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Introduction
African green monkeys (AGMs) (genus Chlorocebus) are a natural host of  SIV (SIVagm). AGMs main-
tain high viral loads throughout the disease course yet do not progress to simian AIDS. Lack of  
pathogenicity is not determined by virus-intrinsic factors, as SIVagm is pathogenic in experimentally 
infected pigtail macaques (Macaca nemestrina) (1, 2). Host factors are thought to be important for the 
nonprogressive nature of  SIVagm infection in AGMs. These host factors include (but are not limited to) 
maintenance of  the immune and structural components of  the gastrointestinal tract (3, 4), robust yet 
transient induction of  innate immune responses to SIV (5, 6), and lower viral burden in lymphoid tis-
sues (7). Each of  these characteristics is thought to contribute to a lack of  chronic immune activation 
in natural hosts, an accurate predictor of  disease progression in untreated HIV-1–infected humans and 
SIV-infected Asian macaques (8, 9).

An additional feature of  natural hosts is their remarkable ability to regulate expression of  the HIV-1/
SIV host entry receptors CD4 and CCR5 (10, 11). Healthy adult AGMs, in particular, maintain low CD4 T 
cell counts (0–400 cells/μl) and a large pool of  CD4–CD8αα+ memory T cells (10, 12, 13). CD4–CD8αα+ T 
cells in AGMs originate from canonical CD4+ T cells that have postthymically downregulated CD4 in vivo 
(10, 13). Thus, the functional profile of  these cells exhibits clear distinctions from that of  classical CD8αβ 
T cells and also hallmark similarities to the Th lineage, including MHC class II restriction; expression of  
FoxP3, CD40 ligand; and the ability to produce IL-17 and/or IL-2 (10, 13, 14). Importantly, CD4–CD8αα+ 
T cells are refractory to SIV infection in vivo (10), a phenotype that is closely shared by virus-resistant 
Th-like populations described in other natural hosts (15–17).

African green monkeys (AGMs) are natural hosts of SIV that postthymically downregulate CD4 to 
maintain a large population of CD4–CD8aa+ virus-resistant cells with Th functionality, which can 
result in AGMs becoming apparently cured of SIVagm infection. To understand the mechanisms 
of this process, we performed genome-wide transcriptional analysis on T cells induced to 
downregulate CD4 in vitro from AGMs and closely related patas monkeys and T cells that maintain 
CD4 expression from rhesus macaques. In T cells that downregulated CD4, pathway analysis 
revealed an atypical regulation of the DNA methylation machinery, which was reversible when 
pharmacologically targeted with 5-aza-2 deoxycytidine. This signature was driven largely by the 
dioxygenase TET3, which became downregulated with loss of CD4 expression. CpG motifs within 
the AGM CD4 promoter region became methylated during CD4 downregulation in vitro and were 
stably imprinted in AGM CD4–CD8aa+ T cells sorted directly ex vivo. These results suggest that AGMs 
use epigenetic mechanisms to durably silence the CD4 gene. Manipulation of these mechanisms 
could provide avenues for modulating SIV and HIV-1 entry receptor expression in hosts that become 
progressively infected with SIV, which could lead to novel therapeutic interventions aimed to reduce 
HIV viremia in vivo.
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While very little is known regarding the mechanisms of  CD4 postthymic repression in AGMs, the 
process can be readily studied in vitro, as CD4 expression in AGMs is exceptionally unstable. Multiple 
stimuli can induce AGM CD4 T cells to downregulate CD4, including antigen or homeostatic cytokines 
(13, 18). It is thought that events governing CD4 downregulation are inherently linked to those involved in 
cell division. Moreover, CD4 mRNA levels in AGM CD4+ T cells decline dramatically upon stimulation in 
vitro and are virtually absent in CD4–CD8αα+ T cells (10, 19), implying that loss of  CD4 at the cell surface 
is the result of  transcriptional repression and not mediated posttranslationally.

There are rare instances when AGMs will drive this mechanism to completion. In a previous study, one 
AGM with detectable blood CD4 counts upon importation subsequently converted its entire CD4+ T cell 
pool to a CD4–CD8αα+ phenotype (10, 13). Consequently, this animal became aviremic and evidently cured 
itself of  SIV infection (10, 13). A similar case has been reported in a patas monkey, which exhibited no 
signs of  immunodeficiency and yet had undetectable CD4 counts and was resistant to SIVagm exposure (17). 
These instances highlight the critical link between SIV host entry receptor expression and viremia. Thus, 
understanding mechanisms of  CD4 postthymic repression in natural hosts could have translational value 
in settings of  progressive HIV-1/SIV infections. In this study, we used a whole-genome transcript-wide 
approach to understand the key molecular events driving CD4 downregulation in AGM T cells.

Results
Genes uniquely regulated in natural host CD4 T cells induced to downregulate CD4 in vitro. To define genes linked 
to CD4 repression in natural hosts, we took advantage of  the fact that African green and patas monkey T 
cells downregulate CD4 when stimulated in vitro, whereas rhesus macaque T cells do not. CFSE-labeled 
peripheral blood CD4+ T cells of  each nonhuman primate species were flow cytometrically sorted and cocul-
tured with autologous CD11b+HLA-DR+ dendritic cells in the presence of  the super antigen staphylococcal 
enterotoxin B (SEB). As expected, SEB stimulation induced CD4+ T cells from African green (Chloroce-
bus pygerythrus i.e., vervet) and patas monkeys (Erythrocebus patas) to downregulate CD4 with subsequent 
divisions, yet CD4 expression on rhesus macaque (Macaca mulatta) CD4+ T cells remained stable (Figure 
1A). We reasoned that genes linked to CD4 downregulation in natural host species could be tracked as 
CD4 T cells respond to stimulation. Thus, after 5 days in culture, we performed genome-wide transcriptome 
sequencing on cell populations of  4 distinct phenotypes: resting undivided (CD69–CFSE+) and activated 
undivided (CD69+CFSE+) (both of  which express CD4), divided cells that retained CD4 (CFSE–CD4+), and 
divided cells that lost CD4 (CFSE–CD4–) (Figure 1A). Principal component analysis (PCA) revealed that 
gene expression profiles of  CFSE+CD69–, CFSE+CD69+, and CFSE– populations in AGMs clustered dis-
tinctly along the PC1 axis (Figure 1B). In contrast, gene expression profiles of  CFSE–CD4+ and CFSE–CD4– 
populations differed only slightly along the more minor second principle component (Figure 1B), suggesting 
that CD4 downregulation is likely the result of  pathways comprising a distinct subset of  genes.

