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Abstract

HIV-1 disrupts the host epigenetic landscape with consequences for disease pathogenesis,
viral persistence, and HIV-associated comorbidities. Here, we examined how soon after
infection HIV-associated epigenetic changes may occur in blood and whether early initiation
of antiretroviral therapy (ART) impacts epigenetic modifications. We profiled longitudinal
genome-wide DNA methylation in monocytes and CD4* T lymphocytes from 22 participants
in the RV254/SEARCHO010 acute HIV infection (AHI) cohort that diagnoses infection within
weeks after estimated exposure and immediately initiates ART. We identified monocytes
harbored 22,697 differentially methylated CpGs associated with AHI compared to 294 in
CD4* T lymphocytes. ART minimally restored less than 1% of these changes in monocytes
and had no effect upon T cells. Monocyte DNA methylation patterns associated with viral
load, CD4 count, CD4/CD8 ratio, and longitudinal clinical phenotypes. Our findings suggest
HIV-1 rapidly embeds an epigenetic memory not mitigated by ART and support determining
epigenetic signatures in precision HIV medicine.

Trial Registration: NCT00782808 and NCT00796146.
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Author summary

The epigenetic marker, DNA methylation, plays a key role regulating the immune system
during host-pathogen interactions. Using cell-type specific DNA methylation profiling,
we explored whether epigenetic changes occurred soon after HIV infection and following
early treatment with anti-HIV drugs. Acute infection was associated with early DNA
methylation changes in purified monocytes and CD4" T cells isolated from blood. In
monocytes, rapid anti-HIV treatment minimally restored DNA methylation changes asso-
ciated with infection and unexpectedly had no impact in CD4" T cells. DNA methylation
patterns before treatment informed long term clinical outcomes including CD4" T cell
counts and favorable clinical phenotypes. These findings identify candidates for consider-
ation in epigenome editing approaches in HIV prevention, treatment, and cure strategies.

Introduction

Human immunodeficiency virus (HIV-1) infection is characterized by a rapid takeover of the
host immune system and lasting impact on the immune system. Multiple studies provide evi-
dence that HIV-induced cellular reprogramming occurs in host immune cells by altering epi-
genetic processes, including DNA modifications such as DNA methylation[1], chromatin
landscape and accessibility[2,3], three-dimensional chromatin organization[4], and cell type-
specific transcriptional programs[5]. Together, these studies suggest that HIV-1 targets the
reshaping of the host epigenome to drive transcriptional changes related to dysfunctional
innate and adaptive immune defenses, ultimately promoting immune evasion, viral replica-
tion, and viral persistence. However, in vivo knowledge about how early host epigenetic
changes to immune cells occur during acute HIV-1 infection (AHI) and the impact of early
initiation of combination antiretroviral therapy (ART) on the epigenome during AHI remains
unclear.

Due to the critical role of the epigenetic marker DNA methylation as a stable and crucial
transcriptional regulator of the immune system during host-pathogen interactions[6], DNA
methylation is a well-studied epigenetic modification in HIV-1 infection. Human DNA meth-
ylation profiling studies of bulk host immune cells during chronic HIV-1 infection reveal epi-
genetic signatures of exposure, disease progression, advanced epigenetic aging, and HIV-
1-related comorbidities[7-13]. Additionally, a recent report of untreated HIV-1 infected indi-
viduals stratified by high or low plasma viral loads found that host immune genes involved in
HIV-1 viral control associated with DNA methylation states[14]. The majority of human epi-
genetic studies of HIV-1 infection are limited in interpretation due to profiling whole blood
and utilization of a cross-sectional study design. Whether DNA methylation changes associ-
ated with HIV-1 infection occur in all blood cell types or if they are cell-type specific remains
understudied and a challenge for studies that lack cryopreserved biospecimens. Moreover, we
are aware of no study which has examined cell-type specific DNA methylation profiles during
the earliest stages of AHI and longitudinally following the immediate initiation of ART.

In this study, we examined whether alterations to cell-type specific DNA methylation occur
early during AHI in monocytes and CD4" T lymphocytes and whether the early initiation of
ART restores epigenetic changes associated with AHI. We identified the earliest host epige-
netic changes to genome-wide DNA methylation from purified cell-sorted peripheral mono-
cytes and CD4" T lymphocytes from participants in the RV254/SEARCH 010 acute HIV-1
cohort that enrolls acutely infected individuals who initiate ART within 3 days after diagnosis.
Moreover, we determined that the early initiation of ART minimally restores acute HIV-
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related DNA methylation changes in monocytes at interferon-related genes and had no impact
on DNA methylation changes associated with AHI in CD4" T lymphocytes. We also explored
whether AHI-associated DNA methylation changes in monocytes and CD4" T lymphocytes at
the earliest stages of acute HIV-1 infection were associated with clinically relevant outcomes
following ART. Defining the earliest impact of HIV-1 on the host epigenome and identifying
indelible epigenetic marks embedded by HIV-1 infection and ART is key to understanding
disease pathology and associated comorbidities, and to overcome barriers to cure related to
HIV-1 persistence.

Results

Acute HIV-1 infection associates with early DNA methylation changes in
monocytes and CD4" T lymphocytes

To define cell-type specific genome-wide DNA methylation changes that relate to AHI, we
first compared the methylomes of fluorescence-activated cell sorted monocytes and CD4" T
lymphocytes from 22 male Thai individuals living with acute HIV-1 infection in the RV254/
SEARCHO010 cohort (Fiebig stages I to V; median days since estimated exposure was 17.5
days) who were ART naive and 8 demographically matched HIV-1 uninfected Thai partici-
pants. Four participants were in the Fiebig stage I of infection corresponding to detectable
HIV-1 nucleic acid and the absence of p24 antigen. The earliest captured data profiled related
to a participant in Fiebig stage I with estimated 9 days since exposure. All individuals with
AHI were infected with HIV-1 CRFO01-AE. Detailed study participant characteristics are pre-
sented in Table 1.

In our first step, we examined whether the greatest number of differentially methylated loci
(DML) related to AHI were present in total monocytes or CD4" T lymphocytes by using a
cross-sectional analysis of genome-wide DNA methylation data obtained from AHI and HIV-
1 uninfected participants. We observed the greatest number of DML related to AHI (22,697
loci) in total monocytes compared to CD4" T lymphocytes (294 loci) at an absolute mean dif-
ference in methylation greater than 5% between AHI and HIV-1 uninfected (AB-value > |0.05]
and significant at FDR adjusted P < 0.05) (Fig 1A and S1 Data). In monocytes, the distribu-
tion of DML across the human genome was not biased to a specific chromosome, suggesting
broad impacts of AHI upon the DNA methylation landscape of monocytes (Fig 1B). Notably,
the majority of monocyte-specific DML related to AHI were hypomethylated in AHI partici-
pants compared to uninfected participants (96.41%; 21,883 CpGs), suggestive of a

Table 1. Clinical characteristics of study participants upon diagnosis and enrollment.

Age (year)®

Sex (male, %)

Enroll HIV-1 Viral Load (Log;) *
Days of Infection (days) *

Enroll CD4 T (cells/uL) *

CDS8 T (cells/uL) ?

CD4/CD8 Ratio®

Subtype CRF_01AE (%)

"Data are median (interquartile range, IQR)

https://doi.org/10.1371/journal.ppat.1009785.t001

HIV- AHI (n = 22)
(n=8)
Fiebig I Fiebig II Fiebig I1I-V
30.5 (25-39) 26 (22-42) 22 (19-44) 27 (21-42)
100 100 100 100
3.94 (3.65-4.06) 5.82 (4.83-6.96) 5.55 (4.9-7.43)
14 (9-19) 16 (14-19) 18 (8-28)
603 (354-761) 342 (165-773) 476 (181-736)
424 (189-879) 308 (201-1644) 1008 (496-2434)
1.67 (0.64-1.87) 0.74 (0.27-1.70) 0.47 (0.17-1.16)
4 (100%) 5 (100%) 13 (100%)
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Fig 1. Monocyte cell type-specific differentially methylated loci associated with acute HIV infection. (a) Diagram of experimental design. Created with
BioRender.com (b) Manhattan plot of differentially methylated loci associated with AHI in monocytes displayed across chromosomes. P values transformed using
-log10(P) (c) Volcano plot displaying HUGO gene symbols and related CpG ID (cg#) for top hypomethylated and hypermethylated sites. Difference in DNA
methylation displayed as delta beta values plotted against P values transformed using -log10(P). NS: non-significant. (d-q) Plots demonstrating changes in DNA
methylation in AHI Fiebig I (red), Fiebig II (blue) Fiebig III-V (purple) compared to HIV- (green) at single CpGs sites related to specific genes or intergenic regions
of the genome displayed in bold italic above CpG ID (cg#). Significance determined comparing HIV- vs. AHI and using FDR adjusted P-values <0.05.

https://doi.org/10.1371/journal.ppat.1009785.9001

transcriptionally active epigenetic state related to innate immune activation during viral infec-
tion (Fig 1C). We examined whether these DML related to AHI in monocytes were enriched
in specific genomic regions linked to gene regulation and found a significant enrichment in
intergenic (odds ratio [OR] = 1.3; P = 0.0000007), gene body (OR = 1.2; P = 0.0003), and open
sea CpG island regions (OR = 1.2; P = 0.0003) compared to the expected distribution of meth-
ylation sites assayed across the human genome (S1 Table). Moreover, when we examined the
overlap of the top 1000 DML associated with AHI in monocytes with a 15 state chromatin
state model derived from five histone modification marks for primary monocytes generated
from the NIH Roadmap Epigenomics Consortium[15], we observed a significant enrichment
in a transcribed chromatin state at the 5> and 3’ end of genes showing both promoter and
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enhancer signatures (TxFInk; OR = 4.6; P = 0.005), suggesting the DML associated with AHI
in monocytes occur at distinct regulatory regions (S2 Table). Gene annotation and enrich-
ment analyses of the top 1000 DML associated with AHI in monocytes revealed the top gene
ontology enrichment in defense response to virus (P = 0.008) (S3 Table). This finding supports
the important early role of innate immune activation in AHI and suggest demethylation of reg-
ulatory regions of specific genes is critical to innate immune activation during AHI. The top
AB-value methylation changes were observed at loci related to the following genes: ADORA2B
(cg08857745), AFAPI (cgl0135894), AMPH cg02050512, FLJ40434 (cgl11683966), IFI27
(cgl0778971, cg03447547, cg08761339), intergenic region (cg21045643), IRF7 (cg17114584),
KARS (cg08585897), MX1 (cg21549285), NUDT3 (cg06612671), PARP9 (cg22930808), and
STATI (cg14951497) (Fig 1D-1Q). We observed that DNA methylation levels at loci related
to interferon genes including IFI127 (Fig 1H-1J), IRF7 (Fig 11), MX1 (Fig 1N), PARP9 (Fig
1P), and STAT1 (Fig 1Q) appeared to vary depending on Fiebig stage. Specifically, levels of
DNA methylation related to interferon genes in AHI participants identified as Fiebig stage I
appeared more similar to uninfected controls than the DNA methylation levels for AHI partic-
ipants Fiebig stage II-V, suggesting a link between HIV-1 viral sensing by monocytes and
interferon gene demethylation. Therefore, we decided to examine whether the level of DNA
methylation at interferon-related genes significantly correlated with participants plasma viral
load. Indeed, participant’s viral load at study entry was associated with monocyte DNA meth-
ylation levels at five DML including two interferon-related genes (IFI27, cg10778971: r = -0.77,
P =0.0001; IFI27, cg08761339: r = -0.75, P = 0.0001; IFI127, cg03447547: r = -0.71, P = 0.0002;
PARP?Y, cg22930808: r = -0.72, P = 0.0002; and intergenic region, cg12807764: r = 0.72,

P =0.0001) (Fig 2A-2E).

Next, we sought to further explore whether monocyte DNA methylation patterns associated
with AHI related to participants’ immune system health determined by CD4 count and CD4/
CD8 ratio. We observed that participants’ CD4 count at study entry was significantly associ-
ated with two monocyte DML at an intergenic region (cg06093152: r = 0.70, P = 0.0003) and
the interferon regulatory factor 7 (IRF7) gene that is involved in transcriptional activation of
virus-inducible host genes (cg17114584: r = 0.76, P = 0.0001) controlling for viral load (Fig
2F-2G). Participants’ CD4/CDS8 ratio at study entry was associated with eight DML (CMPK2,
cg01028142: r = 0.71, P = 0.0002; IRF7, cg08926253: r = -0.70, P = 0.0003; MX1, cg13155430:
r=0.72, P=0.0002; MX1, cg21549285: r = 0.60, P = 0.003; PARPY, cg22930808: r = 0.54,
P=0.01; PRDM16, cg22688535: r = 0.75, P = 0.0001; PSMB9, cg16853860: r = 0.73, P = 0.0001;
intergenic region (cg21995613): r = 0.72, P = 0.0002) (Fig 2H-20). We found no statistically
significant associations between monocyte DNA methylation patterns related to AHI and esti-
mated duration since exposure obtained from questionnaire and medical history.

