nature communications

Article https://doi.org/10.1038/s41467-025-57368-7

Tracking HIV persistence across T cell
lineages during early ART-treated HIV-1-
infection using a reservoir-marking
humanized mouse model

Received: 8 May 2024 Namita Satija“®, Foramben Patel"®, Gerrit Schmidt', Donald V. Doanman’,
Manav Kapoor ®23, Annalena La Porte', Ying-Chih Wang?, Kenneth M. Law"®,
Anthony M. Esposito?, Kimaada Allette?, Kristin G. Beaumont®?2,

Robert P. Sebra®?2 & Benjamin K. Chen®'

Accepted: 19 February 2025

Published online: 06 March 2025

M Check for updates

Human immunodeficiency virus (HIV) infection depletes CD4 T-cells, and long-
term persistence of latent virus prevents full clearance of HIV even in the
presence of effective antiretroviral therapy (ART), Here we present the HIV-1-
induced lineage tracing (HILT) system, a model that irreversibly marks infec-
ted cells within a humanized mouse model, which detects rare latently infected
cells. Immunodeficient mice transplanted with genetically modified hemato-
poietic stem cells develop a human immune system, in which CD4 T-cells
contain a genetic switch that permanently labels cells infected by HIV-1
expressing cre-recombinase. Through single-cell RNA sequencing of HILT-
marked cells during acute infection and post-ART treatment, we identify dis-
tinct CD4+ T-cell transcriptional lineages enriched in either active or latent
infections. Comparative gene expression analysis highlights common path-
ways modulated in both states, including EIF2, Sirtuin, and protein ubiquiti-
nation. Critical regulators of these pathways, including JUN, BCL2, and MDM?2,
change to opposite directions in the two states, highlighting gene expression
programs that may support HIV persistence across T-cell lineages and states.

Effective antiretroviral therapy (ART) in individuals infected with differentiation and activation status. Persistent HIV has been identified

Human Immunodeficiency Virus-1 (HIV-1) halts active viral replication,
preserves the immune system, and restores life expectancy'>. How-
ever, a cure for the infection remains elusive due to the persistence of
latently HIV-1-infected cells**. Latent cells carry quiescent HIV-1 pro-
virus integrated into their genome, which can be reactivated upon
stimulation. Most of the latent reservoir resides in the CD4" T-cell
compartment, though there are no definitive reservoir markers. CD4*
T-cells are highly diverse and can be subdivided based on their

within central memory (TCM), effector memory (TEM), transitional
memory (TTM), and stem-cell memory (TSCM) CD4+ T-cell
populations®®. Additionally, immune checkpoint molecules like PD-1,
TIGIT, and LAG-3 are also observed to be enriched on HIV-infected
cells’. Latent provirus has been found to be enriched in the Th17
subset or cells expressing homing receptors CXCR3 and CCR6" .
Additional insights into the latent pool come from studying which
CD4+ T-cell subsets and cellular states support infection. Not all the
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states and subsets support HIV-1infection to the same degree. Resting
peripheral blood CD4+ T-cells, for instance, are resistant to active viral
infection'**® whereas CCR4+CCR6+ and CXCR3+ CCR6 +CD4+
T-cells are highly permissive to HIV-1 infection'”?°. The reservoir is
established rapidly after infection. ART treatment initiated as early as
three days after acute infection still gives rise to a long-lived
reservoir’?. Once infected, both host and virus factors control
CD4+ T-cell survival. Over time, particularly with ART, defective pro-
viruses may accumulate, and only a fraction of infected cells carry a
full-length, replication-competent provirus”**. An emerging picture of
the latent reservoir is that it is not comprised of static cellular com-
position that persists over many years. It is maintained through the
clonal expansion of T-cells that proliferate within ART-treated
patients®. This proliferation can be mediated by antigen-driven pro-
liferation activation’*”’, homeostatic proliferation®”, or proliferation
activated by HIV integration®*', Given that the reservoir is established
rapidly and can persist in clonally derived T-cell lineages, it remains
unclear which T-cell states are compatible with harboring the
reservoir.

Advancements in high-throughput single-cell omics have
enabled comprehensive characterization of HIV infection at the
cellular level, facilitating the exploration of the latent reservoir
through single-cell annotation and transcriptional analysis. Latency
has been associated with cells with greater proliferative potential
and survival signaling®*>*. In addition to central memory cells,
multiple studies have implicated CD4 cytotoxic T-cells as a sig-
nificant reservoir cell type due to their proliferative potential in
response to antigen®-*. While no single marker or surface pheno-
type can define latently infected cells, single-cell data augments our
capacity to describe the complexity and heterogeneity of the latent
reservoir.

Latently infected cell line models and ex-vivo interrogation of
CD4 +T-cells from patient samples have also provided valuable
insights into latency®***°. These studies probe cellular states that are
compatible with quiescent HIV, but they do not reflect the selective
pressures that infected T-cells encounter in human lymphoid tissues
in vivo. On the other hand, humanized mouse models can support the
development of near-complete immune lineages that faithfully reca-
pitulate many aspects of HIV-1 pathogenesis*~*>.

Here, we introduce a novel humanized mouse model enabling
genetic tracing of latent and productive HIV-1infection in T-cells. This
HIV-induced lineage tracing (HILT) model employs a fluorescent
switch triggered by HIV-1 infection, persisting even if the provirus
becomes silenced, allowing permanent marking of HIV-infected cells in
the mouse and enabling lineage tracing of HIV infection history.
Through flow sorting of HILT-marked cells and conducting scRNA-Seq
profiling, we find that diverse CD4+ T-cell lineages support acute HIV
infection and we observe enrichment of persistent HIV in certain
memory T-cell subsets in ART-treated animals. Transcriptomic analysis
identifies key pathways and genes associated with HIV latency and
persistence during ART treatment across many T cell lineages, offering
potential drug targets for altering latency status or infected cell
survival.

Results

A two-component HIV-1-induced lineage tracing (HILT) system
To study infected and latent cell populations, we developed a
genetic system to mark HIV-1 infected cells irreversibly. The
approach utilizes a two-component, Cre-lox-based recombination
system to report on the HIV-1 infection status of cells. The system
involves a lentiviral construct (Lenti-RG) carrying a “red-to-green”
Cre-lox-based cassette (Fig. 1A). This cassette contains the dsRed
gene flanked by two LoxP sites, blocking eGFP translation until
exposure to Cre recombinase triggers GFP expression*’. The Cre

recombinase is expressed from an HIV-1 clone (NL-Crel), replacing
nef. Nef expression is restored with an internal ribosome entry site
(IRES) (Fig. 1B). This HIV-1 construct is called HIV-1 NL-Crel. It has
been employed here in a version carrying an NL4-3 envelope (X4-
tropic) or a clade B transmitted founder envelope from HIV RHPA
(RS-tropic). To test the efficiency of the two-component system, we
transduced the Jurkat T-cell line with the Lenti-RG virus and ana-
lyzed the cells for dsRed expression using flow cytometry (Fig. 1C).
Upon transduction with the Lenti-RG vector 39% of cells were
positive for dsRed expression (Fig. 1D). This was followed by
infection of the transduced cells with HIV-1 NLCrel (X4-tropic) and a
phenotypic switch from red to green was observed in 3% of the total
Lenti-RG-transduced population. The red-to-green switch was
blocked by the reverse transcriptase inhibitor, Azidothymidine
(AZT), indicating that productive HIV infection is required for the
phenotypic switch (Fig. 1D). During the acute infection of Jurkat
cells, the upregulation of GFP occurs relatively early in infection, the
expected decrease in dsRed expression was not apparent at 2 days
post-infection. In a separate infection 3 days post infection, dsRed is
downregulated in the GFP positive fraction (Fig. S1), suggesting that
the decay of dsRed occurs after GFP is upregulated.

