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Abstract

Background: Less than 0.5% of people living with HIV-1 are elite controllers (ECs)—
individuals who maintain undetectable plasma viremia without antiretroviral therapy,
despite having replication-competent viral reservoirs. While EC CD4* T cells have
been investigated for gene expression signatures associated with HIV-1 resistance,
the expression and regulatory activity of transposable elements (TEs) remain unex-
plored. TEs can directly impact host immune responses to pathogens, including HIV-1,
suggesting their activities could contribute to HIV-1 elite control. To begin testing

this hypothesis, we conduct a TE-centric analysis of public multi-omics data from ECs
and other populations.

Results: We find the CD4* T cell transcriptome and retrotranscriptome of ECs are
distinct from healthy controls, from people living with HIV-1 on antiretroviral therapy,
and from viremic progressors. However, there is substantial transcriptomic heterogene-
ity among ECs. We categorize ECs into four clusters with distinct expression and chro-
matin accessibility profiles of TEs and antiviral factors. Several TE families with known
immuno-regulatory activity are differentially expressed among ECs. Their expression
positively correlates with their chromatin accessibility in ECs and negatively correlates
with the expression of their KRAB zinc-finger (KZNF) repressors. This coordinated, locus-
level variation forms a network of putative cis-regulatory elements for genes involved
in HIV-1 restriction.

Conclusions: We propose that the EC phenotype is driven in part by reduced KZNF-
mediated repression of specific TE-derived cis-regulatory elements for antiviral genes,
heightening their resistance against HIV-1. Our study reveals heterogeneity in the EC
CD4" T cell transcriptome, including variable expression of TEs and their KZNF control-
lers, that must be considered when deciphering HIV-1 control mechanisms.

Keywords: Genomics, HIV, Retroviruses, Immunology, Gene regulation, Transposable
elements

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Inter-
national License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified
the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-025-03484-y&domain=pdf
http://orcid.org/0000-0002-8772-6976

Singh et al. Genome Biology (2025) 26:28 Page 2 of 29

Background

Human immunodeficiency virus 1 (HIV-1) remains a major viral pandemic with a cur-
rent estimate of 39 million people living with HIV-1 (PLWH), the majority of whom
live in Sub-Saharan Africa [1, 2]. Despite the availability of antiretroviral drug therapy
(ART), there were more than 1.3 million new infections in 2022 alone [3]. There have
been intense efforts to develop an effective vaccine and cure for HIV-1; in fact, over the
past decade, several PLWH appear to have been cured [4]. Some of these individuals
received transplants with donor CCR5A32 material, rendering their cells resistant to R5
HIV-1 infection [5-7]. There are also post-ART controllers in whom no proviral integra-
tions were detected for several years, suggesting a natural ability for viral maintenance
after treatment interruption [8, 9]. Early in the HIV-1 pandemic, longitudinal studies
showed that untreated HIV-1 infection led to a progressive loss of CD4™ T cells, but the
rate of CD4" T cell decline varied from person to person [10]. A small number of PLWH
had no clinical symptoms and no significant decline in CD4* T cell count. These long-
term non-progressors were dubbed “elite controllers” (ECs). Some ECs developed low-
level viremia and CD4" T cell loss over time, while others maintained viremic control
long-term and became known as “exceptional elite controllers” [11-13]. These excep-
tional ECs include those who appear to have cleared the virus completely [8, 9]. Thus,
the ability to control viral replication in PLWH varies widely between individuals. How-
ever, our understanding of the molecular mechanisms underlying this range of antiviral
resistance remains limited.

Seminal genome-wide association studies of the EC phenotype identified cell-medi-
ated immunity [14] and the HLA-B region as major determinants of viral control [15,
16]. Certain HLA alleles, such as HLA-B*5701 and HLA-B*2705 in Caucasian popula-
tions and HLA-B*81:01 in some African studies, are associated with delayed onset of
immunodeficiency [17, 18]. Interestingly, alleles are associated with either relatively low
viral loads or high CD4™ T cell count [19]. The presumed mechanism of control involves
CDS8™ T cell-mediated killing of infected targets. Certain alleles restrict HIV-1-derived
peptides, driving responses that are better able to suppress and kill infected cells [20].
Subsequent studies of natural killer (NK) cell receptors identified a number of innate
immune responses as additional contributors to low-level viremia [21], and humoral
immunity has also been suggested to play a role in elite control [22]. More recent studies
have characterized proviral reservoirs in ECs [9, 23, 24]. Compared to PLWH-on-ART,
intact proviral sequences from ECs were retained at distinct sites in the human genome,
preferentially located in centromeric satellite DNA or in KZNF genes on chromosome
19 [9], which are associated with heterochromatin features [25]. Moreover, the integra-
tion sites of intact proviral sequences from ECs appear further from transcriptional start
sites and accessible chromatin of the host genome than in PLWH-on-ART and were
enriched in repressive chromatin marks [9, 24]. In contrast, defective proviruses in ECs
were commonly located in permissive genic euchromatin positions [9, 23]. These differ-
ences likely result from post-integration selective pressures shaping the proviral land-
scape that are either EC-specific or enhanced in ECs. Thus, the EC phenotype likely
results from a complex combination of genetic and cellular mechanisms.

Transposable elements (TEs) are mobile DNA elements that can replicate and insert
themselves into different locations within the host genome. Half of the human genome
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is composed of these elements, though most TE loci have long lost the ability to self-
propagate due to mutational decay and/or epigenetic silencing from repressive factors
like KRAB-containing zinc finger proteins (KZNFs) [26—28]. Despite the loss of trans-
positional activity, many human TEs retain transcriptional activity and regulatory capa-
bilities, facilitated by their internal promoters and embedded cis-regulatory elements
including binding sites for various transcription factors. The biological consequences of
TE transcriptional and regulatory activities have been the subject of intense investigation.
Multiple studies have documented the co-option of TE-derived cis-regulatory elements
for host gene regulation, including the control of innate immunity genes [26, 29-33].
For example, multiple elements from the human endogenous retrovirus (HERV) fam-
ily MER41 function as interferon-inducible enhancers triggering the activation of innate
immunity genes upon infection, including some involved in restricting HIV-1 [34]. Fur-
thermore, elements from the LTR12C and LTR7 HERV families are known to serve as
promoters or enhancers for human genes encoding restriction factors for HIV-1, specifi-
cally GBP2/5 and APOBEC3G/H, respectively [35—38]. Thus, interindividual variation in
the cis-regulatory activity and expression profiles of these and other TEs has the poten-
tial to influence susceptibility to viral infection, including HIV-1 [39-41]. Here, we begin
testing the hypothesis that the EC phenotype may be driven, in part, by the increased
ability of TE-derived cis-regulatory sequences to boost immune gene expression.

