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Abstract

Purpose of Review This review highlights emerging single-cell sequencing methods relevant to translational studies of HIV
in the central nervous system (CNS), summarizes limited single-cell studies of HIV in the CNS, and discusses opportunities
for future HIV translational CNS studies.

Recent Findings Innovative methods utilizing single-cell technologies have advanced the study of genomes, proteomes,
transcriptomes, and epigenomes at an enhanced resolution and depth. Single-cell analyses of central nervous system tissue,
including autopsy brain and CSF cells, may shed light on CNS perturbations in people living with HIV. New strategies can
distinguish distinct molecular identifies of rare infected cells at single-cell level, suggesting an opportunity to uncloak the
molecular identity of hidden HIV in the CNS reservoir.

Summary Adoption of multimodal “omics” analyses to translational HIV studies and tissue compartments beyond blood

will be critical to advancing our understanding of viral establishment, persistence, and eradication.
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Introduction

Human immunodeficiency virus (HIV) remains an enigmatic
human retrovirus without a cure despite advancements in our
understanding of disease pathogenesis and its treatment [1].
While advancements in antiretroviral therapy (ART) have
led to tremendous improvements in the lives of people living
with HIV (PLWH), the virus persists in cellular reservoirs
throughout the body and viral rebound ensues predictably
following antiretroviral treatment interruption [2]. Only two
people, the “Berlin” [3] and “London” patients [4], have

>4 Michael J. Corley
mjc4002@med.cornell.edu

< Shelli F. Farhadian
shelli.farhadian @yale.edu

Deparment of Medicine, Division of Infectious Diseases,
Weill Cornell Medicine, 413 East 69th Street, Belfer
Research Building, 5th floor, BB-514, New York, NY 10021,
USA

Department of Medicine, Section of Infectious Diseases,
Yale School of Medicine, New Haven, CT 06520, USA

Department of Neurology, Yale School of Medicine, 135
College St, Suite 378, New Haven, CT 06520, USA

been cured of HIV following unique and arduous treatment
regimens. All other HIV cure and remission strategies have
had limited success in PLWH, indicating an ongoing need
to better understand both the diversity of PLWH and the
complexity of HIV at all stages of infection, and in tissue
compartments throughout the body [5, 6].

During acute infection, in most individuals, HIV enters
the immune privileged central nervous system, causing CSF
viremia, and establishing local infection in the brain [7, 8].
Autopsy studies of PLWH who died while on ART find
HIV DNA in the brain of most subjects [9, 10], and studies
of HIV RNA sequences from CSF specimens suggest that
HIV replicates in the CNS in both T cells and macrophages,
forming a compartmentalized infection with genetic features
distinct from paired sequences found in the plasma [11].
Viral burden within the CNS is associated with neuroinflam-
mation, neuronal injury, and clinical neurological deficits
[12—14]. Thus, the CNS is an important viral reservoir site
of HIV that contributes to HIV morbidity through chronic
immune activation and potentially through ongoing viral
replication in the CNS. Yet, compared to the level of inves-
tigation of peripheral blood and the CD4 + T lymphocyte
HIV reservoir in studies of PLWH, the CNS compartment
remains understudied. Routine access to brain tissue in
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PLWH is challenging; hence, lumbar puncture and the col-
lection of CSF has been utilized as a window into studying
the CNS compartment in PLWH [15]. CSF studies are safe
in PLWH and feasible even in international research settings
and during the earliest stages of acute HIV infection [16e].

Technological advances in single-cell technologies based
on next generation sequencing now allow for the study of
single human cells at an unprecedented level of resolu-
tion. In particular, recent single-cell technologies permit
the high-throughput study of individual cellular genomes,
proteomes, transcriptomes, epigenomes, metabolomes, and
multiomes [17] in clinical samples, and, through cellular
infection assays, allow for detailed study of host—pathogen
interactions [18]. These methods have been rapidly adopted
and utilized to understand emerging infectious diseases with
neuropathology such as COVID-19 and Zika [19-21]. The
application of single cell sequencing technologies in the HIV
field has emerged as an essential tool for studying perturba-
tions to host immune cells during systemic HIV infection,
and to understanding HIV reservoirs in blood [22ee, 23,
24ee 25ee 26]. However, the application of single-cell omic
technologies to human HIV studies of the CNS remain lim-
ited. In this review, we overview new single-cell omics tech-
nologies extending beyond the transcriptome, summarize
translational HIV CNS studies using single-cell profiling,
and highlight the potential application of single-cell omics
studies to neuro-immune responses during HIV infection
and CNS viral reservoirs.