Examining genome-wide DNA methylation of sorted CD4" T lymphocytes from the same
participants (Fig 3A), we observed 294 differentially methylated loci (DML) associated with
AHI in CD4" T lymphocytes at an absolute mean difference in methylation greater than 5%
between AHI and HIV uninfected (AB-value > |0.05| and significant at FDR adjusted
P < 0.05) (Fig 3B and S2 Data). Similar to monocytes, the majority DML that differed by 5%
were hypomethylated in HIV-infected compared to uninfected monocytes (66.66%; 196
CpGs), suggestive of a transcriptionally active epigenetic state associated with AHI (S1 Fig).
We examined whether the DML related to AHI in CD4" T lymphocytes were enriched in spe-
cific genomic regions and found a significant enrichment in CpG island (OR = 1.5; P = 0.005)
and transcription start site (TSS) to— 200 nucleotides upstream of the TSS (TSS200) (OR = 1.4;
P =0.04) compared to the expected distribution of methylation sites assayed across the human
genome (54 Table). Additionally, when we examined the overlap of the top 294 DML associ-
ated with AHI with a 15 state chromatin state model derived from five histone modification
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Fig 2. Associations of monocyte cell type-specific DNA methylation with viral load, CD4 count, and CD4/CD8 ratio. Scatter plots showing the correlation
between (a-e) plasma viral load, (f-g) pre-ART CD4 count, and (h-o) pre-ART CD4/CD8 ratio and DNA methylation levels at single CpGs sites related to
specific annotated protein-coding genes displayed in bold italic above CpG ID (cg#) in monocyte cells during AHI at entry. P-values were calculated with the

Spearman correlation test.

https://doi.org/10.1371/journal.ppat.1009785.9002

marks for primary T cell populations generated from the NIH Roadmap Epigenomics Consor-
tium[15], we observed an enrichment in a chromatin state associated with zinc finger protein
genes (ZNF/Rpts; OR = 7.05; P = 0.009), transcribed states (Tx; OR = 2.6; P = 0.001), and prox-
imal promoter states (TssA; OR = 1.9; P = 0.0001) (S5 Table). While the enrichment of CD4"
T lymphocytes DML at specific genomic regions contrasted with monocytes, we observed that
220 DML associated with AHI identified in CD4" T lymphocytes overlapped with DML we
had identified in monocytes (Fig 3C and S3 Data). This finding suggest that a subset of DNA
methylation changes associated with AHI in blood may be cell-type independent. Examples of
overlapping AHI-related DML in CD4" T lymphocytes and monocytes included sites related
to the following genes BDH2 (cg02214188), DDX11 (cgl0217767), FL]40434 (cg11683966),
KARS (cg08585897), KIF5B (cg26069837), LDLRAPI (cg21400344), LGALS17A (cg25546329),
MDM?2 (cg04444394), MR1 (cg21508212), PARP9 (cg18715297), PRMT7 (cgl19356324),
RAB43 (cg08001520), TNSI (cg18525582), UBXNG6 (cg21720385), WDTCI (cgl5665653), and
ZNF383 (cg21652235) (Fig 3D-3S). We observed for a subset of DML that participants at the
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Fig 3. Cell-type independent differentially methylated loci associated with acute HIV infection. (a) Diagram of experimental design displaying comparison
utilized to identify DML in CD4+ T cells associated with AHI. Created with BioRender.com (b) Volcano plot displaying gene symbol and CpG ID (cg#) for top
hypomethylated and hypermethylated sites associated with AHI in CD4" T lymphocytes. Difference in DNA methylation displayed as delta beta values plotted
against P values transformed using -log10(P). (c) Venn diagram displaying the number of overlapping DML and cell-type specific DML identified in CD4+ T cells
and monocyte cells (d-s) Plots demonstrating changes in DNA methylation in AHI Fiebig I (red dots), Fiebig II (blue dots) Fiebig III-V (purple dots) participants
compared to HIV- (green dots) at single CpGs sites related to annotated protein-coding genes displayed in bold italic above CpG ID (cg#) for CD4" T lymphocytes
and monocytes. Significance determined comparing HIV- vs. AHI and using FDR adjusted P-values <0.05.

https://doi.org/10.1371/journal.ppat.1009785.9003

earliest stages of infection in Fiebig stage I displayed alterations to methylation at these DML
similar to later Fiebig stages in both CD4" T lymphocytes and monocytes, suggesting these
AHI-related DNA methylation changes occur rapidly and prior to a robust host immune
response. These data support findings in RV254/SEARCHO010 showing that HIV-1 rapidly
establishes during the earliest stage of AHI (Fiebig I)[16,17]. Moreover, the directionality of
change for the cell-type independent DML associated with AHI (hypo- or hyper-methylation)
was similar in CD4" T lymphocytes and monocytes (Fig 3D-3S). Unsupervised hierarchical
clustering based on these 220 AHI-related DNA methylation differences distinguished the
majority of participants living with AHI from uninfected controls (S2 Fig), further supporting
the suggestion that cell-type independent AHI-related changes to a subset of DNA methylation
loci occur early and for both innate and adaptive immune cell types.

Early initiation of ART during AHI minimally restores DNA methylation
changes in monocytes linked to interferon-related genes and has no impact
in CD4" T lymphocytes

A unique feature of the RV254/SEARCHO010 AHI cohort is the early administration of ART
within 3 days of participant enrollment into the cohort and the multiple biospecimen collec-
tions performed[18], permitting longitudinal study analyses. Thus, we evaluated whether
DNA methylation profiles in monocytes and CD4" T lymphocytes of 21 AHI participants pro-
filed prior to ART initiation were impacted by early initiation of ART by comparing baseline
pre-ART and post-ART timepoints (Fig 4A). In this longitudinal assessment of DNA
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Fig 4. Early initiation of ART during acute infection minimally impacts monocyte cell type-specific differentially methylated loci associated with acute HIV
infection. (a) Diagram of longitudinal experimental design utilized to identify DML-related to ART treatment in purified monocytes. Created with BioRender.com (b)
Venn diagram displaying the overlap of DML between DNA methylation sites identified in monocytes related to AHI and DNA methylation sites identified in monocytes
that changed before and after early initiation of ART during AHI. (c) Heatmap showing the unsupervised clustering of DML at annotated protein-coding genes related to
interferon at pre-ART (aqua color) and post-ART (light blue) timepoints for AHI participants staged at Fiebig I (red color), II (blue color), or III-V (purple color).
Dendrogram shown above. Colors in the heatmap indicate CpG methylation levels (blue to red: low to high methylation levels). (d-o) Plots displaying longitudinal DNA
methylation levels of AHI participants at Pre-ART and Post-ART timepoints by Fiebig stage. Red dots represent individuals in Fiebig I. Significance determined
comparing repeated measures comparison of Pre-ART vs. Post-ART and using FDR adjusted P-values <0.05.

https://doi.org/10.1371/journal.ppat.1009785.9004

methylation, the median days of infection was 16 days for the baseline pre-ART timepoint
examined and 232 days for the post-ART timepoint. All participants were virally suppressed
and were undetectable (plasma HIV-1 Viral Load <50 copies/ml) at the timepoint assayed for
DNA methylation post-ART. We utilized a paired differential methylation analysis and
observed 684 DML for monocytes and 0 DML for CD4" T lymphocytes showing greater than
5% absolute mean differences between pre- and post-ART time points (AB-value > |0.05| and
significant at FDR adjusted P < 0.05 (54 Data). Less than 1% of DML (202 sites) in monocytes
that we had associated with AHI overlapped with DML impacted by the early initiation of
ART (Fig 4B), suggesting ART minimally restored DNA methylation changes to a state pres-
ent in uninfected individuals.
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Our data suggested that early initiation of ART during AHI appeared to have no impact on
CD4" T lymphocytes DNA methylation states within a year of treatment as we did not observe
any significant differences in DNA methylation at the site level comparing pre-ART and post-
ART for the 21 AHI participants. We sought to broaden our analysis of the epigenetic dataset
for CD4+ T lymphocytes based on previous work that has shown DNA methylation levels at a
subset of genomic loci accurately predict age termed the “epigenetic clock”[19] and chronic
HIV-1 infection accelerates epigenetic age by approximately 5 years despite sustained therapy
[13,20]. We calculated epigenetic age acceleration estimates for matched CD4+ T lymphocytes
and monocytes from participants at pre-ART and post-ART timepoints. During pre-ART
AHI, we observed a significantly greater accelerated epigenetic age in CD4+ T lymphocytes
compared to monocytes from the same participants (S3 Fig). ART significantly decreased epi-
genetic aging in the CD4 T cell compartment comparing pre-ART and post-ART epigenetic
age acceleration estimates of participants (S3 Fig). In contrast, we did not observe any signifi-
cant differences in age acceleration from monocytes comparing pre-ART and post-ART time-
points. The median age acceleration in monocytes increased from 3.6 to 5.8 years compared to
7.6 to 3.4 years for CD4+ T lymphocytes at pre-ART and post-ART timepoints. These data
suggest that the epigenetic clock of CD4+ T lymphocytes is rapidly impacted and more vulner-
able compared to monocytes during AHI. Furthermore, a benefit of early initiation of ART
during AHI is lowering epigenetic age acceleration estimates in CD4+ T lymphocytes. Epige-
netic age acceleration assessments in CD4+ T cells and monocytes of uninfected controls were
significantly lower in comparative analyses to pre-ART and post-ART AHI participants (S3
Fig). Our data add to recent findings in whole blood that after 2 years of ART initiation epige-
netic ageing associated with untreated chronic HIV infection is partly reversed [21].

Focusing on the site-specific ART-related monocyte DNA methylation changes identified
in our paired differential methylation analysis, we sought to examine whether ART-related
DNA methylation changes were predominately increases or decreases in DNA methylation
following ART. We observed an equal percentage of DML that became hypermethylated (54%;
371 CpGs) or hypomethylated (46%; 313 CpGs) following ART in monocytes, indicating that
ART did not fully restore the majority hypomethylation phenotype we observed related to
AHI in monocytes (54 Data). We examined whether the DML were enriched in genomic
regions we had identified for monocytes and found a significant enrichment in gene body
(Odds Ratio = 1.4; P = 0.00005) and open sea CpG island regions (Odds Ratio = 2.2;

P =6.06E-21) compared to the expected distribution of methylation sites assayed across the
human genome (S6 Table). The overlap of the 684 DML following ART with a 15 state chro-
matin state model derived from five histone modification marks for primary monocytes
showed a significant enrichment in enhancer states (Enh; Odds Ratio = 10.4; P = 2.01E-176)
and a transcribed state at the 5" and 3’ end of genes showing both promoter and enhancer sig-
natures (TxFlnk; Odds Ratio = 8.9; P = 2.5E-12) (S7 Table). We observed DNA methylation
levels at loci related to interferon-related genes supported by gene ontology enrichment analy-
ses (S8 Table) significantly increased comparing pre-ART and post-ART time points

(P = 1.69E-07), supporting the transcriptional suppression of interferon responses in innate
immune cells following viral suppression due to ART. 14 participants pre-ART could be strati-
fied based on monocytes DNA methylation states related to interferon genes using unsuper-
vised hierarchical clustering (Fig 4C). Examples of restoration of DNA methylation states
associated with ART in monocytes that may vary based on Fiebig stage occurred at regulatory
regions of ADAR (cg06716655), APOBEC3A (cg21345826), IFI27 (cgl0778971), IFI44L
(cg13452062), IFIT3 (cg06188083), IRF7 (cg17114584), MX1 (cg21549285), PARP9
(cg22930808), STATI (cg14551497), TRIM22 (cg26654091, XRCC4 (cg03083216), and USPI8
(cg14293575) (Fig 4D-40). We observed a noticeable degree of variation among participants
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DNA methylation levels at both pre-ART and post-ART time points supporting the observa-
tion of individual differences in DNA methylation setpoints and dynamics at interferon genes
in innate immune monocyte cells during AHI and post-ART (5S4 Data).
Given that we had observed that the majority of DML associated with AHI in monocytes
(22,495 DML, 99%) appeared to be durable methylation states defined by being unchanged
comparing pre-ART and post-ART, we sought to confirm our findings and examined whether
this was apparent in a longitudinal chronic HIV cohort. We chose 12 durable loci associated
with AHI in monocytes and validated these loci in monocytes from a chronic HIV infection
(CHI) Thai cohort that included pre-ART and post-ART biospecimens. Examples of durable
methylation states associated with AHI and CHI in monocytes that were significantly different
compared to uninfected controls but not significant comparing pre-ART and post-ART
occurred at loci related to genes involved in innate immune cell antiviral and inflammation
activity and DNA methylation deposition and erasure: CD36 (cg21369886), CD163
(cg02088041), DNMT1 (cgl8315925), DNMT3A (cgl2399165), EHMT?2 (cg14862260), EZH2
(cg05295594), HDAC4 (cg26673264), RABGAPIL (cg26531432), TET1 (cg08720255), TET3
(cg21855109), TLR3 (cg09295300), and TRIM26 (cg16257013) (Fig 5A-5L). The methylation
state of the Berlin Patient’s monocytes at these loci was more similar to uninfected participants
compared to AHI and chronic HIV. The aberrant DNA methylation states associated with
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AHI in monocytes that are not impacted by the early initiation of ART in AHI nor during
CHI may serve as a therapeutic target for myeloid epigenetic editing strategies.

