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Abstract

The central nervous system (CNS) is a major human immunodeficiency virus type 1 reservoir.
Microglia are the primary target cell of HIV-1 infection in the CNS. Current models have not
allowed the precise molecular pathways of acute and chronic CNS microglial infection to be tested
with in vivo genetic methods. Here, we describe a novel humanized mouse model utilizing human-
induced pluripotent stem cell-derived microglia to xenograft into murine hosts. These mice are
additionally engrafted with human peripheral blood mononuclear cells that served as a medium
to establish a peripheral infection that then spread to the CNS microglia xenograft, modeling a
trans-blood-brain barrier route of acute CNS HIV-1 infection with human target cells. The
approach is compatible with iPSC genetic engineering, including inserting targeted transgenic
reporter cassettes to track the xenografted human cells, enabling the testing of novel treatment
and viral tracking strategies in a comparatively simple and cost-effective way vivo model for

neuroHIV.
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Importance

Our mouse model is a powerful tool for investigating the genetic mechanisms governing CNS
HIV-1 infection and latency in the CNS at a single-cell level. A major advantage of our model is
that it uses iPSC-derived microglia, which enables human genetics, including gene function and
therapeutic gene manipulation, to be explored in vivo, which is more challenging to study with
current hematopoietic stem cell-based models for neuroHIV. Our transgenic tracing of
xenografted human cells will provide a quantitative medium to develop new molecular and
epigenetic strategies for reducing the HIV-1 latent reservoir and to test the impact of therapeutic

infammation-targeting drug interventions on CNS HIV-1 latency.
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Introduction

The pandemic of human immunodeficiency virus type 1 (HIV-1) causes a chronic infection
without a known universal cure (1). While there have been three reported cases of HIV-1
remission and cure after bone marrow and cord blood transplantations, these procedures are
extremely high risk and have been developed for rare cases of patients with life-threatening, co-
morbid leukemia (2). A significant challenge to finding a sterilizing cure has been the persistence
of latently infected cellular reservoirs that resume replication when antiretroviral therapy (ART) is
withdrawn (3-8). Furthermore, while ART can suppress viremia to undetectable levels, people
with  HIV-1 (PWH) experience more premature aging and inflammation-associated
pathophysiology than uninfected people (9-13). The central nervous system (CNS) carries a
heavy disease burden with HIV-1-associated neurocognitive disorder, affecting 20-50% of PWH
(14-16).

HIV-1 enters the brain during the first initial weeks of acute infection (17-20) via
transmigration of HIV-1 infected cells across the blood-brain barrier (BBB) (21-23). In the
periphery, HIV-1 targets the CD4" T cells and monocytes that then disseminate infection to other
tissues and organs (21-26). In the CNS, these peripherally infected cells target primarily microglia
comprising about 5-10% of adult brain cells (27). Our recent studies on the human postmortem
brain corroborate that HIV-1 infection occurs predominantly in microglia, and provirus integration
is linked to inflammation-associated reprogramming of microglial transcriptomes and 3D genomes
(28). Understanding the molecular mechanisms underlying the establishment and maintenance
of actively and latently HIV-1 infected microglia in the CNS will help investigate ways to target and
reduce CNS reservoirs and develop therapeutic interventions for microglia-associated
neuroinflammation.

Genetic animal models that capture the salient features of CNS HIV-1 infection in humans
are greatly needed to interrogate the precise mechanisms governing the HIV-1 life cycle in the
host. These can enable the study of initial infection of the peripheral immune system, viral

replication, dissemination throughout all organ systems, including the CNS microglia and other
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myeloid compartments, and provirus integration into the host cell genome to maintain chronic
HIV-1 infection. To this end, elegant non-human primate models using various strains of Simian
Immunodeficiency Virus (SIV) have long been established in the field (29, 30). However, these
models are still inherently limited, given that HIV-1 is a human-specific retrovirus (31).

Although HIV-1 does not replicate in mouse immune cells, the repertoire for modeling
neuroHIV has been expanded by employing chimeric virus models to infect mice. The EcoHIV
model utilizes a chimeric murine-tropic virus that has been genetically modified to carry a Murine
Leukemia Virus envelope coding region and hence can infect and simulate HIV-1 disease-like
phenotype in mice (32). To study native HIV-1 in small animal models, investigators have
employed human immune cell xenografted immunodeficient mouse models. While initially,
studies focused on blood and peripheral systems (33, 34), a recent advance has enabled CNS
engraftment of human cells by using human fetal hematopoietic tissue or cord blood-derived
CD34" hematopoietic stem cells (HSC) into immunocompromised NOG mice expressing a human
Interleukin(IL)-34 transgene. These mice show colonization of multiple lymphoid and myeloid
compartments of host mice, including differentiation of microglia-like brain cells susceptible to
HIV-1 infection (35, 36). Recently, a variation of this model where the mice are xenografted
instead with human fetal liver tissue, fetal thymic tissue, and liver-derived CD34" hematopoietic
stem and progenitor cells (HSPC) was reported to undergo human microglia reconstitution in CNS
that are susceptible to HIV-1 infection (37). Other models rely on the direct engraftment of HIV-1-
infected human myeloid cells into the brain of immunocompromised mice (38).

These humanized mouse models have been extremely valuable for expanding knowledge
on molecular and cellular signatures of HIV-1 infected brains. However, currently, existing
humanized mouse models also pose some limitations. These include the requirement of human
fetal tissue or umbilical cord blood that are limited in supply and not readily amplified to conduct
extensive tests with the same genotype (35, 37, 39) and exhibit a lower rate of xenograft
reconstitution following irradiation or chemotherapy (35-37) as compared to iPS-derived cells.

Additionally, some of these models feature a non-physiological intracranial route of HIV-1
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inoculation into the brain (35, 38, 40). Here, we present a novel humanized mouse model for HIV-
1 infection that implements genetically engineered human induced pluripotent stem cells (iPSCs)
as a near-unlimited resource to reconstitute neonatal mice brains with human microglia. The
unrivaled versatility of iPSCs enables genetic material to be clonally engineered and provides an
invaluable toolbox for generating reporter cell lines. In our model, CNS-engrafted mice are
peripherally engrafted with human peripheral blood mononuclear cells (PBMC) in early adulthood
to initiate infections from peripheral vasculature. Infected PBMCs then travel to the CNS to infect
the xenografted microglia (xenoMG). Mice dually engrafted with xenoMGs and PBMCs are
infected with M-tropic HIV-1. This models a physiological route of acute CNS HIV-1 infection

through virus or infected cells crossing the BBB.

Results
Differentiation of microglia from genetically modified human iPSC in vitro

Studying CNS HIV-1 infection has been challenging due to the limited accessibility of
human samples and difficulty in tracing persistently infected cellular reservoirs, even with
suppressive ART. Here we present a novel human iPSC-based mouse model that utilizes Cre-
recombinase-dependent lineage tracing to mark cells that have been HIV-1 infected irreversibly.
We genetically engineered the well-characterized human induced pluripotent stem cell (iPSC) line
WTC11 derived from an apparently normal individual(41), inserting a Cre-recombinase
dependent, CAG promoter-driven dsRed-to-eGFP switch cassette into the AAVS1 locus within
the PPP1R12C gene (MSE2104, Supplemental Fig 1A). The AAVS1 locus is an exemplary site
for genetically engineering iPSC because it permits robust, stable, and reproducible expression
of transgenes along multiple lineages maintained long-term in culture (42). It also overcomes the
pleiotropic position effects, and the inserted transgene is not silenced during meso- and ectoderm
differentiation. The genetic switch is encoded by flanking dsRed stop with /oxP cre-recombinase
target sites upstream of an egfp coding sequence, enabling cre-dependent switching of dsRed to

eGFP (Supplemental Fig 1A, B).
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The iPSCs were differentiated into hematopoietic progenitor cells (HPCs) using a
commercially available STEMdiff Hematopoietic kit as per published protocols (Figure 1A) (43-
47). The development of HPCs from iPSCs requires a combination of growth factors, cytokines,
and small molecules, which include stem cell factor (SCF), FIt3 Ligand (FIt3L), Thrombopoietin
(TPO), IL-3, IL-6, and Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF) (48, 49).

Differentiating iPSC into HPC took ten days, after which cells were harvested between
days 10-12 for downstream experiments. We validated our HPC differentiation by measuring
established HPC-specific CD34, CD43, and CD45 cell surface marker expression on flow
cytometry. As expected, more than 90% of HPCs expressed CD34 and CD43, and approximately
50-60% of HPCs expressed CD45 (Supplemental Fig 2A) (43-45, 50).