Single-cell Sequencing Approaches
to Characterize Host Immune Responses
in the CNS During HIV Infection

Modern Single-cell RNA Transcriptome Sequencing

The most widely utilized single-cell sequencing technology
has been single-cell mRNA sequencing that provides a quan-
titative assessment of the transcriptome profile of individual
cells [27]. For a review of the history and advances in single-
cell sequencing see the following reviews [28, 29]. Briefly,
high-throughput single-cell RNA sequencing technologies
were developed that rely on droplet-based methods [30e,
31] to increase the scale and throughput of cells that are
profiled. These approaches scaled low-throughput single-cell
sequencing approaches that utilized fluorescence-activated
cell sorting of rare cells into 96 or 384 well plates or captur-
ing of rare germ cells for single-cell transcriptiome profiling
[27]. By far, the leading single-cell laboratory instrument
has been the commercial platform provided by 10 X Genom-
ics Chromium that is based on microfluidics with molecular
barcoding [32]. Innovative “super-loading” approaches that
utilize multiplexing of cells by either oligo-tagged antibodies
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directed against ubiquitously expressed immune surface
markers (Cell Hashing [33]) or lipid- and cholesterol-modi-
fied oligonucleotides (MULTI-Seq [34e]) have reduced the
cost of profiling per cell and enhanced the throughput of the
10 x Genomics instrument by five to ten-fold. The “super
loading” innovation for single-cell RNA sequencing is a
key development for the HIV field, which aims to profile
extremely rare cells containing HIV RNA to identify cellular
reservoirs that are transcription competent [35].
Modifications to validated antibodies typically utilized
in the gold standard assay of flow cytometry with unique
oligonucleotide conjugates developed in immune-polymer-
asse chain reaction (immune-PCR) [36] have permitted the
detection of surface proteins by converting amplifiable DNA
sequence into an inferred protein signal. When utilized in
conjunction with single-cell RNA-seq microfluidics-based
or nano-well cartridge-based methods, these approaches
(CITE-Seq [37¢], REAP-Seq [38], AbSeq [39]) have shown
that both RNA and protein can be simultaneously detected
in single cells. Innovative approaches have modified the sin-
gle-cell protein detection methods to expand beyond surface
protein labeling and have shown that intracellular protein
detection is possible at single-cell level in a method termed
intranuclear cellular indexing of transcirptomes and epitopes
(inCITE-seq) [40]. Application of these single-cell based
sequencing approaches with modifying a p24-based method
developed on flow cytometry to identify translational-com-
petent viral reservoirs [41] has the potential to advance the
study of rare, HIV-infected cells in the CNS compartment.

Single-cell Studies of Cerebrospinal Fluid Immune
Cells in Neuroinflammatory Conditions

