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Lung Allograft Epithelium DNA
Methylation Age Is Associated
With Graft Chronologic Age
and Primary Graft Dysfunction
Daniel T. Dugger1, Daniel R. Calabrese1,2, Ying Gao1, Fred Deiter1, Tasha Tsao1,
Julia Maheshwari1, Steven R. Hays1, Lorriana Leard1, Mary Ellen Kleinhenz1,
Rupal Shah1, Jeff Golden1, Jasleen Kukreja3, Erin D. Gordon1, Jonathan P. Singer1

and John R. Greenland1,2*

1 Pulmonary, Critical Care, Allergy and Sleep Medicine Division, Department of Medicine, University of California, San
Francisco, San Francisco, CA, United States, 2 Medical Service, Veterans Affairs Health Care System, San Francisco,
CA, United States, 3 Department of Surgery, University of California at San Francisco, San Francisco, CA, United States

Advanced donor age is a risk factor for poor survival following lung transplantation.
However, recent work identifying epigenetic determinants of aging has shown that
biologic age may not always reflect chronologic age and that stressors can accelerate
biologic aging. We hypothesized that lung allografts that experienced primary graft
dysfunction (PGD), characterized by poor oxygenation in the first three post-transplant
days, would have increased biologic age. We cultured airway epithelial cells isolated by
transbronchial brush at 1-year bronchoscopies from 13 subjects with severe PGD and 15
controls matched on age and transplant indication. We measured epigenetic age using
the Horvath epigenetic clock. Linear models were used to determine the association of
airway epigenetic age with chronologic ages and PGD status, adjusted for recipient PGD
risk factors. Survival models assessed the association with chronic lung allograft
dysfunction (CLAD) or death. Distributions of promoter methylation within pathways
were compared between groups. DNA methyltransferase (DNMT) activity was
quantified in airway epithelial cells under hypoxic or normoxic conditions. Airway
epigenetic age appeared younger but was strongly associated with the age of the
allograft (slope 0.38 per year, 95% CI 0.27–0.48). There was no correlation between
epigenetic age and recipient age (P = 0.96). Epigenetic age was 6.5 years greater (95% CI
1.7–11.2) in subjects who had experienced PGD, and this effect remained significant after
adjusting for donor and recipient characteristics (P = 0.03). Epigenetic age was not
associated with CLAD-free survival risk (P = 0.11). Analysis of differential methylation of
promoters of key biologic pathways revealed hypomethylation in regions related to
org October 2021 | Volume 12 | Article 7041721
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hypoxia, inflammation, and metabolism-associated pathways. Accordingly, airway
epithelial cells cultured in hypoxic conditions showed suppressed DNMT activity. While
airway methylation age was primarily determined by donor chronologic age, early injury in
the form of PGD was associated with increased allograft epigenetic age. These data show
how PGD might suppress key promoter methylation resulting in long-term impacts on
the allograft.
Keywords: lung, allograft, epigenetic, aging, primary graft dysfunction (PGD)
INTRODUCTION

Advanced donor age increases the risk of allograft failure in most
types of solid organ transplantations (1). In lung transplantation,
overall survival rates in the first 3 years are reduced when allograft
donors are over 60 years old (2, 3). Long-term survival following
lung transplantation is worse than for other solid organs and is
limited by chronic lung allograft dysfunction (CLAD), a clinical
syndrome of progressive loss of lung function and fibrosis. CLAD
risk is similarly increased when the lung donor is advanced in age
(4). In addition, the association of donor telomere dysfunction with
CLAD suggests this susceptibility may relate to accelerated aging of
the lung allograft (5).

Biological aging is associated with DNAmethylation patterns.
Cytosine-phosphate-guanine (CpG) methylation in gene
promoters and other regions selectively suppresses
transcription, thus influencing cell phenotypes. Chronological
age is another major driver of these DNA methylation patterns.
Horvath described an epigenetic clock based on 353
representative CpG sites that are hyper- or hypomethylated in
association with age across multiple tissue types (6). This
epigenetic clock is thought to be driven by the epigenetic
maintenance system, in which DNA methyltransferases
(DNMTs) maintain CpG methylation and compete with active
demethylation driven by ten-eleven translocation (TET)
methylcytosine dioxygenases and passive demethylation (6, 7).
These processes are reversed during embryogenesis, when the
epigenetic clock is reset (8). Importantly, epigenetic aging can be
accelerated by stressors such as cancer, HIV infection, metabolic
syndromes, and Alzheimer’s disease (6, 9). Conversely, super-
centenarians and their offspring have been shown to have
“younger” epigenomes (10). DNMT activity is also targetable
with existing drugs that could potentially influence aging
phenotypes and longevity (11).