To generate homeostatic microglia (iPSC-derived MG, or iMG) in vitro, HPCs were treated
with cytokines IL-34, Transforming Growth Factor beta 1 (TGFp-1), and Macrophage Colony-
Stimulating Factor (M-CSF), promoting the development of (Figure 1A, Supplemental Fig. 2B)
(43-47, 50). Differentiation of HPC to iMG was followed for 20-25 days, and phenotypes were
validated by measuring the surface expression of common myeloid marker CD45 and microglial
markers, Iba1l and P2YR12. Macrophage-specific CD206 and monocyte-specific CD14 cell
surface markers were examined to distinguish our iMGs from macrophages and monocytes. More
than 90% of our iIMGs expressed CD45 and CD11b, and approximately 80% expressed P2YR12
(Supplemental Fig 2B). Furthermore, most of our WTC11 iPSC-derived iMGs stained positive for

P2YR12, Iba1, and CD45 on immunofluorescence (Supplemental Fig 2C).

Cre-activated GFP Reporter iPSC-derived microglia is infected by M-tropic HIV-1 clone in vitro
To determine the ability of in vitro differentiated iPSC-derived cells to support HIV-1
infection, we constructed an HIV-1 clone that carries the M-tropic JRFL envelope to target all
myeloid lineage cells, including microglia (Figure 1B) (51-53). This virus also expressed Cre
instead of the viral Nef, an early viral gene expression indicator. Cre-recombinase-dependent

cellular changes occurred only after HIV-1 viral integration (54). Nef expression was restored by
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inserting an internal ribosome entry site (IRES) upstream of the Nef open reading frame, as
previously described (54). The iMGs were infected with 20ng p24 of HIV-1 JRFL-Cre, as
previously described (53-56). After 48 hours, HIV-1 JRFL-Cre infected cells started to express
eGFP (Figure 1C, D). On average, we saw approximately 3% of infected cells (Figure 1E). Hence,
many cells continued to express dsRed, and some even appeared to co-express dsRed and
eGFP. This dsRed, and eGFP co-expression by infected iMGs is likely because eGFP is
expressed early upon provirus integration and the potentially long maturation time and half-life of
dsRed (57, 58). The Cre recombinase-mediated deletion of dsRed in infected cells was confirmed
by DNA PCR (Figure 1F). Our fluorescent reporter IPSC line can be successfully used to generate
human microglia (iIMGs) and could serve as a tool for studying HIV-1 infection at a single-cell level

in vitro and, as described below, in vivo.

A novel humanized mouse dually xenografted with human iPSC-derived microglia and PBMC
Next, to generate mice with iPSC-derived microglia, we engrafted iPS-derived precursor
cells into immunocompromised mice harboring the human mCSF (CSF1) knock-in allele in a Rag2
and //2rg knockout background. These mice express at least one allele of the human CSF1 gene
that critically supports the development of human iPSC-derived microglia in mice brain (43-47,
59). Mice lacking Rag2 and /I2rg genes have no native T cells, B cells, and NK cells; hence, they
are ideal hosts for xenografted human cells. Genetically-modified fluorescent reporter iPSC
described above were differentiated into HPCs and injected intracranially into newborn pups on
post-natal days 0-2 (Figure 2A). At three months, we observed widespread distribution of dsRed+
xenografted cells in the forebrain cerebral cortex of the mice (Figure 2B). To confirm that the
engrafted dsRed+ cells are human and differentiated into microglia in vivo, we labeled sections
from mouse brains at post-engraftment week 8 for expression of the Ku80 human-specific nuclear
antigen (44) and microglia-specific cell markers. Indeed, the dsRed+ cells colocalized with Ku80

and microglia-specific ionized calcium-binding adapter molecule 1 (Iba1) and purinergic receptor
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P2RY12 cell markers (Figure 2C), confirming that the engrafted hIPSC-HPC had differentiated
into microglia/(brain) tissue-resident macrophages.

In our mouse model, we aimed to infect mice via peripheral immune cells that cross the
blood-brain barrier (BBB) rather than through a non-physiological direct injection of virus
intracranially (Figure 2A). To accomplish this, in addition to the neonatal brain engraftment with
human iPSC-derived microglia (xenoMG), we peripherally engrafted our mice in early adulthood
(postnatal week 6-10) with human peripheral blood mononuclear cells (huPBMC). This dual
engraftment allows us to model the physiological route of acute HIV-1 infection of the CNS in
humans, with the peripheral blood CD4+ T-cells and monocytes as initial primary targets. Each
mouse was intraperitoneally injected with phytohemagglutinin-L (PHA-L) and Interleukin (IL)-2
activated 10" huPBMCs (see methods). Post-injection, huPBMC engraftment efficiency was
monitored by cheek blood flow cytometry for expression of human leukocyte-specific cell surface
markers: leukocyte common antigen CD45 and T cell markers CD3, CD4, and CDS8
(Supplemental Fig 3). We expected a comparatively lower abundance of human monocytes (data
not shown) in the mice blood relative to human CD45" T cells based on the low expression (~10-
15%) of monocyte cell markers CD14 and CD16 in pre-injected huPBMC (Supplemental Fig 4).
In this model, mice are expected to reach a minimum of 20% human immune cell engraftment
within the pool of circulating leukocytes in the mice blood approximately four weeks post-huPBMC
injection.

We next tested the ability of these dually engrafted mice to be infected with our HIV-1
JRFL Cre clone. We investigated two different routes of infection: intracerebroventricular (ICV,
n=4) and intraperitoneal (IP, n=5) (Figure 2A, Figure 3A). We monitored peripheral IP HIV-1
infection by weekly monitoring of HIV-1 viral load via RT-gPCR in mice engrafted with huPMBCs
(Supplemental Fig 5A) and control mice with no huPBMCs. As expected, we observed that
huPBMC-engrafted mice have HIV-1 copy numbers at least 2-3 orders of magnitude above the
detectability threshold compared to controls not engrafted with PBMCs (Figure 3A). Specifically,

the HIV-1 copy number in our huPMBC engrafted mice ranged from ~10-1000 viral RNA transcript
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copies/ml blood, a number that is comparable to early stages of HIV-1 infection in human subjects
whose average viral load is 30,000 to 50,000 copies/mL before initiating effective antiretroviral
therapies (ART) (60-62). Likewise, ICV-infected mice receiving PBMC transplants showed higher
HIV-1 viral load than the no PBMC control cohort (Fig. 3A). HIV-1 viremia peaked three to four
weeks post-infection (Supplemental Figure 5), at which point the brains were harvested and
processed for immunohistochemistry.

We focused our histological analysis initially on N=3 dually engrafted mice subjected to
HIV-1 infection via IP route. The brain tissue sections of these mice revealed human nuclear
antigen-positive (HuNu) human nuclei surrounded by a halo of HIV-1 p24 antigen in the cytoplasm,
confirming successful infection (Figure 3B). Remarkably, a subset of HIV p24™ cells presented as
large multinucleated HuNu® cells, reminiscent of the well-described multinucleated microglial
nodules of HIV-1 infected cells in the human brain, particularly in cases with severe
neuroinflammation and encephalitis (63, 64). In addition, HIV-1-infected mice brains had
xenoMGs with a more amoeboid shape where the soma became more enlarged, and the cells
had no or fewer processes that appeared shorter and wider, reminiscent of similar findings in
clinical specimens (63, 65, 66). In contrast, the xenoMGs in uninfected mice brain tissue
resembled the typical homeostatic microglia morphology with smaller soma, more and longer
processes with more ramifications (Figure 3B). Finally, for additional confirmation of successful
xenoMG infection with our strain of HIV-1, we performed RNAScope fluorescence in situ
hybridization (FISH using HIV-1 specific RNAscope probes). There was robust expression of HIV-
1 viral RNA in the xenoMGs of HIV-1 infected mice. In contrast, no signal above the background

was detectable in the brains of uninfected mice (Figure 3C).

Discussion
Here, we present a novel humanized mouse model where mice are dually engrafted with
human iPSC-derived, genetically-engineered microglia centrally and huPBMC peripherally. While

the brains of these mice can be infected with HIV-1 via ICV or IP injection, the peripheral route
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offers the key advantage of modeling the typical route of CNS infection in human cases. A major
advantage of our model is the use of highly versatile iPSC that could be used as a tool for further
genetic engineering, including the transgenic reporter system that allows us to track the
transplanted cells long-term, even four months after transplantation (the terminal time-point in our
study) into the neonatal murine CNS.

