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Abstract

African green monkeys (AGMs), Chlorocebus sabaeus, are a natural host for a lentivirus related to 

human immunodeficiency virus, simian immunodeficiency virus (SIV). SIV-infected AGM rarely 

progress to AIDS despite robust viral replication. Though multiple mechanisms are involved, a 

primary component is the animals’ ability to downregulate CD4 expression on mature helper 

CD4+ T cells, rendering these cells resistant to infection by SIV. These CD8αα+ T cells retain 

functional characteristics of helper CD4+ T cells while simultaneously acquiring abilities of 

cytotoxic CD8αβ+ T cells. To determine mechanisms underlying functional differences between 

T cell subsets in AGMs, chromatin accessibility in purified populations was determined by 

ATACseq. Differences in chromatin accessibility alone were sufficient to cluster cells by subtype, 

and accessibility at the CD4 locus reflected changes in CD4 expression. DNA methylation at 

the CD4 locus also correlated with inaccessible chromatin. By associating accessible regions 

with nearby genes, gene expression was found to correlate with accessibility changes. T cell 

and immune system activation pathways were identified when comparing regions that changed 

accessibility from CD4+ T cells to CD8αα+ T cells. Different transcription factor binding sites 

are revealed as chromatin accessibility changes, and these differences may elicit downstream 

changes in differentiation. This comprehensive description of the epigenetic landscape of AGM T 

cells identified genes and pathways that could have translational value in therapeutic approaches 

recapitulating the protective effects CD4 downregulation.

Introduction:

African green monkeys (AGMs) have co-evolved with simian immunodeficiency virus AGM 

(SIVagm) for between 30,000–100,000 years [1]. Despite high levels of viral replication, 
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there is generally little pathogenicity associated with SIVagm infection. Since SIVagm is 

pathogenic in other species [2], host adaptations must be important for avoiding progression 

to simian AIDS. These include preservation of mucosal immunity [3, 4], strong acute—but 

limited chronic—immune activation [5], and decreased viral replication in lymphoid tissue 

follicles [6].

Co-evolution of AGM and SIVagm has led to the downregulation of the HIV/SIV receptor 

CD4 from the surface of helper CD4+ T cells, resulting in CD4−CD8αα+ T cells that are 

refractory to SIV infection in vivo [7]. CD4−CD8αα+ T cells originate from canonical CD4+ 

T cells that have post-thymically down-regulated CD4 in response to homeostatic or antigen-

derived stimuli [7, 8]. Low CD4+ T cell counts (0–400 cells/μl) and a correspondingly large 

pool of CD4−CD8αα+ memory T cells are maintained in healthy adult AGMs [7–9]. This 

occurs over time as infant AGMs have few CD4−CD8αα+ T cells and acquire them as they 

age. Functionally, these CD4−CD8αα+ memory T cells have aspects of T helper cells (major 

histocompatibility complex class II restriction, expression of FOXP3 and CD40L, and the 

ability to produce IL-17 and/or IL-2) while also displaying characteristics of CD8αβ+ T 

cells (mobilization of CD107a after stimulation and expression of cytolytic proteins) [7, 8, 

10]. We have previously shown that downregulation of CD4 in vitro was associated with 

altered expression of enzymes involved in removing repressive methylation from cytosine 

residues within DNA and that CD8αα+ T cells have increased methylation of DNA at 

the CD4 promoter region [11]. Thus, epigenetic silencing of the cd4 gene could improve 

the ability of natural hosts to avoid development of opportunistic infections while infected 

with SIVagm. How, or if, other epigenetic alterations are associated with SIV resistance in 

CD8αα+ T cells is unclear.

Cell differentiation decisions can be revealed by identifying regions of differential 

chromatin structures as post-translational modifications to histones can promote or restrict 

the accessibility of DNA. The assay for transposase-accessible chromatin sequencing 

(ATACseq) is a method to identify genome-wide chromatin accessibility with high 

resolution [12, 13]. As little is known about the epigenetic landscape of AGM T cell subsets 

and how this might to relate to the functionality of each subset, we employed ATACseq 

to identify regions and associated genes that differ in their chromatin accessibility between 

CD4−CD8αα+ T cells, naïve CD4+ T cells, memory CD4+ T cells, naïve CD8αβ+ T cells, 

and memory CD8αβ+ T cells.

