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Abstract

Telomere length (TL) is an important indicator of cellular aging. Shorter TL is associ-
ated with several age-related diseases including coronary heart disease, heart failure,
diabetes, osteoporosis, and cancer. Recently, a DNA methylation-based TL (DNAmMTL)
estimator has been developed as an alternative method for directly measuring TL. In
this study, we examined the association of DNAmMTL with cancer prevalence and mor-
tality risk among people with and without HIV in the Veterans Aging Cohort Study
Biomarker Cohort (VACS, N=1917) and Women's Interagency HIV Study Cohort
(WIHS, N=481). We profiled DNAm in whole blood (VACS) or in peripheral blood
mononuclear cells (WIHS) using an array-based method. Cancer prevalence was esti-
mated from electronic medical records and cancer registry data. The VACS Index was
used as a measure of physiologic frailty. Models were adjusted for self-reported race
and ethnicity, batch, smoking status, alcohol consumption, and five cell types (CD4,
CD8, NK, B cell, and monocyte). We found that people with HIV had shorter average

Abbreviations: 450K, lllumina HumanMethylation450 BeadChip; AA, African American; ART, antiretroviral therapy; AUDIT-C, first three questions of the alcohol use disorders
identification test; BMI, body mass index; bp, base pair; Cl, confidence interval; CpG, cytosine-phosphate-guanine dinucleotide; DNAm, DNA methylation; DNAmGrim, Lu's GrimAge
clock; DNAmHannum, Hannum clock; DNAmHorvath, Horvath clock; DNAmMono, monocyte clock; DNAmPheno, Levine clock; DNAmMTL, DNA methylation-based telomere length;
DNAmTLadjAge, age-adjusted estimate of DNAmTL; DunedinPoAm, Dunedin pace of aging methylation clock; EAA, epigenetic age acceleration; EEAA, extrinsic epigenetic age

acceleration; EPIC, lllumina HumanMethylation EPIC BeadChip; flow FISH, flow cytometry-fluorescence in situ hybridization; HCV, hepatitis C infection; HR, hazard ratio; IEAA, intrinsic

epigenetic age acceleration; InPEth, natural logarithm of phosphatidylethanol; log10VL, log10 of viral load; MD, mean difference; NDRNKWK, number of drinks per week; PBMC,
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1 | INTRODUCTION

People with HIV infection (PWH) are more susceptible to age-related
health problems compared to the general population. Extensive
research has definitively demonstrated a higher prevalence of co-
morbidity and multimorbidity among PWH, which can be attributed
to factors including the biological effects of HIV infection, the
side effects of antiretroviral therapy (ART), and premature aging
(Calcagno et al., 2015; Maciel et al., 2018; Marcus et al., 2020; Pathai
et al., 2013; Roomaney et al., 2022). For instance, older PWH are at a
higher risk of experiencing cardiovascular disease, dementia, diabe-
tes, osteoporosis, frailty, and specific types of cancers (Biver, 2022;
Carbone et al., 2022; Falutz et al., 2021; McArthur, 2004; Noubissi
etal., 2018; Roomaney et al., 2022; So-Armah et al., 2020). Relatedly,
the prevalence of cancer tends to increase with age, indicating that
adult forms of cancer can be regarded as an age-associated condi-
tion (White et al., 2014).

Telomeres, the nucleoprotein structures that cap the ends of
linear chromosomes, play a crucial role in maintaining chromosome
integrity by preventing fraying or tangling of the chromosome ends
(Capper et al., 2007; Fasching, 2018). Telomeres naturally shorten
with each cell division. As telomeres become shorter, it can lead to
genomic instability, cellular senescence, and impaired cellular func-
tion (Rossiello et al., 2022). Eventually, when telomeres become too
short, cells no longer divide successfully, leading to oncogenesis or
cell death (Mai & Garini, 2006). Telomere shortening is a well-known
hallmark of both cellular senescence and physiological aging and has
been associated with detrimental effects on health (Vaiserman &
Krasnienkov, 2020). Numerous age-related diseases and premature
aging syndromes exhibit an accelerated rate of telomere shortening,
implicating telomere shortening is a component of the aging process
(Blasco, 2007). For example, telomere length (TL) is associated with
the incidence, progression, and disease-specific mortality of age-
related diseases, including cardiovascular disease (i.e., myocardial in-
farction) (Pusceddu et al., 2018), type 2 diabetes (Salpea et al., 2010),
Alzheimer's disease (Fani et al., 2020), and cancer (Maciejowski & de
Lange, 2017, 2019). TL is widely accepted as a robust biomarker of

DNAmMTL than those without HIV infection [beta=-0.25, 95% confidence interval
(-0.32, -0.18), p=1.48E-12]. Greater value of VACS Index [beta=-0.002 (-0.003,
-0.001), p=2.82E-05] and higher cancer prevalence [beta=-0.07 (-0.10, -0.03),
p=1.37E-04 without adjusting age] were associated with shortened DNAmTL. In ad-
dition, one kilobase decrease in DNAmMTL was associated with a 40% increase in mor-
tality risk [hazard ratio: 0.60 (0.44, 0.82), p=1.42E-03]. In summary, HIV infection,
physiologic frailty, and cancer are associated with shortening DNAmTL, contributing

to an increased risk of all-cause mortality.

all-cause mortality, cancer, DNA methylation-based telomere length, people with HIV,

aging and age-related pathological conditions (Fasching, 2018). The
value of TL as an aging biomarker stems from its correlation with
chronological age across the lifespan, its predictive utility for disease
occurrence and mortality, as well as its significant responsiveness
to both detrimental and beneficial exposures (Hastings et al., 2017).

Studies have shown statistically significant associations between
TL and both cancer incidence and mortality (Willeit et al., 2010). For
instance, previous research has demonstrated a link between short
TL and bladder cancer (Broberg et al., 2005; McGrath et al., 2007;
Wu et al., 2003), renal cell carcinoma (Shao et al., 2007; Wu
et al., 2003), non-Hodgkin lymphoma (Lan et al., 2009), lung can-
cer (Jang et al., 2008), head and neck tumors (Wu et al., 2003), col-
orectal cancer, breast cancer (Lee et al., 2010; Shen et al., 2009;
Zee et al., 2009), esophageal, gastric, ovarian cancers, and overall
incident cancer (Zhang et al., 2015). Shorter TL is associated with
increased all-cause mortality risk in the general population (Wang
et al., 2018) and can serve as an independent prognostic predictor
of survival in patients, including those with bladder cancer (Allaire
et al., 2023; Russo et al., 2014). Furthermore, different biological
pathways, including hormone metabolism, tobacco carcinogen me-
tabolism, and DNA damage repair mechanisms, may interact with
telomere length, leading to differential impacts on cancer suscepti-
bility (Ma et al., 2011). For example, some studies demonstrated that
the influence of shortened telomeres on breast cancer risk may be
greater in specific subgroups, such as premenopausal women and
those with compromised antioxidative capacity but may not be sig-
nificant in the overall study population or among postmenopausal
women (De Vivo et al., 2009; Shen et al., 2009; Zheng et al., 2010).
Together, the evidence demonstrates the inverse relationship be-
tween TL and the variety of cancer diagnoses.