We next performed pairwise comparisons of  natural host CFSE–CD4– or rhesus CFSE–CD4+ gene 
expression profiles with that of  resting CFSE+CD69– cells. The additional parameter of  CFSE was includ-
ed in this comparison because division is inherently coupled to the process of  CD4 downregulation, and 
signaling pathway alterations controlling CD4 may precede loss of  CD4 protein at the cell surface. This 
analysis revealed sets of  significant differentially expressed genes (DEGs) that were both common and 
unique among each particular species. Of  these DEGs, 2175 were found to be commonly expressed in 
CFSE–CD4– cells of  AGMs and patas monkeys and yet distinct from those of  rhesus CFSE–CD4+ cells 
(Figure 1C). We reasoned that genes reported to play putative roles in disease nonprogression of  natural 
hosts would be present in this set of  genes. Indeed, CXCR6, the preferred coreceptor of  SIVagm that is 
thought to divert replication from more stem-like CD4+CCR5+ central memory cells (20, 21), was uniquely 
upregulated in CFSE–CD4– cells of  AGMs and patas monkeys and yet not in rhesus CFSE–CD4+ cells 
(Figure 1D). Importantly, CD4 was one of  the most significant DEGs that was unique to CFSE–CD4+ cells 
(Figure 1D), as African green and patas (but not rhesus) CD4+ T cells exhibited significant loss of  CD4 tran-
scription in CFSE–CD4– cells (Figure 1E). CD8A transcript levels in the 2 natural host species significantly 
increased beginning at the CFSE+CD69+ stage (Figure 1F), suggesting that the pathways regulating the CD4 
and CD8A genes are distinct and occur at different kinetics.

DNA methylation proteins contribute to CD4 gene silencing in natural hosts. Given that CD4 transcripts were 
uniquely downregulated in natural host CFSE–CD4– cells, we reasoned that gene networks upstream of CD4 
silencing would also be uniquely regulated in this population. Thus, we analyzed the 2175 genes unique to 
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natural host CFSE–CD4– cells against a priori defined gene networks in the Ingenuity Pathway Analysis (IPA) 
database to determine pathways that may be relevant to CD4 expression. Canonical pathways enriched in 
CFSE–CD4– cells included genes encoding for proteins involved in protein ubiquitination, T cell costimula-
tion, actin cytoskeletal signaling, and DNA methylation (Figure 2A). We reasoned that DNA methylation 
may be particularly relevant for CD4 silencing in AGMs, given its general role as an epigenetic mediator 
of  gene repression and previous studies linking the DNA methylation machinery to CD4 gene silencing in 
murine cytotoxic CD8+ T cells (22, 23). Methylation of  DNA occurring at the fifth carbon atom of cyto-
sine residues (5mC) is mediated by the DNA methyltransferase (DNMT) proteins DNMT1, DNMT3A, and 
DNMT3B, which influence inherited and de novo methylation patterns, respectively (23). This process can be 
reversed by the action of  ten eleven translocation (TET) methylcytosine dioxygenases (TET1, -2, -3), which 
progressively oxidize methylated CpG motifs to 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxyl-
cytosine (23). We thus examined dynamics of  the DNA methylation machinery in the 4 distinct cellular states 
induced by SEB stimulation of  AGM, patas, and rhesus monkey CD4+ T cells. Gene expression of  DNMT1 
increased in response to SEB stimulation of  CD4+ T cells in all 3 nonhuman primate species (Figure 2B). In 
contrast, only CD4+ T cells from natural host AGM and patas animals exhibited upregulation and downregu-
lation of  DNMT3B and TET3 gene expression in response to SEB, respectively (Figure 2B). We confirmed by 

Figure 1. Uniquely regulated genes in natural host CD4+ T cells induced to downregulate CD4 in vitro. (A) Representative flow dot plot of purified 
AGM, patas, or rhesus macaque CD4+ T cells that were exposed to staphylococcus enterotoxin B and HLA-DR+CD11c+ antigen-presenting cells for 5 days. 
(B) Principal component analysis plot of transcribed genes from AGM CFSE+CD69– (n = 3), CFSE+CD69+ (n = 3), CFSE–CD4+ (n = 4), CFSE–CD4– (n = 4) T cell 
populations, based on transcript counts per million (CPM), calculated by Deseq2. The numbers in parenthesis on each axis represent the percentage of 
variance that each principle component contributes to the data set. (C) Euler diagram of DEGs in pairwise comparisons of CFSE–CD4– (AGM, patas) or 
CFSE–CD4+ (Rhesus) cells versus the CFSE+CD69–CD4+ population of each species. Significant DEGs were calculated by the Wald test and corrected for 
multiple comparisons (Benjamini-Hochberg) in Deseq2. (D) Heatmap depicting transcript counts of genes common to natural hosts yet unique from 
rhesus, normalized by row Z-score. Genes known to play a role in disease nonprogression are annotated. Red and blue coloring represent genes that 
are upregulated and downregulated, respectively. Statistical comparisons of (E) CD4 and (F) CD8A log among sorted populations of AGM, patas, and 
rhesus. Statistical significance was calculated by the Wald test and corrected for multiple comparisons (Benjamini-Hochberg) in Deseq2.
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qPCR that TET3 transcripts were uniquely downregulated in divided AGM cells that lose CD4 (Figure 2C) 
and yet not significantly so in divided rhesus CD4+ T cells (Figure 2D).

Given that DNMT-mediated 5mC deposition near regulatory regions of  DNA promotes gene silencing, 
whereas the 5hmC products of  TET activity are associated with actively transcribed regions, we reasoned 
that the balance of  DNMT and TET activities could potentially influence transcription of  CD4. Perturbing 
this balance may favor transcription versus repression. Thus, we sought to manipulate CD4 expression 
pharmacologically in AGMs with the DNMT inhibitor 5′-aza-2′-deoxycytidine (5-aza-2). AGM CD4+ T 
cells activated in vitro with anti-CD3/CD2/CD28 microbeads and recombinant IL-2 in the presence of  

Figure 2. DNA methylation pathways contribute to CD4 gene silencing in natural hosts. (A) Top 5 canonical pathways from Ingenuity Pathway Analysis (IPA) 
of genes unique to natural host cells that are induced to downregulate CD4. P values were calculated by Fisher’s exact test. (B) Heatmaps depicting transcript 
abundance of genes encoding for proteins involved in DNA methylation of the 3 nonhuman primate species. The scale represents transcript counts normalized 
by row Z-score. Red and blue coloring represents upregulated and downregulated gene expression, respectively. Comparisons of TET3 gene expression in (C) 
AGM (n = 6) and (D) rhesus (n = 5) relative to GAPDH assessed by real-time PCR. Statistical significance was calculated by the Mann-Whitney test. (E) Repre-
sentative flow dot plot and summary data (n= 6) depicting CD4 expression on AGM CD4+ T cells stimulated with anti-CD3/CD2/CD28 microbeads and 25 U/mL 
IL-2 for 5 days in the presence or absence of 500 nM 5-aza-2 deoxycytidine. (F) Dose response of 5-aza-2 deoxycytidine on CD4 downregulation in AGMs (n= 5). 
Significance in was determined by the Mann-Whitney test with multiple comparison adjustment by Bonferroni correction.
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5-aza-2 downregulated CD4 to a significantly (P = 0.04) lesser extent than those receiving anti-CD3/CD28 
alone, an effect that was observed across multiple generations of  divided CD4+ T cells (Figure 2E) and was 
dose dependent (Figure 2F). These data demonstrate that components of  the DNA methylation machinery 
are uniquely regulated and can be pharmacologically targeted in vitro to manipulate CD4 expression in 
natural hosts of  SIV.