Utilizing iPSCs to differentiate human microglia and subsequent xenograft into the mouse
brain offers an abundant and renewable source of microglia. It also permits genetic modification
before transplantation and in vivo experimentation, paving the way for a more sophisticated
understanding of HIV-1 pathogenesis. The use of genetically modified stem cells has proven
immensely valuable in HIV-1 research, facilitating the assessment of cellular susceptibility and
resistance to infection by changing viral docking sites on the cell surface (67) and enabling the
investigation of cell type-specific transcriptional responses to infection and antiretroviral treatment
in a tightly controlled, isogenic environment (68, 69). Despite the critical importance of these
molecular and mechanistic studies, they have primarily been conducted in vitro or ex vivo, which
can limit their clinical relevance. Our novel humanized mouse model presents a promising
alternative for preclinical and translational work in vivo, providing a platform for assessing
genetically engineered human iPSC-derived cells in the brain, thereby unlocking new frontiers for
developing more effective HIV-1 therapies.

To develop novel therapies for treating and potentially eradicating HIV-1, we propose
utilizing genetically edited iPSCs targeting promising genes. For instance, the CCR5 A32 mutation
has exhibited substantial promise as a curative target against HIV-1, as demonstrated by multiple
clinical studies indicating its high resistance to the virus (70-74). Similarly, SAMHD1, a host
restriction factor that impedes HIV-1 reverse transcription in myeloid cells, presents a potential
therapeutic target for combating HIV-1 (75-79). Thus, our genetically engineered iPSC-based
mouse model significantly broadens the repertoire of humanized mouse models for CNS HIV-1
infection, augmenting our capacity to explore innovative approaches to combat this debilitating

disease.
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Several other humanized mouse models have been developed to study CNS HIV-1
infection (35-37, 80-83). The hIL34-NOG model involves intrahepatic transplantation of umbilical
cord blood-derived CD34" HSPCs that differentiate into human microglia in mice brains over 6-8
months before infection with HIV-1 (35, 36, 81). The hu-BLT-hIL34-NOG is a modification of the
hIL34-NOG model that involves transplantation of human fetal liver, thymic tissue, and fetal liver-
derived CD34" HSPCs. This model reconstitutes the human immune system in the mouse by 16
weeks of age, and the mouse is susceptible to HIV-1 infection (31, 37, 40). However, these
models are significantly limited by their restricted options for genetic manipulation. Our iPSC-
based humanized mouse model allows clonal expansion of genetically modified iPSCs with
uniform penetrance of the altered gene. This holds tremendous potential for generating knock-
out, knock-in, or conditional transgenes to definitively examine the role of genes within an in vivo
context.

In addition, both models require several months for complete reconstitution of the human
hematolymphoid system before effective HIV-1 infection (84). Our iPSC-based humanized mouse
model offers a viable alternative for achieving CNS HIV-1 seeding within a relatively shorter time.
Our iPSC-based humanized mouse model utilizes huPBMCs that engraft rapidly within four weeks
and efficiently in immunocompromised mice, thus shortening the time from engraftment to
infection analysis compared to other humanized mouse models. Moreover, this approach also
allows simulation of physiological peripheral HIV-1 infection during acute infection in humans,
where HIV-1 infects immune cells such as CD4" T cells or monocytes that cross the blood-brain
barrier into the brain, subsequently targeting microglia to disseminate HIV-1 infection in the CNS
(85-90). Hence, our humanized mouse model dually engrafted with xenoMG and huPBMC
provides a faster alternative for achieving CNS HIV-1 seeding.

On the other hand, immunocompromised mice engrafted with huPBMC, as shown here,
generate a T cell dominant model. While this model supports robust and rapid acute HIV-1
infection kinetics, it lacks specialized immune cell subsets found in fetal or cord blood-derived

immune cells, producing a less diverse immune system model. Umbilical cord blood and fetal
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tissues, rich in hematopoietic stem cells and have a high capacity for tissue regeneration, allow
for a more complete reconstitution of the human immune system and create a more robust
humanized mouse model for studying diseases. Our iPSC-derived xenoMG system, which relies
on T cell-dependent infiltration of HIV-1 into the CNS, provides a platform and starting point for
investigating HIV-1 infection. Future alternative approaches, such as transplantation of cord
blood-derived HSC instead of huPBMC, will further diversify and strengthen the iPSC-based
humanized mouse model for studying CNS HIV-1 infection.

Despite confirming HIV-1 expression through various methods, our Cre-activated GFP
reporter transgene expression has not been readily detected in the humanized mouse brain at 30
days post-infection (data not shown). Possible explanations may include inefficient maturation of
the GFP fluorophore and or weaker transgene expression in HIV-infected microglial cells. In other
studies of acute infection in humanized mice, the Cre-activated switch effectively marks HIV DNA-
positive cells for several weeks in T cells (Satija et al. in preparation). However, to further develop
the use of the in vivo Cre-activated switch for xenoMG, additional studies will be required to follow
the maintenance of Cre-sensitive sequences over time. The presence of the reporter transgene
in the virus may have resulted in a metabolic burden during ongoing replication, potentially
impacting the viral fithess and resulting in the deletion of the transgene. While our results highlight
challenges associated with using a Cre-activated reporter to track HIV-1 infection in vivo, further
studies are needed to fully explore this approach's potential and feasibility.

A Cre-activated reporter-dependent humanized mouse model presents a powerful tool for
investigating the pathogenesis of both active and latent HIV-1 infection (Satija et al. in preparation).
The Cre-loxP system allows for the tracking of HIV-1 infected cells in vivo, enabling the
characterization of viral gene expression and the identification of cellular reservoirs of latent HIV-
1. In any case, transgenic reporter systems, including the one presented here, can be utilized to
track human cells including xenoMG in the animal host, which also will be convenient for single-
cell RNA sequencing analysis, chromatin analysis, epigenetic and molecular analysis of HIV

pathogenesis, and the testing of therapeutic drug candidates against HIV. Understanding the
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mechanisms of HIV-1 latency is crucial for developing strategies to eliminate latent viral reservoirs,
which are a major barrier to an HIV cure. Thus, utilizing humanized mouse models with genetically
engineered hIPSCs to study HIV-1 latency could provide invaluable insights into the pathogenesis

of HIV-1 and the development of effective treatments for HIV-1 infection.
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FIGURE LEGENDS

Figure 1: Overview of in vitro experiments: (A) (top) Timeline of iPSC-HPC-IMG differentiation
with (bottom) corresponding, stage-specific morphological appearances of cell cultures at low
power magnification (4x — 20x, as indicated) of (top) conditional reporter transgene insertion at
chromosome 19 AAVS1 (Adeno-Associated Virus Integration Site 1) targeting locus. (bottom).
(B,C) Schematic of (B) HIV-1 JFRL-Cre genome including Cre coding cassette followed by IRES
internal ribosomal entry sequence to drive nef expression for conditional recombination of the
dsRed-GFP reporter and (C) dsRed to eGFP switch in HIV-Cre infected cells. (D) Conditional
transgene expression: with (top) HIV-1 JFRL-Cre infected and bottom (uninfected) MSE2104
iPSC-derived microglia (iMG). Notice robust ubiquitous dsRed and, in a subset of cells, GFP
expression. Cells were harvested 48h post-infection with 20ng p24 HIV-1 JRFL-Cre virus. (E)
Approximately 3% of GFP+ MSE2104 iMG with 20ng p24 HIV-1 JRFL Cre. (F) Recombination-
sensitive 401bp PCR product extending into 5’ of GFP cassette, as indicated. Notice the dosage-

sensitivity of recombination to virus levels (p24 range 0-20ng) in cell culture, as indicated.

Figure 2: Humanized mouse model with central and peripheral xenograft. (A) Timeline and
overview, a central hiPSC-HPC xenograft into the neonatal brain is followed by peripheral hu-
PMBC administration (i.p.) in young host animals, followed four weeks later by central or
peripheral infection with HIV. (B) 4x magnification of whole hemisphere view of DAPI-
counterstained (blue) coronal brain section from adult animal neonatally engrafted with dsRed+
hIPSC-HPC microglial progenitors. Notice large numbers of dsRed-expressing cells at particularly
high densities in the medial temporal lobe, including the hippocampus. (C) 40x magnification from
coronal sections at upper layers | and/or Il of the adult cerebral cortex of neonatally engrafted
animals confirms numerous dsRed-expressing human cells and myeloid markers Iba1 and
P2RY12 purinergic receptors. DAPI, counterstain. Scale bars (A) 500, (B) 25 um.