The proliferation of studies examining telomeres as a biomarker
in physiological, psychological, and biobehavioral research has
driven the development of many methods and technologies to as-
sess TL (Kimura et al., 2010; Lai et al., 2018; Mender & Shay, 2015;
Montpetit et al., 2014). However, the reliable measurement of TL
remains challenging for technical reasons, including but not lim-
ited to variation in methods employed for DNA extraction and the
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high level of technical expertise required, regardless of the specific
method utilized (Lu, Seeboth, et al., 2019; Nussey et al., 2014).

DNA methylation (DNAm) of cytosine-phosphate-guanine di-
nucleotides (CpGs), an epigenetic mechanism regulating gene ex-
pression, is another DNA-based biomarker that exhibits age-related
alterations. These alterations in DNAm have been suggested to be
useful biomarkers for diagnosis, prognosis, and treatment response
(Horvath & Raj, 2018; Muller & Gyorffy, 2022). Through machine
learning techniques, epigenetic age estimators have been devel-
oped to accurately estimate biological age (referred to as DNAm
age) in different tissues throughout an individual's lifespan (Hannum
et al., 2013; Horvath, 2013; Horvath & Raj, 2018; Levine et al., 2018;
Liang et al., 2022; Lu, Quach, et al., 2019). Recent research suggests
that epigenetic age holds the most promise as a molecular estimator
of biological age (Horvath & Raj, 2018; Jylhava et al., 2017). Given
the evidence of TL-related DNAm changes (Hu et al., 2018), Lu et al.
developed a novel DNAm-based TL estimator (DNAmMTL) based on
methylation profiles of 140 CpGs (Lu, Seeboth, et al., 2019). They
regressed TL that was measured using the terminal restriction frag-
ment (TRF) assay (Mender & Shay, 2015) on DNAm isolated from
whole blood using an elastic net regression model, resulting in iden-
tification of a set of 140 CpGs whose methylation levels best pre-
dicted TRF-based estimate of TL (TRF-TL). DNAmTL shares the same
units (kilobases) as the TRF-TL. It has been validated as a surrogate of
TL. It is positively correlated with TRF-TL (r=0.38~0.5 in the valida-
tion data sets) (Lu, Seeboth, et al., 2019), quantitative PCR (qPCR) TL
(r=0.41), and flow cytometry-fluorescence in situ hybridization (flow
FISH) TL (r=0.56) (Pearce et al., 2021), suggesting that DNAmTL
is consistent with other methods and is a reliable estimator of TL.
Studies have also shown that DNAmMTL was negatively correlated
with age across different tissues and cell types and outperformed
the TRF-TL method in predicting all-cause mortality [DNAmTL:
hazard ratio (HR)=0.31 and p=6.7E-09, TRF-TL: HR=0.81 and
p=4.70E-03], time-to-coronary heart failure (DNAmMTL: HR=0.55
and p=9.50E-03, TRF-TL: not significant), and its associations with
smoking history (DNAmMTL: beta=0.08 and p=2.09E-04, TRF-TL:
beta=0.13 and p=3.50E-02), and other age-related conditions (Lu,
Seeboth, et al., 2019). Therefore, DNAmMTL serves as a reasonably
performing indirect estimator of TL when direct TL methods are
challenging or unavailable.

In addition to DNAmMTL, other epigenetic clocks have been es-
tablished, including the Monocyte clock (DNAmMono, based on
186 CpGs from monocyte methylomes) (Liang et al., 2022), the
Horvath clock (DNAmHorvath, based on 353 CpGs that capture
estimated multi-tissue biological age) (Horvath, 2013), the Hannum
clock (DNAmHannum, based on 71 CpGs in leukocytes) (Hannum
et al.,, 2013), the Levine clock (DNAmPheno, based on 513 CpGs
to predict lifespan) (Levine et al., 2018), the Lu's GrimAge clock
(DNAmMGrim, a linear combination of chronological age, sex, and
1030 CpG sites modeled as surrogate biomarkers for seven plasma
proteins and smoking pack-years, predicting age at death) (Lu,
Quach, et al., 2019), the Dunedin Pace of Aging methylation clock
(DunedinPoAm, based on 46 CpGs to predict the Pace of Aging)

Aging

(Belsky et al., 2020), and two widely used measures of age accel-
eration, intrinsic epigenetic age acceleration (IEAA) and extrin-
sic epigenetic age acceleration (EEAA) (Chen et al., 2016; Okazaki
et al., 2020; Smith et al., 2019). IEAA, which is based on Horvath's
clock, captures cellular age acceleration independently of blood
cell counts, indicates cell-intrinsic aging. On the other hand, EEAA,
which is based on Hannum's clock, is associated with age-dependent
changes in blood cell counts and indicates immune system aging
(Chen et al., 2016; Okazaki et al., 2020; Smith et al., 2019).

While DNAMTL demonstrates potential as a robust estimator of
TL, its use in studies of the relationships between TL and chronic
health conditions or aging-related diseases remains relatively novel,
especially in the scenario where direct TL measurements are un-
available. In this study, we utilized the DNAmMTL as a new approach
to investigate the associations between TL with HIV infection, phys-
iologic frailty, cancer, and all-cause mortality. The Veteran Aging
Cohort Study (VACS) served as the primary cohort for the analyses
and the Women's Interagency HIV Study (WIHS) served as a second-
ary cohort to replicate the observed association between DNAmMTL
and HIV infection. We used multivariable linear regression to esti-
mate the association of DNAmMTL with cancer and physiologic frailty.
We utilized Cox proportional hazards models to assess an associa-
tion of DNAmMTL with the risk of all-cause mortality. The hypotheses
and corresponding cohorts of our study are provided in Figure S1.
Employing a measure of TL that is less susceptible to the technical
challenges of assays that directly measure TL has the potential to
advance our understanding of the intricate connections between TL,

HIV infection, physiologic frailty, cancer, and the aging process.

