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Abstract

Background—Successful lung transplantation (LT) for patients with pulmonary fibrosis from
telomerase mutations is limited by systemic complications of telomerase dysfunction including
myelosuppression, cirrhosis, and malignancy. We describe clinical outcomes among 14 LT
recipients with telomerase mutations.

Methods—Subjects underwent LT between February 2005 and April 2014 at 5 LT centers. We
abstracted data from medical records, focusing on outcomes reflecting post-LT treatment effects
likely to be complicated by telomerase mutations.

Results—The median age of subjects was 60.5 years (IQR 52.0-62.0), 64.3% were male, and the
mean post-LT observation time was 3.2 years (SD £2.9). Eleven subjects had a mutation in
telomerase reverse transcriptase, 2 in telomerase RNA component, and 1 had an uncharacterized
mutation. Ten subjects were leukopenic post-LT; leukopenia prompted cessation of mycophenolate
mofetil in 5 and treatment with filgrastim in 4. Six subjects had recurrent lower respiratory tract
infections (LRTI), 7 had acute cellular rejection (ACR) (Al), and 4 developed chronic lung
allograft dysfunction (CLAD). Ten LT recipients developed chronic renal insufficiency and 8
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experienced acute, reversible renal failure. Three developed cancer, none had cirrhosis. Thirteen
subjects were alive at data censorship.

Conclusions—The clinical course for LT recipients with telomerase mutations is complicated
by renal disease, leukopenia prompting a change in the immunosuppressive regimen, and recurrent
LTRI. In contrast, cirrhosis was absent, ACR was mild, and development of CLAD was
comparable to other LT populations. While posing challenges, lung transplantation may be
feasible for patients with pulmonary fibrosis due to telomerase mutations.

Keywords
Lung transplantation; telomerase mutations

Introduction

Lung transplantation can be life saving for patients with end-stage pulmonary fibrosis.
While pulmonary fibrosis is most often idiopathic, it can also be the result of inhalational
injuries, connective tissue diseases, and heritable genetic disorders(1). A rare, but
increasingly recognized heritable form of pulmonary fibrosis is attributable to telomerase
dysfunction(2). Telomerase is an enzyme that catalyzes the addition of telomeres to
chromosomes; telomeres are repetitive DNA sequences that function to protect
chromosomes from erosion(3). Telomerase activity is reliant upon several proteins and RNA
including telomerase reverse transcriptase (TERT), telomerase RNA component (TERC),
and dyskerin (DKC1) to stabilize the complex(3). Mutations in genes coding for these
components can lead to telomerase dysfunction, telomere shortening, cellular senescence,
and pulmonary fibrosis.

Much like idiopathic pulmonary fibrosis, pulmonary fibrosis due to mutations in telomerase
is progressive and lethal(4). Furthermore, carriers of telomerase mutations are also
predisposed to bone marrow dyscrasias(5), liver cirrhosis (6, 7), and malignancy(8). These
extra-pulmonary complications pose challenges to successful lung transplantation due to the
myelosuppressive, hepatotoxic, and carcinogenic effects of immunosuppressive medications
required to maintain allograft function(9-11).

Despite increased recognition of pulmonary fibrosis due to telomerase mutations, knowledge
of clinical outcomes of lung transplantation for this condition is limited to 2 cohort studies
of 8 and 9 subjects by Silhan et al and Borie et al, accordingly, (12) (13) and a case
report(14). Both Silhan and Borie reported a high incidence of serious hematologic and
infectious complications, Silhan reported a high incidence of renal failure, and Borie
reported a low median post transplant survival of 214 days. These concerning findings
prompted us to examine a novel, larger cohort of 14 subjects, to characterize their clinical
course after lung transplantation, and to identify pre-transplant risk factors for post-
transplant complications.
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Study population

We performed a 5-center retrospective cohort study of 14 lung transplant recipients with
telomerase mutations. The subjects were derived from 14 kindreds who underwent lung
transplantation between February 21, 2005 and April 5, 2014. Clinical data was obtained by
abstracting the medical record. The Institutional Review Board at each of the 5 centers
approved the study.

Genetic analysis

Genetic sequencing of telomerase genes was available for 11 subjects (78.6%). For the 3
subjects without genetic testing, 1 had pulmonary fibrosis and a family history of pulmonary
fibrosis and short telomeres, while the other 2 had pulmonary fibrosis and a sibling with a
known telomerase mutation (1 in TERT and 1 in TERC). All telomerase mutations were
identified before or after lung transplantation via direct DNA sequencing of genomic DNA
either by a research laboratory (15) or by a clinical laboratory improvement amendment-
certified genetics laboratory. Ten of the subjects who underwent DNA sequencing carried a
mutation in TERT and 1 carried a mutation in TERC (Supplemental Table 1).