Early events following lung transplantation influence CLAD risk
and long-term allograft survival. Primary graft dysfunction (PGD), a
form of ischemia-reperfusion injury, results in airway damage and
cell turnover and is an independent risk factor for CLAD
development (12). PGD may contribute to CLAD through
enhanced alloimmune activation or by rendering the allograft less
resilient to ongoing stress, as might be seen with aging. However, it
is not known whether lung allograft epigenetic age is determined by
donor or recipient birth dates nor how allograft stressors impact
epigenetic ageing. Here, we hypothesized that lung allograft
epigenetic age is determined by the donor age and would be
accelerated by the stress of severe PGD.
org 2
MATERIAL AND METHODS

Human Subjects
We selected lung transplant recipients from an ongoing longitudinal
cohort at the University of California San Francisco. Lung
transplant candidates were approached for study enrollment at
the time of listing or as soon as possible following lung transplant.
All subjects provided informed consent for medical record review
and research airway brushing during bronchoscopy (UCSF IRB 13-
10738). From these consented subjects, we selected a case-control
cohort for analysis of DNAmethylation patterns in cultured airway
epithelial cells.

Severe PGD was scored by two transplant pulmonologists
based upon retrospective chart review and was defined as grade 3
(PaO2:FiO2 < 200) at 48–72 h post-transplant according to
international criteria (13). Subjects with severe PGD were
considered for inclusion if 1-year brushings yielded epithelial
cell cultures, they had bilateral lung transplant, and the allograft
donor had no tobacco-use history. Control subjects, who had
PGD grade ≤1 through 72 h post-transplant and 1-year brushing
airway epithelial cell cultures, were frequency matched to cases
based upon recipient age and transplant indication.

Time to CLAD was defined as the days after transplant to the
first forced expiratory volume in 1 s (FEV1) value observed to be
≤20% decreased from post-transplant baseline, after exclusion of
other causes of FEV1 decline, such as pleural effusions, per 2019
International Society of Heart and Lung Transplantation
consensus guidelines (14). For this study, we did not
differentiate between obstructive and restrictive forms of CLAD.

Lung transplantation induction and maintenance
immunosuppression regimens followed previously described
institutional protocols (15), with basiliximab and methylprednisolone
induction. During the first 3 months, prednisone was dosed at 20 mg
daily and tacrolimus dosed to 10 to 14 ng/ml trough concentrations.
For months 3–6, prednisone was tapered to 0.2 mg/kg daily and
tacrolimus targeted 10 to 12 ng/ml. Prednisone was then tapered to 0.1
mg/kg by 12 months and tacrolimus adjusted to 8 to 10 ng/ml.
Mycophenolate mofetil targeting 2 g daily in divided doses was started
postoperatively. To prevent neutrophilic reversible allograft
dysfunction, 250 mg of azithromycin three times weekly is initiated
30 days after the transplant surgery. Immunosuppression was tailored
as clinically indicated.

Airway Brushing and Epithelial Cell Culture
Small airway brushing was performed in the distal airways as
part of routine 1-year post-transplant surveillance bronchoscopy
October 2021 | Volume 12 | Article 704172
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(16). Following bronchoalveolar lavage (BAL) and before
transbronchial biopsies, a cytology brush (Conmed #129) was
advanced under fluoroscopic guidance into a basilar segment
airway to about 3–4 cm from the periphery. The brush was
agitated approximately 10 times and pulled back into the
catheter. The brush tip was then transferred to a centrifuge
tube containing Roswell Park Memorial Institute (RPMI) 1640
media. The tube was vortexed gently to dislodge cells from brush
then centrifuged. The media was decanted from cell pellet and an
aliquot of 0.25% trypsin used to separate epithelial cell clumps.
Trypsin was neutralized with fetal bovine serum (FBS), then the
tube was centrifuged again. The cell pellet was then resuspended
in airway epithelial growth media containing 5% FBS and 10 uM
rho kinase inhibitor (Selleck Chem, Y-27632). Cells were plated
into sterile cultured-treated 10 cm dishes that were coated in rat
tail collagen type I. The dishes were cultured in 37°C and 5% CO2

