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Abstract

Background: Shortened telomeres are associated with several different subtypes of interstitial
lung disease (ILD), although studies of telomere length and ILD in rheumatoid arthritis (RA) are
lacking.

Methods: Within the Veterans Affairs Rheumatoid Arthritis (VARA) registry, we performed
cross-sectional and case-control studies of prevalent and incident ILD, respectively. We randomly
selected a subset of RA patients with ILD and individually matched them to RA patients without
ILD according to age, sex, and VARA enrollment date. Telomere length was measured on
peripheral blood leukocytes collected at registry enrollment using quantitative PCR (T/S ratio).
Short telomeres were defined as a T/S ratio in the lowest 10th percentile of the cohort.

Results: Our cross-sectional study cohort was comprised of 54 RA-ILD patients and 92 RA-
non-ILD patients. T/S ratios significantly differed between patients with and without prevalent
ILD (1.56 [IQR 1.30, 1.78] vs. 1.96 [IQR 1.65, 2.27], p<0.001). Similarly, prevalence of ILD
was significantly higher in patients with short vs. normal-length telomeres (73.3% vs. 32.8%,
p=0.002). Short telomeres were independently associated with an increased odds of prevalent
ILD compared to normal-length telomeres (adjusted OR 6.60, 95% CI 1.78-24.51, p=0.005). In
our case-control analysis, comprised of 22 incident RA-ILD cases and 36 RA-non-1LD controls,
short telomeres were not associated with incident RA-ILD (adjusted OR 0.90, 95% CI 0.06-13.4,

p=0.94).
Conclusion: Short telomeres were strongly associated with prevalent but not incident ILD

among patients with RA. Additional studies are needed to better understand telomere length
dynamics among RA patients with and without ILD.

Keywords

Interstitial lung disease; rheumatoid arthritis; rheumatoid arthritis-associated interstitial lung
disease; telomere length; telomeres; T/S ratio

Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune rheumatic disease characterized by
symmetric, inflammatory polyarthritis of the peripheral joints that leads to cartilaginous and
bony destruction.! Extraarticular involvement of RA is common and includes a variety of
pulmonary manifestations.23 Clinically significant interstitial lung disease (ILD) is seen in
up to 10% of patients with RA and strongly contributes to morbidity and mortality.*:> In
addition, interstitial changes on computed tomography (CT) have been described in up to
60% of RA patients.® Despite a growing recognition of ILD in RA (hereafter, RA-ILD),
identifying at-risk patients remains a challenge.

Unlike other connective tissue diseases, usual interstitial pneumonia (UIP) — the
radiographic and histopathologic pattern associated with idiopathic pulmonary fibrosis (IPF)
— is the most common pattern seen in RA-ILD? and is associated with faster disease
progression and higher risk for mortality.8° Notably, RA-ILD and IPF have many shared
risk factors, including male sex, history of smoking, and older age.1%:1! Telomeres are
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the protective “caps” on the ends of chromosomes, which, when sufficiently long, prevent
the activation of DNA damage responses that result in cellular senescence or apoptosis.
Telomeres tend to shorten with age and various cellular injuries, and shortened telomeres
have been associated with both familial and sporadic IPF.1213 Although the association
between telomere length and RA-ILD remains unknown, telomere shortening is not unique
to IPF and has been described in a variety of ILD subtypes, including connective tissue
disease-associated ILD (CTD-ILD).14-17

Our primary objective was to determine whether telomere shortening is associated with
prevalent and incident ILD in RA patients. Given the radiographic and histopathologic
similarities between RA-ILD and IPF, we hypothesized that telomere shortening at baseline
would be associated with prevalent RA-ILD and would confer greater risk for the
development of incident RA-ILD.