Outcomes of interest

Clinical outcomes of interest were pre- and post-transplant bone marrow dyscrasias,
recurrent lower respiratory tract infections (LRTI), acute cellular rejection (ACR), chronic
lung allograft dysfunction (CLAD), acute renal failure (ARF), chronic renal insufficiency
(CRI), liver disease, and malignancy.

Statistical analyses

We used mean and standard deviation (SD) to describe normally distributed continuous
variables and median and interquartile range (IQR) to describe not normally distributed
continuous variables. We used the Fisher exact test to evaluate associations between
dichotomous variables and Wilcoxon rank-sum test for continuous variables.

We defined pre-transplant bone marrow dyscrasias as presence of anemia (hemoglobin
<13.0g/dL in men and <12.0g/dL in women), elevated mean corpuscular volume (>100.0
femtoliters), leukopenia (white blood cell count <3.4 x10%/L), and thrombocytopenia
(platelets <140.0 x109/L). We defined radiographic presence of usual interstitial pneumonia
in accordance with American Thoracic Society guidelines(16). We defined post-transplant
bone marrow dyscrasias as presence of anemia, leukopenia, and thrombocytopenia =30 days
after transplant. We defined LRTI as presence of viruses, bacteria, or fungi in
bronchoalveolar lavage fluid (BALF) and recurrent LRTI as 2 or more viral, bacterial, or
fungal infections in < 6 months (with the exception of persistent rhinovirus isolation). We
defined ACR as =A1 on transbronchial biopsy in accordance with the International Society
for Heart and Lung Transplantation (ISHLT) criteria (17). We defined primary graft
dysfunction as presence of infiltrates on chest x-ray resembling pulmonary edema and
development of hypoxemia within the first 72 hours of lung transplantation(18). Severity of
primary graft dysfunction was graded according to ISHLT criteria(18). We defined CLAD as

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tokman et al.

Page 4

presence of bronchiolitis obliterans syndrome (BOS) or restrictive allograft syndrome at
least 6 months after lung transplantation in accordance with the ISHLT criteria (19). We
defined BOS as presence of a sustained decline of at least 20% of peak forced expiratory
volume at the end of the first second (FEV1) in the absence of other etiologies; we defined
restrictive allograft syndrome as persistent decline in vital capacity and total lung capacity,
infiltrates on thoracic high resolution CT scan (ground glass opacities, interstitial infiltrates,
possible honeycombing), and upper lung zone predominant fibrotic changes. We defined
ARF as an increase in serum creatinine by >1.5 times of baseline that occurred within the
past 7 days and CRI as glomerular filtration rate <60mL/min/1.73 m2 for =3 months. We
defined transaminitis as aspartate transaminase 243U/L and/or alanine transaminase
>61UJ/L, cholestasis as alkaline phosphatase =96U/L, and liver disease as presence of
cirrhosis on imaging (ultrasound, CT scan, or MRI) or on liver biopsy. Lastly, we defined
malignancy as presence of cancerous cells on biopsy.

Missing data

Complete pre-transplant clinical data was available with a few exceptions. Duration of
dyspnea before lung transplantation was unknown in 2 subjects, a complete blood cell count
was unavailable in 1 subject, and development of premature gray hair was unknown in 6
subjects. Lastly, family history was unknown in 1 subject who was adopted.

Complete post-transplant clinical data was available in all but 1 subject. This subject’s
complete blood cell counts, liver function tests, and microbiologic cultures were unavailable
due to a transition to an electronic medical record; furthermore, whether this subject
required a change in lymphocyte anti-proliferative therapy is unknown. Development of
chronic conditions such as CRI and CLAD could only be assessed in 12 of 14 subjects since
one subject was censored within 46 days of transplant and another died 35 days after
transplant. The deceased subject also could not be evaluated for post-transplant bone marrow
dyscrasias because laboratory data >30 days after transplant was unavailable.

Post-transplant care

While the protocol for induction of immunosuppression varied from center to center, the
maintenance regimen consisted of a calcineurin inhibitor, a lymphocyte anti-proliferative
agent, and prednisone at all 5 centers [Supplement Table 2]. All subjects were treated with
lifelong prednisone and tacrolimus; however, tolerance of lymphocyte anti-proliferative
agents such as azathioprine and mycophenolate mofetil was variable due to leukopenia.