Monocyte transcription at interferon-related genes during AHI associate
with DNA methylation states and are predominately downregulated
following ART

Based on an integrative analysis with chromatin state data for primary monocytes (CD14+;
E029) from peripheral blood of a healthy donor from the Roadmap Epigenomics project[15],
we observed that 2,361 of the DML we had identified associated with AHI in monocytes
occurred in annotated enhancer, enhancer bivalent, or enhancer genic regions of the genome
(S1 Data), suggesting the methylation differences occurred at regulatory regions of the
genome for primary monocyte cells that would relate to transcriptional changes. Hence, we
used targeted transcriptome profiling of 20,802 genes in monocytes from 17 AHI participants
at pre-ART and post-ART timepoints matching those that we had assayed longitudinal DNA
methylation. The differential expression analyses revealed 557 genes differentially expressed in
monocytes between pre-ART and post-ART at an FDR <0.05 (Fig 6A and S5 Data). The
majority (64%) of differentially expressed genes were downregulated following ART compared
to only 36% upregulated (Fig 6A). Gene expression in monocytes decreased comparing pre-
ART and post-ART for genes including IF127, MX1, CCL2, USP18, IFITM1, PLACS, ISG20,
RSAD2, LGAS3BP, IFITM1, CXCR2P1, and CXCL10 (Fig 6B-6L). Transcriptional upregula-
tion of FCERIA, a gene involved in antigen presentation[22], was identified in monocytes
comparing pre-ART and post-ART (Fig 6M). We observed that AHI participants in Fiebig
stage I (red) showed levels of gene expression at interferon-related genes that did not drasti-
cally change comparing pre-ART and post-ART as in later Fiebig stages (blue and purple)

Log, fold change

2000 IFI27 C S50 mx1 d £ 100 ccL2
- o o o
p - value and log, FC & P=135E-12 I3 P = 1.82E-09 4 P=1.76E-11
§1e00 S 1000 §%
] ] H
£ 1000 £ g0
500
i i & 500 & \ & 100
! 8 O o rosTaRT PREWRT POSTART PREART POSTART @ O PREART POSTART PREART POSTART PREART POSTART (3 O PREART POSTART PREART POSYART PREART POST.
: e Fiebig | Fiebig Il Fiebig lll-V' f Fiebig | Fiebig Il Fiebig I\I-\/g Fiebig | Fiebig Il Fiebig IIl-vV.
i
SeIFITM i s, uUsP18 00 IFITMY o PLAC8
OASL IFIT3 1 a e g 30 P=943F--11
\N” 049759 81 | & P =290E-12 4 P=261E-11 Z =
1) &- = | § 150 5 600 £
‘\ t g 2 22000
> ZBP3—0 | 100 §400 2
& JANKRD2~APOBEC3A ° | g g §1000
XCL 1 w 50 w200 w l\‘
| ! 2 2 2
o ~NM_017654-T17132 : 8 O FreAnT rOSTART PREART POSTART FREART POSTART B O"PREART POSTART PREART POSTART PREART POSTART (& O PREART POSTART PREART POSTART PREART POSTAR
/ C1QA | Fiebig | Fiebig I Febg Iy Fiebig| Fiebig I Fiebiglv = Fiebig | Fiebig I Fiebig Il
@€ o ZRETVT ° 1
LEC1 ! =
S 1GJ | S 200 15620 I £ 1500 RSAD2 £ 1000 LGALS3BP
\ 1DO1 ) 3 P=2.90E-12 g P=1.18E-11 14 P=142E-11
150 € = 800
! S .81000 s
| 3 ] @ 600
| 8100 8 8
1 g S 500 g 400
| & 50 o o
_____ e '\' 2 o 200
g ol g ol § oL >——a
o PRE-ART POST-ART PRE-ART POST-ART PRE-ART POST-ART (D PRE-ART T PRE-ART POST-ART PRE-ART POST-ART PRE-ART POST-ART PRE-ART POST-ART PRE-ART POST-AR]
k Fiebig | Fiebig Il Fiebig IV I Fiebig| Fiebig Il Fiebig Il-V, m Fiebig | Fiebig I Fiebig ll-V
s CXCR2P1 3 CXCL10 s FCER1A
500 Zs00 a0
4 P=261E-11 € P=913E-11 [ P=0.015
T T £600 £ 600 560
0 3 Ba00 Ba00 B0
8 4 8
3 % 200 520
200
o E S 2 o
5 5 5
[} PREART POSTART PREART POSTART PREART POSTART O PREART POSTART PREART POSTART PREART POSTART (B O PREART POSTART PRERT POSTART PREART POSTART

Fiebig | Fiebig I Fiebig IV Fiebig| Fiebig Il Fiebig IV

Fiebig |

Fiebig Il Fiebig IV

Fig 6. Early initiation of ART during acute infection impacts interferon-related gene programs in monocytes. (a) Volcano plot showing gene symbol for top
differentially expressed genes in monocytes comparing pre-ART and post-ART time points. Log fold change plotted against transformed -log10 P value. (b-m) Plots

showing differentially expressed interferon-related genes in monocyte cells by Fiebig stage comparing pre-ART and post-ART timepoints. Fiebig I displayed in red, Fiebig
II displayed in blue, and Fiebig III-V displayed in purple.

https://doi.org/10.1371/journal.ppat.1009785.9006
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Fig 7. Monocyte gene expression associates with DNA methylation levels and clinical parameters during acute HIV infection. (a-d) Correlation matrix plots
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genomic loci. Significant correlations displayed as solid colored boxes (red displayed for negative correlations and blue for positive correlations). Correlation
coefficient displayed.

https://doi.org/10.1371/journal.ppat.1009785.9007

supporting our observations for DNA methylation patterns (Fig 6B-6L). We identified that 79
genes that were differentially expressed in monocytes following ART overlapped with DNA
methylation changes related to ART in AHI (S6 Data), suggesting these genes may be under
epigenetic regulation involving DNA methylation. Correlation analyses showed that transcrip-
tional levels of IFI127 in monocytes during AHI pre-ART significantly associated with DNA
methylation levels, CD4 count, CD4/CDS8 ratio, and viral load (Fig 7A). Transcriptional levels
of MXI in monocytes during AHI pre-ART significantly associated with DNA methylation
levels and CD4 count (Fig 7B). Transcriptional levels of IFITM1 in monocytes during AHI
pre-ART significantly associated with DNA methylation levels and CD4 count (Fig 7C). Tran-
scriptional levels of RSAD?2 significantly associated with DNA methylation levels at a genomic
loci located within 1500 base pairs of the transcriptional start site (Fig 7D). Other notable rela-
tionships between transcriptional levels and DNA methylation levels occurred at genes includ-
ing APOBEC3A, AIM2, STAT1, XRCC4, PDE4B, and USP18 (54 Fig).
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https://doi.org/10.1371/journal.ppat.1009785.9008

DNA methylation patterns in monocytes at the IRF7 gene locus during
AHI associates with longitudinal CD4 cell recovery following ART

A preexisting host epigenetic state and/or epigenetic changes induced during the earliest stages
of AHI may embed a biological memory that could impact longitudinal clinical outcomes
despite the early initiation of ART. We sought to test this hypothesis by examining whether
the DML we had identified associated with AHI in monocytes related to CD4 cell recovery
defined as the fold change following ART up to 96 weeks. As expected, we observed AHI par-
ticipants increased CD4 T cell count comparing pre- (Median CD4 T cell count = 464 cells/
ul) and post-ART (Median CD4 T cell count = 676 cells/uL) time points (P = 0.0001). Sup-
porting our previous observations[23], a subset of participants in all Fiebig stages did not
achieve optimal CD4 cell recovery after ART (Fig 8A-8D). We identified that a monocyte
DNA methylation feature at the IRF7 gene loci (cg17114584) significantly associated with CD4
T cell fold change from Week 0 to Week 96 (r = -0.68, P = 0.0008) (Fig 8E). This relationship
was still significant after controlling for baseline CD4 T cell count (r = -0.45, P = 0.025). Nota-
bly, we did not observe a significant relationship between methylation levels of cg17114584
and CD4 T cell fold change early at Week 12 or at Week 96 when looking at DNA methylation
levels in participants CD4+ T lymphocytes (S5 Fig). IRF7 encodes for a key innate immune
molecule in the type I IFN signaling pathway and has been shown to control HIV-1 replication
in macrophages[24]. These findings support findings showing the dynamic interplay between
the innate immune system and CD4 T cell reconstitution and recent work highlighting mono-
cyte features associating with poor CD4 T cell recovery after suppressive ART in chronically
HIV-1 infected individuals [25].

DNA methylation patterns in monocytes during acute HIV may relate to
unfavorable clinical phenotypes and neurocognitive trajectories 96 weeks
after treatment

The RV254/SEARCHO010 AHI cohort obtains extensive longitudinal clinical outcome mea-
sures including neurocognitive assessments [26-28]. Hence, as a discovery cohort analysis we
sought to examine whether our AHI-associated epigenetic features were predictive of unfavor-
able clinical phenotypes and neurocognitive trajectories after ART. We categorized partici-
pants into those that showed an unfavorable clinical phenotype or achieved a favorable clinical
phenotype after 96 weeks on ART based on fulfilling the following criteria for a favorable phe-
notype: no serious clinical events, VL <20 copies/ml at every visit after week 24, latest CD4 T
cell count greater than 500 cells/mm?, and latest CD4/CD8 T cell ratio greater than 1 [29-33].
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We identified that 11 AHI participants achieved a favorable clinical phenotype and 10 were
unfavorable at week 96. We combined the 22,771 DML associated with AHI from monocytes
and CD4" T lymphocytes with clinical features (pre-ART CD4, CD8 T cell count, CD4/CD8 T
cell ratio, viral load, and estimated days of infection) and utilized both a logistic regression
with interaction features and gradient boosting machine learning method with a five-fold
cross validation with five repeated trials (a total of 25 validation trials) to identify pre-ART
AHI-related and/or host epigenetic features that predicted a favorable clinical phenotype at
week 96. We identified that specific monocyte DNA methylation features (cg18665816,
cg00817464, cg01522525, cg19451584, cg08430157, cg10125894, cg11412793, cg02486855,
g24828811, cg10169393, cg24460048, 02486855, cg24460048, cg24680439, cg03645661, and
cg11412793) interacting with well-known clinical features of CD4 T cell count and CD4/CD8
T cell ratio predicting a AHI Thai participant having a favorable clinical phenotype at week 96
post-ART in both models (Fig 9A and 9B). The performance metrics of both gradient boost-
ing machine learning and logistic regression with interaction features were comparable with
area under the receiver operating characteristic curve above 0.8 in the validation dataset (Fig
9C). Of note, CD4" T lymphocytes DNA methylation features, estimated duration since expo-
sure, baseline CD8 count, and baseline viral load were not identified as significant features to
predict unfavorable outcomes at week 96 following ART in AHI. This discovery epigenetic
host feature set of predictive favorable clinical phenotypes following ART warrants investiga-
tion at longer post-ART time intervals and in other AHI cohorts with extensive longitudinal
clinical outcome data collection.

Our previous research in the RV254 cohort showed that cognitive performance improves
after treatment in AHI and the trajectory of improvement varies between participants[26].
Hence, we sought to examine whether AHI participants cognitive trajectories after ART could
be tracked based on baseline pre-ART AHI-associated epigenetic features derived from spe-
cific immune cell types. Seventeen participants that had matching monocytes and CD4" T
lymphocytes DNA methylation datasets had undergone a comprehensive neuropsychological
test battery longitudinally permitting the assessment of neuropsychological tests performance
between baseline and 96 weeks following ART (see Materials and Methods). We dichotomized
9 participants into a high performing neurocognition group and 8 participants in a low per-
forming neurocognition group based on the change in global neuropsychological tests z-scores
(NPZ global) over 96 weeks on ART being greater than or less than the median NPZ global for
the group. Using our cell-type epigenetic DNA methylation and clinical data feature set and a
logistic regression with interaction features and gradient boosting machine learning method
with a five-fold cross validation with five repeated trials (a total of 25 validation trials), we
examined which pre-ART AHI features tracked with a low or high performing neurocognitive
trajectory at 96 weeks post-ART. Both AHI-associated DML in monocytes (cg26182313,
g01435188, cgl6856425, cg21196942, cg03512511, cg14582248, cg05844366, cg03773183,
cg19568022, cg19305879) and CD4" T lymphocytes (cg18150468, cg01783894, and
cg05844366, and cg07442950) were identified as significant features tracking participant’s
neuropsychological performance following ART in both models (Fig 9D and 9E). Clinical fea-
tures including baseline CD4 T cell count, baseline CD8 T cell count, baseline CD4/CD8 T cell
ratio, estimated duration since exposure, and baseline viral load were not identified as signifi-
cant features to predict neuropsychological performance at week 96 following ART in AHI.
Performance metrics of both gradient boosting machine learning and logistic regression with
interaction features were comparable with area under the receiver operating characteristic
curve above 0.9 in the validation trial dataset (Fig 9F). This discovery analysis suggest the util-
ity of assessing host DNA methylation states to monitor brain health in HIV infection and
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Fig 9. DNA methylation features associated with AHI in monocytes and CD4" T lymphocytes predict favorable clinical phenotypes and neurocognitive
performance following ART. (a-b) Feature importance plots of gradient boosting machine learning and logistic regression models with interaction features for
predicting favorable clinical phenotype at week 96 post-ART utilizing cell-type specific DNA methylation measures and clinical parameters (estimated days of
infection, viral load, CD4 count, CD8 count, and CD4/CD8 ratio) during viral establishment in AHI prior to ART initiation. (c) Receiver operating characteristic
curve showing performance of classification models (area under curve AUC) in discovery AHI DNA methylation feature set. (e-f) Feature importance plots of
gradient boosting machine learning and logistic regression models with interaction features for predicting neurocognitive performance trajectory at week 96 post-
ART. (g) Receiver operating characteristic curve showing performance of classification models.

https://doi.org/10.1371/journal.ppat.1009785.9009

support recent work highlighting the utility of DNA methylation in relationship to structural
brain alterations observed in adolescents perinatally infected with HIV[34].