2 | METHODS

2.1 | Study cohorts and phenotype assessments
2.1.1 | Veterans aging cohort study (VACS)
(N=1917)

The VACS (Table 1) is an ongoing longitudinal, prospective, and mul-
tisite observational cohort study across multiple sites, aiming to ex-
amine various health outcomes, disease progression, and treatment
responses in both PWH and people without HIV infection (PWoH)
receiving care at Veterans Affairs Medical Center infectious disease
and general medical clinics (Justice et al., 2006). Written consent
was obtained from all participants. Within a subset of the cohort,
biospecimens comprising DNA samples obtained from whole blood
were collected.

The VACS biomarker cohort included two subsets of the sam-
ples, VACS cohort 1 (VACS1) (N=1251) and VACS cohort 2 (VACS2)
(N=666). VACS1 included both PWH and PWoH while VACS2 in-
cluded only PWoH. Both cohorts served as clinic-based samples
to analyze DNAm profiles. In VACS1, 286 participants had a can-
cer diagnosis (cancer+) while 888 participants did not (cancer-).
VACS2 included 666 samples obtained from PWoH, of which 135
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participants had cancer, while 479 participants did not. Fifty-two
participants had no information. Due to the limited sample size, we
were unable to examine the relationship between DNAmMTL and
specific cancer diagnoses. In our analysis, the “cancer+” designation
indicates participants who have been diagnosed with cancer of any
type regardless of remission/treatment. The cancer diagnosis was
based on ICD-10 criteria, and the data were extracted from elec-
tronic medical records in the Veterans Affairs of Healthcare System
in the United States.

HIV physiological frailty was measured by the VACS Index
which was developed from a cohort of US Veterans with HIV
and has been validated in several European and North American
cohorts (Justice et al.,, 2012, 2013; Tate et al.,, 2013). Similar
to the Clinical Frailty Scale developed by Rockwood et al.
(Rockwood Frailty Index) (Rockwood et al., 2005; Rockwood &
Mitnitski, 2007), the VACS Index considers frailty as an accumu-
lation of deficits, including general indicators of organ system in-
jury such as hemoglobin and platelet counts (Moore et al., 2023).
However, it also includes indicators specific to HIV, such as CD4
T-cell count, and plasma HIV-1 RNA. While the Rockwood Frailty
Index is designed to access a generalized, accelerated aging
process, the VACS Index is primarily aimed at predicting hospi-
talization and all-cause mortality specifically in PWH (Moore
et al., 2023). Nonetheless, the VACS Index contains a number of
components that fit the conceptual framework of frailty. It is a
weighted score calculated by summing preassigned points for age,
eight routinely monitored indicators of HIV disease, including CD4
T-cell count and plasma HIV-1 RNA, and other general indicators
of organ system injury, including hemoglobin, aspartate and ala-
nine transaminase, platelet count, creatinine, and viral hepatitis C
infection (HCV). Individuals with a high VACS Index tend to have
poorer HIV-related outcomes, and higher VACS Index scores are
linked to an increased risk of mortality. The VACS Index provides
a comprehensive overview of an individual's health, making it a
valuable tool for guiding both clinical decisions and research en-
deavors in the context of HIV and aging. In addition to the VACS
Index, we also included the duration of infection, HIV-1 viral load,
and ART adherence information for PWH.

The date and cause of death for the VACS participants were
obtained from the Veteran Health Administration vital status file.
The file integrates information from multiple sources, including the
Social Security Administration death master file, the Beneficiary
Identification and Records Locator Subsystem, and the Veteran
Health Administration Medical Statistical Analysis Systems inpatient
datasets.

2.1.2 | Women's interagency HIV study (N=481)

The WIHS (Table S1) is the world's largest and longest running
prospective cohort study dedicated to the study of the natural
and treated history of women living with HIV and includes a risk-
set matched comparison group of women without HIV infection,
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offering valuable insights into their health outcomes (Adimora
et al., 2018; Bacon et al., 2005). The WIHS cohort, consisting of in-

dividuals from both clinic and community settings, was utilized to

investigate the impact of HIV infection on DNAmMTL. The study in-
cluded both PWH (N=272) and PWoH (N=209). The WIHS cohort
served as a replication sample for the association of DNAMTL with
HIV infection. Cancer diagnosis, VACS Index, and mortality in the

WIHS cohort were unavailable for the current study.

2.2 | DNAm and data quality control (QC)
Epigenome-wide DNAm levels from VACS whole blood
samples were assessed using two platforms: lllumina

HumanMethylation450 BeadChip (450K) (VACS1) and lllumina
HumanMethylation EPIC BeadChip (EPIC) (VACS2). For WIHS
samples, DNAm levels were measured from peripheral blood
mononuclear cells (PBMCs) using the EPIC. All samples were
processed at the Yale Center for Genomic Analysis (Zhang
et al., 2017), following the same QC criteria as our previous
studies (Xu et al., 2018; Zhang et al., 2017, 2016). We retrieved
raw methylation data and performed downstream analysis using
the minfi R package (version 1.18.1). Normalization was separately
performed for the 450K and EPIC methylation datasets. For
the 450K dataset, quantile normalization was performed on six
separated intensity values following the method outlined by Lehne
et al. (Lehne et al., 2015). For the EPIC dataset, the ssNoob method
was applied (Fortin et al., 2017). Detection p-value thresholds
of <le-12 and <le-8 were set to enhance the quantification
of methylation intensities for the 450K and EPIC datasets,
respectively, using probes on the Y chromosome. CpG sites on the
sex chromosomes (X: N=11,232 CpGs, Y: N=416 CpGs) as well as
those with annotated a single nucleotide polymorphism (SNP) within
10bp (N=47,790) were excluded from the analysis. Additionally,
previously identified cross-reactive probes were excluded (Chen
et al., 2013). This yielded a total of 437,722 CpG sites on the 450K
array and 846,604 CpG sites on the EPIC array remained for the
analysis. Three samples with a call rate <98% were also excluded.
We compared the predicted sex with the self-reported sex, and

mismatched samples were excluded (Heiss & Just, 2018).