CD4 downregulation is associated with methylation of  the CD4 promoter in AGMs. Multiple cis-acting genom-
ic elements proximal to or within the CD4 gene locus regulate CD4 expression in developing thymocytes. 
These include an upstream 430-nucleotide sequence known as the CD4 proximal enhancer (E4p) (essential 
for promoting CD4 expression in CD4–CD8– double-negative [DN] thymocytes; refs. 24, 25), an intronic 
CD4 silencer (S4) (important for repressing CD4 in DN T cells and for initiating the CD4-silenced state of  
mature cytotoxic CD8+ T cells; refs. 26, 27), and a second intronic “maturation” enhancer (E4M) (in concert 
with E4p, regulates CD4 expression in late-stage CD4+, single-positive thymocytes) (28, 29). We sought to 
probe the genomic region encoding for CD4 in AGMs, finding that the structure of  the CD4 locus, includ-
ing genic and regulatory regions in AGMs, is highly homologous to humans and rhesus (Figure 3A). We 
further performed genomic alignments of  the CD4 regulatory elements among AGMs, patas monkeys, 
rhesus macaques, and humans, postulating that shared sequences of  AGMs and patas monkeys diverging 
from conserved sequences of  rhesus and humans may have the potential to be significant. All CD4 regula-
tory regions were generally well conserved in each species, with sequence homology of  98% in all species 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.139043DS1). Nevertheless, a small number of  nucleotide variations unique to natural hosts were 
present in the E4p, S4, and E4M regulatory regions (Supplemental Figure 1), suggesting a degree of  variation 
in cis-regulating factors of  the CD4 locus of  natural hosts.

Given that unique downregulation of  TET3 in AGMs could potentially influence CpG methylation state 
within the CD4 locus, we next performed bisulfite sequencing to assess differentially methylated regions 
(DMRs) within approximately 150–base pair regions of  positive CD4 genomic regulatory elements (E4P, 
transcription start site [TSS], E4M) in blood AGM and rhesus CD4+ T cells stimulated in vitro with CD3/
CD28/CD2 microbeads and IL-2. The majority of  CpG motifs within the assessed E4P region of  both spe-
cies were methylated in CFSE+CD4+CD69– cells and remained so during division (CFSE–CD4+) or CD4 
downregulation (CFSE–CD4–) (Figure 3B). Within the CD4 TSS, CpG motifs were rarely methylated in 
CFSE+CD4+CD69– and CFSE–CD4+ T cells of  both species, and yet they became differentially methylated 
in AGM cells that were induced to downregulate CD4 (Figure 3C). Similar trends were observed down-
stream at the intronic E4M regulatory element: sparse CpG methylation in CFSE+CD4+CD69– and CFSE–

CD4+ T cells and differential methylation in AGM cells that downregulated CD4 in vitro (Figure 3D). These 
results suggest that DMRs within the CD4 locus are site specific and increase in frequency at transcribed 
regions only when AGM cells lose CD4 expression, yet not in states where CD4 expression is maintained.

CpG methylation patterns are stably inherited in AGM CD4–CD8αα+ T cells. The establishment of  DMRs at 
the CD4 locus during in vitro CD4 downregulation led us to hypothesize that similar methylation patterns 
are stably inherited in AGM CD4–CD8αα+ T cells, which arise from mature CD4+ T cells that have durably 
silenced CD4 in vivo (10). Thus, we sorted CD4+, CD4–CD8αα+, and classical CD8αβ+ T cells to high purity 
from spleens of  AGMs and assessed CpG methylation in regions proximal or within the CD4 locus (Figure 
4A). To assess DMRs in more detail, we performed high-throughput sequencing of  a capture region span-
ning 10,000 base pairs upstream and 10,000 base pairs downstream of the CD4 TSS, which encompassed 
all regulatory DNA elements (E4P, TSS, S4, E4M), the first exon, and majority of  the first CD4 intron. PCA 
of CpG methylation frequency within the capture region revealed clear distinctions among the sorted T cell 
populations. Despite their functional similarity, CD4–CD8+ T cells clustered distinctly from CD4+ T cells and 
instead bared a striking resemblance to methylation profiles of  classical CD8αβ+ T cells (Figure 4B). When 
CpG methylation frequencies of  sorted populations were compared across genomic coordinates, methylation 
profiles of  CD4–CD8αα+ T cells were virtually identical to those of  classical CD8αβ+ T cells; however, they 
diverged considerably from those of  CD4+ T cells, particularly within the CD4 gene body. Regions of  marked 
hypermethylation in CD4–CD8+ T cells included 1 DMR approximately 3000 base pairs upstream of the 
CD4 TSS and 3 DMRs beginning at the CD4 TSS and extending approximately 5000 base pairs into the CD4 
transcribed region, encompassing the first exon, S4 and E4M regulatory elements (Figure 4C and Supplemen-
tal Table 1). Taken together, these data reveal that hypermethylation at distinct genomic locations within the 
AGM CD4 locus is associated with durable CD4 gene silencing in CD4–CD8αα+ T cells.

https://doi.org/10.1172/jci.insight.139043
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Discussion
Repression of  HIV-1/SIV entry receptor expression is a well-established feature of  natural hosts (10, 
11, 15, 30). In particular, negative regulation of  host CD4 expression is both durable and irreversible, 
evidenced by anecdotal reports of  healthy AGMs that convert their entire CD4+ T cell pool to a CD4–

CD8αα+ phenotype and maintain a CD4 count of  0 throughout life (13, 14, 17). We took an unbiased 
approach to identify mechanisms of  CD4 downregulation in AGMs, a process that allows canonical 
CD4 T cells to become resistant to SIV infection in vivo. An atypical regulation of  genes encoding for 
proteins involved in DNA methylation characterized CD4 mRNA downregulation in T cells of  2 natural 
host species, which was not observed in rhesus macaques, with CD4 expression that remained stable. 
This signature was driven largely by unique reductions in expression of  the dioxegenase TET3 gene. 
We concurrently observed the CD4 promoter region in AGMs to become hypermethylated during CD4 
downregulation in vitro. These observations remained highly consistent in spite of  some heterogeneity 
in animal demographics or SIV serostatus. The CD4 promoter was also found to be hypermethylated in 
AGM CD4–CD8αα+ T cells, with durable in vivo CD4 repression and in contrast to AGM cells induced 
to lose CD4 in vitro, increased methylation extended well into the CD4 gene body. The stark difference 
in intragenic methylation between AGM cells that recently downregulated CD4 in vitro versus AGM 
CD4–CD8αα+ T cells is suggestive of  promoter methylation occurring early in the process of  CD4 down-
regulation, with gene body methylation occurring at later time points. These data suggest an epigenetic 
basis for HIV-1/SIV receptor control in natural hosts.

