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Summary
Background Age-related comorbidities such as chronic obstructive pulmonary disease (COPD) are common in peo-
ple living with human immunodeficiency virus (PLWH). We investigated the relationship between COPD and the
epigenetic age of the airway epithelium and peripheral blood of PLWH.

Methods Airway epithelial brushings from 34 PLWH enrolled in the St. Paul’s Hospital HIV Bronchoscopy cohort
and peripheral blood from 378 PLWH enrolled in The Strategic Timing of Antiretroviral Treatment (START) study
were profiled for DNA methylation. The DNA methylation biomarker of age and healthspan, GrimAge, was calcu-
lated in both tissue compartments. We tested the association of GrimAge with COPD in the airway epithelium and
airflow obstruction as defined by an FEV1/FVC<0.70, and FEV1 decline over 6 years in blood.

Findings The airway epithelium of PLWH with COPD was associated with greater GrimAge residuals compared to
PLWH without COPD (Beta=3.18, 95%CI=1.06-5.31, P=0.005). In blood, FEV1/FVC<LLN was associated with
greater GrimAge residuals (Beta=1.74, 95%CI=0.37-3.24, P=0.019). FEV1 decline was inversely correlated with
GrimAge residuals in blood (r=�0.13, P=0.012). PLWH who had normal lung function but who subsequently devel-
oped an FEV1/FVC<0.70 over the course of 6 years had higher GrimAge residuals at baseline (Beta=2.33,
95%CI=0.23-4.44, P=0.031).

Interpretation GrimAge may reflect lung and systemic epigenetic changes that occur with advanced airflow obstruc-
tion and may help to identify PLWH with a higher risk of developing COPD.
*Corresponding author at: Room 166-1081 Burrard St, Centre for Heart Lung Innovation, Vancouver, BC V6Z 1Y6.

E-mail address: Janice.Leung@hli.ubc.ca (J.M. Leung).
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Research in context

Evidence before this study

People living with human immunodeficiency virus (PLWH)
have an increased risk of developing age-related condi-
tions such as chronic obstructive pulmonary disease
(COPD) compared to the general population. This has
given rise to the theory that HIV itself is associated with an
accelerated aging phenomenon. Epigenetic clocks based
on DNA methylation have been previously used to study
accelerated aging in both HIV and COPD. In COPD specifi-
cally, higher epigenetic age has been associated with mor-
tality. A systematic search of HIV-associated COPD and
epigenetic aging identified only two manuscripts which
showed that 1) inflammatory genes are at least in part
associated with epigenetic age acceleration and 2) that
the airway epithelium in HIV-associated COPD is character-
ized by accelerated ageing. However, whether epigenetic
clocks can serve as a global marker of lung injury identify-
ing PLWH with lung disease in both airway and blood
compartments remains unknown.

Added value of this study

In two separate cohorts of PLWH, we found that an epi-
genetic clock and biomarker of mortality, GrimAge, is
associated with chronic obstructive pulmonary disease
(COPD) in airway epithelial cells and with lung function
decline in blood. GrimAge acceleration in PLWH without
known lung disease was shown to be associated with
the future development of airflow obstruction.

Implications of all the available evidence

Our findings showed that as a biomarker of lung disease,
GrimAge has the ability to translate from airway to blood
compartments, suggesting a global epigenetic aging
phenomenon in PLWH with COPD. GrimAge may there-
fore help to identify PLWH at risk of developing COPD.
Future validation of GrimAge performance to predict
poor outcomes in PLWH with COPD would be warranted.
Introduction
Due to advances in antiretroviral therapy (ART), people
living with human immunodeficiency virus (PLWH)
now have life expectancies close to those of the general
population.1,2 However, age-related comorbidities such
as chronic obstructive pulmonary disease (COPD) are
becoming more common.3 COPD is characterized by
persistent airflow obstruction and respiratory symptoms
and in PLWH is associated with a higher risk of mortal-
ity compared to uninfected individuals.4 Previous
research has suggested that in addition to smoking,
HIV could represent an additional risk factor contribut-
ing to downstream airway injury in HIV-associated
COPD.5 The prevalence of age-related conditions in
HIV has given rise to the theory that HIV itself might
also be associated with an accelerated aging
phenomenon.6

