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What is the key question?

Is there a relationship between peripheral blood leukocyte telomere length (PBL-TL) and

systemic sclerosis-associated interstitial lung disease (SSc-ILD) progression?
What is the bottom line?

Short PBL-TL is associated with the presence of SSc-ILD, and with increased risk for

deterioration in lung function (forced vital capacity, FVC) over time in SSc-ILD patients.
Why read on?

Our data provide evidence supporting the idea that PBL-TL may be useful to identify SSc-ILD

patients more prone to FVC decline and improve our understanding of disease pathogenesis.

3
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Abstract
Background Peripheral blood leukocyte telomere length (PBL-TL) is associated with outcomes
in idiopathic pulmonary fibrosis patients. Whether PBL-TL is associated with progression of

systemic sclerosis-associated interstitial lung disease (SSc-ILD) is unknown.

Methods A retrospective observational cohort study was performed using prospectively
collected data from 213 SSc patients followed at the University of California San Francisco
(UCSF) Scleroderma Center. PBL-TL was measured by qPCR of DNA isolated from peripheral
blood. Associations between PBL-TL and PFT trends in patients with SSc-ILD were assessed by
longitudinal analysis using Generalized Linear Mixed Models. Findings were validated in a
cohort of 61 SSc-ILD patients enrolled in the Stanford University (SU) Scleroderma Center

database.

Results UCSF SSc patients with ILD were found to have shorter PBL-TL compared to those
without ILD (6554+ 671 base pairs (bp) vs 6782 £+ 698 bp, p=0.01). Shorter PBL-TL was
associated with the presence of ILD (adjusted odds ratio [OR] 2.1 per 1000 bp TL decrease,
95%CI [1.25-3.70], p=0.006). PBL-TL was shorter in SSc-ILD patients lacking SSc-specific
autoantibodies compared to seropositive subjects (6237+ 647 bp vs 6651+ 653 bp, p=0.004).
Shorter PBL-TL was associated with increased risk for lung function deterioration with an
average of 67 ml greater loss in FVC per year for every 1000 bp decrease in PBL-TL in the
combined SSc-ILD cohorts (longitudinal analysis, adjusted model: 95% CI -104ml to -33ml,

p<0.001).

4
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Conclusions These findings suggest that telomere dysfunction may be associated with SSc-1LD
progression and that PBL-TL measurement may be useful for stratifying risk for SSc-ILD
progression.

Key words Interstitial Lung Disease, pulmonary fibrosis, scleroderma, DNA damage.
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Introduction

Interstitial lung disease (ILD) affects up to 90% of patients with systemic sclerosis (SSc)
and is the leading cause of death!. Although in many patients with SSc-ILD lung function
worsens over time, identifying subjects who are at risk for progression is challenging. Currently,
effective management of SSc-ILD revolves around early detection of lung fibrosis and
assessment of its severity. Pulmonary function tests (PFTs) play a key role in monitoring and
quantifying the progression of SSc-ILD. Disease severity at baseline and pulmonary function
trends, such as decline in forced vital capacity (FVC) are associated with mortality in SSc-ILD?.

Serum biomarkers have been associated with outcomes in SSc-ILD. These are circulating
proteins made by epithelial cells (e.g. Surfactant protein D: SP-D3 4, Krebs von den Lungen-6:
KL-6 4, Tissue inhibitor of matrix metalloproteinases-1: TIMP-1 3, Growth differentiation factor
15: GDF-15 ©), immune cells (e.g. CC chemokine ligand 18: CCL18% 7, serum interleukin 15:
IL-15, Chitinase-1 3, Pentraxin-3 °), and oxidative stress pathways 0. While studies have shown
that levels of these biomarkers® '!- 12 correlate with pulmonary ventilation function (FVC,
diffusing capacity for carbon monoxide: DL¢() at baseline in SSc-ILD, most are not prognostic
other than IL-6, which appears to be prognostic early in SSc-ILD 13. Recently the SADL
model—which incorporates age, ever smoking history, and percent predicted DLco—was
developed to predict mortality risk for SSc-ILD patients!4. However, this model does not predict
change in lung function, and can not be used in patients who are unable to perform the DL
maneuver.