The red-to-green switch enriches cells that carry HIV-1

proviral DNA

We next tested if the switched GFP+ cells were enriched for HIV-1
NLCrel proviral DNA. We infected Lenti-RG-transduced Jurkat cells
with HIV-1 NLCrel and sorted 5000 unmarked, dsRed+/GFP- (marked
targets), and GFP+ (switched) cells each (Fig. S1A). Genomic DNA
extracted from sorted populations was directly measured for HIV-Cre
DNA content by qPCR assay detecting the cre gene. Two different cre-
specific PCR primer probes (Table S1) were used to measure the rela-
tive level of enrichment of HIV-1 NL-Crel in unmarked, marked (dsRed
+/GFP-), and switched (GFP+) samples in comparison to the control
genomic locus, RNaseP. We observed a >100-fold enrichment of HIV-1
NL-Crel proviral DNA in DNA isolated from sorted GFP+ cells in com-
parison to sorted dsRed+/GFP- or sorted unmarked cells (Fig. 1E). This
data supports the idea that the HILT system effectively enriches for
rare HIV-1 DNA+ infected cells.

The HILT-switched cells infected in humanized mice exhibit
enrichment of HIV DNA

To measure the enrichment of HIV-1 proviral DNA in HILT-marked, GFP
+ cells in humanized mice, we used HIV NL-Crel (RHPA) to infect 3
huPBL mice engrafted with Lenti-RG transduced human peripheral
blood mononuclear cells (PBMC) and 3 mice with a replication-
competent GFP-expressing HIV, HIV GFP (RHPA) for comparison
(Fig. 1F). Infection of humanized huPBL mice with the HIV RHPA Cre-l
virus results in high viral titers of up to 107 copies/ml at peak viremia
and showed a similar range of infectivity to the HIV-GFP virus(Fig. 1G).
At 21 dpi following peak viremia, splenocytes from these mice were
collected and sorted into GFP+, dsRed+/GFP-, and double negative
(DN) fractions (Fig. 1H). The DNA extracted from sorted cells was
measured for the enrichment of HIV DNA in the GFP+ fractions by DNA
PCR assay. A 1600-fold enrichment for HIV-Cre DNA was observed in
sorted GFP+ cells compared to dsRed+/GFP- cells. We note that the
dsRed+/GFP- fraction was not enriched in HIV DNA as compared to the
unmarked fraction, indicating to us that the GFP provides a strong
indicator of an infection with an intact cre-expressing provirus (Fig. 1I).
These results support that in humanized mice the switched GFP+ cells
are highly enriched in HIV NL-Crel provirus. The low background DNA
PCR signal in the unswitched cells also indicates that we are not
missing a large percentage of silent integration events where there is
insufficient cre expressed from an integrated provirus that does not
activate the red-to-green switch.
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Fig. 1| HIV-1 induced lineage tracing (HILT) system enables the tracking of
infected cells both in vitro and in vivo. A Lentiviral vector pHR SIN CS(RG)W
(Lenti-RG) carries a floxed dsRed gene followed by a GFP gene, which switches from
red to green in the presence of Cre. B HIV-1 NL-Crel (RHPA), an HIV-1 clone that
carries cre in place of nef, and nef expression is restored with an internal ribosome
entry site (HIV- Cre). The virus carries an Env gene from a transmitted founder virus,
RHPA. C Schematic representation of infection. Jurkat T cells were transduced with
Lenti-RG and infected with HIV-Cre. D Flow cytometry plots of red to green switch
in vitro in Jurkat cells after infection with NL Cre I and treated with AZT. E Bar plots
represent log fold change of HIV Cre DNA in GFP+, dsRed + (GFP-), relative to
double negative (DN) cells. The signals from two different primer-probe sets are
illustrated in blue and black. Data represent mean +/- SD from n =3 cells separate

infections, Unpaired t test (F) Experimental timeline for infection of transduced
HuPBL mice with HIV-Cre and HIV-GFP virus. (G) Plasma viremia of HIV-Crel mon-
itored over time in infected Hu-PBL mice in comparison to a HIV-expressing HIV,
NL-GI (n=3 infected vs n =3 uninfected), unpaired ¢ test, p = 0.37 (ns).

H Splenocytes from HIV-Cre infected HUPBL Lenti-RG mice were sorted at 21 dpi for
GFP+, dsRed + (GFP-), and DN cells, and (I) Sorted cells from infected huPBL mice
(M5 and M6) were flow sorted and pooled by phenotype, yielding 32,302 GFP+
cells, 877,686 dsRed+ cells, and 1.2 x10"6 double negative (DN) cells to make DNA
for quantitative PCR analysis. Q-PCR for HIV DNA shows log-fold change relative to
the double negative population. Bar plots representing high enrichment of HIV-Cre
DNA in the GFP+ switched cells in HuPBL mice.
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Humanized mice with dsRed expression in immune lineages
(HILT mice)

Human CD34+ hematopoietic stem cell engrafted mouse models
(huHSC) support the study of long-term HIV-1 infection as well as
latency during ART therapy*>***¢, A strength of this model is the
development of diverse hematopoietic cell lineages, including naive
and memory T-cell subsets that are susceptible to HIV. Human cord
blood-derived CD34+ cells were transduced by Lenti-RG as described
by Wang et al.*’ and injected into O to 3 days old neonates of NSG
(NOD.Cg-Prkdcs 112rg™™"/SzJ) mice (Fig. 2A). At 12-16 weeks diverse
human immune lineages developed from transduced CD34+ cells

(Fig. 2B). An average of 28.75% were huCD4S5 cells. 29.54% of these cells
were CD3+ T-cells. The distribution of CD4 and CDS8 in the CD3 com-
partment was 37.9% and 18.62%, respectively (Fig. 2B, n=183).
Engrafted human cells were found in the peripheral blood, the spleen,
lung, and bone marrow (Fig. S3A, B, C, D).

Transduction of the immune lineages with Lenti-RG was detected
by measuring the dsRed positive population in huCD45, CD3, CD4, and
CD8 compartments in the peripheral blood (Fig. 2C). dsRed+ cells were
observed in all the lineages. Since CD4+ T-cells are the major targets
for HIV-1 infection, we selected well-engrafted mice with more than
20% dsRed+ CD4 T-cells to challenge HIV-1 NL-Crel. Lineage-marked,
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Fig. 2 | Strategy for generating HILT mice. A Newborn NSG mice are injected with
Lenti-RG transduced cord blood-derived HuCD34+ hematopoietic stem cells and
are engrafted with human immune cell lineages in 16 weeks. B Percentages of total
peripheral blood cells in reconstituted NSG mice measuring huCD45, CD3, CD4, or
CDS, respectively, at week 16 (n =184 mice, data represented as mean +/- SD).

