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Abstract

Studies suggest a harmful pharmacogenomic interaction exists between short leukocyte telomere 

length (LTL) and immunosuppressants in idiopathic pulmonary fibrosis (IPF). It remains unknown 

if a similar interaction exists in non-IPF interstitial lung disease (ILD).

A retrospective, multi-centre cohort analysis was performed in fibrotic hypersensitivity 

pneumonitis, unclassifiable ILD, and connective tissue disease ILD patients from five centres. 

LTL was measured by qPCR for discovery and replication cohorts and expressed as age-adjusted 

percentiles of normal. Inverse probability of treatment weights based on propensity scores were 

used to assess the association between mycophenolate or azathioprine exposure and age-adjusted 

LTL on two-year transplant-free survival using weighted Cox proportional hazards regression 

incorporating time-dependent immunosuppressant exposure.

The discovery and replication cohorts included 613 and 325 patients, respectively. In total, 

40% of patients were exposed to immunosuppression and 22% had LTL <10th percentile of 

Corresponding Author: Chad A. Newton, MD; 5323 Harry Hines Blvd, K5.104B; Dallas, TX 75390-8558; 
chad.newton@utsouthwestern.edu; Phone: 214-645-3004.
Author contributions: Study design (DZ, AA, CKG, CAN), patient recruitment or data collection (DZ, AA, JMO, NG, MP, RS, 
SFM, IN, MES, PJW, CKG, CAN), data analysis (JK, CAN), interpretation of the results (DZ, AA, JMO, JK, PJW, CKG, CAN), 
manuscript preparation (DZ, AA, CAN). All authors reviewed and approved the final manuscript.
*These authors contributed equally

HHS Public Access
Author manuscript
Eur Respir J. Author manuscript; available in PMC 2024 November 29.

Published in final edited form as:
Eur Respir J. 2023 November ; 62(5): . doi:10.1183/13993003.00441-2023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normal. Fibrotic hypersensitivity pneumonitis and unclassifiable ILD patients with LTL <10th 

percentile experienced reduced survival when exposed to either mycophenolate or azathioprine 

in the discovery cohort (mortality HR 4.97, 95% CI 2.26–10.92, p<0.001) and replication 

cohort (mortality HR 4.90, 95% CI 1.74–13.77, p=0.003). Immunosuppressant exposure was 

not associated with differential survival in patients with LTL ≥10th percentile. There was a 

significant interaction between LTL <10th percentile and immunosuppressant exposure (Discovery 

p-interaction=0.013; Replication p-interaction=0.011). Low event rate and prevalence of LTL 

<10th percentile precluded subgroup analyses for connective tissue disease ILD.

Similar to IPF, fibrotic hypersensitivity pneumonitis and unclassifiable ILD patients with 

age-adjusted LTL <10th percentile may experience reduced survival when exposed to 

immunosuppression.

Introduction

The interstitial lung diseases (ILD) are a diverse group of inflammatory and fibrotic 

disorders that often require pharmacologic therapy to mitigate progressive loss of 

lung function. The initial treatment choice is primarily dictated by the ILD subtype. 

Antifibrotics are the preferred treatment for idiopathic pulmonary fibrosis (IPF),1,2 

while immunosuppressants have been the mainstay for non-IPF ILDs including fibrotic 

hypersensitivity pneumonitis (fHP), unclassifiable ILD (uILD), and connective tissue 

disease ILD (CTD-ILD). Inaccurate ILD classification can result in suboptimal management 

for some patients; therefore, biomarkers that inform treatment selection irrespective of ILD 

subtype are needed.

Telomeres are 6-nucleotide repeats at ends of chromosomes that normally shorten with 

cellular replication and aging. Telomere dysfunction has been inexorably linked with 

ILD development and disease trajectory.3–12 Short leukocyte telomere length (LTL) has 

been found in 13–2% of patients with various ILDs and is consistently associated with 

reduced survival and rapid progression.13–21 For certain ILDs, there may also exist a 

pharmacogenomic relationship between short LTL and immunosuppressive therapies. We 

previously reported that historic use of immunosuppression was associated with worse 

survival for IPF patients with short age-adjusted LTL.21 We also described differential 

survival for fHP patients treated with mycophenolate when stratified by telomere quartiles.17 

This current study seeks to expand these findings by examining a generalizable age-adjusted 

LTL percentile measurement across multiple cohorts, additional ILD subtypes, and other 

immunosuppressive therapies while accounting for potential immortal time bias in previous 

analyses.22

In this observational study, we examined fHP, CTD-ILD, and uILD patients from 

five academic ILD centres split into discovery and replication cohorts. Within each 

cohort, we explored the association between time-dependent exposure to mycophenolate 

or azathioprine and transplant-free survival in non-IPF ILD patients stratified by age-

adjusted LTL in percentiles. We also assessed the longitudinal FVC trajectory across 

immunosuppression exposure and LTL groups.
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Methods