Telomeres are nucleoprotein structures that protect the ends of chromosomes from
degradation, and progressively shorten with cell division and aging. Shorter peripheral blood

leukocyte telomere length (PBL-TL) is associated with loss of FVC and worse survival in

6
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patients with idiopathic pulmonary fibrosis (IPF)!, chronic hypersensitivity pneumonitis
(cHP)'®, unclassifiable ILD!, and interstitial pneumonia with autoimmune features'® and is
increasingly recognized as a molecular driver of these diseases !°. Previous studies of telomere
length (TL) in patients with SSc have reported shorter TLs?? in SSc patients, especially in
lymphocytes of SSc-ILD patients?'. Because there may be shared pathobiology between various
clinical subtypes of pulmonary fibrosis, and there have been no studies investigating the
relationship between TL and outcomes of SSc-ILD patients, in this study we tested whether

PBL-TL is associated with progression of SSc-ILD.

7
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Methods
Study design and patient populations

This is a retrospective study analyzing two observational cohorts of 213 SSc patients
(including both ILD and non-ILD patients) prospectively enrolled at the University of California,
San Francisco, CA, (UCSF) ILD and Scleroderma Centers from January 2005 to February 2017,
and a separate validation cohort of 61 SSc-ILD patients seen at the Stanford University (SU)
Scleroderma Center clinic from October 2008 to July 2018. All patients met the 2013 American
College of Rheumatology/ EUropean League Against Rheumatism criteria for systemic sclerosis
22 Patients were considered to have ILD based on high resolution computed tomography
(HRCT) of the chest at the time of first visit. The study was approved by the Institutional Review

Boards at UCSF and SU. Written informed consent was obtained from all subjects.
Clinical data

Socio-demographic and clinical data including age, sex, body mass index (BMI), ever
smoking history, ethnicity, disease subtype classified as either limited cutaneous SSc (including
sine sclerosis) or diffuse cutaneous SSc, the presence of autoantibodies and medication use were
recorded. Patients were categorized as nonsmokers, current smokers, or ex-smokers (defined as >
1 cigarette per day for at least 1 year, stopping at least 6 months before enrollment). Pulmonary
hypertension (PH) was defined based on echocardiographic evidence of an estimated pulmonary
arterial systolic pressure greater than or equal to 40 mmHg or a mean pulmonary artery pressure

of > 25 mmHg at right heart catheterization >3 .

Pulmonary function data

8
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PFT tests obtained at baseline (PFT closest to enrollment; within 6 months of first clinic
visit date) and during the subsequent 24 months were analyzed. Patients were included in
longitudinal analysis if they had at least 2 PFTs within 2 years following diagnosis. PFT trends
were analyzed as continuous change and categorical change in separate models. Categorical
deterioration of lung function at 12 months was defined as a relative decline in FVC (%

predicted) greater than 10% or relative decline in DL¢o (% predicted) greater than 15%.
Radiographic assessments

Chest HRCT images were reviewed by the same expert chest radiologist for consistency
in both cohorts. The pattern of HRCT abnormality was defined as definite usual interstitial
pneumonia (UIP), probable UIP, indeterminant for UIP, or suggestive of an alternative
diagnosis?*. For the UCSF SSc-ILD cohort, HRCTs were also scored for presence or absence of
parenchymal fibrosis, groundglass opacities (GGO), consolidation, airway changes (mosaic
perfusion, air trapping), nodules, emphysema, cysts, interlobular septal thickening or subpleural
sparing and extent of honeycombing as the percentage of total lung volume involved (none, mild

[<10%], moderate [10-50%], or severe [>50%]) as previously described?>.

PBL-TL measurements

PBL genomic DNA was isolated from UCSF patients using the Gentra Puregene cell kit
(from Qiagen, Valencia, CA, USA), and from the SU cohort using the PAXgene blood DNA kit
(BD biosciences, Franklin Lakes, NJ, USA). DNA was visualized on agarose gel to determine
quality, and degraded DNA samples were excluded from the analysis. Average PBL TLs were
measured while blinded to the study endpoints using quantitative uniplex qPCR in triplicate with

the acidic ribosomal phosphoprotein 36B4 gene as a reference housekeeping gene, as previously
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described 162628, Average relative TLs were determined by subtracting telomere and reference
median cycle threshold (CT) values. TLs were calculated by comparison to reference samples?.
Using these methods, the intra-assay coefficient of variation (CV) was <1%, the interassay CV
was <3% and the intraclass correlation coefficient for triplicate measurements was 0.98 (95% CI

0.97-0.99) for both cohorts.

MUCSB Genotyping
MUCS5B 1535705950 single-nucleotide polymorphism (SNP) was measured with the

Tagman SNP Genotyping Assays (Applied Biosystems, Foster City, CA, USA).