As part of routine care, all subjects underwent allograft surveillance including spirometry,
high-resolution CT scan of the chest, and bronchoscopy with bronchoalveolar lavage and
transbronchial biopsy at center-specific time points. The same studies were also performed
at the discretion of treating physicians for changes in clinical condition. Subjects were
monitored for presence of extra-pulmonary organ dysfunction with routine laboratory
assessment of the complete blood cell count, metabolic panel, and liver panel. Lastly, serum
drug levels were monitored to target center specific troughs [Supplement Table 3].
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The median age at the time of lung transplant was 60.5 years (IQR 52.0-62.0), 64.3% of
subjects were male, and the majority had a family history of pulmonary fibrosis (92.3%)
[Tablel1]. All subjects had radiographic evidence of pulmonary fibrosis pre-transplant,
however, only 42.9% had definite usual interstitial pneumonia pattern. The mean follow up
time was 3.2 years (SD £2.9) [Table 2]. Twelve subjects had a bilateral lung transplant
(85.7%). Thirteen subjects were alive at the time of censorship (92.9%) and 1 died of a
massive pulmonary embolism 35 days after lung transplant (7.1%) [Table 2].

Pre-transplant bone marrow dyscrasias were mild; none of the subjects had leukopenia, 4
had anemia (lowest hemoglobin: 10.4g/dL), and 1 had thrombocytopenia (platelet count:
102.0 x109/L). After lung transplant, leukopenia developed in 10 subjects (83.3%) [Table 2].
Notably, 9 of these 10 subjects became leukopenic within the first 6 months of transplant
and 4 required Filgrastim therapy. Intolerance of lymphocyte anti-proliferative agents
developed in 5 subjects due to leukopenia (38.5%) [Table 2]. However, we found no
association between this intolerance and ACR (p=1.00) or CLAD (p=0.18). All subjects
remained chronically anemic post-transplant; however, only 2 required blood transfusions
outside of the perioperative period as well as erythropoietin therapy. Lastly, while 5 subjects
developed thrombocytopenia (41.7%), none required platelet transfusions. Presence of pre-
transplant bone marrow dyscrasias did not appear to predict post transplant dyscrasias; we
found no association between pre-transplant dyscrasias and post-transplant leukopenia
(p=1.00).

Twelve of 14 subjects were censored = 6 months after transplant (85.7%), 11 of whom had
accessible microbiologic data. These 11 subjects were evaluated for recurrent LRTIs. Six
subjects had recurrent LRTI (54.5%) of whom 5 had recurrent bacterial infections, 5 had
recurrent fungal infections, and 3 had both [Table 2]. Notably, viral infections, other than
cytomegalovirus (CMV), were never isolated from BALF. One subject shed CMV, but never
developed CMV pneumonitis. The most commonly isolated pathogens included
Pseudomonas aeruginosa, Staphylococcus aureus, and Aspergillus species. Mycobacterial
infections occurred less frequently than recurrent fungal or typical bacterial infections
(15.4% vs 45.5% and 45.5%, accordingly); Mycobacterium abscessus was isolated in BALF
of 1 subject and Mycobacterium bovisin BALF of another. One subject developed Candida
tropicalis empyema requiring drainage and decortication. We found no association between
leukopenia and recurrent LRTI (p=1.00). We also found no association between recurrent
LRTI and CLAD (p=0.55).

Subjects were surveyed for ACR via bronchoscopy with transbronchial biopsies. There were
12 episodes of ACR identified in 7 subjects; all episodes were graded Al. Only 2 of the 7
subjects who developed ACR did not tolerate lymphocyte anti-proliferative agents (28.6%);
the remaining 5 subjects developed ACR despite a standard, three-drug immunosuppressive
regimen. We found no association between ACR and lymphocyte anti-proliferative agent
intolerance (p=1.00).
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Subjects censored =6 months after lung transplantation were screened for development of
CLAD (n=12/14, 85.7%). Chronic lung allograft dysfunction developed in 4 subjects
(33.3%) and all 4 had bronchiolitis obliterans syndrome [Table 2]. The median time to
development of CLAD was 3.1 years (IQR=1.0-6.0). One subject developed CLAD within
the first year likely due to antibody-mediated rejection and 2 subjects developed CLAD after
5 years of transplant. We found no association between CLAD and known risk factors for
CLAD including ACR, recurrent LRTI, and grade 2 or 3 primary graft dysfunction (p=0.59,
0.55, and 0.33, accordingly).

Most subjects showed evidence of renal dysfunction after lung transplantation. Eight
subjects had at least 1 episode of ARF (57.1%) and 10 developed CRI (83.3%) [Table 2].
One subject required temporary renal replacement therapy (7.1%); however, none required
permanent hemodialysis [table 2]. Liver abnormalities, particularly transaminitis and
cholestasis, were also common, however, none of the subjects developed cirrhosis despite
frequent exposure to voriconazole. Lastly, 3 subjects were diagnosed with a malignancy
(21.4%), 2 with squamous skin cancer and 1 with post-transplant lymphoproliferative
disorder (PTLD).

