This 

significant racial disparity points to the importance of investigating genetic and epigenetic 

factors, including telomere biology and HLA genes, alongside sociocultural and 

environmental determinants of health that might contribute to this observed difference. 

Understanding the underlying mechanisms could lead to targeted interventions to reduce 

this disparity and improve outcomes for Black patients with pulmonary fibrosis. 

In an intriguing twist, our results showed that among subjects with connective 

tissue disease-related ILD (CTD-ILD) or interstitial pneumonia with autoimmune features 

(IPAF), Black, Hispanic, and Asian subjects had longer standardized telomere lengths 

than White subjects. This also held true among subjects without autoimmune-related 

pulmonary fibrosis. Moreover, across all racial and ethnic groups, standardized telomere 

lengths were longer in subjects with autoimmune-related pulmonary fibrosis than in those 

without. This suggests that the relationship between telomere length and autoimmune-

related pulmonary fibrosis is complex and multifactorial, possibly involving interplay with 

other genetic and environmental factors. A more nuanced understanding of these 

associations could have important clinical implications, potentially informing personalized 

treatment strategies and prognostications for patients with pulmonary fibrosis. 
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Overall, this study underscores the need to further investigate telomere biology 

disorders, autoimmunity genes, and HLA genes in larger, racially diverse cohorts of 

pulmonary fibrosis patients. We also highlight the importance of considering the potential 

influence of gene by environment interactions and sex differences on disease 

susceptibility. Ultimately, these avenues of research could lead to novel insights into the 

pathogenesis of pulmonary fibrosis and inform strategies for prevention, early detection, 

and personalized treatment, which in turn could greatly improve patient outcomes and 

quality of life. 
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Chapter V 

Mutations in PDE4DIPP, ZNF683, SFRP5, MIR6077, RPSAP72, WASIR2, 

GAPDHP27 and CNTNAP3P2 drive honeycomb fibrosis in multiethnic populations 

 

Introduction  

Pulmonary fibrosis is a complex disease characterized by aberrant proliferation and 

differentiation of lung fibroblasts, culminating in the excessive accumulation of 

extracellular matrix (ECM) and, eventually, fibrotic remodeling of lung tissue [27]. This 

process, in its most extreme clinical phenotype is termed honeycombing fibrosis, leads to 

reduced lung function and, ultimately, respiratory failure. This phenotype has a 

devastating effect on survival and has been linked to genetics [95-99]. Several thousand 

genes are known to be differentially expressed in fibrotic lung tissue, implicating multiple 

biological pathways in the pathogenesis of pulmonary fibrosis[100-102]. These include 

ECM formation, degradation, signaling, growth factors, developmental pathways, 

immunoglobulins, complement, and chemokines. However, despite these advances, the 

genetic underpinnings of honeycombing fibrosis remain poorly understood, particularly in 

the context of multiethnic populations. 

 

Despite significant progress in genomic analyses, the impact of ethnicity on genetic 

predisposition to radiologic honeycombing remains unknown. This limitation may be due 

to conduction of prior genetic association studies in non-Black patients as pulmonary 

fibrosis is thought to be more prevalent in subjects of European descent [46]. Despite 
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pulmonary fibrosis affecting diverse ethnicities, polymorphisms such as MUC5B, which 

has been associated with pulmonary fibrosis is notably absent in Africans [52]. I have 

previously conducted qualitative and quantitative honeycombing-focused studies in 

collaboration with experts in ILD radiology using standardized scoring methods [30, 103-

106]. To assess the genetic factors associated with radiologic honeycomb fibrosis, a 

transcriptome-wide investigation across diverse races/ethnicities is needed. My 

preliminary data from the phenomics analysis of 4792 participants with pulmonary fibrosis 

across the US underscores the need for such an investigation [11]. This analysis 

demonstrated an earlier age at pulmonary fibrosis diagnosis and devastating clinical 

outcomes, despite similar prevalence of radiologic honeycombing among Black (37.1%) 

and White (37.0%) patients with pulmonary fibrosis [30].  

 

Notably, the influence of genetic variations and environmental factors such as smoking 

on disease pathogenesis has been increasingly recognized. Cigarette smoke, for 

instance, has been shown to impact the lung epigenome and alter methylation patterns 

of specific promoters of genes implicated in the pathogenesis of pulmonary fibrosis[107-

109]. This insight provides an impetus for further exploration of the gene-environment 

interaction in the pathogenesis of honeycombing fibrosis. It has been established that 

approximately 20% of IPF cases are familial, with causative mutations identified in genes 

involved in telomere function, protein folding, and secretion, impacting the function of 

epithelial cells [110-114]. This underscores the critical role of epithelial cell dysfunction, 

particularly of alveolar type 2 (AT2) cells, in IPF pathogenesis. With advanced age, AT2 
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cells exhibit compromised proliferative capacity, leading to defective epithelial 

maintenance that could potentially contribute to progressive lung fibrosis[115, 116]. 

 

Whilst gene expression profiling has provided insight into genes differentially expressed 

in pulmonary fibrosis, the focus of these studies has largely been on IPF as a whole rather 

than honeycombing fibrosis specifically. Furthermore, although diagnostic and prognostic 

biomarkers have been identified through peripheral blood profiling, the reliability of these 

markers in predicting baseline and short-term changes in forced vital capacity (FVC), a 

key measure of lung function, remains limited. Therapeutic approaches for IPF, including 

those that target inflammatory and tissue remodeling pathways, have been largely 

unsuccessful in the clinic [117]. This failure is attributable, in part, to the lack of 

comprehensive understanding of the disease and the absence of predictive biomarkers. 

Indeed, while studies have utilized microarray profiling and single-cell RNA sequencing 

to identify differentially regulated genes and pathways in IPF, our knowledge of the 

mechanisms that contribute to severe/end-stage IPF, characterized by severe 

honeycombing fibrosis, is very limited. 

 

The objective of my study was to identify eGenes associated with radiologic honeycomb 

fibrosis in a multiethnic cohort of patients with diverse subtypes of pulmonary fibrosis. My 

central hypothesis is that genes, beyond MUC5B, are associated with radiologic 

honeycombing, differ across ethnicities and impact survival. Specifically, for this study, I 

hypothesize that changes in peripheral blood gene expression would be predictive of 
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radiologic honeycomb fibrosis. These findings can be used to derive a gene expression-

based predictor of progressive pulmonary fibrosis in independent pulmonary fibrosis 

cohorts and will be crucial for determining pathways and cell types underpinning this gene 

predictors of disease progression in pulmonary fibrosis. 

 

This dissertation chapter aims to address this critical knowledge gap by investigating the 

role of specific gene mutations in driving honeycombing fibrosis in multiethnic 

populations. Through the analysis of transcriptomic data and identification of differentially 

expressed genes associated with honeycombing fibrosis, I hope to provide new insights 

into the genetic drivers of this disease phenotype. This knowledge could contribute to the 

development of targeted therapeutic strategies and precision medicine approaches for 

this devastating disease. 

 

Methods  

Study design, ILD subtypes, and categorization of honeycombing 

Our study population consisted of a multiethnic group of sequentially consented 

participants with pulmonary fibrosis from the University of Chicago. This cohort was 

prospectively enrolled, and comprised of consenting individuals who had a confident 

multidisciplinary diagnosis of pulmonary fibrosis including IPF, fibrotic hypersensitivity 

pneumonitis, CTD-ILD, IPAF, and unclassifiable ILD. All subjects were evaluated and had 

blood samples collected between September 2019 and June 2021, thus providing us with 
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a long-range, dynamic dataset. All procedures involved were approved by the relevant 

institutional review boards to ensure ethical compliance.   

Relevant demographic, clinical, pulmonary function, and laboratory data were 

extracted from the ILD clinic evaluations. Subjects were then classified based on the 

documented presence or absence of honeycombing observed on their chest Computed 

Tomography (CT) scans. Imaging was independently reassessed by two experienced 

thoracic radiologists, all the while being uninformed of any other clinical data, to verify the 

consistency of our findings. Both radiologists collaboratively analyzed each High-

Resolution CT (HRCT) scan, reaching a consensus on whether honeycombing was 

present or not. Honeycombing was defined as clustered cystic airspaces, typically 

exhibiting comparable diameters around 3 to 10 mm, predominantly located subpleurally 

with well-defined walls. Ascertainment of subject categorization was performed using a 

previously validated and automated, deep learning-based radiomic classifier that 

predicted radiologic honeycombing on subject chest CT scans. This radiomic 

honeycombing classifier also demonstrated good test performance across a wide range 

of subjects and similarly discriminated survival when compared to radiologist determined 

honeycombing. 

 

RNA Extraction and Processing 

I performed gene expression analysis using the PAXgene Blood RNA Kit (QIAGEN 

GmbH) for the extraction and purification of intracellular RNA from whole blood collected in 

the PAXgene Blood RNA Tube. Whole blood containing peripheral blood mononuclear cells 
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(PBMCs) were obtained from diverse cohorts of patients diagnosed with pulmonary 

fibrosis. Total RNA was extracted from these cells following standard protocols, then 

purified and quality-checked to ensure the integrity of the RNA samples. After plating in 

the Gilad lab, samples were transferred to the Genomics core for expression quantification. 