Transcriptional control of the CD4 locus has been most extensively studied during T cell development, a 
period at which thymocytes must actively regulate CD4 expression to ensure error-free lineage decisions. The 
current model suggests that cis-acting enhancer elements proximal CD4 enhancer (E4p) and maturation CD4 
enhancer (E4M) cooperate with trans-acting factors to drive optimal CD4 expression during positive selection 

Figure 3. CD4 downregulation is associated with methylation of the CD4 promoter in AGMs. (A) Schematic representation of the CD4 locus. Top: Entire 
CD4 gene locus of AGM + 10,000 base pairs upstream of the transcription start site, with percentage sequence conservation to rhesus and human. Bot-
tom: 15,000–base pair region flanking the CD4 transcription start site encompassing the proximal enhancer (E4p), first exon, silencer (S4), and maturation 
enhancer (E4M). Percentage sequence conservation to rhesus and human is shown. Heatmaps and summary data of CpG methylation in regions amplified 
within the (B) E4p, (C) transcription start site, and (D) E4p regulatory elements of CFSE+CD4+CD69–, CFSE–CD4+, and CFSE–CD4– populations. Each column 
represents a single CpG dinucleotide found within the given region. Each row represents DNA from a single cell, totaling 63 individual clones from 3 indi-
vidual animals. Significance in summary data was determined by the Mann-Whitney test with multiple comparison adjustment by Bonferroni correction.
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and to stabilize expression in proliferating mature CD4+ T cells (29, 31). Interestingly, there is a clear temporal 
basis for the activity of these elements. In mice, germline deletion of E4p or E4M results in significantly lower 
CD4 thymic output and unstable expression in proliferating mature CD4+ T cells (28, 29). In contrast, when 
these elements are deleted in mature CD4 T cells (after thymic selection) expression of CD4 during prolifera-
tion is stably maintained (28, 32). There is thus a striking parallel to proliferating CD4+ T cells of AGMs and 
those of germline E4M

–/– or E4p
–/– mice, in that CD4 expression in both instances is unstable, raising the possi-

bility that loss-of-function mutations to regulatory regions active during T cell development may subsequently 
effect stability of CD4 in mature AGM T cells. We show here that AGMs and patas animals share a small 
number of nucleotide differences in the E4M and E4p enhancer elements that are unique from those of rhesus 
macaques or humans that exhibit stable CD4 expression. We cannot rule out that these mutations impact tran-
scriptional regulation of CD4, although it is important to note that thymic CD4 output in African green and 
patas monkeys is normal, and juvenile AGMs exhibit CD4 T cell counts similar to those of rhesus macaques.

Our results are in accordance with DNA methylation playing an inhibitory role on CD4 transcription 
in AGMs. We cannot rule out the possibility that locus methylation is simply a consequence of  reduced 
transcriptional activity by trans-acting factors that bind the CD4 promoter, presumably making the locus 
more permissive to methylation. However, the facts that CD4 locus methylation also occurs in proliferating 
CD4 T cells of  E4M

–/– or E4p
–/– mice and that we can manipulate CD4 expression directly in AGMs with 

the DNMT inhibitor 5-aza-2 suggest that locus methylation plays a causative role in CD4 repression. More-
over, regions that become differentially methylated during CD4 downregulation in AGMs are highly site 
specific, occurring within the gene body but not in regions upstream of  the CD4 TSS.

A contributing factor to locus hypermethylation may be the unique loss of  TET3 gene expression in 
proliferating AGM CD4 T cells. In other settings, loss of  TET activity promotes locus hypermethylation 
and subsequently impacts the stability of  gene expression. This is true of  the FOXP3 locus and, importantly, 
the CD4 locus (33, 34). Proliferating mature CD4+ T cells from TET1/TET3 double-knockout mice pheno-
copy the lack of  CD4 stability observed in proliferating AGM CD4+ T cells (29).

Comparative studies in natural hosts have proven invaluable in dissecting the salient features of  HIV-1/
SIV pathogenesis, particularly at tissue sites (9). Our study sheds light on an additional use of  natural hosts 

Figure 4. CpG methylation patterns are stably inherited in AGM CD4–CD8αα+ T cells. (A) Representative before 
and after sort flow dot plots of major T cell populations from AGM splenic samples. (B) Principal component 
analysis plot of AGM CD4 (n = 4), CD4–CD8αα+ (n = 4), CD4–CD8αβ+ (n = 4) methylation profiles of CD4 locus capture 
region, based on CpG methylation frequency determined by Bismark bisulfite read mapper. The numbers in paren-
theses on each axis represent the percentage of variance that each principle component contributes to the data 
set. (C) CpG methylation frequency across CD4 locus capture region, depicted by genomic coordinate. Coordinates 
of CD4 regulatory regions are annotated on bottom track. Shaded areas represent regions of hypermethylation 
when compared with methylated CpG frequencies in AGM CD4 T cells. Significance was determined by Fisher’s 
exact test with values listed in Supplemental Table 1.
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as potential guides for HIV eradication strategies. Indeed, control of  SIV entry receptor expression in natural 
hosts has led to several documented instances of  spontaneous SIV cure (13, 14, 17). Probing the mechanism 
of CD4 repression in AGMs raises the possibility of  therapeutically altering these same pathways in pro-
gressive hosts. These include candidate targets that may influence CD4 expression (such as TET3) or editing 
approaches that manipulate CD4 directly. In a select number of  HIV-1+ human subjects, analogous approach-
es have sought to purge the host of  susceptible HIV targets by targeting CCR5. Two of  these instances have 
been marked with ART-free long-term remission (35, 36). One incident however resulted in viral rebound of  a 
CXCR4-tropic strain after ART discontinuation (37). Thus, approaches that seek to render cells virus resistant 
by alternatively targeting CD4 could presumably protect against X4-tropic breakthroughs and also widen 
therapeutic efficacy to subjects with more diverse viral reservoirs. This is notwithstanding significant caveats 
that would need to be addressed with this approach. CD4 serves to amplify TCR signaling by recruiting the 
protein tyrosine kinase Lck to the immunological synapse (38, 39), and blockade of  CD4 significantly impairs 
T cell sensitivity to antigen (40, 41). Furthermore, expression of  CD4 on monocytes and macrophages would 
remain unaffected in an approach that solely targets the lymphoid lineage. Although the precise role of  mac-
rophages and other myeloid cells as a bon a fide reservoir for HIV-1 during ART is still controversial (42–45), 
ablation of  CD4 could conceivably result in the disregarding of  nonlymphoid sources of  HIV-1 that could 
potentially maintain the reservoir if  ART is interrupted. Thus, questions remain on the feasibility of  a strategy 
that could potentially be detrimental to classical Th functions. This dovetails with the related question raised 
by this study and others on the apparent dispensability of  CD4 in AGMs. For example, AGMs can mount 
robust recall responses to MHC-II–restricted antigens in the CD4–CD8αα+ T cell compartment (13), and these 
animals do not suffer from any apparent immunodeficiency or autoimmunity. Whether AGMs have evolved 
mechanisms to compensate for the loss of  CD4 remains to be determined. Nevertheless, these data highlight 
key mechanisms of  HIV-1/SIV entry receptor control in natural hosts and potential avenues for their manip-
ulation in settings of  progressive infection.