2.3 | Statistical analysis

2.3.1 | Consideration of confounding factors

Research suggests that individuals who self-identify as African
Americans (AAs) tend to have longer TL than Whites at birth but
undergo a more rapid rate of telomere attrition throughout their
lives (Brown et al., 2017; Rewak et al., 2014; Thomas et al., 2021).
Higher body mass index (BMI) and obesity are associated with
shortened TL (Gielen et al., 2018; Khosravaniardakani et al., 2022).
Additionally, excessive alcohol consumption may adversely affect
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TL (Jung et al., 2022; Latifovic et al., 2016). Cigarette smoking and
vigorous physical activity have an impact on TL (Astuti et al., 2017,

Latifovic et al., 2016). A study involving a female cohort demon-
strated that each pack-year smoked corresponded to an additional
five base pairs (bp) of telomere length lost (18%) compared to the
overall cohort (Valdes et al., 2005). Therefore, in examining the
relationships of DNAmMTL and the phenotypes of interest, all sta-
tistical models accounted for potential confounding factors by
adjusting for self-reported race and ethnicity, BMI, assay sample
batch, smoking status, alcohol consumption [natural logarithm
of phosphatidylethanol (InPEth) for VACS and number of drinks
per week (NDRNKWK) for WIHS]. Six cell types (CD4+ T cells,
CD8+ T cells, NK T cells, B cells, monocytes, and granulocytes)
in the blood were estimated in each sample using the method de-
scribed by Houseman et al. (Houseman et al., 2012). We found that
DNAmMTL and six other epigenetic clocks were significantly corre-
lated with the six cell types regardless of HIV infection status, HIV
physiologic frailty levels, and cancer status (Figure S2). Given the
observed relationship between DNAmMTL and cell type proportion,
five cell type proportions (CD4+ T cells, CD8+ T cells, NK T cells, B
cells, and monocytes) were considered as confounding factors and

adjusted for in all subsequent statistical models.

2.3.2 | Calculation of epigenetic clocks

In addition to DNAmMTL, we considered six well-established
epigenetic clocks and two measures of age acceleration in our
study. The Monocyte clock (DNAmMono) is based on 186 CpGs
from monocyte methylomes (Liang et al., 2022). The Horvath clock
(DNAmHorvath) is based on 353 CpGs that capture estimated
multi-tissue biological age (Horvath, 2013). The Hannum clock
(DNAmHannum) is based on 71 CpGs in leukocytes (Hannum
et al,, 2013). The Levine clock (DNAmPheno) is based on 513
CpGs to predict lifespan (Levine et al., 2018). The Lu's GrimAge
clock (DNAmGrim) is a linear combination of chronological age,
sex, and 1030 CpG sites modeled as surrogate biomarkers for
seven plasma proteins and smoking pack-years, predicting age
at death (Lu, Quach, et al., 2019). The Dunedin Pace of Aging
methylation clock (DunedinPoAm) selected 46 CpGs to predict
the Pace of Aging in Dunedin Study (Belsky et al., 2020). The Pace
of Aging is a combination of rates of change across 18 blood-
chemistry and organ-system-function biomarkers. Besides the
epigenetic clocks, we incorporated two widely used measures
of age acceleration. The intrinsic epigenetic age acceleration
(IEAA) is the residual resulting from regressing DNAmHorvath
on chronological age and blood cell count estimates (Chen
et al., 2016). The extrinsic epigenetic age acceleration (EEAA)
is the residual from regressing enhanced-DNAmHannum onto
chronological age. The enhanced-DNAmHannum is a weighted
average of DNAmHannum with three cell types that are known to
change with age (Chen et al., 2016).

2.3.3 | Use of epigenetic age acceleration (EAA) in
models of epigenetic age

For the various epigenetic clocks, including DNAmMono,
DNAmHorvath, DNAmHannum, DNAmPheno, DNAmGrim, and
DunedinPoAm, the EAA is defined as the residual obtained from
regressing DNAm age on chronological age (Hannum et al., 2013;
Horvath, 2013; Levine et al., 2018; Liang et al., 2022; Lu, Quach,
et al., 2019). This measure helps determine whether individuals appear
biologically younger or older than their chronological age. Specifically,
a positive or negative value of EAA indicates that the DNAm age pre-
dicted from the chronological age is either accelerating (which is unfa-

vorable) or decelerating (considered favorable), respectively.

2.3.4 | Calculation of age-adjusted estimate of
DNAMTL (DNAmTLadjAge)

The DNAmTLadjAge is defined as the residual of regress-
ing DNAmMTL on chronological age. Unlike the other epigenetic
clocks, DNAmTL is negatively associated with chronological age.
Therefore, if the resulting residual, DNAmTLadjAge, was positive
or negative, it indicated that DNAmMTL was either longer or shorter
than that expected based on the chronological age, respectively
(Shinko et al., 2022).

2.3.5 | Association analyses for
outcomes of interest

Considering the negative association between DNAmTL and chron-
ological age, and the acknowledged significance of chronological age
as a crucial factor impacting DNAmTL, we decided to fit two mod-
els. Instead of utilizing DNAmTLadjAge, we performed a regression
of DNAmMTL on the phenotype of interest with and without age as
a covariate in the model. This approach allowed us to directly as-
sess how DNAMTL relates to the phenotype of interest while si-
multaneously accounting for age and other potential confounding
factors. Employing these two models permitted us to evaluate the
relationships between DNAmMTL and the various predictors while
acknowledging the critical role of chronological age in the analysis.
Therefore, except for the lollipop plot and Kaplan-Meier curve using
DNAmTLadjAge, all other analyses of DNAmMTL include age as a co-
variate in the model. To correct for multiple testing, we addition-
ally applied Bonferroni adjustment, incorporating the Bonferroni
adjusted p-value. This adjusted p-value (pg,¢) is calculated by mul-
tiplying the original p-value by the number of tests conducted (nine
methods) and by two models (adjusting for age and without adjust-
ing for age).

To assess potential batch effects in our study, we applied
principal component analysis (PCA) to the combined DNAm data
of VACS1 and VACS2. The PCA scatter plot (Figure S3) visually
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revealed distinct clustering of samples from PWH and PWoH
(Figure S3 left), indicating the presence of two different batches
of VACS1 and VACS2, respectively. Thus, to reduce the batch ef-
fect, we performed the association of DNAMTL and HIV infection
in the VACS1 only. However, the participants with and without
cancer were evenly distributed in the two batches (Figure S3
right), suggesting little effect of batch on cancer diagnosis.
Therefore, we analyzed the association of DNAmMTL and cancer
in all samples including VACS1 and VACS2. We then performed
linear regression analyses to investigate the association between
DNAmMTL and the phenotypes of interest. Specifically, DNAmMTL
was treated as the dependent variable, while HIV, VACS Index,
or cancer served as the independent variable, adjusting potential
confounding factors. Following these analyses, we utilized t-test
to assess the significance of the regression coefficient derived
from the linear regression models.

