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Abstract

Rationale: Cytomegalovirus (CMV)-related morbidities remain
one of the most common complications after lung transplantation
and have been linked to allograft dysfunction, but the factors that
predict high risk for CMV complications and effective immunity are
incompletely understood.

Objectives: To determine if short telomeres in idiopathic
pulmonary fibrosis (IPF) lung transplant recipients (LTRs) predict
the risk for CMV-specific T-cell immunity and viral control.

Methods:We studied IPF-LTRs (n = 42) and age-matched non-IPF-
LTRs (n = 42) andassessedCMVoutcomes.Wemeasured lymphocyte
telomere length and DNA sequencing, and assessed CMV-specific
T-cell immunity in LTRs at high risk for CMV events, using flow
cytometry and fluorescence in situ hybridization.

Measurements and Main Results:We identified a high
prevalence of relapsing CMV viremia in IPF-LTRs compared with
non-IPF-LTRs (69% vs. 31%; odds ratio, 4.98; 95% confidence

interval, 1.95–12.50; P, 0.001). Within this subset, IPF-LTRs who
had short telomeres had the highest risk of CMV complications
(P, 0.01) including relapsing-viremia episodes, end-organ disease,
and CMV resistance to therapy, as well as shorter time to viremia
versus age-matched non-IPF control subjects (P, 0.001). The
short telomere defect in IPF-LTRs was associated with significantly
impaired CMV-specific proliferative responses, T-cell effector
functions, and induction of the major type-1 transcription factor
T-bet (T-box 21;TBX21).

Conclusions: Because the short telomere defect has been linked
to the pathogenesis of IPF in some cases, our data indicate that
impaired CMV immunity may be a systemic manifestation of
telomere-mediated disease in these patients. Identifying this
high-risk subset of LTRs has implications for risk assessment,
management, and potential strategies for averting post-transplant
CMV morbidities.
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Cytomegalovirus (CMV), a member
of the b-herpesvirus family, remains a
significant opportunistic pathogen and
cause of morbidity and mortality in solid
organ transplant recipients (1–3). Lung-
transplant recipients (LTRs) have increased
susceptibility to CMV infection, which has
been suggested to be related to the lung
being a major reservoir for latent virus
(4). CMV infection remains a significant
cause of morbidity in LTRs, with several
studies implicating active CMV pneumonitis
as a risk factor for the development of
bronchiolitis obliterans syndrome, the

major limiting factor for long-term survival
in LTRs (5, 6). Recent studies have shown
that recurrent episodes of CMV viremia
in LTRs are associated with an increased
risk of bronchiolitis obliterans syndrome
and decreased survival (7–9). Despite the
implementation of extended antiviral
prophylaxis protocols in the past decade
(10), LTRs mismatched for CMV status
(donor1/recipient2 [D1R2]), which
comprise approximately 25% of LTRs,
continue to demonstrate increased risk of
CMV reactivation, CMV end-organ disease,
and overall decreased 5-year mortality (5).
The donor1/recipient1 (D1R1) group,
which compromises approximately 40% of
LTRs, has the second highest burden of
CMV disease, with decreased survival
compared with donor-negative groups.

We have previously demonstrated
immunologic heterogeneity within D1R2
LTRs, with respect to CMV-specific
T-cell immunity and the capacity for
establishing durable immune control, but
the determinants of this heterogeneity are
not known. Specifically, we have shown
important roles for the induction of the
major type-1 transcription factor T-bet,
and the acquisition of CMV-specific CD81

and CD41 T-cell effector function,
proliferation, and antigen-presenting cell
function (11–13). Another recent study
demonstrated polyfunctional T-cell
responses in CMV/R1 LTRs that predicted
protection from subsequent CMV events
(14). Thus, there is an appreciated
clinical LTR phenotype with episodes of
relapsing viremia (“relapsers”) who differ
in CMV-specific T-cell immunity from
those who establish immune CMV control
(“controllers”) after discontinuation of
antiviral therapy. Recently, CMV mismatch
(D1R2) status was reported to be a
specific risk factor for morbidity and
mortality in LTRs 60 years and older (15).
Despite these important clinical differences,
and the well-appreciated morbidity
associated with CMV infection in this
setting, the mechanisms that underlie
the heterogeneity in CMV immunity
are incompletely understood, and
the molecular basis that contributes to
increased susceptibility in older populations
remains unclear.

Idiopathic pulmonary fibrosis (IPF)
is now the leading indication for lung
transplantation in North America (5). In
recent years, IPF pathogenesis has been
linked to genetic defects in telomerase

and telomere maintenance in one-third
of familial pulmonary fibrosis cases and
up to 10% of sporadic cases (16, 17).
Additionally, abnormally short telomere
length (TL) has been reported in at least one-
half of patients with IPF (18, 19). These
findings have linked IPF, and some severe
emphysema cases, to premature aging in
the lung that is driven by short telomeres
(16, 20). Patients with IPF show an increased
risk of systemic short telomere syndrome
features that include bone marrow failure,
reflecting their limited reserves outside the
lung (21, 22). Patients with IPF with
telomerase mutations have an increased
rate of hematologic complications and
invariably require dose reduction of standard
myelosuppressive medications after lung
transplant (23, 24). Furthermore, CMV
viremia was a complication in isolated cases
of telomerase mutation LTRs (23, 24) and
short telomeres have been associated with
defects in adaptive immunity in humans and
animal models (21, 25). These observations
led us to hypothesize that short telomeres in
IPF-LTRs predict the risk for relapsing CMV
viremia and other viral-related morbidities.
Here we show that IPF-LTRs with short
TL demonstrate impaired CMV-specific
T-cell immunity and viral control compared
with either non-IPF-LTRs or IPF-LTRs with
long TL.