Epigenetic changes such as the dynamic DNA meth-
ylation or demethylation of specific sites along the
genome have been shown to strongly correlate with age,
thus DNA methylation is a powerful tool with which to
study the aging process. DNA methylation changes also
represent a molecular marker by which we can link
aging with the environmental and genetic factors lead-
ing to COPD.7,8 These properties of DNA methylation
have been explored in the context of epigenetic clocks,
which provide a compelling indication of biological
age.9�11 In the past, we have used DNA methylation to
show that HIV is associated with epigenetic age acceler-
ation compared to uninfected individuals12,13 and that
airflow obstruction is also associated with global hypo-
methylation in blood.14

Multiple epigenetic clocks based on DNA methyla-
tion have now been developed to explore accelerated
aging in both HIV and COPD.10,15�17 An epigenetic
clock called DNA methylation GrimAge (DNAmGr-
imAge) was specifically designed to connect the rela-
tionship between “grim” events such as death and
biological age and its derivation was based on smoking
pack-years and multiple inflammatory proteins associ-
ated with mortality.16 Previously shown to be associated
with COPD,18 its performance has not yet been explored
in airway-derived samples nor in PLWH. In this study,
we hypothesized that DNAmGrimAge in the peripheral
blood and airway epithelium of PLWH reflects the lung
health status of this population.
Methods
The overall observational cohort study design is shown
in Supplementary Figure 1.
www.thelancet.com Vol 83 Month , 2022
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Study cohorts

St. Paul’s Hospital HIV bronchoscopy study cohort. -

This was an observational cohort study that took place
in Vancouver, Canada, between 2014 and 2018 in which
airway epithelial cells were collected from PLWH with
and without COPD, in addition to COPD only and nega-
tive controls.19 For this manuscript we used all consecu-
tive PLWH enrolled in the main cohort (n=34) of whom
18 were identified as having COPD; no other inclusion/
exclusion criteria were used. COPD was defined based
on a pulmonologist’s diagnosis of COPD and either a
pre-bronchodilator forced expiratory volume in one sec-
ond (FEV1)/forced vital capacity (FVC)�lower limit of
normal (LLN) or clear evidence of emphysema on com-
puted tomography imaging on visual inspection. Airway
epithelial brushings from each participant were
obtained via bronchoscopy through previously pub-
lished methods.19�21
The Strategic Timing of Antiretroviral Treatment
(START) study cohort. This cohort consisted of all 378
adults with HIV who were enrolled in the genomic and
pulmonary sub-studies of the international, multicentre
START randomized controlled trial (Clinicaltrials.gov
NCT00867048)12,14,22�24; no other inclusion/exclusion
criteria were used for the downstream analyses. Briefly,
the START cohort included adult PWLH with CD4 T
cell counts > 500 cells/mm3 who had not yet been
exposed to ART.25 Participants were enrolled between
2009-2015. All 378 participants provided whole blood
samples for genomic profiling at baseline and under-
went spirometry testing annually for up to 6 years.25

Participants were characterized as having airflow
obstruction based on an FEV1/FVC�LLN with addi-
tional analyses also using an FEV1/FVC<0.70.26,27