 

Bulk RNA Sequencing and Preprocessing 

Bulk RNA sequencing using the NovaSeq 6000 platform (Illumina, San Diego, CA) 

was performed on the extracted RNA to quantify gene expression levels. The data were 

preprocessed following a rigorous bioinformatics workflow to remove technical noise and 

correct for batch effects, ensuring accurate and unbiased results (Figure 5.1, 5.2 and 

5.3). Reads were mapped to the human (hg38) genome and counted for each gene. 

 

  
Figure 5.1. Bioinformatic workflow used for the transcriptomic analysis. 
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Figure 5.2 Quality control pipelines and filtering approach used for the dataset. 

Table 5.1 Spliced Transcripts Alignment (STAR) alignment QC data 
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Data Import and Transformation 

The data were imported into an R environment using the read.csv function. The 

data matrix was transposed to orient the patient samples as rows and the gene counts 

as columns, following standard conventions for downstream statistical analysis. After 

ensuring the correct orientation and format, the data were transformed into a form suitable 

for the principal component analysis (PCA) and other statistical analyses. 

 

Statistical Analysis 

The statistical analysis was conducted within the R environment, utilizing packages 

specifically designed for the analysis of high-throughput sequencing data. 

 
Normalization and Variance Stabilization 

The raw count data obtained from the RNA-sequencing were normalized using the 

variance-stabilizing transformation (VST) function implemented in the DESeq2 package. 

This method corrects for library size differences and stabilizes the variance across the 

mean, permitting the use of standard statistical techniques on the normalized count data. 

 

Principal Component Analysis 

Principal Component Analysis (PCA) was performed on the VST-normalized data 

to visualize overall sample clustering and identify potential outliers. PCA was performed 

using the prcomp function in R, which computes the principal components of the data 

matrix. PCA is a useful technique to reduce the dimensionality of the data and visualize 
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patterns and structures. This unsupervised technique projects the data into a lower-

dimensional space, with the axes (or principal components) chosen to maximize the 

variance in the data. The PCA results were saved in .csv and .txt files for further analysis.  

 

Batch Effect Adjustment 

Potential batch effects were assessed visually using PCA plots and statistically 

using surrogate variable analysis. Where significant batch effects were detected, they 

were corrected using ComBat, a method that uses empirical Bayes models to adjust for 

known batch effects. This tool is designed to correct batch effects in high-throughput data, 

and this process ensures that any observed differences are due to biological variation 

rather than technical or batch-related factors. After batch correction, PCA was rerun on 

the corrected data to visualize the changes (Figure 5.3). 

 

Differential Expression Analysis 

Differential gene expression between the groups was assessed using DESeq2, a 

software in R designed specifically for differential analysis of count data. DESeq2 uses a 

negative binomial distribution to model the count data, then applies shrinkage estimators 

for both dispersion and fold change to improve stability and interpretability of estimates. 

This method is particularly robust for datasets with small sample sizes. DESeq2 is 

designed to analyze count data from high-throughput sequencing assays such as RNA-

seq. This step identified genes that were differentially expressed in patients with 

pulmonary fibrosis, specifically those with honeycomb fibrosis. 
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Correction for Multiple Testing 

Given the large number of simultaneous tests performed in a transcriptome-wide 

analysis, the Benjamini-Hochberg procedure was used to adjust the p-values for multiple 

testing, controlling the false discovery rate (FDR). An FDR threshold of 0.05 was used to 

identify differentially expressed genes. 

 

Gene Set Enrichment Analysis 

Gene ontology (GO) and pathway analysis were performed on the differentially 

expressed genes using the clusterProfiler package in R. This method identifies over-

represented GO terms and biological pathways among the differentially expressed genes, 

providing insights into the biological processes affected in the disease state. GO 

enrichment analysis was performed to identify enriched biological processes, molecular 

Figure 5.3 Correction of batch effects in the transcriptomic analysis 
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functions, and cellular components among the differentially expressed genes. The 

enrichGO function from the clusterProfiler package in R was used to conduct this 

analysis, using the human gene annotation database from org.Hs.eg.db. An FDR-

adjusted p-value threshold of 0.05 was used to identify significantly enriched terms and 

pathways. 

 

Visualization of Results 

Results from the differential expression analysis were visualized using volcano 

plots, which plot the log2 fold changes against the negative logarithm of the adjusted p-

values. This allows for the easy identification of significantly differentially expressed 

genes. The EnhancedVolcano package was used to generate these plots in R. A heatmap 

was generated to visualize the expression patterns of differentially expressed genes 

across the sample groups. The heatmap was produced using the ComplexHeatmap 

package in R, with hierarchical clustering performed on both the genes and samples to 

group together those with similar expression patterns. Genes were represented in rows 

and patient samples in columns. The color scale was set to represent Z-scores, which 

were calculated from the normalized gene counts. 

The entire analytical process was conducted under a reproducible research 

framework, ensuring that all code and data manipulations can be reviewed and replicated. 
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Results  

 Demographic and clinical features of the study cohort differed by honeycombing 

fibrosis status at study enrollment (Table 5.2). Subjects with honeycombing fibrosis were 

older (71 +/- 10years vs 63+/-14years; P=0.002), and more likely to be male (67% vs 

46%; P<0.0001).  Honeycombing fibrosis was more prevalent among subjects with a 

clinical diagnosis of IPF (50% vs 12%), and less prevalent among subjects with a clinical 

diagnosis of CTD-ILD (7% vs 30%; P=0.001). DTA Honeycombing score was higher 

among subjects with honeycombing fibrosis compared to those without (10.8 (13.3) vs 

1.4 (3.0); P<0.0001). In contrast to White subjects, Black subjects were more likely to lack 

honeycomb fibrosis, however these differences did not reach statistical significance 

(P=0.17). 

 

 

 

 

 

 

 

 

 

 

Table 5.2 Clinical Demographics in Pulmonary Fibrosis Study Cohort 
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 In this study, we probed the genetic landscape of pulmonary fibrosis in multiethnic 

populations with a particular focus on the identified mutations that drive honeycomb 

fibrosis. The results of our transcriptomic analyses of honeycomb fibrosis patients 

illuminated a myriad of differentially expressed genes (DEGs). Our approach of utilizing 

bulk RNA sequencing allowed us to discern significant alterations in the expression of 

eight particular genes —PDE4DIPP, ZNF683, SFRP5, MIR6077, RPSAP72, WASIR2, 

GAPDHP27, and CNTNAP3P2— all of which are now identified as crucial drivers of 

honeycomb fibrosis (Figure 5.4). Furthermore, our findings underscored ZNF683, a zinc 

finger protein coding gene located on chromosome 19, as a central player in the 

regulation of gene expression within this pathology. Each gene exhibited robust 

differential expression between honeycomb fibrosis patients and controls, underscoring 

their potential pathogenic roles.  

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 5.4 Differentially expressed gene variants for honeycomb pulmonary fibrosis 
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A second set of genes that caught our attention included IGHV7-4-1, IGKV1, 

IGLV3, IGHA2, IGLV2, and IGKV2, all of which encode immunoglobulin heavy or light 

chain variable region proteins (Figure 5.5). They are primarily located on chromosomes 

2, 14, and 22. IGHV7-4-1, an immunoglobulin heavy chain variable region protein-

encoding gene located on chromosome 14, exhibited a unique expression pattern, 

suggesting its potential role in the immune response associated with honeycomb fibrosis. 

The MYOM2 gene, which codes for a muscle-related protein and is located on 

chromosome 8, also displayed a distinctive expression profile indicative of its possible 

involvement in the myofibroblast-related, structural, and functional aspects of honeycomb 

fibrosis. ATP1A4, an ATPase family gene located on chromosome 1, emerged as another 

significant player in honeycomb fibrosis, underpinning the crucial role of ion transportation 

across cellular membranes in this disease.  

  Figure 5.5 Heatmap and enriched pathways for honeycombing in the pulmonary 
fibrosis dataset 
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A comprehensive Gene Ontology (GO) enrichment analysis of our RNA-seq data 

revealed a distinct over-representation of certain biological processes and pathways 

among the DEGs. Our results highlighted the involvement of multiple developmental 

pathways, including the development of primary sexual characteristics, reproductive 

structure development, sex differentiation, and gonadal development. Furthermore, other 

biological processes were implicated such as cerebrospinal fluid circulation and 

norepinephrine metabolic process. Importantly, genes involved in the cellular response 

to hepatocyte growth factor and the regulation of steroid hormone secretion also 

appeared enriched. The findings also pointed to a possible role for pathways regulating 

receptor binding and cellular motility, including cilia movement. 

Focusing on the top 16 differentially expressed genes, we identified significant 

alterations in the expression of genes involved in key biological processes and pathways. 

Importantly, the DEGs surpassing a stringent P-value threshold of 10e-6 and a log2 fold 

change cut-off include PDE4DIPP, ZNF683, SFRP5, MIR6077, RPSAP72, WASIR2, 

GAPDHP27, and CNTNAP3P2. Each of these genes demonstrated a robust differential 

expression pattern in honeycomb fibrosis patients, highlighting their potential contribution 

to disease pathogenesis. 

The gene PDE4DIPP, a phosphodiesterase known to regulate cyclic AMP levels, 

showed significantly increased expression in honeycomb fibrosis patients. Upregulation 

of PDE4DIPP suggests potential dysregulation of cyclic AMP signaling in these patients. 