Study populations:

Patients with fHP, uILD, and CTD-ILD were identified from the University of Texas 

Southwestern (UTSW; 2003–2019), University of California San Francisco (UCSF; 

2004–2017), University of California Davis (UCD; 2013–2017), University of Chicago 

(Chicago; 2001–2015), and Columbia University Medical Center (CUMC; 2019–2020). The 

institutional review boards for each centre approved this study. All patients provided written 

inform consent and a blood sample for research LTL measurement. LTL was independently 

assessed at UTSW/CUMC or UCSF, which comprised the discovery and replication cohorts. 

A portion of this cohort with fHP has been previously described.17

Eligible patients had non-IPF ILD diagnoses conferred through multidisciplinary discussion 

at each centre. Patients were excluded if baseline forced vital capacity (FVC) and 

diffusion capacity of lung for carbon monoxide (DLCO) measurements were unavailable, 

chest high-resolution computed tomography (HRCT) did not demonstrate fibrosis per 

centre radiologist, were exposed to immunosuppressants (mycophenolate, azathioprine, 

cyclophosphamide, rituximab) or antifibrotics (pirfenidone, nintedanib) before blood 

collection for LTL measurement, or exposed to antifibrotics before immunosuppressants. 

Patients were grouped into immunosuppressant exposed (initiated on mycophenolate or 

azathioprine within two years of blood collection) or unexposed. Prednisone exposure 

was variable and largely coincided with other immunosuppressant exposure; therefore, 

patients were not excluded based on prednisone therapy to preserve sample size. Patients 

subsequently exposed to pirfenidone or nintedanib were censored at initiation of antifibrotic 

therapy.

Leukocyte Telomere Length

Genomic DNA was collected from leukocytes using Autopure LS (Qiagen; UTSW and 

CUMC), Gentra Puregene (Qiagen; UCSF and UCD), and Flexigene DNA kit (Qiagen; 

Chicago). All LTL were measured using a similar qPCR methodology at either UTSW/

CUMC (discovery cohort) or UCSF (replication cohort) as previously reported.19,21,23,24 

The UTSW and CUMC protocol was identical and performed by the same laboratory, so 

they were combined. Age-adjusted LTL was calculated by comparing observed to expected 

telomere length (Supplemental Methods) and dichotomized for comparative analyses: <10th 

percentile and ≥10th percentile of the reference population. Patients who underwent LTL 

measurement at both sites were included in the replication cohort only.

Statistical Analysis

Groups were compared using chi-square, Fisher’s exact test, Student’s t-test, Mann-

Whitney-Wilcoxon test, or one-way ANOVA, where appropriate. Relationships between 

continuous variables were examined using Pearson’s correlation.

Given the observational nature of the study, inverse probability of treatment weighting 

(IPTW) using propensity scores was used to minimize indication bias and estimate the 

average treatment effect of immunosuppression across the entire cohort (Supplemental 
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Methods). Propensity scores were generated using multivariable logistic regression to 

estimate the conditional probability of either mycophenolate or azathioprine exposure, 

adjusted for age, sex, race/ethnicity, family history of ILD, smoking status, baseline FVC 

and DLCO percent predicted, radiographic usual interstitial pneumonia (UIP), prednisone 

exposure, ILD diagnosis, and centre. Weights were calculated by taking the inverse of the 

propensity score for immunosuppression-exposed patients and one minus the inverse of 

the propensity score for the unexposed; the weights were used to determine each patient’s 

contribution to a pseudo-population with balanced covariate distributions across treatment 

groups.25 Variables with standardized mean difference (SMD) >0.15 after weighting 

were considered unbalanced and included as covariates in outcome models. Given that 

prednisone exposure may similarly impact outcomes and is commonly used for non-IPF 

ILDs, a separate IPTW procedure was conducted for prednisone monotherapy using similar 

methods.

The primary aim was to determine if immunosuppression was associated with differential 

two-year transplant free-survival, defined as time from blood collection for LTL 

measurement to death or transplant, in patients stratified by the age-adjusted LTL 10th 

percentile. We constructed weighted multivariable Cox proportional hazards regression 

models with robust variance estimation (Supplemental Methods). Immunosuppressant 

exposure was treated as a time-dependent covariate to address immortal time bias, 

whereby patients initiated on mycophenolate or azathioprine during follow up were 

considered unexposed until drug start date. Models were adjusted for centre, radiographic 

honeycombing, and ILD diagnosis given residual imbalances after weighting and 

survival differences across diagnoses and presence of honeycombing.26,27 We assessed 

the pharmacogenomic interaction using an interaction term for LTL group and 

immunosuppressant exposure. The discovery and replication cohorts were analysed 

separately, then a meta-analysis across cohorts was performed using a random effects 

model. There was no evidence of non-proportional hazards which were examined by plotting 

Schoenfeld residuals versus time.