Lung function decline was defined as the slope of
decline over time obtained from the regression of FEV1

on time.
DNA methylation profiling
DNA was extracted from 1) the airway epithelial brush-
ings (bronchoscopy cohort) and 2) whole blood samples
obtained upon entry into the trial (START cohort) using
the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Ger-
many). Unmethylated cytosine residues present in the
DNA extract were converted to uracil using the EZ DNA
Methylation Kit (Zymo, Irvine, California). The Illu-
mina Infinium MethylationEPIC BeadChip microarray
was used to profile 863,904 DNA methylation sites
(CpG probes) from the airway epithelial brushings and
whole blood samples and was performed by technicians
blinded to the clinical data. Airway epithelial brushings
and blood samples were processed separately. Filtering
and quality control measures were performed according
to previously described methods.12,14,19 Briefly, the beta-
www.thelancet.com Vol 83 Month , 2022
value for the CpG probes was calculated as the ratio of
methylation probe intensity to the overall intensity rang-
ing from 0 (fully unmethylated) to 1 (fully methylated).
CpG probes were filtered based on their detection qual-
ity and probes with a detection P>1 £ 10�10 were
excluded from downstream analyses. Non-CpG, XY-
linked, single nucleotide polymorphism, and cross-
hybridization probes were also removed. Background
correction, normalization, and batch correction were
applied using the Normal-exponential out-of-band,28

Beta-Mixture Quantile Normalization,29 and ComBat30

methods, respectively.
Epigenetic clock and statistical analyses
We calculated DNA methylation GrimAge (DNAmGr-
imAge) for each sample based on methods published by
Lu et al by imputing the DNA methylation profiles into
the Horvath’s Laboratory’s website (https://dnamage.
genetics.ucla.edu/home; date last accessed 11 June
2022).16 This tool calculates DNAmGrimAge as the lin-
ear combination of the weighted average of 1,030
selected CpGs. DNAmGrimAge was developed in a two
stage approach. The first stage used elastic net regres-
sion to regress 88 plasma proteins and smoking pack-
years on DNA methylation, chronological age, and gen-
der, which identified 12 DNA methylation-based bio-
markers at r>0.35. In the second stage, time-to-death
due to all-cause mortality was regressed on chronologi-
cal age, sex, and the DNA methylation-based bio-
markers of smoking pack-years and the 12 identified
plasma proteins using elastic net regression. The final
model selected the covariates chronological age, sex,
and the DNA methylation-based biomarkers of smoking
pack-years, adrenomedullin, beta-2 microglobulin, cys-
tatin C, growth differentiation factor 15, leptin, plasmin-
ogen activator inhibitor 1, and tissue inhibitor
metalloproteinase 1 as its final model.16 DNAmGr-
imAge is calibrated in years, strongly predicts health-
span and lifespan,16 and has been used to investigate
epigenetic age in multiple diseases including
COPD.31�34

The output measure, GrimAge residual, was defined
as the residuals from the regression of DNAmGrimAge
on chronologic age, where higher values of the
GrimAge residuals indicate older epigenetic age than
expected based on an individual’s chronological age
(Supplementary Figure 2). This output measure has
been previously used as a measure of epigenetic age
acceleration.16,34 In airway epithelial cells, we investi-
gated the relationship between GrimAge residuals and
1. COPD and 2. lung function (FEV1 and FEV1/FVC)
using linear models adjusted for age, sex, and body
mass index (BMI). For the tests on lung function traits,
we used fully adjusted GrimAge residuals (DNAmGr-
imAge » Age + Sex + BMI) as the response variable in a
univariable model (GrimAge residuals » lung function)
3
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to avoid collinearity. Participants with missing lung
function (n=3, all individuals without COPD as con-
firmed in their medical records and by the absence of
emphysema on chest computed tomographic imaging)
were not used in the lung function trait analyses, but
were included in the COPD analyses. Similarly, we
tested the association between DNAmGrimAge in blood
and airflow obstruction (FEV1/FEV<LLN or 0.70), lung
function (FEV1 and FEV1/FVC), and FEV1 decline.
Because DNA methylation can vary depending on cell
type proportions in the blood, analyses were adjusted
for estimated cell proportions (CD8T, CD4T, NK, B,
Monocytes, and Granulocytes) using the first 5 principal
components (PC1 to PC5) obtained from a principal
component analysis.35 Further analyses in the bronchos-
copy cohort adjusted for smoking status and inhaled
corticosteroid use while in the START cohort, models
were also created to adjust for smoking status. In addi-
tion, we show the extent to which DNAmGrimAge
residuals and lung function traits were linearly related
by providing the correlation coefficients and corre-
sponding P-values. Significant associations were
defined at P<0.05.