In contrast, ZNF683, a transcription factor vital for natural killer cell maturation, 

demonstrated decreased expression, implying the involvement of the innate immune 
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response in honeycomb fibrosis. The gene SFRP5, involved in the modulation of Wnt 

signaling, was also observed to be downregulated. This aligns with the critical role of 

aberrant Wnt signaling in fibrosis [118, 119]. In tandem, MIR6077, a non-coding RNA, 

was markedly downregulated, hinting at a possible post-transcriptional regulation 

contributing to disease pathology. 

Two genes involved in ribosomal function and protein synthesis—RPSAP72 and 

GAPDHP27—were also differentially expressed. RPSAP72 was significantly 

downregulated, and GAPDHP27 was downregulated, suggesting dysregulation of protein 

synthesis machinery in honeycomb fibrosis. The gene WASIR2, associated with actin 

filament organization, showed decreased expression, pointing to potential cytoskeletal 

rearrangements. Lastly, CNTNAP3P2, a gene implicated in cell adhesion, was also 

downregulated, suggesting a disruption in cellular communication and integrity.  

These results are consistent with the GO enrichment analysis which revealed 

significant enrichment of biological processes linked to immune responses, ECM 

remodeling, cell adhesion, and Wnt signaling pathway. Notably, pathways associated with 

innate immunity and ECM interactions were particularly enriched, further reinforcing our 

initial findings from the differential gene expression analysis. 

Finally, we examined the expression patterns of our identified genes across 

different racial/ethnic groups (Figure 5.6). Notably, significant expression differences 

were found across these groups, providing compelling evidence that genetic and 

transcriptomic variations contribute to the observed racial disparities in the temporal 

incidence of honeycomb fibrosis and disparities in outcomes. Overall, our results unveil 
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a comprehensive transcriptional landscape of honeycomb fibrosis, highlighting the key 

role of identified genes, which may serve as potential targets for therapeutic interventions.  

 

 

  

Figure 5.6 Race-stratified differentially expressed gene variants for honeycomb 
pulmonary fibrosis. 



 101 

 

Discussion 

Our investigation into the genetic underpinnings of honeycomb fibrosis, particularly 

in multiethnic populations, has revealed compelling insights into the genomic landscape 

of this complex disease. The novel aspect of this work lies in its focus on honeycomb 

fibrosis, a pathological feature that has remained understudied in comparison to broader 

idiopathic pulmonary fibrosis. As the first transcriptomic study of honeycombing, it 

provides a foundation for understanding the genetic influences driving the development 

and progression of this distinctive radiological hallmark of progressive fibrotic diseases. 

Our results identified eight significantly differentially expressed genes—

PDE4DIPP, ZNF683, SFRP5, MIR6077, RPSAP72, WASIR2, GAPDHP27, and 

CNTNAP3P2—emerging as critical drivers of honeycomb fibrosis. Interestingly, our 

results suggest a potential shift in gene expression regulation within honeycombing 

lesions, particularly highlighted by the differential expression of ZNF683. This gene, which 

encodes a zinc finger protein involved in gene expression regulation, has previously been 

associated with immune response regulation [120-122]. In contrast, our study reveals its 

potential role in the pathogenesis of honeycomb fibrosis, providing a unique insight into 

the disease's genetic landscape. 

The relevance of PDE4 inhibitors in the context of IPF has gained prominence with 

the promising Phase 2 study results of BI 1015550 [123]. By maintaining forced vital 

capacity (FVC) in patients with IPF, BI 1015550 has demonstrated potential as a 

therapeutic agent capable of altering the course of disease progression. Its efficacy is 
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now being further evaluated in a larger Phase 3 trial (the FIBRONEER trial), not only in 

IPF but also in other phenotypes of progressive pulmonary fibrosis 

[123](ClinicalTrials.gov Identifier: NCT04419506). Interestingly, three PDE4 inhibitors 

have already received approval for the treatment of inflammatory diseases of the skin and 

lung. This emphasizes the utility of PDE4 inhibitors as a therapeutic strategy in conditions 

with an underlying inflammatory component. However, it should be noted that the efficacy 

of PDE4 inhibitors in fibrotic diseases has yet to be fully established. It is fascinating to 

consider the potential implications of our findings regarding the upregulation of 

PDE4DIPP in honeycomb fibrosis, in light of the recent clinical validation of PDE4 

inhibitors. It's plausible that the dysregulation of cyclic AMP signaling, as suggested by 

the overexpression of PDE4DIPP, might be a therapeutic target for honeycomb fibrosis, 

akin to the role of PDE4 inhibitors in IPF. Nevertheless, this hypothesis is still to be 

thoroughly examined. Several questions remain, including whether the dysregulation of 

PDE4DIPP is directly involved in the fibrotic process and whether this pathway's 

modulation can have an actual therapeutic impact. Future studies will be critical in 

elucidating these connections and expanding our understanding of the intricate molecular 

mechanisms underpinning honeycomb fibrosis. 

Further, our attention was drawn to a series of genes encoding immunoglobulin 

heavy or light chain variable region proteins. In particular, the gene IGHV7-4-1, an 

immunoglobulin heavy chain variable region protein-encoding gene, indicated potential 

alterations in the immune response associated with honeycomb fibrosis [124]. MYOM2 

and ATP1A4, genes involved in muscle-related protein synthesis and ion transportation, 
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respectively, further extend the potential genetic influences underpinning honeycomb 

fibrosis. The comprehensive Gene Ontology (GO) enrichment analysis of our RNA-seq 

data provides further depth to our understanding of honeycomb fibrosis at a molecular 

level. A plethora of biological processes and pathways, including those related to 

developmental pathways, cerebrospinal fluid circulation, and norepinephrine metabolic 

process, were highlighted, suggesting a complex interplay of various cellular functions in 

the disease's pathogenesis. Remarkably, genes implicated in the cellular response to 

hepatocyte growth factor and the regulation of steroid hormone secretion also showed 

significant enrichment, potentially pointing to novel pathways involved in honeycomb 

fibrosis. 

When discussing the top differentially expressed genes, we found significant 

expression changes in genes known to be involved in key biological processes and 

pathways. It is of note that these genes demonstrated robust differential expression 

patterns, with each surpassing a stringent P-value threshold of 10e-6 and a log2 fold 

change cut-off. Interestingly, while our results reveal genes such as PDE4DIPP, WASIR2, 

and CNTNAP3P2 that align with known fibrotic processes, they also unveil genes like 

MIR6077, a non-coding RNA, highlighting the potential role of post-transcriptional 

regulation in honeycomb fibrosis [125, 126]. These findings, together with our GO 

enrichment analysis results, build a consistent picture of honeycomb fibrosis as a disease 

with complex pathophysiology. Specifically, they emphasize the intertwining of immune 

responses, extracellular matrix remodeling, cell adhesion, and signaling pathways as 

integral to disease development and progression [27]. 
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A closer examination of gene expression patterns across racial and ethnic groups 

further illuminated potential genetic and transcriptomic contributions to the disparities 

observed in honeycomb fibrosis incidence and outcomes. These findings underscore the 

critical need to consider racial and ethnic variations in genetic studies of fibrotic lung 

diseases and highlight the potential of personalized medicine approaches in managing 

these conditions [46]. 

Overall, our findings present a comprehensive and nuanced view of the 

transcriptomic landscape of honeycomb fibrosis. They underscore the potential role of the 

identified differentially expressed genes as novel markers of disease activity and as 

possible therapeutic targets. Despite these promising results, it is essential to recognize 

the need for further research to validate these findings and explore their mechanistic 

underpinnings in the pathogenesis of honeycomb fibrosis. This work marks a significant 

step forward in the field but also highlights the vast and complex terrain that still needs to 

be navigated in our pursuit of a deeper understanding of honeycomb fibrosis and the 

development of effective therapeutic interventions. 
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Chapter VI 

Integrative whole genome and transcriptomic sequencing identify host defense 

and cell senescence gene variants contributing to pulmonary fibrosis risk. 

 

Introduction  

Pulmonary fibrosis, a progressive and often fatal fibrotic lung disease, presents a 

significant public health challenge across the globe, affecting thousands of individuals 

annually [127]. This disease presents significant heterogeneity in its clinical course, 

varying between rapid progression to a slow, insidious onset. A growing body of evidence 

underscores a substantial genetic contribution to pulmonary fibrosis, with 15-25% of 

patients reporting a family history of the disease [19, 128]. Importantly, this genetic 

underpinning exhibits variation across different racial and ethnic populations, highlighting 

the crucial need for more comprehensive, multiethnic studies [19, 52, 97]. 

Genome-wide association studies (GWAS) have been instrumental in identifying 

the genetic architecture of complex diseases like pulmonary fibrosis, unveiling over 20 

common variant signals linked to disease susceptibility [14, 47, 48, 129-133]. 

Simultaneously, investigations into rare variants have implicated telomere-related genes 

with pulmonary fibrosis [12, 13, 23, 134, 135]. More recently, a robust study leveraging 

the power of whole-genome sequencing (WGS) discovered a genome-wide significant 

common pulmonary fibrosis susceptibility signal adjacent to the 16p telomere, alongside 

a putatively novel association of rare variants at ADA [136]. 
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Common genetic variations in 17 loci have been conclusively associated with 

pulmonary fibrosis, with polymorphisms in the MUC5B gene emerging as a potent genetic 

risk factor [14, 49-51, 97, 137-139]. Interestingly, the distal promoter region of the MUC5B 

gene, particularly the rs35705950 polymorphism, emerges as the most potent risk factor 

for both sporadic and familial IPF [50, 52, 97]. While a considerable volume of genetic 

data has been collected over the years, the causal biological mechanisms underpinning 

these associations remain shrouded in mystery. A deeper understanding of these 

mechanisms holds the key to developing novel therapeutic strategies and advancing our 

knowledge of pulmonary fibrosis pathogenesis. 