Multiple secondary survival analyses were performed. First, survival was assessed for 

each non-IPF ILD diagnosis using within-diagnoses meta-analysis of the discovery and 

replication cohorts. Second, we examined survival associations between immunosuppressant 

exposure and LTL percentile as a continuous variable. Third, we restricted the exposed 

cohort to patients initiated on immunosuppressants within one year of blood collection and 

had more than three months of exposure. Lastly, survival associations were individually 

assessed for mycophenolate and azathioprine. For this analysis, the propensity scores 

and IPTWs were calculated for each medication separately. For patients exposed to both 

medications sequentially, the first immunosuppressant drug was considered primary.

Longitudinal FVC trajectory was analysed using joint models incorporating survival 

and linear mixed effects submodels (Supplemental Methods).28,29 Both submodels were 

constructed similar to the primary survival model, including terms for immunosuppression 

exposure, LTL group, centre, radiographic honeycombing, and diagnosis. The linear mixed 

effects submodel also included terms for FVC, time, and an interaction term for FVC, time, 

and immunosuppression exposure. Immunosuppression exposed patients were included if 
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they had ≥2 FVC measurements during exposure within 2 years of blood collection, while 

unexposed patients were included if they had ≥2 FVC measurements within 2 years of blood 

collection. P-values less than 0.05 were considered significant; all analyses were performed 

using R statistical programming language, version 4.2.0 (www.r-project.org).

Results

Study Cohorts

Of the 1332 non-IPF ILD patients identified across five centres, 938 met eligibility criteria, 

including 613 and 325 in the discovery and replication cohorts, respectively (Figure 1, 

Figure E1). CTD-ILD was the most common ILD subtype in the discovery cohort followed 

by uILD and fHP, while uILD was more common in the replication cohort followed by fHP 

and CTD-ILD (Table 1, Table 2). Among the CTD-ILDs, RA-ILD and scleroderma-related 

ILD were the most common diagnoses in both cohorts. The distribution of radiographic 

patterns and honeycombing differed by ILD subtype (Figure E2).

In the discovery cohort, 45% of patients were exposed to either mycophenolate or 

azathioprine within two years of blood collection (Table 1), while only 32% were exposed 

in the replication cohort (p<0.001) (Table 2). Exposure rates were similar between the 

discovery and replication cohorts for CTD-ILD (49% versus 50%, p=1.0) and fHP (48% 

versus 39%, p=0.15), but not uILD (40% versus 23%, p<0.001). Over 80% of patients 

from both cohorts were initiated on immunosuppressants within 1 year of blood collection 

(Figure E3); median time to immunosuppressant initiation was 0.1 years (IQR 0.0–0.5) 

and 0.2 (IQR 0.0–0.7) and median exposure time was 1.7 years (IQR 0.7–2.0) and 

1.5 years (IQR 0.5–2.0) in the discovery and replication cohorts, respectively. Baseline 

differences between immunosuppressant exposed and unexposed patients, including age, 

severity of lung function impairment, and radiographic features were balanced (SMD <0.15) 

with propensity score weighting to account for indication bias; however, centre remained 

imbalanced in the replication cohort (Figure E4).

Leukocyte Telomere Length

Continuous age-adjusted LTL was shorter in the discovery cohort (−0.09, IQR −0.26, 

0.09) than the replication cohort (0.09, IQR −0.34, 0.55, p<0.001) (Figure E5). When 

dichotomizing LTL, more patients in the replication cohort had LTL <10th percentile (26% 

versus 20%, p=0.04). The prevalence of LTL <10th percentile was highest in uILD (33%) 

followed by fHP (28%) and CTD-ILD (12%) (Figure E6). In contrast, over 80% of CTD-

ILD patients had LTL >50th percentile compared to 41% of fHP and 45% of uILD patients. 

The presence of radiographic UIP or honeycombing were more prevalent in patients with 

LTL <10th percentile (Table E1). Of the patients with LTL <10th percentile, 47% and 25% 

were exposed to immunosuppression in the discovery and replication cohorts, respectively. 