Figure 3: Neonatally engrafted hIPSC-HPC microglia become HIV infected after peripheral
infection. (A) (y-axis) Quantitative PCR-based blood HIV RNA copy numbers per ml cheek blood,
(x-axis) in individual mice no. 1-9 neonatally engrafted with hIPSC-HPC, including with (no. 1-5)
and without (no. 6-9) additional huPMBC transplant as an adult. All Animals had received a single
dose of HIV (250ng p24 antigen) i.p., four weeks before the first blood draw. N= 2-3 blood
draws/animal, data shown as mean + S.E.M. Notice robust titers are limited to animals that
received hu-PMBC. (B,C) Representative sections from the adult rostromedial cerebral cortex of
neonatally hiPSC-HPC and adult hu-PBMC engrafted mice, (top) HIV infected (bottom) uninfected

animals. Sections were counterstained nucleophilic dye DAPI (blue) and show human iMG
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expressing dsRed reporter transgene, with additional co-staining by (B) immunohistochemistry
with HuNu human-specific nuclear antigen to mark human cells and HIVp24 antigen (green) and
(C) HIV gag-pol RNA FISH (green) with the latter showing above background signal in the infected

mouse. Scale bars, 50 um.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1: MSE2104 iPSC line (genetically engineered WTC11 cells) with
conditional reporter transgene. (A) overview on Cre-sensitive reporter system, showing (B) by
FACS analysis and (C) by phase contrast microscopy, GFP+ cells after transfection with Cre

plasmid in MSE2104 but not in untreated control cultures.)

Supplementary Figure 2: MSE2104 hiPSC differentiate in vitro into hematopoietic
progenitor cells (HPC) and microglia (iMG). (A, B) Flow cytometry-based proportional
representation of (A) CD34, CD43, and CD45 cell surface markers in hIPSC-HPC and (B) CD45,
CD11b, CD14, CD206, and P2YR12 cell surface markers in hiPSC-HPC-IMG differentiated
MSE2104 cells. (C) Immunocytochemical staining of hIPSC-HPC-iMG cultures stained with CD45

and myeloid/microglia-specific markers Iba1 and P2RY12.

Supplementary Figure 3: Blood T-lymphocyte quality control check. (top) Mouse peripheral
cheek blood sampled four weeks after receiving huPMBC xenograft, notice a sizeable portion of
CD4 and CD8 lymphocyte fraction. (bottom) Representative cell surface marker expression profile

of CD3 gated CD4 and CD8 lymphocyte population from activated (pre-injection) huPBMC sample.

Supplementary Figure 4: Blood monocyte/macrophage quality control check. The activated
(pre-injection) huPBMC sample shows a proportional representation of CD14 and CD16 myeloid

(monocyte/macrophage) cells.

Supplementary Figure 5: Monitoring weekly blood HIV titers in infected, dually engrafted
mice. Graphs show (y-axis) gqPCR-based HIV copy number in weekly sampled cheek blood up

to 4 weeks post-infection. (left) infected, (right) uninfected animals.
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Materials and Methods

Construction and maintenance of fluorescent reporter iPSC

The iPSC lines were constructed at the Black Family Stem Cell Institute, using the well
characterized WTC11 line (41) as starting point. The Cre recombinase-dependent dual
fluorescent MSE2104 iPSC line was generated by CRISPR modification of the WTC11 line to
insert a dsRed-to-eGFP cassette into the AAVS1 locus within the PPP1R12C gene (chromosomal
location 19g13.4-gter) under the control of a CAG promoter. The MSE2104 iPSC line was
maintained by culturing in feeder-free condition incomplete mTeSR E8 medium (StemCell
Technologies) in a humidified incubator (5% CO2, 37°C) with medium changed every 1-2 days.
Cells were passaged approximately every seven days dissociating the cells with 0.5mM EDTA in
DPBS and plated onto 6-well plates (Corning) coated with growth factor-reduced Matrigel
(1mg/mL; BD Biosciences) in mTeSR E8 medium supplemented with ROCK inhibitor Thiazovivin

(Tocris). Media was switched to mTeSR E8 only medium the next day.

iPSC differentiation into hematopoietic progenitor cells and microglia in vitro

HPCs and iMGs were differentiated according to published protocol (43-45, 50). On day 0, iPSCs
were passaged in mTeSR-E8 medium for a density of 20-40 colonies of 100 cells each per 35mm
well. On day 1, the cell medium was switched to STEMdiff Hematopoietic Kit (StemCell
Technologies) Medium A. On day 4, the cell medium was switched to Medium B, in which the
cells were differentiated into HPCs for 6-8 days. HPCs began to differentiate from the periphery
of flattened endothelial cell colonies. Fully differentiated HPCs began to detach from the colonies
to become suspended in medium B. On days 10-12, HPCs were harvested by collecting the
medium and cells using a serological pipette. HPCs were validated by staining them with 1:100
dilution of CD34 (anti-human FITC, Biolegend), CD43 (anti-human PE, Biolegend), and CD45
(anti-human APC, BD Biosciences). Harvested HPCs were used for further differentiation in vitro
or for HPC transplantation into neonatal mice (see below). The in vitro differentiation took 28-30

days in an iMG medium consisting of DMEM/F12, 2X insulin-transferrin-selenite, 2X B27, 0.5X
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N2, 1X glutamax, 1X non-essential amino acids, 400 mM monothioglycerol, and 5 mg/mL human
insulin that was freshly supplemented with 100ng/mL IL-34, 50ng/mL TGFb1, and 25 ng/mL M-
CSF (Peprotech). Differentiated iMGs were validated by measuring P2YR12 (anti-human PE
dazzle 594, Biolegend), CD11b (anti-human APC, Biolegend), CXCR3 (anti-human BV650,
Biolegend), CD45 (anti-human Alexa Fluor 700, Biolegend), CD206 (anti-human BV785,

Biolegend), and CD14 (anti-human APC Fire 750, Biolegend).

HIV-1 JRFL Cre clone construction and cell-free HIV-1 virion production

The HIV-1 JRFL clone is a full-length molecular clone of HIV-1 based on NL4-3 (57, 88) that

expresses the JRFL envelope. Cre is inserted in place of the nef gene, and Nef expression is
restored by a downstream internal ribosome entry site (IRES) (81). Plasmid was amplified in Stbl2
electrocompetent E. coli (NEB) and isolated using Qiagen Midi-kit. The human epithelial 293T cell
line was used to produce HIV-1 virions. 293T cells were maintained in Dulbecco’s modified Eagle
medium (DMEM; Sigma) containing 10% heat-inactivated fetal bovine serum (Sigma), 100 U/ml
of penicillin (Gibco), 10 U/ml of streptomycin (Gibco), and two mM glutamine (Gibco) (complete
DMEM). Cell-free virus particles were produced by transfection of 293T cells in a 10 cm dish using
polyjet (Signajen) per the manufacturer’s protocol. Virus supernatant was harvested 48h post-
transfection and filtered with  0.45 pm filter, concentrated by high-speed centrifugation (Sorvall

ST 40R centrifuge; Thermo Fisher Scientific) at 100,000g for two h at 4°C. The pelleted virus was

resuspended in DPBS, aliquoted, and stored at -80°C.

HIV-1 p24 ELISA assay

Viral stocks were quantified by NCI HIV-1 p24 ELISA kit. Corning 96-well flat-bottomed plates
were coated with anti-p24 capture antibody in 0.1 M NaHCO3 overnight at 4°C. Plate was blocked
with 1% nonfat dry milk (Lab Scientific) for one h. The plate was then loaded with p24 standard

titrations and experimental virus supernatant treated with 1% Empigen. The dish was incubated
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for two h at room temperature or overnight at 4°C and then washed six times with 1x TBS-0.05%
Tween (TBST). Alkaline phosphatase-conjugated mouse anti-HIV p24 (Cliniga) was added
(1:8000 in TBST 20% sheep serum) and incubated for 1h, followed by 6 TBST washes with TBST.
The plate was developed with Sapphire Substrate (Tropix), and luminescence was quantitated on
a FluoStar Optima plate reader. HIV p24 level was calculated using Prism software (GraphPad),

using nonlinear standard curve regression.

iPSC-microglia and hu-PBMC xenograft mouse model

All procedures were performed in strict accordance with IACUC protocol at the Icahn School of
Medicine at Mount Sinai. Neonatal immunocompromised mice (C;129S4-Rag2tm1.1Flv
Csf1tm1(CSF1)Flv ll2rgtm1.1FIv/J, JAX ID# 014593) at age PO-P2 were taken out of their home
cage and placed on sterile surgical drape overlying a cooling block for 2-3 min to induce
hypothermic anesthesia. ICV injection of HPC was performed using a 30G needle fixed to a 10 ul
Hamilton syringe. Each mouse received 400-500K HPCs at four cranial surface coordinates at
two different depths, totaling eight different sites (44). The HPCs were resuspended in 1x DPBS
at 50-62.5K cells/pul for injection. Injected mice were allowed to recover on heating pads covered
with sterile surgical drapes before being returned to their home cages. Mice were weaned from
their mother at P21.