Methods
Nonhuman primates. This study was performed on 11 vervet AGMs, 4 patas monkeys, and 9 rhesus 
macaques. All relevant animal information including age, sex, and SIV status is summarized in Sup-
plemental Table 2. If  indicated, all experimental SIV infections were performed intravenously with 
SIVmac239 (rhesus) or SIVagm (AGM).

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 in 
research (46). Animals were housed singly in adjoining individual primate cages, allowing social interac-
tions, 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 mon-
key 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.

In vitro cell culture for gene expression analysis. For in vitro stimulation of  samples used for RNA-Seq, fresh 
PBMC suspensions were isolated under Ficoll-Paque density gradient separation, labeled with 400 nM of  
CellTrace violet from a 400 μM stock concentration (Thermo Fisher Scientific), and sorted for CD4+ T 
cells on a BD FACSAria II. Cells were subsequently cultured in RPMI supplemented with 10% fetal bovine 
serum, 100 IU/mL Penicillin, 100 μg/mL Streptomycin, and 2.5 mM glutamine (all from Gibco) in the 
presence of  1 μg/mL SEB (Millipore Sigma) and autologous HLA-DR+CD11b+ antigen presenting cells at 
10:1 ratios. After 5 days of  culture, responding cells were resorted on the basis of  CD4 expression, CFSE 
dye dilution, and CD69 expression; lysed in 350 μl RLT buffer supplemented with 1% β-2-mercaptoethanol 
(QIAGEN; and preserved at –80°C until further processing.

All experiments requiring in vitro stimulation shown in Figures 2 and 3 were performed with anti-
CD3/CD28/CD2 microbeads. In brief, PBMCs from AGMs and rhesus nonhuman primate species were 
labeled with CellTrace Violet at the identical concentration as above (Thermo Fisher Scientific) and CD4 
T cells were subsequently magnetically purified with anti-CD4 microbeads (Miltenyi Biotech). Cells were 
then stimulated in cRPMI with the nonhuman primate T cell activation/expansion kit (bead-immobilized 
antibodies to anti-CD3/CD2/CD28) (Miltenyi Biotech) at 1:2 bead-to-cell ratios in the presence of  25 U/
mL IL-2 (R&D Systems) for 7 days. cRPMI media containing fresh IL-2 was replenished to cultures at days 
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2, 4, and 6. For experiments with the DNMT inhibitor 5-aza-2 deoxycytidine, CD4 T cells from AGMs 
were isolated and stimulated as above. At day 2 after stimulation, cells were treated with 500 nM 5-aza-2 
deoxycytidine dissolved in DMSO (MilliporeSigma), and CD4 surface expression was measured at day 7.

Cell phenotyping. T cell phenotyping for all experiments was assessed with antibodies reactive to the follow-
ing surface antigens: anti-CD3 Alexa Fluor 700 (clone SP43-2, catalog 557917), anti-CD4 Allophycocyanin 
(clone L200, catalog 551980), anti-CD8α Pacific Blue (clone RPA-T8, catalog 558207), and anti-CD69 Phy-
coerythrin.cy7 (PE-cy7) (clone FN50, catalog 557745) (all from BD). Cells were washed once in ice-cold PBS 
and incubated with fluorochrome-labeled antibodies at 4°C with the addition of LIVE/DEAD amine-reactive 
viability dye (Thermo Fisher Scientific). After 20 minutes, cells were washed a second time in PBS. For exper-
iments requiring only strict phenotyping, cells were fixed with 1% PFA and acquired on a BD FACS Fortessa.

Library preparation and RNA-Seq. For samples used for RNA-Seq in Figure 1, total RNA was isolated follow-
ing the QIAGEN RNeasy Micro Kit protocol. Samples were purified through QIAGEN columns with on-col-
umn DNase treatment for 15 minutes. Libraries were made from purified total RNA using the Illumina TruSeq 
Stranded Total RNA Sample Preparation Kit protocol. rRNA was removed from samples by denaturing and 
then purified on rRNA removal beads. RNA was then fragmented and primed with random hexamers for first-
strand synthesis in a single step on a thermocycler for 8 minutes at 94°C. First-strand synthesis immediately 
followed use of Superscript II polymerase (Invitrogen) on a thermocycler with the following parameters: 25°C 
for 10 minutes, 42°C for 15 minutes, and 70°C for 15 minutes. In order to determine which strand the transcript 
was transcribed from, dUTP’s were used instead of dTTP’s during the second-strand synthesis. Single adenines 
were added to the blunted double-stranded cDNA. Illumina adapters containing unique dual-indices were ligat-
ed to each library. This allowed the samples to be multiplexed on the sequencer. Libraries containing Illumina 
adapters were enriched using 15–18 cycles of PCR. Throughout multiple steps of the library preparation, oli-
gonucleotide integrity was assessed by capillary electrophoresis with an Agilent DNA bioanalyzer instrument 
and DNA high-sensitivity chips. Libraries were sequenced on an Illumina HiSeq 2500. Data are available at the 
Gene Expression Omnibus (GEO) (accession GSE151815).

Alignment and differential gene expression. Files containing sequence reads and corresponding quality 
scores from nonhuman primate samples (rhesus, AGM, patas) specified for RNA-Seq in Supplemental 
Table 2 were aligned to the Mmul_8.0.1 rhesus macaque genome assembly and annotation with STAR 
(ver2.7.3a) at default parameters (47). Bam files were sorted by genomic coordinate with SamTools 
(48) and subsequently counted with HTseq (49). Pairwise comparisons of  gene counts (including nor-
malization) were performed with DEseq2 (50), and all genes with a logCPM <30 were omitted from 
any downstream analysis. A P value of  less than 0.01 when corrected for multiple comparison testing 
(Benjamini-Hochberg) was used to define genes as significantly differentially expressed. Refseq num-
bers of  AGMs, rhesus macaques, and human genomes used for alignments in this study are as follows 
(in respective order): GCF_000409795.2, GCF_003339765.1, and GCF_000001405.39.

Pathway and tertiary analysis. Pathway analysis on the data set containing genes unique to natural host 
cells in the CFSE–CD4– population was performed by IPA software (QIAGEN). Expression of  particular 
genes was visualized with heatmaps generated by the package in R, “Pheatmap.” PCA calculations were 
performed with the R package “FactomineR.”