Statistical analysis

All analyses were performed using the R software package, v 3.0.1 (http://www.R-
project.org/). Clinical characteristics of the study cohorts were compared using Student’s t-test or
Kruskal-Wallis rank sum test for continuous variables and y2 or Fisher’s exact tests for
categorical variables. Telomere length was modeled as a continuous variable in univariate and
multivariable analyses. To evaluate the independent association of PBL-TL and the presence of
ILD in patients with SSc, a multivariable logistic regression model was conducted. For the SNP
genotype association analyses, minor allele frequency (MAF) was calculated in each population
as the total number of minor alleles divided by the total number of alles in the population.
Longitudinal PFT analysis was performed using Generalized Linear Mixed Models for the UCSF
cohort, the SU cohort, and the combined SSc-ILD cohort. Associations between telomere length
and binary clinical and radiographic variables were assessed with Student’s t-test, and between

telomere length and continuous clinical variables with Pearson’s correlation coefficient. The

1
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baseline PFT measure variables were log transformed to correct the nonlinearity of the
relationships and to stabilize the variance when Pearson’s correlation coefficient were evaluated.
A multivariable model was built adjusting for age, male sex, body mass index (BMI), ethnicity,
smoking status, antitopoisomerase antibodies, and disease subtype. Missing data were omitted
and managed using the default ‘na.omit’ setting under the glm function in R. P-values <0.05

were considered statistically significant.
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Results

UCSF Cohort characteristics

Demographic data, clinical characteristics and baseline PFT variables for the UCSF cohort are
summarized in Table 1. UCSF SSc patients (n=213) were mostly middle age (mean 55.6 £13.0
years) women (85%) with ILD present in 134 (63%) subjects. ILD was associated with anti-
topoisomerase I positivity (37.3% vs 13.9%, p-value <0.001). PBL-TL showed a normal
distribution (Supplement Figure 1) and, as expected, exhibited a linear decrement with age (r= -
0.28, p-value<0.001). The MUCS5B rs35705950 minor allele frequency did not differ
significantly between SSc patients with and without ILD (Table 1). However, PBL-TL was

shorter in patients carrying a MUCS5B minor allele (6245+ 354 bp) compared to homozygous

wild-type (6609+ 699 bp, p<0.001).

PBL-TL is associated with the presence of ILD in the UCSF SSc cohort

SSc patients with ILD had shorter PBL-TL than those without ILD (6554+ 671 vs 6782 +
698 base pairs (bp), p-value=0.01, adjusted by age, Figure 1). Shorter PBL-TL remained
associated with ILD after controlling for age, male sex, BMI, ethnicity, smoking history, anti-
topoisomerase status, and disease subtype in a multiple logistic regression analysis (OR 2.11 per
1000 bp TL decrease, 95% CI 1.25-3.70, p-value=0.006, Table 2). PBL-TL was shorter in
patients with pulmonary hypertension (PAH) (47 patients had PAH by echo and 43 by right heart
catheterization) compared to controls (6295+ 420 bp vs 6897+ 703 bp, p-value=0.0001,
Supplement Figure 2). Finally, PBL-TL was shorter in patients with limited SSc (6491+ 687 bp)

compared to those with diffuse SSc (6787+ 648 bp, p-value =0.005).

1
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PBL-TL was shorter in SSc-ILD patients lacking SSc-specific autoantibodies compared to
seropositive subjects in the UCSF cohort

At least one SSc-associated autoantibody (anti-topoisomerase, anti-centromere, anti-RNA
polymerase III, or Ul-ribonucleoprotein) was detected in 59.7% of SSc-ILD patients. Subjects
positive for anti-topoisomerase had a greater rate of decline in DL than those negative (-
4.0%/year vs 0.5%/year, p-value=0.04) for this autoantibody, and a trend for more rapid FVC
decline ( -3.3%/year vs -0.6%/year, p-value=0.07). Interestingly, PBL-TL was shorter in SSc-
ILD patients lacking any of the common SSc-specific autoantibody compared to seropositive

subjects (62371 647 bp vs 6651+ 653 bp, Figure 2, p-value=0.004, adjusted by age).