Through parallel transcriptomic and epigenomic analyses on publicly available CD4*
T cell data [9, 42—44], we find that ECs have distinct TE and gene expression profiles
compared to uninfected healthy controls (HCs) and treatment-naive viremic progres-
sors (VPs). Furthermore, we find that ECs are transcriptionally heterogenous and can be
divided into four clusters, distinguished by the expression of innate immune genes and
TE families. In a subset of ECs, we identify an increase in the chromatin accessibility of
specific TE loci which correlates with higher expression of nearby HIV-1 restriction fac-
tors and other immune-related genes in ECs compared to HCs. Finally, we observe that
transcript levels of KZNFs in EC CD4" T cells negatively correlate with that of the TE
families they are predicted to transcriptionally repress, suggesting that interindividual
genetic and/or epigenetic variation at KZNFs may underlie differential TE regulation in
ECs. We propose that derepression of certain TEs boosts their cis-regulatory activity on
antiviral genes, thereby enhancing the immune response to HIV-1 infection. Overall, our
findings support the notion that the genomic activation of specific TE loci may contrib-
ute to HIV-1 resistance.

Results

The EC (retro)transcriptome is distinct from healthy controls, PLWH-on-ART, and viremic
progressors

In order to identify unique transcriptomic and retrotranscriptomic (defined as TE tran-
scripts) features of ECs, we first analyzed RNA-Seq data from a study investigating the
role of the HIV-1 coreceptor CCR5 in the EC phenotype, which was generated from
activated CD4" T cells of ECs (n=4) and HCs (#=5) [44]. The differential expression
of immune-related genes between ECs and HCs has been documented [43, 45], but the
EC retrotranscriptome has yet to be profiled. We analyzed this dataset to identify the
genes and TE families that were differentially expressed between the two populations
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(Additional File 1: Table S1). The differential expression of genes and TEs was similar in
magnitude, with maximum log, fold changes of significance around + 10 (Fig. 1A).

Among the differentially expressed genes, we noted the lower expression of factors
known to facilitate HIV-1 entry in ECs, including CCR2/3/5/6 and CXCR4 receptors
(Fig. 1B), consistent with the study from which the RNA-Seq data originated [44]. Fur-
thermore, multiple HLA genes were more highly expressed in ECs, including HLA-B,
-C, and -F (Fig. 1B). We and others have shown differences in antiviral restriction fac-
tor expression between PLWH and HCs based on their HLA genotypes [15, 46, 47],
and certain HLA-B alleles have been strongly associated with elite control in previous
GWAS studies [16, 21]. We also observed elevated transcript levels for several restric-
tion factor-encoding genes (IFIT and IFITMs) and pro-inflammatory factors (STAT1I,
IRF8) known to be activated in response to viral infections, including HIV-1 [48-50],
which may also contribute to the EC phenotype. For example, the immune transcription
factor IRFS is highly expressed in ECs relative to HCs (Fig. 1B). Low levels of IRF8 have
been previously associated with adverse neurological outcomes in PLWH-on-ART [51].
Elevated expression of IRF8 may be yet another protective aspect of elite control. Thus,
the distinct immune gene expression profile we observe in ECs is largely consistent with
previous studies and brings further support to the idea that enhanced innate immunity
contributes to HIV-1 restriction in ECs [52—55].

The most differentially expressed TE families were dominated by primate-specific
TEs—specifically SVA and LTR/ERV elements—known to harbor complex cis-regula-
tory sequences (Fig. 1C). For example, numerous previous studies have found that SVA
and HERVK elements are frequently co-opted as cis-regulatory elements in human gene
regulatory networks, including those involved in early embryonic development [56, 57]
and cell type identity [58—61]. Similarly, many LTR10 elements carry p53-bound enhanc-
ers activated in cancer [62—64]. Finally, MER41, LTR26, and MER57—certain subfami-
lies of which have higher expression in ECs compared to HCs (Fig. 1C)—are known to be
enriched for STAT1 binding sites and frequently behave as interferon-inducible enhanc-
ers associated with innate immunity genes [34]. We also note that TE families with lower
expression in ECs are enriched for LTR/ERV families as well (Fig. 1C), suggesting broad
differences in the regulatory landscape of CD4" T cells in ECs compared to HCs.

Knowing that ECs are distinct from HCs, we aimed to validate that these differences
were not solely attributed to the presence of HIV-1 in one group but not the other. Thus,
we next compared ECs with PLWH-on-ART. We compared TE family expression in
CD4" T cell subsets of ECs (n=12) and PLWH-on-ART (n=3) using RNA-Seq data
from a previous study that investigated EC-specific proviral integration patterns (Addi-
tional File 1: Table S2) [9]. Consistent with our EC vs. HC comparisons, MER41 and SVA
families were more highly expressed in ECs than in PLWH-on-ART (Additional File 2:
Figure S1), in addition to ERV families LTR12, LTR13, and THE1B. However, it is pos-
sible that some of these differences are influenced by the presence of antiretroviral treat-
ment in PLWH-on-ART, rather than being solely driven by EC versus non-controller
distinctions.

To ensure that these findings were not confounded by the presence of ART, we per-
formed a more extensive comparison between the (retro)transcriptomes of untreated
ECs (n=19) and treatment-naive VPs (n=38). These data came from a study identifying
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Fig. 1 Differential (retro)transcriptomic profiles in ECs vs. HCs. A Volcano plot illustrating the differentially
expressed TEs and genes between ECs (n=4) and HCs (n=5) [44]. Coloration is based on increased or
decreased expression of genes (orange and green, respectively) and TEs (red and purple, respectively). Total
detected genes and TE loci are plotted by log2-transformed fold change of DESeg2-normalized counts on
the x-axis (EC vs. HC). Statistical significance is given in the form of sqrt -log10 adjusted p-value on the y-axis,
calculated by Wilcoxon rank sum test with Bonferroni correction. B Heatmap displaying the expression of the
top differentially expressed genes in CD4* T cells of ECs (n=4; red bar) vs. HCs (n=5; blue bar) [44]. Relative
expression levels are representative of row-wise scaled, log2-transformed expression in transcripts per million
(TPM). Heatmap coloration is based on the z-score distribution from low (gold) to high (purple) expression.
C Heatmap displaying the expression of the top differentially expressed TE families in CD4* T cells of EC
(n=4; red bar) vs. HCs (n=5; blue bar) [44]. Relative expression levels are representative of row-wise scaled,
log2-transformed expression in TPM. Heatmap coloration is based on the z-score distribution from low (gold)
to high (purple) expression
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differentially expressed genes in the donors’ peripheral blood mononuclear cells
(PBMCs) [43]. After identifying the most variable genes and TEs (Additional File 1:
Table S3), a principal component analysis (PCA) was conducted to evaluate the level of

transcriptome separation between ECs and VPs (Fig. 2A). Approximately 1900 genes

and 100 TE families segregated the EC and VP samples on the first three principal
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Fig. 2 Differential (retro)transcriptomic and immune cell profiles in ECs versus VPs. A PCA triplot from PBMCs
of ECs (red) and VPs (blue) [43], based on the most variably expressed genes and TE families (n =2000).