The functional implications of genetic variants can often be discerned through their 

impact on gene expression levels. This approach, known as expression quantitative trait 

locus (eQTL) mapping, links genetic variations with alterations in gene expression [36]. 

The Genotype-Tissue Expression (GTEx) project has utilized this methodology on a 

grand scale, revealing that the majority of genes contain regulatory genetic variants [35]. 

The combination of eQTL mapping with co-localization of genetic and eQTL signals offers 

a powerful approach to identify potentially causal genetic risk variants underlying GWAS 

signals. However, most eQTL analyses to date have utilized healthy tissues or generic 

cell lines, potentially overlooking the disease-specific transcriptional changes. Recent 

strides have been made to perform eQTL analyses using disease-relevant tissues and 

cell types [140-142], a lot of which emanated from work out of the Gilad lab. Furthermore, 

GTEx's initiative to perform cell type-interaction eQTL (ieQTL) analyses offers insights 
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into cell type-specificity of genetic regulation of gene expression across human tissues 

[35]. 

Against this background, the current study is designed to investigate the functional 

relevance of common genetic pulmonary fibrosis risk variants across diverse racial and 

ethnic groups. By integrating whole genome and transcriptome data derived from 

peripheral blood—a disease-relevant tissue source, especially in non-IPF phenotypes of 

pulmonary fibrosis where systemic involvement plays a larger role in disease 

pathophysiology—I aim to perform a comprehensive eQTL mapping. This will shed light 

on the effect of genetic variants on local (cis) and distant (trans) gene expression. 

Concurrently, co-localization analysis of eQTL with genetic loci will be used to prioritize 

potential causal risk variants and validate their functional roles. 

My primary objective in this dissertation chapter, "Integrative whole genome and 

transcriptomic sequencing identify host defense and cell senescence gene variants 

contributing to pulmonary fibrosis risk," is to underscore the potential of a multi-omic 

approach in unraveling the complex genetic landscape of pulmonary fibrosis across 

diverse populations. By linking genetic variants to alterations in gene expression, I seek 

to unravel the molecular mechanisms contributing to the pathogenesis of pulmonary 

fibrosis and identify potential targets for therapeutic interventions. Ultimately, the insights 

garnered from our analyses will be pivotal in advancing our understanding of pulmonary 

fibrosis, fostering the development of personalized therapeutic strategies, and addressing 

health disparities in this devastating disease. 
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Methods  

The methodology I employed for this investigation encompasses a multi-tiered 

approach involving comprehensive analyses of genomic, transcriptomic, and clinical 

phenotype data to identify potential gene variants that contribute to pulmonary fibrosis 

risk (Figure 6.1). The study also highlights the power of multi-omic approaches in 

decoding the intricate genetic landscape of pulmonary fibrosis across diverse 

populations. 

  Figure 6.1 Schematic for transcriptomic and eQTL studies of the pulmonary 
fibrosis population 
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Subjects and Tissue Samples 

All human tissue was collected after appropriate IRB and ethical review for the 

protection of human subjects through the University of Chicago. All subjects met 

American Thoracic Society/European Respiratory Society criteria for diagnosis of 

pulmonary fibrosis. Whole genome sequencing and Gene Expression Profiling DNA and 

RNA were isolated using standard methods.  

 

Gene Expression Studies and Data Analysis 

Gene expression profiling was performed using the PAXgene Blood RNA Kit 

(QIAGEN GmbH) for the extraction and purification of intracellular RNA from whole blood 

collected in the PAXgene Blood RNA Tube. Total RNA was extracted from these cells 

following standard protocols, then purified and quality-checked to ensure the integrity of 

the RNA samples. After plating in the Gilad lab, samples were transferred to the 

Genomics core for expression quantification where bulk RNA sequencing using the 

NovaSeq 6000 platform (Illumina, San Diego, CA) was performed on the extracted RNA 

to quantify gene expression levels. RNA sequencing data were available in 92 subjects 

with pulmonary fibrosis and WGS data available; 40 with honeycombing fibrosis and 52 

with non-honeycombing pulmonary fibrosis. Expression array data were normalized using 

cyclic loess. The R package, limma, was used to fit linear models for expression data and 

P values were based on the moderated t statistic followed by false discovery rate (FDR) 

correction to obtain q values. 
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Whole Genome Sequencing, Telomere Lengths, and Ancestral analyses 

I performed whole-genome sequencing (WGS) for all included subjects. The 

acquired WGS data was then subjected to rigorous quality control (QC) checks to ensure 

its robustness and reliability (Figures 6.2 and 6.3). Subsequent to QC validation, we 

matched the sequence to the genotype, a vital step in discerning gene variations 

associated with honeycombing fibrosis.  

Simultaneously, we determined the racial ancestry of study participants utilizing 

the "Admixture" program to analyze PLINK (.bed) files [143]. This software facilitates the 

estimation of ancestry in a model-based manner from large autosomal SNP genotype 

datasets, where the individuals are unrelated.  

  

Figure 6.2 Bioinformatic workflow used for the eQTL analysis 
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Additionally, telomere lengths were estimated from the created WGS bam files 

using the Telseq tool in bash [144, 145]. Telseq measurements offered the estimated 

telomere length for each of 10 possible telomere repeats and provided a summary of 

statistics for the input BAM file, such as the number of mapped and unmapped reads, 

and the number of duplicate reads. These measurements were comparatively analyzed 

in tandem with qPCR and FlowFISH telomere length measurements from the same 

individuals with pulmonary fibrosis. 

 

  

Figure 6.3 Pre-processing and filtering of whole genome sequencing genome 
variant call files. 
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eQTL discovery 

Next, I prepared the input files from WGS, RNAseq, and clinical phenotype data 

for expression quantitative trait loci (eQTL) analyses. eQTL analysis is a powerful 

approach used to link genetic variants to alterations in gene expression. In the context of 

our study, it can provide valuable insights into the molecular mechanisms contributing to 

the pathogenesis of pulmonary fibrosis. Our quantitative trait loci (QTL) models were run 

in QTLtools [146], a toolset for molecular QTL discovery and analysis, where we fit 

expression data to WGS genotyping data and adjusted for age, sex, genotype and 

phenotype principal components, and probabilistic estimation of expression residual 

factors.  

We then performed gene expression quantification and generated Principal 

Component Analysis (PCA) plots to visualize and understand the variance in our dataset. 

Our eQTL discovery comprised several stages: nominal, permutation, conditional, and 

full pass. All these steps are necessary for a robust and comprehensive cis-QTL analysis. 

The nominal pass identifies potential SNP-gene associations, the permutation pass 

corrects for multiple testing issues, and the conditional pass uncovers multiple 

independent cis-QTLs for the same gene. This integrative approach maximizes the 

likelihood of identifying true cis-QTLs while minimizing the risk of false positives. 

Subsequently, we determined the annotation density at QTLs, analyzed QTL enrichment 

in annotations, and investigated the overlap of QTLs with Genome-Wide Association 

Study (GWAS) hits. 
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Colocalization analysis and SNP association tests  

In our study, we employed Bayesian statistical colocalization analysis to dissect 

the intricate genetic associations underlying pulmonary fibrosis [147]. This powerful 

statistical approach allowed us to probabilistically assign shared genetic variants to 

multiple traits, thus revealing the interconnected genetic architecture of disease risk. 

Utilizing this robust method, we were able to integrate multiple datasets and decipher 

complex genotype-phenotype relationships, a critical step in illuminating the genetic 

underpinnings of pulmonary fibrosis.  Moreover, we also performed single nucleotide 

polymorphism (SNP) association tests considering the genotype of each SNP under an 

additive model (0, 1, or 2 effect alleles) and tested for association with pulmonary fibrosis 

using logistic regression. In the association testing we included the covariates age, sex, 

the first 4 phenotype principal components, and the first genotype principal component 

which accounted for estimates of ancestry principal components. To complement our 

genetic analyses, we also investigated gene expression. For this, RNA sequencing data 

were available, which we subjected to an additive effects linear model to test for eQTL 

effect sizes (β) between the four core-region SNPs and each of the expressed genes at 

the extended locus. Gene expression counts were normalized, and we used linear 

regression considering additive genotype effects on gene expression.  

Overall, the integrated approach adopted in this study, encompassing whole-

genome sequencing, eQTL analysis, SNP association tests, and gene expression 
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studies, provides a comprehensive methodology to identify host defense and cell 

senescence gene variants contributing to the risk of pulmonary fibrosis. 

 

Results  

Demographic Characteristics 

The current study cohort comprised 100 participants with an average age of 66 

years, exhibiting a standard deviation of 12 years. Predominantly, males formed the 

majority of the study population (55%), and about one-third of the participants self-

identified as non-White subjects. Among the non-White subjects, autoimmune-related 

subtypes of pulmonary fibrosis were notably prevalent. In contrast, white subjects were 

predominantly afflicted with fibrotic Hypersensitivity Pneumonitis (HP) and unclassifiable 

subtypes. However, these differences did not reach statistical significance. 

