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Clonal hematopoiesis, a common age-related phenomenon marked by expansion of cells with clonal hematopoiesis driver mu-
tations, has been associated with all-cause mortality, cancer, and cardiovascular disease. People with HIV (PWH) are at risk for
non-AIDS-related comorbidities such as atherosclerotic cardiovascular disease and cancer. In a cross-sectional cohort study, we

compared clonal hematopoiesis prevalence in PWH on stable antiretroviral therapy with prevalence in a cohort of overweight in-

dividuals and a cohort of age- and sex-matched population controls. The prevalence of clonal hematopoiesis adjusted for age was

increased and clone size was larger in PWH compared to population controls. Clonal hematopoiesis is associated with low CD4
nadir, increased residual HIV-1 transcriptional activity, and coagulation factors in PWH. Future studies on the effect of clonal he-
matopoiesis on the HIV reservoir and non-AIDS-related comorbidities are warranted.
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People with human immunodeficiency virus (PWH) are at risk
for non-AIDS-related comorbidities such as atherosclerotic
cardiovascular disease (CVD) and cancer [1, 2]. This risk is as-
sociated with persistent inflammation, increased coagulation,
accelerated aging, CD4 nadir, and certain antiretroviral drugs
[1].

Recently, clonal hematopoiesis (CH), a common age-related
phenomenon marked by expansion of cells with CH driver mu-
tations, has been associated with all-cause mortality, cancer, and
CVD [3-5]. Aside from age, chronic infection [6] and inflam-
mation [7, 8] have also been implicated in the development of
CH. As PWH experience persistent inflammation and are at
increased risk for accelerated aging and CVD [9, 10], a role for
CH in PWH is therefore hypothesized. Indeed, a recent study
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observed increased prevalence of CH as detected by whole-
exome sequencing (WES) in PWH as compared to controls [11].
However, associations with human immunodeficiency virus
(HIV)-related factors and risk factors of CVD and cancer in
PWH, such as the viral reservoir, CD4 nadir, or inflammation,
were not shown. As the clinical course and treatment of HIV in-
fection and CH possibly converge on hematopoietic stem cell bi-
ology, a potential correlation deserves investigation. Additionally,
like many other large-scale CH studies, the study [11] used WES
and as such could only detect mutations of considerable size
(>2%, also called CH of indeterminate potential [CHIP] mu-
tations), whereas the use of targeted sequencing techniques
improves the sensitivity for the detection of smaller CH driver
mutations [12]. The aim of our study was to determine CH prev-
alence in PWH as compared to controls, and to assess possible
associations with HIV-related clinical parameters and markers of
HIV reservoir, coagulation, and inflammation.

METHODS

Study Subjects

Samples were obtained from the 200HIV cohort (PWH cases,
n=219) [13] on combination antiretroviral therapy (cART) with
plasma HIV RNA <200 copies/mL, 300-Obese cohort (HIV-
uninfected, overweight controls, body mass index [BMI] > 27 kg/
m? n = 302) [14], and Nijmegen Biomedical Study (NBS; HIV-
uninfected population controls, n = 437) [15]. The 200HIV
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and 300-Obese cohort are both part of the Human Functional

Genomics Project (www.humanfunctionalgenomicsproject.
org) enrolled at the Radboud University Medical Center,
Nijmegen, the Netherlands. These studies were approved by
the local ethics committee (CMO Arnhem-Nijmegen, 200HIV:
NL3235709110; 300-Obese: NL4684609113) and conducted
in accordance with the Declarations of Helsinki. Samples for
DNA extraction and plasma measurement were obtained after
written informed consent. Clinical data were extracted from the
electronic medical records and/or from the Dutch HIV registry
(Stichting HIV-monitoring). The NBS is a population-based
study of 9350 individuals, based on age- and sex-stratified
random sample from the register of municipality of Nijmegen,

the Netherlands [15].