Gene validation by qRT-PCR. Cells from sorted AGM and rhesus T cell populations stimulated for 7 
days in vitro with αCD3/CD28/CD2 microbeads and 25 ng/mL recombinant IL-2 were lysed with 350 μl 
RLT buffer, and RNA was subsequently isolated by silica membrane adsorption with the QIAGEN Allprep 
RNA/DNA isolation kit. Total RNA was quantified by Qubit (Thermo Fisher Scientific), and reverse tran-
scription was performed with the high-capacity RNA-to-cDNA kit with equal amounts of  RNA for each 
sample (Applied Biosystems). TET3 cDNA was amplified with species-specific intron-spanning primers 
noted in Supplemental Table 2 and PowerUp SYBR green master mix (Thermo Fisher Scientific), and 
reactions were carried out with the StepOne Plus Real-Time PCR machine (Applied Biosystems). GAPDH 
expression was used as a reference gene and amplified with primers specified in Supplemental Table 3.

Bisulfite sequencing of  single-cell clones. To assess CpG methylation in single cells, genomic DNA from 
sorted populations indicated in Figure 3 was isolated with the QIAGEN Allprep RNA/DNA isolation kit 
and deaminated with the EZ DNA methylation lightning kit (Zymo Research). Bisulfite-converted DNA 
was eluted in water and regions specific to the E4p, TSS, and E4M CD4 regulatory regions were amplified 
with species-specific primers complimentary to bisulfite-treated templates (Supplemental Table 3). PCR 
amplicons were subsequently ligated into pGEM Easy-T vectors (Promega) overnight at 4°C. Vectors were 
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transformed into DH10B competent cells and, after overnight incubation at 37°C, individual colonies tak-
ing up the cloned inserts were selected onto agarose plates containing 100 μg ampicillin and IPTG/X-gal. 
A minimum of  30 clones was selected from each sorted cell population and amplified on a 96-well plate 
with exTaq enzyme (Takara) and primers specific for M13 sequences flanking the PCR cloning site (Sup-
plemental Table 3). Individual clones were sequenced by Sanger sequencing (Eurofins Genomics).

Custom-capture bisulfite sequencing. To assess CpG methylation across the 20 kb region encompassing CD4 
regulatory regions, genomic DNA from CD4, CD4–CD8αα, and CD8αβ T cells of cryopreserved AGM splenic 
cell suspensions was isolated using the QIAGEN allprep DNA/RNA isolation kit (QIAGEN). Splenic cell sus-
pensions were previously prepared by mincing splenic tissue in 2 × 2 mm blocks and mechanically it digesting 
through a 50 μM mesh filter; this was followed by a 10-minute treatment with ammonium-chloride potassium 
treatment to lyse red blood cells and 2 subsequently washings in ice-cold 1× PBS. At least 3 μg genomic DNA 
was sheared with a Covaris sonicator to 100–175 nt fragment sizes. Library preparation was then followed in 
exact accordance to the Agilent methylseq library prep protocol. In brief, DNA libraries were prepared first 
by repairing and dA-tailing the 3′ end of the DNA fragments. Methylated adapters were subsequently ligated 
onto the DNA fragments. Genomic DNA libraries were then hybridized with proprietary hybridization probes 
designed by Agilent to be complimentary to the 20 kb capture region of the CD4 locus and incubated overnight 
at 65°C. Hybridized fragments were then captured with streptavidin beads, washed, and subsequently deami-
nated with the EZ DNA methylation lightning kit (Zymo Research). Bisulfite-converted libraries were indexed, 
amplified with 12 PCR cycles, and subsequently pooled for sequencing on an HTseq 4000 (Illumina). Follow-
ing sample demultiplexing, reads were quality checked with command-line versions of FastQC and Cut-adapt 
and aligned to genomic coordinates of the capture region in the AGM genome (chr11:6815343-6835391, ver-
sion ChlSab 1.1) with Bismark bisulfite read mapper (51). Coverage files containing CpG methylation frequen-
cy of the capture regions were further processed with the R package Bsseq (52).

Statistics. Statistical analysis for pairwise comparisons of  RNA-Seq read counts were performed by 
the Wald test in the DEseq2 package in R. Two-group comparisons, including qPCR relative expression 
data and methylated CpG counts of  single-cell clones, were performed in Prism version 6.0 (GraphPad) 
using the nonparametric Mann-Whitney test and subsequently corrected for multiple comparisons by 
the Bonferroni method. To assess DMRs in the custom-capture CD4 regulatory region, a Fisher’s exact 
test was performed for each individual CpG coordinate with the R package Bsseq. P values of  less than 
0.05 were considered significant.

Study approval. All animal work was approved by the National Institute of  Allergy and Infectious Dis-
eases Division of  Intramural Research Animal Care and Use Committees (protocols LMM-6 and LVD-26). 
The animal facility is accredited by the American Association for Accreditation of  Laboratory Animal 
Care. This study was carried out in strict accordance with the recommendations described in the Guide for 
the Care and Use of  Laboratory Animals (National Academies Press, 2011).

Author contributions
JCM and JMB designed the experiments. JCM, SL, SS, MRP, and A. Rahmberg performed experiments 
and analyzed data. JCM performed bioinformatic analysis. JKF and CES provided helpful protocol advice. 
A. Ransier, SD, DCD, and MC provided resources for whole-genome sequencing. VMH provided animal 
resources. All authors wrote the manuscript.

Acknowledgments
Funding for this study was provided in part by the Division of  Intramural Research, National Institute of  
Allergy and Infectious Diseases, NIH. The content of  this publication does not necessarily reflect the views 
or policies of  the US Department of  Health and Human Services, nor does the mention of  trade names, 
commercial products, or organizations imply endorsement by the US government.

Address correspondence to Jason Brenchley, NIH, 9000 Rockville Pike, 4 Memorial Drive, Building 4 
Room 201, Bethesda, Maryland 20814, USA. Phone: 301.496.1498; Email: jbrenchl@mail.nih.gov.

JCM’s present address is: Tulane National Primate Research Center, Covington, Louisiana, USA.

MRP’s present address is: BlueBird Bio, Cambridge, Massachusetts, USA.

https://doi.org/10.1172/jci.insight.139043
https://insight.jci.org/articles/view/139043#sd
https://insight.jci.org/articles/view/139043#sd
mailto://jbrenchl@mail.nih.gov


1 1insight.jci.org      https://doi.org/10.1172/jci.insight.139043

R E S E A R C H  A R T I C L E

	 1.	Goldstein S, et al. Plateau levels of  viremia correlate with the degree of  CD4+-T-cell loss in simian immunodeficiency virus 
SIVagm-infected pigtailed macaques: variable pathogenicity of  natural SIVagm isolates. J Virol. 2005;79(8):5153–5162.

	 2.	Hirsch VM, et al. Induction of  AIDS by simian immunodeficiency virus from an African green monkey: species-specific varia-
tion in pathogenicity correlates with the extent of  in vivo replication. J Virol. 1995;69(2):955–967.

	 3.	Favre D, et al. Critical loss of  the balance between Th17 and T regulatory cell populations in pathogenic SIV infection. PLoS 
Pathog. 2009;5(2):e1000295.

	 4.	Pandrea IV, et al. Acute loss of  intestinal CD4+ T cells is not predictive of  simian immunodeficiency virus virulence. J Immunol. 
2007;179(5):3035–3046.