We used the receiver operating characteristic curve
(ROC) to evaluate the prediction potential of GrimAge
residuals (“pROC” R package). For the airway epithelial
cells, we calculated the area under the curve (AUC) for
COPD by first performing a logistic regression to obtain
predictions based on 1) the GrimAge residuals alone, 2)
chronological age, sex, BMI, and smoking status, and 3)
GrimAge residuals with chronological age, sex, BMI,
and smoking status (full model). In blood, we assessed
GrimAge residual’s prediction potential for: 1) airflow
obstruction; 2) fast vs. slow FEV1 decline (fast decline
defined as >40mL/year36); 3) PLWH who did not have
airflow obstruction at baseline, but who developed air-
flow obstruction in the subsequent years of the study.
The first model used GrimAge residuals alone, then a
full model was performed by adding chronological age,
sex, race, BMI, and smoking status. For lung function
decline, the full model was also adjusted for baseline
FEV1. Significant associations were defined at P<0.05.

In the START cohort, we further explored the rela-
tionship between HIV-associated factors (CD4 cell count,
CD4 nadir, CDT4/CD8T ratio, and HIV viral load) and
DNAmGrimAge by using a linear model adjusted for
age, sex, BMI, and race. We used a likelihood ratio test to
evaluate the association between Hepatitis C co-infection,
hypertension, and DNAmGrimAge.

The description of each statistical model is presented
in Supplementary Table 1.

Power calculation
Based on our previous work estimating the Horvath
DNA methylation skin & blood clock in the airway epi-
thelium of PLWH with and without COPD,19 we calcu-
lated a Cohen d estimate (effect size=-1.35) and used a
t-test power calculation. We determined that at least 10
samples per study group in the bronchoscopy cohort
would be necessary to achieve an 80% power to detect a
difference between PLWH with and without COPD,
assuming an a=0.05.

Ethics
For the St. Paul’s Hospital HIV Bronchoscopy Study
Cohort, participants consented to the bronchoscopic col-
lection of research specimens under the University of
British Columbia Research Ethics Board Certificates
H11-02713 and H15-02166. The START trial was
approved by the institutional review board of each par-
ticipating site (see the Supplementary File for a full list
of sites). Written informed consent was obtained from
each participant in both cohorts.

Role of funding sources
The Canadian Institutes of Health Research and the
British Columbia Lung Association provided the funds
relevant to the recruitment of participants and speci-
mens and data collection that correspond to the St.
Paul’s Hospital HIV Bronchoscopy Study cohort. The
CIHR also provided the funds to perform the methyla-
tion profiling of both the bronchoscopy and START
cohorts. NIH grants UM1-AI068641, UM1-AI120197,
and RO1HL096453 provided the funds for the enrol-
ment and specimens and data collection for the START
substudy. The funding sources did not contribute to the
study design, data collection, data analyses, interpreta-
tion, or manuscript writing.
Results

Study cohorts
The bronchoscopy cohort included 34 PLWH, of whom
18 had COPD (COPD+) and 16 did not (COPD-)
(Table 1). Overall, the age, proportion of females, smok-
ing status, use of inhaled corticosteroids (ICS), and
ART were similar between COPD+ and COPD-, while
the FEV1/FVC ratio was lower in COPD+ participants.
The number of participants with undetectable HIV viral
loads was similar between the two groups.

The START cohort was stratified based on airflow
obstruction by on two criteria [FEV1/FVC<LLN and
FEV1/FVC<0.70 (Supplementary Table 2)]. Overall,
PLWH with airflow obstruction were statistically signifi-
cantly older (Table 1). CD4 cell counts and HIV viral
loads were similar between the groups.