Clonal Hematopoiesis Mutation Identification

CH mutations were analyzed in DNA isolated from whole
blood in PWH and 300-Obese cohorts, using ultrasensitive
(smMIP)
sequencing, as previously described [16]. In short, a total

single-molecule molecular inversion probe
of 300 MIP probes were designed covering CH-related
hotspots in 24 genes, including ASXLI, TET2, and DNMT3A
(Supplementary Table 1 and Supplementary Table 2). In addi-
tion, we selected 437 age- and sex-matched population con-
trol samples, and used the previously generated sequencing
data for CH mutation identification, but due to subtle tech-
nical (probe density) differences excluded DNMT3A muta-
tions from this direct comparison [15]. For each individual,
2 technical (polymerase chain reaction [PCR]) replicates
were sequenced, after which 2 independent data processing
strategies were applied followed up by a targeted quality con-
trol (Supplementary Figure 1). Raw sequencing data were
converted to fastQ files, which were (1) aligned to the ref-
erence genome (hgl9) using Burrows-Wheeler Aligner with
Maximal Exact Match (BWA-MEM) [17] and (2) imported
into the commercially available next-generation sequencing
software package Sequence Pilot (JSI Medical Systems), using
the optimized smMIP analysis module as described previ-
ously [18, 19]. The latter allows for a consensus calling per
probe, enabling somatic calls down to 0.001% (depending on
locus specific coverage) by using a majority vote of unique
molecular identifier duplicates. The resulting variant calls
were then subjected to a stringent quality filtering pipeline
(Supplementary Figure 1C), in which (likely) false-positive
calls were excluded. The final variant allele frequency was
calculated using samtools mpileup [20] on the aligned
bamfiles from (1). PWH and 300-Obese samples with an
average coverage over the entire panel, and population con-
trol samples over all non-DNMT3A genes, of >500% were in-
cluded for analysis. We classified all detected CH mutations
in 2 categories: (1) large clones, CH mutations with a variant
allele frequency >2%, an arbitrary threshold established in

the current literature historically chosen for methodological
reasons [21]; and (2) small clones, CH mutations with a var-
iant allele frequency <2%.

Circulating Factors

Circulating factors of inflammation interleukin 18 (IL-18),
high-sensitivity C-reactive protein (hsCRP), sCD14, and
sCD163 were measured using enzyme-linked immunosorbent
assay (ELISA; Duoset or Quantikine, R&D Systems). p-dimer
was measured by ELISA according manufacturer’s instructions
(Abcam). IL-6, tumor necrosis factor-a (TNF-a), IL-10, and
IL-1Ra in serum were measured using Simple Plex Cartridges
(Protein Simple, R&D Systems). All assays were performed ac-
cording to manufacturer’s recommendations. Von Willebrand
factor (VWF) concentrations were performed with an in-house
sandwich ELISA assay (DAKO, Agilent) [22].

HIV-1 Reservoir Quantification

HIV-1 Cell-associated HIV-1 DNA (CA-DNA) and Cell-associated
HIV-1 RNA (CA-RNA) in CD4" cells were isolated using EasySep
Human CD4" T Cell Isolation Kit (Stemcell Technologies) and
were measured in triplicate by droplet digital PCR (ddPCR;
QX200, Bio-Rad) as described previously [23]. Genomic DNA
was extracted using the DNeasy Blood and Tissue kit (Qiagen)
according to the manufacturer’s protocol with an additional step
of adding 75 pL elution buffer on the column heated at 56°C for
10 minutes. CA-RNA was extracted using the Innuprep RNA kit
(Westburg). RNA was reversely transcribed to cDNA by gScript
cDNA SuperMix (Quantabio). Before PCR amplification, genomic
DNA was restricted by EcoRI (Promega) [23]. Total HIV-1 DNA
measurements were normalized by measuring the reference gene
RPP30 in duplicate by ddPCR and expressed per million CD4"
cells. CA-RNA was normalized using 3 reference genes, (B2M,
ACTB, and GADPH) determined by LightCycler 480 SYBR Green
I Master mix. HIV-1 RNA copies were divided by the geometric
mean of the reference genes and expressed per million CD4" cells.
Droplet classification and absolute quantification were performed
using the ddpcRquant analysis tool with standard settings [24].
Primers and probes are shown in Supplementary Table 3.