	 5.	Jacquelin B, et al. Nonpathogenic SIV infection of  African green monkeys induces a strong but rapidly controlled type I IFN 
response. J Clin Invest. 2009;119(12):3544–3555.

	 6.	Bosinger SE, et al. Global genomic analysis reveals rapid control of  a robust innate response in SIV-infected sooty mangabeys. 
J Clin Invest. 2009;119(12):3556–3572.

	 7.	Brenchley JM, et al. Differential infection patterns of  CD4+ T cells and lymphoid tissue viral burden distinguish progressive 
and nonprogressive lentiviral infections. Blood. 2012;120(20):4172–4181.

	 8.	Giorgi JV, Liu Z, Hultin LE, Cumberland WG, Hennessey K, Detels R. Elevated levels of  CD38+ CD8+ T cells in HIV infec-
tion add to the prognostic value of  low CD4+ T cell levels: results of  6 years of  follow-up. The Los Angeles Center, Multicenter 
AIDS Cohort Study. J Acquir Immune Defic Syndr. 1993;6(8):904–912.

	 9.	Silvestri G, Paiardini M, Pandrea I, Lederman MM, Sodora DL. Understanding the benign nature of  SIV infection in natural 
hosts. J Clin Invest. 2007;117(11):3148–3154.

	10.	Beaumier CM, et al. CD4 downregulation by memory CD4+ T cells in vivo renders African green monkeys resistant to progres-
sive SIVagm infection. Nat Med. 2009;15(8):879–885.

	11.	Paiardini M, et al. Low levels of  SIV infection in sooty mangabey central memory CD4+ T cells are associated with limited 
CCR5 expression. Nat Med. 2011;17(7):830–836.

	12.	Murayama Y, et al. CD4 and CD8 expressions in African green monkey helper T lymphocytes: implication for resistance to SIV 
infection. Int Immunol. 1997;9(6):843–851.

	13.	Perkins MR, et al. Homeostatic cytokines induce CD4 downregulation in African green monkeys independently of  antigen 
exposure to generate simian immunodeficiency virus-resistant CD8αα T cells. J Virol. 2014;88(18):10714–10724.

	14.	Murayama Y, Mukai R, Inoue-Murayama M, Yoshikawa Y. An African green monkey lacking peripheral CD4 lymphocytes 
that retains helper T cell activity and coexists with SIVagm. Clin Exp Immunol. 1999;117(3):504–512.

	15.	Milush JM, et al. Lack of  clinical AIDS in SIV-infected sooty mangabeys with significant CD4+ T cell loss is associated with 
double-negative T cells. J Clin Invest. 2011;121(3):1102–1110.

	16.	Vinton C, et al. CD4-like immunological function by CD4- T cells in multiple natural hosts of  simian immunodeficiency virus. 
J Virol. 2011;85(17):8702–8708.

	17.	Apetrei C, et al. Pattern of  SIVagm infection in patas monkeys suggests that host adaptation to simian immunodeficiency virus 
infection may result in resistance to infection and virus extinction. J Infect Dis. 2010;202 Suppl 3:S371–6.

	18.	Mudd JC, Perkins MR, DiNapoli SR, Hirsch VM, Brenchley JM. Interleukin-2 therapy induces CD4 downregulation, which 
decreases circulating CD4 T cell counts, in African green monkeys. J Virol. 2016;90(12):5750–5758.

	19.	Matsunaga S, Mukai R, Inoue-Murayama M, Yoshikawa Y, Murayama Y. Sequence and functional properties of  African green 
monkey CD4 silencer. Immunol Lett. 2000;75(1):47–53.

	20.	Wetzel KS, et al. Loss of  CXCR6 coreceptor usage characterizes pathogenic lentiviruses. PLoS Pathog. 2018;14(4):e1007003.
	21.	Wetzel KS, et al. CXCR6-Mediated simian immunodeficiency virus SIVagmSab entry into Sabaeus African green monkey lym-

phocytes implicates widespread use of  non-CCR5 pathways in natural host infections. J Virol. 2017;91(4):e01626-16.
	22.	Sellars M, et al. Regulation of  DNA methylation dictates Cd4 expression during the development of  helper and cytotoxic T cell 

lineages. Nat Immunol. 2015;16(7):746–754.
	23.	Greenberg MVC, Bourc’his D. The diverse roles of  DNA methylation in mammalian development and disease. Nat Rev Mol Cell 

Biol. 2019;20(10):590–607.
	24.	Sawada S, Littman DR. Identification and characterization of  a T-cell-specific enhancer adjacent to the murine CD4 gene. Mol 

Cell Biol. 1991;11(11):5506–5515.
	25.	Gillespie FP, et al. Tissue-specific expression of  human CD4 in transgenic mice. Mol Cell Biol. 1993;13(5):2952–2958.
	26.	Sawada S, Scarborough JD, Killeen N, Littman DR. A lineage-specific transcriptional silencer regulates CD4 gene expression 

during T lymphocyte development. Cell. 1994;77(6):917–929.
	27.	Zou YR, Sunshine MJ, Taniuchi I, Hatam F, Killeen N, Littman DR. Epigenetic silencing of  CD4 in T cells committed to the 

cytotoxic lineage. Nat Genet. 2001;29(3):332–336.
	28.	Henson DM, Chou C, Sakurai N, Egawa T. A silencer-proximal intronic region is required for sustained CD4 expression in 

postselection thymocytes. J Immunol. 2014;192(10):4620–4627.
	29.	Issuree PD, et al. Stage-specific epigenetic regulation of  CD4 expression by coordinated enhancer elements during T cell devel-

opment. Nat Commun. 2018;9(1):3594.
	30.	Pandrea I, et al. Paucity of  CD4+CCR5+ T cells is a typical feature of  natural SIV hosts. Blood. 2007;109(3):1069–1076.
	31.	Issuree PD, Ng CP, Littman DR. Heritable gene regulation in the CD4:CD8 T cell lineage choice. Front Immunol. 2017;8:291.
	32.	Chong MM, Simpson N, Ciofani M, Chen G, Collins A, Littman DR. Epigenetic propagation of  CD4 expression is established 

by the Cd4 proximal enhancer in helper T cells. Genes Dev. 2010;24(7):659–669.
	33.	Yue X, et al. Control of  Foxp3 stability through modulation of  TET activity. J Exp Med. 2016;213(3):377–397.
	34.	Yue X, Lio CJ, Samaniego-Castruita D, Li X, Rao A. Loss of  TET2 and TET3 in regulatory T cells unleashes effector function. 

Nat Commun. 2019;10(1):2011.
	35.	Hutter G, et al. Long-term control of HIV by CCR5 Delta32/Delta32 stem-cell transplantation. N Engl J Med. 2009;360(7):692–698.
	36.	Gupta RK, et al. HIV-1 remission following CCR5Δ32/Δ32 haematopoietic stem-cell transplantation. Nature. 