Cerebrospinal fluid (CSF) immune cells provide a window
into infiltrating brain parenchymal immune cells. Hence,
studies have utilized scRNA-seq of CSF to interrogate
CNS immune cells during neuroinflammatory conditions,
including multiple sclerosis (MS) [42ee, 43] and Alzhei-
mer’s disease [44ee]. Schafflick et al. compared single-cell
transcriptomic profiles of matched peripheral blood and
CSF samples from patients with MS, and found that, com-
pared to controls, individuals with MS have an expansion
of cytotoxic CD4 + T cells in the CSF [45]. Recent research
has also utilized single-cell RNA-seq to characeterize CSF
cells in individuals with acute COVID-19. Heming et al
profiled eight individuals with COVID-19 and neurological
symptoms and six being characterized as mild to moderate
COVID-19 with mild neurological complications[ 19]. As
a comparison group, the authors utilized single-cell RNA-
Seq CSF datasets from individuals with idiopathic intrac-
ranial hypertension, MS, and viral encepthalitis. Compara-
tive analyses revealed that COVID-19 was associated with
a significant expansion of a monocyte cell cluster with an
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antigen-presenting phenotype, and exhausted T cells. Song
and Bartley et al. used single-cell RNA-Seq to compare
CSF and blood in COVID-19 patients and controls, and
and reported increased signatures of T cell activation and
interferon pathways in the CSF of COVID-19 patients [20].
These studies demonstrate the ability to characterize CNS
immune responses during infectious disease through CSF-
based single-cell RNA-Seq analyses.

Single-cell Transcriptome Studies of CSF Immune
Cells of Individuals Living with HIV on ART

We previously utilized single-cell RNA-Seq to characterize
the immune cell landscape of paired fresh CSF and periph-
eral blood in PLWH on ART [46¢]. Based on transcriptional
features, we identified that T lymphocytes were the major-
ity cell type in CSF, followed by myeloid cells. Moreover,
a subanalysis of myeloid cells in the CSF revealed that a
unique myeloid cell subset characterized by elevated gene
expression of genes enriched in neurodegenerative disease-
associated microglia (APOE, AXL, and TREM?2) was present
in CSF, but not the blood, of people living with HIV on
ART, consistent with later studies that also identify myeloid
lineage cells that are unique to the CSF [43, 45, 47]. This
study demonstrated that single-cell transcriptional studies of
CSF in people living with HIV are feasible, and that a subset
of myeloid cells might contribute to neuropathogenesis dur-
ing HIV infection.

Single B cell and T cell Receptor Sequencing in CNS

Sequencing of T cell receptor (TCR) and B cell receptor (BCR)
genes at the single-cell level can identify expanded clones
within tissue compartments that associate with disease state
or the presence of viral antigen. Multimodal single TCR and
transcriptome sequencing of CSF T cells during COVID-19
[19] and Alzheimer’s disease (AD) [44e¢], demonstrated clonal
expansion of T cells within the CNS compartment during these
conditions. The population of clonally expanded CD8T cells in
CSF associated with AD appeared to arise from viral antigen-
specific clonal expansion, expressed pro-inflammatory genes,
and was not observed in healthy individuals, suggesting a link
between antigen-specific clonal expansion of T cells in the
CNS and neurodegeneration. In HIV infection, in peripheral
blood, TCR sequencing combined with methods to isolate sin-
gle HIV-infected CD4 T cells was used to characterize clonal
expansion of the HIV reservoir in blood [22ee]. It is not known
whether CD4 T cell reservoirs in the CNS are likewise clonally
expanded in that compartment during chronic HIV infection.
Single TCR sequencing can also help elucidate dynamics of
the anti-viral CD8 T cell response in the CNS. Prior studies
using bulk TCR sequencing suggest that antigen-specific CD8
T cells clonally expand in the CNS during acute infection [48].

Longitudinal and paired single-cell TCR sequencing from
blood and CSF may help address whether these cells persist
and continue to expand in response to local antigen stimulation
in the CNS over the course of chronic infection.

Identification of antigen-specific TCR sequences at scale
remains challenging. Hence, future methods development will
scale the ability to label antigen-specific T cells with multi-
meric MHC peptide complexes that bind to TCRs with high
affinity [49], enabling the identification of multiple antigens or
epitopes paired to full-length receptor sequences.

Single BCR sequencing of the CSF may likewise reveal
features of the CNS immune response to HIV infection [20].
To identify HIV antigen-specific B cells paired with heavy
and light chain B cell receptor sequences at single-cell level,
an approach termed LIBRA-Seq has been utilized that relies
on conjugating oligonucleotide barcodes to recombinant HIV
proteins, which are then used to sort tagged HIV-specific B
cells [50e]. LIBRA-Seq was utilized to identify HIV antigen-
specific B cells in peripheral blood from two people living
with HIV. The application of this approach to CSF would
enhance HIV-specific antibody discovery in the CNS.