Statistical Analysis
All analyses were performed in R version 3.6.1 (R Core Team,
CRAN-project). P values < .05 were considered statistically sig-
nificant. General characteristics were compared by means of
Wilcoxon-rank sum tests for continuous parameters and XZ tests
for categorical parameters. In addition, we computed standardized
mean differences where appropriate using the R package stddiff.
CH mutation prevalence in PWH versus 300-Obese was
assessed first by means of x” tests and second in a logistic re-
gression model correcting for the known risk factor age and
cohort (a variable indicating whether an individual is in the
PWH or 300-Obese). Prevalence of non-DNMT3A CH mu-
tations in PWH versus population controls was assessed in
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the same way. Logistic model fit was evaluated by means of a
givitiCalibrationBelt plot using the package givitiR, and are
shown in Supplementary Figure 2.

To assess whether different mutational processes contribute to
CH mutations in PWH as compared to controls, we performed
a mutational signature analysis studying all 48 single base sub-
stitutions (SBS) in their 3-nucleotide context (Supplementary
Table 4) [25]. Fitting all identified somatic mutations into ex-
isting SBS signatures for which mutational processes of both
endogenous and exogenous origin have been characterized,
may allow the identification of differential mutation processes
for different sets of mutations. The contribution of the SBS sig-
natures was inferred using the R package DeconstructSigs [26]
and Mutational Signatures version 3.1 available at the Catalogue
of Somatic Mutations in Cancer (COSMIC release version 91,
June 2020).

Within PWH differences in categorical parameters were
assessed by means of x° tests, and continuous parameters by
means of Wilcoxon-rank sum tests. In addition, to explore pos-
sible factors that are correlated with CH in PWH, we performed
stepwise logistic regression with a selection of clinically relevant
parameters as independent variables, CH mutation prevalence
as dependent variable using the stepAIC() function with direc-
tion = “both” from the MASS package.

All figures were likewise generated in R using a variety of
packages (dplyr, reshape2, ggplot2, ggpubr, tidyverse, ggpmisc,
rcompanion, ggbeeswarm), after which they were optimized in
Adobe Hlustrator version 23.1.1.

RESULTS

A total of 217 PWH on cART, 297 uninfected 300-Obese con-
trol, and 399 age- and sex-matched population control in-
dividuals passed our quality control and coverage threshold
of 500X (Supplementary Figure 3), and were included in
our analyses. The age of PWH individuals ranged from 24
to 74 years, with an average age of 51.3 years, and the ma-
jority were male (n = 199, 91.7%). HIV-uninfected over-
weight controls (300-Obese) were generally older (age range
54-81 years, average age 67.1 years), and sex was more evenly
distributed (male n = 134, 45.1%). The age and sex distribu-
tion of our included population controls was comparable to
PWH individuals, with an age ranging from 24 to 69 years
and an average of 51.9 years, and the majority of individuals
were male (n = 365, 91.5%).

CH Mutation Prevalence in PWH Versus Uninfected Controls

We identified 51 candidate CH mutations in 46 PWH individ-
uals (21.2%), 5 individuals presenting with 2 different muta-
tions. General characteristics for PWH CH mutation carriers
versus noncarriers are shown in Table 1. The variant allele fre-
quency of all CH mutations ranged from 0.05% to 32.94%, with
a median clone size of 1.01%. Out of 51 mutations, 20 (39.2%)

were categorized as large clones (>2%), highlighting the sensi-
tivity of our assay to detect somatic mutations below the arbi-
trary allele frequency cutoff for CHIP [3, 15]. For a complete
list of all identified candidate CH mutations see Supplementary
Table 5.

In our HIV-uninfected overweight controls (300-Obese),
we identified 110 candidate CH mutations in 85 individuals
(28.6%). We were unable to detect a significant difference in
either CH mutations or CHIP prevalence between PWH and
overweight controls (Supplementary Table 6). However, after
correcting for the most important known risk factor, age, in
a logistic model, we identified that the probability of CHIP in
PWH is significantly higher as compared to HIV-uninfected
overweight controls (odds ratio [OR], 2.211; 95% confidence
interval [CI], 1.025-4.769), an effect that did not reach statistical
significance when smaller clones (variant allele frequency <2%)
were included (Supplementary Table 7). Most observed clones
in PWH were mutations in DNMT3A, representing roughly half
of the CH mutations per age category (Figure 1A). Comparing
the gene occurrence in PWH aged >55 years to controls aged
>55 years, we observed that the proportion of CH mutations
in genes other than DNMT3A, specifically JAK2, STAT3, and
TP53, was larger in PWH (Figure 1B), whereas on average CH
mutation size was not different (Figure 1C). Considering only
non-DNMT3A mutations in our age- and sex-matched popula-
tion controls, we identified 55 candidate CH mutations in 42 in-
dividuals (10.5%), as compared to 25 in 23 individuals (10.6%)
in PWH. Even though there was no significant difference in raw
prevalence (P = 1.00), logistic regression revealed that the effect
of age on CH mutation prevalence was significantly smaller in
PWH as compared to population controls, suggesting that non-
age-related factor(s) drive(s) the prevalence of CH in PWH
(Supplementary Table 7). Finally, non-DNMT3A CH mutations
were significantly larger in size in PWH as compared to popula-
tion controls (P = .004; Figure 1D).