B Heatmap displaying the row-wise scaled, log2-transformed expression in TPM of genes and TEs
distinguishing EC and VP RNA-Seq samples [43]. Heatmap coloration is based on the z-score distribution
from low (gold) to high (purple) expression. Every row denotes a gene or TE element. C Heatmap displaying
the relative expression of selected genes and TEs between ECs and VPs [43]. Columns are EC and VP samples;
rows display immune-related genes (black), leukocyte surface markers (blue), and TEs (red). D Box plots

for percent composition of leukocyte populations of interest between ECs, HCs, and VPs, identified via
deconvolution analysis of PBMC RNA-Seq data [43]. Statistical significance was determined by Wilcoxon

rank-sum tests
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components, indicating that ECs have distinct transcriptomic and retrotranscriptomic
profiles from VPs (Fig. 2B). In fact, when conducting a separate PCA that included the
HC samples from the same study, the ECs appear to be even more distinct from the VPs
than from the HCs (Additional File 2: Figure S2A&B).

Immune signatures in our EC versus VP comparison were generally consistent with
previous comparisons of ECs to other cohorts, including the notably lower expression of
CCR5 in ECs (Fig. 2C), even though no EC donor in this cohort harbored the CCR5432
deletion [43, 44]. Additional notable differences between ECs and VPs included higher
expression of TNF in ECs, a cytokine with a crucial role in the immune response
(Fig. 2C). Furthermore, we observed differential expression of several leukocyte surface
markers: CDI4 (macrophage marker) and CD7 (effector CD8+ T cell marker) both had
higher expression in ECs, while expression of activated immune cell markers CD38 and
CD180 was higher in VPs (Fig. 2C). For the retrotranscriptome, we noted higher expres-
sion of the LTR13 family in ECs compared to VPs, consistent with our EC versus PLWH-
on-ART analysis and of note because LTR13 is a family known to be enriched for STAT1
binding [34]. Taken together, these analyses suggest that the ECs have a (retro)transcrip-
tomic profile distinct from HCs, VPs, and PLWH-on-ART characterized by elevated lev-
els of specific immune-responsive genes and TEs.

Having focused on identifying bulk transcriptomic differences thus far, we next aimed
to investigate whether ECs, VPs, and HCs have distinct immune cell compositions. With
the abovementioned PBMC RNA-Seq dataset [43], we conducted deconvolution analy-
ses through which we were able to distinguish transcriptomic signatures of 19 immune
cell types (see Methods for more details). Using these data, we could infer that ECs, VPs,
and HCs had distinct immune cell compositions (Additional File 2: Figure S3A). Most
significantly, ECs had a higher proportion of macrophages, naive CD4" T cells, and
NK cells compared to VPs, and a higher proportion of activated memory CD4" T cells
compared to HCs (Fig. 2D). Thus, the transcriptomic differences observed between ECs
and other populations may be partially driven by variation in immune cell type compo-
sition. We were also interested in assessing whether the TE expression profile of ECs
was more similar to that of a specific CD4" T cell state or subtype. To explore this, we
compared TE expression of ECs with that of stimulated and unstimulated T cell sub-
sets from healthy donors (Additional File 2: Figure S3B) [65]. Unsupervised clustering of
these samples shows that the TE expression pattern of ECs is most similar to that of Th2
progenitor cells, which are associated with HIV-1-specific adaptive immune responses
[66]. Still, we observed that, for the majority of families, TE expression was higher on
average in all EC CD4™" T cell subsets than in CD4™ T cell subsets from HCs, regardless
of stimulation (Additional File 2: Figure S3B). While a subset of TE families exhibited
an expression pattern in ECs similar to that of activated CD4™ T cells of HCs (e.g., high
expression of L1s and THE1B), multiple TE families appear to have increased transcrip-
tion uniquely in ECs (e.g., LTR12C and LTR7). Together, these findings underscore the
unique immune cell composition, transcriptome, and retrotranscriptome of ECs.

CD4™ T cells from ECs can be split into four functionally distinct clusters
In our initial differential expression analyses, we observed more consistent expression
patterns among HCs and VPs than among ECs (Figs. 1B, C, 2B, C, and Additional File
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2: Figure S2B). To further explore this apparent transcriptomic heterogeneity, we ana-
lyzed a larger group of ECs using two previously published RNA-Seq datasets of CD4+
T cell subtypes [9, 42] including naive, central memory (CM), effector memory (EM),
transitional memory (TM), and total CD4" T cells. The first study used RNA-Seq to
characterize the proviral reservoir of 12 ECs compared to 3 PLWH-on-ART [9]. The sec-
ond study investigated mechanisms for viral persistence in 15 EC individuals [42]. We
integrated the RNA-Seq data from both studies (a cumulative 128 EC samples — Addi-
tional File 1: Table S4) to increase our power to classify ECs into subgroups. We then
performed unbiased clustering on the scaled, normalized gene and TE family expression
data by feeding the first five principal components to the graph-based k-nearest neigh-
bors (KNN) algorithm (see Methods for more details). This analysis revealed four dis-
tinct clusters (Fig. 3A & Additional File 2: Figure S4). Importantly, the samples did not
cluster by participant cohort or study of origin, thereby ruling out batch effects as the
drivers of the clustering (Additional File 2: Figure S5A&B). To examine whether the clus-
tering could be explained by genetic ancestry, we next visualized the samples by ancestry
as inferred by variant comparisons with HapMap [67]. All clusters were highly hetero-
geneous with respect to study participant ancestry (Additional File 2: Figure S5C), sug-
gesting that this is unlikely to be a major driver of clustering. Finally, we visualized the
samples by cellular subtype, as identified in the original studies, to assess whether the
clustering could be explained by CD4" T cell subtype composition (Additional File 2:
Figure S5D). Clusters 1 and 2 were essentially indistinguishable in cell type composition,
whereas Clusters 3 and 4 showed an overrepresentation of TM/EM and naive/CM cell
types, respectively (Fig. 3B). Thus, cell subtype composition could only partially explain
the clustering.

To functionally characterize the four EC clusters, we performed pathway and gene
ontology analyses on each cluster using gene lists that defined the individual clusters,
extracted by differential expression analysis of the cluster’s samples versus the samples of
the remaining three clusters (Additional File 1: Table S5). Using both the KEGG pathway
database [68] and the biological process aspect from the Gene Ontology Consortium
[69], we were able to identify distinct pathways and ontological enrichments for each of
the four clusters (Fig. 3C & Additional File 1: Table S6). Cluster 1 was enriched for genes
related to cell turnover, autophagy, and cell cycle regulation. Cluster 2 was enriched for
genes related to RNA processing and splicing. Clusters 3 and 4 had some overlap, as
both contained markers of immune function, but with distinctive enrichments. Cluster
3 was enriched for genes regulating T cell activation and proliferation, whereas Cluster 4
was enriched for genes involved in neutrophil-T cell interactions and cytokine produc-
tion. The enrichment of TM and EM CD4" T cells in Cluster 3 is consistent with the
overrepresentation of pathways related to T cell activation and proliferation. Similarly,
the enrichment of naive and CM CD4% T cells in Cluster 4 aligns with the overrepre-
sentation of pathways related to neutrophil-T cell interactions and cytokine production,
reflecting their involvement in pathogen surveillance and immune cell communication.
Thus, we conclude that EC transcriptomes can be classified into four distinct clusters
defined by differentially expressed genes enriched for specific biological functions.