C Frequency of dsRed+ cells in huCD45, CD3, CD4 and CD8 cells. (n = 184 mice, data
represent mean +/— SD). D The percentage of engrafted CD4+ dsRed+ T cells
throughout the lifetime of the mice (n =14 mice, data represented as mean +/- SD),
with each individual mouse represented as the same color filled, with a different
symbol at each time point. (E) Experimental timeline of engraftment and infection
in days. 17 well-engrafted mice were infected with HIV-Cre. At 12 dpi, mice were
either treated with antiretroviral (ART) therapy or left untreated, and plasma vir-
emia was determined for each mouse over the course of the infection. F Plasma

viremia (copies/ml) for infected mice as determined by RT-qPCR assay specific for
HIV-1 (n=7). Plasma viremia (copies/ml) for infected and treated mice as deter-
mined by RT-qPCR assay specific for HIV-1 (n=10). The red dotted line depicts the
limit of detection (300 copies/ml) for the RT-qPCR assay. The olive-green shaded
box shows the duration of ART treatment. G The change in CD4/CD8 ratio was
plotted over time following infection. The CD4/CD8 ratio changes over time in
infected and ART-treated mice. The black dotted line represents the fractional
deviation from the starting CD4/CDS8 ratio, set to 1 for each animal. H Graph
showing percentage switching normalized to total transduced (dsRed) targets in
peripheral blood for infected HILT mice (n = 6, bars indicate mean +/- SD). I Plasma
viremia (copies/ml) for infected mice as determined by RT-qPCR assay specific for
HIV-1. (Infected mice n =6, uninfected mice, n=3). The dotted line indicates the
background detection level of the assay.

dsRed+ cells were detected over time within the CD4 compartment in
engrafted mice (Fig. 2D), suggesting variability of dsRed expression.
Additionally, our observations revealed uniform dsRed expression in
various organs beyond peripheral blood, indicating a consistent dis-
tribution of dsRed throughout each organ (Fig. S3H).

HILT mice recapitulate the features of HIV-1 pathogenesis

To validate that HILT mice can be used to study long-term HIV-1
infection as well as latency, we infected HILT mice with HIV NLCrel
(RHPA), treated with ART, and monitored plasma viremia over time
(Fig. 2E). To study HIV-1 persistence in HILT mice, 17 mice were
infected in 3 independent experiments. Seven mice out of 17 were
followed for acute infection, while ten were ART-treated starting day 12
dpi. Seven acutely infected mice exhibited a peak viral load at around
15 dpi with a mean of 1.5 x 10° copies/ml. By day 25, the viral load was
down to a mean of 6.6 x 10® copies/ml. Two mice in the cohort were
followed for up to 105 days. They showed sustained plasma viremia
throughout this period (Fig. 2F).

Ten mice out of 17 infected were ART-treated starting day 12 post-
infection, and their plasma viral load followed over time. Viral loads
were suppressed in treated animals about ten days after treatment
started, with viremia falling below the limit of detection of the assay
(Fig. 2F). At 49 dpi, the mice that were taken off treatment exhibited a
rebound in viremia (Fig. 2F). The viral rebound was confirmed in
3 surviving mice out of 10 that were treated. The HIV-INL Cre-l infected
HILT mice show key features of infection, including sustained virus
infection, suppression by ART, and viral rebound after ART interrup-
tion, suggesting that they are suitable for studying HIV-1 persistence.

HIV-1 NL-Crel infection led to CD4 T-cell depletion, as measured
by CD4/CD8 ratio changes from the baseline (Fig. 2G). CD4 counts
dropped below the baseline (baseline set to 1 for day O dpi) as the
infection progressed, showing an overall decrease in CD4 and an
increase in the CD8 population. In contrast, the mean CD4/CDS8 ratio in
uninfected mice did not fall below the baseline and trended towards
greater than one throughout the time course (Fig. S3J-L).

GFP expression is induced by infection with HIV-Cre in

HILT mice

While establishing the features of HIV-1 infection in HILT mice, we
also examined if the infection could be followed in these mice using
the red-to-green switch as an in vivo proxy for HIV infection status.
For this study, six well-engrafted mice with more than 20% dsRed
expression in the CD4+ compartment (Fig. S3H, 1) were infected in 4
independent experiments to determine red to green switch in vivo in
HILT mice. The infected mice were bled to determine plasma viremia,
and the HIV-Cre-activated red-to-green switch was monitored in their
peripheral blood (Fig. 2H, I). Switched green cells were observed in
peripheral blood during acute infection and arose with plasma vir-
emia. The average plasma viremia at 14-15 dpi (terminal time point)
was 3.7 x 10° copies/ml. Mice were euthanized at 15 dpi, and spleen,
lung, and bone marrow were harvested to measure the levels of

switched cells. The red-to-green switch in CD3 + CD8- cells in per-
ipheral blood, spleen, lungs, and bone marrow was observed at 15 dpi
(Fig. S3H). Additionally, a red-to-green switch was not observed in
the CD8+ T-cell compartment in the infected mice, confirming the
high specificity of switching due to infection in the CD4 + T-cell
compartment (Fig. S3H). Red-to-green switch was not observed in
any of the uninfected mice. On average, 0.071%, 0.073%, 0.076%, and
0.13% CD3+CDS8- cells switched in peripheral blood, spleen, lung,
and bone marrow, respectively (Fig. S31, Table S2). In summary, HILT
mice show the capacity to reveal HIV infectivity through the red-to-
green switch mechanism.

Single-cell RNA sequencing identifies HIV-1 transcripts in

HILT mice

Human CD4+ T-cells are composed of diverse subsets and activation
states that can be partly resolved by their distinct transcriptional
states®**%, To assess the transcriptomic states of infected CD4 T-cells
and their persistence at single cell level in the HILT-marked huHSC
mice, scRNA-seq was performed on four types of sorted CD3 + CD8-
splenocytes: (1) dsRed+, (2) Unmarked, (3) GFP+ and (4) Mixed cells
(dsRed+ and GFP+) of three acutely infected mice, two 10-days treated
mice, one 29-days treated mice, and two uninfected mice (Fig. S4A, B).

After sequencing, reads were analyzed with the Cell Ranger
pipeline*® using default parameters and aligned to our custom refer-
ence genome, which incorporated six regions on HIV clone, NL-Crel
(RHPA), based on HIV splice donor (D1 and D4) and acceptors (Al and
A7) (Fig. 3A)*. Across these datasets from infected and treated mice,
we observed a wide range of HIV transcript counts to over 1000 in a
total of 989 cells (Fig. 3B). In this analysis we grouped HIV RNA+ cells
based on the number of HIV transcripts detected, defining HIV RNA+
low cells as containing 2-10 HIV UMIs and HIV RNA+ high cells as
containing =11 HIV UMIs. There was a total of 479 HIV+ low and 510 HIV
+ high cells observed throughout our dataset. When looking at the
overall distribution of HIV transcripts in acutely infected versus ART-
treated mice, nearly all of the HIV RNA+ cells were from acutely
infected mice. With 315, 369, and 301 HIV RNA+ cells in all three acute
mice and 4 HIV RNA+ cells in one treated mouse (T1) (Fig. 4E). No HIV
RNA+ cells were detected in other treated or uninfected mice (T2, T3,
UL, and U2).

We profiled 47,850 CD4 T-cells from eight mice, including
19,986 from acutely infected, 10,391 from treated, and 17,473 from
uninfected mice, regardless of the presence or absence of HIV tran-
scripts in the cells (Table S3). Batch effects were corrected using
fastMNN*°. After individual QC, 40,782 cells were integrated, clus-
tered, and visualized based on a manual annotation, predicted CD4
T-cell type, the number of HIV transcripts, experimental conditions,
and individual mouse IDs, respectively, using Uniform Manifold
Approximation and Projection for Dimension Reduction (UMAP)
(Fig. 3C-G). Unsupervised clustering revealed fourteen clusters that
were annotated based on the expression of marker genes selected
from literature (Fig. 3C, Table S4)* . We identified helper CD4 T-
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Fig. 3 | Single-cell RNA sequencing identifies HIV-1 transcripts in HILT mice.
A Segmented HIV Cre | genome with HIV transcript and overlap annotations (blue
and red) used in the 10x Genomics Cell Ranger Count custom reference. Locations
of splice donors (D1 and D4) and acceptors (Al and A7) within the genome of HIV
Cre | are determined based on splice sites within the HIV-1 genome53.