At 6-10 weeks, mice hosting the central xenograft were intraperitoneally injected with human
PBMCs. PBMCs were obtained from deidentified HIV-1 negative healthy blood donors (New York
Blood Center), purified by Ficoll (HyClone) density gradient centrifugation, and maintained in
RPMI 1640 medium (Sigma) containing 10% heat-inactivated fetal bovine serum (Sigma), 100
U/ml of penicillin (Gibco), 10 U/ml of streptomycin (Gibco), and two mM glutamine (Gibco)
(complete RPMI). To minimize the donor variability effect, we used the same PBMC donors to
inject all nine mice used for this study. PBMCs were activated with phytohaemagglutinin-L (PHA-

L; 2 pg/ml, Sigma) and IL-2 (50 IU/ml, Roche) for three days co-cultured with irradiated feeder
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PBMCs. Cells were harvested, counted, and 107 cells resuspended in 200 ul 1x PBS were
intraperitoneally injected into each mouse. One week after PBMC injection, engraftment was
measured weekly by quantifying human CD45+ cells in each mouse’s peripheral blood through
fluorescence-activated cell sorting (FACS) on Attune flow cytometer (ThermoFisher). On average,

mice have successfully engrafted with PBMC ~4 weeks after the initial injection.

PBMC engraftment FACS analysis

Attune flow cytometer (ThermoFisher) was used to measure the level of human PBMC
engraftment in our iPSC-microglia and hu-PBMC xenografted mice. The cellular layer separated
from the plasma of peripheral blood was treated with ACK lysis buffer (Gibco) to remove red blood
cells. Isolated white blood cells were stained with LIVE/DEAD fixable stain (Invitrogen) at a
concentration of 1:1000 in FACS buffer (2 mM EDTA, 2% FBS in DPBS) to detect live cells. Cells
were incubated for 30min at 4°C and then washed with FACS buffer. Cells were stained with
1:100 concentration of CD45 (anti-human PE-Cy7, Biolegend), CD45 (anti-mouse Pacific Blue,
Biolegend), CD3 (anti-human APC eFluor780, eBiosciences), CD4 (anti-human APC, Biolegend),
and CD8 (anti-human PerCP-Cy5.5, Biolegend) for 30min at 4°C. Stained cells were washed with

FACS buffer and fixed in 4% (w/v) PFA for FACS analysis.

HIV-1 infection of iPSC-microglia and hu-PBMC xenografted mice

For HIV-1 infection, each mouse was injected with 250ng HIV-1 p24 antigen either intracranially
or intraperitoneally. For ICV infection, a rodent stereotaxic rig mounted with a micro pump
(Stoelting) and Hamilton syringe fitted with a 30G needle was used to inject HIV-1 bilaterally into
the PFC (1 ul per hemisphere) (91). The coordinates for injection were as follows: +1.5 mm
anterior/posterior, £0.5 mm medial/lateral, and 1.5 mm dorsal/ventral. The virus was injected per
hemisphere at 0.25 pl min-1, and four additional minutes were allowed before syringe removal.
Mice peripheral blood was collected and analyzed weekly for evidence of peripheral infection.

Mice were sacrificed four weeks post-infection, and tissue samples were harvested and analyzed.
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Peripheral HIV-1 infection qPCR analysis

Peripheral blood collected from mice was centrifuged at 10,000g for 10min to separate plasma
from cells. RNA was isolated from plasma using QlAamp Viral RNA Mini kit (Qiagen) and
quantified using NanoDrop Spectrophotometer (ThermoFisher). RNA was reverse transcribed to
cDNA using the High-Capacity RNA-to-cDNA kit (ThermoFisher). A Custom TagMan Gene
Expression RT-PCR assay designed for the gag-pol region (Assay ID: AP7DXHY; ThermoFisher)
was then used on the cDNA to quantify the HIV-1 viral copy number. A series of 10-fold dilutions
of measured HIV-1 target RNA fragments derived from the HIV-1 NL4-3 clone was included in

each assay to generate a standard curve to derive the HIV-1 copy number.

Immunohistochemistry of mice brain sections and Confocal Microscopy

Mice were anesthetized with isofluorane and monitored for loss of consciousness. Mice that did
not respond to toe pinch were cervically dislocated, and their brains dissected. Brains were drop
fixed in 4% (w/v) PFA for 24h. Fixed brains were cryoprotected in 30% (w/v) sucrose until they
sank to the bottom of the solution for at least 48h. Brains were cut coronally or sagittally at 20-40
um thickness using a sliding microtome cooled with dry ice. Free-floating tissue sections were
collected in 1x DPBS and 0.05% sodium azide. For immunohistochemistry staining, tissues were
blocked in 1x DPBS, 0.1% Triton X-100, and 1% BSA for one h at room temperature. Tissues
were incubated in primary antibodies diluted in 1x DPBS and 1% BSA overnight on a shaker at
4°C. Tissue sections were washed with DPBS x 3 at room temperature and incubated in
fluorophore-conjugated secondary antibodies either for one h at room temperature or overnight
at 4°C. Tissues were washed with DPBS x 3 at room temperature and then stained with DAPI
(Sigma Aldrich). Tissues were washed with DPBS and then mounted on charged glass slides.
Immunofluorescent sections were visualized and imaged using either Zeiss LSM780 or Zeiss

LSM980 with airyscan2 confocal microscopes. Brightness and contrast settings were slightly
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adjusted for better visualization of some images. Primary antibodies: mouse anti-human nuclei
(Ku80 1:100; Abcam, ab79220), mouse anti-human nuclei (HuNu 1:50; Millipore, mab1280),
rabbit anti-lba1 (1:100; Wako, 019-19741), goat anti-lba1 (1:100; Abcam ab5076), rabbit anti-

P2ry12 (1:500; Sigma; HPA014518).

RNAScope Fluorescence in situ Hybridization

Fixed and cryoprotected mice brain tissue sections were cut coronally or sagittally at 10-20 um
thickness using a freezing sliding microtome. Tissue sections were mounted on charged slides
and dried for 10 min at 60°C. The slides were processed per the RNAscope Multiplex Fluorescent
v2 protocol (Advanced Cell Diagnostics). Mounted tissue sections were incubated with an RNA-
specific probe against the HIV-1 gag-pol gene (Probe-V-HIV1-gagpol-sense-C2, Advanced Cell
Diagnostics) overnight at 40°C. Amplifier sequences were polymerized to the probes and treated

with Opal 570 dye. Imaging was performed on Zeiss LSM780 confocal microscope.


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. Organization WH. 2023. HIV/AIDS.

2. Scaradavou A. 2023. Cord blood grafts for patients with HIV? Cell 186:1101-1102.

3. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, Kovacs C, Gange SJ,

Siliciano RF. 2003. Long-term follow-up studies confirm the stability of the latent reservoir
for HIV-1 in resting CD4+ T cells. Nat Med 9:727-8.

4, Lee E, von Stockenstrom S, Morcilla V, Odevall L, Hiener B, Shao W, Hartogensis W,
Bacchetti P, Milush J, Liegler T, Sinclair E, Hatano H, Hoh R, Somsouk M, Hunt P, Boritz E,
Douek D, Fromentin R, Chomont N, Deeks SG, Hecht FM, Palmer S. 2020. Impact of
Antiretroviral Therapy Duration on HIV-1 Infection of T Cells within Anatomic Sites. J Virol
94.

5. Chun TW, Justement JS, Murray D, Hallahan CW, Maenza J, Collier AC, Sheth PM, Kaul R,
Ostrowski M, Moir S, Kovacs C, Fauci AS. 2010. Rebound of plasma viremia following
cessation of antiretroviral therapy despite profoundly low levels of HIV reservoir:
implications for eradication. AIDS 24:2803-8.

6. Cho A, Gaebler C, Olveira T, Ramos V, Saad M, Lorenzi JCC, Gazumyan A, Moir S, Caskey
M, Chun TW, Nussenzweig MC. 2022. Longitudinal clonal dynamics of HIV-1 latent
reservoirs measured by combination quadruplex polymerase chain reaction and
sequencing. Proc Natl Acad Sci U S A 119.

7. Collora JA, Ho YC. 2022. The loud minority: Transcriptionally active HIV-1-infected cells
survive, proliferate, and persist. Cell 185:227-229.
8. White JA, Kufera JT, Bachmann N, Dai W, Simonetti FR, Armstrong C, Lai J, Beg S, Siliciano

ID, Siliciano RF. 2022. Measuring the latent reservoir for HIV-1: Quantification bias in near
full-length genome sequencing methods. PLoS Pathog 18:e1010845.

9. Nasi M, De Biasi S, Gibellini L, Bianchini E, Pecorini S, Bacca V, Guaraldi G, Mussini C, Pinti
M, Cossarizza A. 2017. Ageing and inflammation in patients with HIV infection. Clin Exp
Immunol 187:44-52.