Airway epithelial GrimAge residuals are associated
with COPD in PLWH
The airway epithelial DNAmGrimAge of PLWH was
highly correlated with chronological age (Supplemen-
tary Figure 3) (r=0.88, P<0.001). COPD was statistically
significantly associated with higher GrimAge residuals
www.thelancet.com Vol 83 Month , 2022



Bronchoscopy cohort (n=34)

COPD+ COPD-

N 18 16

Age (median, IQR) 56 (52-63) 57 (53-61)

Females, % 22% 13%

Smoking status - -

Current, % 61% 19%

Former, % 28% 50%

Never, % 6% 25%

Smoking pack-year history 38 (30-49) 4.50 (0-23)

Race (Caucasian), % 94% 100%

BMI (KG/M2) 24.06 (19.16-26.68) 26.81 (23.09-27.52)

FEV1, ML 2655 (1925-3058) 2870 (2710-3550)

FEV1, % 76.30% (58.00-91.05) 85.00% (81.00-92.00)

FVC, ML 3940 (3245-4765) 4010 (3550-4710)

FVC, % 90.95% (78.75-102.50) 87.00% (81.40-103.00)

FEV1/FVC, % 67.04% (60.38-75.53) 75.00% (71.51-80.65)

Undetectable HIV viral load, % 89% 63%

CD4 cell count (cells/MM3) 450 (260-510) 460 (110-620)

On ART, % 94% 81%

On ICS, % 22% 19%

Start cohort (n=378)

Airflow obstruction (FEV1/FVC<LLN) No airflow obstruction (FEV1/FVC�LLN)

N 31 347

Age (mean § SD) 40 (34-49) 37 (31-54)

Females, % 9.68% 8.07%

Smoking status

Current, % 61% 44%

Former, % 6% 20%

Never, % 32% 36%

Pack-year history 5 (0-23) 2 (0-9)

Race

Black, % 19% 18%

Asian, % 0% 1%

Caucasian, % 68% 62%

Hispanic, % 10% 17%

Other, % 3% 2%

BMI (KG/M2) 24.11 (22.21-26.36) 24.49 (22.41-27.50)

FEV1, ML 3120 (2445-3795) 3830 (3350- 4330)

FEV1, % Predicted 81.68% (69.29-90.41) 96.64% (88.88-104.14)

FVC, ML 4910 (3740-5790) 4690 (4125-5345)

FVC, % Predicted 97.70% (86.21-108.52) 95.95% (88.10-103.59)

FEV1/FVC Ratio 0.6731 (0.6470- 0.6913) 0.8193 (0.7815- 0.8581)

Hepatitis C 3% 4%

Hypertension 0% 10%

CD4 cells/MM3 655.0 (580.5- 719.8) 637.5 (585.0-740.0)

HIV RNA viral load, copies/MM3 20200 (4856- 60598) 17090 (4456-56402)

Table 1: Study cohort demographics.
ART: antiretroviral therapy BMI: body mass index. ICS: Inhaled corticosteroids. SD: standard deviation. Spirometry corresponds to pre-bronchodilator meas-