Methods

Study Approval and Subjects
All subjects provided written consent before
inclusion in the study for research protocols
approved by the University of Pittsburgh
and John Hopkins Medicine Institutional
Review Boards. Study participants were
consecutively identified from among LTRs
recruited from Johns Hopkins University
(n = 19; 2006–2010) and the University of
Pittsburgh (n = 65; 2010–2016) as outlined
in Figure 1A. From these two eras, eight
of eight (100%) study-eligible IPF-LTRs
from Johns Hopkins University and 34
of 66 (52%) study-eligible IPF-LTRs from
University of Pittsburgh were consecutively
included in our study cohort. Thus, study
subjects were either IPF-LTRs (n = 42) or
age-matched non-IPF-LTRs (n = 42) who
received lung transplants from CMV-
positive donors (D1/R1 and D1/R2).
CMV serostatus in donors and recipients
was determined by standard CMV IgG
testing pretransplant. The diagnosis of IPF

At a Glance Commentary

Scientific Knowledge on the
Subject: Idiopathic pulmonary
fibrosis (IPF) is the most common
manifestation of short telomere
syndromes and the leading indication
for lung transplantation. Cytomegalovirus
(CMV) remains an important
opportunistic pathogen in lung
transplant recipients and the factors
that regulate CMV immunity and
viral control remain incompletely
understood. Understanding these
mechanisms may lead to new
approaches to this common infection
that complicates lung transplant.

What This Study Adds to the
Field: Our study provides novel
insights into CMV-specific T-cell
immunity and links important
immune responses to telomere length.
We show that most IPF lung transplant
recipients have short telomeres (71%),
whereas 12% carried mutations in
telomere-related genes. IPF lung
transplant patients had an increased
incidence of CMV viremia episodes
and other CMV complications
compared with age-matched non-IPF
transplant recipients and patients with
IPF with long telomeres. IPF short
telomere patients had impaired in vitro
CMV-specific T-cell effector and
proliferative responses, and induction
of the type-1 immune transcription
factor, T-bet (T-box 21; TBX21).
Together, our findings show impaired
CMV immunity and control in IPF
lung transplant recipients with short
telomeres.
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was based on history and clinicopathologic
evidence of usual interstitial pneumonia
in the explanted lung tissue. The medical
records for each study subject were reviewed
by two independent investigators.
Baseline characteristics of age, sex,
pretransplant diagnosis, type of lung
transplant, CMV serostatus, and
immunosuppression post-transplant were
collected retrospectively. CMV PCR
data were reviewed to identify each
study subject’s clinical course, and CMV-
complications including total number

of episodes of CMV end-organ disease
(i.e., pneumonitis, gastritis, or colitis),
relapsing viremia, the development of
CMV antiviral resistance, and/or death
associated with CMV infection.

Immunosuppression, CMV Monitoring,
and Prophylaxis/Treatment
All patients in the study were initially
treated with a standard three-drug
immunosuppression regimen and adjusted
as tolerated (Table 1). CMV prophylaxis
included either intravenous ganciclovir or

oral valganciclovir and administered
according to institutional protocols. Plasma
CMV viral load was assayed by quantitative
PCR in the virology laboratory of the
respective institutions. D1R2 LTRs who
developed primary CMV infection were
treated with antiviral therapy until at least
two consecutive weekly quantitative PCR
measurements revealed undetectable
viremia and resolution of symptoms. A
similar protocol was followed for D1R1
LTRs with CMV reactivation episodes if
clinically indicated. After completion of

Non-IPF LTRs (n=42)IPF LTRs (n=42)

Non-IPF LTRs with acute
viremic blood samples (n=11)

IPF LTRs with acute viremic
blood samples (n=20)

Immunophenotyping

Clinical Outcomes

LTRs assessed for eligibility (n=706)

LTRs included in study (n=84)

Excluded (n=622)
•
•

•
•

•

•

•

D-/R+ and D-/R- (n=266)
No opportunity to meet CMV
relapse criteria (n=110)

Died while on prophylaxis
Died before 6 months off
prophylaxis
For D+/R-, no documented
primary infection 

For non-IPF LTRs, age <42 or >70
(n=28)
Unable to consent (n=218)

P<0.001

n=29
(69%)

IPF LTR
n=42

non-IPF LTR
n=42

n=13
(31%)

C (Controller)

R (Relapser)

A

B

Figure 1. Lung transplant recipients (LTRs) with idiopathic pulmonary fibrosis (IPF) have an increased incidence of cytomegalovirus (CMV) relapsing
viremia compared with age-matched non-IPF control subjects. Study design flow diagram. Of the 84 LTRs included, 31 had acute viremic blood samples
available for analysis. (A) All IPF LTRs and those non-IPF LTRs included for immunophenotyping underwent telomere length measurement. (B)
Comparison of IPF-LTR cohort (n = 42) and non-IPF-LTR age-matched control subjects (n = 42) for CMV controllers (C) versus relapsers (R) as a
percentage of each group. Relapse was defined as at least two consecutive positive CMV PCRs after discontinuation of antiviral treatment for primary
infection or standard CMV prophylactic therapy (as per METHODS). Analysis was performed using the Fisher exact test with a two-sided P value less than
0.05 considered statistically significant. D/R = donor and recipient.
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antiviral therapy, for primary CMV
infection in D1R2 LTRs or standard CMV
antiviral prophylaxis in D1R1 LTRs, patients
were prospectively monitored by CMV PCR at
least biweekly, and during any symptomatic or
clinically indicated time points, for relapsing
viremia or end-organ disease. Relapsing
viremia was defined as the detection of
more than 300 CMV copies/ml on two
consecutive samples in the first 6 months
after discontinuation of antiviral therapy or
prophylaxis (excluding viremia during primary
infection in D1R2 LTRs). Clearance of CMV
viremia was defined as two consecutive
undetectable measurements (,300 copies/ml).
CMV controllers were defined as patients
who did not have evidence of CMV viremia
or end-organ disease after treatment of
primary infection or discontinuation of
CMV prophylaxis. All LTRs with relapsing
viremia received antiviral therapy until
clearance of viremia (n = 41). Participants
were also considered relapsers if they failed
to clear acute CMV infection (n = 1).