Longer PBL TL was associated with ground glass opacities on chest HRCT in UCSF SSc-
ILD patients

HRCTs were available for visual scoring in 99 (73.9%) UCSF SSc-ILD patients. The vast
majority (73.7%) had a radiographic pattern consistent with nonspecific interstitial pneumonia
(NSIP), 15.2% of patients had a pattern consistent with probable UIP and 6.1% of patients had
an HRCT pattern consistent with UIP (Table 1). Radiographic signs of fibrosis were detected in
81.8% of patients. Among the radiographic abnormalities evaluated, the only significant
association was between the presence of diffuse ground glass opacities (GGO) and longer PBL-

TL (6815% 665 bp vs 6460+ 650 bp, p-value=0.02, Supplement Figure 3; Supplement Table 1).
Shorter PBL-TL was associated with increased risk for FVC deterioration in UCSF SSc-

ILD patients

To investigate the primary objective of this study, we assessed the relationship between

1
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1

2

2 PBL-TL and SSc-ILD progression. PBL-TL was not associated with any baseline PFT measures
Z including FVC (% predicted; r=-0.02, p-value=0.80), FEV1(% predicted; r=-0.07, p-value=0.44),
273 and DLo (% predicted; r=0.03, p-value=0.77). Associations between telomere length and log

?(1) transformed baseline PFT measures in patients with SSc-ILD were assessed with Pearson’s

:g correlation coefficient. There were 72 patients who had longitudinal PFT data available in the

12 UCSF cohort (comparison of baseline data in patients with vs. without longitudinal PFTs is

iZ shown in Supplement Table 2). There were 65 patients who had an observation period of PFT

;g close to 12 months in the UCSF cohort. There was a significant association between PBL-TL and
;; one-year change of FVC in SSc-ILD (1=0.42, p-value=0.0001, Figure 3). Specifically, patients
gézl with more rapid progression (defined as relative decline in FVC% >10% at 12 months) had

;? shorter PBL-TL (p-value=0.002, Figure 4). The median follow up time for the UCSF cohort was
;g 281 days. On adjusted longitudinal analysis, shorter PBL-TL was associated with increased risk
2(1) for worsening FVC with an average of 136 ml greater loss in FVC per year for every 1000 base
gg pair decrease in PBL-TL (95% CI -239ml to -40ml, p=0.012, Table 3).

35

g? Validation cohort

22 To validate findings from the primary endpoint, an independent cohort of 61 SSc-ILD
E‘E patients with longitudinal PFT data from the SU scleroderma center was analyzed. The median
ji follow up time for the SU cohort was 561 days. Baseline characteristics of the two SSc-ILD

22 patient cohorts with longitudinal PFT trends are listed in Supplement Table 3. SSc-ILD patients
% in the SU cohort had on average higher FVC (79.8%) and DL (65.8%) measures at baseline
?1) and more frequently presented ground glass opacities (80.3%) on HRCT scans. There were no
gg significant differences in anti-topoisomerase antibody positive rate, or prevalence of pulmonary
gg hypertension between the UCSF and SU cohorts.

s

58
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There were 39 patients who had an observation period of PFT close to 12 months in the
SU cohort. Consistent with findings in the UCSF cohort, PBL-TL in SU SSc-ILD patients was
negatively associated with one-year FVC decline (1=0.33, p-value=0.03). In addition, PBL-TL
was shorter in subjects exhibiting more rapid ILD progression (Figure 4). Finally, SU SSc-ILD
patients exhibited a greater loss in FVC per year (41 ml) for every 1000 base pair decrease in
PBL-TL (longitudinal analysis, adjusted model: 95% CI -74ml to -9ml, p-value=0.01, Table 4).
When both cohorts of SSc-ILD patients were combined, shorter PBL-TL was also associated
with an increased risk for FVC decline with an average of 67 ml greater loss in FVC per year for
every 1000 base pair decrease in PBL-TL (longitudinal analysis, adjusted model: 95% CI -104ml

to -33ml, p<0.001, Table 4).

Discussion

This study investigated the relationship between PBL-TL and ILD progression in two
large cohorts of SSc patients. We found that short PBL-TL is associated with the presence of
SSc-ILD and the rate of decline of FVC. This evidence suggests the possibility that telomere
dysfunction may contribute to ILD progression in a subset of SSc-ILD patients and that PBL-TL

may be used to identify SSc-ILD patients more prone to progressive loss of lung function.