incubator with media change every 48 h until 80% confluent. The
media was removed and the plates washed with warm PBS.
Trypsin 0.25% was used to liberate epithelial cells from the plates
then neutralized with 5% FBS-containing growth media. Cells
were collected and centrifuged and resuspended in 50% FBS, 10%
DMSO, and 40% growth media, then cryopreserved. The cells
were stored in the vapor phase of liquid nitrogen until use.

Airway Epithelial Cell Flow
Cytometry Analysis
Cultured airway cells were incubated with Human TruStain FcX
(BioLegend 422302) to block non-specific binding and Fixable
Viability Dye eFluor 660 (Invitrogen 65-0864-14) as a dead cell
marker. Cells were then stained with R-phycoerythrin-Cy7 anti-
human CD45 (Invitrogen 25-0459-42, clone HI30) or R-
phycoerythrin-Cy7 anti-human nerve growth factor receptor
(NGFR, BioLegend 345110, clone ME20.4), Brilliant Violet 786
anti-human Epithelial cell adhesion molecule (EpCAM, BD
Biosciences 565685, clone EBA-1), or Brilliant Violet 510 anti-
human Carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAM6, BD Biosciences 742684, clone B6.2).
Flow data were acquired using the FACSAria Fusion Flow
Cytometer (BD Biosciences) and analyzed using FlowJo
Software. Negative population thresholds were set using
unstained airway epithelial cells.

DNA Methylation Age Analysis
Frozen cell vials were thawed in 37°C water bath. The cells were
washed with fresh media and pelleted by centrifugation. Media
was decanted from the pellet. Genomic DNA was isolated from
the cell pellet following manufacturer directions for the GenElute
Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich
G1N70). Genomic DNA was quantified and checked for
quality by NanoDrop. DNA methylation analysis was
performed following manufacturer directions for Illumina
450K, Infinium methylationEPIC array. Methylation ages were
determined using RnBead’s implementation of Horvath’s
epigenetic clock. Here, elastic net regression was used to
predict age from a training set of 1,866 samples from 20
studies of blood, kidney, and brain tissue, yielding 761 age-
Frontiers in Immunology | www.frontiersin.org 3
associated CpGs in the methylationEPIC 450K array (17). Due to
a pandemic-related shutdown of a genomics core facility,
Infinium arrays were processed in two separate facilities.
RnBeads age calculations were performed separately on
each batch.

Allograft chronologic age was defined as date of airway brush
minus donors’ birthdates.

Hypoxia and DNA
Methyltransferase Activity
We grew the human bronchial epithelial cell line 16HBE14o-
(Sigma-Aldrich, SCC150) in sterile tissue-culture treated plates.
At 80–90% confluence, cells were exposed to 1% O2 and 5% CO2

or 21% O2 and 5% CO2 in humidified 37°C incubators for 24 and
48 h. Cells were washed with PBS and collected by 0.25% trypsin-
EDTA followed by trypsin neutralization with FBS,
centrifugation, and enumeration. The Epigentek Nuclear
Extraction Kit (OP-0002-1) was used to isolate nuclear
proteins. Protein concentration was determined by
bicinchoninic acid (BCA) assay (Thermo Fisher) and
NanoDrop technology. Ten micrograms of nuclear extract
protein were used in the DNMT (DNA methyltransferase)
activity assay (Epigentek P-3009) or TET (ten-eleven
translocation enzyme) activity assay (P-3086) following the
manufacturer’s protocols to determine DNMT and TET
activity with or without exposure to hypoxia.

Statistical Analysis
Subject characteristics between cases and controls were
compared by chi-squared test for categorical variables.
Shapiro-Wilk normality test was used to determine subsequent
statistical testing for continuous variables in the subject
characteristics table. Student’s t-test was used for normally
distributed continuous variables and Mann-Whitney U test for
non-parametric continuous variables (“tableone” package, R
version 4.0.3, R Foundation for Statistical Computing, Vienna,
Austria). Mean and standard deviation are shown for normal
data or median and interquartile range shown for non-normal
data throughout.