Study Design and Methods

Study Design and Patient Population

We performed both a cross-sectional study of prevalent RA-ILD and a nested case-control
study of incident RA-ILD within the Veterans Affairs Rheumatoid Arthritis (VARA)
registry. Initiated in 2003, the VARA registry is a multicenter prospective registry of

U.S. veterans with RA fulfilling the 1987 American College of Rheumatology criteria.18
Prevalent RA-ILD was defined as ILD diagnosed prior to or within one year of registry
enrollment, whereas incident RA-ILD was defined as ILD diagnosed at least 1 year but

less than 6 years after registry enrollment. Our incident ILD definition took into account
available longitudinal data within our cohort and recent data demonstrating a median time to
ILD onset after RA diagnosis of 2.3 years.19

For our cross-sectional study, we randomly selected a subset of patients with RA-ILD
(m=54) and individually matched them to RA patients without ILD (/=92) based on age, sex,
and VARA registry enrollment date. We individually matched on the basis of age and sex

to account for population-based age- and sex-related telomere length differences.2® RA-1LD
cases and RA-non-ILD controls were matched in a 1:2 ratio whenever possible, although

a limited number of RA-ILD patients could only be matched 1:1. Our case-control study
population was derived from the same 92 subjects without baseline RA-ILD examined in
our cross-sectional analysis. For this study, cases were identified according to our incident
RA-ILD definition (/7=22), whereas subjects were included as controls if they had at least 6
years of follow-up from registry enroliment (7=36). Follow-up occurred through December
31, 2018.

Data on patient socio-demographics, comorbidities, medications, smoking status (current,
former, or never), and date of RA disease onset were collected at enrollment, in addition to
disease activity and functional status metrics such as the Disease Activity Score in 28 Joints
(DAS28)21 and the Multidimensional Health Assessment Questionnaire (MDHAQ).22 All
patients provided informed consent prior to enrollment. In addition, all 13 participating sites
obtained local institutional review board approval. The present study was approved by the
VARA Scientific Ethics and Advisory Committee.
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Characterization of RA-ILD within the VARA Registry

As described in prior studies, RA-ILD status was determined through standardized medical
record adjudication among patients who screened positive for one or more International
Classification of Diseases, 9™ Revision (ICD-9) or 101" Revision (ICD-10) codes previously
proposed to ascertain LD status.?3 Specifically, RA-ILD classification required a provider
diagnosis of ILD and either (1) radiographic ILD features on chest CT (e.g., honeycombing,
reticulation, traction bronchiectasis, groundglass opacities, centrilobular nodules, or cysts,
among others) or (2) histopathologic ILD features on lung biopsy reports (UIP, nonspecific
interstitial pneumonia, organizing pneumonia, desquamative interstitial pneumonia, etc. or
more generically “pulmonary fibrosis”). Of note, all patterns of ILD were included in our
RA-ILD definition, in accordance with an existing ILD classification schema.?4 Patterns

of RA-ILD were based on clinical reads of chest CTs, with only approximately 50% of
cases reporting a specific ILD phenotypic pattern, in which UIP was most common. The
vast majority of RA-ILD cases (more than 95%) were diagnosed based on CT findings.
Imaging reports were reviewed by three rheumatologists with clinical expertise in RA-ILD
who trained against each other in pilot abstraction. To assess the sensitivity of our screening
approach, a random sample of 243 VARA registry subjects without ILD diagnostic codes
was reviewed by applying the same methodology, of which only 7 (2.9%) were ultimately
classified as having RA-ILD.23

Telomere Length Measurements

We extracted genomic DNA from peripheral blood collected at time of VARA registry
enrollment using the QlAamp Blood DNA Midi Kit (QIAGEN), and DNA concentrations
were quantified using Qubit fluorometry (Invitrogen). Relative telomere length was
measured using a high-throughput monoplex real-time quantitative polymerase chain
reaction (QPCR) assay, which quantifies a ratio of telomeric repeat copy signal (T) and a
reference single-copy gene (human beta globin) signal (S), thus generating a T/S ratio for
each individual subject.25 Assays were performed as previously described?8 except that they
were carried out in 384-well plates using 3 ng of genomic DNA per reaction on a Roche
LightCycler 480 using the second derivative maximum method. Each sample was measured
in triplicate and in a blinded fashion, and ACt value used to determine T/S was the cycle
threshold (Ct) obtained for the telomere gPCR reaction subtracted from that obtained for the
single copy gene. To ensure that the g°PCR Ct values reflected linear responses to input DNA
and that the samples were therefore free of contaminants that could skew measurements,
triplicate reactions were also carried out using 6 ng of DNA, and only samples that yielded
the same T/S ratios as those obtained using 3 ng were used for further analysis. To account
for inter-run variability, experimental sample T/S values were normalized to the mean T/S
ratio obtained for six standard samples included in each run.