B Representative scatter plot of total HIV UMIs detected in cells across acutely
infected and treated mice in proportion to total cellular UMI counts. Cells with >2
transcripts were defined as HIV RNA+ (n=989). HIV RNA+ low with a range of 2 to

10 HIV transcripts per cell (n =479) and HIV RNA+ high encompassing cells with >11
transcripts (n =510). UMAP of all cells (n =40,782). Cells were colored based on
identified cell type (C), predicted cell type (D), HIV RNA status (E), experimental
condition (F), and mouse ID (G). (Mouse ID: A1-A3 acutely infected mice, T1-T3 ART-
treated mice, UI-U2 uninfected mice) (H) Bar plots representing HIV-1 RNA+ high
and HIV RNA+ low cells across identified CD4 T cell subsets. The black dotted line
shows the average distribution of HIV RNA+ cells (two-sided Fisher exact test:
p=0.0005).
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Fig. 4 | Distribution of HIV Transcript positive cells and HILT marking of
putative latent cells across CD4 T-cell subsets in acutely infected and ART-
treated humanized mice. Distribution of HIV-1 RNA across diverse CD4 T-cell
clusters in acutely infected HILT mice and GFP+ cells are enriched among clusters
within ART-treated mice (A) UMAP of cells from acutely infected mice A1-3
(n=17,346) highlighting cell types. B UMAP highlighting the location of HIV RNA+
cells with high or low transcript detection (n =985). C UMAP of cells for repre-
sentative ART-treated mice T1/T2 (n=8503) highlighting identified cell types.

D UMAP highlighting the location of HILT-marked GFP+, putative latently infected
cells (n=37). E Number of HIV RNA+ cells isolated from each mouse in the pooled
analysis, acutely infected (A1-A3), ART-treated (T1-T3), and uninfected mice (Ul-

Fisher exact:
** (p=0.0025)

U2). F Proportion of cell types within acutely infected and ART-treated mice
datasets (two-sided Fisher exact test, p=0.0005). The black dotted lines show the
average percentage GFP+ across all T cells. G Distribution of HIV RNA+ cells within
identified cell types within the acute dataset (two-sided Fisher exact test:
p=0.0005). H The deviation from the mean % HIV RNA+ cells among all cells,
represented as a log2-fold change for each cluster. I Distribution of HILT-marked
GFP+ cells within identified cell types (two-sided Fisher exact test: p = 0.0025). The
black dotted lines show the average percentage of GFP+ across all T cells. Within
the ART-treated mice, the percentage of GFP+ (putative latent) is represented for
each cluster. J The deviation from the mean % GFP+ cells among all cells for each
cluster represented as a log2-fold change.

cells, memory cells, naive cells, proliferating cells, and regulatory
T-cells (Tregs) and subsets within these larger groups. Using multi-
modal reference mapping to a reference PBMC dataset™, we vali-
dated those designations and predicted nine distinct CD4 T-cell

types (Fig. 3D). This reference mapping approach grouped the T cell
types into a smaller number of predicted cell phenotypes.

HIV RNA+ cells were dispersed across most predicted CD4 T-cell
types (Fig. 3D, E, Fig. S4D). HIV RNA+ cells were found in all predicted
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CD4 T-cell subtypes except naive and y8T cells, which were low in
abundance (CD4 Naive n =97, y8T n=104) and only found in five and
four of all eight mice, respectively (Fig. S4D, Table S5). When com-
paring the UMAP distribution of cells by conditions (Fig. 3F, Fig. S5) or
by individual engrafted mice (Fig. 3G), the overall distribution of cell
types was broadly maintained.

We also examined the distribution of HIV RNA+ cells in manually
annotated cell types and observed that both HIV RNA+ high and HIV
RNA+ low groups were present and dispersed throughout most CD4
T-cells (Fig. 3H). We observed HIV RNA+ cells in all subtypes except
Th22/Th9 memory cells and Th2 cells. We note that both these cell
types were scarce within our datasets (Th22/Th9 memory cells n =146,
Th2 n=155) and only found in three and four of all eight mice. We
identified the highest number of HIV RNA+ cells (4.8%) in Thl Pro-
liferating CD4 T-cells (Fig. 3H, Table S6, Fisher test p =0.0005). These
results are consistent with the preference of HIV for active replication
in activated, proliferating T cells, though low and high RNA expression
is observed across a broad distribution of T cell lineages.

HIV-1 transcripts and transcriptionally latent GFP+ cells are
enriched in T-cell clusters and present across heterogeneous
CD4 T-cell clusters in both acutely infected and ART-

treated mice

A focused analysis was conducted on cells from acutely infected mice
(A1-A3). By narrowing our analysis to these datasets, we mapped the
distribution of HIV RNA+ cells across cell types within acute infection
(Fig. 4A, B). In mouse #Al, flow sorting enriched for GFP+ and dsRed
+/GFP- cells, which were processed together and labeled as mixed cells
(Fig. S4A, B). In mice #A2 and #A3, GFP+ cells and dsRed+/GFP- cells
were processed as separate samples but sequenced together. In total,
we analyzed 17,346 cells distributed across 14 identified cell types.

By annotating cells with the HIV RNA expression status, we
assessed whether HIV expression of both high and low was associated
with distinct CD4 T-cell types. Cells were distributed throughout the
UMAP (Fig. 4B). We observed both HIV RNA+ high and HIV RNA+ low
cells in a majority of identified cell types, except for low abundant Th2
and Th22/Th9 Memory cells, indicating that most, if not all, CD4 T-cell
states can support active HIV infection (Fig. 4F). HIV RNA+ cells were
detected almost exclusively in the acutely infected mice, and not the
ART-treated or uninfected mice (Fig. 4E). The percentage of HIV RNA+
cells within the cell types was significantly heterogeneous (Fisher test,
p=0.0005), ranging from the highest 8.5% in Thl Proliferating CD4
T-cells and the lowest 1.3% in cytolytic proliferating CD4 T-cells
(Fig. 4F, Table S7). We evaluated the representation of acutely infected
cells within each subcluster, and found increased representation in
proliferating CD4, Thl proliferating CD4 and Tfh memory cells, and
decreased representation within cytolytic proliferating CD4, two naive
cell clusters, and cytolytic memory T cell clusters (Fig. 4G, H).

Within cells collected from our 15dpi acutely infected datasets,
HIV RNA transcripts were detected in dsRed+ HILT-marked CD4 + T-
cells with a high range of detected HIV-specific transcripts (Fig. 3B).
Surprisingly, we did not detect HIV RNA in GFP+ sorted cells from
those same datasets. We interpret this as indicating that at 15 days post
infection, replicating viruses do not continue to express functional cre-
recombinase after and that the replicating virus represents HIV that
carries non-functional cre. We note however, that since we observed
robust enrichment of HIV-Cre DNA within GFP+ cells from acutely
infected humanized mice (Fig. 1I), we also conclude that HILT-marked
GFP+ cells are highly enriched with HIV that are functionally defined by
having expressed an active cre enzyme and then persisted in a tran-
scriptionally latent state.