Additional detailed methods are
provided in an online supplement.

Results

IPF-LTRs Have Increased Risk
for Relapsing-Viremia Episodes
Compared with Age-matched
Non-IPF-LTRs
To investigate whether patients with IPF are
at increased risk for CMV reactivation, we

first evaluated a retrospective cohort of
84 LTRs from two academic centers, as
shown in Figure 1A and described in the
METHODS section. All of the LTRs within
this cohort were either D1R2 or D1R1
CMV serostatus, and thus were considered
to be high risk for post-transplant CMV
complications (26). We compared 42 IPF-
LTRs with 42 age-matched non-IPF-LTR
(Table 1). Although patients with IPF
showed an expected male predominance,
there were no significant differences in
CMV serology, bilateral versus single lung
transplantation, transplant induction
therapy, or changes to immunosuppression
therapy between groups, with a median
follow-up of 3.4 years (Table 1). We
assessed the risk of CMV relapsing viremia
within our cohort (see METHODS) and found
that the median antiviral post-transplant
prophylaxis duration for D1R2 LTRs was
7.5 months and 6 months for D1R1 LTRs.
To assess if the underlying lung transplant
indication affected the risk of CMV
relapsing viremia, we compared patients
with and without IPF and found that IPF
had a higher rate of relapse (69% vs. 31%;
odds ratio, 4.98; 95% confidence interval
[CI],1.95–12.50; P, 0.001; Fisher exact
test) (Figure 1B). Despite this difference,
there was no obvious difference in median
viral loads between the groups during
relapse (IPF-LTRs = 1,355 copies/ml vs.
non-IPF-LTRs = 1,536 copies/ml; P = 0.85),
and all relapsers had undergone treatment
with antiviral therapy. The episodes of

relapsing viremia occurred independent
of acute rejection episodes, augmented
immunosuppression, or other active
infections. Together, these findings show
that IPF-LTRs are at increased risk for
CMV relapsing viremia compared with age-
matched non-IPF-LTRs.

High-Risk IPF-LTRs with Short TL
Demonstrate Increased Risk of CMV
Relapsing Viremia
Having determined that IPF-LTRs were at
increased risk for CMV relapsing viremia, we
asked whether short lymphocyte TL could
identify IPF-LTRs at increased risk for CMV
relapse. We used the clinically validated
flow cytometry and fluorescence in situ
hybridization method (flowFISH) (27)
and found that 71% of IPF-LTRs had
significantly short TL (<10th) relative to
healthy age-matched control subjects
(Figure 2A), similar to what has been
previously seen (18). To characterize if the
short TL was related to inherited mutations,
we screened the IPF-LTRs using a next-
generation sequencing panel that includes
the known causes of familial pulmonary
fibrosis including the seven known
telomerase and telomere genes (Table 2). We
found 10% (4/39 sequenced) had pathogenic
mutations in a telomerase or telomere gene:
TERT (n = 1), RTEL1 (n = 2), and PARN
(n = 1) (Figure 2A and Table 2). Another
patient who had classic short TL syndrome
features including bone marrow failure and a
family history of pulmonary fibrosis, and
who had short TL below the age-adjusted
first percentile, also carried an ultra-rare
RTEL1 variant that was deemed likely
pathogenic (Figure 2A and Table 2). These
data are consistent with the known prevalence
of telomere and telomerase mutations in IPF
(16) and confirm what has previously been
shown, that short telomeres are a common
finding in IPF in the absence of identifiable
mutations (18).

Within this cohort of IPF-LTRs, we
tested whether short TL differentiated IPF-
LTR CMV relapsers from controllers and
found most IPF-LTR relapsers had short
TL (Figures 2B and 2C). In fact, in long
TL IPF-LTRs (.10th percentile TL), the
proportion of relapsers was similar to non-
IPF-LTRs (Figure 2C). Furthermore, in
those with short TL, the risk of relapse was
higher than patients with IPF with long TL
(odds ratio, 5.6; 95% CI,1.3–23.3; P = 0.03,
Fisher exact test), and non-IPF-LTRs (odds
ratio, 8.92; 95% CI, 2.9–28.72; P, 0.001).

Table 1. Baseline Characteristics of Study Cohort

IPF (n = 42) non-IPF (n = 42) P Value

Age, yr 61.5 (47–76) 60.0 (42–69) NS
Male, n (%) 32 (76.2) 18 (42.8) 0.004
CMV serostatus, n (%)
D1R2 (mismatch) 19 (45.2) 21 (50.0) NS
D1R1 23 (54.8) 21 (50.0)

Induction, n (%)
Alemtuzumab 19 (45.2) 18 (44.2) NS
Basiliximab 23 (54.8) 24 (55.8)

Immunosuppression, n (%)
Triple-drug* 36 (85.7) 33 (78.6) NS
IS reduction† 6 (14.3) 9 (21.4)
Follow-up, yr 3.5 3.4 NS

Transplant procedure, n (%)
Single 8 (19) 7 (16.6) NS
Double 36 (81) 37 (83.4)