urements. Median and interquartile range are shown for non-normally distributed variables. Race was based on participant’s self-assessment.
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Figure 1. Airway epithelium GrimAge residuals in PLWH with COPD. (a) GrimAge residuals association with COPD (N COPD posi-
tive =18, N COPD negative = 13). (b) GrimAge residuals association with FEV1/FVC (n=31). (a) and (b) represent analyses adjusted for
age, sex, and BMI. (c) and (d) represent analyses adjusted for age, sex, bmi and smoking status. R and P-values corresponds to the
univariate linear regression p-value for the variables presented in x and y axis in (a), (b), (c) and (d).
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(Beta=3.18, 95%CI=1.06-5.31, P=0.005,) (Figure 1a).
Although FEV1 was not statistically significantly associ-
ated with GrimAge residuals (r=-0.33, P=0.070),
decreased FEV1/FVC ratio was (r=�0.43, P=0.016)
(Figure 1b). These results were still statistically signifi-
cant when the analyses were adjusted for ICS use (Sup-
plementary Table 3). Furthermore, after adjusting for
cigarette smoking, the association between GrimAge
residuals and COPD remained statistically significant
(Beta=2.33, 95%CI=0.23-4.44, P=0.031) (Figure 1c),
while the FEV1/FVC demonstrated a borderline statisti-
cally significant association (r=�0.34, P=0.059)
(Figure 1d). The AUC for COPD based only on age, sex,
BMI, and smoking status showed a prediction perfor-
mance of 0.88 (95% CI=0.75-1), while the AUC for
COPD based solely on GrimAge residuals was 0.77
(95% CI =0.60-0.95). The AUC improved to 0.94 (95%
CI=0.86-1) when chronological age, sex, BMI, and
smoking status were added to GrimAge residuals. (Sup-
plementary Figure 4a, 4b and 4c).

Blood DNA methylation GrimAge residuals are
associated with airflow obstruction in PLWH
In blood, DNAmGrimAge was highly correlated with
chronological age (r=0.86, P<0.001) (Supplementary
Figure 5). Airflow obstruction by either definition was
www.thelancet.com Vol 83 Month , 2022



Figure 2. Blood GrimAge and airflow obstruction in PLWH. GrimAge residual association with airflow obstruction by the lower
limit of normal (LLN) (Airflow obstruction n=31, No airfow obstruction n=347. P-values, Beta and CI corresponds to the univariate lin-
ear regression p-value for GrimAge residual (DNAmGrimAge » age + sex + bmi) and airflow obstruction.

Articles
also associated with greater GrimAge residuals (FEV1/
FVC<LLN, Beta=1.74, 95%CI=0.37-3.24, P=0.019
and FEV1/FVC<0.70 Beta=1.80, 95%CI=0.37-3.24,
P=0.014) (Figure 2, results shown for FEV1/
FVC<LLN). Lower FEV1% predicted (r=-0.13,
P=0.012) and FEV1/FVC ratio (r=-0.18, P<0.001)
were associated with increased GrimAge residuals.
Furthermore, GrimAge residuals at baseline were sta-
tistically significantly associated with faster FEV1

decline (r=-0.13, P=0.012). After adjusting for smok-
ing status, airflow obstruction under the FEV1/
FVC<LLN definition (Beta=1.13, 95%CI=0.06-2.19,
P=0.040), FEV1% predicted (r=-0.17, P=0.001) and
FEV1/FVC ratio (r=-0.16, P=0.001) remained statisti-
cally significant (Supplementary Table 4).

We investigated the ability of blood GrimAge resid-
uals to identify airflow obstruction in PLWH. For air-
flow obstruction, defined as FEV1/FVC<LLN, the AUC
based on the GrimAge residuals was modest
(AUC=0.61, 95% CI=0.50-0.73); the AUC increased to
0.68 (95% CI=0.58-0.78) with the addition of age, sex,
race, BMI, and smoking status. For the airflow obstruc-
tion criteria FEV1/FVC<0.70, the AUC based on
GrimAge residuals alone was 0.62 (95% CI=0.51-0.73),
which increased to 0.75 (95% CI 0.65-0.85) using the
full model. Supplementary Table 5 shows that GrimAge
residuals have a consistent performance over time for
the prediction of airflow obstruction. In accordance
with these observations, GrimAge residual at baseline
www.thelancet.com Vol 83 Month , 2022
was associated with decreased FEV1% predicted and
FEV1/FVC ratio at different time points as the study pro-
gressed. For instance, Supplementary Table 6 shows
that FEV1/FVC at each yearly visit after baseline had a
statistically significant correlation with GrimAge resid-
uals at baseline. The AUC for predicting fast FEV1
decline (>40mL/year), though, was modest at 0.60
(95% CI=0.51-0.67) for GrimAge residuals alone. After
including age, sex, race, BMI, smoking status, and base-
line FEV1, the AUC improved to 0.69 (95% CI=0.62-
0.77).