Previous studies have shown that shorter PBL-TL is associated with worse survival in
patients with idiopathic pulmonary fibrosis, chronic hypersensitivity pneumonitis (cHP),
unclassifiable ILD, or IPAF!3-18:30 In addition, IPF, IPAF and connective tissue disease

associated ILD patients with shorter PBL telomeres have been reported to have more rapid loss

1
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of FVC!8. These findings and the detection that telomere shortening in alveolar epithelial cells
(AEC2 cells) is sufficient to cause fibrotic lung remodeling in mice 3! suggest that the
progressive loss of FVC in these conditions may in part be driven by telomere dysfunction. This
study reports that shorter PBL-TL is associated with the presence and progression of ILD in SSc
patients. In broad terms, IPF and SSc-ILD appear to be initiated by different mechanisms (e.g.
aging, AEC2 cell failure vs inflammation, autoimmunity). Nevertheless, the findings that short
PBL-TL in both SSc-ILD and IPF patients is associated with FVC decline indicates that shared
pathways involving telomere and telomerase dysfunction may contribute to both disease
processes. Future studies addressing whether alveolar cells or other lung cellular subtypes exhibit
telomere dysfunction in SSc-ILD patients will help clarifying this possibility. It will also be
important to investigate the relevance of genetic predisposition, environmental exposure, or
accentuated cellular replication driven by autoimmunity is driving telomere shortening in SSc-
ILD. In addition, whether telomere dysfunction in PBLs contribute to inflammation and target
tissue damage (i.e lungs) in SSc-ILD, similarly to what has been reported in rheumatoid

arthritis32, it remains to be determined.

There is robust evidence that autoimmunity is a driver of SSc pathogenesis and that SSc-
specific autoantibodies (anti-centromere, RNA polymerase III, and anti-topoisomerase I
antibodies) are associated with unique clinical pehnotypes. The finding that SSc-ILD patients
negative for these autoantibodies have shorter PBL-TL than seropositive subjects is intriguing.
One could speculate that in these subjects the contribution of immune activation towards lung
fibrosis is less relevant or has waned, with a pathobiology that has transitioned to one more
similar to IPF. An alternative possibility is that unknown autoantibodies with the ability to

interfere with telomere/telomerase function may be present. Overall, these findings suggest that

1
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telomere dysfunction may play a greater role in SSc-ILD progression in patients lacking

common SSc specific autoantibodies.

Studies using genome-wide transcriptome analysis of SSc lungs has shown a robust and
consistent pro-inflammatory signature, highlighting the role of immune-driven mechanisms in the
pathogenesis of SSc-ILD*. In this study, longer PBL-TL was associated with GGO on chest
HRCT. In the setting of ILD, GGO suggests the presence of active parenchymal inflammation
(though it may not exclusively represent inflammation)**. An increased rate of cell replication of
leukocytes may occur in autoimmune diseases leading to accelerated telomere attrition and
immune cellular senescence®’. Conversely, and consistent with our findings, it is possible that
longer PBL-TL may sustain the activity of leukocytes enabling lung inflammation and GGO on
HRCT. This possibility needs to be confirmed in independent studies.

A limitation of this study is that survival analysis could not be performed due to the small
number of non-survivors in the investigated patient populations. There are other limitations,
including the use of manual radiology scoring. We identified an association only between PBL-
TL and GGO on HRCT. It is possible that automated radiologic scoring methods may be more
sensitive to radiographic changes. Longitudinal PFT trends could be studied only in a subset of
UCSF SSc-ILD patients as data were missing. This is unlikely to have biased the results as the
findings were replicated in a separate cohort. We also could not determine the impact of PBL-TL
on treatment response as the majority of SSc-ILD patients received therapy. Prospective studies
conducted in large cohort of patients should be designed to further validate our findings and
define whether telomere length measurement can reliably predict SSc-ILD progression as well as
long term outcome and survival. Future studies should also define which cellular subtypes in the

peripheral blood and within the lung tissues of SSc patients exhibit significant telomere

1
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shortening and how this contributes to unique molecular mechanisms involved with pulmonary

fibrosis and SSc-ILD progression.

oNOYTULT D WN =

In conclusion, this study reports an association between shorter PBL-TL and lung

10 function decline (FVC) over time in SSc-ILD, supporting the hypothesis that telomere
dysfunction may contribute to ILD progression in a subset of SSc patients and that measuring
15 PBL-TL may prove to be a useful tool to identify SSc-ILD subjects at risk for SSc-ILD

17 progression. Measures of PBL-TL may provide valuable information for the prognostic

evaluation of SSc-ILD and improve our understanding of disease pathogenesis.
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Table 1: Demographic and clinical characteristics of the UCSF SSc cohort