2019;568(7751):244–248.
	37.	Kordelas L, et al. Shift of  HIV tropism in stem-cell transplantation with CCR5 Delta32 mutation. N Engl J Med. 

https://doi.org/10.1172/jci.insight.139043
https://doi.org/10.1128/JVI.79.8.5153-5162.2005
https://doi.org/10.1128/JVI.79.8.5153-5162.2005
https://doi.org/10.1128/JVI.69.2.955-967.1995
https://doi.org/10.1128/JVI.69.2.955-967.1995
https://doi.org/10.1371/journal.ppat.1000295
https://doi.org/10.1371/journal.ppat.1000295
https://doi.org/10.4049/jimmunol.179.5.3035
https://doi.org/10.4049/jimmunol.179.5.3035
https://doi.org/10.1172/JCI40093
https://doi.org/10.1172/JCI40093
https://doi.org/10.1172/JCI40115
https://doi.org/10.1172/JCI40115
https://doi.org/10.1182/blood-2012-06-437608
https://doi.org/10.1182/blood-2012-06-437608
https://doi.org/10.1172/JCI33034
https://doi.org/10.1172/JCI33034
https://doi.org/10.1038/nm.1970
https://doi.org/10.1038/nm.1970
https://doi.org/10.1038/nm.2395
https://doi.org/10.1038/nm.2395
https://doi.org/10.1093/intimm/9.6.843
https://doi.org/10.1093/intimm/9.6.843
https://doi.org/10.1128/JVI.01331-14
https://doi.org/10.1128/JVI.01331-14
https://doi.org/10.1046/j.1365-2249.1999.00999.x
https://doi.org/10.1046/j.1365-2249.1999.00999.x
https://doi.org/10.1172/JCI44876
https://doi.org/10.1172/JCI44876
https://doi.org/10.1128/JVI.00332-11
https://doi.org/10.1128/JVI.00332-11
https://doi.org/10.1128/JVI.00057-16
https://doi.org/10.1128/JVI.00057-16
https://doi.org/10.1016/S0165-2478(00)00273-X
https://doi.org/10.1016/S0165-2478(00)00273-X
https://doi.org/10.1371/journal.ppat.1007003
https://doi.org/10.1038/ni.3198
https://doi.org/10.1038/ni.3198
https://doi.org/10.1038/s41580-019-0159-6
https://doi.org/10.1038/s41580-019-0159-6
https://doi.org/10.1128/MCB.11.11.5506
https://doi.org/10.1128/MCB.11.11.5506
https://doi.org/10.1128/MCB.13.5.2952
https://doi.org/10.1016/0092-8674(94)90140-6
https://doi.org/10.1016/0092-8674(94)90140-6
https://doi.org/10.1038/ng750
https://doi.org/10.1038/ng750
https://doi.org/10.4049/jimmunol.1302374
https://doi.org/10.4049/jimmunol.1302374
https://doi.org/10.1038/s41467-018-05834-w
https://doi.org/10.1038/s41467-018-05834-w
https://doi.org/10.1182/blood-2006-05-024364
https://doi.org/10.1101/gad.1901610
https://doi.org/10.1101/gad.1901610
https://doi.org/10.1084/jem.20151438
https://doi.org/10.1038/s41467-019-09541-y
https://doi.org/10.1038/s41467-019-09541-y
https://doi.org/10.1056/NEJMoa0802905
https://doi.org/10.1038/s41586-019-1027-4
https://doi.org/10.1038/s41586-019-1027-4


1 2insight.jci.org      https://doi.org/10.1172/jci.insight.139043

R E S E A R C H  A R T I C L E

2014;371(9):880–882.
	38.	Li QJ, et al. CD4 enhances T cell sensitivity to antigen by coordinating Lck accumulation at the immunological synapse. Nat 

Immunol. 2004;5(8):791–799.
	39.	Veillette A, Bookman MA, Horak EM, Samelson LE, Bolen JB. Signal transduction through the CD4 receptor involves the acti-

vation of  the internal membrane tyrosine-protein kinase p56lck. Nature. 1989;338(6212):257–259.
	40.	Rahemtulla A, et al. Normal development and function of  CD8+ cells but markedly decreased helper cell activity in mice lack-

ing CD4. Nature. 1991;353(6340):180–184.
	41.	Irvine DJ, Purbhoo MA, Krogsgaard M, Davis MM. Direct observation of  ligand recognition by T cells. Nature. 

2002;419(6909):845–849.
	42.	Calantone N, et al. Tissue myeloid cells in SIV-infected primates acquire viral DNA through phagocytosis of  infected T cells. 

Immunity. 2014;41(3):493–502.
	43.	Goonetilleke N, et al. The first T cell response to transmitted/founder virus contributes to the control of  acute viremia in HIV-1 

infection. J Exp Med. 2009;206(6):1253–1272.
	44.	Honeycutt JB, et al. HIV persistence in tissue macrophages of  humanized myeloid-only mice during antiretroviral therapy. Nat 

Med. 2017;23(5):638–643.
	45.	Micci L, et al. CD4 depletion in SIV-infected macaques results in macrophage and microglia infection with rapid turnover of  

infected cells. PLoS Pathog. 2014;10(10):e1004467.
	46.	Weatherall D, Bell J, Blakemore C, Rees M, Walport M. The use of  non-human primates in research -- The Weatherall Report. 

Medical Research Council. https://mrc.ukri.org/documents/pdf/the-use-of-non-human-primates-in-research/. Accessed 
August 26, 2020.

	47.	Dobin A, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15–21.
	48.	Li H, et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics. 2009;25(16):2078–2079.
	49.	Anders S, Pyl PT, Huber W. HTSeq--a Python framework to work with high-throughput sequencing data. Bioinformatics. 

2015;31(2):166–169.
	50.	Love MI, Huber W, Anders S. Moderated estimation of  fold change and dispersion for RNA-seq data with DESeq2. Genome 

Biol. 2014;15(12):550.
	51.	Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq applications. Bioinformatics. 

2011;27(11):1571–1572.
	52.	Hansen KD, Langmead B, Irizarry RA. BSmooth: from whole genome bisulfite sequencing reads to differentially methylated 

regions. Genome Biol. 2012;13(10):R83.

https://doi.org/10.1172/jci.insight.139043
https://doi.org/10.1038/ni1095
https://doi.org/10.1038/ni1095
https://doi.org/10.1038/338257a0
https://doi.org/10.1038/338257a0
https://doi.org/10.1038/353180a0
https://doi.org/10.1038/353180a0
https://doi.org/10.1038/nature01076
https://doi.org/10.1038/nature01076
https://doi.org/10.1016/j.immuni.2014.08.014
https://doi.org/10.1016/j.immuni.2014.08.014
https://doi.org/10.1084/jem.20090365
https://doi.org/10.1084/jem.20090365
https://doi.org/10.1038/nm.4319
https://doi.org/10.1038/nm.4319
https://doi.org/10.1371/journal.ppat.1004467
https://doi.org/10.1371/journal.ppat.1004467
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1186/gb-2012-13-10-r83
https://doi.org/10.1186/gb-2012-13-10-r83