Single-cell Epigenomics

HIV infection alters the human epigenetic landscape. Single-
cell epigenetic methods, including scATAC-seq, have been
developed to study DNA methylation, chromatin accessibility,
chromatin interactions, and histone modifications [51]. Moreo-
ver, a method termed Cleavage Under Targets and tagmenta-
tion (CUT&Tag) targets a specific protein of interest in situ
and permits single-cell genome-wide profiling of chromatin
modifications [52¢]. When CUT&TAG is combined with the
10x Genomics scATAC-Seq protocol to partition single cells,
it enables the mapping of histone modifications and transcrip-
tional factors in single cells. These approaches build upon
prior work that has characterized the chromatin landscape of
bulk HIV-infected cell populations, and shed light on molecu-
lar features that allow HIV to integrate into particular sites of
the host genome [53]. The capability to profile epigenomes of
single cells in the CNS compartment during HIV infection will
provide key insights into infection-induced epigenetic changes,
the impact on neuropathogenesis of HIV, and have implica-
tions for improving our understanding of HIV CNS reservoirs.

Single-cell Approaches to Understanding
CNS Viral Reservoirs

Single-cell RNA and DNA Sequencing
to Characterize Proviral Integration

While prior studies have provided a variety of meth-
ods, estimates, and characterizations of the frequency of
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peripheral blood CD4 T cells containing HIV RNA and
latent HIV DNA [54], the proportion of CNS immune cells
harboring HIV remains unclear. Unique cohorts of PLWH
who have generously donated their bodies for postmor-
tem study provide an opportunity to better characterize the
HIV brain reservoir using single-cell methods [55]. Using
tissue from the National NeuroAIDS Tissue Consortium,
Plaza-Jennings et al assessed brain tissue from PLWH with
and without HIV encephalitis using single nuclei RNA
sequencing of isolated postmortem brain cell nuclei, a
method that allows for single-cell transcriptomic study
of fresh frozen postmortem brain tissues. By assessing
single-cell transcriptomes for both host and viral genes,
they found that T lymphocytes and microglial cells are the
two cell types that harbor HIV in autopsy brain, and begin
to characterize integration sites of HIV in brain tissue [56].

Single-cell DNA sequencing approaches further allow
for characterization of HIV integration sites, but, to date,
have focused exclusively on blood. Sun and collegues
recently developed Simultaneous Integration site and
Provirus sequencing, SIP-seq [57], which uses whole
genome amplification in microfluidic droplets to capture
and sequence full-length proviral HIV genomes with their
associated integration sites. An approach to simultane-
ously analyze HIV proviral sequences and integration sites
termed STIP-Seq has also been developed based on sorting
p24 + cells from peripheral blood mononuclear cells of
people living with HIV into individual wells by fluores-
cence-activated cell sorting [58], followed by single-cell
whole genome amplification resulting in near full-length
proviral sequencing, integration site analysis, and TCR
sequencing. These approaches, if applied to CSF cells or
preserved brain tissue, would provide valuable insights
into CNS compartmentalization and reservoir at single
cell level.

Long-read Single-cell RNA Sequencing
to Characterize HIV-1 Isoforms

The most commonly used methods for single-cell RNA
seqeuencing, including the 10 X Genomics platform,
result in short reads, thus limiting the detection of full-
length HIV RNA transcripts and detailed characteriza-
tion of HIV RNA splicing in single cells. Notably, a
full-length mRNA analysis of single cells termed single-
cell isoform RNA-Seq (ScISOr-Seq) has been developed
and utilized to identify cell-type specific RNA isoforms
in the brain [59]. The approach uses the 10 X Genom-
ics platform to to amplify full-length cDNA from single
cells and splits the cDNA into two pools that will be used
for short-read high-throughput sequencing and long-read
sequencing for isoform identification. A limitation of the
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long-read sequencing platform is read throughput, which
limits the identification of rare transcripts of interest
such as viral transcripts. To overcome sequencing depth
limitations of long-read sequencing and the rarity of HIV
RNA c¢cDNA among host immune cellular transcripts,
future approaches will need to leverage enrichment-
based strategies and amplification to achieve adequate
coverage of full-length HIV transcripts. Indeed, enrich-
ment and amplification approaches have been developed
for HIV that account for sequence diversity [60, 61]. We
envision this method would improve knowledge of HIV
splicing, viral diversity and evolution, CNS comparta-
mentalization, and HIV host chimeric RNAs.