UCSF cohort (n=213)

SSc-ILD SScno ILD  P-value
(n=134) (n=79)
Age, mean (SD) 55.5(29.5) 55.9 (13.7) 0.84
Female, n (%) 107 (79.9) 74 (93.7) 0.002
BMI, mean (SD) 25.2(5.3) 24.3(5.1) 0.23
Race, n (%) 0.60
White, non-Hispanic/Latino 81 (60.4) 56 (70.9)
Hispanic or Latino 6 (4.5) 3(3.8)
African American 13 (9.7) 7 (8.9)
Asian 21 (15.7) 9(11.4)
Other/unknown 13(9.7) 4(5.0)
Smoking status, n (%) 0.13
Never smoker 83 (61.9) 56 (70.9)
Current smoker 3(2.2) 3(3.9)
Former smoker 48 (35.8) 20 (25.3)
Pulmonary function tests, mean (SD)
FVC, %Predicted 70.3 (19.4) 92.5(18.0) <0.001
FEV1, %Predicted 71.4 (19.2) 91.3 (19.6) <0.001
DLco, %Predicted 52.4(19.5) 71.9 (19.3) <0.001
Anti-topoisomerase antibody, n (%) <0.001
Positive 50 (37.3) 11 (13.9)
Unknown 6 (4.5) 2 (2.6)
SSc subtype, n (%) 0.37
Limited 73 (54.5) 50 (63.3)
Diffuse 38 (28.4) 22 (27.8)
Pulmonary hypertension™, n (%) 32(23.9) 15 (19.0) 0.40
High-resolution CT available for scoring, n (%) 99 (73.9) ND
Fibrosis 81 (81.8)
Diffuse ground-glass opacities 27 (27.3)
Mosaic peffusion, air-trapping, or both 18 (182)
Nodules 11 (11.1)
Emphysema 8 (8.1)
Cysts 11(11.1)
Subpleural sparing 49 (49.5)
UIP pattern
Definite 6 (6.1)
Probable 15 (15.2)
Indeterminate 5(.1)
Alternative diagnosis 73 (73.7)
Death, n (%) 9(6.7) 4(5.1) 0.85
MUCSB rs35705950 genotype 0.69
GG, n (%) 114 (85.1) 69 (87.3)
GT, n (%) 20 (14.9) 10 (12.7)
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TT, n (%) 0 0
MAF 7.5% 6.3%

*Pulmonary hypertension was defined based on echocardiographic evidence of an estimated
pulmonary arterial systolic pressure greater than or equal to 40 mmHg or a mean pulmonary
artery pressure of > 25 mmHg at right heart catheterization.

UCSF, University of California San Francisco; SSc, systemic sclerosis; ILD, interstitial lung
disease; BMI, body mass index; FVC, forced vital capacity; FEV1, forced expiratory volume in
1 second; DL, diffusing capacity for carbon monoxide; CT, computed tomography; ND, not
done; UIP, usual interstitial pneumonia; MAF, minor allele frequency.

2
https://mc.manuscriptcentral.com/thorax

Page 24 of 36



Page 25 of 36 Thorax

Table 2: Shorter PBL-TL is a risk factor for ILD in UCSF SSc patients in a multivariable
logistic regression model

OR 95%CI P-value

oNOYTULT D WN =

Age 0.99 0.97-1.02 0.60
10 Male gender 0.42 0.12-1.21 0.12
12 BMI 1.05 0.98-1.13 0.19
13 Hispanic ethnicity 1.97 0.73-5.78 0.20
15 Smoking history 1.16 0.80-1.68 0.43
17 Anti-topoisomerase antibody 4.61 2.05-11.23 <0.001
18 SSc subtype, diffuse 1.49 0.74-3.08 0.27
20 TL (per 1kb decrease) 2.11 1.25-3.70 0.006

23 PBL, peripheral blood leukocyte; TL, telomere length; ILD: interstitial lung disease; UCSF,
24 University of California San Francisco; SSc, systemic sclerosis; OR, odds ratio; CI, confidence
25 interval; BMI, body mass index.
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Table 3: Association between PBL-TL and FVC trends in UCSF SSc-ILD patients using
Generalized Linear Mixed Models

UCSF Cohort Telomere Length (Per 1000 base pair decrease)

(n=72, 203 PFTs) Coefficient 95%CI P-value
Unadjusted model -0.134 —0.235--0.024 0.012
Adjusted model* -0.136 —0.239- -0.040 0.012

* Adjusted by age, male sex, body mass index (BMI), ethnicity, smoking status, anti-
topoisomerase antibodies, and classification of disease.