Models of HIV infection in relation to DNAMTL were fit using
VACS1. As mentioned above, we tested an association between
DNAmMTL and HIV infection in WIHS to replicate the findings in the
VACS1 cohort.

Models of VACS Index in relation to DNAMTL were fit using VACS1.
The VACS Index is specifically designed for PWH. Therefore, our
model was conducted to examine the association between DNAmMTL
and the VACS Index within the VACS1 cohort.

Models of cancer in relation to DNAMTL were fit in VACS: We ex-
amined the overall impact of DNAmMTL and cancer status in all VACS
samples.

Models of mortality in relation to DNAMTL were fit using VACS.
We examined DNAMTL on all-cause mortality using Cox regression
analysis in all VACS samples. Before conducting the Cox regression
analysis, we first tested the proportional hazard assumption to en-
sure its validity. Following the verification of the proportional haz-
ard assumption, we proceeded with the Cox proportional hazards
regression survival analysis to estimate the HR of DNAmMTL and
cancer status on all-cause mortality, while controlling for relevant
covariates. By adjusting for these covariates, we aimed to isolate the
specific effect of DNAmMTL and cancer on mortality, accounting for

potential confounding factors.

TABLE 2 Associations between

DNAmMTL and the phenotypes of interest. IS LT
HIV VACS1

WIHS
VACS Index VACS1

Cancer VACS

Aging

3 | RESULTS

3.1 | Study cohorts and phenotype assessments

In VACS, 63.66% of PWH achieved viral suppression through ART
while 90.44% of PWH in WIHS achieved viral suppression. Alcohol
consumption was evaluated using two measures: the scores from the
first three questions of the Alcohol Use Disorders Identification Test
(AUDIT-C) and the levels of PEth, which is a biomarker indicating al-
cohol use (Viel et al., 2012). It is worth noting that PEth levels have
been found to have a positive correlation with AUDIT-C scores (Liang
et al., 2020; Piano et al., 2015). The average PEth level observed in
the study was 41.7 ng/mL. Based on a previous study, hazardous alco-
hol drinking was defined as PEth level 220 ng/mL using the 16:0/18:1
test (Aboutara et al., 2023; Stewart et al., 2009). Within the WIHS
cohort, the majority of participants reported light alcohol consump-
tion, with an average 0.7 NDRNKWK (Adams et al., 1996). A summary
of the participants' demographic and clinical characteristics of VACS
and WIHS are presented in Table 1 and Table S1, respectively.

Figure S4 illustrates the distribution of DNAmMTL within each
subset of the samples separately. In the VACS1 cohort, the range of
DNAMTL values spanned from 5.66 to 8.32, with a mean of 7.17. For
the VACS2 cohort, DNAmMTL exhibited a range between 6.07 and
7.88, and the mean value was calculated as 7.01. In the WIHS co-
hort, the DNAmMTL range extended from 5.87 to 8.06, with a mean
value of 7.09. Although there were significant differences in mean
DNAmMTL among the three subsets of the samples (ANOVA F-test for
comparing three group means: p=1.271E-21. t-test for comparing
each pair of group means: VACS1 vs. VACS2: p=2.36E-22; VACS1
vs. WIHS: p=1.88E-05; VACS2 vs. WIHS; p=5.79E-05), the distribu-

tions of DNAMTL among three sets of samples were similar.
3.2 | Ashortened DNAmMTL associated with HIV
infection and physiologic frailty

We examined the association between DNAmMTL and HIV in both the
VACS1 and WIHS cohorts (as presented in Table 2). In the VACS1

Adjustage  Beta Beta.95ClI p MD
No -0.23 (-0.30, -0.16) 1.18E-09 -0.37
Yes -0.25 (-0.32,-0.18) 1.48E-12

No -0.13 (-0.21, -0.05) 2.65E-03 -0.38
Yes -0.01 (-0.08, 0.05) 6.80E-01

No -0.005 (-0.006, -0.004) 5.18E-19 -0.19
Yes -0.002 (-0.003, -0.001) 2.82E-05

No -0.07 (-0.10, -0.03) 1.37E-04 -0.07
Yes -0.03 (-0.06, 0.00) 5.85E-02

Note: The self-reported race and ethnicity, body mass index (BMI), assay sample batch, smoking
status, alcohol consumption (natural logarithm of PEth in VACS and number of drinks per week in
WIHS), and five cell type proportions (CD4, CD8, NK, B cell, and monocyte) were adjusted. The
p-values < 0.05 are shown in bold.

Abbreviation: MD, Mean difference of DNAmMTL between cases and controls.
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cohort, we found a significant relationship between DNAmMTL
and HIV, with beta coefficients of -0.25 (p=1.48E-12) and -0.23
(p=1.18E-09) with and without age adjustment, respectively.

However, in the WIHS cohort, there was no significant association
between DNAmMTL and HIV (beta coefficient of -0.01; p=6.80E-
01) after adjusting age. Prior to adjusting for age, DNAMTL showed
a significant association with HIV (beta coefficient of -0.13;
p=2.65E-03).

As shown in Figure 1a, DNAmMTL decreased with advancing age in
both PWH and PWoH for VACS and WIHS cohorts. To compare two
regression lines, we performed the analysis of covariance (ANCOVA)
to assess the effect of HIV status on DNAmTL while controlling for
the effect of age. The p-value of F-test for the interaction term be-
tween age and HIV was 0.85 in VACS1 and 0.31 in WIHS, indicating
that the slope of the regression between DNAmMTL and age is similar
for both PWH and PWoH. However, there is a noticeable distinction

between the two groups, with the group of PWH having systemat-
ically shorter DNAmMTL compared to the group of PWoH (i.e., the
regression line being lower on the y-axis, with the intercepts of re-
gression lines for PWH and PWoH being 7.87 and 8.31 in VACS1,
and 7.76 and 8.18 in WIHS, respectively). This positioning suggests
that, on average, PWH have shorter DNAmMTL compared to those
PWoH across the age span. In Figure 1b, we conducted a compari-
son of DNAmTLadjAge between PWH and PWoH. DNAmTLadjAge
captures the unexplained variation in DNAmTL after accounting
for the impact of age. Notably, the majority of PWoH displayed a
positive DNAmMTLadjAge, suggesting that their DNAmMTL was longer
than expected given their age. In contrast, PWH exhibited a nega-
tive DNAmTLadjAge, indicating that their DNAMTL was shorter than
expected for their age. As shown in Figure 1c and Figure 1d, in both
cohorts, PWH demonstrated a notably shorter average DNAmMTL
compared to PWoH (mean difference (MD)=-0.37 in VACS1 and