The associations between methylation age and graft age were
determined using Pearson’s product-moment correlation and
univariable linear regression. The impact of PGD status on
observed methylation age was assessed by Mann-Whitney U-
test and multivariable linear models. We sequentially added
covariates starting with PGD as a predictor and including
batch effect as a covariate. Subsequent multivariable models
included (1) donor age; (2) model 1 plus donor sex, donor
body mass index (BMI), donor cytomegalovirus (CMV) status,
and donor White ethnicity; (3) model 2 plus recipient age,
recipient sex, recipient BMI, recipient White ethnicity, and
transplant indication. Model fits were compared by analysis of
variance tables (ANOVA).

Time to CLAD or death association with airway methylation
age was determined by Cox proportional hazards model using
the “survival” R package. This model was left truncated at the
time of airway brush and included tertile of methylation age as a
October 2021 | Volume 12 | Article 704172
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categorical predictor variable and batch effect as a covariate.
Power analysis was performed by simulating predictor variable
distributions and fitting a logistic regression curve to the
outcome of P<0.05 for a survival model using the observed
CLAD-free survival times as a function of simulated hazards
ratio. Kaplan–Meier plots were generated using the R
“survminer” library.

Average genome-wide CpG methylation was computed in
RnBeads in each batch and compared across groups using
Student’s t-test to examine for global differences in methylation
status. To examine differential promoter methylation, CpG sites
were aligned to gene promoters in RnBeads. Promoter methylation
frequencies were normalized within batches prior to pooling.
Differential methylation was assessed by Student’s t-test using the
R “viper” library and adjusted for multiple comparisons using the
Benjamini–Hochberg method. To examine differential methylation
within specific pathways, we examined promoters for genes in
MSigDBHallmark curated gene sets (18). T-statistic distribution for
differential methylation across gene sets was assessed by
Kolmogorov–Smirnov tests for each pathway, with p-values
adjusted with the Benjamini–Hochberg method, as previously
described (19). The top 15 most differentially methylated
pathways with FDR P-values <0.01 are shown.
RESULTS

Airway cell cultures were performed using established protocols that
have been previously shown to yield pure epithelial cell populations
in studies of asthma (20). We performed flow cytometry to verify
that these samples collected from transplant recipients were indeed
pure airway epithelial cell populations. In a representative set of
airway epithelial cells cultured at 1 year from five subjects, 99%
(range 98.2–99.4%) were EpCAM positive epithelial cells, with 0%
(range 0–0.2%) CD45+ immune cells. We further characterized
these cells as basal or secretory using NFGR and CEACAM6
antibodies, as previously published (21). These cells included
59.7% NGFR+ basal cells (range 30.5–73.2%) and 22%
CEACAM6+ secretory cells (range 14.1–30.8).

We assessed DNA methylation (DNAm) age 1 year after
transplantation in allograft airway epithelial cells. Thirteen
subjects with severe PGD were matched with 15 subjects without
PGD within 72 h of lung transplantation. Subject characteristics for
these groups are shown in Table 1. Stratified by PGD status, subject
characteristics did not differ between these groups. Specifically, there
were no differences between recipient ages (57.0 vs. 60.5, p = 0.34),
CMV risk group (p=0.55), HLA mismatches (4 vs. 4, p = 0.22),
recipient sex (p = 0.24), donor sex (p=1), and Lung Allocation
Scores (49.3 vs. 56.0, p = 0.52). The donor age trended higher in the
PGD group, but this difference did not reach statistical significance
(33.7 vs. 43.6, p = 0.08). There was no difference in the time it took
from cells to expand in culture between the two groups (p = 0.28).

We examined predicted airway epithelial cell methylation age
as a function of graft and recipient age. Airway epithelial cell
methylation was highly correlated with the age of the allograft
(R2 = 0.67, p<0.001; Figure 1A). In contrast, airway methylation
Frontiers in Immunology | www.frontiersin.org 4
age predictions were not correlated with recipients’ chronologic
ages (Figure 1B). There was also no association between airway
methylation age and transplant indication (P = 0.49 by Kruskal-
Wallis test). Despite a strong correlation, airway methylation
ages were generally less than half of the allograft age. The median
ratio of methylation age to graft age was 0.37, with an
interquartile range 0.23–0.53. A linear fit of graft methylation
versus chronologic age had a slope of 0.38 (95% CI 0.27–0.48) per
year of allograft age.