Next, we examined HILT-marked, GFP+ cells in ART-treated mice
at 10- and 29-days post-ART initiation, when plasma viremia was
undetectable. Flow-sorted GFP+ cells were isolated from two ART-
treated mice (T1, T2) (Fig. S4A, B) and sequenced alongside dsRed

+/GFP- sorted cells of the same mouse. Within the analyzed 8503 cells
we observed up to 2.3% GFP+ (n=37) cells across a majority of the
thirteen clusters, notably no Th2 cells were identified within the ART-
treated datasets (Fig. 4D, F, 1, J). This observation could be explained by
the low number of GFP+ cells as well as the rarity or lack of some of
these observed cell types within treated mice (Fig. 4C-E). Further-
more, we observed a significant difference in the distribution of these
cells across the cell types (Fisher, p = 0.0025) with enrichment of GFP+
cells within Tregs, cytolytic memory, and Tfh/Th22 cells (Fig. 4F, 1, J,
Table S7) and lower representation in proliferating cells, naive CD4-1,
and Tfh memory cells (Fig. 4H, J).

Notably, some of these cell types were significantly more abun-
dant within this dataset in direct comparison to the acute data sets (Al-
A3) (Fisher test, p=0.0005) (Fig. 4F, Table S7). The proportion of
proliferating cell types (Proliferating CD4, and Thi-Proliferating),
Tregs (Tregs, ILIORA+ Tregs), as well as certain CD4 T-helper cell types
Th2, Thl/Thl7 Memory Th22/Th9 Memory cells were significantly
increased within the acutely infected mice. Interestingly, we found an
inverse effect in Cytolytic Memory and Tfh Memory proportions as
well as naive CD4 T-cells. Furthermore, the proportion of Tfh/Th22
cells was not significantly changed between both conditions. When
analyzing these results, however, we note that the total number of cells
analyzed from the acutely infected was almost twice the amount in the
ART-treated dataset. These results suggest that the Infection with HIV-
Cre and the GFP + HILT phenotype that marks cells as transcriptionally
latent cells infected with HIV-Cre, are decreased in some cell types and
enriched in others and can persist in a broad range CD4 T-cell types in
our humanized mouse system.

Acute and ART-treated datasets reveal distinct transcriptional
patterns in overlapping pathways

We next examined datasets of acutely infected mice to identify tran-
scriptional signatures associated with high HIV-1 RNA expression. A
differential gene expression (DGE) analysis between two populations
(HIV RNA+ high vs. HIV RNA-) was conducted initially on all CD4 T-cell
subsets, independent of cell type designation, within three acutely
infected mice datasets (A1-A3). The results of mouse #A3 are displayed
as a volcano plot (Figs. 5A, S6A, B). We observed many highly down-
regulated RNA binding proteins in HIV RNA+ high cells, including
HNRNPs and SRS proteins involved in RNA metabolism. Notably,
HNRNPs have distinct interactions in viral synthesis and HIV-1 mRNA
splicing™*°, while several genes of the SRS family are associated with
the downregulation of HIV-1 replication through control of alternative
splicing of the viral genome™>°. In comparison, Genes like JUN,
MDM?2, and BAX displayed a positive log-fold change across all acutely
infected mice (Figs. 5A, S6A, B), reflecting alterations in T-cell activa-
tion (JUN), proliferation (MDM2), and apoptosis (BAX). Notably, BAX, a
well-studied proapoptotic protein, is activated by Vpre*®%

We then focused on the top 145 common significant DEGs found
in all three acute datasets in the Enrichr gene set enrichment
analysis®>**. HSPA8 and HNRNPA2B1 were connected gene sets relat-
ing to mRNA splicing and Regulation of the Apoptotic Process. JUN and
PHLDA3, which were upregulated in Fig. 5A, were also identified to be
part of the apoptotic regulation gene set and the positive regulation of
cell cycle G2/M phase transition (Fig. 5B). To examine predicted
pathway perturbations that resemble pathways changed during acute
infection, we employed Ingenuity Pathway Analysis (IPA) (Fig. 5C).
Most significant was the Kinetochore metaphase signaling pathway,
associated with cell cycle regulation. In addition, EIF2 Signaling,
Granzyme A Signaling, Sirtuin Signaling, and G2/M DNA Damage
checkpoint regulation in the cell cycle were among the top pathways
by p-value and were upregulated during acute infection.

We analyzed GFP+ cells surviving ART treatment for 10 or 29 days,
all of which were HIV RNA-negative. DGE analysis compared GFP+ and
GFP- cells within the treated mice dataset (#T1-T2). Upregulation of
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molecules in translation and antigen processing and presentation via
MHC class-I, with higher significance compared to our analysis of acute
infection.

IPA of the ART-treated dataset revealed a high degree of overlap
of the top pathways in the acutely infected mouse. The EIF2 Signaling
pathway was upregulated in acutely infected cells and downregulated
in GFP+ cells. While the Sirtuin pathway, Oxidative phosphorylation,
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Fig. 5 | Differential gene expression analysis of cells within acute and ART-
treated datasets reveals distinct transcriptional patterns in overlapping
pathways. A Volcano Plot for DGE analysis of HIV RNA+ high vs HIV RNA- cells in 15
dpi acutely infected mouse ID A3. Red-colored dots represent any differentially
expressed gene <0.05 FDR, while blue color dots represent genes with <0.05 FDR
found in all three datasets of acutely infected mice (common genes). B Enrichr gene
set enrichment analysis of common genes within acutely infected mice displaying
top S gene sets by -log p-value (one-sided Fisher’s exact test, Benjamini-Hochberg
multiple testing correction). C IPA analysis of the top 5 enriched canonical path-
ways by p-value (one-sided Fisher’s exact test, Benjamini-Hochberg multiple testing
correction) and colored by z-score. D Volcano Plot for HILT marked dsRed-/GFP+
cells vs HILT marked dsRed+/GFP- cells within 10-days and 29-days ART-treated
mice T1/T2. Red dots represent any differentially expressed gene <0.05 FDR

threshold, while green color dots represent genes <0.05 FDR found in all mice.

E Enrichr gene set enrichment analysis of common genes within ART-treated mice
displaying top 5 gene sets by -log p-value (one-sided Fisher’s exact test, Benjamini-
Hochberg multiple testing correction). F IPA shows the top 5 enriched canonical
pathways by p-value (one-sided Fisher’s exact test, Benjamini-Hochberg multiple
testing correction) and colored by z-score in ART-treated mice. Pathway compar-
ison analysis of total CD4 cells and subsets of CD4 cells sorted by -log pvalue (one-
sided Fisher’s exact test, Benjamini-Hochberg multiple testing correction) (G) and
z-score (H). HIV RNA+ high cells (n = 508) from acutely infected mice vs uninfected
dsRed+/GFP- cells (n=7504) from uninfected mice U1/U2 with HILT-marked GFP+
cells vs HILT marked dsRed+/GFP- cells within 10-days and 29-days ART-treated
mice T1/T2 were used.

and Signaling by Rho family GTPases show positive z-scores with
higher p-values (Fig. 5F). To determine the extent to which initial dif-
ferential expression analysis is influenced by differences in the infec-
tion rate among T cell subpopulations, we examined whether the same
pathways are affected within CD4 T-cell subsets within populations
with the highest number of HIV RNA+ high cells. In this analysis, we
examined two predicted cell types from reference map annotation and
three manually annotated Seurat cell clusters (Fig. 5G, H). Comparative
analysis of HIV RNA+ high cells vs. uninfected cells showed that the top
pathways remained highly significant across all T-cell subsets, with
p-values much greater significance than within the acute mice them-
selves (Fig. 5C). This indicates that the main pathways enriched in
acutely infected cells are common to different T cell subsets. Across T
cell subsets, the EIF2 signaling pathway was consistently the most
significant, with high p-values and positive z-scores across subsets
except in the treated condition (Fig. 5G, H). Oxidative phosphorylation
and Sirtuin signaling pathways were also consistently dysregulated
across subsets, indicating their involvement in acute infection and
transcriptionally latently infected cells.