  Table 6.1 Clinical Demographics in the Pulmonary 
Fibrosis Study Cohort 
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A crucial finding was the presence of radiologic Usual Interstitial Pneumonia (UIP) 

pattern being more prominent among the White cohort. This cohort exhibited increased 

high-resolution computed tomography (HRCT) evidence of honeycombing, a critical 

component of the UIP pattern. Despite the slight disparity, the mortality patterns remained 

similar between White and non-White subjects, but with significant variability in survival 

time within both groups. 

 

Genetic Ancestry 

Subsequent to the demographic analysis, a global ancestry inference analysis was 

performed at a K=5 threshold. The results demonstrated considerable discordance 

between self-identified race and nominal ancestral markers across all analyzed racial and 

ethnic populations (Figure 6.4). A substantial proportion of individuals who self-identified 

as Black had a high fraction of northern and western European ancestral markers within 

their genome, highlighting that self-identified race is not equivalent to ancestry. 

 

 

  

Figure 6.4 Global ancestry inference demonstrates that self-identified race is not 
equivalent to ancestry. 
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WGS-derived Telomere Length Differences 

Moving onto genomic analysis, telomere length measurements derived from 

whole-genome sequencing (WGS) echoed similar patterns as observed with qPCR 

derived telomere length (Figure 6.5). There was modest to high correlation in the 

telomere length measurements between Telseq, and FlowFISH derived telomere indices 

measured independently on the granulocyte (r=0.58, 95% CI=0.40-0.72; P< 0.0001) and 

lymphocyte (r=0.61, 95% CI=0.46-0.73; P<0.0001) subsets of peripheral leukocytes. 

Shorter telomere lengths were observed in the pulmonary fibrosis subtypes with the most 

abundant radiologic honeycombing patterns present. Subjects with IPF, and 

unclassifiable ILD had the shortest telomere length measurements. While those with 

autoimmune-related pulmonary fibrosis, and background connected tissue disease had 

higher telomere lengths. Corroboratively, WGS-derived telomere lengths were notably 

longer in females and in Black subjects. 

  Figure 6.5 Characteristics of qPCR, WGS, and Flow-FISH telomere lengths in the 
pulmonary fibrosis dataset. 
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Moreover, telomere length was shorter among subjects exhibiting honeycomb fibrosis, 

with this difference being more pronounced in Black and other non-white populations. 

 

Widespread Identification of Gene Variants in Blood from Pulmonary Fibrosis Patients 

We observed modest correlation between Principal Component Analyses (PCAs) 

for WGS and RNA-seq, which persisted after filtering out uninformative XY-linked genes 

(Figure 6.6-6.7). The quantitative trait loci (QTL) discovery process yielded 2,291 loci 

identified after false discovery rate (FDR) correction at P<0.05 (Table 6.2). The majority 

of identified QTL loci were clustered around the gene transcription start site, indicating 

their potential functional relevance. 

 

 

  
Figure 6.6 Heatmap of sex-linked genes and Spearman correlation of phenotype 
vs. genotype principal components. 
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Figure 6.7 Heatmap of phenotype-genotype correlation from regenerated variant 
call files 

Table 6.2 cis eQTL results for genes identified in the NHGRI Catalog of Published 
Genome-Wide Association Studies. 
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Integration of informative genetic loci and gene expression in blood tissue 

The QQ-Plot of QTLs showed optimal distribution of identified loci and the annotation 

density at QTLs and assessment of distance to transcription start site for identified QTLs 

demonstrated that the majority of variants discovered were clustered around the gene 

transcription start site (Figures 6.8-6.10). The eQTL permutation analyses identified 

several genes that represent potential functional loci in the pathogenesis of pulmonary 

fibrosis (Figure 6.11). These top hit genes include loci within the HLA, ZNF, TMEM, LINC, 

MAP3K, and GATD gene families. Overlaying the dataset with the NHGRI-EBI catalog of 

human GWAS studies led to the discovery of novel variants in three genes previously 

associated with Idiopathic Pulmonary Fibrosis (IPF): IVD, DPP9, and DSP (Table 6.2). 

  

  
 Figure 6.8 eQTL permutation pass after FDR adjustment. 
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Figure 6.10 QTL annotation density and distance to transcription start site. 

Figure 6.9 QQ plots depicting QTL distribution. 
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Top gene pathways identified through gene ontology KEGG analyses included 

autoimmune thyroid disease, viral inflammatory organ involvement and Type 1 diabetes 

mellitus, all of which have been associated with the pathogenesis of pulmonary fibrosis 

[148-154]. These analyses also identified the involvement of immunologic T-cell driven 

mechanisms, cellular structure, and MHC protein complex genes linked to HLA pathways 

(Figure 6.12-6.14).   

Figure 6.11 QTL discovery with permutation hits after FDR correction  
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Figure 6.12 Gene ontology (GO) KEGG Enrichment Analysis 
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Figure 6.13 Overrepresented eQTL identified genes. 

Figure. 6.14 Overrepresented eQTL gene pathways.  A. Overrepresentation of 
immunologic gene ontology pathways, primarily T-cell driven mechanisms. B. 
eQTL cellular component. Several MHC protein complex genes noted which are 
linked to HLA pathways. C. eQTL molecular component.  
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IVD (Isobutyryl-CoA Dehydrogenase) 

The gene IVD encodes an enzyme involved in the catabolism of the amino acid 

valine [155]. This metabolic process is critical in the provision of energy for cells and 

tissues, suggesting that disruptions to this process could potentially affect cellular 

homeostasis and contribute to disease pathology. Mutations in the IVD gene have been 

known to cause isobutyryl-CoA dehydrogenase deficiency, a rare metabolic disorder 

[155-157]. Although a direct link between this gene and pulmonary fibrosis remains 

elusive, the implication of a metabolic gene accentuates the role of altered cellular 

energetics in the pathogenesis of pulmonary fibrosis. 

 

DPP9 (Dipeptidyl-Peptidase 9) 

The DPP9 gene encodes a protein that belongs to the S9B family in clan SC of the 

serine proteases [158, 159]. These proteins have dipeptidyl-peptidase activity and are 

thought to play a role in cellular processes, potentially influencing the balance between 

cell proliferation and cell death[160, 161]. Dysregulation of such processes could 

potentially contribute to fibrotic remodeling in pulmonary fibrosis, although specific roles 

and mechanisms involving DPP9 in the pathogenesis of pulmonary fibrosis warrant 

further investigation. 

 

DSP (Desmoplakin) 

DSP encodes a protein that is a critical component of desmosomes, cell-cell 

junctions between epithelial, myocardial, and certain other cell types [162, 163]. 
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Desmosomes maintain the structural integrity of these tissues, and mutations in DSP 

have been associated with various dermatological and cardiac diseases [162, 163]. 

Considering the crucial role of epithelial injury and dysregulation in the pathogenesis of 

pulmonary fibrosis, the implication of a gene critical for epithelial cell integrity suggests a 

potential mechanistic link that warrants further investigation. 

Notably, none of the previously identified variants within these three genes were 

in LD with our eQTL significant hits. 

The overlay of eQTL identified loci with three recent IPF GWAS studies, 

specifically those by Allen et al.[14], Peljto et al.[164], and a meta-GWAS [48] from the 

International IPF Genetics consortium, identified significant variant hits in four genes: 

LRRC37A4P, KANSL1-AS1, LINC02210, and MIR4315-1 (Figure 6.15) (Table 6.3-6.4). 

  Table 6.3 cis eQTL top permutation hits and accompanying multi-GWAS p-values. 



 126 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LRRC37A4P and KANSL1-AS1 

The LRRC37A4P gene, a leucine-rich repeat-containing member, has been 

implicated in immune-mediated genetic pathways that result in pulmonary function 

impairment and increased lung cancer susceptibility [165, 166]. Although classified as a 

pseudogene, these types of genes can exhibit regulatory roles influencing the expression 

of other genes. 

Similarly, the KANSL1-AS1 gene is known to play a role in lung health. As a cell 

type-specific and disease-associated eQTL, it appears to have a critical role in the 

function of ciliated epithelial cells [165, 166]. These cells, present in the lining of the 

respiratory tract, are key to maintaining lung health, suggesting that dysregulation of this 

gene might contribute to the pathogenesis of pulmonary fibrosis. 

 

Table 6.4. cis eQTL–GWAS significant variant hits and variants in linkage 
disequilibrium 
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LINC02210 and MIR4315-1 

The long intergenic non-protein-coding RNA 2210 (LINC02210) and MIR4315-1 

are both non-coding RNAs, which have been shown to be potent regulators of gene 

expression[166-168]. Their roles in pulmonary fibrosis, however, remain to be elucidated. 

 

In addition to these genes, analysis of variants in LD with significant cis eQTL–

GWAS loci identified variants in two additional genes, CD151 and LRRC37A. The CD151 

molecule (Raph Blood Group) is a member of the transmembrane 4 superfamily, also 

known as the tetraspanin family [169, 170]. CD151 is involved in facilitating signal 

transduction events that play a role in the regulation of cell development, activation, 

growth, and motility, implying its potential involvement in the cellular processes 

underpinning pulmonary fibrosis. LRRC37A (Leucine Rich Repeat Containing 37A) [166], 

is located on the human Y chromosome and belongs to a larger gene family characterized 

by leucine-rich repeat (LRR) domains critical for protein-protein interactions and mediate 

various cellular functions. It’s suggested role in immune function and signal transduction 

could impact progression of pulmonary fibrosis. 