We found that chromatin accessibility of the CD4 locus reflects patterns of CD4 expression 

and that accessibility correlates with lack of methylation in key regulatory regions. 

Differential accessibility analysis between CD4+ T cells and CD8αα+ T cells identified 

genes that were overrepresented in pathways of T cell signaling and activation. Genes 

that differed in accessibility correlated with corresponding changes in gene expression. 

Analysis of transcription factor binding sites in differentially accessible regions revealed 

high mobility group (HMG) family sites overrepresented in sites accessible in CD4+ T cells. 

Meanwhile, erythroblast transformation-specific (ETS) family sites were overrepresented 

in CD4−CD8αα+ T cells. This comprehensive analysis of chromatin states in SIV natural 

hosts’ unique CD4−CD8αα+ T cell subset reveals key genes and pathways modulating 

immune function.
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Materials and Methods:

Nonhuman primates

This study was performed on adult vervet African green monkeys (Chlorocebus 
pygerythrus); 5 of these animals were SIVagm-infected, and 5 of them were SIV-uninfected. 

Table I contains detailed information about subject characteristics.

Ethics

This study was carried out in strict accordance with the recommendations described in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, 

the Office of Animal Welfare, and the U.S. Department of Agriculture [14]. All animal 

work was approved by the NIAID Division of Intramural Research Animal Care and 

Use Committees in Bethesda, MD (protocols LMM-6 and LVD-26). The animal facility 

is accredited by the American Association for Accreditation of Laboratory Animal Care. 

All procedures were carried out under ketamine anesthesia by trained personnel under the 

supervision of veterinary staff, and all efforts were made to maximize animal welfare and to 

minimize animal suffering in accordance with the recommendations of the Weatherall report 

on the use of nonhuman primates [15]. Animals were housed in adjoining individual primate 

cages, allowing social interactions, under controlled conditions of humidity, temperature, 

and light (12-hour light/12-hour dark cycles). Food and water were available ad libitum. 

Animals were monitored twice daily and fed commercial monkey chow, treats, and fruit 

twice daily by trained personnel. Environmental enrichment was provided in the form of 

primate puzzle feeders, mirrors, and other appropriate toys.

Cell Sorting:

Cells were isolated from fresh peripheral blood by density gradient centrifugation using 

lymphocyte separation media (MP Biomedicals, #0850494-CF), washed in PBS, and 

counted. Approximately 5e6 cells were then resuspended in 100μl PBS. Cells were stained 

with LIVE/DEAD amine-reactive viability dye (Thermo Fisher Scientific, #L34966) and a 

panel of antibodies, including anti-CD3 alexa fluor 700 (clone SP43–2, BD Biosciences, 

#557917), anti-CD4 allophycocyanin (clone L200, BD, #551980), anti-CD8α pacific blue 

(clone RPA-T8, BD, #558207), CD28 energy-coupled dye [ECD] (clone 28.2, Beckman 

Coulter, Brea, CA, #6607111), CD95 Cy5-PE (clone DX2, BD, #561977), for 20 minutes 

at 4°C. Cells were washed in PBS and resuspended in complete RPMI with 10% FBS. For 

each population, 30,000 cells were sorted using a FACSymphony S6 cell sorter (BD).

ATACseq processing:

Tagmentation was performed by pelleting sorted cells and resuspending in 2x Tagmentation 

Buffer (Illumina, #20034198), 0.02% Digitonin, and 0.1% Tween-20, with Tagment DNA 

TDE1 Enzyme (Illumina) and incubating at 37°C for one hour. The mix was then incubated 

with proteinase K for 30 minutes at 40°C.

High molecular weight DNA was removed with a 0.7x selection ratio of Agencourt 

AMPureXP beads (Beckman Coulter, #A63881) and low molecular weight DNA was 

isolated from the remainder with a 1.2x selection ratio.
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Library amplification was performed with KAPA HiFi HotStart ReadyMix (KAPA, 

#KK2601) and i5 and i7 indexing primers (Nextera DNA CD Indexes, #20018708) for 

11–15 total cycles depending on the sample concentration reached after 5 cycles (KAPA 

Library Quantification kit, #KK4835).

Library DNA was purified with a 1x selection ratio of AMPureXP beads. The final library 

was verified by High Sensitivity DNA Bioanalyzer (Agilent, #5067–4626) to ensure the 

presence of appropriately sized DNA fragments.