(a)
8.0 8 g <~ PWH
8.0 ® 5 é < PWoH
o 7.5
] ) 1
= =
Z70 B70
7< P4
o [a) < $
65 6.5 '8 00 dgs
® o o o
6.0 y=7.76-0.02x, p=1.37E-(]3 o ) -
6.0 y=8.18-0.02x, p=1.73E-25°°¢ ‘
° ] -
20 40 60 80
Chronological Age Chronological Age
(b) (c) (d)
~ PWH - PWH
e i B 8.0 ey 4
7.5
04 8
k) = = 7.0
S = l = 7.
E 00 g7 s
< = 065
@) b
04 6 60|
K
Participant PWH PWoH Participant
15
~ PWH
5 PWoH 8.5 8
o 8.0
205
5 T8 27
£ 00 E &
o E70 I <
2 8 6.5 =
Z-05 : .
=110 6.0
55
Participant PWH PWoH Participant

FIGURE 1 Relationship between DNAmMTL and HIV status in Veterans Aging Cohort Study Cohort 1 (VACS1) (yellow background) and
Women's Interagency HIV Study (WIHS) (green background). (a) Scatter plot of DNAmMTL and chronological age for people with HIV (PWH)
and without HIV (PWoH). (b) Lollipop plot of DNAmTLadjAge (the residuals of regressing DNAmMTL on chronological age) between PWH and
PWoH. (c) Violin plot of DNAmMTL between PWH and PWoH. (d) Lollipop plot of DNAMTL between PWH and PWoH.
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MD=-0.38 in WIHS). We first performed the F-test to test the null
hypothesis of equal variance in DNAmMTL between PWH and PWoH.
The results revealed significant differences in variance between
the two groups (p=6.00E-08 in VACS1 and p=0.02 in WIHS). We
then conducted a two-sample t-test with unequal variance to test
the mean DNAmMTL in PWH and PWoH. The resulting p-values were
3.10E-32 in VACS1 and 1.43E-26 in WIHS, indicating a significant
difference in mean DNAmMTL between the two groups.

We conducted further assessments to examine the relationship
between other epigenetic aging clocks and HIV infection across
two cohorts (as shown in Table S2). In the VACS1, DNAmMono,
DNAmPheno, and DunedinPoAm consistently demonstrated a posi-
tive association with HIV, regardless of whether age was adjusted for
or not. Specifically, PWH exhibited an average DNAmMono that was
notably higher by 3.56years compared to PWoH (p=1.08E-04 with
adjusting age). Similarly, PWH had an average DNAmPheno higher by
3.71years compared to PWoH (p=9.23E-05 with adjusting age), and
an average DunedinPoAm higher by 0.06 years compared to PWoH
(p=9.07E-09 with adjusting age). In the WIHS cohort, all epigene-
tic clocks except DunedinPoAm and EEAA initially showed a signif-
icant positive association with HIV when age was not considered.
However, when age was taken into account, only DNAmHorvath
(p=1.36E-02) and IEAA (p=7.84E-03) maintained a significant as-
sociation with HIV.

We further performed an inverse variance weighted meta-
analysis to combine the results from the two cohorts as outlined in
Table S3 (Doi et al., 2015). After adjusting for age, significant as-
sociations with HIV were observed for DNAmMono (p=7.02E-04),
DNAmPheno (p=4.34E-05), DunedinPoAm (p=9.24E-09), and
IEAA (p=7.52E-03). Following Bonferroni correction, DNAmMono
(Pgoni=1.26E-02), DNAmMPheno (pg,ns= 7.82E-04),and DunedinPoAm
(Pgont=1.66E-07) remained significantly associated with HIV. The
DNAmPheno estimates a multifactorial phenotypic age score
comprised of nine clinical markers, such as lymphocyte percent-
age, mean red cell volume, red cell distribution width, albumin, and
glucose levels, and chronological age (Bergsma & Rogaeva, 2020;
Levine et al., 2018). The markers were selected from the Cox pe-
nalized regression model where the hazard of aging-related mor-
tality was regressed on the clinical markers and chronological age.
Similarly, DunedinPoAm estimates Pace of Aging comprised of 18
blood-chemistry and organ-system-function biomarkers such as
creatinine clearance, white blood cell count, and HDL cholesterol
(Belsky et al., 2020). Notably, studies have shown that the total lym-
phocyte count appears to be a useful predictor of significant immu-
nosuppression as measured by a CD4+ T-cell count in PWH (Beck
etal., 1996; Blatt et al., 1993).

We extended our investigation to examine the association be-
tween DNAmTL and HIV physiologic frailty (VACS Index), focusing
solely among PWH in the VACS1 cohort (Table 2). It is worth not-
ing that individuals with higher VACS Index scores typically experi-
ence poorer HIV-related outcomes, and elevated VACS Index scores
are indicative of an increased mortality risk (Akgun et al., 2014).
As expected, our analysis revealed a negative correlation between

Aging

DNAmMTL and VACS Index. Specifically, when age was included as a
covariate in the model, the beta coefficient was -0.002 (p=2.82E-
05). When age was excluded as a covariate, we observed a beta co-
efficient of -0.005 (p=>5.18E-19).

In Figure 2, we extended our analysis by stratifying the VACS
Index into high (VACS Index >40) and low (VACS Index <40) frailty.
As depicted in Figure 2a,b, DNAMTL exhibited a trend of decreas-
ing with advancing age in all VACS1 samples. Of note, across the
age spectrum, PWH with high frailty consistently displayed shorter
DNAMTL compared to PWH with low frailty (with the intercepts of
regression lines for high frailty and low frailty being 7.57 and 7.86,
respectively). To compare two regression lines, we still applied
ANCOVA to assess the effect of frailty on DNAmMTL while controlling
for age. The p-value of F-test for the interaction term between age
and frailty was 0.28, indicating that the slope of the regression
between DNAmMTL and age is similar for both high and low frailty
groups. Figure 2c shows the mean difference of DNAmMTL between
high and low frailty groups was -0.19. The F-test indicated no sig-
nificant differences in variance between high and low frailty groups
(p=0.3). Therefore, we used a two-sample t-test with equal variance
to compare the mean DNAmMTL in high and low frailty groups. The
resulting p-value was 1.36E-17, indicating a significant difference in
mean DNAmMTL between the two groups. These findings collectively
underscore the potential relevance of DNAmMTL in the context of
HIV physiologic frailty, highlighting its association with VACS Index
values and its potential as a marker for discerning health disparities
within the cohort.