We then asked if PGD is associated with accelerated airway
methylation aging. The mean airway methylation age was greater
in the subjects who had experienced PGD as compared to controls
(21.9 versus 15.3 years, Mann-Whitney U-test p = 0.03; Figure 2).
In a regression model adjusting for batch effects alone, PGD was
associated with a 6.5-year increase in methylation age (p = 0.01).
Additional models adjusting for donor age or multiple factors
(both recipient and donor characteristics) continued to show
increased airway methylation age associated with PGD
compared to airways without PGD (Table 2). Although donor
age accounted for a significant proportion of the observed
difference, airway methylation age was increased in the PGD
group by 3.4 (95% CI 0.7–6.2) years, even after adjusting for the
donor and recipient characteristics listed in Table 2. Using only
donor age, donor BMI, and recipient BMI, which were the
characteristics with a P-value <0.10 for difference between cases
and controls, severe PGD was associated with a 3.9 (95% CI 0.6–
7.2) year increase in airway epigenetic age.

To examine the association between donor methylation age
and CLAD-free survival, we performed Cox proportional
hazards modeling. We observed a 1.05 (95% CI 0.97–1.14)
hazard of CLAD or death per unit increase in airway
methylation age. Of note, the available outcome data provided
only 3% power to detect a statistically significant difference of
this magnitude. Addition of donor age to this model resulted in a
hazard ratio of 1.12 (95%CI 0.94–1.34) per unit increase in
airway methylation age. When subjects were divided into tertiles
based upon youngest to oldest airway methylation age, we
observed a trend toward decreased CLAD-free survival only in
the group with the oldest DNA methylation age compared to the
other two tertiles (HR 4.1, 95% CI 0.96–17.7, P = 0.056), but
when each tertile was considered separately, there was no
significant difference in CLAD-free survival (Figure 3).

Given the observed differences in airway methylation age
between PGD and non-PGD cohorts, we sought to determine if
there were other effects of PGD on epithelial cell methylation
patterns. We observed no difference in global average CpG
methylation values between the two groups (mean genome-
wide methylation frequency 0.47 vs. 0.47, p = 0.35). Similarly,
when we examined the average methylation frequency of the
40,086 CpG sites within gene promoter regions, we found that
PGD cases and controls were tightly correlated with no specific
CpG site having a statistically significant difference in
methylation after false-discovery adjustment (Figure 4A).
Next, we sought to discover if there could be functionally
important differences in methylation among key biological
pathway promoters. Interestingly, no promoters within the
October 2021 | Volume 12 | Article 704172
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TABLE 1 | Subject characteristics.

N Non-PGD PGD p-value
15 13

Recipient age, median [IQR]* 57.0 [26.8, 65.0] 60.5 [55.0, 63.5] 0.34
Male recipient, N (%) 6 (40) 9 (69) 0.24
Donor age, mean (SD) 33.7 (11) 43.6 (17) 0.08
Male donor, N (%) 11 (73) 10 (77) 1
Recipient BMI, mean (SD) 23.9 (5.0) 28.3 (3.6) 0.01
Donor BMI, mean (SD) 23.2 (4.1) 25.7 (3.3) 0.09
Recipient ethnicity, N (%) 0.21
American Indian/Alaska Native 0 (0) 2 (15)
Asian 2 (13) 3 (23)
Black 2 (13) 0 (0)
White 11 (73) 8 (62)

Donor ethnicity, N (%) 0.56
American Indian/Alaska Native 1 (8) 3 (23)
Asian 4 (31) 2 (15)
Black 2 (15) 1 (8)
White 6 (46) 7 (54)

Transplant indication category, N (%) 0.31
A (obstructive) 1 (7) 1 (8)
B (pulmonary vascular) 0 (0) 0 (0)
C (cystic fibrosis) 4 (27) 1 (8)
D (restrictive) 10 (67) 11 (85)

CMV status, N (%) 0.55
Donor (−) Recipient (−) 2 (13) 2 (15)
Donor (−) Recipient (+) 3 (20) 4 (31)
Donor (+) Recipient (−) 6 (40) 2 (15)
Donor (+) Recipient (+) 4 (27) 5 (39)