10. Sieg SF, Shive CL, Panigrahi S, Freeman ML. 2021. Probing the Interface of HIV and
Inflammaging. Curr HIV/AIDS Rep 18:198-210.

11. Kaplan-Lewis E, Aberg JA, Lee M. 2017. Aging with HIV in the ART era. Semin Diagn Pathol

34:384-397.

12. Deeks SG. 2011. HIV infection, inflammation, immunosenescence, and aging. Annu Rev
Med 62:141-55.

13. Guo ML, Buch S. 2019. Neuroinflammation & pre-mature aging in the context of chronic

HIV infection and drug abuse: Role of dysregulated autophagy. Brain Res 1724:146446.

14. Heaton RK, Clifford DB, Franklin DR, Jr., Woods SP, Ake C, Vaida F, Ellis RJ, Letendre SL,
Marcotte TD, Atkinson JH, Rivera-Mindt M, Vigil OR, Taylor MJ, Collier AC, Marra CM,
Gelman BB, McArthur JC, Morgello S, Simpson DM, McCutchan JA, Abramson |, Gamst A,
Fennema-Notestine C, Jernigan TL, Wong J, Grant |. 2010. HIV-associated neurocognitive
disorders persist in the era of potent antiretroviral therapy: CHARTER Study. Neurology
75:2087-96.

15. Heaton RK, Franklin DR, Ellis RJ, McCutchan JA, Letendre SL, Leblanc S, Corkran SH, Duarte
NA, Clifford DB, Woods SP, Collier AC, Marra CM, Morgello S, Mindt MR, Taylor MJ,
Marcotte TD, Atkinson JH, Wolfson T, Gelman BB, McArthur JC, Simpson DM, Abramson


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

I, Gamst A, Fennema-Notestine C, Jernigan TL, Wong J, Grant I. 2011. HIV-associated
neurocognitive disorders before and during the era of combination antiretroviral therapy:
differences in rates, nature, and predictors. J Neurovirol 17:3-16.

16. Eggers C, Arendt G, Hahn K, Husstedt IW, Maschke M, Neuen-Jacob E, Obermann M,
Rosenkranz T, Schielke E, Straube E. 2017. HIV-1-associated neurocognitive disorder:
epidemiology, pathogenesis, diagnosis, and treatment. J Neurol 264:1715-1727.

17. Kahn JO, Walker BD. 1998. Acute human immunodeficiency virus type 1 infection. N Engl
J Med 339:33-9.

18. Davis LE, Hjelle BL, Miller VE, Palmer DL, Llewellyn AL, Merlin TL, Young SA, Mills RG,
Wachsman W, Wiley CA. 1992. Early viral brain invasion in iatrogenic human
immunodeficiency virus infection. Neurology 42:1736-9.

19. Longino AA, Paul R, Wang Y, Lama JR, Brandes P, Ruiz E, Correa C, Keating S, Spudich SS,
Pilcher C, Vecchio A, Pasalar S, Bender Ignacio RA, Valdez R, Dasgupta S, Robertson K,
Duerr A. 2022. HIV Disease Dynamics and Markers of Inflammation and CNS Injury During
Primary HIV Infection and Their Relationship to Cognitive Performance. J Acquir Immune
Defic Syndr 89:183-190.

20. Valcour V, Chalermchai T, Sailasuta N, Marovich M, Lerdlum S, Suttichom D, Suwanwela
NC, Jagodzinski L, Michael N, Spudich S, van Griensven F, de Souza M, Kim J,
Ananworanich J, Group RSS. 2012. Central nervous system viral invasion and
inflammation during acute HIV infection. J Infect Dis 206:275-82.

21. Leon-Rivera R, Veenstra M, Donoso M, Tell E, Eugenin EA, Morgello S, Berman JW. 2021.
Central Nervous System (CNS) Viral Seeding by Mature Monocytes and Potential
Therapies To Reduce CNS Viral Reservoirs in the cART Era. mBio 12.

22. Leon-Rivera R, Morsey B, Niu M, Fox HS, Berman JW. 2020. Interactions of Monocytes,
HIV, and ART ldentified by an Innovative scRNAseq Pipeline: Pathways to Reservoirs and
HIV-Associated Comorbidities. mBio 11.

23. Veenstra M, Leon-Rivera R, Li M, Gama L, Clements JE, Berman JW. 2017. Mechanisms of
CNS Viral Seeding by HIV(+) CD14(+) CD16(+) Monocytes: Establishment and Reseeding of
Viral Reservoirs Contributing to HIV-Associated Neurocognitive Disorders. mBio 8.

24. Hong S, Banks WA. 2015. Role of the immune system in HIV-associated
neuroinflammation and neurocognitive implications. Brain Behav Immun 45:1-12.

25. Ho DD, Rota TR, Hirsch MS. 1986. Infection of monocyte/macrophages by human T
lymphotropic virus type Ill. J Clin Invest 77:1712-5.

26. Li H, McLaurin KA, lllenberger JM, Mactutus CF, Booze RM. 2021. Microglial HIV-1
Expression: Role in HIV-1 Associated Neurocognitive Disorders. Viruses 13.

27. Li Q, Barres BA. 2018. Microglia and macrophages in brain homeostasis and disease. Nat
Rev Immunol 18:225-242.

28. Plaza-Jennings AL, Valada A, O'Shea C, Iskhakova M, Hu B, Javidfar B, Ben Hutta G,
Lambert TY, Murray J, Kassim B, Chandrasekaran S, Chen BK, Morgello S, Won H, Akbarian
S. 2022. HIV integration in the human brain is linked to microglial activation and 3D
genome remodeling. Mol Cell 82:4647-4663 e8.

29. von Herrath M, Oldstone MB, Fox HS. 1995. Simian immunodeficiency virus (SIV)-specific
CTL in cerebrospinal fluid and brains of SIV-infected rhesus macaques. J Immunol
154:5582-9.


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

30. Byrnes SJ, Angelovich TA, Busman-Sahay K, Cochrane CR, Roche M, Estes JD, Churchill MJ.
2022. Non-Human Primate Models of HIV Brain Infection and Cognitive Disorders. Viruses
14.

31. Hatziioannou T, Evans DT. 2012. Animal models for HIV/AIDS research. Nat Rev Microbiol
10:852-67.

32. Potash MJ, Chao W, Bentsman G, Paris N, Saini M, Nitkiewicz J, Belem P, Sharer L, Brooks
Al, Volsky DJ. 2005. A mouse model for study of systemic HIV-1 infection, antiviral immune
responses, and neuroinvasiveness. Proc Natl Acad Sci U S A 102:3760-5.

33. Gillgrass A, Wessels JM, Yang JX, Kaushic C. 2020. Advances in Humanized Mouse Models
to Improve Understanding of HIV-1 Pathogenesis and Immune Responses. Front Immunol
11:617516.

34. Flerin NC, Bardhi A, Zheng JH, Korom M, Folkvord J, Kovacs C, Benko E, Truong R, Mota T,
Connick E, Jones RB, Lynch RM, Goldstein H. 2019. Establishment of a Novel Humanized
Mouse Model To Investigate In Vivo Activation and Depletion of Patient-Derived HIV
Latent Reservoirs. J Virol 93.

35. Mathews S, Branch Woods A, Katano |, Makarov E, Thomas MB, Gendelman HE,
Poluektova LY, Ito M, Gorantla S. 2019. Human Interleukin-34 facilitates microglia-like cell
differentiation and persistent HIV-1 infection in humanized mice. Mol Neurodegener
14:12.

36. Llewellyn GN, Alvarez-Carbonell D, Chateau M, Karn J, Cannon PM. 2018. HIV-1 infection
of microglial cells in a reconstituted humanized mouse model and identification of
compounds that selectively reverse HIV latency. J Neurovirol 24:192-203.

37. Zhang J, Lohani SC, Cheng Y, Wang T, Guo L, Kim WK, Gorantla S, Li Q. 2021. Human
Microglia Extensively Reconstitute in Humanized-BLT Mice With Human Interleukin-34
Transgene and Support HIV-1 Brain Infection. Front Immunol 12:672415.

38. Gavegnano C, Haile W, Koneru R, Hurwitz SJ, Kohler JJ, Tyor WR, Schinazi RF. 2020. Novel
method to quantify phenotypic markers of HIV-associated neurocognitive disorder in a
murine SCID model. J Neurovirol 26:838-845.

39. Hiwarkar P, Hubank M, Qasim W, Chiesa R, Gilmour KC, Saudemont A, Amrolia PJ, Veys P.
2017. Cord blood transplantation recapitulates fetal ontogeny with a distinct molecular
signature that supports CD4(+) T-cell reconstitution. Blood Adv 1:2206-2216.