After conditioning upon the top SNPs obtained from the permutation analyses, the 

obtained significant SNP-gene associations remained consistent suggesting that their 

effects were accounted for in the model even after repetition of this association test for all 

other SNPs in the region (Table 6.4). 
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Table 6.5 cis eQTL conditional pass identified loci. 
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Colocalization Analysis 

Our research undertook Bayesian statistical colocalization analysis to probe into 

the intricate genetic associations involved in pulmonary fibrosis, focusing on 

honeycombing fibrosis and UIP. With specific emphasis on the loci near the LRRC37A4P, 

KANSL1-AS1, LINC02210, MIR4315-1, LRRC37A, and CD151 genes, the Bayesian 

hypotheses testing aided in the discernment of likely causal variants for the phenotypes 

under investigation. The Bayesian probabilities (H0-H4) obtained from the analysis are 

indicative of the varying hypotheses regarding the potential shared causal variant(s). 

They represent: no association with either trait (H0), association with trait 1 only (H1), 

association with trait 2 only (H2), two distinct causal variants (H3), and a shared causal 

variant (H4) (Table 6.6). 

 

  
Table 6.6. Colocalization analysis for cis eQTL and GWAS significant variant hits 
including variants in linkage disequilibrium. 
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Figure 6.15. Region plots of six novel pulmonary fibrosis susceptibility loci from 
discovery eQTL analysis and GWAS. Each point represents a variant with 
chromosomal position on the x axis and the 2log(P-value) on the y axis. Variants 
are colored in by linkage disequilibrium with the sentinel variant. Blue lines show 
the recombination rate, and gene locations are shown at the bottom of the plot. 
Region plots are shown for the five validated novel pulmonary fibrosis susceptibility 
loci, i.e., (A) the susceptibility signal on chromosome 17 near LRRC37A4P, (B) the 
susceptibility signal on chromosome 17 near KANSL1-AS1, (C) the susceptibility 
signal on chromosome 17 near LINC02210, (D) the susceptibility signal on 
chromosome 17 near MIR4315-1, (E) the susceptibility signal on chromosome 11 
near CD151, and (F) the susceptibility signal on chromosome 17 near LRRC37A. 
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Starting with LRRC37A4P, the Bayesian analysis proposed a likely scenario of two 

distinct causal variants, each influencing a separate trait (H3=6.74e-01), although the 

possibility of a shared causal variant is non-negligible (H4=3.26e-01). The locus near 

KANSL1-AS1 presented a similar scenario (H3=6.85e-01, H4=3.12e-01), implying the 

Figure 6.15, continued. 
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existence of distinct causal variants for each trait but also indicating the potential for 

shared causal factors. Analyzing the leading QTL variant near the LINC02210 gene 

suggested an even stronger possibility of two distinct causal variants (H3=6.68e-01) and 

a significant probability of a shared causal variant (H4=3.27e-01). This result further 

highlighted the complex genetic architecture involved in pulmonary fibrosis, necessitating 

the consideration of both shared and distinct genetic influences on related phenotypes. 

While the lead SNP for MIR4315-1 was significant in both QTL and GWAS 

analyses, there were no other variants in LD with this SNP in either QTL and GWAS 

studies.  

Assessing the locus near the LRRC37A gene presented a nuanced case where 

both distinct (H3=6.13e-01) and shared (H4=5.50e-02) causal variants might be at play, 

with a significant possibility of association with trait 2 only (H2=3.32e-01). In the case of 

the CD151 gene, the Bayesian probabilities analysis strongly suggested (H3=9.99e-01) 

the presence of two distinct causal variants impacting pulmonary fibrosis, each 

influencing a separate trait. This suggests a complex genetic landscape around CD151, 

underscoring the polygenic nature of pulmonary fibrosis (Figure 6.15).  

Collectively, these analyses underscore the intricate and multifaceted nature of the 

genetic influences contributing to pulmonary fibrosis. This research lays critical 

groundwork for untangling the complex genetic landscape of pulmonary fibrosis. It 

underlines the importance of a nuanced view of the genetic architecture, taking into 

account both distinct and shared genetic influences across phenotypes. As we continue 

to unravel these findings, our understanding of the genetic contributions to honeycombing 
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fibrosis and UIP within the broader context of pulmonary fibrosis will be further refined, 

leading to more targeted therapeutic approaches and predictive models. 

Finally, a notable finding was the discordance in regression coefficient (R2) 

between subjects of European ancestry and those of African Ancestry for most significant 

variants in CD151, KANSL1-AS1, and LRRC37A4P. Trans eQTL top variant analyses for 

each gene was unrevealing for significant variants in GWAS studies. These observations 

underscore the importance of studying pulmonary fibrosis in diverse racial groups to 

capture the breadth of genetic variations influencing disease risk and progression. 

In conclusion, the identified genes and variants represent promising starting points 

for further research into the complex genetic underpinnings of pulmonary fibrosis. Their 

potential functional implications highlight key areas such as cellular energetics, cell 

junction integrity, immune regulation, and non-coding RNA-mediated gene regulation as 

integral to disease pathogenesis. However, the findings also emphasize the need for 

deeper investigation, given the observed racial differences in variant associations and the 

multifaceted nature of pulmonary fibrosis pathogenesis.  

To sum up, this study's findings reveal a complex genetic landscape associated 

with pulmonary fibrosis risk across diverse racial groups. The identified genetic variants, 

coupled with eQTL analyses, shed light on potential molecular mechanisms underlying 

the development of honeycombing and UIP patterns in pulmonary fibrosis. 
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Discussion 

The findings obtained in this study underscore the intricate interplay of genetic 

factors contributing to the risk and progression of pulmonary fibrosis, with a particular 

focus on honeycombing fibrosis and UIP patterns. This investigation holds significant 

novelty as it represents the first eQTL study of honeycombing fibrosis conducted within 

multiethnic populations. 

The demographic analysis emphasized significant differences in pulmonary 

fibrosis subtypes based on self-identified race, with autoimmune-related subtypes being 

prevalent among non-White subjects and fibrotic HP and unclassifiable subtypes being 

predominant among White subjects. An intriguing finding was the presence of radiologic 

UIP patterns more common in the White cohort, with an increased incidence of 

honeycombing, which might be an epiphenomenon of the increased propensity for an IPF 

diagnosis in older White individuals [171, 172]. However, mortality patterns did not differ 

significantly based on race, suggesting that genetic factors influencing disease 

progression may not directly translate to survival outcomes.  

A key revelation of this investigation is the discordance between self-identified race 

and genetic ancestry, thus spotlighting the inadequacy of race as a surrogate for genetic 

ancestry in biomedical research. The consideration of genetic ancestry over self-identified 

race could contribute to a more nuanced understanding of disease risk, progression, and 

treatment outcomes, particularly in diseases like pulmonary fibrosis where genetic 

underpinnings are increasingly recognized. 
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Differences in telomere length, a marker of cellular aging, across the different 

pulmonary fibrosis subtypes and racial groups were another notable finding. Specifically, 

shorter telomere lengths were associated with the most abundant radiologic 

honeycombing patterns. This finding implies a potential link between cellular senescence, 

represented by telomere shortening, and honeycombing fibrosis. It also resonates with 

prior research demonstrating the role of cellular senescence in the pathogenesis of IPF, 

although the relationship with UIP needs further exploration [173, 174]. 

In terms of gene identification, the study discovered novel variants in three genes 

previously linked with IPF: IVD, DPP9, and DSP. While these genes are associated with 

various cellular functions such as amino acid catabolism (IVD), cellular processes 

including cell proliferation and death (DPP9), and cell-cell junction integrity (DSP), their 

precise roles in the pathogenesis of pulmonary fibrosis, specifically honeycombing 

fibrosis and UIP, warrant further investigation. 

This study further discovered significant variant hits in four genes—LRRC37A4P, 

KANSL1-AS1, LINC02210, and MIR4315-1—when overlaying eQTL identified loci with 

recent IPF GWAS studies. Of these, LRRC37A4P and KANSL1-AS1 are particularly 

compelling due to their implicated roles in immune-mediated genetic pathways and lung 

health, respectively. However, a deeper understanding of how these genes contribute to 

the development and progression of pulmonary fibrosis and specifically, their role in the 

formation of honeycombing and UIP patterns, is required. 

Finally, the investigation revealed variants in LD with cis eQTL–GWAS significant 

variant hits in two additional genes, CD151 and LRRC37A. The CD151 molecule has a 
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key role in regulating cell development, activation, growth, and motility, suggesting its 

potential involvement in the cellular processes underpinning pulmonary fibrosis [169, 

170]. 

In conclusion, the current investigation highlights a complex landscape of genetic 

variations associated with the risk and progression of pulmonary fibrosis across diverse 

racial groups. By unearthing these novel genetic insights, this study significantly 

advances our understanding of the genetic underpinnings of honeycombing fibrosis and 

UIP patterns. However, it also highlights the necessity for deeper investigation and the 

integration of these findings with pathological and clinical features of the disease. 

These results ultimately underscore the complexity and heterogeneity of 

pulmonary fibrosis, revealing that it is not only a disease marked by diverse pathological 

and clinical manifestations but also by complex genetic underpinnings. As the first eQTL 

study of honeycombing fibrosis in multiethnic populations, it sets the stage for future 

investigations aimed at refining these findings and their implications for improving the 

diagnosis, risk stratification, and treatment of this devastating disease. 
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Chapter VII 

Discussion, Future Directions, and Research Impact 

 

Discussion  

The goal of my doctoral training in Genetics Genomics and Systems Biology was 

to unravel the complex intersection between race, telomeres, and genomics in the context 

of pulmonary fibrosis, which has emerged as a central theme throughout this doctoral 

dissertation. As I parsed out the genetic underpinnings of pulmonary fibrosis my research 

aimed to comprehensively understand the interconnectedness of these elements in a way 

that profoundly shapes the discourse on the etiopathogenesis, diagnosis, and 

management of this enigmatic and devastating disease. 