In an external cohort of 13 patients with ILD, we validated our gPCR method against
telomere length (kb) measured in peripheral blood lymphocytes and granulocytes via
fluorescent /n situ hybridization-flow cytometry (flow-FISH) by the Department of
Pathology at Johns Hopkins Hospital, as described previously.2” T/S ratios compared

to granulocyte and lymphocyte telomere lengths measured using flow-FISH showed
significant correlation (p<0.01 for both comparisons, Figure 1). Unlike flow-FISH, there
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are no population-based age- or sex-established norms when using qPCR methods to
calculate telomere length based on T/S ratio, thus necessitating that we perform within-
cohort comparisons. To account for age- and sex-related telomere length differences, our
cohort was derived by individually matching patients with and without RA-ILD on these
parameters.

Statistical Analysis

For comparing baseline socio-demographic and clinical covariates, patients were divided
according to whether their T/S ratio fell within or above the lowest 101 percentile of

the cohort (i.e., “short” vs. “normal” telomeres), as described in prior clinical studies.282°
Differences in patient characteristics were analyzed using the Mann-Whitney U'test, chi-
squared test, or Fisher’s exact test, as appropriate. The distribution of T/S ratios was
logarithmically transformed given its rightward skewness.

For our cross-sectional study, we performed univariate and multivariable conditional
logistic regression analyses to assess the associations between prevalent RA-ILD and
telomere length (both dichotomized and continuous log-transformed, as defined above).
The following covariates were selected a priori for inclusion in our multivariable model
based on preexisting mechanistic and biological knowledge: age at enrollment, sex, race
(Caucasian, African American, or other), smoking history (current, former, or never), RA
disease duration, and baseline severity of articular disease as measured by the DAS28. Other
covariates such as MDHAQ scores and use of biologics, specifically anti-TNF therapies,
were not included in our multivariable model given concern they measure overlapping
constructs relative to the DAS28. In addition, increased adiposity has not been directly
linked to higher rates of interstitial lung disease, which is why we opted to exclude BMI
from our multivariable models.

For our case-control study, we similarly performed univariate and multivariable conditional
logistic regression analyses to assess the associations between incident RA-ILD and
telomere length as both a binary and continuous variable. Similar covariates were included
in our multivariable model. As a planned sensitivity analysis, we performed additional
univariate and multivariable regressions in which an incident RA-ILD case was defined as
diagnosed at least 1 year but less than 5 years after registry enrollment (whereby shorter
follow-up increased the total number of subjects eligible for inclusion but reduced the
number of incident RA-ILD cases) and as diagnosed at least 1 year but less than 7 years
after registry enrollment (whereby longer follow-up decreased the total number of subjects
eligible for inclusion but increased the number of incident RA-ILD cases).

According to our power calculations, an estimated 108 patients (36 cases and 94 controls)
would be required to achieve 80% power at a two-sided alpha of 0.05 to detect a significant
difference in risk for ILD between RA patients with and without short telomeres, assuming
a 10% difference in average telomere length between RA-ILD and RA-non-1LD patients.
Statistical significance was defined as p<0.05. All analyses were performed using Stata/MP,
version 17 (College Station, TX).
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Telomere Length and Prevalent RA-ILD

The cross-sectional study sample was comprised of 146 patients: 54 RA-ILD patients and
92 matched controls (median age 66 years, 94.5% male). Patients were stratified according
to whether or not they had short telomeres, as previously defined. There were no differences
noted in age, sex, race, ethnicity, or smoking history between patients with and without short
telomeres (Table 1). In addition, RA disease duration and baseline DAS28 and MDHAQ
scores were similar. Patients with short telomeres had significantly higher BMIs. Although
prednisone use was higher in patients with short telomeres, there was similar usage of
methotrexate and anti-TNF therapies.