Definition of abbreviations: CMV = cytomegalovirus; D = donor; IPF = idiopathic pulmonary fibrosis;
IS = immunosuppression; NS = not significant; R = recipient.
*Triple drug immunosuppression: calcineurin inhibitor, antiproliferative (mycophenolate mofetil or
azathioprine), and prednisone.
†Reduction in immunosuppression secondary to cytopenias.
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Figure 2. Idiopathic pulmonary fibrosis (IPF) lung transplant recipients (LTRs) with short telomeres have increased risk and more rapid onset for relapsing
cytomegalovirus (CMV) viremia and infectious complications. (A) Age-adjusted lymphocyte telomere length (TL) of IPF-LTRs (n = 42) is plotted relative to
age-adjusted nomograms of control subjects, as measured by flow cytometry and fluorescence in situ hybridization. Approximately two-thirds of this
cohort (n = 29) have TL less than or equal to 10th percentile for age. *The five individuals for whom germline mutations were identified (four pathogenic,
one likely pathogenic) as listed in Table 2. (B) TL for CMV controllers (C) (blue circles) and relapsers (R) (red circles). (C) IPF-LTRs with TL less than or equal
to 10th percentile (n = 29) demonstrate an increased incidence of CMV relapsing viremia (R) compared with IPF-LTRs with TL greater than 10th percentile
(n = 13) or age-matched non-IPF control subjects. Analysis was performed using the Fisher exact test with a two-sided P value of less than 0.05
considered statistically significant. (D) Kaplan-Meier curve analyzed with Mantel-Cox log-rank test showing shortened time to relapsing viremia in IPF-LTRs
with TL less than or equal to 10th percentile compared with non-IPF-LTRs (n = 42; P, 0.001) or IPF-LTRs with TL greater than 10th percentile (n = 13;
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Importantly, the time to relapsing viremia
was significantly shorter in the short TL
IPF-LTRs compared with controls by
Kaplan-Meier analysis (P = 0.04 for long TL
vs. short TL IPF-LTRs, Mantel-Cox log-
rank; P, 0.001, for short TL vs. non-IPF-
LTRs) (Figure 2D). This difference was
not explained by TL differences related to
CMV serostatus alone because there was a
similar proportion of D1R1 and D1R2
LTRs who had short TL (78% [18 of 23]
vs. 63% [12 of 19]; P = 0.32; Fisher exact
test). Furthermore, using the time on
valganciclovir prophylaxis as a covariate,
we analyzed the risk of CMV relapse
using a Cox proportional hazard model.
We found that 10 of 84 patients in our
cohort required early discontinuation of
valganciclovir because of leukopenia;
however, we did not find a difference
between the IPF-LTR and non-IPF-LTR
groups (4/42 vs. 6/42; P = 0.74 by Fisher
exact test), nor between the IPF short TL
and IPF long TL (3/30 vs. 1/12; P = 1.00 by
Fisher exact test). Thus, valganciclovir

exposure had no discernable impact on
propensity to CMV relapse (hazard ratio,
1.00; 95% CI, 0.99–1.01; P = 0.88).

We next evaluated whether TL
correlates with CMV complications using a
cumulative scoring system that included
the total number of episodes of relapsing
viremia, the number of episodes of biopsy-
proven end-organ disease incidence (i.e.,
pneumonitis, n = 12; gastritis, n = 3;
colitis, n = 5; and retinitis, n = 1), and the
development of ganciclovir resistance.
We observed significantly higher median
CMV complication scores in all IPF-LTRs
compared with non-IPF-LTRs (see Figure
E1A in the online supplement). We
found that 13 of 42 (31%) of IPF-LTRs
demonstrated end-organ CMV disease
compared with 4 of 42 (10%) of non-IPF-
LTRs (odds ratio, 4.3; 95% CI, 1.43–12.75;
P = 0.02; Fisher exact test). Among the
IPF-LTRs with end-organ disease, 11 of
13 (85%) had short TL. Furthermore, of
the patients who developed ganciclovir-
resistant CMV (6/84), five had IPF and

all five patients had short TL (5/6; 83%).
Moreover, IPF-LTRs with short TL
demonstrated significantly higher median
CMV complication scores compared with
IPF-LTRs with long TL or non-IPF-LTRs
(Figure 2E). This effect was not caused
by an imbalance of seropositive and
seronegative LTRs, because both D1R2
and D1R1 LTRs trended toward higher
CMV complication scores compared with
their respective non-IPF-LTR control
subjects (see Figure E1B). The severity of
CMV disease was further documented in
the fact that of the patients who died in the
follow-up period with CMV-complications,
all were IPF-LTRs with short TL. Of these
patients (n = 3 D1R2, n = 1 D1R1),
all four had CMV viremia immediately
before death and two had proven CMV
pneumonitis at the time of death (confirmed
at autopsy). Together, these clinical
observations suggest that high-risk
D1R2 and D1R1 IPF-LTRs with
short TL have an increased risk for CMV
relapsing viremia and complications

Figure 2. (Continued). P = 0.02). Time to relapse is defined as time at second consecutive positive CMV PCR after discontinuation of CMV therapy or
prophylaxis. (E) Compilation of median CMV Complication Score comparing all groups with 1 point for each 1) relapsing viremia episode, 2) biopsy-proven
end-organ disease episode (pneumonitis, gastritis, colitis, or retinitis), or 3) ganciclovir CMV resistance. Results show a higher score for IPF-LTRs with TL
less than or equal to 10th percentile versus IPF-LTRs with TL greater than 10th percentile (P = 0.02) and age-matched non-IPF-control subjects (P, 0.01).
There is no difference in CMV complications between the latter two groups. Statistical analysis was performed using Mann-Whitney U test with a two-
sided P value of less than 0.05 considered statistically significant. ns = not significant.

Table 2. Rare Variants and Mutations in Telomerase and Telomere Genes Identified in 42 LTRs with IPF

IPF-LTR
No.