40. Honeycutt JB, Sheridan PA, Matsushima GK, Garcia JV. 2015. Humanized mouse models
for HIV-1 infection of the CNS. J Neurovirol 21:301-9.

41. Kreitzer FR, Salomonis N, Sheehan A, Huang M, Park JS, Spindler MJ, Lizarraga P, Weiss
WA, So PL, Conklin BR. 2013. A robust method to derive functional neural crest cells from
human pluripotent stem cells. Am J Stem Cells 2:119-31.

42. Oceguera-Yanez F, Kim SI, Matsumoto T, Tan GW, Xiang L, Hatani T, Kondo T, lkeya M,
Yoshida Y, Inoue H, Woltjen K. 2016. Engineering the AAVS1 locus for consistent and
scalable transgene expression in human iPSCs and their differentiated derivatives.
Methods 101:43-55.

43, Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, Newman SA, Yeromin AV,
Scarfone VM, Marsh SE, Fimbres C, Caraway CA, Fote GM, Madany AM, Agrawal A, Kayed
R, Gylys KH, Cahalan MD, Cummings BJ, Antel JP, Mortazavi A, Carson MJ, Poon WW,
Blurton-Jones M. 2017. iPSC-Derived Human Microglia-like Cells to Study Neurological
Diseases. Neuron 94:278-293 e9.


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

44, Hasselmann J, Coburn MA, England W, Figueroa Velez DX, Kiani Shabestari S, Tu CH,
McQuade A, Kolahdouzan M, Echeverria K, Claes C, Nakayama T, Azevedo R, Coufal NG,
Han CZ, Cummings BJ, Davtyan H, Glass CK, Healy LM, Gandhi SP, Spitale RC, Blurton-Jones
M. 2019. Development of a Chimeric Model to Study and Manipulate Human Microglia In
Vivo. Neuron 103:1016-1033 e10.

45, McQuade A, Coburn M, Tu CH, Hasselmann J, Davtyan H, Blurton-Jones M. 2018.
Development and validation of a simplified method to generate human microglia from
pluripotent stem cells. Mol Neurodegener 13:67.

46. Svoboda DS, Barrasa MI, Shu J, Rietjens R, Zhang S, Mitalipova M, Berube P, Fu D, Shultz
LD, Bell GW, Jaenisch R. 2019. Human iPSC-derived microglia assume a primary microglia-
like state after transplantation into the neonatal mouse brain. Proc Natl Acad Sci U S A
116:25293-25303.

47. Xu R, Li X, Boreland AJ, Posyton A, Kwan K, Hart RP, Jiang P. 2020. Human iPSC-derived
mature microglia retain their identity and functionally integrate in the chimeric mouse
brain. Nat Commun 11:1577.

48. Bozhilov YK, Hsu I, Brown EJ, Wilkinson AC. 2023. In Vitro Human Haematopoietic Stem
Cell Expansion and Differentiation. Cells 12.

49. Choi KD, Vodyanik M, Slukvin, 1l. 2011. Hematopoietic differentiation and production of
mature myeloid cells from human pluripotent stem cells. Nat Protoc 6:296-313.

50. McQuade A, Blurton-Jones M. 2022. Human Induced Pluripotent Stem Cell-Derived
Microglia (hiPSC-Microglia). Methods Mol Biol 2454:473-482.

51. O'Brien WA, Koyanagi Y, Namazie A, Zhao JQ, Diagne A, Idler K, Zack JA, Chen IS. 1990.
HIV-1 tropism for mononuclear phagocytes can be determined by regions of gp120
outside the CD4-binding domain. Nature 348:69-73.

52. Costantino CM, Gupta A, Yewdall AW, Dale BM, Devi LA, Chen BK. 2012. Cannabinoid
receptor 2-mediated attenuation of CXCR4-tropic HIV infection in primary CD4+ T cells.
PLoS One 7:e33961.

53. Durham ND, Chen BK. 2016. Measuring T Cell-to-T Cell HIV-1 Transfer, Viral Fusion, and
Infection Using Flow Cytometry. Methods Mol Biol 1354:21-38.

54. Esposito AM, Cheung P, Swartz TH, Li H, Tsibane T, Durham ND, Basler CF, Felsenfeld DP,
Chen BK. 2016. A high throughput Cre-lox activated viral membrane fusion assay identifies
pharmacological inhibitors of HIV entry. Virology 490:6-16.

55. Durham ND, Chen BK. 2015. HIV-1 Cell-Free and Cell-to-Cell Infections Are Differentially
Regulated by Distinct Determinants in the Env gp41 Cytoplasmic Tail. J Virol 89:9324-37.

56. Law KM, Komarova NL, Yewdall AW, Lee RK, Herrera OL, Wodarz D, Chen BK. 2016. In Vivo
HIV-1 Cell-to-Cell Transmission Promotes Multicopy Micro-compartmentalized Infection.
Cell Rep 15:2771-83.

57. Verkhusha VV, Kuznetsova IM, Stepanenko OV, Zaraisky AG, Shavlovsky MM, Turoverov
KK, Uversky VN. 2003. High stability of Discosoma DsRed as compared to Aequorea EGFP.
Biochemistry 42:7879-84.

58. Baird GS, Zacharias DA, Tsien RY. 2000. Biochemistry, mutagenesis, and oligomerization
of DsRed, a red fluorescent protein from coral. Proc Natl Acad Sci U S A 97:11984-9.

59. Jin M, Ma Z, Jiang P. 2022. Generation of iPSC-based human-mouse microglial brain
chimeras to study senescence of human microglia. STAR Protoc 3:101847.

60. Vlahov D, Graham N, Hoover D, Flynn C, Bartlett JG, Margolick JB, Lyles CM, Nelson KE,
Smith D, Holmberg S, Farzadegan H. 1998. Prognostic indicators for AIDS and infectious


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

disease death in HIV-infected injection drug users: plasma viral load and CD4+ cell count.
JAMA 279:35-40.

61. Mellors JW, Rinaldo CR, Jr., Gupta P, White RM, Todd JA, Kingsley LA. 1996. Prognosis in
HIV-1 infection predicted by the quantity of virus in plasma. Science 272:1167-70.

62. Mellors JW, Munoz A, Giorgi JV, Margolick JB, Tassoni CJ, Gupta P, Kingsley LA, Todd JA,
Saah AJ, Detels R, Phair JP, Rinaldo CR, Jr. 1997. Plasma viral load and CD4+ lymphocytes
as prognostic markers of HIV-1 infection. Ann Intern Med 126:946-54.

63. Morgello S. 2018. HIV neuropathology. Handb Clin Neurol 152:3-19.

64. Solomon IH, Chettimada S, Misra V, Lorenz DR, Gorelick RJ, Gelman BB, Morgello S,
Gabuzda D. 2020. White Matter Abnormalities Linked to Interferon, Stress Response, and
Energy Metabolism Gene Expression Changes in Older HIV-Positive Patients on
Antiretroviral Therapy. Mol Neurobiol 57:1115-1130.

65. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR, Dustin ML, Gan WB.
2005. ATP mediates rapid microglial response to local brain injury in vivo. Nat Neurosci
8:752-8.

66. Wolf SA, Boddeke HW, Kettenmann H. 2017. Microglia in Physiology and Disease. Annu
Rev Physiol 79:619-643.

67. D'Souza SS, Maufort J, Kumar A, Zhang J, Smuga-Otto K, Thomson JA, Slukvin, Il. 2016.
GSK3beta Inhibition Promotes Efficient Myeloid and Lymphoid Hematopoiesis from Non-
human Primate-Induced Pluripotent Stem Cells. Stem Cell Reports 6:243-56.

68. Ryan SK, Gonzalez MV, Garifallou JP, Bennett FC, Williams KS, Sotuyo NP, Mironets E, Cook
K, Hakonarson H, Anderson SA, Jordan-Sciutto KL. 2020. Neuroinflammation and EIF2
Signaling Persist despite Antiretroviral Treatment in an hiPSC Tri-culture Model of HIV
Infection. Stem Cell Reports 14:703-716.

69. Eltalkhawy YM, Takahashi N, Ariumi Y, Shimizu J, Miyazaki K, Senju S, Suzu S. 2023. iPS
cell-derived model to study the interaction between tissue macrophage and HIV-1. J
Leukoc Biol doi:10.1093/jleuko/qiad024.

70. Allers K, Hutter G, Hofmann J, Loddenkemper C, Rieger K, Thiel E, Schneider T. 2011.
Evidence for the cure of HIV infection by CCR5Delta32/Delta32 stem cell transplantation.
Blood 117:2791-9.

