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Abstract: The achievement of an HIV cure is dependent on the eradication or permanent silencing of
HIV-latent viral reservoirs, including the understudied central nervous system (CNS) reservoir. This
requires a deep understanding of the molecular mechanisms of HIV'’s entry into the CNS, latency
establishment, persistence, and reversal. Therefore, representative CNS culture models that reflect the
intercellular dynamics and pathophysiology of the human brain are urgently needed in order to study
the CNS viral reservoir and HIV-induced neuropathogenesis. In this study, we characterized a human
cerebral organoid model in which microglia grow intrinsically as a CNS culture model to study HIV
infection in the CNS. We demonstrated that both cerebral organoids and isolated organoid-derived
microglia (0MG), infected with replication-competent HIVbal reporter viruses, support productive
HIV infection via the CCR5 co-receptor. Productive HIV infection was only observed in microglial
cells. Fluorescence analysis revealed microglia as the only HIV target cell. Susceptibility to HIV
infection was dependent on the co-expression of microglia-specific markers and the CD4 and CCR5
HIV receptors. Altogether, this model will be a valuable tool within the HIV research community to
study HIV-CNS interactions, the underlying mechanisms of HIV-associated neurological disorders
(HAND), and the efficacy of new therapeutic and curative strategies on the CNS viral reservoir.

Keywords: microglia; HIV; HIV-associated neurocognitive disorder; neuropathogenesis; central
nervous system; organoid; matrigel

1. Introduction

HIV enters the central nervous system (CNS) early during infection mainly through
infected monocytes or CD4+ T lymphocytes and, to a lesser extent, as viral particles
crossing the blood-brain barrier (BBB) [1-3]. Despite this modern era of antiretroviral
therapy (ART), characterized by the suppression of HIV replication, roughly 50% of treated
HIV-infected individuals are afflicted with a range of cognitive impairments, collectively
termed HIV-associated neurocognitive disorders (HAND) [4,5]. The onset and progression
of HAND are still unknown but hypothesized to be multifactorial, including continued
immune dysregulation and residual chronic inflammation in response to viral persistence
and production, and the ensuing accumulation of cytotoxic viral proteins [6-8].
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Once it crosses the BBB, HIV mainly infects microglia and, to a lesser extent, macrophages
that express both the CD4 and the CCR5 co-receptors required for productive HIV infec-
tion [9]. HIV DNA and/or RNA have been detected in 1-10% of microglia and macrophages
in both untreated and virally suppressed individuals who died with and without (severe)
HAND [10-14]. HIV DNA has also been detected in the astrocytes (0.4-5.2%) of virally
suppressed individuals; however, whether astrocytes support productive HIV infection
remains controversial, as they do not express the CD4 receptor [15,16]. Instead, HIV entry
into astrocytes is proposed to occur via receptor-mediated endocytosis or direct cell-to-cell
contact with CD4+ infected T-cells [16-20]. Neurons, however, are presumed to be overall
resistant to HIV infection. Furthermore, microglia and, to a lesser extent, astrocytes have
a long lifespan and can undergo cell division, which enables them to function as a stable,
long-term HIV reservoir in the CNS [16,21,22].

To achieve an HIV cure, we need to eradicate or permanently silence all HIV viral
reservoirs, including the CNS. Hence, we need a thorough understanding of the molecular
mechanisms of HIV CNS entry, latency establishment, viral persistence, HIV-induced neu-
ropathogenesis, and reactivation of the latent virus. However, due to ethical and technical
restrictions, neuroHIV research has been predominantly confined to the examination of
postmortem brain tissue and two-dimensional (2D) CNS culture models, such as primary
cultures from human brain tissues and in vitro-differentiated CNS cells [23-27]. Alterna-
tively, non-human primates (NHP) and genetically modified mouse models have been
used. Considering HIV-1 does not infect NHPs and rodents, recapitulating the human
disease requires genetic manipulation of the host or HIV, thereby making it more difficult
to translate these animal studies to the in vivo scenario [28-33].

Recent advancements in stem cell technologies have enabled researchers to func-
tionally model a diverse range of human organs. Cerebral organoids are self-organized,
three-dimensional (3D) cell aggregates that mimic the brain’s cytoarchitecture and the
molecular composition of the developing human brain [34-36]. Cerebral organoids have
been used to model several neurodevelopmental disorders [37,38] and neurotropic infec-
tious diseases such as Zika (ZIKV), human cytomegalovirus (CMV), herpes simplex virus
(HSV), and, more recently, SARS-CoV-2 [39,40].