Age
(yr) M/F

Family
History

Mutant
Gene

Protein
Position

Prior Disease
Association gnomAD MAF* Interpretation

CMV
Status R/C

TL
Percentile

3 63 F No RTEL1 S815I No 1.723 1023 VUS D1/R2 C 50th–90th
4 61 F No RTEL1 C1244R Le Guen et al.,

2013 (49)
2.053 1025 Pathogenic D1/R2 R ,1st

7 48 M Yes TERT V170M Parry et al., 2011
(22)

5.463 1026 Pathogenic D1/R2 R ,1st

10 67 M No DKC1 M204R No, outside of Absent Benign D1/R2 C 1st–10th
pathogenic area

13 76 M No RTEL1 R1264H Ballew et al.,
2013 (50)

1.313 1024 Pathogenic D1/R2 R 1st–10th

15 56 M No TINF2 A323P No, outside of 1.083 1025 Benign D1/R1 R ,1st
pathogenic area

21 55 M Yes RTEL1 A687G No Absent Likely pathogenic D1/R1 R ,1st
21 55 M Yes NAF1 Q84K No Absent Benign D1/R1 R ,1st
25 59 F No RTEL1 R754Q No 1.343 1024 VUS D1/R1 R ,1st
26 69 F Yes PARN K609R No Absent VUS D1/R1 R 1st–10th
26 69 F Yes TINF2 G264R No, outside of

pathogenic
area

Absent Benign D1/R1 R 1st–10th

30 56 M No PARN K211R No Absent VUS D1/R2 R 1st–10th
33 55 M No PARN F123L No Absent VUS D1/R- R 1st–10th
38 71 F No PARN R128X Nonsense 4.063 1026 Pathogenic D1/R1 R 10th–50th
38 71 F No NAF1 S144P No 8.553 1026 VUS D1/R1 R 10th–50th

Definition of abbreviations: CMV= cytomegalovirus; D/R= donor and recipient; gnomAD=Genome Aggregation Database; IPF = idiopathic pulmonary fibrosis;
LTR = lung transplant recipient; MAF =minor allele frequency; R/C= relapse/controller; TL = telomere length; VUS= variant of unknown significance.
*The gnomAD MAF is derived from data from a total of 138,632 individuals (123,136 exomes and 15,496 genomes).
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compared with IPF-LTRs with greater
than 10th percentile TL or age-matched
non-IPF-LTRs.

Impaired CMV-Specific T-Cell
Effector Responses in IPF-LTRs with
Short Lymphocyte TL
To understand the mechanisms underlying
the short telomere-associated CMV
morbidity, we studied CMV-specific T-cell
immunity. We evaluated peripheral blood
mononuclear cell responses to in vitro
stimulation with pooled 15-mer overlapping
peptides of phosphoprotein-65 (pp65),
a major CMV antigen. We measured pp65-
specific IFN-g, TNF-a (tumor necrosis
factor-a), the cytotoxic degranulation
marker CD107a, and loading of the
cytotoxic molecule Granzyme B (GrzB) in
CD81 T cells in a 6-hour assay. We found
that pp65-specific CD81 IFN-g, TNF-a,
CD107a responses, and total CD81 GrzB
loading were significantly reduced in IPF-
LTRs with short TL compared with IPF-
LTRs with long TL and a subset of age-
matched non-IPF-LTRs in which TL was
measured and determined to all be greater
than 10th percentile (Figure 3). We also
found impaired CMV-specific CD41

effector responses in short TL IPF-LTRs
compared with control subjects, including
significantly lower frequencies of CMV-
specific CD41IL-21 cells (see Figure E2).

Using Boolean analysis, we next
analyzed CMV-pp65-specific multifunctional
effector responses (i.e., the capacity of
cells to produce more than one cytokine)
in a subset of short TL IPF-LTRs and
non-IPF-LTRs (long TL) during acute
infection. We analyzed pp65-specific IFN-g,
TNF-a, CD107a, and IL-2 production
in CD81 and CD41 T cells and found
multifunctional responses were significantly
reduced in short TL IPF-LTRs compared
with non-IPF-LTRs (Figure 4). These data
demonstrate that short TL is associated with
impaired CMV-specific multifunctional
effector T-cell responses in IPF-LTRs.

IPF-LTRs with Short TL Demonstrate
Impaired Induction of T-bet, Which
Correlates with T-Cell Effector
Function
The transcription factor T-bet plays a
fundamental role in coordinating type-1
immune responses (28). We thus evaluated
induction of T-bet in the same subset
of patients captured during acute CMV

infection and found significantly reduced
intracellular T-bet levels in total ex vivo
CD81 T cells from IPF-LTRs with short
TL, versus control subjects (Figures 5A and
5B). Importantly, most patients with low
T-bet levels developed CMV relapsing
viremia, consistent with our findings in a
previous cohort of D1R2 LTRs (11, 12).
We performed Spearman rho correlation
analysis for CD81 CMV-specific effector-
functions (IFN-g, TNF-a, and CD107a),
and GrzB loading, and found significant
correlation between ex vivo CD81T-bet%
levels and each of these effector responses
(Figures 5C–5F). These results indicate that
short TL is associated with impaired T-bet
induction during acute CMV infection and
provides a plausible mechanism for reduced
CD81 T-cell effector function.