T/S ratios significantly differed between patients with and without prevalent RA-ILD (1.56
[IQR 1.30, 1.78] vs. 1.96 [IQR 1.65, 2.27], p<0.001, Figure 2). Similarly, patients with
short telomeres were more likely to have RA-ILD compared to those with normal telomeres
(73.3% vs. 32.8%, p=0.002). Patients with short telomeres had increased odds of prevalent
RA-ILD compared to patients with normal telomeres in both unadjusted (OR 5.63, 95% CI
1.69-18.71, p=0.005) and adjusted (OR 6.60, 95% CI 1.78-24.51, p=0.005) analyses (Table
3). In addition, continuous log-transformed T/S ratio was highly associated with prevalent
RA-ILD in both our univariate (OR per 1 standard deviation [SD] decrease 2.70, 95% ClI
1.72-4.22, p<0.001) and multivariable (OR per 1 SD decrease 3.30, 95% CI 1.99-5.47,
p<0.001) analyses (Table 3), where lower values of log-transformed T/S ratio (i.e., shorter
telomeres) conferred greater risk of having RA-LD.

Telomere Length and Incident ILD

The case-control sample was comprised of 58 patients: 22 incident cases of RA-ILD and 36
controls. There were no statistically significant differences noted in age, sex, race, ethnicity,
BMI, smoking history, RA disease duration, baseline DAS28 and MDHAQ scores, or use

of pharmacologic treatments for RA (Table 4) between patients with and without incident
RA-ILD, nor were any differences noted between patients with short telomers and normal
telomeres across all measured baseline socio-demographic and clinical covariates (data not
shown). Among cases, median time from registry enrollment to ILD diagnosis was 3.1 years
(IQR 2.2, 4.4 years).

Cases and controls had similar T/S ratios (2.14 [IQR 1.65, 2.35] vs. 2.00 [IQR 1.67, 2.25],
p=0.38). In addition, the proportions of subjects with incident RA-ILD did not statistically
significantly differ between the short telomere and normal telomere groups (16.7% vs.
40.4%, p=0.42). The odds ratios of short telomeres for case status were OR 0.30, 95% CI
0.03-2.71, p=0.28 in our unadjusted analysis and OR 0.90, 95% CI 0.06-13.43, p=0.94 in
our adjusted analysis (Table 5). In addition, log-transformed T/S ratio was not associated
with incident RA-ILD in both our univariate (OR per 1 SD decrease 0.69, 95% CI 0.39-
1.23, p=0.21) and multivariable (OR per 1 SD decrease 0.80, 95% CI 0.36-1.76, p=0.58)
analyses (Table 5). Similar findings were noted when the incident RA-ILD definition was
modified as diagnosed at least 1 year but less than 5 years after registry enrollment (adjusted
OR per 1 SD decrease 0.67, 95% CI 0.31-1.47, p=0.32) and as diagnosed at least 1 year
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but less than 7 years after registry enrollment (adjusted OR per 1 SD decrease 0.92, 95% ClI
0.43-2.00, p=0.84).

Discussion

In this study, patients with short telomeres were more likely to have RA-ILD at entry into
the VARA registry compared to patients with normal telomeres. However, patients with
short telomeres at baseline did not have a higher risk of developing incident RA-ILD during
the ensuing 5-7 years. To our knowledge, this is the largest study of an RA-specific cohort
examining associations between telomere length and ILD.

Broadly speaking, human telomere disease consists of a wide spectrum of disorders linked
to neoplastic, pulmonary, hepatic, and bone marrow abnormalities.14:30 Telomere erosion is
a hallmark feature of immunosenescence and has been demonstrated in both lymphoid and
myeloid cells in RA patients.3! This accelerated aging of the immune system, as well as
many other organ systems, is often characteristic of RA.32 Subsequent studies have linked
telomere shortening to more severe articular disease and accelerated atherosclerosis in a
subset of patients with RA.33:34 Furthermore, additional studies have demonstrated that
telomere shortening is associated with worse outcomes in other subtypes of ILD.17:35