Multimodal Single-cell Methods

Single-cell methods that capture parallel information
beyond two modalities—including transcription, protein,
DNA methylation, chromatin, mtDNA, and other molecu-
lar information—from the same cell are rapidly advancing
from hundreds of cells to millions of cells [62—66]. Joint
profiling of histone modifications and gene expression from
single cells, in methods like Paired-Tag [67] and scATAC-
Seq [51], permit the mapping of the chromatin accessibility
landscape of the host genome and accessibility state of the
viral genome at single-cell resolution. Newer methods allow
mitochondrial DNA to be amplified as well [68]. These per-
mit the ability to examine mitochondrial DNA mutation
rates across single cells and use this information to infer
cell lineages and clonal expansion. A method to jointly pro-
file chromatin accessibility of host cells and Tn5 accessible
viral integration sites at single-cell levels termed EpiVIA
was recently demonstrated in a chimeric antigen receptor
T immunotherapy study [69ee]. The approach relies on the
hyperactive TnS5 transposase being able to transpose both
accessible host DNA and accessible integrated proviral
DNA. To identify accessible viral integration sites, host-
viral fragments are identified bioinformatically and aligned
to the human genome to localize viral integration sites.
Moreover, an added layer of information about accessible
viral integration sites would also be included in the assays
readout. A limitation of this assay would be that inacces-
sible provirus would not be captured; hence, capturing all
viral integration sites at single-cell resolution would not be
feasible. Due to limitations of read length, the viral charac-
teristics of integrated virus would not be attained and pre-
vent the assessment of intact replication-competent virus.
This method could be complemented with methods that
profile matched HIV integration site and proviral sequenc-
ing (MIP-Seq) [70].
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Conclusions

A major challenge of profiling CNS cells, including CSF
cells and cells obtained from brain autopsy, is the need to
assess fresh cells or cells that are stored to reliably preserve
transcripts. Advances in CSF cell cryopreservation will
advance single-cell studies of CSF to allow for assessment
of biobanked samples [71]. Single nuclei sequencing and
emerging spatial multiomics sequencing methods of fresh
frozen postmortem brain tissues specimens likewise presents
the important opportunity for single-cell studies of both the
host and viral transcriptomes. Overall, tailoring single-cell
sequencing methods to HIV permits the identification of
disease-related cell subtypes, rare HIV-infected cells, HIV
life cycle among single cells, HIV latency cell phenotypes,
HIV reservoirs across compartments, interrogation of anti-
gen specificity and immune system diversity, and therapeutic
responses [72]. In the future, this approach can be guided by
multidisciplinary teams that will use a personalized medi-
cine approach to sequence the swarm of HIV diversity in
a PLWH and use this data to more precisely identify HIV-
infected cells and uncloak the molecular identities of latent
cells that are barrier to cure (Fig. 1).

Fresh CSF cells would contain oligonucleotide-tagged
antibodies defining surface proteins that would combine
with the obtained transcriptomic data. Moreover, this sin-
gle-cell dataset would also include the capability to exam-
ine HIV antigen-specific B cell and T cells with receptor
sequences. Lastly, using a portion of cDNA for full-length
DNA sequencing of enriched HIV sequences would per-
mit interrogation of the virus. A single cell from CSF could
contain 5 layers of unique information (host transcription,
viral transcription, immune cell receptor sequence, surface
protein levels, and full-length HIV transcript variation)
that would provide unprecedented information about HIV
RNA + containing cells in the CNS.
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