Discussion

In this study, we examined the earliest in vivo effects associated with AHI on the epigenetic
mechanism DNA methylation in purified cell-sorted peripheral monocytes and CD4" T lym-
phocytes. Our findings reveal that significant differences in DNA methylation associated with
AHI occur early in peripheral monocytes and CD4" T lymphocytes. Notably, we observed that
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monocytes contain a markedly higher frequency of DML associated with AHI compared to
CD4" T lymphocytes. We observed that DNA methylation patterns at interferon-related genes
in monocyte cells associate with plasma viremia, CD4 T cell count, and Fiebig stage of infec-
tion, highlighting the utility of patient specific epigenetic signatures as biomarkers. Addition-
ally, we examined whether early treatment with ART initiated during AHI was associated with
restorative changes in methylation profiles. Despite early treatment in these individuals, most
DML observed during AHI were not restored to levels observed in uninfected controls. Of
note, we found that early treatment was beneficial for reducing an epigenetic biomarker of
accelerated aging in CD4+ T lymphocytes. Our data provide important evidence that the early
host epigenetic changes related to AHI in HIV-1-relevant purified immune cell populations
are minimally impacted by the early initiation of ART. Lastly, we identify that specific methyla-
tion states of monocytes during AHI link to important clinical states as measured by viral load
burden, CD4 count, CD4/CD8 T cell ratio, longitudinal CD4 T cell recovery, favorable clinical
phenotypes after ART, and neurocognitive performance trajectories after ART. Together, this
discovery epigenetic dataset of AHI has important implications for HIV viral persistence, HIV
cure strategies, and suggest determining epigenetic signatures prior to ART to guide precision
HIV medicine.

The RV254/SEARCH 010 AHI cohort has revealed that ART initiated during acute HIV-1
infection rapidly decreases viral burden[35], limits virologic failure[36], and reduces viral res-
ervoir size [16]. Despite the benefits of initiating ART at the earliest time possible following
HIV-1 infection, other study findings from RV254/SEARCH 010 show that suboptimal CD4 T
cell recovery still occurs in a small subset of individuals[23], early ART treatment during AHI
only partially mitigates systemic immune inflammation[37], and rapid HIV RNA rebound
occurs after ART interruption in individuals durably suppressed at the earliest stages of AHI
[17]. Our findings add to previous work by suggesting that DNA methylation states in both
monocytes and CD4" T lymphocytes are rapidly impacted during AHI and initiating ART at
the earliest time possible following HIV-1 infection does not mitigate the majority of changes
to the host immune cellular epigenome. Whether HIV-1 targets monocytes and CD4" T lym-
phocytes DNA methylation for viral persistence to evade immune detection and clearance dur-
ing analytic treatment interruption in AHI remains an unknown question warranting
investigation.

Our study findings support the hypothesis that HIV-1 infection rapidly compromises the
epigenetic machinery of immune cells*. These findings also support a growing body of evi-
dence demonstrating that the host epigenome is drastically impacted by HIV-1 infection and
is associated with disease progression[14,38]. Previous studies utilizing comparative genome-
wide DNA methylation profiling of blood from chronically infected individuals living with
HIV have identify distinct DNA methylation signatures associated with chronic HIV[7] and
HIV-related comorbidities and coinfections [8-11]. Longitudinal human DNA methylation
studies of HIV in specific cell-types are rare and no study has examined DNA methylation
states of individuals at the earliest stages AHI. Our study contributes to the epigenetic HIV-1
literature and advances previous DNA methylation profiling studies of HIV-1 by contributing
the following: 1. A genome-wide DNA methylation dataset of AHI with participants identified
at the earliest point in infection (Fiebig I); 2. A cell type specific genome-wide DNA methyla-
tion dataset of AHI from cell sorted monocytes and CD4" T lymphocytes; and 3. Longitudinal
data of AHI following the initiation of ART with clinical outcome measures.

The most distinct DNA methylation signal associated with acute HIV infection in mono-
cytes appeared related to the interferon alpha inducible protein 27 (IFI127) gene. IF127 codes
for a protein that is involved in type-I-interferon-induced apoptosis and antiviral activity. Pre-
vious research shows that IF127 gene expression is elevated in monocytes from HIV-

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 16/29


https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

suppressed HCV coinfected compared to HCV mono-infected participants[39] and in vitro
infection of monocyte derived macrophages with HIV-1 downregulates IFI27 gene expression
[40]. Our findings demonstrate that the methylation state of the IFI27 gene loci taken from
monocyte cells during AHI was able to inform 4 key features. First, the Fiebig stage of a partici-
pant could be inferred by examining whether demethylation had occurred at this loci, with
Fiebig I methylation appearing more similar to uninfected controls than later Fiebig stages.
Second, we found that the plasma viral load associated with the methylation level of IFI27.
Third, the methylation level of IFI27 changed concurrent with ART HIV-1 viral suppression
and restored to uninfected control levels for those individuals in Fiebig stages II-V that had
demethylated their loci in response to HIV-1 viral detection by monocyte cells. Fourth, the
level of methylation at IFI27 significantly associated with gene expression levels of IFI27 in
monocytes. Our data also adds to previous research in the setting of chronic HIV that showed
higher gene expression of IFI127 in people living with HIV-1 above 40,000 copies/ml relative to
those than less than 40,000 copies/ml and positive associations with viral load and apoptosis
modulation[41-44]. These findings also demonstrate the powerful utility of studying cell type-
specific epigenetic patterns in the setting of AHI and highlight methylation patterns of inter-
feron genes as a notable feature to study during the earliest stages of HIV-1 infection and lon-
gitudinally following ART.

The role of interferons in HIV-1 disease progression has been a controversial and compli-
cated topic highlighted by Utay and Douek [45]. Our DNA methylation findings in the setting
of AHI may provide some additional insight to the HIV-1 interferon debate. Utay and Douek
highlighted that the precise timing of type I IFN signaling in AHI is critical to determining
clinical outcomes as insufficient IFN signaling during the first week of infection in an SIV
infection model results in disease progression[46], and no study has boosted type I IFN signal-
ing during acute HIV infection to examine whether this limits the reservoir. Our findings
revealed that DNA methylation states at interferon genes appeared to relate to Fiebig stage and
viral sensing by monocyte cells. DNA methylation loss related to the level of gene transcription
and viral load in monocytes for interferon genes suggests that demethylation at interferon
genes was time-dependent during AHI and that this process would likely relate to innate
immune antiviral defense function against HIV-1. Moreover, we observed that early initiation
of ART restored DNA methylation of interferon genes in monocytes and thus shut off gene
transcription and innate immune antiviral defenses against HIV-1. Given the rapidly advanc-
ing field of epigenetic editing and the ability to manipulate DNA methylation levels at specific
genomic loci[47,48], we speculate that a cure approach might attempt to simultaneously initi-
ate ART and manipulate the timing of DNA methylation states at interferon genes during
AHI, which would lead to maintaining prolonged interferon signaling in innate immune cells.
This approach may further limit the HIV-1 reservoir establishment and possibly induce long-
term viral control. Epigenetic editing of the host remains understudied in HIV-1 cure.

Our findings suggest that HIV-1 rapidly embeds an indelible epigenetic memory in key
innate and adaptive host immune cells during AHI poised for transcriptional dysregulation
and immune dysfunction. Recent transcriptomic analyses of the RV144 vaccine trial revealed
that in participants of the HIV-1 negative vaccine groups type I interferons that activate the
IRF7 antiviral program and type II interferon-stimulated genes were associated with a reduced
risk of HIV-1 acquisition [49], suggesting that the regulation of IRF7 gene is a key mediator of
HIV-1 protection and potentially of progression. Our monocyte methylation data in AHI fur-
ther highlight the function of the IRF7 gene in HIV-1 infection, provide additional evidence
that the IRF7 plays a key role during the earliest stages of HIV-1 infection, and suggest that
DNA methylation plays a key role in regulation IRF7 gene activity. Of note, previous work
showed that IRF7 controls HIV-1 replication in macrophages[24] and monocyte
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differentiation to macrophages requires IRF7[50], suggesting that IRF7 is a master regulator of
both type I interferon-dependent immune responses and dynamics of monocyte-to-macro-
phage differentiation. We observed that DNA methylation was loss at a regulatory region of
the IRF7 gene in association with AHI. Moreover, the level of DNA methylation at this regula-
tory region of the IRF7 gene significantly was associated with the participants CD4 count and
CD4/CD8 ratio matching the assayed methylation timepoint. These findings suggest that the
level of methylation at IRF7 in monocytes is a valuable biomarker of immune status and may
provide a potential epigenetic target for approaches to increase viral defense prior to and dur-
ing the earliest stages of infection, potentially leading to viral eradication.

We were struck by the contrast between the extent of DNA methylation changes we
observed in monocytes compared to CD4" T lymphocytes. We detected an approximately
7,343% increase in the number of differentially methylated loci in monocytes compared to
CD4" T lymphocytes. Moreover, we found that ART had no impact on CD4" T lymphocytes
site-specific DNA methylation levels comparing pre-ART to post-ART time points for all AHI
participants ranging across Fiebig I to V stages. In contrast, monocytes had significant differ-
ences in a small fraction of DML (0.89% of CpGs associated with AHI) following the early ini-
tiation of ART during AHI. These findings support the major role of the innate immune
system’s viral recognition and immune activation during the early stages of HIV pathogenesis
leading to substantial epigenetic remodeling and innate immune cell transcriptional program
activation[51]. We did identify 294 DML sites in CD4" T lymphocytes that were associated
with AHI at host genes such as EZR, MDM2, and PIK3C2A that play a role in viral activity sug-
gesting that HIV-1 may be modifying CD4" T lymphocytes DNA methylation states to pro-
mote viral infection and replication. Additionally, we found that epigenetic age was
significantly accelerated in CD4+ T lymphocytes compared to monocytes. We expect that
more dramatic changes to DNA methylation states would likely have been observed in infected
CD4" T lymphocytes which represent a small fraction of all CD4" T lymphocytes. Yet overall,
there is a less dramatic modulation of DNA methylation in CD4" T lymphocytes associated
with AHI compared to monocyte cells.

A key feature of specific DNA methylation patterns is that these signatures are cell-type spe-
cific. This information has largely been utilized to deconvolute cell type proportion estimations
from heterogenous cell populations that have been assayed for DNA methylation profiles
[52,53]. Additionally, studies have utilized cell-type specific DNA methylation to develop bio-
informatic algorithms intended to correct for cell-type heterogeneity in epigenome-wide asso-
ciation studies[54]. Our study sought to minimize cell-type heterogeneity by profiling purified
monocytes and CD4" T lymphocytes. This allowed us to identify both cell type-specific and
cell type-independent DML associated with AHI in CD4" T lymphocytes and monocytes. We
found that 220 CpGs cell-type independent DML that related to AHI and overlapped in both
CD4" T lymphocytes and monocytes. The hypomethylation or hypermethylation state at these
DML related to AHI was consistent in both cell types and apparent as early as Fiebig I, suggest-
ing that these regions of the genome may be altered systemically and very early during infec-
tion. Monocyte and CD4+ T lymphocyte cell subset differences beyond the resolution of
current deconvolution algorithms and defined cell populations are likely involved in a portion
of the AHI-related DNA methylation changes. Single cell bisulfite sequencing methods are not
feasible across many participants in current clinical cohorts; however, this approach would
enhance the resolution at which DNA methylation changes associated with AHI could be
linked to specific cells[55]. We have included our uninfected Thai control participants DNA
methylation data from CD4+ T cells and monocytes to contribute to efforts to identify marker
CpG sites for cell types.
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A noted feature of the RV254 AHI cohort is the longitudinal assessment and biospecimen
collection of participants following the immediate initiation of ART[18]. For the participants
we had assayed DNA methylation levels at study entry during acute HIV infection, we had lon-
gitudinal CD4 T cell count data at seven timepoint up to 96 weeks. Hence, we were able to
show that the levels of methylation related to the IRF7 gene in monocyte cells significantly
associated with a participant’s CD4 T cell count fold change controlling for baseline CD4 T
cell count at all 7 time points following initiation of ART out to 96 weeks. Previous work had
shown that initiation of ART during a 4 month time window after HIV-1 infection was associ-
ated with an enhanced likelihood of CD4" T lymphocytes counts and CD4" T lymphocytes
being preserved with early therapy independent of seroconversion status [56,57]. Our data
suggest that personalized epigenetic and functional changes to monocyte cells during acute
HIV-1 infection may be an important factor in CD4 T cell recovery in the setting of HIV-1.
Indeed previous work has suggested that monocyte-related biomarkers markers relate to poor
CD4 T cell recovery [58,59]. The interplay between myeloid cells and CD4" T lymphocytes in
HIV-1 and the role of epigenetic mechanisms and implications for risk stratification and ther-
apy should receive further study.

Different factors may drive the persistence of DNA methylation changes in monocytes fol-
lowing ART during AHLI. First, there is the possibility that HIV-1 permanently alters DNA
methylation in myeloid progenitor cells in the hematopoietic stem cell compartment by viral
integration that continually replenish circulating monocytes. Insertion of a provirus has been
shown to change the methylation pattern of the host DNA[60]. This concept is controversial
despite early research showing that HIV-1 infects purified progenitor cells[61] and occurs in a
subset of individuals[62]. Second, the milieu of HIV-1 infection may persist and provide an
environment that monocyte cells DNA methylation patterns related to AHI is maintained.
This hypothesis would involve HIV-1 persistently inducing a host epigenetic enzyme. Prior
work has shown that HIV-1 proteins including Tat, Rev, and Nef have been shown to induce
DNMT1 promoter activity which would impact DNA methylation levels[1]. These proteins
may also modulate the epigenetic activation or repression of other host genes leading to an epi-
genetic memory maintained by DNA methylation. Additionally, HIV-1 proteins such as enve-
lope glycoprotein 120 (gp120) persist following ART and have been shown to induce
phenotypic changes of monocytes likely involving DNA methylation alterations and transcrip-
tional changes[63]. Whether initiation of a different ART regimens such as one based on inhi-
bition of viral proteins such as a gp120 inhibitor would lead to a more restorative epigenetic
state should be evaluated.