The correlation of 40 individual LTL measurements performed at both UTSW/CUMC and 

USCF was found to be in high agreement across sites (r=0.86, p<0.001) (Figure E7).
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Transplant-free survival

Two-year transplant-free survival was similar for the discovery and replication cohorts 

(p=0.19) and across centres (p=0.95) (Figure E8). Patients with CTD-ILD had better survival 

than fHP (p<0.001) or uILD (p<0.001). Radiographic honeycombing, but not radiographic 

UIP, was associated with reduced two-year transplant free survival in adjusted analyses 

(Table E2). Compared to unexposed patients, neither mycophenolate (HR 1.47, 95% CI 

0.88–2.46, p=0.14) nor azathioprine (HR 1.67, 95% CI 0.83–3.36, p=0.15) exposure was 

associated with differential two-year transplant-free survival. There was also no survival 

difference between mycophenolate and azathioprine exposure (p=0.22).

Immunosuppressant exposure was associated with worse two-year transplant-free survival 

for both fHP and uILD patients with LTL <10th percentile, but not those with LTL 

≥10th percentile (Figure 2). In CTD-ILD patients, the low two-year event rate (6%) 

and prevalence of LTL <10th percentile (12%) precluded meaningful subgroup survival 

analyses. In the combined analysis of fHP and uILD, patients with age-adjusted LTL 

<10th percentile, immunosuppressant exposure was associated with worse transplant-free 

survival in both discovery (HR 4.97, 95% CI 2.26–10.92, p<0.001) and replication cohorts 

(HR 4.90, 95% CI 1.74–13.77, p=0.003; meta-analysis HR 4.94, 95% CI 2.64–9.25, 

p<0.001) (Figure 3). Immunosuppression was not associated with survival in fHP and uILD 

patients with LTL ≥10th percentile (pooled meta-analysis: HR 1.08, 95% CI 0.59–1.98). 

There was a significant interaction between immunosuppressant exposure and LTL 10th 

percentile (discovery p-interaction=0.013, replication p-interaction=0.011, meta-analysis p-

interaction<0.001) for patients with fHP and uILD.

Sensitivity analyses using age-adjusted LTL percentile as a continuous variable confirmed 

that shorter LTL was associated with worse survival overall regardless of exposure, 

but this detrimental association was magnified by immunosuppression treatment (p-

interaction=0.01) for fHP and uILD patients (Figure 4). In a subset of fHP and uILD patients 

initiated on immunosuppression within one year of blood collection and had more than three 

months of exposure, immunosuppression was similarly associated with reduced survival 

in those with LTL <10th percentile (Figure E9). Both mycophenolate and azathioprine 

individually were associated with reduced transplant-free survival in fHP and uILD patients 

with LTL <10th percentile; however, the interaction between LTL and azathioprine exposure 

was inconsistent (Figure E10). Prednisone monotherapy was not associated with differential 

two-year transplant-free survival for non-IPF ILD patients with LTL <10th percentile or LTL 

≥10th percentile (Table E3).

Longitudinal FVC Trajectory

There were 286 immunosuppressant exposed (201 mycophenolate, 85 azathioprine) and 

251 unexposed patients from both cohorts included in this analysis. The median FVC 

measurement timespan was similar between exposed (1.17 years, IQR 0.55–1.71) and 

unexposed patients (1.27 years, IQR 0.68–1.65, p=0.75). The annualized rate of FVC 

change over two years did not differ by study cohort or ILD subtype (Table E4). 

Immunosuppression exposure was not associated with differential FVC change (exposed: 

−60 ml/year, 95% CI −91, −30 versus unexposed: −83 ml/year; 95% CI −116, −50; p=0.32). 
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Patients with LTL <10th percentile experienced faster FVC decline (−125 ml/year; 95% CI 

−178, −72) than those with LTL ≥10th percentile (−59 ml/year; 95% CI −84, −35; p=0.027). 

However, neither the composite (Table 3) nor the individual immunosuppressant medications 

(Table E5) were associated with differential FVC trajectory in patients stratified by the 

age-adjusted LTL 10th percentile threshold.

Discussion

This study evaluated the impact of commonly used immunosuppressants on two-year 

transplant-free survival in non-IPF ILD patients stratified by age-adjusted LTL percentiles. 

We found that immunosuppressant exposure was associated with reduced survival for 

fHP and uILD patients with age-adjusted LTL <10th percentile. However, the study was 

underpowered to examine the survival associations between immunosuppression exposure 

and age-adjusted LTL for CTD-ILD patients. In addition, LTL <10th percentile was 

associated with faster FVC decline independent of immunosuppressant exposure. These data 

suggest that commonly used immunosuppressants may be associated with higher mortality 

risk, but not progressive lung function decline, in a subset of fHP and uILD patients.

Over the last decade, ILD treatment strategy has shifted from near universal use of 

immunosuppressants to thoughtful medication selection guided by ILD subtype. Based on 

high-quality studies, an IPF diagnosis mandates avoidance of immunosuppressants in favour 

of antifibrotics.1,2,30 In contrast, treatment selection and timing in non-IPF ILDs is highly 

variable.