CH Mutations in PWH Individuals Are Possibly Driven by Different
Mutational Processes

To understand the mutational processes contributing to CH
mutations, we explored mutational signatures, that is base sub-
stitutions in a trinucleotide context [25]. Our mutational sig-
nature analysis identified that the signatures SBS1 (clock-like
signature) and SBS18 (reactive oxygen species [ROS] signature)
contributed uniquely to CH mutations in PWH, whereas SBS6
and SBS21 (both involved in DNA mismatch repair) contrib-
uted uniquely to CH mutations in HIV-uninfected overweight
controls (Figure 2A). Remarkably, SBS18, a signature predomi-
nantly characterized by C>A mutations, was likewise identified
as contributing to CH mutations in PWH with prior exposure
to zidovudine (AZT), whereas it was absent in unexposed indi-
viduals (red dashed box in Figure 2A and 2B). However, as the
number of CH mutations in this last subgroup analysis is low,
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Table 1. General Characteristics of PWH Without CH Mutations (Noncarriers) Compared to PWH With 1 or More Identified CH Mutations (CH Carriers)

Characteristic Noncarriers (n = 171) CH Carriers (n = 46) P Value
Sex, female, n (%) 13 (7.6) 5(10.9) .68
Age, y, mean (IQR) 50.0 (44.0-58.0) 570 (48.0-62.2) .006
BMI, kg/m?, mean (IQR) 24.2 (22.0-26.5) 23.7 (22.4-25.8) 48
Known duration of HIV infection, y, mean (IQR) 75(4.7-12.7) 10.6 (6.8-16.9) .03
Way of transmission, n (%) 44

Heterosexual 8(4.7) 1(2.2)

IDU 2(1.2) 1(2.2)

MSM 132 (772) 32 (69.6)

Other/funknown 29 (17.0) 12 (26.1)
CD4 nadir, cells/uL, mean (IQR) 270.0 (150.0-380.0) 195.0 (72.5-290.0) .001
Current CD4 T-cell count, cells/ul, mean (IQR) 660.0 (490.0-805.0) 635.0 (472.5-755.0) .58
Current CD4/CD8 T-cell ratio, mean (IQR) 0.8 (0.6-1.1) 0.8 (0.6-1.2) 37
Zenith HIV RNA, copies/mL, median (IQR) 100 000.0 (60 000.0-400 000.0) 70 000.0 (30 281.5-222 250.0) .04
HIV RNA >50 copies/mL <1 y prior to inclusion, n (%) 14 (8.2) 9 (19.6) .052
cART duration, y, mean (IQR) 6.1(3.7-10.2) 9.1 (4.4-16.8) .05
ARV class, n (%)

NRTI 165 (96.5) 4 (95.7) 1

NtRTI 79 (46.2) 3(50.0) 77

NNRTI 50 (29.2) 3(28.3) 1

Pl 21 (12.3) 1(23.9) .08
AZT ever, n (%) 39 (23.2) 8(39.1) .048
Cardiovascular risk factors, no, n (%) 45 (26.3) 6 (13.0) .09
Prior MI/CVA, yes, n (%) 11 (6.4) 5(10.9) 48
Active smoking, n (%) 44 (25.7) 17 (37.0) 19
Pack years, mean (IQR) 12.0 (0.0-27.0) 18.5 (1.9-35.1) 18
Hypercholesterolemia, n (%) 45 (26.3) 3(28.3) .94
Hypertension, n (%) 33 (19.3) 0 (21.7) .87
Diabetes mellitus, n (%) 9(5.3) 1(2.2) .62
Family history CVD, 1st-degree relative, n (%) 81 (474) 26 (56.5) §85)

Wilcoxon-rank sum test or xz test Pvalue are given where applicable. Bold font indicates significant P values (<.05).