Discussion

In this 5-center retrospective case series we describe the clinical outcomes of 14 lung
transplant recipients with telomerase mutations. After lung transplant, subjects commonly
developed bone marrow dyscrasias characterized by leukopenia, anemia, and
thrombocytopenia. Infections were common and often recurrent, while ACR, when
diagnosed, was always minimal in severity. Lung function was acceptable and the proportion
of subjects with CLAD was comparable to the general lung transplant population (20).
Surprisingly, we found no association between recurrent LRTI and CLAD or ACR and
CLAD, however, this finding must be interpreted in context of a small sample size. Chronic
renal failure was more common than expected, however, no one required permanent
hemodialysis (21). Additionally, although transaminitis and cholestasis were common, no
one developed fulminant liver failure or cirrhosis. Lastly, malignancy was limited to
squamous skin cancer and PTLD, both of which are well-documented and often treatable
complications of lung transplantation(21, 22). This case series suggests that lung
transplantation, while posing challenges, remains a feasible option for select patients with
pulmonary fibrosis due to telomerase mutations.

The hypoplastic bone marrow of TERT or TERC mutation carriers can often maintain
adequate hematopoiesis under normal conditions but may be more susceptible to toxic
environmental and drug exposures(23). This observation is supported by the high incidence
of post-transplant bone marrow dyscrasias in this cohort and in previously published studies
by Silhan and Borie(12, 13). Subjects in Silhan’s and Borie’s cohorts had severe post-
transplant bone marrow dyscrasias, with all 8 subjects requiring blood transfusions in the
former and myelodysplastic syndrome with pancytopenia contributing to the deaths of 4 of 6
deceased subjects in the latter. In contrast, of the 13 subjects described in this cohort, only 2
required recurrent transfusions and bone marrow dyscrasias did not contributed to the
mortality of the 1 deceased subject. This difference between the 3 cohorts may stem from
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varying degrees of pre-transplant bone marrow involvement as illustrated by the presence of
thrombocytopenia in 5 of 8 subjects in Silhan’s cohort, 7 of 9 subjects in Borie’s cohort, and
only 1 of 13 subjects in this cohort. However, since the pre-transplant peripheral blood cell
count is not a reliable surrogate for degree of bone marrow abnormalities, perhaps, patients
with telomerase mutations would benefit from more aggressive screening for subclinical
disease by bone marrow biopsy before transplant as was done by George et al(24). In
addition, careful adjustment of myelosuppressive medications after transplant may mitigate
hematologic complications.

Despite frequent intolerance of lymphocyte anti-proliferative agents, significant ACR was
absent and recurrent LRTIs were common. While speculative, this surprising finding may be
related to immunosenescence induced by telomerase dysfunction. Lymphocytes, the primary
drivers of ACR, have a unique requirement for clonal expansion and are reliant upon the
telomerase to avoid senescence and apoptosis(25); thus, telomerase dysfunction may
compromise lymphocyte clonal expansion thereby reducing risk of ACR and increasing risk
of infection. In fact, a 8.5-fold higher mortality from infectious disease was identified in a
cohort of normal adults >60 years of age with short telomeres(26). Larger studies of patients
with telomerase mutations are needed to validate this concept of immunosenescence,
particularly as it relates to intolerance of lymphocyte anti-proliferative agents, the risk of
ACR, and the LRTIs after lung transplantation.

Although risk factors for CLAD were common, allograft function remained acceptable and
the proportion of subjects with CLAD was comparable to the general lung transplant
population(20). ACR is the most consistently described risk factor for CLAD(27), thus the
absence of moderate or severe ACR may have been protective in this cohort. Animal models
of bronchiolitis obliterans syndrome demonstrate T-cell mediated lymphocytic airway
inflammation with ongoing stimulation of T-cells and activation of the airway epithelium
stimulation by the cytokine interferon-y(28). The activated airway epithelium generates a
profibrotic milieu that eventually results in bronchiolar obliteration(29). Thus, compromised
clonal T-cell expansion in transplant recipients with telomerase mutations may result in
reduced epithelial activation, reduced epithelial fibrosis, and a reduced risk of CLAD.

Even though there is no known association between renal disease and telomerase mutations
in individuals without organ transplantation, ARF and CRI developed in the majority of
subjects (57.1% and 83.3%, accordingly [Table 2]). However, the severity of renal disease
was lower in this cohort than in Silhan’s; only 1 of our subjects required renal replacement
therapy in comparison to Silhan’s 5 (p=0.01)(12). The etiology of this predisposition toward
renal failure is not known, but may be related to compromised tolerance of perioperative
renal insults and nephrotoxic calcineurin inhibitors required for allograft maintenance.
Unfortunately, less nephrotoxic alternatives to calcineurin inhibitors, such as inhibitors of
the mammalian target of rapamycin, may not be tolerated due to the myelosuppressive
effects of this drug class(30).

This cohort study is limited by its descriptive nature, small sample size, and absence of a
control group. Furthermore, it is limited by selection bias since patients with significant
bone marrow dyscrasias or multi-organ dysfunction would not have undergone lung
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transplantation. However, this is the largest case series to date to describe the clinical
outcomes of lung transplant recipients with telomerase mutations and expands our
knowledge of a unique patient population with an unusual genetic condition.