Top DGE pathways in acutely infected humanized mice resem-

ble those identified in acutely infected human patient-

derived cells

To assess the comparability of humanized mouse T-cells to those in
humans, we validated our pathway analysis results against a study
by Collora et al., 2022*, which used ECCITE-Seq to profile 267 HIV-1
RNA+ cells from six human patient samples. Implementing their
DGE results within our analysis, we observed remarkably similar
pathways with high statistical significance when compared to total
CD4 T-cell populations from acutely infected humanized mice
(Fig. 6A, B). The top pathways, including EIF2 Signaling, Oxidative
Phosphorylation, Sirtuin Signaling, and Protein Ubiquitination,
were consistently top-ranked according to p-value. Our model sys-
tem yielded p-values of much greater significance, due to higher
numbers of HIV RNA+ cells from our acutely infected in vivo sam-
ples (Fig. 6A). Despite this difference, the z-score directionality of
top pathways remained consistent, further highlighting the utility
of the HILT system (Fig. 6B).

Acutely infected T cells and latently infected T cells perturb
similar differentially expressed pathways but frequently mod-
ulate them in opposite directions

We next conducted a focused comparative pathway analysis directly
comparing all three acute and treated datasets separately (Fig. 6C,
Fig. S7A). In our comparison analysis, we again found the EIF2 signaling
and Sirtuin pathways, with higher significance in HIV RNA+ high cells in
acute infection and in GFP+ cells in treated mice. When we examined
the expression of chosen genes associated with three selected path-
ways EIF2, Sirtuin, and protein ubiquitination, some of the genes were
differentially expressed in acute versus ART-treated conditions
(Fig. 6D-F). In the EIF2 pathway, BCL2, RPS27L, and AGO2 were highly

downregulated in treated GFP+ cells. Whereas HNRPAI, EIF2S1, EIF3M,
PPPICA, PTBPI were downregulated in HIV RNA+ high cells in acute
Infection (Fig. 6D). JUN, GADD45A, NAMPT, XPC, and BAX showed
diminished expression in the treated condition in the Sirtuin pathway
(Fig. 6E). In protein ubiquitination, which is related to cell cycle, genes
like MDM2, DNAJB9, and USP9Y, showed enhanced expression in acute
infection, while in GFP+ cells of treated mice, expression of these genes
is suppressed (Fig. 6F). Besides these top three pathways, we also
looked at genes associated with Kinetochore metaphase signaling,
Coronavirus pathogenesis, and inhibition of ARE-mediated mRNA
degradation pathways (Fig. S7 B-D). Overall, it is reassuring that in the
changes we observe, the top gene expression changes associated with
acute infection are driven in opposite direction in latency. We suggest
that a comparison of these data sets elucidates key transcriptional
differences that may predispose cells towards active versus latent HIV
infection.

Discussion

It isimportant to identify and study latent cells without perturbation to
understand the mechanisms that maintain HIV-1 latent reservoirs.
Therefore, we developed a two-component HILT system, a powerful
tool for studying HIV-1 infection dynamics, latency, and persistence
within various cell populations. Our system employs a Cre-lox-based
recombination mechanism to irreversibly mark and track HIV-1-
infected and latent cells.

The lentiviral construct Lenti-RG, carrying a red-to-green, Cre-lox-
based genetic switch, has proven effective in reporting the infection
status of cells. Upon exposure to Cre recombinase, the cassette
switches from expressing dsRed to eGFP, allowing for the tracking of
infected cells and revealing productive HIV-1 infection. Cre recombi-
nase derived from a full-length HIV-1 clone, inserted in place of nef,
ensures that only actively infected cells trigger the switch, as produc-
tive infection is required for Cre expression.

We validated the efficiency of the HILT system through various
experiments, in Jurkat T-cells transduced with Lenti-RG, a notable
proportion of cells switched from red to green upon subsequent HIV-1
infection. Importantly, this switch was sensitive to reverse tran-
scriptase inhibition, confirming the dependence on productive infec-
tion for the phenotype change. Further studies in humanized mice
demonstrated significant enrichment of HIV-1 proviral DNA in swit-
ched GFP+ cells compared to unmarked cells, highlighting the ability
of the HILT system to enrich infected cells in vivo. We have thus suc-
ceeded in developing a system that can enrich for HIV-infected cells
without perturbing the cells which has allowed us to use a single cell
transcriptomics to identify gene signatures that are enriched in acutely
infected and latently infected T cells.

Single-cell RNA sequencing approaches resolve heterogeneous
cellular populations at a single-cell level. In our humanized mice we
find that human CD4 T-cell subsets resemble CD4 T-cell populations in
humans®. In the context of HIV-1 infection, studies have utilized pri-
mary cell latency models and in vivo patient samples®****¢’, Cohn et al.
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Fig. 6 | Comparison analysis of pathways in acutely infected human T cells and
humanized mice comparing acutely infected with latently infected T cells. IPA
pathway comparison analysis of between HIV-1 RNA+ cells of Collora et al., 2022
dataset and HIV-1 RNA+ cells from Total CD4 T-cells in our dataset represented in
heatmap showing -log P-value (one-sided Fisher’s exact test, Benjamini-Hochberg
multiple testing correction) (A), and Z-score (B). C Comparison of top canonical
pathways ranked by -log p-value across acutely infected mice A1-A3 and ART-
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within EIF2 signaling (D), Sirtuin Signaling (E), and Protein Ubiquitination Pathway
(F) across DEG of HIV RNA+ high vs. HIV RNA- cells within three acute (A1-A3) and
GFP+ vs dsRed+/GFP- cells of two ART-treated mice datasets (T1/T2). The negative
expression log ratio is colored blue, while the high is yellow, indicating a positive
expression log ratio.

(2015) investigated cells harboring reactivatable CD4 T cell HIV-1
reservoirs by sequencing them after ex vivo activation. Unlike models
that identify latent cells by reactivating them, the HILT humanized
mouse model identifies unperturbed latent cells, marking cells with
hidden provirus without exogenous stimuli. When comparing DGE
pathways that define active vs latent infection in vivo, the analysis
convergently identified the same pathways, however the directionality

of the pathways was often perturbed in opposite directions. We sug-
gest that these gene expression differences may define key tran-
scriptomic features that regulate active vs latent infection in vivo. We
also find that HIV infection is enriched in proliferating cells yet not
uniquely restricted to specific CD4 T-cell subtypes as defined by
transcriptomic profile. During ART persistent HIV expression is
decreased in proliferating cells and enriched in memory T cell
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populations including granzyme expressing cytolytic memory cells as
has been described in T cells from people living with HIV.

Our investigation identified persistent CD4+ T-cells at ten- and 29-
days post ART, despite plasma viremia being below detection limits.
This differs from patients with long-term ART control, as studied by
Finzi et al., 1999, Rapid viral decay kinetics occur within the first few
days of therapy, followed by slower kinetics, with DNA-positive cells
decaying more slowly than RNA-positive cells. This study focuses on
cells surviving the initial decay phase, on their way to establishing
latent reservoirs. These cells show diminished HIV RNA expression but
cluster in memory T-cell lineages consistent with the ability of cells
harboring HIV to differentiate and undergo homeostatic proliferation.
Future studies will include longer ART treatment in humanized mice,
allowing observation for up to a year.