IPF-LTRs with Short Lymphocyte TL
Demonstrate a CMV-Specific T-Cell
Proliferative Defect That Correlates
with Impaired Upregulation of T-bet
Because we found impaired CMV-specific
effector T-cell responses in IPF-LTRs
with short TL that correlated with T-bet
induction, we hypothesized that CMV-specific
T-cell proliferation was impaired in IPF-LTRs
with short TL and that this defect correlates
with low T-bet levels. We measured in vitro
pp65-specific T-cell proliferation using the
CFSE-dilution assay and observed that short
TL IPF-LTRs demonstrated a CMV-specific
proliferative defect in both CD81 and CD41

T cells and were enriched for CMV-relapsers
(Figures 6A–6D) compared with long TL
IPF-LTRs and age-matched non-IPF-LTRs.
We also assessed concomitant intracellular
CD81 and CD41 T-bet protein expression
and correlated these levels with CMV-specific
T-cell proliferative responses (Figures 6E
and 6F). We found T-bet levels in the CD81

and CD41 pools significantly correlated
with respective CMV-specific proliferative
responses, with short TL IPF-LTRs exhibiting
the lowest T-bet levels and impaired
proliferative responses (Figures 6E and 6F).
Furthermore, both CD81T-bet1 levels
and CMV-specific proliferative responses
did not differ by CMV serostatus with IPF-
LTRs (see Figure E3). However, D1R2 IPF-
LTRs demonstrated significantly reduced
CD81T-bet1 levels and CMV-specific
proliferative responses compared with
age-matched D1R2 non-IPF-LTRs (see
Figures E3A and E3B). In addition, there
were reduced CD81 and CD41 T-cell

proliferative responses to the superantigen
staphylococcal enterotoxin B, consistent
with a global proliferative defect, along
with associated decreased staphylococcal
enterotoxin B reactive effector cytokine
responses (see Figure E4). Together, these
data support a CMV-specific T cell and
global proliferative defect, along with
impaired upregulation of T-bet, in IPF-
LTRs with short lymphocyte TL.

Delta TL Is Increased in CMVRelapsers
and Correlates with T-Cell Effector
Function
Because we observed impaired CMV-immune
responses predominantly in IPF-LTRs with
short TL, we hypothesized that TL was an
important determinant of viral immunity. To
assess this, we evaluated the continuous
variable delta TL (DTL), which reflects the
deviation from the age-adjusted median TL
(27). We found that DTL was significantly
increased (i.e., more negative) in CMV
relapsers compared with controllers (Figures
7A and 7B). Next, we determined whether
there was a relationship between DTL and
CD81 T-cell effector functions. We found
significant correlations using Spearmen
rho correlation between DTL and
CMV-specific CD81IFN-g1, TNF-a1, and
CD1071 frequencies; CD81T-bet1 and
GrzB1 levels; and CMV-specific CD81

proliferative responses (Figures 7C–7H).
Together, these data demonstrate that DTL
is significantly increased in CMV relapsers
compared with controllers and correlates
with key immune parameters that differentiate
the capacity for CMV immune control (see
Figure E5).

Discussion

Here, we show that short lymphocyte
TL in IPF-LTRs is associated with increased
risk for CMV relapsing viremia after
discontinuation of antiviral therapy/
prophylaxis, along with increased CMV
complications. Additionally, we found that
short TL differentiates T-bet expression and
CMV-specific T-cell immune responses
during active CMV infection in IPF-LTRs,
and that DTL is reduced in relapsers and
correlates with key immune parameters
of immune control. In contrast, we
determined that CMV serostatus did not
differentiate CMV complications in IPF-
LTRs. Because TL is genetically determined
and short TLs are enriched in patients
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Figure 3. Impaired peripheral blood mononuclear cells cytomegalovirus (CMV)-specific CD81 T-cell effector responses and granzyme B (GrzB) loading
capacity in idiopathic pulmonary fibrosis (IPF) lung transplant recipients (LTRs) with short telomere length (TL) (<10th percentile). Representative
frequencies and pooled data of intracellular cytokine staining at 6 hours for CMV pp65-specific CD81 T-cell function during acute CMV infection are
shown. (A–F) Values represent cell frequencies after restimulation with pp65 peptides minus medium alone (unstimulated) of IFNg1 (A and B), TNF-a1

(C and D), and CD107a1 (E and F), from a subset of 31 LTRs with IPF (TL<10th percentile [left panel], IPF TL.10th percentile [middle panel]) or non-IPF-
LTR patient with TL greater than 10th percentile (right panel). Also indicated are controllers (C) (blue dots) versus relapsers (R) (red dots) status. (G and H)
Representative and pooled frequencies of CD81GrzB1 (unstimulated peripheral blood mononuclear cells) from the same patients. Bars represent median
values, and P values were calculated using the Mann-Whitney-Wilcoxon test. ns = not significant; TNF = tumor necrosis factor.
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Figure 4. Idiopathic pulmonary fibrosis (IPF) lung transplant recipients (LTRs) with telomere length (TL) less than or equal to 10th percentile demonstrate
impaired quantity and quality of blood CD81 and CD41 cytomegalovirus (CMV) pp65-specific effector multifunction during acute CMV infection. Using
Boolean analysis from the same subset as Figure 3, the percentage of total and individual CMV pp65-specific effector multifunctional responses for CD81

(A) or CD41 (B) T cells from IPF-LTR with TL less than or equal to 10th percentile (black bars) versus non-IPF-LTR with TL greater than 10th percentile
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with IPF (18), our data identify a novel
relationship between short telomeres
and CMV clinical morbidities and T-cell
host defense that may be causal in IPF.
Indeed, there are reports of severe T-cell
immunodeficiency in telomerase mutation
carriers and mice with short telomeres
having T-cell quantitative and qualitative
defects (21, 29). TL testing by flowFISH
is clinically available (27) and our data,
especially if replicated in other larger
cohorts, may identify patients who are
at increased risk for CMV viremia and
complications in IPF-LTRs.

Because IPF is now the leading
indication for lung transplantation in North
America, our study has several implications
for this patient population. Our finding that
approximately two-thirds of IPF-LTRs in
our cohort from two major centers had
short TL again confirms enrichment of
shortened TL in the IPF population (18, 19).
Several recent studies have demonstrated
increased transplant complications in
IPF-LTRs with short TL and telomerase
mutations (23, 30, 31). Our study
importantly reveals that the short TL defect
in IPF-LTRs has clinical implications even
in the absence of mutations as has been
previously suggested (18).