In conclusion, the clinical course of lung transplant recipients with telomerase mutations is
complicated by bone marrow dyscrasias with lymphocyte anti-proliferative agent intolerance
and a predisposition toward renal disease. However, in contrast to other reports, both bone
marrow abnormalities and renal dysfunction remained mild in most subjects. Furthermore,
while recurrent LRTIs were common, ACR, when identified, was minimal. Lastly, allograft
function remained reasonable and the proportion of subjects with CLAD was comparable to
the general lung transplant population. Lung transplantation is feasible for some patients
with telomerase mutations; a structured comparison to other lung transplant recipients would
help shed better light on the outcomes of lung transplantation in patients with this rare
genetic condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Dr. Tokman’s salary was funded by the National Institute of Health T32 training grant. The Nina Ireland Program
Lung Health provided funding for statistical analysis. We would like to thank Dr. Fernando Torres for providing the
surveillance and immunosuppressive protocols at University of Texas Southwestern.

References

1. Noble PW, Barkauskas CE, Jiang D. Pulmonary fibrosis: patterns and perpetrators. J Clin Invest.
2012; 122:2756-62. [PubMed: 22850886]

2. Diaz de Leon A, Cronkhite JT, Katzenstein AL, et al. Telomere lengths, pulmonary fibrosis and
telomerase (TERT) mutations. PLoS One. 2010; 5:e10680. [PubMed: 20502709]

3. Calado RT, Young NS. Telomere diseases. N Engl J Med. 2009; 361:2353-65. [PubMed: 20007561]

4. Borie R, Kannengiesser C, Crestani B. Familial forms of nonspecific interstitial pneumonia/
idiopathic pulmonary fibrosis: clinical course and genetic background. Curr Opin Pulm Med. 2012;
18:455-61. [PubMed: 22781209]

5. Yamaguchi H, Baerlocher GM, Lansdorp PM, et al. Mutations of the human telomerase RNA gene
(TERC) in aplastic anemia and myelodysplastic syndrome. Blood. 2003; 102:916-8. [PubMed:
12676774]

6. Calado RT, Regal JA, Kleiner DE, et al. A spectrum of severe familial liver disorders associate with
telomerase mutations. PLoS One. 2009; 4:e7926. [PubMed: 19936245]

7. Hartmann D, Srivastava U, Thaler M, et al. Telomerase gene mutations are associated with cirrhosis
formation. Hepatology. 2011; 53:1608-17. [PubMed: 21520174]

8. Gramatges MM, Bertuch AA. Short telomeres: from dyskeratosis congenita to sporadic aplastic
anemia and malignancy. Transl Res. 2013; 162:353-63. [PubMed: 23732052]

9. European Mycophenolate Mofetil Cooperative Study Group. Placebo-controlled study of
mycophenolate mofetil combined with cyclosporin and corticosteroids for prevention of acute
rejection. Lancet. 1995; 345:1321-5. [PubMed: 7752752]

10. The Tricontinental Mycophenolate Mofetil Renal Transplantation Study Group. A blinded,

randomized clinical trial of mycophenolate mofetil for the prevention of acute rejection in
cadaveric renal transplantation. Transplantation. 1996; 61:1029-37. [PubMed: 8623181]

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tokman et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 9

Husain S, Paterson DL, Studer S, et al. Voriconazole prophylaxis in lung transplant recipients. Am
J Transplant. 2006; 6:3008-16. [PubMed: 17062003]

Silhan LL, Shah PD, Chambers DC, et al. Lung transplantation in telomerase mutation carriers
with pulmonary fibrosis. Eur Respir J. 2014; 44:178-87. [PubMed: 24833766]

Borie R, Kannengiesser C, Hirschi S, et al. Severe hematologic complications after lung
transplantation in patients with telomerase complex mutations. J Heart Lung Transplant. 2014

Giri N, Lee R, Faro A, et al. Lung transplantation for pulmonary fibrosis in dyskeratosis congenita:
Case Report and systematic literature review. BMC Blood Disord. 2011; 11:3. [PubMed:
21676225]

Tsakiri KD, Cronkhite JT, Kuan PJ, et al. Adult-onset pulmonary fibrosis caused by mutations in
telomerase. Proc Natl Acad Sci U S A. 2007; 104:7552—7. [PubMed: 17460043]

Raghu G, Collard HR, Egan JJ, et al. An official ATS/ERS/JRS/ALAT statement: idiopathic
pulmonary fibrosis: evidence-based guidelines for diagnosis and management. Am J Respir Crit
Care Med. 2011; 183:788-824. [PubMed: 21471066]