DGE analysis revealed transcriptional signatures associated with
HIV-1 infection and latency. Our pathway analysis highlights the sig-
nificance of EIF2 signaling and Sirtuin pathways and protein ubiquiti-
nation pathways across various infection and treatment contexts. In
acutely infected cells, genes related to mRNA splicing and apoptotic
regulation were differentially expressed. EIF2 signaling, Sirtuin, and
Protein Ubiquitination pathways were associated with both acute
infection and latency, suggesting important roles in regulating viral
persistence. HIV and other viruses can hijack the integrated stress
response (ISR) to facilitate replication, inhibit cell growth, and induce
cell death signaling®®”. Upregulation of EIF2 pathways in acutely
infected mice may be linked to viral protein translation and replication.
HIV-1Tat proteins inhibits SIRT1, hyperactivating T-cells through AP17.
Key genes in these analyses include BCL2, JUN, and MDM2 that were
oppositely regulated in acute and latent infection help to define key
nodes that may be the focus of latency reversal approaches. The
pathway analysis data indicates that JUN is upregulated during acute
infection and downregulated during ART treatment, indicating that it
is regulated transcriptionally when performing its central role in con-
trolling HIV-1 transcription.

A limitation of the system we have observed is that the cre-
recombinase activity encoded by HIV is not maintained over weeks of
infection, which may be expected to be deleted over time, given the
fitness burden of the additional cre and IRES sequences in the virus.
However, since we are able to identify persistent GFP-marked cells
after ART treatment, we estimate that we are preferentially isolating
T cells that were marked within the first rounds of infection of the
humanized mice. Another limitation of the system is that we are
examining human cells that have developed within a xeno-
environment of the mouse, where T cells may develop some degree
of graft versus host disease. The ability of the system to recapitulate
many diverse T cell lineages, including naive and memory T cell sub-
sets, along with corroboration of key differentially expressed genes
with a single cell transcriptomic dataset from human provides some
confidence that the gene pathways that we identify here may be phy-
siologically relevant. Future studies are needed to validate which, if
any, of these key pathways may be manipulated to modulate HIV
latency in vivo.

An additional limitation of humanized mouse models, in general,
is that the evolution of the reservoir can only be followed for the
lifespan of the model, which is less than a year. In contrast, the esti-
mated half-life of the reservoir in persons with HIV has been suggested
to be ty/, =44 months®, It does, however, provide a genetically tract-
able model system where we can enrich for the reservoir to study its
origins, monitor its response to therapies designed to eradicate it, and
compare the results to those measured in human studies.

In summary, the HILT model provides a versatile platform for
investigating HIV-1 infection dynamics, latency, and persistence in
various experimental settings. Genetic marking, flow cytometry, and
single-cell transcriptomics have offered a comprehensive view of
infected and latent cell populations, revealing HIV persistence across

broad, transcriptionally defined subsets. The system allows tracking of
HIV acute infection in T cell lineages and shifts in populations that
occur during ART. The data obtained here show similarity to data from
patients yet enable collection of abundant data under genetically
controlled conditions. The analysis of common pathway perturbations
with opposing directionality in acute and latent infection may enforce
latency and provide potential targets for therapeutic interventions for
latency reversal to eradicate the HIV latent reservoir.

Methods

The research complies with all relevant ethical regulations; Human
tissues used in this research are determined by consultation with the
Icahn School of Medicine Program for the Protection of Human Sub-
jects Institutional Review Board as being exempt. Human stem cells
were obtained from a commercial stem cell resource (Stem Cell
Technologies, Cat# 70008 Mixed Cord Blood CD34) and an institution
that approved the study protocol. Animal experiments were con-
ducted under IACUC protocol #IACUC-2014-0097, adhering to the
Guide for the Care and Use of Laboratory Animals.

Virus constructs

The HIV-1 NL-Crel construct (Fig. 1B) expresses cre recombinase in
place of early viral gene nef. The expression of nef in the construct has
been restored downstream by inserting an internal ribosome entry
site’>”*. The envelopes of these constructs are either X4-tropic - NL4-3
or R5 tropic - pPRHPA4259 clone 7 (SVPB14), which is a clade B primary
envelope obtained through the NIH AIDS Reagent Program (ARP) from
BH. Hahn and J.F. Salazar-Gonzalez”>. pHRSIN CS (RG)W construct
(Fig. 1A) was made by cloning the LoxP-dsRed-LoxP-GFP from con-
struct  pMSCV-loxp-dsRed-loxp-eGFP-Puro-WPRE** into  pHRSIN
CSGW? in place of GFP by using enzymes BamHI and Sbfl.

Virus Production

293 T cells were transfected with NLCrel using transfection reagent
Polyjet (Signagen) following the manufacturer’s instructions. Forty-
eight hours post-transfection, virus particles were concentrated by
centrifugation through a 6% Optiprep solution and at 54,000 g for
2 hours. Quantification of virus particles was done using p24 ELISA
assay. For Lenti-RG lentiviral production, third-generation plasmids
pMDL gag/pol RRE, pREV, and VSV-G expressing plasmids’® were
cotransfected with pHR_SIN_CS(RG)W at a ratio of 2:1:1, respectively,
and virus particles were collected 48 hours post-transfection.

Cell culture and infection

Jurkat Clone E6 T cell line (The NIH HIV Reagent Program, ARP-177) was
used for in vitro infection studies. All human cells, peripheral blood
mononuclear cells, or cord blood-derived hematopoietc stem cells
were obtained from deidentified donors (IRB expempt) and included
both male and female donors. Sex was not tracked as an independent
variable. Primary human peripheral blood mononuclear cells (PBMC)
were isolated from buffy coat/leukopaks from the New York Blood
Center (NYBC) from normal healthy blood donors who have consented
to providing blood products anonymously for research purposes. To
ensure the privacy and confidentiality of donors, the NYBC provides no
personal identifying information associated with these samples. The
use of these samples was compliant with all relevant ethical human
participants research guidelines and regulations. PBMC were isolated
by ficoll density gradient centrifugation, followed by the isolation of
CD4+ T-cells by magnetic bead separation (Miltenyi). Primary CD4+
T-cells were activated by co-culturing with irradiated feeder PBMCS in
the presence of phytohemagglutinin (PHA; 2 pg/ml, Sigma) and IL-2
(50 IU/ml, Roche) for 48-72 hours. Activated cells were spinoculated
with pHRSINCS(RG)W virus. 48-72 hours post-infection, Jurkat T-cells
were analyzed by flow cytometry (Attune NxT ThermoFisher Scientific,
FlowJo, BD Biosciences).
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Humanized Mice

NOD-NSG  II2rg""'t  (NOD.Cg-Prkdc*®® 112rg™W!/SzJ, NSG, Strain
#005557) mice (The Jackson Laboratory, JAX.org) were maintained at
the Center for Comparative Medicine and Surgery (CCMS) at Icahn
School of Medicine at Mount Sinai according to guidelines established
by the Institutional Animal Committee. All experiments were per-
formed with authorization from the Institutional Review Board and the
Institutional Animal Care and Use Committee (IACUC) at Icahn School
of Medicine at Mount Sinai. For HILT mice, 0-3 days-old neonatal NSG
mice were non-lethally irradiated (100 cGy) and injected intrahepati-
cally with 1 x 10° human cord blood-derived CD34+ cells (Stemcell
Technologies, Cat# 70008) that had been transduced with pHR_SIN CS
(RG)W*". 16 weeks post-injection, 100-150 ul blood was obtained from
mice by facial cheek bleed to check for engraftment of human lineages.
For HUPBL mice, 6-8 weeks old mice were injected with Lenti-RG
transduced activated PBMC. 10 days post-injection, 100-150 ul of
blood was obtained from mice by facial cheek bleed to check for
engraftment of human lineages. Briefly, cells were stained with
huCD45, msCD45, huCD3, huCD4, and huCD8 antibodies and analyzed
by flow cytometry (Fig. S2). Mice with greater than 10% huCD45,
greater than 20% huCD3, greater than 20% CD4+ T-cells, and greater
than 20% dsRed+ of the CD4 were used for further studies.