Abbreviations: ARV, antiretroviral drug; AZT, zidovudine; BMI, body mass index; cART, combination antiretroviral therapy; CH, clonal hematopoiesis; CVA, cerebrovascular accident; CVD, cardiovas-
cular disease; HIV, human immunodeficiency virus; IDU, intravenous drug use; IQR, interquartile range; MI, myocardial infarction; MSM, men who have sex with men; NNRTI, nonnucleoside reverse
transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; NtRTI, nucleotide reverse transcriptase inhibitor; P, protease inhibitor; INSTI, integrase inhibitor; PWH, people with HIV.

the corresponding cosine value indicates these results should be
interpreted with caution.

Low CD4 Nadir, Markers of Coagulation, and HIV Reservoir Are Associated
With CH Mutation Prevalence in PWH
Subsequently, we explored the clinical correlates of PWH with
their CH mutation carrier status. In these exploratory analyses,
CH mutation carriers were older (P = .006; Table 1), duration of
known HIV infection was longer (P = .026; Table 1), and CD4
nadir was lower (P = .001; Figure 3A). There was no difference
in CH mutation prevalence with regard to cART regimens, CD4/
CD8 T-cell ratio, or current CD4 T-cell count. In a logistic regres-
sion model, older age (OR [+5 years], 1.205; 95% CI, 1.013-1.450;
P = .04), lower CD4 nadir (OR [+50 cells/mm?], 0.794; 95% CI,
.687-.907; P = .001), increased CD4/CD8 ratio (OR, 2.850; 95%
CI, 1.334-6.391; P = .008) were independently correlated with
CH mutation prevalence, whereas HIV duration and current
CD4 T-cell count were not (Supplementary Table 7).

PWH with a CH mutation were more likely to have had at
least once a viral load of >50 copies/mL 1 year prior to study

visit (19.6% vs 8.2%, P = .052), suggesting a more active HIV
reservoir. In virally suppressed PWH, the HIV-1 CA-DNA
roughly equals total integrated proviral DNA, while HIV-1
CA-RNA is associated with HIV-1 transcriptional activity [27].
Although these parameters of HIV reservoir strongly intercor-
relate, HIV CA-RNA was increased in CH mutation carriers
and HIV CA-DNA was not (Figure 3B). The discrepancy be-
tween CA-RNA and CA-DNA suggests an effect on transcrip-
tional activity [27]. As a result, PWH with viral load between
50 and 200 copies/mL (viral blip) 1 year prior to study visit
(10.6%) had higher levels of CA-RNA (P < .01) but no differ-
ences in CA-DNA. Although the CA-RNA difference disap-
peared after correction for CD4 nadir and age (Supplemental
Table 7), the ratio of HIV-1 CA-RNA to CA-DNA, which repre-
sent relative viral transcription level [27], was increased in CH
mutation carriers (OR, 5.563; 95% CI, 1.768-45.970; P = .017;
Supplementary Table 7), independent of CD4 nadir, age, and
CD4/CD8 T-cell ratio.

Additionally, we studied associations between CH mutation
carriership, coagulation, and inflammation. No correlation was
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found with circulating inflammation markers (hsCRP, sCD14,
sCD163, IL-6), while coagulation markers (D-dimer and vWF)
were increased in CH mutation carriers (Figure 3C and 3D and
Supplementary Figure 4), independent of age, CD4 nadir, and
CD4/CD8 T-cell ratio (vWF OR [+5000 ng/mL], 1.053; 95% CI,
1.014-1.097; P = .009; p-dimer OR [+50 mg/mL], 1.076; 95%
CI, 1.004-1.163; P = .044; Supplementary Table 7).

DISCUSSION

In the current study, we show that CH driver mutations in
PWH on long-term successful cART are common and are

independently associated with older age, low CD4 nadir, and
increased CD4/CD8 T-cell ratio, as well as with markers of co-
agulation. Furthermore, we show that CH is linked to increased
relative HIV-1 transcription level (ie, increased HIV-1 CA-RNA
to HIV-1 CA-DNA ratio).