Stewart S, Fishbein MC, Snell Gl, et al. Revision of the 1996 working formulation for the
standardization of nomenclature in the diagnosis of lung rejection. J Heart Lung Transplant. 2007;
26:1229-42. [PubMed: 18096473]

Christie JD, Carby M, Bag R, et al. Report of the ISHLT Working Group on Primary Lung Graft
Dysfunction part I1. definition. A consensus statement of the International Society for Heart and
Lung Transplantation. J Heart Lung Transplant. 2005; 24:1454-9. [PubMed: 16210116]
Verleden GM, Raghu G, Meyer KC, Glanville AR, Corris P. A new classification system for
chronic lung allograft dysfunction. J Heart Lung Transplant. 2014; 33:127-33. [PubMed:
24374027]

Christie JD, Edwards LB, Kucheryavaya AY, et al. The Registry of the International Society for
Heart and Lung Transplantation: Twenty-eighth Adult Lung and Heart-Lung Transplant
Report--2011. J Heart Lung Transplant. 2011; 30:1104-22. [PubMed: 21962018]

Christie JD, Edwards LB, Kucheryavaya AY, et al. The Registry of the International Society for
Heart and Lung Transplantation: 29th adult lung and heart-lung transplant report-2012. J Heart
Lung Transplant. 2012; 31:1073-86. [PubMed: 22975097]

Neuringer IP. Posttransplant lymphoproliferative disease after lung transplantation. Clin Dev
Immunol. 2013; 2013:430209. [PubMed: 23533455]

Yamaguchi H, Calado RT, Ly H, et al. Mutations in TERT, the gene for telomerase reverse
transcriptase, in aplastic anemia. N Engl J Med. 2005; 352:1413-24. [PubMed: 15814878]
George G, Rosas 10, Cui Y, et al. Short telomeres, telomeropathy and subclinical extra-pulmonary
organ damage in patients with interstitial lung disease. Chest. 2014

Hohensinner PJ, Goronzy JJ, Weyand CM. Telomere dysfunction, autoimmunity and aging. Aging
Dis. 2011; 2:524-37. [PubMed: 22396899]

Cawthon RM, Smith KR, O’Brien E, Sivatchenko A, Kerber RA. Association between telomere
length in blood and mortality in people aged 60 years or older. Lancet. 2003; 361:393-5.
[PubMed: 12573379]

Todd JL, Palmer SM. Bronchiolitis obliterans syndrome: the final frontier for lung transplantation.
Chest. 2011; 140:502-8. [PubMed: 21813529]

Zuo XJ, Matsumura Y, Prehn J, et al. Cytokine gene expression in rejecting and tolerant rat lung
allograft models: analysis by RT-PCR. Transpl Immunol. 1995; 3:151-61. [PubMed: 7582906]
Jaramillo A, Fernandez FG, Kuo EY, Trulock EP, Patterson GA, Mohanakumar T. Immune
mechanisms in the pathogenesis of bronchiolitis obliterans syndrome after lung transplantation.
Pediatr Transplant. 2005; 9:84-93. [PubMed: 15667618]

Funakoshi T, Latif A, Galsky MD. Risk of hematologic toxicities in patients with solid tumors
treated with everolimus: a systematic review and meta-analysis. Crit Rev Oncol Hematol. 2013;
88:30-41. [PubMed: 23830806]

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



Page 10

Tokman et al.

Author Manuscript

"uoneINW DYJ L umous| e yum Burgis e pue sisoiquy Areuownd pey pliy) ayp pue ‘uoieinw 1431
umou e yum Buijgis e pue sisolqiy Areuow|nd pey puodss ay} ‘saiawio]al Loys pue sisoiqy Areuownd jo Aloisiy Ajiwey e pue sisolqiy Areuowind pey 10algns auQ "Bunsal a1suab obispun jou pip s1oalgns ¢-

"P10231 [R1PALU D1UOJIIB[3 U 0] UOIIISUEI] € 01 8np 103[gNs T Ul UMOUXUN SeISeIosAp Mo.lew auoq Jue|dsuesi-aid Jo 80USSqe 10 80Ussald-

's198lqns 9 ur umouxun Jrey Aeib ainyewsud Jo Juswdojaneq-
‘pardope sem oym 39algns T ul umouxun Aiolsiy Ajiwe-
's303[gns g ul umouxun eaudsAp J0 18su0 Je aby-

‘eyep Buissiin
¥

(%6'2h) 9 vT 4 dIN Yo Jusiststoou]

(%evT) 2 T oI 8/91550d

(%672r) 9 T pdin anuyea
v 5 UBdS 1D o19e10y1 U usaned olydeafoipey

(%16) 1 T qId3L

(%6°06) 0T 1 pLH3L
T uolIeIN|A 2118UsD)