Sequencing and mapping:

ATAC-seq samples were sequenced as 76bp paired-end libraries on a NextSeq or as 151bp 

paired-end libraries on a Novaseq S2. All samples had over 60 million reads. Samples were 

trimmed for adapters using Cutadapt v 1.18 [16] before alignment. The trimmed reads were 

aligned to the RheMac10 reference using Bowtie2 v2.3.4.1 [17] with flag −k 10. The peaks 

were called using Genrich v0.6 [18] with the following flags: −j −y −r −v −d 150 −m 5 −e 

chrM,chrY. Genrich-produced bedgraphs were normalized by library size (reads per million 

sequenced reads, RPM) for visualization.

Downstream processing:

PCA, consensus peaks, and differential peaks were determined by DiffBind v 2.10.0 [19, 

20]. Consensus peaks were defined as the maximum region found in at least two samples. 

PCR-duplicate reads were identified by picard v2.18.26 [21] for filtering prior to DiffBind 

analysis for both PCA and differential peak analyses. Differential peaks were identified 

using the Deseq2 algorithm and were considered significant with an FDR less than 0.05. 

Differential peaks were annotated using Uropa v3.5.0 [22] and the RheMac10 NCBI 

RefSeq gene list (rheMac10.ncbiRefseq.gtf downloaded from https://www.ncbi.nlm.nih.gov/

assembly/GCF_003339765.1 updated 2/13/19) with two queries: 1) all genes within 5kb and 

2) all genes within 100kb. Since multiple peaks often were assigned to a single gene, genes 

were associated with the most significant peak. Peak data was visualized using IGV 2.10.3 

[23].

Differential peaks were also tested for enrichment of known transcription factor binding 

motifs using Homer v4.11.1 [24]. Specifically, the script findMotifsGenome.pl was run with 

flag -size given and species rheMac10 with peaks split based upon the direction of their 

enrichment.

Overrepresentation analysis:

The differentially accessible peaks between CD4+ memory T cells and CD8αα+ T cells 

were filtered for only those assigned to a gene. The top 500 by lowest FDR were input into 

WebGestalt [25] for overrepresentation analysis using the parameters: Functional Database: 

geneontology and Biological Process: noRedundant. A reference gene list consisting of 

rhesus macaque NCBI refseq genes was used to filter for only genes that have been 

annotated in rhesus. This application generated the DAG (directed acyclic graph) in Figure 

3C and the GO datasets in Figure 3D.
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Results:

To interrogate chromatin accessibility in primary T cells from AGM, peripheral blood 

mononuclear cells (PBMCs) were isolated from five SIV− and five SIV+ AGMs. Live 

T cells were sorted into highly purified subsets of CD4+ naïve, CD4+ CD28+ memory, 

CD4−CD8αα+ CD28+ memory, CD8αβ+ naïve, and CD8αβ+ CD28+ memory T cells (Fig 

1A) and processed for ATACseq. At least 60 million reads were obtained from each sample 

and were mapped to the rhesus macaque genome, since it is better annotated than the 

AGM genome [26, 27], and normalized by library size for visualization. Not surprisingly, 

most reads were located near transcription start sites (TSS) (Fig 1B) and when viewed in 

aggregate among all samples, generally fell within 1 kilobase of the TSS (Fig 1C).

Principle component analysis using variation in reads across consensus peaks showed a large 

amount of the variation was likely due to animal-to-animal differences as samples tended 

to cluster on PC1 by animal regardless of subset (Fig 1D). This may reflect factors that 

differed between animals such as age, sex, or global activation state of their immune system 

at the time of sampling. SIV status of the animals showed some separation on PC1 but with 

large overlaps between SIV− and SIV+ animals, indicating that SIV infection status did not 

dramatically influence the epigenetic landscape of any population of T cells we studied. 

Further dimensions of the PCA showed clear separation of samples by T cell subset (Fig 

1E). Memory and naïve T cells separated on PC2, and CD4 vs. CD8 separated on PC3. 

SIV status did not affect the clustering on either of these dimensions. Consistent with their 

properties of both CD4+ and CD8+ T cells, CD8αα+ T cells appear intermediate between 

CD4+ and CD8αβ+ memory T cells.