With a better understanding of the functional delineation of the four EC clus-
ters, we next wanted to examine whether cluster-specific genes could reflect
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Fig.3 EC CD4" T cells can be grouped into four distinct clusters. A UMAP plot of the four clusters of EC
CD4* T cell subtypes (N=128) using KNN graph construction on gene and TE family expression from bulk
RNA-Seq data [9, 42], based on the Euclidean distance in PCA space (see Methods). Clusters are numbered
by descending sample count. Every point is a CD4" T cell RNA-Seq sample, colored by cluster assignment. B
Stacked barplot displaying the composition of CD4* T cell subtypes (naive, CM, TM, EM, total) in each of the
four clusters. C Gene ontology biological process (GO NR-BP; @) and KEGG pathway (KEGG; A) delineation
of the four EC clusters using WebGestalt [75]. Data derived from differential expression analysis of the EC
clusters, using the significant DEGs (p-value < 0.05) as each cluster’s respective gene list. For each of the four
EC clusters, the highest ranked GO terms and KEGG pathways by adjusted p-value are shown.“Enrichment
ratio”refers to the number of observed genes divided by the number of expected genes from each GO or
KEGG category in the cluster’s gene list. D Dot plot illustrating the scaled expression of selected genes related
to HIV-1 replication in the four EC clusters. Coloration represents the log2-transformed expression of each
gene, scaled to the transcriptome and averaged across each cluster’s samples, from lower (blue) to higher
(red) expression. The size of the dots is proportional to the percent of samples expressing the given gene in a
given cluster
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different mechanisms of HIV-1 resistance. To accomplish this, we focused on differen-
tially expressed genes that encode factors known to directly modulate HIV-1 infection.
Cluster 2, which is the most distinct in our Uniform Manifold Approximation and Pro-
jection (UMAP) (Fig. 3A), accordingly had the most distinct gene expression profile. This
cluster was characterized by relatively low expression of HIV-1 coreceptors CCR5 and
CXCR4, and high expression of restriction factors like HCP5 and APOBECs (Fig. 3D)
[37, 70, 71]. Additionally, Cluster 2 showed high expression of TP53, which is involved in
multiple mechanisms opposing HIV-1 replication [72-74]. Within the other clusters, we
found that Clusters 3 and 4 expressed at least one restriction factor (IFITM1, IFITM?2,
IFITM3, GBP2, GBPS, etc.) at a significantly higher level than Clusters 1 and 2 (Fig. 3D).
In sum, each EC cluster expresses a unique “cocktail” of proviral and antiviral factors.

To exclude the possibility that these gene expression signatures in ECs are associated
with viremia, we quantified HIV-1 transcript levels in deconvoluted CD4*" T cell RNA-
Seq samples from ECs and PLWH-on-ART for comparison. In the original studies, all
samples were reported to have undetected viremia by blood tests [9, 42—-44]. Consist-
ent with this, we found that the vast majority of the EC and ART samples taken from
PBMCs exhibited very low HIV-1 transcript levels, with TPM values generally below 1.
However, in samples originating from the lymph nodes of EC individuals (n=22) [42],
we detected HIV-1 expression in some subsets (Additional File 2: Figure S6A&B). In
agreement with the corresponding study [42], we found elevated HIV-1 transcript levels
in germinal center and non-germinal center T follicular helper cells (GC Tfth & nGC Tfh,
not included in our clustering analyses)—and to a lesser extent in T effector memory
(EM) cells (average TPM <2 — Additional File 2: Figure S6A). However, we observed no
significant association between HIV-1 transcript levels and the expression of interferon-
stimulated genes (ISGs) across all EC samples (Additional File 2: Figure S6C-D). These
analyses confirm that the unique immune gene expression profile observed in ECs is not

associated with viremia.

Restriction factor expression in ECs may be driven by more accessible retroelements
Previous studies have implicated TEs as direct regulators of interferon-stimulated gene
expression upon viral infection, including antiviral factors [34, 36]. Having determined
that both TEs and HIV-1 restriction factors are differentially expressed in ECs compared
to HCs, VPs, and PLWH-on-ART, we next aimed to determine whether changes in TE
expression and cis-regulatory activity could be correlated to changes in innate immune
gene expression.

We used paired ATAC-Seq—which measures chromatin accessibility—and RNA-Seq
datasets from the CD4" T cells of ECs (n=4) and HCs (n=4) [44] to create a list of TE-
gene pairs where the TE locus and gene show significantly increased accessibility and
expression, respectively, in ECs compared to HCs (Additional File 1: Table S7, see Meth-
ods for details). These loci and genes were paired based on proximity, with a maximum
distance of 10 kb between the TE locus and the gene’s transcription start site, in order to
increase the likelihood of a direct cis-regulatory influence of the TE over the nearby
gene. Subsequent gene set enrichment analysis revealed that these genes were pre-
dominantly involved in cellular activation, cytokine production, and immune response
regulation (Fig. 4A). The enrichment for differential accessibility of TE loci near genes
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Fig. 4 Induction of innate immune gene expression by proximal LTRs. A Bar plot displaying the top ten

gene ontology terms enriched within the list of differentially accessible and expressed TE-gene pairs in

ECs compared to HCs [44]. Gene sets are listed in descending order by their normalized enrichment score
(NES) and colored by -log10-transformed p-value ranging from blue (low) to red (high). B Barplots showing
the expression in log2-transformed TPM of selected differentially expressed innate immune genes in HC
(n=5) and EC (n=4) CD4" T cells [44]. P-value is calculated by paired Student’s t test. C Integrative genome
visualization (IGV) of normalized ATAC-Seq signal around the selected DEGs in Fig. 4B between HC (n=4) and
EC (n=4) CD4* T cells [44]. ATAC-Seq peaks of interest are shaded in light gray. The proximal TE integrants are
shown below the IGV graph, under which the encoded transcription factor binding over the corresponding
TE integrant(s) is also shown

involved in these pathways suggests that the distinct TE landscape observed in ECs may
contribute to a unique immune regulome in these individuals.

In Fig. 4B, C, we have highlighted six of the TE-gene pairs from Table S7 based on the
gene’s function in HIV-1 restriction and the TE family’s known contribution to immune
gene regulation. GPR3S [76], GSDMD [77], and TECPRI [78] are three antiviral genes
more highly expressed in ECs compared to HCs (Fig. 4B); all three are flanked by MER41
elements bound by STAT1 and STAT5 and marked by more accessible chromatin in
ECs (Fig. 4C). Similarly, GBP2 and GBP5 are two guanylate-binding proteins known to
restrict HIV-1 entry, previously shown to be transcribed from LTR12C elements upon

Page 11 of 29
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HIV-1 infection of primary CD4" T cells [36]. We found that transcript levels for both
GBP2 and GBPS5 are moderately but significantly elevated in ECs compared to HCs and
observed that their respective LTR12C-derived promoters are marked by more acces-
sible chromatin in ECs (Fig. 4B, C). The final case highlighted here is HCPS, a IncRNA
gene derived from an ERV3-16 element, which has been implicated in the innate
immune response to several pathogens, including HIV-1 [18, 79]. We found that HCP5
expression is higher in ECs compared to HCs and correlates with the accessibility of
its ERV3-16-derived promoter. These examples suggest that the upregulation of some
HIV-1 restriction factors and other antiviral genes in ECs may be driven by increased
cis-regulatory activity of the nearby TEs controlling their expression.