Immunosuppressants have been a common therapeutic option for non-IPF ILD patients 

requiring therapy based on limited clinical trials and observational studies.31−35 However, 

monitoring for progression without therapy may be appropriate for some non-IPF ILD 

patients.36 In this study, 60% of patients were not initiated on therapy during the two-year 

follow-up. Therefore, there is an urgent need for biomarkers that can identify high-risk 

patients and inform their treatment strategy. Given the current data, we propose that LTL 

may serve both functions.

We confirm prior studies demonstrating that non-IPF ILD patients with short LTL are at high 

risk of progression, experience worse mortality, and may benefit from earlier treatment.13–20 

While LTL testing for IPF patients may similarly aid in prognostication, it is unlikely 

to inform treatment selection since antifibrotics appear safe and effective in patients with 

telomere dysfunction.10,37 However, we find that LTL may allow personalized management 

for some non-IPF ILDs. Our study found that immunosuppression exposure was associated 

with higher mortality risk in fHP and uILD patients with age-adjusted LTL <10th percentile. 

While prospective studies are needed, our findings suggest that LTL testing may inform 

treatment selection whereby immunosuppressants should be considered with caution in fHP 

and uILD patients with LTL <10th percentile.

The current study differs from our prior report examining the differential impact of 

mycophenolate for fHP patients stratified by LTL quartiles in multiple ways. First, we 

applied age-adjusted LTL percentiles that are generalizable outside of our study cohort. 
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Second, we dichotomized by age-adjusted LTL <10th percentile as a biologically relevant 

threshold; prior studies demonstrated this threshold to be sensitive to detecting carriers 

with pathogenic telomere gene mutations.5 However, immunosuppression exposure was 

associated with higher mortality risk across the continuum of LTL percentiles, driven by 

the shortest LTLs. Third, we mitigated immortal time bias22 by enrolling at time of LTL 

measurement and modelled immunosuppression exposure as a time-dependent covariate.38 

Using this approach, we found that mycophenolate was not associated with favourable 

survival in any subpopulation and was associated with worse outcomes in those with LTL 

<10th percentile. Lastly, the current study expanded the size and scope of the analysis 

to include additional ILD subtypes and immunosuppressants in additional cohorts. These 

efforts uncovered a significant interaction between short LTL and immunosuppression 

exposure for fHP and uILD patients, whereby immunosuppression exposure was associated 

with higher mortality risk for those with age-adjusted LTL <10th percentile.

We also found important differences across the non-IPF ILD subtypes included in this 

study. While the phenotypic heterogeneity within the CTDs may have may have limited this 

subgroup analysis, there were also fewer events and lower prevalence of short telomeres 

that limited the assessment of an immunosuppression and LTL interaction. In contrast to 

CTD-ILD, the fHP and uILD cohorts had a higher prevalence of LTL <10th percentile, 

which approached the level seen in IPF cohorts.20 In addition, the current study found that 

radiographic UIP and honeycombing were present in a higher proportion of non-IPF ILD 

patients with LTL <10th percentile, similar to a prior study in fHP patients.15 However, 

the effect of these “UIP-like” features on survival was smaller than the effect of LTL, and 

neither UIP nor honeycombing modified the impact of immunosuppression on survival. 

Therefore, the current data suggests that short LTL may predispose to a “UIP-like” 

phenotype, but the short LTL confers a greater impact on survival that may be further 

magnified by immunosuppressive therapies.

Immunosuppression exposure was not associated with differential FVC decline in non-IPF 

ILD patients with LTL <10th percentile suggesting a harmful effect unrelated to progressive 

lung fibrosis. Immunosuppressants are associated with non-pulmonary complications in lung 

transplant recipients with short LTL or telomere gene mutations.39–42 These medications 

may unmask extrapulmonary short telomere syndrome manifestations, including bone 

marrow suppression and impaired adaptive immunity,43,44 tipping the balance toward 

harmful inhibition of protective immunity without causing progressive lung function decline. 

Prospective studies with systematic evaluation of pulmonary and non-pulmonary effects of 

immunosuppressants are needed.

The current study has limitations. First, this retrospective study demonstrates associations 

but not causal links. Future clinical trials are needed to validate these findings and inform 

clinical practice. Second, we accounted for indication bias by using measured variables that 

influence immunosuppression exposure to generate weighted propensity scores. Using this 

approach, we were able to balance the distribution of important covariates such as age, 

sex, severity of disease and radiographic patterns across exposure groups thus limiting their 

influence on effect estimates. However, given the non-randomized nature of this study, 

we cannot exclude the possibility of unmeasured effects impacting our results. Third, 
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subsetting the relatively large total cohort reduced the effective sample size and may 

have led to imprecision. However, similar directions and magnitude of effects were seen 

across secondary analysis, increasing confidence that the associations may approach reality. 