Cure strategies for HIV have been challenging and to date only a few people including the
Berlin Patient[64] have been cured through arduous non-ART therapeutics. Notably, the few
successful HIV cure cases have focused on distinct host genetic features. Epigenetic features of
the host have been understudied in HIV-1 cure. We have included the Berlin Patient’s DNA
methylation landscape as a reference dataset to inform future studies that seek to examine
unique epigenetic host features of individuals who have successfully cleared virus through
non-ART therapies. Hence, we believe that charting the epigenetic landscape of distinct
immune cells of diverse hosts at different stages of HIV infection will be critical to achieving
future cure strategies for HIV-1.

A limitation of this study is the small number of participants identified in the Fiebig I stage
of infection precluded a detailed analysis by Fiebig stage. Identification of individuals this early
during the course of AHI is challenging. The Fiebig I stage is the earliest stages of acute HIV
infection characterized by detectable HIV RNA in plasma but negative detection of HIV-1 in
standard diagnostic tests relying on the p24 antigen and HIV-1 antibodies. Despite the limited
sample size for individuals in Fiebig I of AHI, our data provide insights into unique epigenetic
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signatures related to Fiebig I related to the host innate immune response and viral sensing.
Previous findings have shown that Fiebig I was associated with significantly lower viral and
proviral burden and less immune activation [65]. Moreover, Fiebig I participants in the RV254
cohort were shown to have better CD4" T lymphocytes counts and CD4/CD8 T cell ratios
compared to Fiebig II-V individuals. An additional limitation is the lack of longitudinal sam-
ples from participants before and after HIV-1 exposure including post-ART timepoints. DNA
methylation data from this design would refine the identification of DNA methylation changes
due to HIV-1 exposure. Lastly, we also acknowledge that our conclusions were obtained by
only studying male AHI participants enrolled in the prospective SEARCHO010/RV254 cohort
study in Bangkok, Thailand (clinicaltrials.gov NCT00796146). Additional studies are needed
to chart sex differences in the DNA methylation landscape of immune cells during AHI and
also across HIV-1 clades.

In summary, our epigenetic data provide compelling new information on the earliest host
pathogen interaction in key immune cell types during AHI. These findings are relevant to the
issue of events during the very early acute HIV-1 period. The cell-type specific epigenetic “hot-
spots” associated with acute HIV-1 infection we have identified warrant consideration as can-
didates for epigenome editing approaches in HIV-1 prevention, treatment, and cure. Whether
the interindividual epigenetic differences account for individuals’ susceptibility to HIV-1
infection, response to HIV vaccines, and set point following HIV-1 infection also should be a
future research direction. Further, discovery of immune-epigenetic predictors of HIV-1 patho-
genesis and sequelae open opportunities for novel therapeutic targets.

Materials and methods
Ethics statement

The RV254/SEARCHO10 study (NCT00796146) was approved by the Institutional Review
Boards (IRBs) of Chulalongkorn University, Walter Reed Army Institute of Research
(WRAIR), University of California at San Francisco (UCSF), Weill Cornell Medicine, Yale
University, University of Hawaii (UH), University of Texas Medical Branch at Galveston,
University of Sydney, and Centre Hospitalier de 'Université de Montréal Le Comité
d’Ethique de la Recherche. The RV304/SEARCHO013 study (NCT01397669) was approved by
the IRBs of Chulalongkorn University, Walter Reed Army Institute of Research (WRAIR),
University of California at San Francisco (UCSF), and Yale University. The SEARCHO11
study (NCT00782808) was approved by the IRBs of Chulalongkorn University, University of
California at San Francisco (UCSF), and University of Hawaii (UH). Initiation of ART was
voluntary and done as part of enrollment. All participants gave written informed consent for
all the studies detailed above.

Study participants

Specimens from acute HIV-1-infected individuals from the RV254/SEARCHO10 study in
Bangkok Thailand (clinicaltrials.gov identification NCT00796146) and uninfected healthy
individuals from the RV304/SEARCHO13 study (clinicaltrials.gov identification
NCT01397669) were included in this study. The RV254/SEARCHO10 cohort identifies acutely
infected individuals by pooled nucleic acid testing using either Roche Amplicor v 1.5 ultrasen-
sitive assay with a lower quantitation limit of 50 copies/ml (Roche Diagnostics, Branchburg,
NJ, USA) or Aptima HIV-1 RNA qualitative assay with a lower quantitation limit of 30 copies/
ml (Gen-Probe Inc., San Diego, CA, USA) and 4™ generation immunoassay that walk in seek-
ing volunteer counseling and testing at The Thai Red Cross Anonymous clinic. Participants
identified as HIV-infected are categorized in Fiebig stages I (HIV-1-RNA+, p24 Ag-, HIV-1
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IgM-) through Fiebig II-V (HIV-1-RNA+, p24 Ag + or -, HIV-1 IgM-or +). Participants initi-
ated ART within three days of study entry (S9 Table). Participants had neuropsychological
performance assessed by a neuropsychological battery administered by nurses and research
staff who had completed training and qualifying certification tests conducted annually under
the direction of a clinical neuropsychologist. The battery included tests that measured fine
motor speed and dexterity (non-dominant hand Grooved Pegboard test; GPB; Lafayette
Instrument Company, Lafayette, USA), psychomotor speed (Color Trails 1 and Trail Making
AJ66]) and executive functioning (Color Trails 2[66]). Raw scores were converted to age-, edu-
cation-, and sex-adjusted standardized z-scores using Thai normative data[67], which were
then averaged to create an overall performance score (NPZ).

The study was approved by the institutional review boards (IRBs) of Chulalongkorn Uni-
versity in Thailand and Walter Reed Army Institute of Research in the United States.

Specimens for the Chronic HIV-infected validation cohort were obtained from the
SEARCHOL11 cohort (clinicaltrials.gov identification NCT00782808). SEARCHO11 enrolled
chronically HIV-infected participants who were ART-naive and met criteria for initiating ther-
apy according to the Thai Ministry of Health guidelines.

Purification of monocytes and CD4" T lymphocytes and nucleic acid
isolation

Viably cryopreserved peripheral blood mononuclear cells (PBMC) were stored in liquid nitro-
gen and thawed in RPMI 1640 medium (Hyclone, Logan, Utah, USA) containing 10% heat-
inactivated fetal-bovine serum (Hyclone) following established protocols[9]. Cells were stained
with propidium iodide (Life Technologies), anti-CD16 Brilliant Violet 421 (Clone 3G8), anti-
CD14 BV605 (Clone M5E2), anti-CD3 BV711 (Clone OKT3), anti-CD4 FITC (Clone OKT4),
anti-CD7 PE (Clone 6B7), anti-CD11b PerCp/PerCPCY5.5 (Clone ICRF44), anti-CD19
PE-Cy7 (Clone S]J25C1), anti-CD20 PE-Cy7 (Clone 2H7), anti-HLA-DR APC (Clone G46-6).
The gating strategy for identification of total monocytes and CD4+ T cells was according to
previous reports''. Briefly, monocytes were identified by excluding dead cells, lymphocytes
(CD3+), and B Cells (CD19+ or CD20+). Monocytes were isolated as HLA-DR+CD11b+ and
CD14+ and CD16+ expression. CD4" T lymphocytes were isolated from the CD3+, CD7+,
and CD4+ population of cells. DNA and RNA were isolated from sorted total monocytes and
CD4" T lymphocytes using the AllPrep DNA/RNA kit (Qiagen) according to the manufactur-
er’s recommendations for cells. Nucleic acid concentrations were determined using the Qubit
DNA Broad Range or RNA Broad Range fluorescence assays (Life Technologies) and Qubit
Instrument (Life Technologies).

Cell-type specific genome-wide DNA methylation profiling

500 ng of DNA per FACS sorted sample (monocytes or CD4+ T cells) were bisulfite converted
using the EZ DNA Methylation kit (Zymo Research) according to the manufacturer’s instruc-
tions. Bisulfite-converted DNA samples were randomly assigned to a chip well on the Infinium
HumanMethylationEPIC BeadChip, amplified, hybridized onto the array, stained, washed,
and imaged with the Illumina iScan SQ instrument to obtain raw image intensities at the Uni-
versity of Hawaii Cancer Center Genomics Shared Resource.

Genome-wide DNA methylation analyses

Raw Methylation EPIC array IDAT intensity data (Data is available at GEO under the acces-
sion number GSE180130) was loaded and preprocessed in the R statistical programming lan-
guage (http://www.r-project.org) using The Chip Analysis Methylation Pipeline (ChAMP,
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version 2.8.3)[68]. IDAT files were loaded using the champ.load function. All samples passed
quality control metrics. Comprehensive filtering was applied to the dataset for probes with
detection P-values <0.01, all non-CpG probes, previously published SNP-related probes,
multi-hit probes, and probes on sex chromosomes. Methylation beta-values ranging from 0-1
(corresponding to unmethylated to methylated signal intensity) for each sample were normal-
ized using the BMIQ function implemented in the ChAMP pipeline. Differential methylation
analysis was conducted on the site level using linear models employed in the limma R package
[69]. To identify differentially methylated loci associated with AHI, we compared baseline
AHI samples and uninfected control samples. Sites were identified as significant (p<0.05) and
filtered for sites based on a biological cut-off with absolute methylation differences greater
than 5% (AB-value) between groups. DML were annotated using the EPIC array R package
annotation IlluminaHumanMethylationEPICanno.ilm10b4.hg19 [70]. CMplot was utilized to
generate single track rectangular-Manhattan plots of DML for monocytes and CD4+ T lym-
phocytes associated with AHI[71]. The EnhancedVolcano R package was utilized to generate
volcano plots of DML associated with AHI [72]. Heatmaps were generated using the pheatmap
R package [73]. The EWAS toolkit was used for identifying enriched and depleted genomic
locations and enriched and depleted histone modifications and chromatin states at DML asso-
ciated with AHI[74]. Genomic location enrichment analyses included 13 genomic location cat-
egories based on the DML location relative to both annotated genes (5UTR, 1stExon,
TSS1500, TSS200, 3’UTR, Intergenic, Body, Island) and CpG islands (N_shelf, N_shore, Open-
Sea, S-Shelf, S_Shore). Chromatin state and histone modification enrichment used epigenetic
data for primary monocytes and T cells from the Roadmap Epigenomics Project[15] that
included (DNase, H2A, H3K27ac, H3K27me3, H3K4mel, H3K4me2,H3K4me3, H3K79me2,
H3K9ac, H3K9me3, and H4K20mel). The Gene Ontology (GO) and KEGG enrichment anal-
yses of DML used the gometh function in the missMethyl package that controls for the number
of probes per gene and multi-gene related probes[75]. For feature selection to identify DNA
methylation features associated with a favorable clinical phenotype, we focused on baseline
pre-ART DNA methylation associated with AHI in monocytes (22,697 loci) and CD4+ T lym-
phocytes (294 loci) and included clinical parameters of CD4 count, CD8 count, CD4/CD8
ratio, viral load, and estimated days of exposure. We used models that allowed for up to 2-way
interactions among input features and used a 5-fold cross validation with multiple repeats
(total of 25 validation trials). Accuracy from the ROC analyses were averaged across the valida-
tion trails and served as the final metric of model performance. Classification accuracy (AUC)
was also examined using logistic regression to serve as a benchmark comparison to the GBM
models.

DNA methylation epigenetic age parameters were calculated using Horvath’s web-based
DNAm age calculator tool[19,76]. Epigenetic age acceleration of CD4+ T lymphocytes and
monocytes for AHI and control participants was calculated using the difference between calcu-
lated Horvath’s DNAmAge and biological age.

Gene expression

100 ng of total RNA from monocyte cells was utilized for gene expression profiling on Ampli-
Seq Transcriptome Human Gene Expression Panel for Illumina. Libraries were sequenced on
an Illumina NextSeq instrument. We obtained an average of 17.8 million paired end reads per
sample with 95.3% of reads aligned over target coding gene regions. Gene expression data was
filtered by removing lowly expressed genes and differential gene expression utilized the edgeR
package[77].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 22/29


https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

Statistical analysis

Plots were drawn using GraphPad Prism software. Differential methylation analyses utilized a
linear model implemented in the limma package[78] and did not utilize cell proportion correc-
tion methods due to cell-sorted data. Statistical significance of genomic location and chroma-
tin state and histone modification enrichment analyses used a hypergeometic test to calculate a
Pvalue and odd ratio. Gradient boosted multivariate regression and logistic regression analy-
ses used SciPy[79] to identify DNA methylation features associated with a favorable clinical
phenotype and neurocognitive trajectory. Gene expression analyses on count data utilized
Empirical Bayes methods and a P-adjusted value calculated using the FDR method. Correla-
tions were assessed using the Spearman test.

Supporting information

S1 Fig. AHI-related DNA methylation changes in monocytes and CD4+ T lymphocytes. a.
Manbhattan plot of differentially methylated loci associated with AHI identified in monocytes
and b. CD4+ T lymphocytes. c. Distribution plots of percent of hypo- and hyper-methylated
sites and annotated genomic locations of DML in monocytes and d. CD4+ T lymphocytes.
(DOCX)

S2 Fig. Unsupervised hierarchical clustering of 220 cell type independent DML. Hyper-
methylated sites displayed as red and hypo-methylated site displayed as blue. Manhattan dis-
tance.