PLWH who had normal lung function at baseline
but who developed airflow obstruction in the subse-
quent years of the study (Years 1 to 6) had statistically
significantly higher GrimAge residuals at baseline com-
pared to PLWH who continued to have normal lung
function throughout the study (FEV1/FVC<LLN
Beta=1.68, 95%CI=0.15-3.20, P=0.031; FEV1/FVC<0.7
Beta=1.84, 95%CI=0.34-3.34, P=0.016) (Figure 3). The
effect remained statistically significant for FEV1/
FVC<0.7 after adjusting for smoking (Beta=1.22,
95%CI=0.11-2.34, P=0.031), but not for FEV1/FVC<LLN
(Beta=1.00, 95%CI=-0.13-2.14, P=0.084). Supplemen-
tary Table 7 shows that the blood GrimAge residuals
AUC was still predictive across the six years for both air-
flow obstruction criteria, although the prediction charac-
teristics were modest at best. For instance, for PLWH
whose airways became obstructed at years 4 and 5 (by
FEV1/FVC<0.7), the AUC based on blood GrimAge
7



Figure 3. GrimAge residuals at baseline is associated with subsequent airflow obstruction status. PLWH who had normal lung
function at baseline but who subsequently developed airflow obstruction as defined by an FEV1/FVC<LLN (a) or FEV1/FVC<0.70 (b)
had greater GrimAge residuals at the beginning of the study (n=378).
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residual alone was 0.62 (95%CI 0.39-0.85) and 0.67
(95%CI 0.45-0.89), respectively. When GrimAge resid-
ual, age, sex, race, BMI, and smoking status were used
in the prediction, the AUC was 0.86 (95%CI 0.70-0.95)
for year 4 and 0.97 (95%CI 0.91-1) for year 5. Neverthe-
less, these results were limited by the sample size and
should be interpreted with caution.

We next explored HIV-related factors and comorbid-
ities in the START cohort. There was no association
between GrimAge residuals and CD4 cell count, CD4
nadir, CD4/CD8 ratio, Hepatitis C infection and viral
load. We did find, however, that the presence of hyper-
tension was associated with higher GrimAge residuals
(P=0.010).
Discussion
This study shows that GrimAge of the blood and airway
epithelium of PLWH corresponds to their lung health
status. The key findings highlight the relationship
between advanced GrimAge and airways disease: 1)
PLWH with COPD display greater airway epithelial
GrimAge residuals compared to PLWH without COPD;
2) lung function in PLWH is statistically significantly
inversely correlated with peripheral blood GrimAge
residuals; 3) as a biomarker of lung disease, DNAmGr-
imAge has the ability to translate from airway to blood
compartments, suggesting a global epigenetic phenom-
enon in PLWH; and 4) DNAmGrimAge at baseline is
associated with lung function decline over time, thus
indicating that changes in blood GrimAge residuals
may reflect early lung damage, even prior to the
development of airflow obstruction. Although modest in
performance for prediction overall, GrimAge residuals at
baseline were statistically significantly associated with
developing airflow obstruction over the next 6 years. This
opens new possibilities that DNAmGrimAge could be
used as a complementary prognostic tool to risk stratify
PLWHwhomay go on to develop COPD.