Age is a known CH predictor in the general population [3,
4, 16], and an association was present in the current study,
supporting the validity of our data. CH may be important in
PWH as their presence has been associated with hematolog-
ical (pre)malignancies, as well as with CVD and all-cause mor-
tality in HIV-uninfected individuals [3]. Recently, a large-scale
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controls (bottom). SBS1 and SBS18 contributed uniquely to CH mutations in PWH, whereas SBS6 and SBS21 were unique to controls. For raw results see Supplementary Table
8A. B, SBS18 (red dashed box), a signature predominantly characterized by C>A mutations that is involved in ROS production, uniquely contributed to CH mutations in PWH
with prior exposure to AZTs. For raw results see Supplementary Table 8B. Proposed etiology of SBS signatures: SBS1, spontaneous deamination of 5-methylcytosine (clock-
like signature); SBS5, unknown (clock-like signature); SBS6, defective DNA mismatch repair; SBS10b, polymerase epsilon exonuclease domain mutations; SBS12, unknown;
SBS17a, unknown; SBS18, damage by reactive oxygen species; SBS21, defective DNA mismatch repair; SBS29, tobacco chewing; SBS30, defective DNA base excision repair
due to NTHLT mutations; SBS31, platinum chemotherapy treatment. Mutations (n) shows the number of CH mutations analyzed in each group; cosine represents the cosine
similarity value (range 0—1), a correction applied on mutations prior to fitting to SBS signatures, values <0.8 are considered low. Abbreviations: AZT, zidovudine; CH, clonal
hematopoiesis; HIV, human immunodeficiency virus; PWH, people with HIV; ROS, reactive oxygen species; SBS, single base substitution.

CH study by Bick et al reported increased prevalence of large
clones, or CHIP, in PWH as compared to control individuals
[11]. In line with this, the probability of large clones, adjusted
for age, was increased in PWH as compared to HIV-uninfected
overweight controls, and the probability of all non-DNMT3A
clones (small and large) was intriguingly driven by something
other than age in PWH as compared to population controls in
the present study. Consistent with the latter, and the hypothesis
that time is needed for a clone to grow, clone size was signifi-
cantly increased in PWH as compared to age- and sex-matched
population controls. The absence of this in our PWH versus
overweight controls comparison is most likely due to the differ-
ences in age and BMI, as we have recently shown that clone size
may be increased in obese individuals [16].

Our observation that something other than age drives CH
prevalence in PWH was substantiated by the fact that the mu-
tational processes underlying the identified CH mutations
may be different between PWH and controls. Only in PWH, a
ROS mutational signature could be assigned to some of the ob-
served CH mutations. ROS production is indeed increased in
PWH and, interestingly, has been linked to nucleoside reverse

transcriptase inhibitor (NRTI)-induced mitochondrial toxicity
[3, 4]. The enhanced ROS signature found in CH mutations
from PWH compared to HIV-uninfected overweight controls
could therefore mirror increased mitochondrial dysfunction in
PWH. We could not assess whether either HIV or cART use re-
lates to CH mutation development, as all PWH were on cART
and with plasma HIV RNA levels <200 copies/mL. However,
our data indicate that the ROS signature may contribute to mu-
tations in PWH with prior exposure to zidovudine, whereas it
was absent in unexposed individuals. Zidovudine, an NRT1T, has
been extensively linked to hematological toxicity [28].

The fact that our data suggest that in PWH other processes
significantly reduce the correlation of CH prevalence with age
is intriguing. Associations between CH and cART duration as
well as with age and coronary artery disease were recently re-
ported [11]. However, no correlations with other HIV-related
parameters, such as CD4 T-cell count, HIV medication,
and HIV reservoir parameters, were reported. We identified
that various other HIV-related parameters correlated with
CH independent of age, such as CD4 nadir and CD4/CD8
T-cell ratio. CD4 nadir is a marker for the severity of prior
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Figure 3.