Fourth, we used banked genomic DNA to measure LTL by qPCR at two sites, which may 

have introduced variability in the LTL measurement, although the correlation between site 

measurements was high. Given the potential for LTL variability across sites, we chose to 

perform meta-analysis of the two cohorts, instead of combining. Next, only fibrotic ILDs 

were included so it remains unknown if a similar interaction exists in non-fibrotic ILDs. 

Lastly, we were unable to systematically assess immunosuppressant-related adverse effects 

due to the non-standardized follow up or the impact of other ILD treatments due to lower 

usage in the cohorts.

Conclusions

By identifying a harmful pharmacogenomic interaction between LTL <10th percentile and 

mycophenolate or azathioprine exposure, we demonstrate that LTL may be a clinically 

viable genomic marker to aid treatment decisions for fHP and uILD patients. The findings 

should form the basis for prospective validation studies to determine if LTL-informed 

personalized treatment selection improves outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Take home message:

Fibrotic hypersensitivity pneumonitis and unclassifiable ILD patients who have age-

adjusted leukocyte telomere length <10th percentile may experience reduced survival 

when exposed to immunosuppression, similar to IPF patients.
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Figure 1: 
STROBE diagram. Abbreviations: fHP, fibrotic hypersensitivity pneumonitis; CTD-ILD, 
connective tissue disease interstitial lung disease; uILD, unclassifiable interstitial lung 
disease; IS, immunosuppression; LTL, leukocyte telomere length
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Figure 2. 
Association between immunosuppression exposure (mycophenolate or azathioprine) 

compared to no exposure and two-year transplant-free survival in fHP and uILD patients 

stratified by age-adjusted leukocyte telomere length above and below the 10th percentile 

of normal. Weighted Cox proportional hazards regression model with robust variance 
estimation and adjustment for radiographic honeycombing and centre. Abbreviations: 
fHP, fibrotic hypersensitivity pneumonitis; uILD, unclassifiable interstitial lung disease; 
LTL, leukocyte telomere length; IS, immunosuppression; HR, hazard ratio; CI, confidence 
interval; P-int, p-interaction.
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Figure 3. 
Association between immunosuppression exposure (mycophenolate or azathioprine) and 

two-year transplant-free survival in combined fHP and uILD patients stratified by age-

adjusted leukocyte telomere length above and below the 10th percentile of normal. Weighted 
Cox proportional hazards regression model with robust variance estimation and adjustment 
for non-IPF ILD diagnosis, radiographic honeycombing, and centre. Abbreviations: LTL, 
leukocyte telomere length; IS, immunosuppression; HR, hazard ratio; CI, confidence 
interval; P-int, p-interaction.
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Figure 4. 
Association between immunosuppression exposure and age-adjusted leukocyte telomere 

length percentile as a continuous variable for fHP and uILD patients. Weighted Cox 
proportional hazards regression model with robust variance estimation and adjustment 
for non-IPF ILD diagnosis, radiographic honeycombing, and centre. Abbreviations: LTL, 
leukocyte telomere length; IS, immunosuppression; CI, confidence interval.
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Table 1:

Unweighted and weighted discovery cohort patient characteristics stratified by immunosuppression exposure.

Discovery Cohort Weighted Discovery Cohort

IS Exposed 
(N=278)

IS Unexposed 
(N=335)

P-value IS Exposed 
(N=286)

IS Unexposed 
(N=332)

P-value SMD

Centre, n (%) <0.01 0.62 0.13

 UTSW 171 (62) 157 (47) 138 (48) 171 (51)

 UCSF 34 (12) 51 (15) 56 (19) 50 (15)

 Chicago 69 (25) 119 (36) 88 (31) 105 (32)

 UCD -- -- -- --

 CUMC 4 (1) 8 (2) 4 (2) 6 (2)

ILD Diagnosis, n (%) 0.10 0.91 0.04

 fHP 75 (27) 81 (24) 73 (25) 83 (25)

 CTD-ILD* 114 (41) 119 (36) 107 (37) 131 (39)

 uILD 89 (32) 135 (40) 106 (37) 118 (36)

Age, mean (SD) 60 (11) 63 (12) 0.01 62 (10) 62 (12) 0.93 0.01

Male, n (%) 113 (41) 129 (39) 0.65 109 (38) 128 (39) 0.93 0.01

Ethnicity/Race, n (%) 0.58 0.76 0.03

 White 204 (73) 226 (68) 196 (68) 232 (70)