A seminal theme from my investigation was the pivotal role of telomeres, the 

nucleoprotein structures that safeguard chromosome ends, especially in relation to racial 

and ethnic disparities in pulmonary fibrosis. In chapter II, I meticulously investigated 

leukocyte telomere length across a diverse patient population and demonstrated the 

broad prevalence of shortened telomeres, which consistently correlated with worse 

survival outcomes. Notably, the dynamic interplay between leukocyte telomere length and 

chronological age varied significantly across racial and ethnic groups, suggesting a 

potential divergence from healthy controls. This discovery extends the work of Alder et 
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al., who first reported an association between shortened telomeres and pulmonary 

fibrosis in 2008 [175], and later confirmed by multiple studies, including a 2017 study by 

Newton et al. [26, 176, 177], which established that short telomeres are a risk factor for 

progression of the disease. My findings also echoed prior research associating telomere 

dysfunctions with both familial and sporadic cases of pulmonary fibrosis and importantly, 

further illuminated the impact of telomere shortening on the age of disease onset and 

prognosis. As telomere biology and its associated genetic determinants intersect with 

both physiological aging and cellular senescence processes, my results corroborated the 

involvement of an accelerated biological aging mechanism in pulmonary fibrosis, a view 

supported by other recent studies. 

More interestingly, I noticed the dynamic interplay between leukocyte telomere 

length and chronological age varied significantly across racial and ethnic groups. This 

observation implies a potential divergence from the normal aging process, as reflected in 

healthy controls, a view supported by previous work from several investigators [178-180] 

including Selman et al., 2014 [181],  and Alder et al., 2011 [182], both of whom indicated 

accelerated biological aging mechanisms in pulmonary fibrosis. This unraveling of the 

connection between cellular senescence, represented by telomere shortening, and 

pulmonary fibrosis gives us a deeper appreciation of the complex pathogenesis of the 

disease. 

An intriguing aspect of my investigation pertains to the differential response to 

mycophenolate mofetil therapy based on telomere length among patients with fibrotic 

hypersensitivity pneumonitis. I demonstrated in chapter III, that patients with longer 
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telomeres who received this therapy showed improved survival outcomes compared to 

those with shorter telomeres who did not receive the treatment. This concept is 

corroborated by similar observations in IPF pharmacognostics where Newton et al 

showed in a post hoc analysis of the PANTHER-IPF trial that IPF patients with short 

telomeres who received prednisone, azathioprine and N-acetylcysteine had higher 

mortality profiles [57]. This observation expands upon the recognized concept of 

personalized medicine, suggesting the potential value of considering telomere length in 

treatment decisions. My findings also resonate with earlier studies by Le Saux et al. [183] 

and a 2020 study by Piñeiro-Hermida et al., [184] which emphasized the potential 

therapeutic benefits of using telomerase activators for pulmonary fibrosis. As such, 

considering telomere length in treatment decisions further solidifies the principle of 

personalized medicine, an approach increasingly encouraged by the wider medical 

community. 

Furthermore, my work described in chapter IV established intriguing associations 

between leukocyte telomere length and predictors of respiratory impairment. The odds 

for developing such predictors with decreasing leukocyte telomere length quartiles 

differed across racial groups, suggesting intricate gene-environment interactions and 

their implications for the onset and progression of pulmonary fibrosis. The modulation of 

gene expression and function by environmental factors could interact with telomere 

biology disorders, autoimmune genes, and HLA genes, escalating the risk of autoimmune 

disease. This finding aligns with previous research by Newton et al., 2019 [26], which 

showed telomere length as a predictor of disease progression and survival. It also aligns 



 140 

with work by Armanios et al., 2007 [20], which reported the relationship between telomere 

length and familial pulmonary fibrosis. Therefore, exploring these gene-environment 

interactions and their mechanistic role in autoimmune forms of pulmonary fibrosis will 

further enhance our understanding of this complex disease. 

In chapter V, insights gleaned from my studies on honeycomb fibrosis, a hallmark 

of progressive fibrotic diseases, were particularly novel. I discovered significantly 

differentially expressed genes in peripheral blood of patients with honeycombing, such as 

PDE4DIPP, ZNF683, SFRP5, MIR6077, RPSAP72, WASIR2, GAPDHP27, and 

CNTNAP3P2, further corroborating the multi-dimensional genetic landscape of this 

disease. The genetic architecture of honeycombing fibrosis was observed to be highly 

heterogeneous, consistent with previous studies on pulmonary fibrosis but focused on 

this distinctive radiological feature for the first time. The differential expression of these 

genes in the peripheral blood of patients with honeycombing could indicate a shift in the 

molecular regulation of honeycombing fibrosis, highlighting potential new therapeutic 

targets. My findings echo the work of Huang et al., 2023 [185], who studied the idiopathic 

subtype of pulmonary fibrosis and found significantly differentially expressed genes in 

areas of parenchymal fibrosis. They found that the central-associated genes signature 

score in myofibroblasts significantly correlated with previously published activated 

fibroblasts signature confirming that active myofibroblast features contribute to disease 

progression in lung fibrosis, thus further reinforcing the concept of the multi-dimensional 

genetic landscape in pulmonary fibrosis. As one of the hallmarks of advanced fibrotic 

diseases, honeycombing fibrosis has remained understudied in comparison to broader 
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idiopathic pulmonary fibrosis. By examining this feature, our work opens avenues for 

novel therapeutic targets, expanding the horizon for pulmonary fibrosis treatment. 

My study also revealed significant differences in pulmonary fibrosis subtypes 

based on self-identified race, an observation clinically similar to that of a 2012 diagnosis-

focused study by Swigris et al. [9], which highlighted the racial disparities in ILD. 

Pulmonary fibrosis, marked by its remarkable genetic heterogeneity, displays differential 

phenotypic manifestations based on race and ethnicity, with the autoimmune-associated 

subtype more common among non-White subjects and the fibrotic hypersensitivity 

pneumonitis and unclassifiable subtypes being predominant among White subjects [11]. 

In chapter VI, I delved deeper into the genetic underpinnings of these disease 

manifestations. The exploration of these genes, intricately woven into the fabric of 

pulmonary fibrosis, offers a profound perspective on the disease's pathogenesis. Through 

the lens of genomics, I identified genetic variants in IVD, DPP9, and DSP, genes 

previously associated with IPF, as well as novel variant hits in LRRC37A4P, KANSL1-

AS1, LINC02210, MIR4315-1, CD151 and LRRC37A. My observations mirrored the 

findings of other researchers such as Fingerlin et al., 2013 [186], and Stuart et al., 2019 

[22], who also identified novel genetic variants associated with IPF, further underscoring 

the potential contribution of genomics to disease pathogenesis. 

Overall, this investigation illuminated the critical interplay of race, telomeres, and 

genomics in pulmonary fibrosis. By drawing upon the collective insights of these diverse 

yet interconnected realms, we offered a novel perspective on the etiopathogenesis of this 

disease. My findings underscore the necessity for a nuanced understanding of these 
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interrelationships, which is essential for the development of personalized therapeutic 

strategies. While our investigation advances the field of pulmonary fibrosis, it also 

highlights the need for further research to validate these findings and their implications 

for the diagnosis, risk stratification, and treatment of this complex disease. 

 

Future Directions  

The intricate and dynamic interplay between race, telomere biology, and genomics 

within the context of pulmonary fibrosis revealed by this doctoral dissertation provides a 

roadmap for future studies. While the nuances of telomere biology, race-dependent 

variations in disease phenotype, fibrosis-associated genetic polymorphisms, and gene-

by environment explorations have indeed charted a detailed course providing valuable 

insights that serve to enhance our collective understanding of pulmonary fibrosis, much 

remains yet to be done. Of course, the nature of scientific enquiry is such that each 

revelation often uncovers a myriad of new questions, inviting further exploration and 

study.  

A critical revelation from my research has been the marked difference in pulmonary 

fibrosis susceptibility, presentation, and progression across racially diverse populations. 

This finding underscores the role of genetic diversity and complex gene-environment 

interactions in shaping the landscape of pulmonary fibrosis. Consequently, my future work 

will focus on disentangling these intricate relationships, investigating the gene-by-

environment interactions, and their role in racial disparities observed in the incidence and 
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outcomes of pulmonary fibrosis. How much of an impact does ambient particulate matter 

such as PM2.5, smoking and other inhaled air pollutants have on propagating these gene-

by-environment interactions [187, 188]? Are they causal, promoting factors, or an 

epiphenomenon. My research has shown promise in using iPSCs as a powerful tool for 

investigating disease mechanisms in pulmonary fibrosis. I have also generated a robust 

pipeline of PBMC derived human iPSCs from subjects with pulmonary fibrosis that will 

enable me to study more precisely the impact of gene variants on disease pathogenesis 

and progression in a manner that is unencumbered by these environmental factors 

including diet, stress, medications and other potential confounders. This platform will also 

enable me to study gene regulation throughout fibroblast development using recently 

developed genomic techniques. Moving forward, I will also integrate the use of lung 

organoids with iPSC technology in better defining the impact of genomics in susceptibility 

to pulmonary fibrosis. The Gilad lab has developed specific expertise in use of organoids 

as a more precise genomic platform for assessing the impact of genetic variation in 

human disease. This will enable me to model disease processes more accurately in vitro 

and further elucidate the molecular mechanisms contributing to pulmonary fibrosis. This 

approach could enhance our understanding of the role of identified genetic variants and 

telomere biology in disease pathogenesis, improving our ability to develop effective 

therapeutic strategies. 