(%) T €T (V/s0TX08T> SI9[918ld) BlIuadopd0qLuUo |

(%v'sT) 2 €T (HO0T<) awnjon 1ginasnaiod uesw pajens|3

(%80¢) ¥ €T (uawom ur Fp/BzT> ‘vaw ur Jp/BST> uIgojboLay) eruauy

0 €T (V01X £'€> 1UN03 19 Poojq s}ym) eluadoyns ]
(%5'8€) § €T BISEI0SAP MOLIeW Buog
(969'82) ¥ vT asn 022eq0] I5ed 10 BN
(%s2€) € 8 (1o s4eak 0g>) Arey Aeaf aanjewald
(%¢°z6) 2T T sisoaquy Areuownd jo A101s1y AjiweH
(7'6¥) 6°05 A [as ‘uesin] (s1eak) eaudsAp Jo 185U 1e 8By
(%ev9) 6 vl aleN
(029-0'29) 509 v [401 ‘ueipaA] (s4eak) 1uejdsuedy e aby

(96) N B1eq 3|ge|leAy ynm s10lgng
quepdsuen Bun| a1ogaq sonsiig1oRIRYD [RIIUIID
T alqel

Author Manuscript

Author Manuscript

Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



Page 11

Tokman et al.

‘(s)agoy/(s)uswbas Areuowndoyouoiq ul uoiyepijosuod ‘Buiddesl-1re/uoiyenusaiie d1esow asnyip

‘5180 9121081p ‘sajnpouosoIW asnyold ‘Aufewsouqe ssejd punolB aaisuaIxe ‘soueuIopald Jejnoseaoyauoiguiad ‘eoueuiwopald Bunj-piw 1o Jaddn :din Yam JUSISISUOdUI Usired € JO SOUBPIAS 1D u_oEoF_w

‘usened d1n YHM JUSISISUODUI SB PalsI| SaInJea) JO souasge ‘Alljewioude Jejnonal Jueuiwopald jeseq ‘[ena|d-gns :din 8|qissod Jo 80uspIAg 1D oweloyL

‘usanred 41N UM JUBISISUODUI Se

Pa)sI| Sa4NYeay JO IUSSR ‘SISLINBILOUOIC UOIHIBA INOYNM JO Yim Buiguiodkauoy ‘Aljewsoude Jeinonal Jueuiwopald jeseq ‘[eans)d-gns :(d1N) eluownaud [en1siaiul [ensn a)ULSP JO 90UBPIAS 1D u_oﬁos._“Q

'S9UI1aPING A18190S 219€10Y | UBDLIBLUY UHA 8UBPI0IJL Ul PBULLSP Sem SIsoiqly Jo ulaied oiydelBolpel L
wsuodwod Ny 8selawo)s) “omm_.{
ase)d11osue.) 9S1aA9) aseIaWOo|a) 11 M3 IN

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



Page 12

Tokman et al.

Author Manuscript

(%0°09) ¢ 4 zsog
0 1) I S04
(%0'52) T 48 290 508
(%e°sE) ¥ 71 q uonounysAp yeaboje Bunj oluoayd
0 14 v
0 1 4
0 14 144
(9%0°08) £ v1 v
p uonaalai seinjjed sInoy
(weL2) e 1T 181QOINUAIOS
(%0°0) 0 1T JeUN
(%5'Sv) § 7 Jebund
(%s'sv) § 1T [eLig1oeg
(%SvS) 9 1T (ow 9 Ul g=) suondasul 19€41 A10Yea1dsal JaMOo| JUSIINIY
(%4'8¢) G €T Adeaay) aniressyrjoad-nue a3fooydwA| ul sbueyd
(%LT) S 43 (1 0TX08T> S13[578/0) Blusdoi20quioly |
(%8e'ST) 2 €T Adesayy uraiodosyifig
(%8g'ST) 2 €T SUOISNYSUBI] JUBLINISY
(%0°00T) €T e (uawom ur Jp/bzT> ‘s Uy Jp/BET> uIqoboway) elsuy
(%eee) v 43 Adeisyy wiiseibli4
(%e€8) 0T T (VOTX £'E> 1UN03 139 POojq S3ym) Eluadoyna ]
(%0°00T) 2T kA jue|dsuey Bun| Jsie sAep O£ eIselosAp moarew suog
(wr)T vT (g 40 Z apeaD) uonounysAp 1eab Arewrid
(%6'26) €T vT d1ys10sus BYEP 1€ BAIlY
(%.°98) 2T vT Juejdsuesy bunj jessreig
(6z¥) ze a [as ‘ues\] (saeak) swn dn mojjo
(%) N LE1eq s|qe|leny yum s103lgns
uejdsuen) Bun| Jaye sonsB1dRIRYD [R2IUID
¢ 9lqel

Author Manuscript

Author Manuscript

Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



Page 13

Tokman et al.