(DOCX)

S3 Fig. Epigenetic age acceleration of CD4+ T lymphocytes and monocytes in uninfected,
AHI pre-ART, and AHI post-ART participants. a. Bar graph showing mean +SEM epige-
netic age acceleration calculated by DNAmAge-Biological Age (Years) in CD4+ T cells (white
bar) and monocytes (solid bar) at pre-ART and post-ART timepoints for AHI participants. b.
Bar graph showing mean +SEM epigenetic age acceleration calculated by DNAmAge-Biologi-
cal Age (Years) in CD4+ T cells (white bar) and monocytes (solid bar) in uninfected control
participants. c. Bar graph showing mean +SEM epigenetic age acceleration calculated by DNA-
mAge-Biological Age (Years) in CD4+ T cells (white bar) in uninfected participants, AHI pre-
ART, and AHI post-ART. d. Bar graph showing mean +SEM epigenetic age acceleration calcu-
lated by DNAmAge-Biological Age (Years) in monocytes (white bar) in uninfected partici-
pants, AHI pre-ART, and AHI post-ART. * P< 0.05, **P<0.01. Statistical significance tested
using ANOVA with post hoc testing.

(DOCX)

S4 Fig. Associations of monocyte transcription, DNA methylation, and clinical immune
and viral measures. Correlation plot of AHI participant’s baseline CD4 count, CD4/CD8
ratio, log10 viral load, and site-specific DNA methylation levels related to a. APOBEC3A, b.
AIM2, c. STATI, d. XRCC4, e. PDE4B, and f. USP18 genes. Positive correlations displayed in
blue and negative correlations in red. Correlation coefficient shown in box.

(DOCX)

S5 Fig. Association between CD4 T cell fold change of participants from baseline to post-
ART timepoint and DNA methylation level of CpG related to the IRF7 gene. Fiebig I dis-
played in red, Fiebig IT in blue, and Fiebig III-V in purple color. Left panel shows the relation-
ship to CD4 fold change calculated for AHI participants at Week 12 post-ART and right panel
shows CD4 fold change calculated for AHI participants at Week 96 post-ART. Correlative data

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 23/29


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s005
https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

presented is not corrected for baseline CD4 count.
(DOCX)

S$1 Table. Genomic Location Enrichment of Top 1000 DML in Monocytes Associated with AHI.
(DOCX)

$2 Table. Chromatin State of Top 1000 DML in Monocytes Associated with AHI.
(DOCX)

$3 Table. Gene Ontology Enrichment of Top 1000 DML in Monocytes Associated with AHI.
(DOCX)

S$4 Table. Genomic Location Enrichment of 294 DML in CD4 T Cells Associated with AHI.
(DOCX)

S5 Table. Chromatin State of Top 294 DML in CD4 T Cells Associated with AHI.
(DOCX)

S6 Table. Genomic Location Enrichment of 684 DML in monocytes following ART.
(DOCX)

$7 Table. Chromatin State of 684 DML in Monocytes following ART.
(DOCX)

S8 Table. Gene Ontology Enrichment of 684 DML in monocytes following ART.
(DOCX)

S9 Table. AHI Participants ART treatments.
(DOCX)

S1 Data. Differentially methylated loci associated with AHI in monocytes.
(XLSX)

$2 Data. Differentially methylated loci associated with AHI in CD4+ T lymphocytes.
(XLSX)

$3 Data. Overlap of differentially methylated loci associated with AHI in monocytes and
CD4+ T lymphocytes.
(XLSX)

$4 Data. Differentially methylated loci following ART in monocytes.
(XLSX)

S5 Data. Gene expression of monocytes pre- and post-ART in monocytes.
(XLSX)

S6 Data. 79 genes that overlapped in DNA methylation and gene expression dataset for
monocytes pre-ART and post-ART in AHI.
(XLSX)

$7 Data. Uninfected control DML between CD4+ T cells and monocytes.
(XLSX)

Acknowledgments

We would like to thank study participants in RV254/SEARCHO010, RV304/SEARCHO013, and
SEARCHO11 and staff from the Institute of HIV Research and Innovation, Chulalongkorn

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 24/29


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s017
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s018
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s019
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s020
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009785.s021
https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

University, and AFIRMS for their valuable contributions to this study. STUDY GROUP
MEMBERS: The study group members include the following: from SEARCH/Institute of HIV
Research and Innovation, Nipat Teeratakulpisarn, Nitiya Phanuphak, Duanghathai Sutthi-
chom, Somprartthana Rattanamanee, Peeriya Prueksakaew, Sasiwimol Ubolyam, Pacharin
Eamyoung, Suwanna Puttamaswin, Putthachard Karnsomlap, Tassanee Luekasemsuk, Jintana
Intasan, Khunthalee Benjapornpong, and Nisakorn Ratnaratorn; from AFRIMS, Robert J.
O’Connell, Rapee Trichavaroj, Siriwat Akapirat, Yuwadee Phuang-Ngern, Suchada Sukhum-
vittaya, Chayada Sajjaweerawan, Surat Jongrakthaitae, Putita Saetun, Nipattra Tragonlugsana,
Bessara Nuntapinit, Nantana Tantibul, and Hathairat Savadsuk; from the US Military HIV
Research Program, Julie Ake, Nelson Michael, Sodsai Tovanabutra, Madelaine Ouellette, Ora-
tai Butterworth, Trevor Crowell, Ellen Turk, Leigh Ann Eller, and Mike Milazzo; from Yale
University, Siobhan Stack; from University of Hawaii, Napapon Sailasuta and from UMSL,
Julie Mannarino.

The views expressed are those of the authors and should not be construed to represent the
positions of the U.S. Army, the Department of Defense or the Henry M. Jackson Foundation
for the Advancement of Military Medicine, Inc. The investigators have adhered to the policies
for protection of human subjects as prescribed in AR 70-25.

Author Contributions

Conceptualization: Michael J. Corley, Lishomwa C. Ndhlovu.
Data curation: Michael J. Corley, Lishomwa C. Ndhlovu.

Formal analysis: Michael J. Corley, Kyu S. Cho, Andrew C. Belden.
Funding acquisition: Michael J. Corley, Lishomwa C. Ndhlovu.

Investigation: Michael J. Corley, Carlo Sacdalan, Alina P. S. Pang, Nitiya Chomchey, Nisakorn
Ratnaratorn, Eugene Kroon, Donn Colby, Serena Spudich, Robert Paul, Lishomwa C.
Ndhlovu.

Methodology: Michael J. Corley, Alina P. S. Pang, Kyu S. Cho, Andrew C. Belden, Robert
Paul, Lishomwa C. Ndhlovu.

Project administration: Carlo Sacdalan, Nisakorn Ratnaratorn, Eugene Kroon, Donn Colby,
Merlin Robb, Denise Hsu, Serena Spudich, Robert Paul, Sandhya Vasan, Lishomwa C.
Ndhlovu.

Resources: Merlin Robb, Denise Hsu, Serena Spudich, Robert Paul, Sandhya Vasan,
Lishomwa C. Ndhlovu.

Software: Kyu S. Cho, Andrew C. Belden.

Supervision: Lishomwa C. Ndhlovu.

Validation: Michael ]. Corley, Kyu S. Cho, Robert Paul, Lishomwa C. Ndhlovu.
Visualization: Michael J. Corley, Alina P. S. Pang.

Writing - original draft: Michael J. Corley, Lishomwa C. Ndhlovu.

Writing - review & editing: Michael J. Corley, Victor Valcour, Lishomwa C. Ndhlovu.

References

1. Youngblood B, Reich NO. The early expressed HIV-1 genes regulate DNMT1 expression. Epigenetics.
2008; 3: 149-156. https://doi.org/10.4161/epi.3.3.6372 PMID: 18567946

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 25/29


https://doi.org/10.4161/epi.3.3.6372
http://www.ncbi.nlm.nih.gov/pubmed/18567946
https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Johnson JS, Lucas SY, Amon LM, Skelton S, Nazitto R, Carbonetti S, et al. Reshaping of the Dendritic
Cell Chromatin Landscape and Interferon Pathways during HIV Infection. Cell Host Microbe. 2018; 23:
366-381.€9. https://doi.org/10.1016/j.chom.2018.01.012 PMID: 29544097

Einkauf KB, Lee GQ, Gao C, Sharaf R, Sun X, Hua S, et al. Intact HIV-1 proviruses accumulate at dis-
tinct chromosomal positions during prolonged antiretroviral therapy. J Clin Invest. 2019. https://doi.org/
10.1172/JCI1124291 PMID: 30688658

Lucic B, Chen H-C, Kuzman M, Zorita E, Wegner J, Minneker V, et al. Spatially clustered loci with multi-
ple enhancers are frequent targets of HIV-1 integration. Nat Commun. 2019; 10: 4059. https://doi.org/
10.1038/s41467-019-12046-3 PMID: 31492853

Liu R, Yeh Y-HJ, Varabyou A, Collora JA, Sherrill-Mix S, Talbot CC Jr, et al. Single-cell transcriptional
landscapes reveal HIV-1-driven aberrant host gene transcription as a potential therapeutic target. Sci
Transl Med. 2020; 12. https://doi.org/10.1126/scitranslmed.aaz0802 PMID: 32404504

Morales-Nebreda L, McLafferty FS, Singer BD. DNA methylation as a transcriptional regulator of the
immune system. Transl Res. 2019; 204: 1-18. https://doi.org/10.1016/j.trs.2018.08.001 PMID:
30170004

Zhang X, Justice AC, Hu Y, Wang Z, Zhao H, Wang G, et al. Epigenome-wide differential DNA methyla-
tion between HIV-infected and uninfected individuals. Epigenetics. 2016; 11: 750-760. https://doi.org/
10.1080/15592294.2016.1221569 PMID: 27672717

Zhang X, Hu Y, Aouizerat BE, Peng G, Marconi VC, Corley MJ, et al. Machine learning selected smok-
ing-associated DNA methylation signatures that predict HIV prognosis and mortality. Clin Epigenetics.
2018; 10: 155. https://doi.org/10.1186/s13148-018-0591-z PMID: 30545403

Corley MJ, Dye C, D’Antoni ML, Byron MM, Yo KL-A, Lum-Jones A, et al. Comparative DNA Methyla-
tion Profiling Reveals an Immunoepigenetic Signature of HIV-related Cognitive Impairment. Sci Rep.
2016; 6: 33310. https://doi.org/10.1038/srep33310 PMID: 27629381

Dye CK, Corley MJ, Li D, Khadka VS, Mitchell BI, Sultana R, et al. Comparative DNA methylomic analy-
ses reveal potential origins of novel epigenetic biomarkers of insulin resistance in monocytes from virally
suppressed HIV-infected adults. Clin Epigenetics. 2019; 11: 95. https://doi.org/10.1186/s13148-019-
0694-1 PMID: 31253200

Zhang X, Hu Y, Justice AC, Li B, Wang Z, Zhao H, et al. DNA methylation signatures of illicit drug injec-
tion and hepatitis C are associated with HIV frailty. Nat Commun. 2017; 8: 2243. https://doi.org/10.
1038/s41467-017-02326-1 PMID: 29269866

Boulias K, Lieberman J, Greer EL. An Epigenetic Clock Measures Accelerated Aging in Treated HIV
Infection. Molecular cell. 2016. pp. 153—155. https://doi.org/10.1016/j.molcel.2016.04.008 PMID:
27105110

Horvath S, Levine AJ. HIV-1 Infection Accelerates Age According to the Epigenetic Clock. J Infect Dis.
2015; 212: 1563—-1573. https://doi.org/10.1093/infdis/jiv277 PMID: 25969563

Oriol-Tordera B, Berdasco M, Llano A, Mothe B, Galvez C, Martinez-Picado J, et al. Methylation regula-
tion of Antiviral host factors, Interferon Stimulated Genes (ISGs) and T-cell responses associated with
natural HIV control. PLoS Pathog. 2020; 16: €1008678. https://doi.org/10.1371/journal.ppat. 1008678
PMID: 32760119

Roadmap Epigenomics Consortium, Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, et al. Integra-
tive analysis of 111 reference human epigenomes. Nature. 2015; 518: 317-330. https://doi.org/10.
1038/nature14248 PMID: 25693563

Ananworanich J, Chomont N, Eller LA, Kroon E, Tovanabutra S, Bose M, et al. HIV DNA Set Point is
Rapidly Established in Acute HIV Infection and Dramatically Reduced by Early ART. EBioMedicine.
2016; 11: 68—72. https://doi.org/10.1016/j.ebiom.2016.07.024 PMID: 27460436

Colby DJ, Trautmann L, Pinyakorn S, Leyre L, Pagliuzza A, Kroon E, et al. Rapid HIV RNA rebound
after antiretroviral treatment interruption in persons durably suppressed in Fiebig | acute HIV infection.
Nat Med. 2018; 24: 923-926. https://doi.org/10.1038/s41591-018-0026-6 PMID: 29892063

Sacdalan C, Crowell T, Colby D, Kroon E, Chan P, Pinyakorn S, et al. Brief Report: Safety of Frequent
Blood Sampling in Research Participants in an Acute HIV Infection Cohort in Thailand. J Acquir Immune
Defic Syndr. 2017; 76: 98—101.