71. Gupta RK, Peppa D, Hill AL, Galvez C, Salgado M, Pace M, McCoy LE, Griffith SA, Thornhill
J, Alrubayyi A, Huyveneers LEP, Nastouli E, Grant P, Edwards SG, Innes AJ, Frater J, Nijhuis
M, Wensing AMJ, Martinez-Picado J, Olavarria E. 2020. Evidence for HIV-1 cure after
CCR5Delta32/Delta32 allogeneic haemopoietic stem-cell transplantation 30 months post
analytical treatment interruption: a case report. Lancet HIV 7:e340-e347.

72. Gupta RK, Abdul-Jawad S, McCoy LE, Mok HP, Peppa D, Salgado M, Martinez-Picado J,
Nijhuis M, Wensing AMJ, Lee H, Grant P, Nastouli E, Lambert J, Pace M, Salasc F, Monit C,
Innes AJ, Muir L, Waters L, Frater J, Lever AML, Edwards SG, Gabriel IH, Olavarria E. 2019.
HIV-1  remission following CCR5Delta32/Delta32 haematopoietic  stem-cell
transplantation. Nature 568:244-248.

73. Anonymous. 2023. HIV-1 cure after CCR5Delta32/Delta32 allogeneic hematopoietic stem
cell transplantation. Nat Med 29:547-548.

74. Hsu J, Van Besien K, Glesby MJ, Pahwa S, Coletti A, Warshaw MG, Petz L, Moore TB, Chen
YH, Pallikkuth S, Dhummakupt A, Cortado R, Golner A, Bone F, Baldo M, Riches M, Mellors
JW, Tobin NH, Browning R, Persaud D, Bryson Y, International Maternal Pediatric


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Adolescent ACTNPT. 2023. HIV-1 remission and possible cure in a woman after haplo-cord
blood transplant. Cell 186:1115-1126 €8.

75. Behrendt R, Schumann T, Gerbaulet A, Nguyen LA, Schubert N, Alexopoulou D, Berka U,
Lienenklaus S, Peschke K, Gibbert K, Wittmann S, Lindemann D, Weiss S, Dahl A, Naumann
R, Dittmer U, Kim B, Mueller W, Gramberg T, Roers A. 2013. Mouse SAMHD1 has
antiretroviral activity and suppresses a spontaneous cell-intrinsic antiviral response. Cell
Rep 4:689-96.

76. Rehwinkel J, Maelfait J, Bridgeman A, Rigby R, Hayward B, Liberatore RA, Bieniasz PD,
Towers GJ, Moita LF, Crow YJ, Bonthron DT, Reis e Sousa C. 2013. SAMHD1-dependent
retroviral control and escape in mice. EMBO J 32:2454-62.

77. Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, Dragin L, Bloch N, Maudet C,
Bertrand M, Gramberg T, Pancino G, Priet S, Canard B, Laguette N, Benkirane M, Transy
C, Landau NR, Kim B, Margottin-Goguet F. 2012. SAMHD1 restricts the replication of
human immunodeficiency virus type 1 by depleting the intracellular pool of
deoxynucleoside triphosphates. Nat Immunol 13:223-228.

78. Bloch N, Glasker S, Sitaram P, Hofmann H, Shepard CN, Schultz ML, Kim B, Landau NR.
2017. A Highly Active Isoform of Lentivirus Restriction Factor SAMHD1 in Mouse. J Biol
Chem 292:1068-1080.

79. Kim B, Nguyen LA, Daddacha W, Hollenbaugh JA. 2012. Tight interplay among SAMHD1
protein level, cellular dNTP levels, and HIV-1 proviral DNA synthesis kinetics in human
primary monocyte-derived macrophages. J Biol Chem 287:21570-4.

80. Honeycutt JB, Garcia JV. 2018. Humanized mice: models for evaluating NeuroHIV and cure
strategies. J Neurovirol 24:185-191.

81. Dash PK, Gorantla S, Poluektova L, Hasan M, Waight E, Zhang C, Markovic M, Edagwa B,
Machhi J, Olson KE, Wang X, Mosley RL, Kevadiya B, Gendelman HE. 2021. Humanized
Mice for Infectious and Neurodegenerative disorders. Retrovirology 18:13.

82. Waight E, Zhang C, Mathews S, Kevadiya BD, Lloyd KCK, Gendelman HE, Gorantla S,
Poluektova LY, Dash PK. 2022. Animal models for studies of HIV-1 brain reservoirs. J
Leukoc Biol 112:1285-1295.

83. Wu X, Liu L, Cheung KW, Wang H, Lu X, Cheung AK, Liu W, Huang X, Li Y, Chen ZW, Chen
SM, Zhang T, Wu H, Chen Z. 2016. Brain Invasion by CD4(+) T Cells Infected with a
Transmitted/Founder HIV-1BJZS7 During Acute Stage in Humanized Mice. ) Neuroimmune
Pharmacol 11:572-83.

84. Honeycutt JB, Wahl A, Baker C, Spagnuolo RA, Foster J, Zakharova O, Wietgrefe S, Caro-
Vegas C, Madden V, Sharpe G, Haase AT, Eron JJ, Garcia JV. 2016. Macrophages sustain
HIV replication in vivo independently of T cells. J Clin Invest 126:1353-66.

85. Kincer LP, Schnell G, Swanstrom R, Miller MB, Spudich S, Eron JJ, Price RW, Joseph SB.
2022. HIV-1is Transported into the Central Nervous System by Trafficking Infected Cells.
Pathog Immun 7:131-142.

86. Rahimy E, Li FY, Hagberg L, Fuchs D, Robertson K, Meyerhoff DJ, Zetterberg H, Price RW,
Gisslen M, Spudich S. 2017. Blood-Brain Barrier Disruption Is Initiated During Primary HIV
Infection and Not Rapidly Altered by Antiretroviral Therapy. J Infect Dis 215:1132-1140.

87. Spudich S, Gonzalez-Scarano F. 2012. HIV-1-related central nervous system disease:
current issues in pathogenesis, diagnosis, and treatment. Cold Spring Harb Perspect Med
2:a007120.


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

88. Osborne O, Peyravian N, Nair M, Daunert S, Toborek M. 2020. The Paradox of HIV Blood-
Brain Barrier Penetrance and Antiretroviral Drug Delivery Deficiencies. Trends Neurosci
43:695-708.

89. Haase AT. 1986. Pathogenesis of lentivirus infections. Nature 322:130-6.

90. Peluso R, Haase A, Stowring L, Edwards M, Ventura P. 1985. A Trojan Horse mechanism
for the spread of visna virus in monocytes. Virology 147:231-6.

91. Mitchell AC, Javidfar B, Bicks LK, Neve R, Garbett K, Lander SS, Mirnics K, Morishita H,
Wood MA, Jiang Y, Gaisler-Salomon |, Akbarian S. 2016. Longitudinal assessment of
neuronal 3D genomes in mouse prefrontal cortex. Nat Commun 7:12743.


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1
A. N N

PSC Diffefendation  MDISGRRARSAN

B. HIv-1 JRFL-Cre C.
loxP e K
CAG > [2] O
<+> stop
—fat
——=]gag [vif]  [URFL env]cre[IRES] TR U‘i +  HIV-1 JRFL- Cre) Jv
po MM -I_ loxP f*«
(1] 7] A PO 4
D. iMG + HIV-JRFL Cre 20ng p24 E.
| merged *
A4—
4 S
@ 31 {
2 )
+ 2
&
merged © 14 ] E
0 1 1 1 1
0 5 10 15 20
HIV-1 p24 (ng)
171b HIV-1 p24 w N © 0 = S
——l— (-ngF)) R 82Y < 86 s e °
Before Cre: loxP loxP
aotbp 1171bp
loxP 401bp

After Cre: ’ -


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2
A. # x

# ’Qﬁ
' - - HE v
A ( ) i '9V,,9,rJP
, O _ iDL [ s
huPBMC HIV
Peripheral Xenograft Infection
Postnatal Week ~4 Weeks
Day 0-2 6-10 Post-PBMC

Scale: 500um

Scale: 25um


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538461,; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
Fig u re 3 available under aCC-BY-NC-ND 4.0 International license.

A. 10000 - PBMC no PBMC

T

> i

2 1000 o o

(@)

O 100- o

>

E 10_0 o ®

~ o

o)) 14

O o ©
Mouse 1 2 3 4 56 7 8 9

[ 1 | I | ] : 1 1 1 [

IP ICV  IP ICV

B. HIV-1 infected

Uninfected

Scale: 50um

C. HIV-tinfected

Uninfected

Scale: 50um


https://doi.org/10.1101/2023.04.26.538461
http://creativecommons.org/licenses/by-nc-nd/4.0/