In addition to DNAmMTL, we explored the association between
different epigenetic aging clocks and the VACS Index (Table S4).
DNAmMono, DNAmHorvath, DNAmHannum, DNAmPheno, and
DNAmMGrim all showed a significant positive association with the
VACS Index before adjusting age (beta=0.143~0.183, p=3.88E-
35~6.46E-19). However, after adding age as a covariate, only
DNAmPheno maintained a significant association with VACS Index
(beta=0.048, p=1.43E-03). Following Bonferroni correction, only
DNAmPheno (pg,ns=2.58E-02) remained significantly associated
with VACS Index.

3.3 | Association between shortened
DNAmMTL and cancer

Within the VACS cohort, we conducted an examination of the
association between DNAmMTL and cancer status (421 cancer+
and 1367 cancer-), while accounting for various demographic and
clinical variables, including self-reported race and ethnicity, BMI,
batch, smoking status, alcohol consumption, and the proportions
of five cell types (as shown in Table 2 and Figure 3). Cancer was
not associated with DNAmMTL when age was included in the model
(p=5.85E-02). However, the analysis revealed a significant negative
association between DNAmMTL and cancer for the model without age;
specifically, the presence of cancer was associated with a reduction
of approximately 0.07 kilobases in DNAmMTL (p=1.37E-04).
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We observed significant associations between DNAmMTL and
age in both the cancer+ group (p=4.39E-09) and the cancer- group
(p=8.75E-40) (Figure 3a). Figure 3b indicates a slightly decreased
DNAmMTL among cancer+ individuals when compared to controls.
Specifically, the F-test indicated no significant differences in vari-
ance between cancer+ and cancer- (p=0.5). Consequently, we

applied a two-sample t-test with equal variance to compare the
mean DNAmTL in cancer+ and cancer-. The resulting p-value was
1.96E-03, indicating a significant difference in mean DNAmMTL be-
tween the two groups.

Table S5 presents the association between different epigenetic
ages and cancer in VACS. Following adjustment for age in the model,
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DNAmMmMono and DNAmGrim showed significant associations
with cancer with p-values of 3.07E-02 and 3.69E-02, respectively.
Specifically, cancer+ had DNAmMono that was 0.93years older and
DNAmMGrim that was 0.64 years older compared to cancer-. These
findings align with expectations, as monocytes, innate immune
cells of the mononuclear phagocyte system, are known to play an
important regulatory role in cancer development and progres-
sion (Chen et al., 2023; Olingy et al., 2019). Additionally, previous
study has demonstrated that DNAmMGrim can serve as a mortality
risk estimator, particularly notable for its predictive ability for time-
to-death, time-to-coronary heart disease, and time-to-cancer (Lu,
Quach, et al., 2019). However, after applying Bonferroni correction,
DNAmMMono (pgyns=5.52E-01) and DNAmMGrim (pg,ns=6.65E-01)

were no longer significantly associated with cancer.

3.4 | DNAmMTL shortening and cancer increase
risk of all-cause mortality

We performed the Cox proportional hazards regression analysis to
evaluate the potential association between DNAmMTL and cancer with
mortality rate while accounting for relevant confounding variables
(i.e., age, self-reported race and ethnicity, smoking status, and
alcohol consumption) (Table S6). The HR of DNAmMTL was 0.60 [95%
confidence interval (Cl): (0.44, 0.82); p=1.42E-03], indicating one

kilobase decrease in DNAmMTL was associated with a 40% increase
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in mortality risk. Furthermore, Kaplan-Meier curves depicted in

Figure 4 showed that the group with a negative DNAmTLadjAge
was associated with lower survival probability in comparison with
the positive DNAmTLadjAge group. Of note, the HR of cancer on
mortality risk was 1.39 [95% Cl: (1.12-1.72); p=2.88E-03], indicating
a 39% higher risk of mortality for those with cancer. These findings
underscore the potential significance of DNAmMTL and cancer status
in predicting survival outcomes, highlighting their roles as potential

indicators of mortality risk within the studied cohort.

4 | DISCUSSION

Telomere length serves as a critical indicator of cellular aging and
health, influenced by a spectrum of factors including chronic stress,
inflammation, lifestyle choices, and specific medical conditions
(Starkweather et al., 2014). Its association with various aging-related
diseases underscores its importance as a biomarker of overall health.
Applying DNAmMTL, we found that HIV infection and cancer diagnoses
were negatively associated with DNAmTL, in which PWH and
participants with cancer diagnoses showed shorter lengths compared
to PWoH and participants without cancer. Interestingly, higher physical
frailty was associated with shorter DNAmTL. Finally, we found a
shorter DNAmMTL predicted a higher all-cause mortality risk. Together,
these findings indicate that DNAmMTL is a meaningful biomarker of the

aging process among PWH and its comorbid conditions.
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One key advantage of DNAmTL, as elucidated in Lu et al. (Lu,

Seeboth, et al., 2019), lies in its capacity for precise measurement
of methylated CpG sites. The utilization of DNAmMTL as a new indi-
cator of biological age offers a unique perspective into the complex
interplay of TL dynamics in the context of HIV and cancer. Our study
identified associations between DNAmMTL and HIV infection, HIV
physiologic frailty, as well as cancer, and their impacts on the risk of
all-cause mortality. Adjusting for a range of demographic and clini-
cal variables, we observed a significant inverse relationship between
DNAmMTL and HIV serostatus and cancer risk. Furthermore, a shorter
DNAmMTL was associated with greater frailty and mortality risk, rein-
forcing the notion that TL alterations could serve as an indicator of
disease progression.

We found that HIV infection was associated with DNAmMTL in
two independent cohorts. A negative association of DNAMTL and
HIV infection with and without adjusting for age was observed in
the VACS1 cohort. The results are consistent with previous find-
ings of the significant positive association between HIV infection
and epigenetic age (Horvath et al., 2018; Horvath & Levine, 2015;
Liang et al., 2022; Nelson et al., 2017). For example, research has
shown that DNAm age in PWH is on average 11.2years greater than
in PWoH (Nelson et al., 2017). Together, these findings align with
the concept of accelerated aging among PWH, possibly due to the
heightened immune activation and inflammation characteristic of
HIV infection (Aberg, 2012).