HLA mismatches, median [IQR]* 4 [4, 5] 4 [4, 6] 0.22
Double lung transplant, N (%) 15 (100) 13 (100) 1
Post-transplant days, median [IQR]* 370 [363, 371] 370 [369, 380] 0.24
Days of airway cell culture, median [IQR]* 14 [13, 19] 15 [14, 17] 0.28
Lung allocation score, median [IQR]* 49.3 [42.1, 62.8] 56.0 [44.6, 85.7] 0.52
Frontiers in Immunology | www.frontiersin.org
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BMI, body mass index in kg/m2; CMV, cytomegalovirus; HLA, human leukocyte antigen; IQR, interquartile range; N, number; PGD, severe primary graft dysfunction; SD, standard deviation
*Indicates a non-normal distribution was identified by Shapiro-Wilk test p-value of <0.05. These variables are reported as median with IQR and compared by Mann-Whitney U test.
A B

FIGURE 1 | DNA methylation age correlates with allograft donor but not recipient ages. The age predicted by DNA methylation pattern was compared to the age of
the graft (A) or recipients (B) based on time between airway brush and donor or recipient birthdate, respectively. R2 and p-values for the 28 subjects were
determined by Pierson’s product moment correlation. By linear regression, airway methylation age increased by 0.38 (95% CI 0.27–0.48) per year of allograft age.
704172
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Hallmark MSigDB gene sets were significantly hypermethylated
in the PGD group relative to the referent group. However, there
were several gene sets that were found to be hypomethylated in
the PGD subjects relative to controls. Notably, promoters within
gene sets related to TNFa, mTOR signaling, IL2-STAT5, and
hypoxia were hypomethylated, changes that generally increase
transcription, in the PGD group (Figure 4B).

To dissect the mechanism behind this finding, we examined
the potential effects of hypoxia on airway epithelial cell
methylation. We mimicked the hypoxia that is induced in
allografts during the transplant procedure by exposing human
bronchial epithelial cells to 1% oxygen before measuring DNMT
activity. After 24 h of hypoxia, there was no significant difference
in DNMT activity. However, 48 h of hypoxia revealed a nearly
twofold suppression of DNMT activity in the hypoxic group
(Figure 5). We also measured ten-eleven translocation (TET)
enzyme activity, but no measurable activity was detected under
either condition in those experiments.
Frontiers in Immunology | www.frontiersin.org 6
DISCUSSION

In lung recipients with severe PGD, we found accelerated
epigenetic aging of allograft epithelial cells obtained 1 year
later. We also discovered significant hypomethylation of
promoters within key gene sets in subjects with severe PGD as
compared to matched subjects with no PGD. Finally, we used a
human bronchial cell line in vitro to discern the effects of hypoxia
on DNMT and TET activity and found DNMT activity was
impaired by hypoxic culture conditions, an effect that could
potentially drive hypomethylation of active promoter regions.

Epithelial cells sampled from lung allografts 12 months after
transplantation demonstrate a DNA methylation age that was
strongly correlated with donor chronologic age and independent
of recipient age. While the degree of correlation was similar to what
has been reported lung tissue using a multi-tissue epigenetic clock,
here airway methylation ages were approximately half of expected
ages (6). This difference likely reflects tissue-specific methylation
patterns since the methylation age regression formula we used was
primarily derived from peripheral blood tissue. Similar ratios
between predicted and expected methylation age have been
observed for brain and semen using peripheral blood-based
FIGURE 2 | PGD is associated with accelerated DNA methylation age. DNA
methylation age for non-PGD and PGD subjects was compared in airway cell
cultures taken 12 months after lung transplantation. Groups were compared
by Mann-Whitney U test. By linear regression, airway methylation age was 6.5
years (95% CI 1.7–11.2 years, P = 0.01) greater for n=15 PGD versus n=13
non-PGD subjects.
TABLE 2 | PGD effect in sequential regression models of airway methylation age.