As CD4 downregulation is a defining characteristic of CD8αα+ T cells, and as we have 

previously found increased DNA methylation across the cd4 gene in CD8αα+ T cells 

[11], chromatin accessibility at CD4 locus itself was of particular interest. The large 

differences seen in CD4 expression among subsets were reflected in chromatin accessibility 

(Fig 2A). CD4+ T cells, both naïve and memory, showed significant enrichment of open 

chromatin near the transcription start site compared to all other T cell subsets as determined 

by DiffBind. Important regulatory regions contained with this differentially accessible 

region (DAR) include an intronic CD4 silencer (S4), which represses CD4 during thymic 

development in CD4−CD8− double negative T cells and initiates the CD4-silenced state 

of mature CD8+ T cells [28, 29], and a second intronic “maturation” enhancer (E4M) 

that contributes to regulation of CD4 expression in late-stage CD4+ thymocytes [30, 31]. 

These regions are accessible in CD4+ T cells, but not in CD8αα+ or CD8αβ+ T cells, 

so are available to be bound by transcription factors. For example, the transcription factor 

ZTB7b, THPOK, is recruited to S4 to counteract suppression and allow CD4 expression [32, 

33]. An additional site 430 basepairs upstream of the TSS was significantly differentially 

accessible only in naïve CD4+ T cells. This is the proximal enhancer (E4p) that is essential 

for promoting CD4 expression in CD4−CD8− double negative thymocytes as they transition 

to CD4 single positive cells [34, 35]. It is possible that the need for accessibility at this site 

diminishes once cells have committed to CD4-expressing fates. In all T cell subsets, there 

was no difference in chromatin accessibility between SIV− and SIV+ animals at the CD4 

locus.
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We have previously shown that the CD4 promoter region becomes methylated in CD8αα+ 

T cells when CD4 expression is lost [11]. To determine if chromatin accessibility and 

methylation correlate at the CD4 locus, ATACseq reads were plotted against percent 

methylation at each position. This showed a significantly non-zero negative association in 

CD4+ T cells (Fig 2B) and CD8αα+ T cells (Fig 2D) such that fewer ATACseq reads were 

found in areas of increased methylation. When assessed across the promoter region, areas of 

increased chromatin accessibility were less likely to have a high percentage of methylation 

in CD4+ T cells (Fig 2C). In CD8αα+ T cells, these regions exhibited lower chromatin 

accessibility and higher levels of methylation (Fig 2E). Focusing on the regulatory regions 

of the cd4 locus, there was significant differential methylation at the TSS, S4, and E4M 

regions, but not at E4P between CD4+ T cells and CD8αα+ T cells (Fig 2F).

Since CD8αα+ T cells are generated from downregulation of CD4 in memory T cells, 

these two subsets were specifically compared for patterns of chromatin accessibility by 

DiffBind. There were 3977 and 5823 peaks unique to CD4+ memory and CD8αα+ T 

cells, respectively (Fig 3A). CD4 itself was the most enriched peak in CD4+ memory T 

cells, validating the analysis (Fig 3B). A confirmatory PCA of just the samples in these 

two groups showed clear separation on PC1 and PC2, and importantly, SIV status did not 

play a role in the separation (data not shown). The top ~10% of differentially accessible 

genes by false discovery rate (FDR) were analyzed for overrepresentation in particular 

GO Biological processes using WebGestalt [25]. Since this process uses human genes by 

default, a list of rhesus macaque genes was input instead to filter for genes that have been 

annotated in rhesus. This analysis determines if the number of genes from the list of interest 

that are found in the pathway significantly exceeds the expected number given a random 

gene set of the same size. The top ten pathways whose members were overrepresented in 

the differentially accessible genes are shown (Fig 3D). Most pathways related to immune 

processes and T cell biology, for example “cellular defense response” and “response to 

chemokine.” A network diagram illustrates the interrelated nature of the identified pathways 

(Fig 3C), many of which share members. As an example of an identified pathway, the T cell 

activation gene set (GO: 0042110) is shown (Fig 3E). CD4 had increased accessibility in 

CD4+ memory T cells compared to CD8αα+ T cells, while the rest of the genes decreased in 

accessibility (Fig 3E). The CCL5 locus typifies the pattern seen in these genes, with multiple 

regions that exhibit significantly increased accessibility in CD8αα+ T cells (Fig 3F).