This result was replicated in the WIHS cohort without adjusting
for age. In WIHS, PWH exhibited notably shorter average DNAmMTL
compared to those PWoH. Mono, Horvath, Hannum, Pheno, and
Grim clocks initially exhibited a significant positive association with
HIV when age was not considered. However, when age was taken
into account, only Horvath clock maintained a significant correla-
tion with HIV. This suggests that while there is an initial association
between various epigenetic aging methods and HIV, adjusting for
age refines the relationship, with Horvath clock standing out as the
most relevant marker in this context. This difference might be at-
tributed to the age difference between the two cohorts. In VACS1,
ages ranged from 25 to 88, with a mean of 52.1 and a median of 52.
In WIHS, the age range was 18.4 to 77.5, with a mean of 42.2 and a
median of 42.1, making the WIHS participants, on average, 9.8 years
younger than those in VACS1. Therefore, the effect of DNAmMTL in
WIHS might not be as strong as observed in VACS1 after considering
chronological age.

We conducted further analysis to explore the relationship be-
tween DNAmMTL and viral load in VACS1 (Table S7). After adjusting
for age, DNAmTL exhibited a significant negative correlation with
viral load (beta=-0.04, p=4.56E-06). Additionally, DNAmPheno,
DunedinPoAm, and EEAA displayed a positive association with viral
load. Particularly, EEAA demonstrated a robust connection with
viral load (beta=0.58, p=4.18E-04). These findings suggest that
viral load may confound the relationship between DNAmMTL and the
VACS index and all-cause mortality in our association analysis. Thus,
we included viral load as a covariate in the model (Table S8), the
association of DNAmMTL and the VACS index and cancer remained

significant (beta=-0.01, p=1.77E-18 for the VACS index, and
beta=-0.06, p=1.01E-02 for cancer diagnosis). However, after age
adjustment, the VACS Index did not exhibit a significant association
with DNAmMTL, contrasting with our prior analysis that excluded viral
load.

Additionally, the investigation into HIV-related physiological
frailty using the VACS Index revealed a significant adverse correla-
tion between DNAmMTL and the VACS Index in both models, whether
age was included as a covariate or not. This aligns with previous find-
ings, which indicated that PWH experiencing age acceleration had
significantly greater mean VACS Index scores, suggesting a poorer
prognosis (Oursler et al., 2023). These results further underscore
the potential of DNAmMTL as a predictive biomarker for adverse out-
comes and mortality risk in the context of PWH.

We also found that individuals with cancer tend to have DNAmMTL
that are about 0.07 kilobases lower than those without cancer with-
out adjusting for age. We further identified the significant positive as-
sociation between different epigenetic ages and cancer. This suggests
that individuals with higher epigenetic age may be more prone to can-
cer development or progression (Perna et al., 2016; Yu et al., 2020;
Zheng et al., 2016), although further research is needed to determine
the underlying mechanisms and causal relationships. Furthermore,
the investigation into the association between DNAmMTL, cancer, and
all-cause mortality revealed intriguing insights. Previous research
has indicated that TL is associated with all-cause mortality (Cawthon
et al., 2003; Wang et al., 2018; Willeit et al., 2010). After adjusting
for relevant covariates, we found that lower DNAmMTL was associated
with an increased risk of mortality. The HR of DNAmTL indicated that
for each kilobase decrease in DNAmMTL was associated with a 40%
increase in mortality risk. Moreover, the HR of cancer indicated a sig-
nificantly higher risk of mortality for individuals with cancer. These
findings highlight the potential clinical relevance of DNAMTL and can-
cer status as predictors of survival outcomes.

There are several limitations in this study. While our analysis in-
cludes survival time from the VACS cohort, it is important to note
that other aspects of the study are cross-sectional. The associations
between DNAmMTL and cancer, VACS Index, and the risk of mortality
observed in the VACS cohort require independent replication to val-
idate their findings. We found an association of DNAMTL with each
phenotype of interest but were unable to dissect the causal relation-
ship. Additionally, employing longitudinal data in future research is
crucial for better understanding causal or mediation relationships,
as the current dataset may not provide the ideal framework for this
purpose. The participants in VACS are men while the participants in
WIHS are women. Hence, we were unable to investigate the asso-
ciation in a single cohort encompassing both genders. Additionally,
the WIHS cohort did not include data on cancer diagnoses and VACS
index, which limited our ability to replicate findings within this data-
set. Ideally, it would be beneficial to investigate the alignment be-
tween the estimated DNAmTL derived from T-cell subtypes (such as
CD4+ and CD8+) and TL measurements obtained through qPCR or
TRF-based assays, which requires DNA isolated from sorted T cells.
In the future, we aim to validate the DNAmTL estimator in T-cell
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subtypes derived from PBMCs collected from PWH, while also ex-
panding our data collection efforts to include both male and female
participants, gather cancer diagnosis information, and construct the
VACS index for a more comprehensive analysis.

Our study included both men and women from two population-
based cohorts. The characteristics of the two cohorts differ in some
aspects such as sex, age, self-reported ancestry, and viral load. The
participants in VACS are veterans, the majority self-identify as AAs,
and men. The participants in WIHS are women, and half of them
self-identify as AAs, are relatively younger, and self-report a differ-
ent profile of substance use compared to the participants in VACS.
DNAMTL in VACS is derived from DNAm in whole blood while
DNAMTL in WIHS is from DNAm from PBMCs. Despite these dis-
tinct demographic and clinical characteristics, the association of
DNAmMTL and HIV infection is similar in both cohorts, suggesting a
generalizability of the findings. It is regrettable that we are unable
to replicate the association of DNAmMTL with the VACS index and
cancer diagnosis in WIHS. We did not adjust for other medical diag-
noses such as cardiovascular disease for mortality prediction due to
limited statistical power. Future studies should replicate the findings
and consider more comprehensive analyses by including additional
potential confounding factors.

In summary, our study employed DNAmMTL as a measurement to
more rigorously examine the interplay of TL dynamics, HIV infection,
HIV physiologic frailty, cancer, and all-cause mortality. The signifi-
cant influence of HIV infection and cancer on DNAMTL underscores
its potential as an indicator of accelerated aging in PWH. DNAmMTL
is a biomarker of biological age that improves the prediction of
disease-related outcomes and therapeutic interventions.
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