One particularly promising area of research is exploring the mechanisms 

underlying the genetic associations with pulmonary fibrosis, with a particular focus on 

telomere biology. The association between shortened telomeres and transplant-free 
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survival underscores the critical role of telomere biology in pulmonary fibrosis. To 

concretize this association, my future work will focus on functional studies investigating 

the biological processes affected by telomere shortening in lung cells. These studies 

could also leverage iPSCs and lung organoids [34], enabling us to examine cellular 

changes associated with telomere shortening in a controlled in vitro setting. The quartile 

decreases in transplant-free survival associated with telomere length presents a 

compelling area for further exploration. Specifically, my planned investigations into the 

causal mechanisms of this association could elucidate the processes underlying mortality 

rates in pulmonary fibrosis patients. These studies could employ newer genetic 

techniques to refine our understanding of the implicated telomere-related genetic loci, 

alongside comprehensive DNA methylation studies. My findings also supported the 

potential role of PDE4 inhibitors as therapeutic agents in fibrotic diseases [123]. Others 

and I will explore the validation of these compounds in clinical settings. Importantly, 

parallel investigations into the potential therapeutic role of other differentially expressed 

genes identified in my study could present novel treatment strategies for pulmonary 

fibrosis. 

Transcriptomic profiling studies performed in our research have shed light on the 

differential gene expressions across diverse forms of pulmonary fibrosis, providing a 

glimpse into the genetic underpinnings of the disease. However, bridging the gap 

between transcriptomic variations and functional significance remains a challenge. As 

such, I plan to undertake more robust functional genomic studies, such as Chromatin 

Immunoprecipitation sequencing (ChIP-Seq) and Transcriptome-Wide Association 
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Studies (TWAS), which could help to connect these disparate pieces of the puzzle. 

Applying newer TWAS approaches to examine the association between gene expression 

variation across racially diverse populations with pulmonary fibrosis would be 

tremendously insightful. These studies could help to identify genetic variants that impact 

gene expression and contribute to disease susceptibility and progression. This approach 

would also be critical for investigating the impact of genetic ancestry on pulmonary fibrosis 

and could harness the benefits of using nominal ancestral markers to determine the 

influence of ancestry on disease susceptibility, course and outcomes. Given the apparent 

discordance between self-identified race and genetic ancestry, my future work would 

prioritize investigating the influence of genetic ancestry on pulmonary fibrosis. This could 

involve analyzing genetic markers indicative of ancestry in patient cohorts and correlating 

these with disease susceptibility, progression, and outcomes. 

My findings suggest the existence of racial disparities in pulmonary fibrosis 

susceptibility, progression, and outcome. Therefore, an immediate and feasible next step 

would involve the initiation of large-scale, multi-center cohort studies to explore these 

disparities. The aim would be to uncover specific gene-environment interactions 

contributing to these differences, which could involve the collection of comprehensive 

environmental, lifestyle, and clinical data alongside extensive genomic profiling. I have 

already begun acquiring data on such a cohort and have currently collated a robust 

multinational cohort of 11,000 deeply phenotyped subjects with diverse forms of 

pulmonary fibrosis. This comprises on of the largest longitudinal lung function repositories 

in pulmonary fibrosis with over 75,000 lung function measurements obtained with 
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concurrent serial chest HRCT scans and biorepository genetic data acquired in over 

2,000 subjects. This will facilitate the assessment of predictors of progressive pulmonary 

fibrosis across diverse racial groups. Building on the unique findings from the eQTL 

analyses and the observed higher prevalence of autoimmunity in Black patients with 

pulmonary fibrosis, I plan to embark on a series of studies focused on HLA-related 

immunologic and autoimmune mechanisms. Firstly, leveraging the recently advanced 

techniques in HLA genotyping [189, 190], I will extend the profiling of HLA gene variants 

across larger, racially diverse cohorts of patients with pulmonary fibrosis. This will help to 

identify HLA gene variant patterns that might be more common in particular racial groups 

or associated with increased disease severity. Given the role of HLA molecules in 

presenting antigens to T cells, I'm particularly interested in exploring whether these novel 

HLA gene variants could alter antigen presentation, leading to altered immune responses 

and potentially autoimmune mechanisms. This would involve in vitro functional studies, 

where iPSC-derived antigen-presenting cells with specific HLA gene variants are co-

cultured with T cells to observe any changes in T cell activation. Secondly, considering 

the higher prevalence of autoimmunity in Black patients, I plan to investigate whether 

these HLA gene variants correlate with autoantibody production. This would entail 

serological studies to identify any autoantibodies unique to patients with these HLA gene 

variants and in vitro assays to examine whether these autoantibodies could contribute to 

lung injury. Lastly, given the emerging field of HLA peptidomics, it would be fascinating to 

probe whether these HLA gene variants result in an altered peptide repertoire presented 

to T cells [191, 192]. Such studies could involve mass spectrometry analyses to 
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characterize the peptide sequences presented by the HLA molecules associated with 

these variants. These detailed, actionable research projects not only have the potential 

to elucidate the functional implications of the HLA gene variants identified in our study, 

but they could also illuminate the role of HLA genes and autoimmunity in the racial 

disparities observed in pulmonary fibrosis, laying the groundwork for potential therapeutic 

interventions. 

Lastly, future work should strive to augment the translational potential of these 

findings. As the ultimate goal of research is to translate laboratory discoveries into clinical 

interventions that improve patient outcomes, I strongly advocate for further research that 

emphasizes the application of these findings to clinical practice. This could involve 

developing prognostic models based on identified genetic variations, race, and telomere 

lengths, which can inform personalized treatment strategies. In conclusion, the 

exploration of the interplay between race, telomeres, and genomics within the context of 

pulmonary fibrosis has paved the way for a plethora of intriguing future research 

directions. As we chart the course forward, it is clear that our journey in elucidating the 

intricacies of pulmonary fibrosis is only beginning. The vast expanse of knowledge yet to 

be explored is indeed challenging but is nonetheless a testament to the complexity and 

beauty of human biology. With continued research efforts, we can enhance our 

understanding of this devastating disease, thereby paving the way for novel, more 

effective therapeutic interventions and improved patient outcomes. 
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Research Impact  

The research encapsulated in this doctoral thesis marks a significant leap forward 

in understanding the labyrinthine genetic landscape and telomere biology within the field 

of pulmonary fibrosis, with an added layer of complexity introduced by racial diversity. 

The implications of these findings are profound, not only enriching our grasp of the 

molecular underpinnings of this intricate disease but also setting the stage for advancing 

the development of tailored therapeutic strategies and improving patient management. 

The investigation of racial disparities in pulmonary fibrosis through the lens of 

genomic distinctions provides a transformative perspective on disease heterogeneity. By 

establishing genetic ancestry as a significant determinant of disease phenotype and 

progression, this research challenges conventional biomedical paradigms that employ 

self-identified race as a proxy, thus catalyzing a shift towards more genetically-informed 

research methodologies. 

Simultaneously, this work unravels the nexus between telomere length and 

pulmonary fibrosis, highlighting the role of telomeres as critical biomarkers of disease 

progression and survival outcomes. The novel link established between telomere length, 

fibrotic hypersensitivity pneumonitis, and idiopathic pulmonary fibrosis could signal the 

presence of shared pathophysiological pathways across diverse fibrotic diseases. This 

crucial finding could influence future research trajectories aimed at deciphering shared 

molecular mechanisms and potential therapeutic targets across ILDs. 
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Moreover, the exploration of honeycombing fibrosis, an understudied yet critical 

facet of pulmonary fibrosis, has identified a set of eight genes that could serve as key 

genetic drivers of disease progression. This revelation could significantly impact the 

broader understanding of the disease's genetic landscape, potentially triggering the 

development of novel therapeutic strategies targeting these genes. 

Conducting eQTL studies as part of this dissertation has been instrumental in 

unearthing novel gene variants and their potential influence on pulmonary fibrosis risk 

and progression. The discovery of novel variants in genes, including those in the HLA 

family, could herald a shift towards a more personalized approach to managing and 

treating this disease. 

Collectively, these research findings hold transformative potential in informing the 

future direction of pulmonary fibrosis research, emphasizing the need for studies that are 

attuned to the genetic ancestry, telomere biology, and unique genetic signatures of the 

disease. These insights may also inform clinical practice by providing robust evidence to 

support treatment decisions based on genetic and telomeric characteristics. 

In essence, this dissertation represents a critical milestone in the realm of 

pulmonary fibrosis and interstitial lung diseases. The significant impacts of this research 

extend beyond augmenting our understanding of the disease's molecular mechanisms, 

to fundamentally influencing patient care and management. This work underscores the 

importance of a multi-faceted, integrative, and nuanced approach to complex diseases 

like pulmonary fibrosis, underscoring the transformative power of meticulous scientific 

inquiry in enhancing patient outcomes and advancing the field. 
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