Our findings suggest that TL
measurement, using the clinically validated
flowFISH method (27), may be a useful
clinical assessment tool for stratifying IPF
lung transplant candidates with respect to
CMV risk. Furthermore, several patients in
our cohort had difficulty tolerating antiviral
therapy, in addition to immunosuppression,
likely because of limited bone marrow
function or their breaking through of antiviral
prophylaxis, suggesting that prolonged
prophylaxis strategies alone may not
suffice. Adding to this challenge is the
prior observation of increased susceptibility
to developing ganciclovir resistance,
particularly in D1R2 LTRs, which could
be exacerbated by the pressure of frequent
start-stop cycles for antivirals, and is
associated with worse outcomes (32–34).
Interestingly, most patients in our cohort
who developed ganciclovir-resistant CMV
were IPF-LTRs with short TL, suggesting
these may be the same patients who are

at risk for limited bone marrow reserves.
An alternative approach to reduce CMV
risk by avoidance of CMV-positive donors
for IPF candidates who are CMV-negative
is theoretically reasonable, but may be
practically difficult, because it could exclude
up to 70% of the adult donor pool who are
CMV seropositive (35). Therefore, a precision
medicine approach of identifying high-
risk patients by TL and CMV immunity
assessment, using validated approaches, and
reducing immunosuppression may be the
most feasible strategy. Such a strategy needs
to be weighed against the potential risk of
allograft rejection.

We found that short TL IPF-LTRs had
impaired CMV immunity compared with age-
matched long TL IPF-LTRs and non-IPF-
LTRs. Notably, IPF-LTRs with short TL had
significantly reduced CMV-specific T-cell
responses during active CMV infection, with
reduced CD81 T-cell T-bet/GrzB levels and
acute CMV-specific effector responses (IFN-g,
TNF-a, IL-2, and CD107a) in both CD81

and CD41 T cells compared with control
subjects. Our data indicate that short
telomeres differentiate impaired viral effector
responses driven by a CMV-specific T-cell
proliferation defect, a strong correlate of
T-bet levels, both of which we have previously
found to be important for viral control
(12, 13). Alternatively, persistent antigenic
stimulation could also contribute to impaired
T-bet expression (36). Importantly, we
also identified impaired proliferative and
cytokine responses to staphylococcal
enterotoxin B in IPF-LTRs with short TL.
Together, our findings demonstrate that
short TL in patients with IPF are associated
with impaired CMV-specific and global
T-cell immunity along with increased CMV
morbidities.

Studies from our group and others
have demonstrated the importance of
CMV-specific T-cell immunity and the
heterogeneity within LTRs with respect
to this competence (12–14, 36, 37). Our
observations in patients with IPF of both
viral-specific and global proliferative
defects are consistent with telomere
shortening contributing to T-cell aging
at certain thresholds (29), potentially
exacerbated under conditions of chronic

immunosuppression and/or active CMV
infection. One plausible mechanism
contributing to a T-cell proliferative
defect is our finding of reduced
endogenous CMV-specific CD41IL-2
production in short TL IPF-LTRs that
might be exacerbated by calcineurin
inhibitor–based immunosuppression
therapy, which directly blocks IL-2 mRNA
synthesis (39). However, we and other
investigators have reported reduced IL-2
production and/or proliferation from
CD41 T cells during HIV, measles,
dengue, and CMV viremia (13, 40–43).
Additionally, other T-cell proliferative
mechanisms (e.g., IL-15, IL-7) might
potentially impact T-cell expansion in
patients with short telomeres beyond IL-2
(44, 45). Although we did not find significant
differences in immunosuppression dosing
or levels between IPF and non-IPF-LTR
groups, it is possible those with short
telomere lymphocytes are more susceptible
to immunosuppression. Indeed, our findings
in light of the literature showing impaired
T-cell expansion in patients with short TL
are consistent with previous reports showing
the need for reduced immunosuppression
dosing after transplantation caused
by reduced bone marrow reserves
(23, 29).

There are several caveats to our studies.
We recognize there are confounding factors
that may impact the capacity for CMV
control in our study. Importantly, we did not
detect differences in immunosuppression
dosing or calcineurin inhibitor levels between
our study groups. However, because a
functional assessment of the degree of
immunosuppression in transplant recipients
is lacking, we cannot exclude varying degrees
of immunosuppression contributing to CMV
susceptibility in our study.With regard to our
CMV-immunity studies, we focused on
pp65-specific T-cell responses as a dominant
response (46), although we acknowledge
a broader T-cell response occurs and
may play a role defense during chronic
infection (47). Finally, although a previous
study found TL shortening in the years
after primary CMV infection in kidney
transplant patients (48), we assessed TL
and immunity during acute primary

Figure 4. (Continued). (gray bars) is shown in the bar graph for each of the multifunctional subsets. Individual pie charts of peripheral blood mononuclear
cells reflecting CMV pp65-specific CD81 (A) and CD41 (B) T-cell responses from the IPF-LTR with TL less than or equal to 10th percentile (left pie)
and non-IPF-LTR with TL greater than 10th percentile (right pie) cohort. *Significant differences when comparing mean frequencies of single and
multifunctional responses, P less than or equal to 0.05. All P values were determined by the Kruskal-Wallis one-way ANOVA or Wilcoxon signed rank test.
Data were analyzed using the program SPICE. PBMC= peripheral blood mononuclear cells; TNF = tumor necrosis factor.
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Figure 5. Idiopathic pulmonary fibrosis (IPF) lung transplant recipients (LTRs) with short telomere length (TL <10th percentile) have impaired upregulation
of T-bet in CD81 T cells, which correlate with impaired effector functions. (A) From the same subset of 31 LTRs, representative flow cytometric histogram
showing the intracellular T-bet protein expression of CD81 T cells overlaid from IPF-LTR (with TL <10th percentile [continuous line] and TL .10th
percentile [dashed line]) and non-IPF-LTR with TL greater than 10th percentile (dotted line). (B) Pooled data showing the ex vivo CD81T-bet1 frequencies.
Also indicated are controllers (C) (blue dots) versus relapsers (R) (red dots) status. Bars represent median values, and P values were calculated using the
Mann-Whitney-Wilcoxon test. (C–E) Cumulative correlation data by scatter plot analysis of CD81T-bet1 frequencies and cytomegalovirus (CMV)-specific
frequencies for IFNg1 (C), tumor necrosis factor (TNF)a1 (D), and CD107a1 (E), among IPF-LTRs with TL less than or equal to 10th percentile (orange
triangles), IPF-LTRs with TL greater than 10th percentile (green triangles), and non-IPF-LTR with TL greater than 10th percentile (green diamonds) during
acute CMV infection. (F) From the same patients, cumulative correlation data by scatter plot analysis of CD81T-bet1 frequencies and total CD81GrzB1