Predictor variables Residual sum of squares Methylation age increase with PGD
(95% CI)

p-value for PGD

PGD 938 6.5 (1.7–11.2) 0.01
+ donor age 314* 3.6 (0.7–6.5) 0.02
+ donor sex, BMI, CMV status, and White ethnicity 222 3.6 (0.6–6.5) 0.03
+ recipient age, sex, BMI, and White ethnicity; and transplant
indication

111 3.4 (0.7–6.2) 0.03
October 2021 | Volume 1
All models adjusted for batch effects. (*) denotes statistically significant improvement in model fit. 95% CI, 95% confidence intervals; BMI, body mass index; CMV, cytomegalovirus; HLA,
human leukocyte antigen; PGD, severe primary graft dysfunction.
FIGURE 3 | DNA methylation age did not predict CLAD-free survival. A
Kaplan–Meier plot shows time to CLAD or death stratified by tertiles of airway
methylation age. The hazard ratio for CLAD or death was 2.1 (95% CI 0.82–
5.3) per tertile of airway methylation age determined by Cox proportional
hazards modeling.
2 | Article 704172
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epigenetic clocks (7, 17). As expected, airway methylation age did
not correlate with the chronologic age of the graft recipient,
suggesting that airway methylation age is not transferrable.
Similarly, preservation of donor age is observed up to 17 years
following hematopoietic stem cell (HSC) transplant (22), while
human HSCs transplanted into humanized mice did not have the
accelerated airway methylation aging patterns observed in mice
(23). Together these findings support the theory that epigenetic
clocks reflect cell-intrinsic effects of epigenetic maintenance activity
over time.

PGD can result in profound epithelial cell necrosis and turnover
(12). Thus, it is reasonable that severe PGD would accelerate airway
Frontiers in Immunology | www.frontiersin.org 7
methylation aging, as has been observed with other significant
stressors (22). However, an alternative explanation is that
advanced airway methylation age preceded PDG or even
contributed to PGD pathogenesis. A longitudinal assessment of
airway methylation age starting pre-transplant would be needed to
address this possibility. Also, PGD may predispose to other events
within the first year, such as infection or rejection, that could
mediate accelerated aging. Another possibility is that stress and
inflammation from PGD could drive again both within the allograft
and peripherally. Further studies will be needed to assess the
impacts of PGD and transplant on epigenetic age measured in
peripheral blood cells. In addition, we did not find that airway
methylation age predicted with subsequent clinical pathology in this
study. While differential methylation analysis suggested increased
activation of potentially pathologic pathways, additional work is
needed to discern if advanced airway methylation age corresponds
to a detrimental phenotype that may warrant a specific intervention.

Using the publicly available MSigDB Hallmark gene sets, we
identified a discrete list of pathways for which promoters were
relatively hypomethylated in the severe PGD group. We also found
DNMT activity to be suppressed by hypoxic culture conditions in a
human bronchial epithelial line. DNMT activity has been shown to
be important for preventing hypomethylation in regions of active
transcription (24), so the pathways observed to be hypomethylated
when DNMT activity was suppressed by hypoxia may be those
most activated in the context of severe PGD. As PGD is an
ischemia-reperfusion injury, hypomethylation of hypoxia-related
gene promoters is perhaps the least surprising. Indeed, hypoxia
following PGD could potentially persist well beyond the 72 h of the
study definition secondary to organizing diffuse alveolar damage or
vascular dysfunction (25). Glycolytic gene promoters, an oxygen-
independent metabolic pathway, were also found to be
hypomethylated in subjects that experienced PGD, as were
inflammatory and cell cycle pathways. Increased activation of
these pathways secondary to promoter hypomethylation could be
one mechanism linking PGD and CLAD. Further studies are
needed to determine whether therapeutic interventions during
A B

FIGURE 4 | Promoters within specific gene sets were hypomethylated relative to non-PGD subjects. Average methylation values were determined for CpG sites in
gene promoter regions. Average values for PGD subjects (x-axis) are plotted against average values non-PGD control subjects (y-axis) for each CpG site. There were
no differentially methylated promoters after adjustment for multiple comparisons. Each dot color corresponds to the -log of the unadjusted p-value for each site (A).
Promoter methylation within the MSigDB Hallmark gene sets were compared for between PGD and control subjects. The top 15 most differentially methylated
pathways are shown, all with a false discovery-adjusted P-value of <0.01 by Kolmogorov–Smirnov test (B).
FIGURE 5 | Hypoxia attenuates DNA methyltransferase (DNMT) activity in
human bronchial epithelial cells. The human bronchial epithelial cell line
16HBE140- was cultured and exposed to 1 or 21% oxygen for 24 or 48 h.
Similarly, primary epithelial cells cultured from small airway brushes were
exposed to 1 or 21% oxygen for 48 h. DNMT activity was measured and
normalized to the normoxia group mean values. Hypoxia and normoxia values
were compared in 16HBE140- cells using the Wilcoxon rank sum test and in
primary cells using the Wilcoxon signed rank test (paired by subject identifier).
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PGD with small molecule modulators of these pathways could have
long-term impacts on gene expression.