Though this data has described changes in chromatin accessibility, it remained possible that 

this may not necessarily reflect gene expression. For example, the appropriate transcription 

factors must also be present to express an accessible gene. To determine if chromatin 

accessibility correlated with changes in gene expression, gene set enrichment analysis 

was performed. A ranked list was generated for the difference in expression between 

in vitro stimulated cells that had not downregulated CD4 and those that had from our 

previously published RNAseq data [11]. The top 100 differentially accessible regions that 

lost accessibility in CD8αα+ T cells compared to CD4+ memory T cells were tested 

(Fig4A). This gene set as a whole was significantly negatively enriched (p < 0.043), 

meaning the genes that lost accessibility were also likely to decrease gene expression as 

CD4 was downregulated. The leading edge genes (Fig 4B) include CD4 and LEF1, an HMG 

family transcription factor with known roles in T cell development [36]. In contrast, the top 
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100 regions that gained accessibility significantly positively enriched (p < 0.025) with genes 

that gained expression as CD4 was downregulated (Fig 4C). The leading edge genes (Fig 

4D) include genes associated with cytotoxic T cell function like FASLG and GZMB, which 

exhibited similar chromatin accessibility patterns in CD8αα+ and CD8αβ+ memory T cells, 

demonstrating the gain of effector functions by these formerly helper T cells (Fig 4E).

To determine what transcription factor sites might be differentially accessible between the 

CD4+ memory T cells and CD8αα+ T cells, regions were scanned for known motifs. 

Regions that were more accessible in CD4+ memory T cells were significantly enriched for 

HMG family transcription factor sites including LEF1 and TCF7, which have known roles in 

T cell development and differentiation (Fig 5A). Additionally, the lef1 locus itself exhibited 

multiple regions of increased accessibility in CD4+ memory T cells compared to CD8αα+ 

T cells (Fig 5C). Conversely, regions that were more accessible in CD8αα+ T cells included 

more Runt-domain transcription factor sites (RUNX1-specific, general RUNX site) and ETS 

domain sites (Etv2, Fli1, ETS1), both of which have roles in haematopoiesis [37, 38] (Fig 

5B). Not only are RUNX binding sites more accessible, the runx3 locus itself has multiple 

regions that are significantly more accessible in CD8αα+ T cells than CD4+ memory T cells 

(Fig 5D). Thus, epigenetic reprogramming among CD4+ T cells that become CD8αα+ T 

cells appears to be responsible for the CD4 downregulation phenomenon in AGM.

Discussion:

Natural hosts for SIV have been co-evolving with individual strains of SIV for at least 

30,000 years [1]. The mechanisms underlying this co-evolution reveal important aspects of 

infection responsible for progressive HIV infection of humans. We have previously shown 

that co-evolution of AGM with SIVagm has involved downregulation of CD4+ by CD4 

T cells in this natural host species [7, 8, 39]. The T cells that have downregulated CD4 

maintain effector functions of T helper cells but also accumulate some effector functions 

associated with CD8+ T cells [40].

That CD4 and CD8 coreceptors stabilize the interactions between T cell receptors and 

MHC-II-peptide (CD4) and MHC-I (CD8) is commonly thought. Thus, one prediction might 

be that loss of CD4 by CD4+ T cells from AGM would reduce the ability of the T cells to 

recognize MHC-II-restricted epitopes. A major function of the CD4 and CD8 coreceptors is 

to facilitate signaling through phosphorylation of LCK [41], and CD8-mediated interactions 

with MHC-I stabilize the interaction between TCR and MHC-I-peptide complexes [42]. 

However, the affinity of CD4 for MHC-II is incredibly weak, with an affinity of 2–3 

orders of magnitude lower than any other known immunological receptor-ligand pair [43]. 

Thus, downregulation of CD4 by AGM CD4+ T cells is unlikely to decrease the ability 

of the T cell to recognize its antigen. Indeed, we have previously seen that homeostatic 

cytokine-induced proliferation is sufficient to cause CD4 downregulation, and AGM with 

virtually no peripheral blood CD4 T cells (due to downregulation of CD4 by virtually all 

CD4+ T cells) maintain responsiveness to MHC-II restricted neo antigens [8].