 African American 37 (13) 59 (18) 43 (15) 59 (18)

 Hispanic 27 (10) 37 (11) 30 (10) 32 (10)

 Asian 9 (3) 12 (4) 17 (6) 9 (3)

 Other† 1 (0) 1 (0) 1 (0) 1 (0)

Ever Smoker, n (%) 130 (47) 178 (53) 0.14 151 (53) 172 (52) 0.81 0.02

Family History ILD, n (%) 32 (12) 31 (9) 0.43 26 (9) 31 (9) 0.94 0.01

Lung Function, mean (SD)

 FVC % predicted 62 (17) 69 (20) <0.01 66 (18) 66 (19) 0.97 <0.01

 DLCO % predicted 42 (19) 48 (20) <0.01 45 (19) 45 (20) 0.77 0.03

Radiographic Features, n 
(%)

 UIP 54 (19) 78 (23) 0.29 61 (21) 72 (22) 0.92 0.01

 Honeycombing 75 (27) 121 (36) 0.02 78 (27) 112 (33) 0.15 0.11

IS Therapy, n (%)

 Mycophenolate 179 (64) -- -- 184 (64) -- -- --

 Azathioprine 99 (36) -- -- 102 (36) -- -- --

IS Exposure Years, median 
(IQR)

1.7 (0.7, 2.0) -- -- 1.9 (0.6, 2.0) -- -- --

Prednisone, n (%) 231 (83) 143 (43) <0.01 169 (60) 201 (61) 0.77 0.03

Leukocyte Telomere Length

 LTL <10th percentile, n 
(%)

57 (21) 65 (19) 0.81 51 (17) 65 (20) 0.52 0.06

 Age-adjusted LTL, 
median (IQR)

−0.1 (−0.3, 0.1) −0.1 (−0.3, 0.1) 0.39 −0.1 (−0.2, 0.1) −0.1 (0.3, 0.1) 0.55 0.06
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Discovery Cohort Weighted Discovery Cohort

IS Exposed 
(N=278)

IS Unexposed 
(N=335)

P-value IS Exposed 
(N=286)

IS Unexposed 
(N=332)

P-value SMD

Follow-up Years, median 
(IQR)

2.0 (1.4, 2.0) 2.0 (1.3, 2.0) 0.73 2.0 (1.3, 2.0) 2.0 (1.8, 2.0) 0.32 <0.01

Outcome, n (%)

 Death within 2 years 42 (15) 31 (9) 0.04 41 (14) 29 (9) 0.06 0.18

 Transplant within 2 years 15 (5) 5 (2) 0.01 11 (4) 4 (1) 0.02 0.17

*
CTD-ILD diagnoses: scleroderma 63, rheumatoid arthritis 69, inflammatory myositis 36, mixed connective tissue disease 32, Sjogren’s syndrome 

24, systemic lupus erythematosus 10

†
Other Ethnicity/Race: unknown 2

#
Radiograhic UIP incudes definite usual interstitial pneumonia

Abbreviations: LTL, leukocyte telomere length; IS, immunosuppression; SMD, standardized mean difference; UTSW, University of Texas 
Southwestern; UCSF, University of California San Francisco; CUMC, Columbia University Medical Center; ILD, interstitial lung disease; fHP, 
fibrotic hypersensitivity pneumonitis; CTD-ILD, connective tissue disease interstitial lung disease; uILD, unclassifiable interstitial lung disease; 
FVC, forced vital capacity, DLCO, diffusion capacity for carbon monoxide; UIP, usual interstitial pneumonia
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Table 2:

Unweighted and weighted replication cohort patient characteristics stratified immunosuppressant exposure and 

LTL group

Replication Cohort Weighted Replication Cohort

IS Exposed 
(N=105)

IS Unexposed 
(N=220)

P-value IS Exposed 
(N=112)

IS Unexposed 
(N=217)

P-value SMD

Cohort, n (%) <0.01 0.24 0.28

 UTSW -- -- -- --

 UCSF 50 (48) 120 (55) 74 (66) 117 (54)

 Chicago 14 (13) 56 (26) 14 (13) 47 (22)

 UCD 41 (39) 44 (20) 24 (21) 53 (24)

 CUMC -- -- -- --

ILD Diagnosis, n (%) <0.01 0.70 0.13

 fHP 49 (47) 77 (35) 36 (32) 84 (39)

 CTD-ILD* 18 (17) 18 (8) 14 (13) 22 (10)

 uILD 38 (36) 125 (57) 62 (56) 111 (51)

Age, mean (SD) 63 (12) 69 (10) <0.01 68 (11) 67 (11) 0.58 0.11

Male, n (%) 49 (47) 110 (50) 0.66 54 (48) 105 (49) 0.98 0.01

Ethnicity/Race, n (%) 0.08 0.86 0.03

 White 59 (56) 143 (65) 73 (65) 137 (63)