Infection in Humanized mice

In the huHSC model, mice were injected intravenously with 250 ng
NLCrel (RHPA) virus into the retro-orbital sinus. Mice were bled peri-
odically starting 3 days post-infection (dpi) to check for the presence
of GFP+ cells in the CD3 + CD8- compartment. In the HuPBL model,
mice were injected with 250ng NLCrel (RHPA) virus via an
intraperitoneal route.

Plasma Viral Load

Plasma from the infected mice was collected from the periodic bleeds,
and viral load (copies/ml) was measured as described in Mobhri et al.,
2008"". Briefly, blood samples from mice were obtained by facial cheek
bleed periodically, and plasma was separated from cells after cen-
trifugation twice at 900 x g for 12 mins and 1200 x g for 9 min. RNA was
extracted from 100 pl plasma and used in RT-qPCR for plasma viremia
determination.

Antiretroviral treatment of mice

At 12 dpi, infected mice were placed under ART treatment to study the
latent population as previously described by Halper-Stromberg et al.*.
Briefly, tenofovir disproxil-fumerate (TDF, Gilead) and Emtricitabine
(FTC, Gilead) tablets (crushed into powder), and Raltegravir (Merck)
powder were used to manufacture mouse chow (TestDiet 5SBXG, 12"
irradiated pellets) along with Amoxicillin (0.12%). This food was left in
the mouse cages to feed ad libitum for the treatment (39 days).

Cell isolation and sorting

Spleens from infected mice were harvested and processed by homo-
genizing the spleen through 40um sterile filters. The cells were washed
with 2 mM EDTA containing PBS and treated with a lysing buffer ACK
(Life Technologies) to remove RBC. The remaining cells were stained
with antibodies described in the engraftment panel and sorted as
described. Cells were sorted to enrich for GFP+ infected cells as
described in the results section. In 15 dpi acutely infected cells, GFP +
HIV-infected cells were pooled with dsRed + (GFP-) and unmarked cells
for 10x Chromium scRNA-Seq sample processing. 10 d and 29 d ART-
treated GFP+ latently infected cells were sorted into carrier C57BL/6
mouse (Jackson Laboratory) B cells and processed for scRNA-Seq
sample processing. Unmarked and dsRed + (GFP-) bystander cells were
sorted and sequenced separately. The bulk sorted cells were counted
after trypan blue staining for estimating the proportion of viable cells
and introduced into the 10x Genomics Chromium platform workflow

for high throughput scRNAseq library preparation (V2 3’ GEX proto-
col). For sequencing, batched libraries were run on an Illlumina Nova-
Seq S4 flowcell (2 x100 nt paired-end read length) with a target of
50,000-100,000 reads per cell.

Single-cell RNA sequencing data processing and analysis

Raw read data were first analyzed by 10x Cell Ranger Count (v6.1.2)
using default parameters*®. In order to identify HIV sequences,
PHR_SIN_CS(RG)W and NLCrel_11036 reference sequences were added
to 10x Genomics’ standard human and mouse reference genome
builds (v.2020-A) with annotations that include SFFV/dsRed/EGFP/
WPRE regions on pHR SIN_CS(RG)W and six regions on NLCrel 11036
based on HIV splice donor and acceptors*’. Each region was annotated
as a gene to enable CellRanger to call the respective UMIs individually.
These reads then underwent an additional quality control (QC) filter-
ing, which included the removal of adapter sequences, read trimming,
and mapping to the genome within the Cell Ranger interface.

Analysis was conducted using Seurat (v4.3.0)** in R (v4.2.0)”.
Cells with more than 5% of mouse gene UMIs were removed, keeping
cells with >95% human gene transcripts. Standard QC based on indi-
vidual mitochondrial gene cutoffs (5%,10%, or 15%) and overall mini-
mum of 200 and individual maximum of unique feature cell gene
counts ranges were applied. We utilized the multimodal reference
mapping workflow from the Satija Lab to annotate the cells in our
dataset in relation to a comprehensive Cellular Indexing of Tran-
scriptomes and Epitopes by Sequencing (CITE-seq) derived reference
PBMC dataset™.

Principal component analysis (PCA) was performed to identify
variable genes, and Lenti-RG and HIV-specific genes were manually
removed. Using canonical immune cell marker genes, clusters with
high expression of non-T-cell markers were removed, and the datasets
were re-normalized and clustered. Cells not predicted as any CD4
T-cell type but expressing T-cell markers were determined as “CD4
Others” and kept in the analysis. Integration was performed using the
fastMNN function within SeuratWrappers (v.0.3.1)*°.

Differential gene expression (DGE) analysis was conducted inde-
pendent of cluster identity using the FindMarkers function of Seurat
(v4.1.0)**’® and Model-based analysis of single-cell transcriptomics
(MAST)®°. MAST identifies differentially expressed genes (DEGs)
between two groups of cells using a hurdle mode, which utilizes a two-
part discrete and continuous model tailored to scRNAseq gene
expression data. Multiplicity correction was performed with the
Benjamini-Hochberg method*®®', These results were displayed with a
false discovery rate cutoff (FDR)<0.05 using EnhancedVolcano
(vL.16.0)%,

Defining HIV-Cre-positive cells

HIV-Cre-positive cells were defined as containing >2 transcripts UMI
for any HIV transcript defined in our custom reference genome. Due to
the wide range of HIV-specific UMIs, we described three categories as
the following based on the observed distribution: HIV transcript
negative (0-1), HIV transcript low (2-10), and HIV transcript high (11+).

Gene set enrichment analysis

Based on our DGE analysis results, we implemented a restricted list of
the top 145 common differentially expressed genes across all three
acutely infected datasets and the top 117 common differentially
expressed genes from our treated dataset in the web-based Gene set
enrichment analysis platform Enrichr®* %, Results were focused on
gene ontology processes.

Ingenuity pathway analysis

Differential gene expression (DGE) analysis of dsRed+(GFP-) cells,
GFP +HIV infected cells, and GFP+ART-treated cells from acutely
infected and treated mice was analyzed with Ingenuity Pathway
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Analysis (QIAGEN Inc., https:/digitalinsights.qiagen.com/IPA)*®. Data-
sets were analyzed using a fdr<0.05 threshold value. Comparison
analysis, canonical pathways, pathway analysis, network comparison
and upstream regulators were employed to identify top pathways.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All single-cell RNA sequencing raw data files and processed data have
been deposited at GEO and are publicly available. Source data are
provided with this paper.

Code availability
All original code has been deposited on GitHub and is publicly avail-
able (https://github.com/benjamin-k-chen/manuscript-satija).
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