Murine studies have shown that expression of CD4 is critical for the development of helper 

T cells by facilitating thymic selection as a coreceptor for MHC-II binding [44]. In AGMs, 
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CD4+ T cells appear to develop normally in the thymus, as young animals have healthy 

numbers and frequencies of CD4+ T cells [7]. CD4 expression is lost upon activation. This 

post-thymic down regulation of CD4 can be achieved through TCR stimulation or cytokine 

signaling [8, 39]. CD4 downregulation in AGM likely occurs through multiple mechanisms 

including increased DNA methylation [11] and additional epigenetic pathways observed 

here in altered chromatin states. CD8αα+ T cells that arise from CD4 downregulation 

have functional characteristics of both CD4+ helper T cells and CD8αβ+ cytotoxic T cells 

[40]. Thus, in addition to providing information related to how natural hosts for SIV have 

co-evolved with SIV, the AGM provides an ideal nonhuman primate model to understand the 

importance of CD4 expression in T cell functionality.

We find that epigenetic silencing of the cd4 gene seems to underlie the loss of CD4 

expression by AGM CD4+ T cells that become CD8αα+ T cells. Epigenetic changes are 

also apparent in other genes, leading to some functional plasticity of the CD8αα+ T cells 

with increased genome accessibility to genes generally associated with CD8+ T cells. These 

data are consistent with studies of murine models demonstrating the importance of CD4 

expression in T helper functionality [45, 46]. Moreover, CD4+ T cells polarized towards a 

Th1 functional phenotype can obtain effector functions normally associated with cytotoxic 

CD8+ T cells [47], and this involves increased expression of transcription factors such as 

RUNX3.

Expression of CD4 does seem to be important for transcriptional activity associated with 

T helper functions among memory CD4 T cells. Indeed, post-thymic inducible deletion of 

the transcription factor THPOK, important for CD4 expression, leads to impairment of T 

helper functionality and memory generation [45]. In AGM, THPOK expression remains 

stable during CD4 downregulation, and CD8αα+ T cells still express THPOK. Importantly, 

the increased functionality among CD8αα+ T cells that have down-regulated CD4 in 

adult AGM does not seem to impart any long-term health consequences. These animals 

do not seem to be at a higher incidence of either autoimmune disease or opportunistic 

infection. Thus, these findings may lead to development of novel therapeutic interventions 

to recapitulate this phenomenon in humans leading to a potential cure for HIV in HIV-

infected individuals. Indeed, bone marrow transplantation with donor haematopoetic stem 

cells from donors with mutations in the HIV coreceptor CCR5 have, in limited numbers 

of patients, led to creation of CD4 T cells resistant to HIV infection [48, 49]. However, 

viruses that use alternative coreceptors can emerge [50]. Thus, approaches that seek to 

render cells virus-resistant by alternatively targeting CD4 could presumably protect against 

CXCR4-tropic breakthroughs and also widen therapeutic efficacy to subjects with more 

diverse viral reservoirs.
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Key Points:

• AGMs downregulate CD4 from their helper T cells to avoid pathogenicity 

from SIV.

• ATACseq showed the cd4 locus loses accessibility in these cells.

• Additional changes reveal that epigenetics plays an important role.
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Figure 1: The chromatin accessibility of AGM T cells distinguishes cellular subsets.
A) The expression of CD4 and CD8 are shown in adult AGM T cells (left) and gating 

strategy for sorting CD4, CD8αα+, and CD8αβ+ T cells respectively (right). B) Heatmaps 

show increased accessibility at transcription start sites in representative samples from animal 

numbers AG33 and AG39. N = naïve, M = memory. C) The transcription start site from 

all samples was enriched for accessible chromatin. D) Principal component analysis (PCA) 

using variation in reads across consensus peaks shows mainly animal-animal variation on 

PC1, while E) memory vs. naïve separates on PC2, and CD4 vs. CD8 separates on PC3.
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Figure 2: The CD4 locus differs in accessibility and methylation between T cell subsets.
A) ATACseq data from the cd4 locus. All tracks are averaged reads per million normalized 

counts from five animals. Blue bars indicate regions of significant differential accessibility 

as determined by DiffBind for the listed comparisons. B) Average ATACseq reads from 

CD4+ T cells in five animals at each base where methylation status was determined from 

one animal. The slope of the best-fit line is significantly non-0. C) Average ATACseq reads 

from CD4+ T cells in five animals (red, right y-axis) near the transcription start site of 