Patients with RA have approximately a nine-fold increased risk for ILD in comparison to the
general population.36:37 Previous studies have estimated that roughly 10% of RA patients
have clinically significant ILD.#38-40 Furthermore, radiographic interstitial changes on chest
CT are present in 30-60% of patients with RA,8 although it is unclear what proportion of
these patients subsequently progress to more advanced disease. Risk of mortality among
RA-ILD patients is three times higher in comparison to RA patients without ILD,*! with one
recent study reporting significant differences in one- and five-year mortality rates (14% vs.
4% and 39% vs. 18%, respectively).> As such, identifying those most at risk for ILD is a
crucial aspect of providing comprehensive medical care to patients with RA. While telomere
length alone may not be sufficient to quantify ILD risk, additional studies are needed to
determine whether its use with alternative biomarkers or in combination with screening for
clinical symptoms of ILD such as cough and dyspnea may result in earlier identification and
treatment, particularly among RA patients with other established ILD risk factors.

Prior studies have only examined telomere length and RA-ILD to a limited extent. Newton
et al. recently demonstrated a more rapid decline in lung function among CTD-ILD patients
with short telomeres.1” This cohort consisted of CTD patients with established ILD (among
which only 25% had RA-ILD) and did not specifically address the association of telomere
length and ILD risk in RA. Juge et al. demonstrated a higher prevalence of mutations in the
TERT gene among RA-ILD patients relative to the general population.#2 This gene encodes
for a subunit of telomerase, an enzyme responsible for maintaining the length of telomeres
by adding guanine-rich repetitive sequences thereby preventing chromosomal degradation.
In addition, they noted shorter telomere lengths among RA-ILD patients relative to a limited
number of healthy controls.#2 Although beyond the scope of this project, it would be of
value to study whether there is a higher prevalence of telomerase gene mutations in RA-ILD
patients compared to RA-non-ILD patients (as opposed to in comparison to healthy non-RA
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controls), although this would require a much larger sample size. Regardless, existing
evidence suggests telomere length may play an important role in the pathogenesis of RA,
even in the absence of |LD.31-34

Results from our cross-sectional and case-control studies differed. One possible explanation
is that the development of critically short telomeres only predates the onset of pulmonary
fibrosis by several weeks to months, as has been shown in several murine models.43:44

In addition, RA patients have been demonstrated to have telomere shortening even in the
absence of ILD, which may have limited our ability to detect differences in T/S ratios
between pre-ILD patients and non-ILD controls. Another possibility is that our case-control
study was underpowered. We attempted to account for this by analyzing T/S ratios as both
a binary and a continuous variable. In addition, we performed several sensitivity analyses
using different time periods to define incident ILD. One final potential explanation for

the discrepancies is a “depletion of susceptibles” phenomenon given subjects with short
telomeres had a longer median duration of RA prior to VARA registry enrollment, thus
providing more time “at risk™ for developing ILD prior to or within the first year of study
enrollment. Collectively, our findings highlight the importance of a longitudinal study of RA
patients without baseline ILD in which serial measurements of telomere length are acquired
at regular intervals while closely monitoring for new-onset ILD.

Within our cross-sectional study population, rates of smoking were similar between patients
with and without prevalent RA-ILD, as well as between patients with and without shorter
telomeres, thus making this an unlikely explanation as why patients with shorter telomeres
were more likely to have prevalent RA-ILD. Although prednisone use did not differ between
patients with and without prevalent RA-ILD, there was a higher proportion of prednisone
use among patients with shorter telomeres. This may, in part, be due to the fact that
telomere dysfunction correlates with articular disease severity.33 Lastly, patients with shorter
telomeres had significantly higher BMIs, in line with findings from a recent meta-analysis
in which obesity was shown to accelerate leukocyte telomere length shortening in healthy
adults.® Increased adiposity, however, has not been previously directly linked to a higher
risk of ILD, which is why we opted to exclude BMI from our multivariable models.