EC clusters are characterized by increased expression of specific TE families

Building upon the idea that the cis-regulatory activity of certain TE loci may enhance
the expression of antiviral genes in ECs (Fig. 4) and the knowledge that many of these
antiviral factors are differentially expressed across the four EC clusters identified (Fig. 3),
we hypothesized that the expression of TE families varies across the clusters. To examine
this, we first compared TE transcript levels across the RNA-Seq datasets used to define
the four EC clusters [9, 42]. For the samples in each cluster, we calculated TE family
expression by averaging the transcript levels of all loci from a given family and compar-
ing these average values between clusters. We found that each EC cluster was character-
ized by a distinct TE expression profile. Figure 5A highlights a subset of differentially
expressed TE families of particular interest. Cluster 1 was characterized by high expres-
sion of the youngest LINE1 families in the human genome (L1HS, L1PA2, L1PA3) [80].
Cluster 2 was marked by high levels of LTR7/HERVH and MER41B, two families previ-
ously implicated in the regulation of antiviral factors [34, 38]. Cluster 3 was marked by
high LTR12C expression, consistent with the high level of GBP2 and GBPS5 observed in
some EC individuals (Fig. 4B) including those falling within Cluster 3 (Fig. 3D). Finally,
Cluster 4 was characterized by a high level of HERVL40 expression, a TE family previ-
ously observed to be downregulated upon HIV-1 latency reversal [81]. Thus, each cluster
displayed a unique profile of gene and TE family expression.

To examine whether the differential expression of TEs across the four EC clusters
(Fig. 3A) correlated with the chromatin accessibility of their canonical promoters, we
analyzed CD4% T cell ATAC-Seq data produced in parallel with the RNA-Seq data
used in the EC clustering, available for a subset of the ECs from one study (n=60) [9].
For the samples in each cluster, we calculated the averaged, normalized ATAC-Seq sig-
nal over all loci of the TE family of interest (highlighted in Fig. 5A) and compared the
average signal for each cluster. For most TE families, we found that the average chro-
matin accessibility profile across clusters correlated with their RNA expression profile
(Fig. 5B). For example, the promoter region of young L1 elements was more accessible
in individuals from Cluster 1 where these elements are most highly expressed. Like-
wise, LTR7 elements were on average more accessible in individuals from Clusters 2
and 4 in which these elements are also most highly expressed (Fig. 5A,B). Of those
highlighted in Fig. 5A, there were four TE families for which we could not correlate
family-wide average chromatin accessibility and cluster-specific expression: MER41B,
LTR10B1, THE1B, and LTR8A. We found that the higher expression of these families
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in a certain cluster was driven by a small subset of particularly active loci, likely limit-
ing detection of more open chromatin at the family level.

To further explore locus-level expression patterns, we re-clustered the same EC sam-
ples (n=128) using only locus-level TE expression. This again resolved four EC clus-
ters (Additional File 2: Figure S7A), which interestingly appeared even more distinct
than those identified by gene and TE family expression combined (Fig. 3A). The TE
locus-based clusters (TL-Cs) aligned well with the gene and TE family clusters (GT-
Cs), with an average 70% overlap in samples between each GT-C and its corresponding
TL-C (Additional File 2: Figure S7B), indicating high consistency (Additional File 1:
Table S8). The remaining 30% of samples that shifted between clusters did so consist-
ently within individuals, not cohorts, maintaining heterogeneous TL-C compositions
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similar to the GT-Cs (Additional File 2: Figures S7C & S5A). An exception to this het-
erogeneity was TL-C4, comprising 22 samples from GT-C1 that were almost entirely
from the CD4" T cell subsets of only four participants in the Jiang cohort (Additional
File 1: Table S8 & Additional File 2: Figure S7C). No other samples from the Jiang
cohort shifted to this cluster from other GT-Cs, suggesting that these patterns reflect
individual variation rather than cohort bias. Like the GT-Cs, each TL-C included sam-
ples from all five CD4" T cell subsets and was largely heterogeneous (Additional File
2: Figure S7C). Notably, TL-C2 mirrored corresponding GT-C3 in its overrepresen-
tation of EM and TM cells, while TL-C1 uniquely showed an overrepresentation of
naive CD4"% T cells. Beyond sample composition, each TL-C was characterized by a
unique pattern of expressed TE loci (Additional File 2: Figure S7D). These signatures
were heterogeneous across families, with subsets of variable loci from one TE fam-
ily marking separate clusters (Additional File 2: Figure S7E), some of which did not
reach the threshold of significance in earlier analyses when analyzed at the family level,
like SVA-D. Many families maintained their cluster-specific signatures, like THE1B (a
marker of GT-C2), for which the majority of variable loci were found in corresponding
TL-C1. However, some TE families, like the LINE1s that marked GT-C1, showed more
heterogeneous signatures with variable loci marking multiple TL-Cs. These findings
underscore the need for future locus-level investigations with high-depth or long-read
RNA sequencing to fully capture the complexity of TE expression.

Variable TE expression in ECs may be mediated by KZNFs

What could drive the differential accessibility and expression of TEs that we observe
across ECs? We hypothesized that KRAB-containing zinc finger proteins (KZNFs) may
be involved since they are known to bind directly to specific TE families through their
zinc finger DNA binding domain and recruit the KAP1 corepressor through their KRAB
domain, which in turn attracts silencing factors such as histone deacetylases and methyl-
transferases to nucleate repressive chromatin at the bound TE loci [82]. To test this idea,
we performed a pairwise correlation analysis of TE families and KZNFs across the tran-
scriptomes of the EC samples used for our gene and TE family clustering analysis. With
over 350 annotated KZNFs in the human genome, the repressive interactions between
these proteins and TEs is thought to be highly specific and dynamic [83, 84], and as such
we predicted that KZNFs and their target TE families would show a negative correlation
in expression across individuals.

Visualizing these correlation analyses by EC cluster, we observed distinct anti-correla-
tive KZNEF-TE expression patterns (Fig. 6A, shown in blue), suggesting that each cluster
is characterized by a unique combination of anti-correlated KZNEF-TE pairs. Focus-
ing on the TE families that stood out in our earlier analyses, we found multiple KZNFs
whose expression was anti-correlated to that of the TE families they are known to target
(Fig. 6B). For example, expression of ZNF84—which is known to bind and repress young
LINEL1 families [84]—was significantly anti-correlated to the expression of these LINE1
families across EC individuals. Similarly, ZNF534 was anti-correlated with HERVH/
LTR7, ZNF430 with THE1B, and ZNF2 with LTR12C. Targeting of the aforementioned
TE families by their respective KZNFs was confirmed by re-analysis of public ChIP-exo
data (Fig. 6C) [85, 86]. Furthermore, we found that these KZNFs have significantly lower
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expression in ECs compared to treatment-naive VPs (Fig. 6D). Thus, differential expres-
sion of KZNFs may explain the variable expression and cis-regulatory activity of TEs
across individuals.