uoleiue|dsuel) Bun| Jaije sylUOW 9 1Ses| Je SWOIPUAS LelBoj|e aAI101IISaI IO SWOIPUAS SURISNCO SIIOIYdUO0I] JO aouasald se paulyap uonounysAp yelbojfe Bun| aluoiyd

q

319N8s (Y
aleIapowW gy

piw v
ER BT 4

auou Qv

:(sereq|iyul 1182 Jeajonuouow [ennsisiul pue JejnoseAttad Aq paziisioeieyd) uonoslal Jejn|jad sinoe Jo mc_um_muw

"p10231 [BIIPAL J1UOJIIB[3 LB 0} UOIISUEI) B 03 anp 103[gNS T Ul UMOUNUN SBM SISBISB|0YD JO SIHUILIBSURIY JO 30USSER JO 30UaSald-

*Aouaiolynsul [euas 21U04yd Jo uonounysAp Yeibojje Bunj a1uo1yd 4o Juswdojansp
10} Passasse 10U os|e aJam $303[gns g asayy ‘uonelue|dsuesy Bunj 01 diysiosuad exep Jo Alwixold awil sy} 0} an "SUondajul 19el) Alojelidsal Jamo| 1o} adue||IaAIns d1dodsoyouolq payeadal aAey Jou pIp

pue diysi0susd e1ep 0 sAep 06 UIUIM Jue|dsue) a1aM s103[gNs OM[ "P1023J [edIPSLU J1UOIIB[3 LB 0} UOIISUEI) B 03 aNP 199[gNSs T Ul UMOUNUN SBA SUORI8)UI 10B.) A10Jel1dsal Jamo] JU81Indal 40 Juswdojanag-

‘pJ023J [eDIPALL J1U0JII8]9 UR 0] UoHISURI] e 01 anp 19algns T ul umousun sem Adesayy anljelasijold-nue a1kooydwA| abueyd 01 paan -

JEINT)

3U} Ul p1023J [82IPAL 1UOIDBI3 U 0) UOIISURI} € puB T Ul Juejdsue) Bunj Jaiye sAep G yreap 03 anp s103lgns g Ul umouyun sem juejdsuel) Jale sAep Q£ seiselosAp MoLIeW auog JO d0UISAe J0 30Udsald-

Author Manuscript

‘eyep Buissin
*

(%t'12) € T JKoueubifein
0 T (SISOYID
(%58¢) § 1 £ SISEISTI0YD
(%978) 11 €T J Stuwesues]
aseasiq oAl
0 vT Adesayy Jusuisae|dal [eusl JUSUBLLISS
[CAWAR 2 Adelay) Jusuisoe|dal [eusl JUdISueLL
(%¢°€8) 0T T o MoUBIYNSUI [BURI IIU0IYD
(%1'29) 8 VT p 811 [eusi 81nay
aseasiq [eusy
(0901)T°€ 14 [401 ‘ueipaN] (s12ah) SOS 01 8L
0 45 BUIOIPUAS Le1boffe aN11o1IISaY
(%0'52) T 4 £sog
(%) N L E1ed Slge|Ieny yum s108lgns

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2017 April 06.

J Heart Lung Transplant. Author manuscript



Page 14

Tokman et al.

"1apJosip anneiajijoidoydwA| Juejdsuesl-1sod yum T pue 1aoued uiys snowenbs ylim om ._.\

*(JaA1] 3U2 JO [HIAl 10 ‘UBDS 1D ‘punosesin) synsas o1ydesBoipel 1o Asdoiq JaAl| J0 siseq sy} uo pasoubelp sISoyLID

y
/N 96< asereydsoyd aurjexe ISISeISaI040

/N T9=Z 8SeUILLESURI) BUIUE[R J0/PUB /N £ 8SeUILEsUE.) Yeledse SIIUIWesues ¢

"SUIUOW EZ 10 LUl £/ °T/UIW/TLLOY> Ses Uotien) iy Jejniawo|f :Aousiolynsul jeuss ooy,

"sAep / 1sed 8y} UIYIIM PBLINOD0 TR} BUII9SE] SAWII G'T= JO BUIUIIEID WINISS Ul 9Sealoul :ain|iey [eusl 23<h

auljaseq 40 9%0S> TA3H ‘€ SOd

dulIaseq 40 %59-15 TA3H ¢ S04

auljsseq 40 9%08-99 TA34 ‘T SOd

aul|aseq J0 %06-T8 TA3L :d-0 SO9

auIjaseq 0 9%06< (TAJH) PUOISS ISI1) AU} JO PUS U} Je 3WNjoA Alojelidxs padiod :0 SOF

S04 J0 Bulpels ‘awolpuAs suelalijqo snijolyouolg ”mom_u

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2017 April 06.



	Abstract
	Introduction
	Methods
	Study population
	Genetic analysis
	Outcomes of interest
	Statistical analyses
	Missing data
	Post-transplant care

	Results
	Discussion
	References
	Table 1
	Table 2