This study had some important limitations. It included the use of
a relatively small, single-center cohort, and so the findings need
validation in other centers where surgical or clinical protocols might
differ. It was underpowered to detect small to moderate effects of
DNA methylation age on CLAD-free survival. We did not
determine how hypoxia leads to DNMT suppression. In cardiac
tissue, expression of DNMT enzymes is influenced by hypoxia-
inducible factor (HIF)-1a, but this may not apply in lung cells (26).
We were also unable to measure significant activity of TET enzymes
that are responsible for DNA demethylation. While these enzymes
require oxygen as a cofactor for their activity, hypoxic effects on
TET activity are reported to be cell type dependent. Minimal
impacts of hypoxia on TET activity were reported in the A549
alveolar epithelial cells, consistent with our observations (27, 28).

Using cultured epithelium for the methylation analysis versus a
sample taken immediately from the airways may yield different
findings. Prior to culture, airway brushes may contain up to 45%
immune cells (29). Because immune cells have significantly greater
epigenetic age at baseline, the impacts of cell type composition
would likely overwhelm any signal from epigenetic aging. Based on
our flow cytometry analyses and prior studies, these cultured
epithelial cells were very unlikely to have significant immune cell
contamination (20). If there were an effect from time in cell culture
or immune cell contamination, these would likely bias our results
towards the null. However, it is possible that differences in epithelial
cell subtype distributions may affect the observed airway epigenetic
ages. Such differences might reflect increased senescence from cell
turnover related to primary graft dysfunction. Future studies will be
needed to investigate potential impacts of PGD on the distribution
of airway epithelial cell subtypes. However, we have found that
airway epithelial cell phenotypes persist over several cell culture
passages (19) and we cultured cells from PGD subjects identically to
the control group to minimize any confounding issues related to ex
vivo culture. Donors in the severe PGD group were also slightly
older than for the non-PGD group. Multivariable modeling
suggested that this age difference only explained part of the
observed difference in methylation age associated with PGD, but
because we cannot exclude the potential for residual confounding,
future studies with equal donor ages between PGD cases and
controls would be needed (30).

PGD is a risk factor for the development of chronic lung
allograft dysfunction (CLAD), an important barrier to long-term
allograft success. Telomere shortening is a feature of aging and
contributes to pulmonary fibrosis pathologies that have
similarities to CLAD. Indeed, allograft telomere dysfunction
has been shown to be a risk factor for CLAD as well (31). At
the same time, telomere dysfunction has been linked to methylation
aging (32). Combined analysis of methylation aging, telomere
length, and their sequelae may contribute to donor risk
stratification and to understanding CLAD pathogenesis.

While the effects of ischemia on DNA methylation in lung
allografts have not previously been reported, ischemia-related
methylation changes have been described in the context of kidney
allografts (33, 34). In a rat kidney model of ischemia-reperfusion,
Frontiers in Immunology | www.frontiersin.org 8
ischemia reduced methylation of a promoter associated with the
IFN-g response element in the C3 gene promoter (35). A second
study confirmed this finding in a rat syngeneic kidney transplant
model (36). We did not observe an impact of PGD on C3 gene
promoter methylation, even in unadjusted analysis. However, the
ways in which hypoxia impact DNA methylation may vary across
organ types. Further, the phenotype of advanced epigenetic age is
likely different in recipient and allograft cells (37).

The findings reported here suggest methylation aging could be
an important tool in the monitoring allograft health. PGD in the
lung allograft was associated with an increase in the epigenetic age,
and older methylation age showed a trend toward poorer outcomes.
Further, hypoxia impacts on methylation maintenance enzymes
resulting in long-term changes in gene expression could potentially
link early graft events to long-term outcomes.
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