In addition to KZNF repressors, transcriptional activators may also drive the differ-
ential expression of specific TE families across ECs [87]. To investigate this, we focused
on transcription factors (TFs) expressed in CD4" T cells and mined ChIP-Seq data from
the ENCODE Consortium [88] to identify TFs with binding enrichment to TE families
of interest, selected for their elevated, cluster-specific expression in ECs (highlighted
in Figs. 4 and 5, and Additional File 2: Figure S4). We then examined the correlation
between TF and target TE expression in the deconvoluted CD4" T cell samples from
ECs used for our clustering analysis (Fig. 3) [9, 42]. We observed several significant posi-
tive correlations between TF and TE expression across ECs (Additional File 2: Figure
S8). Thus, differential expression of immune-related TFs may also contribute to the vari-
ation in TE expression and cis-regulatory activity across ECs, in tandem with the repres-
sive activities of KZNFs.

Discussion
In this study, we explore the hypothesis that TEs, which are known to modulate the
innate immune response and to directly regulate restriction factors, could contribute to
the elite control of HIV-1. Through analyses of CD4" T cell RNA-Seq data, we deter-
mined that the TE expression profile of ECs is distinct from that of PLWH-on-ART, VDPs,
and HCs. There was also considerable transcriptomic heterogeneity among the set of
EC individuals analyzed here, despite being a relatively small cohort (n=49) combin-
ing four different studies [9, 42—44]. Unsupervised clustering and principal component
analysis of the most variable genes and TEs revealed four EC clusters, each characterized
by different gene ontologies and pathway enrichments, differential expression of a subset
of HIV-1 pro- and anti-viral factors, and unique TE expression profiles. Further anal-
yses integrating ATAC-Seq data revealed that a number of innate immune genes with
increased expression in ECs were flanked by cis-regulatory TE loci marked with higher
chromatin accessibility in ECs. Thus, changes in the chromatin states of these elements
may contribute to the upregulation of these factors in some ECs, which in turn would
contribute to their HIV-1 resistance phenotype. To illuminate the mechanisms that
may underlie chromatin changes at these TEs, we investigated the expression of KZNFs
across the same EC cohort—genes which are known to encode proteins that repress TE
expression and cis-regulatory activity [27, 89]. We found extensive variation in KZNF
transcript levels across CD4" T cells of EC individuals and striking anti-correlation with
the TE families they target, suggesting that interindividual variation in KZNF expression
may underlie the observed variation in TE chromatin accessibility. Taken together, these
data converge to a preliminary model (Fig. 7) in which decreased expression of some
KZNFs leads to elevated basal expression of innate immune genes and restriction factors
in EC individuals through an increase in the cis-regulatory activity of TEs serving as pro-
moters or enhancers for these genes. This model introduces a new possible mechanism
underlying the EC phenotype.

Each step in the model will require experimental work to be validated. First and
foremost, it will be important to confirm that the TEs exhibiting increased transcript
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Fig. 7 Proposed model for the interplay of KZNFs and TEs regulating proximal antiviral gene expression in
elite controllers of HIV-1

levels and accessibility in ECs are indeed boosting the innate immune response and
control of HIV-1 in these individuals. We note that these TEs include HERV fami-
lies that have been previously implicated in controlling the human innate immune
response. For example, we found that the MER41 family has increased expression in a
subset of ECs (Fig. 5A), and we identified several MER41 elements marked by higher
chromatin accessibility in EC individuals relative to HCs. This correlated with higher
transcript levels of adjacent immunity genes such as GPR35, GSDMD, and TEPCR1
(Fig. 4B) [76-78]. We previously reported that MER41 elements carry the hallmarks
of interferon-inducible enhancers and are frequently bound by the transcription fac-
tor STAT1, a key transcriptional activator of the innate immune response. CRISPR-
Cas9 editing was used in cell lines to demonstrate that a subset of MER41 elements
function as enhancers driving the interferon-inducibility of several innate immune
genes [34]. However, the specific MER41 loci we identified here as differentially
active in ECs have not been tested experimentally for enhancer activity. Thus, further
work is warranted to confirm the regulatory function of these loci under the control
of STAT1 or other immune TFs, as well as other TE families identified as targets of
immune-related TFs (Additional File 2: Figure S8).

LTR7 and LTR12C are two other HERV families with increased expression in ECs
(Fig. 5A), whose members have been previously implicated in the activation of HIV-1
restriction factors. For example, a recent study found that an LTR7 element controls
the transcription of APOBEC3G and APOBEC3H [38], two cytidine deaminases that
inhibit HIV-1 replication [37, 90-94]. Similarly, LTR12C elements are known to be
activated upon HIV-1 infection, and two of these elements act as promoters for GBP2
and GBP5 [36], which encode proteins inhibiting furin-mediated processing of the
HIV-1 envelope and other viral glycoproteins [35]. Our work expands upon these
findings by showing that the chromatin at these two LTR12C loci is more accessible
in ECs than in HCs, which correlates with increased GBP2 and GBPS expression in
these individuals (Fig. 4B,C). We observed a similar pattern of increased accessibil-
ity and expression in ECs of HCP5, a IncRNA gene entirely derived from an ERV3-16
element [79]. HCPS is located in the HLA class I region and harbors multiple single-
nucleotide variants that are associated with HIV-1 control [95, 96], yet the potential
relationship of HCPS expression levels to HIV-1 resistance has not been examined
[79]. Here, we find increased accessibility of the ERV3-16 promoter and elevated
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expression of HCP5 in ECs compared to HCs (Fig. 4B,C), suggesting that heightened
HCPS expression may contribute to HIV-1 control. Overall, our results reinforce the
concept that TEs are important players in the human antiviral response [30, 97] and
uncover specific candidate elements for boosting cellular defenses against HIV-1 in
ECs. We acknowledge that these associations are drawn from correlative patterns and
manipulative experiments are needed to infer causality between chromatin changes
at these TEs and increased expression of nearby immunity genes. High-resolution
approaches, such as long-read RNA-Seq, will be crucial to exploring the role of these
TE loci and others in driving alternative promoter usage and splicing events in ECs.