cells. Correlation coefficient (r) and P values were calculated using Spearman rank correlation test. GrzB = granzyme B; ns = not significant; T-bet =
T-box21 (TBX21).
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Figure 6. Idiopathic pulmonary fibrosis (IPF) lung transplant recipients (LTRs) with short telomere length (TL) demonstrate a cytomegalovirus (CMV)-
specific T-cell proliferative defect, which correlates with impaired upregulation of T-bet. (A–D) From the same subset of 31 LTRs during acute CMV
infection, representative flow cytometry plots and cumulative data showing CMV pp65-specific proliferation at 6 days using CFSE dilution for CD81 (A and
B) and CD41 (C and D) T cells from IPF-LTRs with TL less than or equal to 10th percentile, TL greater than 10th percentile, and non-IPF-LTR patient with
TL greater than 10th percentile, where numbers indicate frequencies of live-gated CFSE diluted events (%). Also indicated are controllers (C) (blue dots)
versus relapsers (R) (red dots) status in B and D. Bars represent median values, and P values were calculated using the Mann-Whitney-Wilcoxon test.
(E and F) Cumulative correlation data of CD81 (E) and CD41 (F) proliferative responses and respective Day 6 T-bet1 levels among IPF-LTRs with TL less
than or equal to 10th percentile (orange triangles), IPF-LTRs with TL greater than 10th percentile (green triangles), and non-IPF-LTRs with TL greater than
10th percentile (green diamonds) during acute primary CMV infection. Correlation coefficient (r) and P values were calculated using Spearman rank
correlation test. CFSE = carboxyfluorescein succinimidyl ester; ns = not significant; T-bet = T-box21 (TBX21).
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Figure 7. Delta telomere length (DTL) differentiates cytomegalovirus (CMV) relapsers versus controllers and correlates with CMV-specific effector and proliferative
responses and total CD81 T-cell T-bet1 and GrzB1 levels. (A and B) Pooled data showing the DTL values for CMV relapsers (R) versus controller (C) status
for all 53 lung transplant recipients (LTRs) (A) and the DTL values for the 31 LTRs assessed for functional immune assays (B). Orange diamonds represent
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infection, and our results for short TL
in IPF-LTRs are highly consistent with
short TL in patients with IPF without
acute CMV infection (18). Furthermore,
although it is possible that acute CMV
infection may contribute to incremental
telomere shortening, it is unlikely to lead
to severe shortening (,10th percentile)
that we observed in most IPF-LTRs, in
striking contrast to preserved TL in our
non-IPF-LTRs control subjects who also
had viremia. Thus, despite these caveats,

our study provides new evidence that TL
impacts CMV-specific T-cell immunity
and CMV outcomes in high-risk LTRs.

In summary, we report that short TL
IPF-LTRs are at increased risk for CMV
relapsing viremia and complications
compared with non-IPF-LTRs and
have impaired CMV-specific T-cell
immunity. Our findings suggest that TL
measurement, using the validated method
of flowFISH, may be useful for risk-
stratification of patients with IPF with the

goal of advancing personalized antiviral
therapy approaches and optimizing CMV
control. n

Author disclosures are available with the text
of this article at www.atsjournals.org.

Acknowledgment: The authors acknowledge
the hard work and dedication of all the caregivers
to the lung transplant recipients at the University
of Pittsburgh Medical Center and The Johns
Hopkins Hospital. They thank Christa L. Wagner
for technical support.

References

1. Ljungman P. Beta-herpesvirus challenges in the transplant recipient. J
Infect Dis 2002;186:S99–S109.

2. Zamora MR. Cytomegalovirus and lung transplantation. Am J Transplant
2004;4:1219–1226.

3. Fishman JA. Infection in solid-organ transplant recipients. N Engl J Med
2007;357:2601–2614.

4. Balthesen M, Messerle M, Reddehase MJ. Lungs are a major organ
site of cytomegalovirus latency and recurrence. J Virol 1993;67:
5360–5366.

5. Yusen RD, Edwards LB, Dipchand AI, Goldfarb SB, Kucheryavaya AY,
Levvey BJ, et al. The registry of the International Society for Heart and
Lung Transplantation: thirty-third adult lung and heart-lung transplant
report-2016; focus theme: primary diagnostic indications for transplant.
J Heart Lung Transplant 2016;35:1170–1184.

6. Verleden SE, Todd JL, Sato M, Palmer SM, Martinu T, Pavlisko EN, et al.
Impact of clad phenotype on survival after lung retransplantation: A
multicenter study. Am J Transplant 2015;15:2223–2230.

7. Westall GP, Michaelides A, Williams TJ, Snell GI, Kotsimbos TC.
Bronchiolitis obliterans syndrome and early human cytomegalovirus
DNAaemia dynamics after lung transplantation. Transplantation 2003;
75:2064–2068.

8. Kerschner H, Jaksch P, Karigl G, Popow-Kraupp T, Klepetko W,
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