The ability of DNAmGrimAge to reflect lung health
status was preserved across two very different HIV
cohorts. In the first, DNAmGrimAge was used to show
that the epigenetic age acceleration (as defined by Lu
and colleagues16) in the airway that occurs with COPD
persists despite ART and suppressed viral loads. This
suggests that while ART can prevent further damage to
the immune system by blockading HIV cellular hijack-
ing, ART itself does not reverse airway epigenetic
changes completely in PLWH. In the second cohort, we
observed that increases in peripheral blood GrimAge
residuals for those PLWH with airflow obstruction can
occur early on in HIV infection, prior to the reduction
in CD4 counts and the development of opportunistic
infections and AIDS-related complications. Moreover,
these changes can be observed prior to the initiation
of ART. These results support our previous observa-
tions in a cohort of people using injection drugs that
DNA methylation changes can occur very rapidly in
HIV soon after HIV seroconversion.13 Altogether,
these findings suggest that epigenetic disruptions
related to airflow obstruction can occur early in HIV,
may be independent of ART exposure, and can per-
sist even with viral suppression and immune recon-
stitution.
www.thelancet.com Vol 83 Month , 2022
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As DNAmGrimAge was derived using seven inflam-
matory plasma proteins that are associated with mortal-
ity, it may be better equipped to capture systemic
inflammation in COPD than previous iterations of the
epigenetic clock.10,15 Systemic inflammation is consid-
ered a key feature of COPD,37,38 with one proposed
mechanism being the translocation of inflammatory
mediators across the lung-blood barrier.39�41 Cigarette
smoking, the main risk factor for COPD, may increase
the permeability of pulmonary vessels,39,42 thus contrib-
uting to the spillover of inflammatory proteins from the
lung to the systemic compartment. Proteins included in
the derivation of DNAmGrimAge such as tissue inhibi-
tor metalloproteinases 1 (TIMP-1) have previously dem-
onstrated significant increases in both the sputum43

and blood44 of individuals with COPD compared to con-
trol individuals, perhaps one reason why DNAmGr-
imAge performs well in both airway and blood
compartments in relation to COPD. Other proteins on
which DNAmGrimAge was derived, such as Cystatin C
and growth differentiation factor�15, have been associ-
ated with COPD45 and COPD exacerbations46 in blood.
For PLWH specifically, HIV infection likely represents
an additional pro-inflammatory factor driving these
lung effects. A previous analysis of START pulmonary
sub-study participants, for instance, identified elevated
plasma inflammatory biomarkers such as D-dimer and
interleukin-6 in PLWH with airflow obstruction.47

Our study had several limitations. First, while most
participants in the bronchoscopy cohort were on ART,
the START cohort was not treated with ART at base-
line22 and thus the results of the peripheral blood analy-
sis may not be generalizable to PLWH on ART with
suppressed viral loads and reduced chronic inflamma-
tion. These results may also not be generalizable to
PLWH who have had longer durations of HIV infection.
Second, we did not explore DNAmGrimAge longitudi-
nally in either cohort so whether DNAmGrimAge can
fluctuate over time in response to infections, exacerba-
tions, or additional inhalational exposures remains
unknown. Third, neither of the cohorts used for this
study were profiled for both tissues, thus the correlation
of airway and blood DNAmGrimAge within an individ-
ual is uncertain. Fourth, co-infections, comorbidities
and unaccounted confounders may represent additional
factors contributing to GrimAge residuals and their
association with lung function. Given that the START
cohort was relatively healthy with only recent diagnoses
of HIV, there were few opportunistic infections or
comorbidities, however, to test this hypothesis. Fifth,
while the START cohort represented PLWH from mul-
tiple nations, our bronchoscopy cohort was limited to a
single center and further validation of our airway epithe-
lial findings in PLWH from other regions of the world is
warranted. Lastly, there is still no accepted minimal
clinically important difference in epigenetic age, there-
fore we do not know whether the magnitude of
www.thelancet.com Vol 83 Month , 2022
difference in GrimAge has prospective clinical signifi-
cance. Future work should determine whether GrimAge
residuals are associated not only with COPD and lung
function decline in PLWH, but also important clinical
outcomes such as hospitalizations and death.

Despite these limitations, our findings suggest that a
global increases in airway and blood GrimAge are asso-
ciated with lung function and COPD status in PLWH.
Our results indicate that epigenetic regulation of ageing
and mortality-associated mechanisms may contribute to
the unique pathophysiology of COPD in PLWH.
Together, our findings suggest that DNAmGrimAge
could potentially help to identify PLWH at risk of
COPD.
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