Our study has limitations. The male-predominant nature of our veteran cohort, as well as its
high rates of cigarette smoking and additional potential unique inhalant exposures through
military service*8 compared to other modern-day RA cohorts may affect generalizability.
However, because RA-ILD is more common in men than in women*41 and given almost
70% of patients with RA-ILD have smoked, 19 our study population is uniquely enriched
with ILD risk factors, thus better enabling us to investigate associations of telomere
length and other biomarkers with prevalent and incident ILD. In addition, men with RA
tend to have more aggressive disease in comparison to women, characterized by more
severe articular damage, a higher prevalence of extraarticular manifestations, and greater
disease-related mortality.#748 Lastly, the VA represents the largest integrated healthcare
system in the U.S. and thus provides an opportunity to study a uniquely vulnerable

RA population while minimizing confounding that arises from significant socioeconomic
barriers to healthcare.
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Given a significant proportion of RA patients have subclinical radiographic interstitial
changes and because our patients were not uniformly screened for ILD, we may have
underestimated the prevalence and incidence of ILD within our study population. However,
such ILD misclassification should have biased our results towards the null. Furthermore,
we utilized gPCR to determine telomere length. Although this method has previously been
applied for studying ILD and other pulmonary diseases,*3-53 flow-FISH is thought to be
the gold standard.1213 However, we demonstrated significant correlation between the two
methods in a pilot study of patients with ILD. Because pulmonary function test (PFT)

data were obtained as part of routine care and retrospectively extracted from medical
records, the variability in timing and availability of PFT data in relationship to telomere
length measurements limited our ability to assess associations between telomere length and
degree of physiologic impairment. Finally, we were not able to assess associations between
telomere length and RA-ILD pattern (e.g., UIP vs. nonspecific interstitial pneumonia vs.
other) given the low frequency with which the specific ILD phenotypic pattern was reported.

Conclusion

We found telomere length to be highly associated with prevalent ILD among patients

with RA. However, in the immediate years prior to ILD onset, telomere length was

not meaningfully shorter among RA patients who would later develop ILD. Additional
longitudinal studies are needed to better characterize telomere dynamics among RA patients
with and without ILD.
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Abbreviation List

BMI Body mass index

Cl Confidence interval

CT Computed tomography

Ct Cycle threshold

CTD Connective tissue disease

CTD-ILD Connective tissue disease-associated interstitial lung
disease

DAS Disease Activity Score in 28 Joints
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DNA Deoxyribonucleic acid

Flow-FISH Fluorescent /n situ hybridization-flow cytometry

ICD International Classification of Diseases

ILD Interstitial lung disease

IPF Idiopathic pulmonary fibrosis

IQR Interquartile range

MDHAQ Multidimensional Health Assessment Questionnaire
OR Odds ratio

PFT Pulmonary function test

gPCR Quantitative polymerase chain reaction

RA Rheumatoid arthritis

RA-ILD Rheumatoid arthritis-associated interstitial lung disease
SD Standard deviation

T/Sratio Telomeric repeat copy signal to reference single-copy gene

(human beta globin) signal ratio

TNF Tumor necrosis factor

ulpP Usual interstitial pneumonia

us. United States

VA Veterans Affairs

VARA registry Veterans Affairs Rheumatoid Arthritis registry
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Key Points

Patients with shorter telomeres were more likely to have prevalent rheumatoid

arthritis-associated interstitial lung disease (RA-ILD) at entry into the
Veterans Affairs Rheumatoid Arthritis registry compared to patients with
longer telomeres.

Patients with shorter telomeres at baseline did not have a higher risk of
developing incident RA-ILD during the ensuing 5-7 years.

Telomere length measurements on peripheral blood leukocytes using
quantitative PCR (T/S ratio) significantly correlated with telomere
length measurements on peripheral blood lymphocytes and granulocytes
via fluorescent /n situ hybridization-flow cytometry (flow-FISH). Thus,
quantitative PCR may provide a suitable alternative to flow-FISH for
measuring telomere length in studies of ILD.
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Figure 1:
Comparison of telomere length (TL) measurements from lymphocytes and granulocytes

using flow-FISH vs. TL measurements from whole blood-extracted DNA using qPCR ACt
methods. (A) Lymphocyte TL by flow-FISH vs. ACt gPCR algorithm; and (B) granulocyte
TL by flow-FISH vs. ACt gPCR algorithm.
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Figure 2:

Comparison of T/S ratios among RA-non-ILD and RA-ILD subjects within the cross-

sectional study population.
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