CD4 (TSS, blue lines) shown with % methylation from one animal (black, left y-axis) at 

each coordinate. D) The same analysis as B) with average ATACseq reads from CD8αα T 

cells in five animals compared to methylation status in CD8αα T cells from one animal. E) 
The same analysis as C) but with average ATACseq reads from CD8αα T cells from five 

animals (red) shown with % methylation from CD8αα T cells from one animal (black). F) 
The methylation status at CD4 regulatory regions significantly differed at the transcription 

start site (TSS), CD4 silencer (S4), and maturation enhancer (E4M), but not at the proximal 

enhancer (E4P) between CD4+ T cells and CD8αα T cells (unpaired T test, *p<0.05, 

**p<0.01).
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Figure 3: Differential accessibility between CD4 memory and CD8αα T cells identifies multiple 
pathways.
A) Accessibility sites compared between CD4+ memory and CD8αα T cells. B) Volcano 

plot of accessible sites and those identified as differentially accessible (pink) using DiffBind/

Deseq2. C) Overrepresentation analysis using WebGestalt and the top 10% of differentially 

accessible genes identified pathways shown in a network diagram where darker blue 

indicates lower FDR. D) The pathways identified as having gene members overrepresented 

in the top differentially accessible regions (DARs). E) The T cell activation pathway was 

identified, and the overlapping genes are listed. F) The ccl5 locus includes multiple regions 

(boxed) that are differentially accessible between CD4 memory and CD8αα T cells.
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Figure 4: Differentially accessible regions correlate with gene expression changes.
A) The top 100 regions losing accessibility from CD4mem to CD8αα were compared 

to ranked list of RNAseq DEGs in CD4+ cells (CD69− CFSE+) versus cells that had 

downregulated CD4 (CD4− CFSE− cells) using GSEA. If more than one differentially 

accessible region was associated with the same gene, the gene was only listed once such 

that 100 genes were included in the probe list. B) Genes from the top 100 that lost 

accessibility that significantly contributed to core enrichment. C) The top 100 regions 

gaining accessibility from CD4mem to CD8αα were compared to ranked list of RNAseq 

DEGs in CD4+ cells (CD69− CFSE+) versus cells that had downregulated CD4 (CD4− 

CFSE-). D) Genes from the top 100 that gained accessibility that significantly contributed to 

core enrichment. E) Example of a region that gained accessibility in GZMB.
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Figure 5: Transcription factor binding sequence analysis in differentially accessible regions 
between CD4+ Memory and CD8αα+ T cells.
A) Regions that lost accessibility in CD8αα+ cells (more accessible in CD4mem) are 

enriched for HMG family sites (TCF7, LEF1). B) Sites that are more accessible in CD8αα 
cells are enriched for ETS and Runt family sites. C) lef1 had multiple significantly more 

accessible sites in CD4+ memory T cells than CD8αα (regions denoted by blue bars on 

bottom), while D) runx3 had more significantly accessible sites in CD8αα+ T cells than 

CD4+ memory T cells.
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Table I:

Subject characteristics

Animal 
#

SIV 
status Sex Age 

(yrs)

% 
CD4+ 

of total 
T cells

% 
Naïve 

of 
CD4+ 

T

% 
Mem 

of 
CD4+ 

T

% 
CD8αα+ 
of total T 

cells

% Mem 
of 

CD8αα+ 
T

% 
CD8αβ+ 
of total T 

cells

% Naïve 
of 

CD8αβ+ 
T

% Mem 
of 

CD8αβ+ 
T

AG33 - F 12.8 30.5 79.9 20.3 18.3 90.8 24.1 44.1 54.8

AG39 - M 9.9 13.8 84 15.9 20.5 85.3 33.4 39.2 59.6

AG49 - M 2.6 62.2 91.7 8.1 11.9 70.5 23.5 64.1 35.3

AG43 - M 6.9 52.1 78.8 21.1 11.3 94.9 18.7 55.5 43.8

AG45 - M 6.2 59.9 79.9 20.1 21.6 84.5 28.2 64.4 34.4

AG38 + M 10.2 46.4 85.6 14.1 27.9 77.4 22.7 41.1 57.3

AG28 + M 13.2 11.6 68.1 31.8 18.6 88.6 63.7 15.7 84.1

AG32 + M 12.8 25.9 59 40.5 34.4 94.8 33.2 20 79.9

AG302 + M 20.0 5.77 49.9 49.6 55.3 98.6 31.7 7.16 92

AG14 + M 13.8 2.71 36.3 63.7 39.7 98.8 55.1 2.74 97
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