To our knowledge, our study is unique for integrating TEs in the transcriptomic analy-
sis of CD4" T cells of ECs. A major takeaway of our analyses is that there is substantial
heterogeneity across the transcriptomes of the 128 EC samples examined, which can
be resolved into four distinct clusters, each with unique gene and TE expression pro-
files (Figs. 3 and 5 and Additional File 2: Figures S4, S5). Importantly, these clusters are
driven neither by the study of origin or participant cohort, nor by the genetic ances-
try of the individuals (Additional File 2: Figure S5), and they cannot be explained solely
by variation in CD4" T cell subtype composition (Fig. 3B & Additional File 2: Figure
S5). The transcriptomic heterogeneity we observe is consistent with the known pheno-
typic plasticity of ECs [98, 99]. For example, it has been reported that viremic control
and T cell population maintenance vary substantially among ECs [11]. Previous stud-
ies have identified multiple genetic determinants of viral control in a subset of ECs,
including multiple HLA-B alleles identified through GWAS [15, 16] and the well-doc-
umented CCR5A32 deletion blocking HIV-1 cellular entry [100]. Increased cytotoxicity
of CD8" T cells and natural killer cells have also been implicated in the EC phenotype
[101-103], along with superior HIV-1 antibody and cytokine patterns [104, 105]. Finally,
genomic profiling of EC reservoir T cells has identified unique chromosomal distribu-
tion of retained proviruses in which defective proviruses are preferentially retained in
permissive, euchromatin-rich genomic regions while functional proviruses are relegated
to heterochromatin-rich regions [9, 12, 23, 24]. Thus, no single factor can universally
explain the EC phenotype and one can expect that multiple factors are likely to act in
concert within an individual to achieve and sustain HIV-1 resistance. Our study focuses
on processes in CD4" T cells that may operate alongside well-established factors like
CDS8™' T cell cytotoxicity. Together, these mechanisms illustrate the complex interplay
of genetic, immunological, and epigenetic contributions to viral control. For example, a
recent study noted that the CCR5A32 allele occurred in a heterozygous state in only one
out of five ECs, while no individual in that cohort held the homozygous deletion [44].
Similarly, CCR5 mRNA downregulation, another proposed mechanism for elite control
of HIV-1 [44], was only found to be a feature of a subset of ECs (Cluster 2 in our analysis;
Fig. 3D). Thus, our study is useful in defining a minimum of four major “transcriptome
types” among ECs that may reflect different combinations of resistance factors, includ-
ing newly recognized mechanisms involving TEs.

We found that distinct sets of innate immunity genes and restriction factors are
upregulated in different EC clusters even in the absence of active viremia, suggesting
that elevated basal expression of these factors plays a previously underappreciated role
in the EC phenotype. Further studies will be necessary to cement this idea and would
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especially benefit from the integration of single-cell omics to dissect TE regulation and
clustering in deconvoluted CD4" T cells of ECs. We also acknowledge that our study is
limited by the small number of EC individuals with available omics data, which likely
limited our ability to identify significant relationships between transcriptome clustering
and available participant metadata (Additional File 2: Figure S5). While the rarity of ECs
in the seropositive population makes it challenging to study this phenotype, the tran-
scriptomic heterogeneity revealed by our analyses underscores the need for surveying
larger and more diverse EC cohorts.

Another outstanding question is whether the gene and TE signatures revealed by our
analysis of ECs exist in the general population independent of HIV-1 infection or if they
are driven by the initial infection. While this inquiry is beyond the scope of this study,
we have presented evidence of common TE signatures between EC CD4" T cells and
Th2 progenitors from HCs (Additional File 2: Figure S3B) and established that ECs pos-
sess a unique CD4+ T cell retrotranscriptome with potential implications for natural
HIV-1 control. Future studies designed to assess elite control prediction should explore
whether these TE profiles are predictive of an individual’s enhanced viral control. In a
relevant study [106] investigating the contribution of TEs to variable immune responses
in influenza infection, a strong negative correlation was found between the level of TE
transcription pre-infection and viral load post-infection, suggesting that high TE expres-
sion may be protective. When integrated into a predictive model, the activity of TEs,
KZNFs, and KZNF-recruited SETDB1 improved the ability to forecast the outcome of
an infection [106]. These findings suggest that TE expression profiles may be predictive
of immune potency and further support the need for their inclusion in predictive stud-
ies. TE profiles may also be predictive of other rare pathological trajectories, including
the inverse of the EC phenotype: HIV-1 rapid progressors [107, 108].

Our study confirms that the epigenetic state of TEs is a key factor modulating their
activity as alternative promoters or enhancers for proximal genes. Prior studies have
documented this relationship by comparing the epigenetic states (e.g., DNA methyla-
tion, chromatin accessibility) of TE loci across healthy tissues [33, 109, 110] or between
cancer and non-cancer cells [111-114], but very few studies have explored this relation-
ship across human individuals. The effects of interindividual epigenetic variation at TEs
(i.e., metastable epialleles) on adjacent gene expression are well documented in mice
and best exemplified by the viable yellow agouti allele, which is controlled by a retro-
viral LTR variably methylated across individuals [115, 116]. But what controls this type
of epigenetic variability? There is growing evidence that KZNF proteins are important
trans-regulators of these effects through their ability to bind to TEs in a sequence-spe-
cific fashion and recruit the co-repressor KAP1, which in turn recruits chromatin modi-
fying factors like histone and DNA methyltransferases to nucleate local heterochromatin
at the bound TEs [32, 82]. Indeed, recent studies show that genetic variation within TE
sequences and/or variation in KZNF expression levels result in variation in chromatin
accessibility and cis-regulatory activity at different TE loci, with occasional effects on
adjacent gene expression [86, 117, 118].

Motivated by these recent insights, we explored the potential role of KZNFs in mediat-
ing the variable expression and chromatin states of TEs among ECs. We found a striking
anti-correlation between the expression level of several KZNFs and the TE families they
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target (Fig. 6A,B). For instance, transcript levels of ZNF534 and ZNF430 were strongly
anti-correlated with that of HERVH/LTR7 and THE1B elements, respectively (Fig. 6B),
which are the genomic targets of these KZNFs (Fig. 6C) [56, 85, 86, 119, 120]. Notably,
the expression of these KZNFs is lower in ECs compared to VPs (Fig. 6D). These obser-
vations suggest that interindividual variation in KZNF expression in CD4™ T cells could
explain why certain TEs are variably expressed and accessible across ECs. But what are
the mechanisms underlying variation in KZNF expression? It is possible that TE-KZNF
regulatory loops are involved, in which a copy of the TE family targeted by a KZNF is
inserted near and regulates the KZNF gene, thereby introducing a negative feedback
loop. This phenomenon has been documented in prior studies of KZNF activity in
embryogenesis [56] and in cancer [121]. Thus far, there have been few investigations of
TE-KZNF interactions in T cells and of their contribution to immunity [122-124]. Our
results point to a direct interplay between TEs and KZNFs in CD4" T cells, which may
have important implications for T cell biology and immune responses. Further work is
needed to validate TE-KZNF regulatory interactions in T cells, probe their connection
to epigenetic variation at individual TE loci, and explore their repercussions on gene
expression variation in CD4% T cells, with and without HIV-1 infection.