Horvath S. DNA methylation age of human tissues and cell types. Genome Biol. 2013; 14: R115.
https://doi.org/10.1186/gb-2013-14-10-r115 PMID: 24138928

Gross AM, Jaeger PA, Kreisberg JF, Licon K, Jepsen KL, Khosroheidari M, et al. Methylome-wide Anal-
ysis of Chronic HIV Infection Reveals Five-Year Increase in Biological Age and Epigenetic Targeting of
HLA. Mol Cell. 2016; 62: 157—-168. https://doi.org/10.1016/j.molcel.2016.03.019 PMID: 27105112

Esteban-Cantos A, Rodriguez-Centeno J, Barruz P, Alejos B, Saiz-Medrano G, Nevado J, et al. Epige-
netic age acceleration changes 2 years after antiretroviral therapy initiation in adults with HIV: a

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 26/29


https://doi.org/10.1016/j.chom.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29544097
https://doi.org/10.1172/JCI124291
https://doi.org/10.1172/JCI124291
http://www.ncbi.nlm.nih.gov/pubmed/30688658
https://doi.org/10.1038/s41467-019-12046-3
https://doi.org/10.1038/s41467-019-12046-3
http://www.ncbi.nlm.nih.gov/pubmed/31492853
https://doi.org/10.1126/scitranslmed.aaz0802
http://www.ncbi.nlm.nih.gov/pubmed/32404504
https://doi.org/10.1016/j.trsl.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30170004
https://doi.org/10.1080/15592294.2016.1221569
https://doi.org/10.1080/15592294.2016.1221569
http://www.ncbi.nlm.nih.gov/pubmed/27672717
https://doi.org/10.1186/s13148-018-0591-z
http://www.ncbi.nlm.nih.gov/pubmed/30545403
https://doi.org/10.1038/srep33310
http://www.ncbi.nlm.nih.gov/pubmed/27629381
https://doi.org/10.1186/s13148-019-0694-1
https://doi.org/10.1186/s13148-019-0694-1
http://www.ncbi.nlm.nih.gov/pubmed/31253200
https://doi.org/10.1038/s41467-017-02326-1
https://doi.org/10.1038/s41467-017-02326-1
http://www.ncbi.nlm.nih.gov/pubmed/29269866
https://doi.org/10.1016/j.molcel.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27105110
https://doi.org/10.1093/infdis/jiv277
http://www.ncbi.nlm.nih.gov/pubmed/25969563
https://doi.org/10.1371/journal.ppat.1008678
http://www.ncbi.nlm.nih.gov/pubmed/32760119
https://doi.org/10.1038/nature14248
https://doi.org/10.1038/nature14248
http://www.ncbi.nlm.nih.gov/pubmed/25693563
https://doi.org/10.1016/j.ebiom.2016.07.024
http://www.ncbi.nlm.nih.gov/pubmed/27460436
https://doi.org/10.1038/s41591-018-0026-6
http://www.ncbi.nlm.nih.gov/pubmed/29892063
https://doi.org/10.1186/gb-2013-14-10-r115
http://www.ncbi.nlm.nih.gov/pubmed/24138928
https://doi.org/10.1016/j.molcel.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27105112
https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

substudy of the NEAT001/ANRS143 randomised trial. Lancet HIV. 2021; 8: e197—e205. https://doi.org/
10.1016/52352-3018(21)00006-0 PMID: 33794182

Shin J-S, Greer AM. The role of FceRI expressed in dendritic cells and monocytes. Cell Mol Life Sci.
2015; 72: 2349-2360. https://doi.org/10.1007/s00018-015-1870-x PMID: 25715742

Handoko R, Colby DJ, Kroon E, Sacdalan C, de Souza M, Pinyakorn S, et al. Determinants of subopti-
mal CD4+ T cell recovery after antiretroviral therapy initiation in a prospective cohort of acute HIV-1
infection. J Int AIDS Soc. 2020; 23: e25585. https://doi.org/10.1002/jia2.25585 PMID: 32949118

Sirois M, Robitaille L, Allary R, Shah M, Woelk CH, Estaquier J, et al. TRAF6 and IRF7 control HIV repli-
cation in macrophages. PLoS One. 2011; 6: €28125. https://doi.org/10.1371/journal.pone.0028125
PMID: 22140520

Hernandez-Walias F, Ruiz-de-Ledn MJ, Rosado-Sanchez |, Vazquez E, Leal M, Moreno S, et al. New
signatures of poor CD4 cell recovery after suppressive antiretroviral therapy in HIV-1-infected individu-
als: involvement of miR-192, IL-6, sCD14 and miR-144. Sci Rep. 2020; 10: 2937. https://doi.org/10.
1038/s41598-020-60073-8 PMID: 32076107

Chan P, Kerr SJ, Kroon E, Colby D, Sacdalan C, Hellmuth J, et al. Cognitive trajectories after treatment
in acute HIV infection. AIDS. 2021. https://doi.org/10.1097/QAD.0000000000002831 PMID: 33534200

D’Antoni ML, Byron MM, Chan P, Sailasuta N, Sacdalan C, Sithinamsuwan P, et al. Normalization of
Soluble CD163 Levels After Institution of Antiretroviral Therapy During Acute HIV Infection Tracks with
Fewer Neurological Abnormalities. J Infect Dis. 2018; 218: 1453—1463. https://doi.org/10.1093/infdis/
jiy337 PMID: 29868826

Kore I, Ananworanich J, Valcour V, Fletcher JLK, Chalermchai T, Paul R, et al. Neuropsychological
Impairment in Acute HIV and the Effect of Immediate Antiretroviral Therapy. J Acquir Immune Defic
Syndr. 2015; 70: 393-399. https://doi.org/10.1097/QAI.0000000000000746 PMID: 26509933

Grinsztejn B, Hosseinipour MC, Ribaudo HJ, Swindells S, Eron J, Chen YQ, et al. Effects of early versus
delayed initiation of antiretroviral treatment on clinical outcomes of HIV-1 infection: results from the
phase 3 HPTN 052 randomised controlled trial. Lancet Infect Dis. 2014; 14: 281-290. https://doi.org/10.
1016/S1473-3099(13)70692-3 PMID: 24602844

Fidler S, Olson AD, Bucher HC, Fox J, Thornhill J, Morrison C, et al. Virological Blips and Predictors of
Post Treatment Viral Control After Stopping ART Started in Primary HIV Infection. J Acquir Immune
Defic Syndr. 2017; 74: 126—133. https://doi.org/10.1097/QAI.0000000000001220 PMID: 27846036

Thornhill J, Inshaw J, Oomeer S, Kaleebu P, Cooper D, Ramjee G, et al. Enhanced normalisation of
CD4/CD8 ratio with early antiretroviral therapy in primary HIV infection. J Int AIDS Soc. 2014; 17:
19480. https://doi.org/10.7448/IAS.17.4.19480 PMID: 25393989

Noel N, Lerolle N, Lécuroux C, Goujard C, Venet A, Saez-Cirion A, et al. Inmunologic and Virologic Pro-
gression in HIV Controllers: The Role of Viral “Blips” and Immune Activation in the ANRS CO21

CODEX Study. PLoS One. 2015; 10: e0131922. https://doi.org/10.1371/journal.pone.0131922 PMID:
26146823

Young J, Rickenbach M, Calmy A, Bernasconi E, Staehelin C, Schmid P, et al. Transient detectable
viremia and the risk of viral rebound in patients from the Swiss HIV Cohort Study. BMC Infect Dis. 2015;
15: 382. https://doi.org/10.1186/s12879-015-1120-8 PMID: 26392270

Hoare J, Stein DJ, Heany SJ, Fouche J-P, Phillips N, Er S, et al. Accelerated epigenetic aging in adoles-
cents living with HIV is associated with altered development of brain structures. J Neurovirol. 2021.
https://doi.org/10.1007/s13365-021-00947-3 PMID: 33554325

Ananworanich J, Eller LA, Pinyakorn S, Kroon E, Sriplenchan S, Fletcher JL, et al. Viral kinetics in
untreated versus treated acute HIV infection in prospective cohort studies in Thailand. J Int AIDS Soc.
2017; 20: 21652. https://doi.org/10.7448/IAS.20.1.21652 PMID: 28691436

Crowell TA, Phanuphak N, Pinyakorn S, Kroon E, Fletcher JLK, Colby D, et al. Virologic failure is
uncommon after treatment initiation during acute HIV infection. AIDS. 2016; 30: 1943—1950. https://doi.
org/10.1097/QAD.0000000000001148 PMID: 27163706

Sereti |, Krebs SJ, Phanuphak N, Fletcher JL, Slike B, Pinyakorn S, et al. Persistent, Albeit Reduced,
Chronic Inflammation in Persons Starting Antiretroviral Therapy in Acute HIV Infection. Clin Infect Dis.
2017; 64: 124—131. https://doi.org/10.1093/cid/ciw683 PMID: 27737952

Moron-Lopez S, Urrea V, Dalmau J, Lopez M, Puertas MC, Ouchi D, et al. The genome-wide methyla-
tion profile of CD4+ T cells from HIV-infected individuals identifies distinct patterns associated with dis-
ease progression. Clin Infect Dis. 2020. https://doi.org/10.1093/cid/ciaa1047 PMID: 32712664

Rempel H, Sun B, Calosing C, Abadjian L, Monto A, Pulliam L. Monocyte activation in HIV/HCV coinfec-
tion correlates with cognitive impairment. PLoS One. 2013; 8: €55776. https://doi.org/10.1371/journal.
pone.0055776 PMID: 23437063

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 27/29


https://doi.org/10.1016/S2352-3018%2821%2900006-0
https://doi.org/10.1016/S2352-3018%2821%2900006-0
http://www.ncbi.nlm.nih.gov/pubmed/33794182
https://doi.org/10.1007/s00018-015-1870-x
http://www.ncbi.nlm.nih.gov/pubmed/25715742
https://doi.org/10.1002/jia2.25585
http://www.ncbi.nlm.nih.gov/pubmed/32949118
https://doi.org/10.1371/journal.pone.0028125
http://www.ncbi.nlm.nih.gov/pubmed/22140520
https://doi.org/10.1038/s41598-020-60073-8
https://doi.org/10.1038/s41598-020-60073-8
http://www.ncbi.nlm.nih.gov/pubmed/32076107
https://doi.org/10.1097/QAD.0000000000002831
http://www.ncbi.nlm.nih.gov/pubmed/33534200
https://doi.org/10.1093/infdis/jiy337
https://doi.org/10.1093/infdis/jiy337
http://www.ncbi.nlm.nih.gov/pubmed/29868826
https://doi.org/10.1097/QAI.0000000000000746
http://www.ncbi.nlm.nih.gov/pubmed/26509933
https://doi.org/10.1016/S1473-3099%2813%2970692-3
https://doi.org/10.1016/S1473-3099%2813%2970692-3
http://www.ncbi.nlm.nih.gov/pubmed/24602844
https://doi.org/10.1097/QAI.0000000000001220
http://www.ncbi.nlm.nih.gov/pubmed/27846036
https://doi.org/10.7448/IAS.17.4.19480
http://www.ncbi.nlm.nih.gov/pubmed/25393989
https://doi.org/10.1371/journal.pone.0131922
http://www.ncbi.nlm.nih.gov/pubmed/26146823
https://doi.org/10.1186/s12879-015-1120-8
http://www.ncbi.nlm.nih.gov/pubmed/26392270
https://doi.org/10.1007/s13365-021-00947-3
http://www.ncbi.nlm.nih.gov/pubmed/33554325
https://doi.org/10.7448/IAS.20.1.21652
http://www.ncbi.nlm.nih.gov/pubmed/28691436
https://doi.org/10.1097/QAD.0000000000001148
https://doi.org/10.1097/QAD.0000000000001148
http://www.ncbi.nlm.nih.gov/pubmed/27163706
https://doi.org/10.1093/cid/ciw683
http://www.ncbi.nlm.nih.gov/pubmed/27737952
https://doi.org/10.1093/cid/ciaa1047
http://www.ncbi.nlm.nih.gov/pubmed/32712664
https://doi.org/10.1371/journal.pone.0055776
https://doi.org/10.1371/journal.pone.0055776
http://www.ncbi.nlm.nih.gov/pubmed/23437063
https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wie S-H, Du P, Luong TQ, Rought SE, Beliakova-Bethell N, Lozach J, et al. HIV downregulates inter-
feron-stimulated genes in primary macrophages. J Interferon Cytokine Res. 2013; 33: 90-95. https:/
doi.org/10.1089/jir.2012.0052 PMID: 23276142

Tilton JC, Johnson AJ, Luskin MR, Manion MM, Yang J, Adelsberger JW, et al. Diminished production
of monocyte proinflammatory cytokines during human immunodeficiency virus viremia is mediated by
type | interferons. J Virol. 2006; 80: 11486—11497. https://doi.org/10.1128/JV1.00324-06 PMID:
17005663

Rempel H, Sun B, Calosing C, Pillai SK, Pulliam L. Interferon-alpha drives monocyte gene expression
in chronic unsuppressed HIV-1 infection. AIDS. 2010; 24: 1415-1423. https://doi.org/10.1097/QAD.
0b013e32833ac623 PMID: 20495440

Pulliam L, Rempel H, Sun B, Abadjian L, Calosing C, Meyerhoff DJ. A peripheral monocyte interferon
phenotype in HIV infection correlates with a decrease in magnetic resonance spectroscopy metabolite
concentrations. AIDS. 2011; 25: 1721-1726. https://doi.org/10.1097/QAD.0b013e328349f022 PMID:
21750421

Patro SC, Pal S, Bi Y, Lynn K, Mounzer KC, Kostman JR, et al. Shift in monocyte apoptosis with
increasing viral load and change in apoptosis-related ISG/Bcl2 family gene expression in chronically
HIV-1-infected subjects. J Virol. 2015; 89: 799-810. https://doi.org/10.1128/JV1.02382-14 PMID:
25355877

Utay NS, Douek DC. Interferons and HIV Infection: The Good, the Bad, and the Ugly. Pathog Immun.
2016; 1: 107-116. https://doi.org/10.20411/pai.v1i1.125 PMID: 27500281

Sandler NG, Bosinger SE, Estes JD, Zhu RTR, Tharp GK, Boritz E, et al. Type | interferon responses in
rhesus macaques prevent SIV infection and slow disease progression. Nature. 2014; 511: 601-605.
https://doi.org/10.1038/nature 13554 PMID: 25043006

Liu XS, Wu H, Ji X, Stelzer Y, Wu X, Czauderna S, et al. Editing DNA Methylation in the Mammalian
Genome. Cell. 2016; 167: 233-247.e17. hitps://doi.org/10.1016/j.cell.2016.08.056 PMID: 27662091