PBL, peripheral blood leukocyte; TL, telomere length; FVC, forced vital capacity; UCSF,
University of California San Francisco; SSc-ILD, systemic sclerosis associated interstitial lung
disease; CI, confidence interval.
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Table 4: Association between PBL-TL and FVC trends in SU SSc-ILD patients and
combined cohorts using Generalized Linear Mixed Model
Telomere Length (Per 1000 base pair decrease)

oNOYTULT D WN =

Coefficient 95%ClI P-value

10 SU Cohort (n=61, 329 PFTs)

13 Unadjusted model —0.035 —0.061- —0.005 0.018
15 Adjusted model* —-0.041 —0.074- —-0.009 0.013
17 Combined Cohorts (n=133, 532 PFTs)

Unadjusted model —-0.075 —0.106- —0.045 <0.001

22 Adjusted model* —0.067 —0.104- -0.033 <0.001

24 *Adjusted by age, male sex, body mass index (BMI), ethnicity, smoking status, anti-
topoisomerase antibodies, and classification of disease.

PBL, peripheral blood leukocyte; TL, telomere length; FVC, forced vital capacity; SU, Stanford
28 University; SSc-ILD, systemic sclerosis associated interstitial lung disease; CI, confidence

29 interval.
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Figure 1: Scatterplot of PBL-TL versus age in UCSF SSc patients with or without ILD (n=213). Straight lines
represent the best fitted lines using linear regression model.PBL, peripheral blood leukocyte; TL, telomere
length; UCSF, University of California San Francisco; SSc, systemic sclerosis; ILD, interstitial lung disease.
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45 Figure 2: Associations between telomere length and SSc-ILD patients lacking SSc-specific autoantibodies

46 were assessed using Student’s t-test (n=111).*All Negative indicate lack of anti-ACA, anti-RNA polymerase

47 ITI, anti-Ul-ribonucleoprotein, and anti-topoisomerase I antibodies.PBL, peripheral blood leukocyte; TL,

telomere length; UCSF, University of California San Francisco; SSc-ILD, systemic sclerosis associated
interstitial lung disease; ACA, anti-centromere antibody.
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Figure 3: Associations between telomere length and one-year FVC change in patients with SSc-ILD were

assessed using Pearson’s correlation coefficient. PBL, peripheral blood leukocyte; TL, telomere length; FVC:

forced vital capacity; SSc-ILD, systemic sclerosis associated interstitial lung disease; UCSF, University of
California San Francisco.
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Supplement Table 1: Relationship between PBL-TL and radiographic changes on HRCT

for UCSF SSc-ILD patients

Thorax

Radiologic Feature Number Telomere Length (base pair)
n=99 with without with without P-value
Fibrosis 81 18 6559 6551 0.96
Definite or probable UIP pattern 21 78 6430 6592 0.35
Honeycombing 9 90 6378 6575 0.50
Traction bronchiectasis 75 24 6529 6646 0.49
Traction bronchiectasis (moderate-severe) 45 54 6473 6627 0.26
Ground glass opacities 27 72 6815 6460 0.02
Mosaic perfusion 10 89 6529 6560 0.89
Air-trapping 17 82 6457 6578 0.52
Nodules 11 88 6612 6550 0.69
Consolidation 90 6719 6541 0.31
Airways 18 81 6453 6580 0.48
Emphysema 8 91 6772 6538 0.35
Cysts 11 88 6679 6542 0.50
Subpleural Sparing 49 50 6630 6486 0.29
Reticulation 77 22 6523 6679 0.30

PBL, peripheral blood leukocyte; TL, telomere length; HRCT, high-resolution computed
tomography; UCSF, University of California San Francisco; SSc-ILD, systemic sclerosis
associated interstitial lung disease; UIP, usual interstitial pneumonia.
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Supplement Table 2: Comparison of baseline data in patients with vs. without longitudinal
PFTs