Conclusions

Our study culminates in a testable model (Fig. 7) in which TEs are regulatory agents
contributing to HIV-1 elite control by altering the expression of host immune genes
in CD4" T cells, and points to KZNFs as important controllers of these activities. As
single-copy genes often exclusively dedicated to regulating a specific TE family, KZNFs
represent attractive targets to manipulate TEs for research and therapeutic prospects.
Our findings open new avenues for understanding the molecular mechanisms of viral
control and developing targeted interventions for HIV-1 treatment.

Methods

Data availability

The datasets supporting the conclusions of this article are publicly available and can be
found in NCBI and ENA repositories under the accession numbers GSE122323 [125],
PRJNA420459 [126], GSE144334 [127], and GSE83482 [128]. ChIP-Seq data was sourced
from the ENCODE consortium: https://hgdownload.cse.ucsc.edu/goldenPath/hg19/
encodeDCC/. The relevant scripts from our analyses are available on our GitHub reposi-
tory [129].

RNA-Seq data processing

We mined published RNA-Seq datasets of human immune cells isolated from EC, HC,
PLWH-on-ART, and VP individuals ranging from PBMCs to deconvoluted CD4" T cell
subsets. Quality control was conducted with FastQC on the raw fastq sequencing files,
with two nucleotides removed from the ends due to variable quality scores. To facilitate
comprehensive expression quantification, we curated a reference transcriptome by com-
bining gene, TEs, and HIV-1 genomic sequences. This was achieved by integrating the
locus-level TE classification from RepeatMasker, the hgl9 gene annotation (GenCode),
and the HXB2 reference HIV-1 annotation. For the TEs, we removed simple repeats,
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SINE elements, and DNA transposons, including retro-transpositionally active Alu ele-
ments. The latter were excluded from our annotation due to the extreme challenges in
accurately assessing Alu expression. First, Alus are short and extremely abundant in the
human genome with an especially high level of sequence similarity to one another, mak-
ing short-read mapping unreliable even at the subfamily level. Additionally, standalone
Alu transcripts are produced by RNA Pol III, not polyadenylated, and therefore depleted
from polyA-enriched RNA-Seq libraries like those analyzed here. Finally, Alus often
reside in UTRs or alternative exons, making them co-transcribed in gene transcripts.
With short-read sequencing, it is nearly impossible to disentangle Alu expression origi-
nating from their own promoters from that of the genes they reside in. As we aim to
study the expression of TEs themselves, independent from nearby genes, our pipeline
is designed to maximize this. We also removed any other TE loci within gene exons/
UTRs. In our final TE annotation, we retained intronic and intergenic LINE and HERV
loci, including all solo LTRs. The remaining sequences were appended in fasta format,
and all sequences were annotated with their respective gene, TE locus, or HIV subunit
and modeled in GTF format. Next, we indexed the concatenated gene and TE genomic
sequences using salmon and STAR. Next, we aligned the trimmed sequencing reads
against our curated hgl9 reference genome using STAR [130]. Salmon [131] was used
to quantify the counts and normalize expression (transcripts per million, TPM) for each
RNA-Seq sample, enabling simultaneous calculation of gene, TE, and HIV-1 expression
using expectation—maximization (EM) algorithms. Data integration, logarithmic nor-
malization, and scaling of the obtained count matrices were performed using custom R
scripts (see GitHub for details). DESeq2 [132] was used to perform differential expres-
sion analysis between populations. All statistics and visualization of RNA-Seq data were
performed using R.

Clustering of EC RNA-Seq samples

With a subset of EC samples for which deconvoluted CD4" T cell RNA-Seq data was
available, we clustered the scaled data by feeding the first five principal components
to the graph-based KNN method (see GitHub for details). We calculated differential
expression and tested their significance level using the Kruskal-Wallis test by compar-
ing the cluster of interest with the remaining three clusters. The Benjamini—Hochberg
method further adjusted the obtained p-values to determine the adjusted false discovery
rate (FDR).

ATAC-Seq data processing

The ATAC-Seq reads were aligned to the hgl9 reference genome by Bowtie 2 (ver-
sion 2.2.2) [133] under the parameters —very-sensitive-local. All unmapped reads, non-
uniquely mapped reads, and PCR duplicates were removed. MACS2 [134] was used for
peak calling. For downstream analysis, we normalized the read counts by computing the
numbers of reads per kilobase of bin per million of reads sequenced (RPKM). RPKM
values were then averaged for each bin across replicates. To minimize batch and cell type
variation, the RPKM values were further normalized by Z-score transformation. To visu-
alize the ATAC-Seq signal in the UCSC genome browser [135], we extended each read
by 100 bp and counted the coverage for each base. To compare ATAC-Seq signal over
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specific TE families between EC clusters, the genome-wide signal was concatenated per
cluster and then normalized as mappable reads per million per 100-bp bins. We then
visualized each family of interest within a+/—5 kb genomic window at the elements’
left boundaries according to the hg19 RepeatMasker annotation.

Multiomic annotation of putative cis-regulatory TE-gene pairs

To identify TEs with putative cis-regulatory potential in ECs, we first used intersectBed
from bedtools [136] with default parameters to calculate the overlap between the ATAC-
Seq peaks identified in ECs and HCs with the locations of annotated repeats in the hg19
RepeatMasker annotation. The summit output files provided by MACS2 were used to
establish a 50% overlapping threshold between each ATAC-Seq peak and TE locus.
Before the cis-regulatory element annotation, we calculated the enrichment of ATAC-
Seq peaks within each TE family for each population (EC and HC). As repeats of dif-
ferent classes vary greatly in numbers, a random set of ATAC-Seq peaks was used as
a control, generated by selecting random regions in the genome size-matched to each
individual TE-associated ATAC-Seq peak. The number of observed peaks that overlap
with retroelements was compared to the number of random peaks exhibiting the same
overlap, and a log2-transformed ratio value was generated as the “observed/expected”
enrichment. This TE family-wide significance score was calculated using the R pack-
age enrichR [137], while employing in-house codes (see GitHub for details). Finally, we
focused on TE ATAC-Seq peaks within 10 kb of annotated transcription start sites (TSS)
in hgl9. Among these, the peaks which were differentially accessible in ECs compared to
HCs (ATAC-Seq) and for which the corresponding gene was differentially expressed in
ECs compared to HCs (RNA-Seq), were annotated as putative EC-specific cis-regulatory
TE-gene pairs.

ChIP-Seq data processing

ChIP-Seq datasets for immune-related TFs of interest were retrieved from the ENCODE
database. The fastq reads were mapped against the hg19 reference genome using bowtie2
with the —very-sensitive-local parameter for optimal sensitivity. All unmapped reads,
PCR duplicates, and reads with a mapping quality score below 10 were excluded from
further analysis. MACS2 was used for peak calling using the parameters —nomodel, -q
0.01, and -B. Peaks overlapping with blacklisted regions were removed to reduce false
positives (annotation here). The resulting peak files were merged using mergeBed to
generate a set of unique peaks. TE family-wide enrichment scores were calculated as
described above (see GitHub for details). The significance of ChIP-Seq enrichment was
determined by comparing the observed vs. expected ratios across 1000 permutations,
followed by Bonferroni correction to account for multiple testing.
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