Mlambo T, Nitsch S, Hildenbeutel M, Romito M, Miller M, Bossen C, et al. Designer epigenome modifi-
ers enable robust and sustained gene silencing in clinically relevant human cells. Nucleic Acids Res.
2018; 46: 4456—-4468. https://doi.org/10.1093/nar/gky171 PMID: 29538770

Fourati S, Ribeiro SP, Blasco Tavares Pereira Lopes F, Talla A, Lefebvre F, Cameron M, et al. Inte-
grated systems approach defines the antiviral pathways conferring protection by the RV144 HIV vac-
cine. Nat Commun. 2019; 10: 863. https://doi.org/10.1038/s41467-019-08854-2 PMID: 30787294

Lu R, Pitha PM. Monocyte differentiation to macrophage requires interferon regulatory factor 7. J Biol
Chem. 2001; 276: 45491-45496. https://doi.org/10.1074/jbc.C100421200 PMID: 11585813

McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF. The immune response during
acute HIV-1 infection: clues for vaccine development. Nat Rev Immunol. 2010; 10: 11-23. https://doi.
org/10.1038/nri2674 PMID: 20010788

Zheng SC, Breeze CE, Beck S, Dong D, Zhu T, Ma L, et al. EpiDISH web server: Epigenetic Dissection
of Intra-Sample-Heterogeneity with online GUI. Bioinformatics. 2019. https://doi.org/10.1093/
bioinformatics/btz833 PMID: 31710662

Teschendorff AE, Breeze CE, Zheng SC, Beck S. A comparison of reference-based algorithms for cor-
recting cell-type heterogeneity in Epigenome-Wide Association Studies. BMC Bioinformatics. 2017; 18:
105. https://doi.org/10.1186/s12859-017-1511-5 PMID: 28193155

Salas LA, Koestler DC, Butler RA, Hansen HM, Wiencke JK, Kelsey KT, et al. An optimized library for
reference-based deconvolution of whole-blood biospecimens assayed using the lllumina HumanMethy-
lationEPIC BeadArray. Genome Biol. 2018; 19: 64. https://doi.org/10.1186/s13059-018-1448-7 PMID:
29843789

Clark SJ, Smallwood SA, Lee HJ, Krueger F, Reik W, Kelsey G. Genome-wide base-resolution map-
ping of DNA methylation in single cells using single-cell bisulfite sequencing (scBS-seq). Nat Protoc.
2017; 12: 534-547. https://doi.org/10.1038/nprot.2016.187 PMID: 28182018

Le T, Wright EJ, Smith DM, He W, Catano G, Okulicz JF, et al. Enhanced CD4+ T-cell recovery with
earlier HIV-1 antiretroviral therapy. N Engl J Med. 2013; 368: 218-230. https://doi.org/10.1056/
NEJMoa1110187 PMID: 23323898

Kassutto S, Maghsoudi K, Johnston MN, Robbins GK, Burgett NC, Sax PE, et al. Longitudinal analysis
of clinical markers following antiretroviral therapy initiated during acute or early HIV type 1 infection. Clin
Infect Dis. 2006; 42: 1024—1031. https://doi.org/10.1086/500410 PMID: 16511771

Marchetti G, Bellistri GM, Borghi E, Tincati C, Ferramosca S, La Francesca M, et al. Microbial transloca-
tion is associated with sustained failure in CD4+ T-cell reconstitution in HIV-infected patients on long-
term highly active antiretroviral therapy. AIDS. 2008; 22: 2035-2038. https://doi.org/10.1097/QAD.
0b013e3283112d29 PMID: 18784466

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 28/29


https://doi.org/10.1089/jir.2012.0052
https://doi.org/10.1089/jir.2012.0052
http://www.ncbi.nlm.nih.gov/pubmed/23276142
https://doi.org/10.1128/JVI.00324-06
http://www.ncbi.nlm.nih.gov/pubmed/17005663
https://doi.org/10.1097/QAD.0b013e32833ac623
https://doi.org/10.1097/QAD.0b013e32833ac623
http://www.ncbi.nlm.nih.gov/pubmed/20495440
https://doi.org/10.1097/QAD.0b013e328349f022
http://www.ncbi.nlm.nih.gov/pubmed/21750421
https://doi.org/10.1128/JVI.02382-14
http://www.ncbi.nlm.nih.gov/pubmed/25355877
https://doi.org/10.20411/pai.v1i1.125
http://www.ncbi.nlm.nih.gov/pubmed/27500281
https://doi.org/10.1038/nature13554
http://www.ncbi.nlm.nih.gov/pubmed/25043006
https://doi.org/10.1016/j.cell.2016.08.056
http://www.ncbi.nlm.nih.gov/pubmed/27662091
https://doi.org/10.1093/nar/gky171
http://www.ncbi.nlm.nih.gov/pubmed/29538770
https://doi.org/10.1038/s41467-019-08854-2
http://www.ncbi.nlm.nih.gov/pubmed/30787294
https://doi.org/10.1074/jbc.C100421200
http://www.ncbi.nlm.nih.gov/pubmed/11585813
https://doi.org/10.1038/nri2674
https://doi.org/10.1038/nri2674
http://www.ncbi.nlm.nih.gov/pubmed/20010788
https://doi.org/10.1093/bioinformatics/btz833
https://doi.org/10.1093/bioinformatics/btz833
http://www.ncbi.nlm.nih.gov/pubmed/31710662
https://doi.org/10.1186/s12859-017-1511-5
http://www.ncbi.nlm.nih.gov/pubmed/28193155
https://doi.org/10.1186/s13059-018-1448-7
http://www.ncbi.nlm.nih.gov/pubmed/29843789
https://doi.org/10.1038/nprot.2016.187
http://www.ncbi.nlm.nih.gov/pubmed/28182018
https://doi.org/10.1056/NEJMoa1110187
https://doi.org/10.1056/NEJMoa1110187
http://www.ncbi.nlm.nih.gov/pubmed/23323898
https://doi.org/10.1086/500410
http://www.ncbi.nlm.nih.gov/pubmed/16511771
https://doi.org/10.1097/QAD.0b013e3283112d29
https://doi.org/10.1097/QAD.0b013e3283112d29
http://www.ncbi.nlm.nih.gov/pubmed/18784466
https://doi.org/10.1371/journal.ppat.1009785

PLOS PATHOGENS

Epigenetic signatures during acute HIV and relationships with clinical outcomes

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.
74.

75.

76.

77.

78.

79.

Jiang W, Lederman MM, Hunt P, Sieg SF, Haley K, Rodriguez B, et al. Plasma levels of bacterial DNA
correlate with immune activation and the magnitude of immune restoration in persons with antiretrovi-
ral-treated HIV infection. J Infect Dis. 2009; 199: 1177-1185. https://doi.org/10.1086/597476 PMID:
19265479

Jéhner D, Jaenisch R. Retrovirus-induced de novo methylation of flanking host sequences correlates
with gene inactivity. Nature. 1985; 315: 594-597. https://doi.org/10.1038/315594a0 PMID: 2989695

Folks TM, Kessler SW, Orenstein JM, Justement JS, Jaffe ES, Fauci AS. Infection and replication of
HIV-1 in purified progenitor cells of normal human bone marrow. Science. 1988; 242: 919-922. https:/
doi.org/10.1126/science.2460922 PMID: 2460922

Stanley SK, Kessler SW, Justement JS, Schnittman SM, Greenhouse JJ, Brown CC, et al. CD34+ bone
marrow cells are infected with HIV in a subset of seropositive individuals. J Immunol. 1992; 149: 689—
697. PMID: 1378076

Fantuzzi L, Canini |, Belardelli F, Gessani S. HIV-1 gp120 stimulates the production of beta-chemokines
in human peripheral blood monocytes through a CD4-independent mechanism. J Immunol. 2001; 166:
5381-5387. https://doi.org/10.4049/jimmunol.166.9.5381 PMID: 11313374

Hutter G, Nowak D, Mossner M, Ganepola S, Mussig A, Allers K, et al. Long-term control of HIV by
CCRS5 Delta32/Delta32 stem-cell transplantation. N Engl J Med. 2009; 360: 692—698. https://doi.org/10.
1056/NEJM0a0802905 PMID: 19213682

Ananworanich J, Sacdalan CP, Pinyakorn S, Chomont N, de Souza M, Luekasemsuk T, et al. Virologi-
cal and immunological characteristics of HIV-infected individuals at the earliest stage of infection. J
Virus Erad. 2016; 2: 43—-48. PMID: 26889497

D’Elia L, Satz P, Uchiyama CL, White T. Color trails 1 and 2. Odessa, FL: Psychological Assessment
Resources. 1989.

Heaps J, Valcour V, Chalermchai T, Paul R, Rattanamanee S, Siangphoe U, et al. Development of nor-
mative neuropsychological performance in Thailand for the assessment of HIV-associated neurocogni-
tive disorders. J Clin Exp Neuropsychol. 2013; 35: 1-8. https://doi.org/10.1080/13803395.2012.733682
PMID: 23113809

Tian'Y, Morris TJ, Webster AP, Yang Z, Beck S, Feber A, et al. ChAMP: updated methylation analysis
pipeline for lllumina BeadChips. Bioinformatics. 2017; 33: 3982—-3984. https://doi.org/10.1093/
bioinformatics/btx513 PMID: 28961746

Smyth GK. Limma: linear models for microarray data. Gentleman RCarey VDudoit Slrizarry RHuber W
Bioinformatics and computational biology solutions using R and Bioconductor. New York: Springer;
2005.

Hansen KD. llluminaHumanMethylationEPICanno.ilm10b4.hg19: Annotation for lllumina’s EPIC meth-
ylation arrays. 2017. Available: https://bioconductor.org/packages/release/data/annotation/html/
llluminaHumanMethylationEPICanno.ilm10b4.hg19.html

LiLin-Yin. CMplot: Circle Manhattan Plot. 2020. Available: https://github.com/YinLiLin/CMplot

Blighe K, Rana S, and Lewis M. EnhancedVolcano: Publication-ready volcano plots with enhanced col-
ouring and labeling. 2018. Available: https://github.com/kevinblighe/EnhancedVolcano

Kolde R. pheatmap: Pretty Heatmaps. 2019.

LiM, Zou D, Li Z, Gao R, Sang J, Zhang Y, et al. EWAS Atlas: a curated knowledgebase of epigenome-
wide association studies. Nucleic Acids Res. 2019; 47: D983-D988. https://doi.org/10.1093/nar/
gky1027 PMID: 30364969

Phipson B, Maksimovic J, Oshlack A. missMethyl: an R package for analyzing data from lllumina’s
HumanMethylation450 platform. Bioinformatics. 2016; 32: 286—288. https://doi.org/10.1093/
bioinformatics/btv560 PMID: 26424855

Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. DNA methylation GrimAge strongly predicts
lifespan and healthspan. Aging. 2019; 11: 303—327. https://doi.org/10.18632/aging.101684 PMID:
30669119

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics. 2010; 26: 139-140. https://doi.org/10.1093/
bioinformatics/btp616 PMID: 19910308

Smyth GK. Linear models and empirical bayes methods for assessing differential expression in microar-
ray experiments. Stat Appl Genet Mol Biol. 2004; 3: Article3. https://doi.org/10.2202/1544-6115.1027
PMID: 16646809

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, et al. SciPy 1.0: funda-
mental algorithms for scientific computing in Python. Nat Methods. 2020; 17: 261-272. https://doi.org/
10.1038/s41592-019-0686-2 PMID: 32015543

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009785  August 13, 2021 29/29


https://doi.org/10.1086/597476
http://www.ncbi.nlm.nih.gov/pubmed/19265479
https://doi.org/10.1038/315594a0
http://www.ncbi.nlm.nih.gov/pubmed/2989695
https://doi.org/10.1126/science.2460922
https://doi.org/10.1126/science.2460922
http://www.ncbi.nlm.nih.gov/pubmed/2460922
http://www.ncbi.nlm.nih.gov/pubmed/1378076
https://doi.org/10.4049/jimmunol.166.9.5381
http://www.ncbi.nlm.nih.gov/pubmed/11313374
https://doi.org/10.1056/NEJMoa0802905
https://doi.org/10.1056/NEJMoa0802905
http://www.ncbi.nlm.nih.gov/pubmed/19213682
http://www.ncbi.nlm.nih.gov/pubmed/26889497
https://doi.org/10.1080/13803395.2012.733682
http://www.ncbi.nlm.nih.gov/pubmed/23113809
https://doi.org/10.1093/bioinformatics/btx513
https://doi.org/10.1093/bioinformatics/btx513
http://www.ncbi.nlm.nih.gov/pubmed/28961746
https://bioconductor.org/packages/release/data/annotation/html/IlluminaHumanMethylationEPICanno.ilm10b4.hg19.html
https://bioconductor.org/packages/release/data/annotation/html/IlluminaHumanMethylationEPICanno.ilm10b4.hg19.html
https://github.com/YinLiLin/CMplot
https://github.com/kevinblighe/EnhancedVolcano
https://doi.org/10.1093/nar/gky1027
https://doi.org/10.1093/nar/gky1027
http://www.ncbi.nlm.nih.gov/pubmed/30364969
https://doi.org/10.1093/bioinformatics/btv560
https://doi.org/10.1093/bioinformatics/btv560
http://www.ncbi.nlm.nih.gov/pubmed/26424855
https://doi.org/10.18632/aging.101684
http://www.ncbi.nlm.nih.gov/pubmed/30669119
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.2202/1544-6115.1027
http://www.ncbi.nlm.nih.gov/pubmed/16646809
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
http://www.ncbi.nlm.nih.gov/pubmed/32015543
https://doi.org/10.1371/journal.ppat.1009785