With longitudinal PFT Without longitudinal p-value
data included in the PFT data not included
9 analysis (n=72) in the analysis (n=62)

oNOYTULT D WN =

10 Age, Mean = SD 545+ 14.6 56.6 £10.1 0.34
11 Female, n (%) 53 (73.6) 54 (87.1) 0.08
Pulmonary function test
14 FVC, %Predicted, Mean + SD 69.5+18.9 71.3+20.0 0.60
FEV1, %Predicted, Mean + SD 71.5+£19.3 71.6 £19.1 0.98
17 DLCO, %Predicted, Mean + SD 49.7+19.1 55.6+19.7 0.09
18 High-resolution CT available for 50 (69.4) 49 (79.0)
20 scoring, n (%)
21 Fibrosis 42 (84) 39 (79.6) 0.76
Diffuse ground-glass opacities 19 (38) 8(16.3) 0.03
24 UIP pattern 0.01
Definite 24 4(8.2)
27 Probable 3(6) 12 (24.5)
28 Indeterminate 1(2) 4(8.2)
30 Alternative diagnosis 44 (88) 29 (59.2)
31 MUCS5B rs35705950 genotype 0.71
33 GG, n (%) 60 (83.3) 54 (87.1)
34 GT, n (%) 12 (16.7) 8 (12.9)

MAF 8.3% 6.5%
37 Telomere length (bp), Mean £+ SD 6562 + 620 6546 + 731 0.89

PFT, pulmonary function test; FVC, forced vital capacity; FEV1, forced expiratory volume in 1
40 second; DLco, diffusing capacity for carbon monoxide; UIP, usual interstitial pneumonia; MAF,
41 minor allele frequency.
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Supplement Table 3: Baseline characteristics of patients with SSc-ILD and longitudinal

PFT trends.
UCSF cohort SU cohort p-value
SSc-ILD (n=72) SSc-ILD (n=61)
Age, Mean = SD 545+14.6 559+13.8 0.57
Female, n (%) 53 (73.6%) 52 (85.2%) 0.15
BMI, Mean + SD 252+43 24.4+4.6 0.35
Race, n (%) 0.01
White, non-Hispanic/Latino 42 (58.3) 36 (59.0)
Hispanic or Latino 4 (5.6) 12 (19.7)
African American 709.7) 1(1.6)
Asian 12 (16.7) 11 (18.0)
Other/unknown 709.7) 1(1.6)
Smoking status 0.73
Never smoker, n (%) 50 (69.4%) 38 (62.3%)
Current smoker, n (%) 1 (1.4%) 1 (1.6%)
Former smoker, n (%) 21 (29.2%) 22 (36.1%)
PFT at baseline
FVC, %pPredicted, Mean = SD 69.8+17.4 79.8 +18.3 0.002
FEV1, %Predicted, Mean + SD 71.5+£19.3 86.1 £20.5 <0.001
DLco, %Predicted, Mean = SD 48.8+£18.6 65.8+21.2 <0.001
Anti-topoisomerase I antibody 0.12
Positive, n (%) 31 (43.1%) 17 (27.9%)
Negative, n (%) 39 (54.2%) 41 (67.2%)
Unknown, n (%) 2 (2.8%) 3 (4.9%)
Pulmonary hypertension, n (%) 20 (27.8%) 19 (31.1%) 0.81
High-resolution CT available for scoring 50 (69.4%) 61 (100%)
Diffuse ground-glass opacities 19 (38.0%) 49 (80.3%) <0.001
Honeycombing 4 (8.0%) 10 (16.4%) 0.28

SSc-ILD, systemic sclerosis associated interstitial lung disease; PFT, pulmonary function test;
UCSF, University of California San Francisco; SU, Stanford University; BMI, body mass index;
FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; DLco, diffusing

capacity for carbon monoxide.
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Supplement Figure 1: Distribution of PBL-TL for the entire UCSF cohort (n=213)
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27 PBL, peripheral blood leukocyte; TL, telomere length; UCSF, University of California San
28 Francisco.

60 https://mc.manuscriptcentral.com/thorax



oNOYTULT D WN =

Supplement Figure 2: UCSF SSc patients with PH had shorter PBL-TL compared to

controls (n=79)
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UCSF, University of California San Francisco; SSc, systemic sclerosis; PH, pulmonary
hypertension; PBL, peripheral blood leukocyte; TL, telomere length; ILD, interstitial lung

disease.
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Supplement Figure 3: UCSF SSc-ILD patients with diffuse GGO on HRCT had longer

PBL-TL (n=99)
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UCSF, University of California San Francisco; SSc-ILD, systemic sclerosis associated interstitial
lung disease; GGO: ground-glass opacity; HRCT, high-resolution computed tomography; PBL,
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