 African American 20 (19) 41 (19) 17 (15) 37 (17)

 Hispanic 16 (15) 19 (9) 12 (11) 24 (11)

 Asian 6 (6) 14 (6) 8 (7) 16 (8)

 Other† 4 (4) 3 (2) 3 (3) 3 (1)

Ever Smoker, n (%) 46 (44) 134 (61) 0.01 73 (65) 125 (57) 0.51 0.11

Family History ILD, n (%) 13 (12) 15 (7) 0.14 11 (10) 20 (9) 0.84 0.04

Lung Function, mean (SD)

 FVC % predicted 65 (16) 71 (21) <0.01 72 (16) 70 (20) 0.50 0.11

 DLCO % predicted 50 (19) 51 (21) 0.62 50 (17) 50 (21) 0.85 0.03

Radiographic UIP, n (%)†

 UIP# 8 (8) 38 (17) 0.03 10 (9) 30 (14) 0.41 0.12

 Honeycombing 22 (21) 56 (25) 0.45 21 (19) 45 (21) 0.77 0.05

IS Therapy, n (%)

 Mycophenolate 91 (87) -- -- 99 (89) -- -- --

 Azathioprine 14 (13) -- -- 13 (11) -- -- --

IS Exposure Years, median 
(IQR)

1.5 (0.5, 2.0) -- -- 1.7 (0.8, 2.0) -- -- --

Prednisone, n (%) 87 (83) 70 (32) <0.01 50 (44) 103 (48) 0.72 0.07

Leukocyte Telomere Length

 LTL <10th percentile, n 
(%)

21 (20) 63 (29) 0.13 26 (24) 62 (29) 0.61 0.12

 Age-adjusted LTL, 
median (IQR)

0.2 (−0.3, 0.6) 0.1 (−0.4, 0.5) 0.12 0.1 (−0.3, 0.4) 0.1 (−0.4, 0.5) 0.75 0.03
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Replication Cohort Weighted Replication Cohort

IS Exposed 
(N=105)

IS Unexposed 
(N=220)

P-value IS Exposed 
(N=112)

IS Unexposed 
(N=217)

P-value SMD

Follow-up Years, median 
(IQR)

2.0 (2.0, 2.0) 2.0 (1.1, 2.0) 0.03 2.0 (2.0, 2.0) 2.0 (1.4, 2.0) 0.34 0.23

Outcome, n (%)

 Death within 2 years 17 (16) 42 (19) 0.63 21 (19) 39 (18) 0.95 0.01

 Transplant within 2 years 1 (1) 3 (1) 1.0 1 (1) 2 (1) 0.40 0.07

*
CTD-ILD diagnoses: scleroderma 19, rheumatoid arthritis 5, inflammatory myositis 6, mixed connective tissue disease 1, Sjogren’s syndrome 2, 

systemic lupus erythematosus 3

†
Other Ethnicity/Race: Middle Eastern 2, Native American 2, Pacific Islander 3

#
Radiograhic UIP incudes definite usual interstitial pneumonia

Abbreviations: LTL, leukocyte telomere length; IS, immunosuppression; SMD, standardized mean difference; UCSF, University of California San 
Francisco; ILD, interstitial lung disease; fHP, fibrotic hypersensitivity pneumonitis; CTD-ILD, connective tissue disease interstitial lung disease; 
uILD, unclassifiable interstitial lung disease; FVC, forced vital capacity, DLCO, diffusion capacity for carbon monoxide; UIP, usual interstitial 
pneumonia
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Table 3.

Annualized change in forced vital capacity for non-IPF ILD patients stratified by immunosuppression 

exposure and age-adjusted LTL above and below the 10th percentile of normal.

Immunosuppression Exposed Immunosuppression Unexposed

N (N FVC) Δ FVC, ml/year (95% CI)* N (N FVC) ΔFVC, ml/year (95% CI)* P-value

LTL <10th 55 (209) −141 (−218, −65) 56 (177) −111 (−184, −39) 0.58

LTL ≥10th 231 (978) −46 (−79, −12) 195 (673) −76 (−113, −39) 0.23

*
Joint-model incorporating time-to-event and linear mixed-effects submodels, adjusted for ILD diagnosis, radiographic honeycombing, and ILD 

centre. Restricted to patients with ≥2 FVC measures while on immunosuppression within two-years of blood collection for exposed patients, and 
≥2 FVC measures within two-years of blood collection for unexposed patients

Abbreviations: FVC, forced vital capacity, CI, confidence interval; LTL, leukocyte telomere length
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