People with HIV (PWH) clonal hematopoiesis (CH) mutation carriers present with significantly lower CD4 nadir, and higher cell-associated HIV RNA and coagula-

tion markers. A, Carriers (n = 46) presented with significantly lower CD4 nadir as compared to noncarriers (n = 171). B, Carriers (n = 45) showed significantly increased RNA
levels as compared to noncarriers (n = 169), and nonsignificantly (ns) increased DNA levels as compared to noncarriers (n = 167). C, Carriers (n = 46) presented with signifi-
cantly increased coagulation markers p-dimer and von Willebrand factor (VWF) as compared to noncarriers (n = 171). D, Carriers (n = 45) showed comparable high-sensitivity
C-reactive protein (hsCRP) as compared to noncarriers (n = 167) and carriers (n = 46) showed comparable soluble CD14 (sCD14) levels as compared to noncarriers (n = 170). In
each plot the mean of noncarriers and CH mutation carriers is annotated with a horizontal bar and value; at the top the Wilcoxon-rank sum test Pvalue is given.

immunosuppression and HIV infection course. The link with
CD4 nadir suggests prior immunosuppression due to HIV in-
fection is associated with an increased CH prevalence in PWH.
Studies have also linked CH to chronic infection and infection
risk [28, 29]. Longitudinal studies are needed to further inves-
tigate the link between HIV infection and CH. While in HIV-
uninfected controls a link between CH and inflammation has
been shown [3, 30], no association was found between CH and
general inflammation parameters in our cohort of PWH. Our
sample size restricted our ability to dissect whether inflamma-
tion independent of CD4 nadir has an effect. In contrast, new
factors such as HIV reservoir and markers of coagulation—b-
dimer and vWF—were independently associated with CH.
Besides inflammatory markers, these coagulation factors have
also been linked to mortality and CVD and are increased in
PWH [27, 31]. The interplay between coagulation, inflamma-
tion, and CH requires future mechanistic studies.

The link with HIV reservoir is interesting, considering that
several of the most important CH driver genes encode for epi-
genetic modifiers—genes that modify the epigenome through,
for example, DNA methylation—with suggested downstream
effects of altered gene expression and increased inflammation

[30]. HIV transcription is known to rely on epigenetic modi-
fication, cell differentiation, and activation but also low-grade
inflammation [1]. It is intriguing to speculate that increased rel-
ative HIV-1 transcription in individuals with CH could be the
result of an aberrant epigenetic profile, causing alterations in
the transcriptional program and cell differentiation [15]. Future
studies using single-cell transcriptome analyses in a longitu-
dinal setting could provide mechanistical insight into CH and
HIV reservoir dynamics on the single-cell level. These studies
could elucidate new mechanisms for (deep) HIV latency and
influence future shock and kill strategies in HIV cure [32].
Limitations of the current study include the chosen control
populations. The 300-Obese control individuals were processed
with the exact same assay and in parallel with PWH, preventing
possible confounding due to assay or batch differences, but they
were generally older and showed an increased BMI. Although,
at the same time, the inclusion of these controls with additional
cardiovascular risk factors and older age could underestimate
the effect of HIV infection itself on CH, because both age and
obesity have been found to be associated with increased preva-
lence of CH [16]. The comparisons between PWH individuals
and population controls are more appropriate due to age- and
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sex-matching, but the assay was slightly different and as such
we could only validate findings for non-DNMT3A mutations.
Additionally, our limited sample size restricted the ability to link
CH to non-AIDS-related comorbidities, further examine sig-
nature analyses, or perform sex-specific analyses. Furthermore,
although the reported associations are interesting, the data do
not allow us to draw causal inferences. The purpose of this study
was exploratory and as such the reported independent correl-
ations should be interpreted as hypothesis generating and re-
quire confirmation in future, ideally longitudinally designed,
studies. And, finally, our targeted sequencing technique limits
unbiased genome-wide CH mutation assessment [3], due to
only targeting previously described CH mutation hotspots and
genes. Although, this is outweighed by the advantages of this
technique—the use of high-sensitivity targeted sequencing in-
cluding molecular barcoding allows for technical replication,
comparable sensitivity, reliable quantification, and overlapping
probes ruling out sequencing errors or artefacts [15].

In conclusion, CH in PWH using long-term cART is associ-
ated with low CD4 nadir, increased CD4/CD8 T-cell ratio, al-
tered coagulation, and signs of increased HIV transcriptional
activity. Future studies on the effect of CH on the HIV reservoir,
and non-AIDS-related comorbidities are warranted.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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