However, as cerebral organoids are neuroectoderm-derived, a major limitation has
been the lack of microglia due to their distinct developmental origin from the mesoderm
lineage. Several researchers attempted to rectify this deficiency by introducing microglia
into cerebral organoids [41-44]. Alternatively, we have successfully generated cerebral
organoids in which microglia grow intrinsically [45]. Given the critical role of the CNS in
latency persistence and the limitations of current in vitro culture models, cerebral organoids
are quickly gaining interest in the HIV research community. Very recently, Dos reis et al. [44]
presented an HIV-infected cerebral organoid model that supports productive viral infection
by introducing HIV-infected human primary microglia and immortalized HMC3 microglial
cell lines to their 3D cerebral organoid model. In this study, we characterized HIV infection
in a cerebral organoid model in which microglia developed intrinsically [45] and related this
to the infection of organoid-derived microglia (oMG) and primary human microglia (pMG).

2. Materials and Methods
2.1. Generation of 3D Human Microglia-Containing Cerebral Organoids

Induced pluripotent stem-cell (iPSC) lines (OH1.5, OH2.6 and OH3.1) were generated
from human fibroblasts isolated from skin biopsy samples obtained from 3 healthy donors
and have been described before [45,46]. The generation and characterization of the iPSC
cell lines were performed by the MIND facility of the UMC. Three-dimensional cerebral
organoids were differentiated from the iPSC cell lines, as described before [45]. After
matrigel embedment, organoids were transferred to a petri dish and kept in organoid
differentiation medium without retinoic acid (RA). Four days later, the medium was
supplemented with retinoic acid, and the petri dishes were placed on a belly dancer shaker
(stand 4; IBI Scientific BDRLS0001). No changes were made in the composition of the neural
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induction or organoid differentiation media. Organoids were qualitatively selected for
downstream experiments following the previously described guidelines [47].

2.2. Generation of 2D Human Cerebral Organoid Dissociates

To assess the susceptibility of cells within the organoids to HIV infection, we first
dissociated the 3D organoids to 2D organoid dissociates according to the protocol published
by Janssens et al. [48] with some minor modifications. In short, organoids were dissociated
using accutase (Innovative Cell Technologies, AT104, San Diego, CA, USA) and plated on
matrigel-coated 6-well plates. Organoids were either dissociated separately (single method)
or together in a pool of 2-3 organoids (pooled method). After centrifugation, the pellet
was collected in organoid differentiation medium with RA and 1 mL organoid suspension
was plated per well. After plating, 2D cultures were maintained for 6 days, and 50% of the
medium was changed every 2-3 days.

2.3. Isolation and Culture of Primary and Organoid-Derived Microglia

Fresh postmortem adult human brain tissue was provided by the Netherlands Brain
Bank (NBB). All subjects gave their informed consent for inclusion before they participated
in the study. Primary microglia were isolated according to the protocol described before
with some minor modifications for human brain tissue [49]. Organoids were dissociated
into a single-cell suspension by enzymatic dissociation using papain (18.6 U/mL, Worthing-
ton, LK003176, Columbus, OH, USA) and DNAse 1 (337 U/mL, Worthington, LK003170)
according to the protocol published before [45].

Microglia enrichment was achieved by positive selection for CD11b expression, using
magnetic-activated cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany) accord-
ing to the manufacturer’s protocol. Primary microglia (pMG) or organoid-derived mi-
croglia (oMG) were cultured in poly-L-lysine hydrobromide (PLL)-coated 96-well plates
(1 x 10 cells/well) in microglia medium (RPMI 1640; Gibco Life Technologies, Carlsbad,
CA, USA) supplemented with 10% FCS, 1% penicillin-streptomycin (Gibco Life Technolo-
gies, USA) and 100 ng/mL IL-34 (Miltenyi Biotec, Germany)).

2.4. Viral Preparation and HIV Infection

The HxB2(Balgp160) luciferase reporter viruses (HxB2Luc and HxB2Balgp160Luc) and
the NL4-3Balgp160 GFP reporter virus (NL4-3Balgp160GFP) were generated, as described
before [26,50]. Hek-293T cells were transfected with the infectious plasmids (HxB2Luc,
HxB2Balgp160Luc, and NL4-3Balgp160GFP) using lipofectamine 2000 reagent (Invitrogen).
Supernatant containing replication competent virus was harvested 48 h post-transfection
and stored at —80 °C until further use. p24 was determined with ELISA p24 assay (Aalto
Bioreagent, Dublin, Ireland).

PMG and oMG were infected with 10 ng (p24 Gag) HIVbal (HXB2Balgp160Luc) or
HIVbalGFP (NL4-3Balgp160GFP). The medium was fully replaced the next day and cells
were cultured in microglia medium for 13-15 days without medium refreshment. For
maraviroc (MVC) treatment, pMG and oMG were treated with 200 nM Maraviroc (MVC)
for 1 h before infection. The next day, after medium replacement, cells were cultured in
microglia medium with 100 nM MVC for 13-15 days without medium refreshment. To
analyze new rounds of infection, 100 nM MVC was added to the culture medium 3 days
post-infection. All experiments were carried out in duplicate for each condition.

The 2D organoid dissociates and 3D organoids were infected overnight with 100 ng
(p24 Gag) HxB2 (HxB2Luc), HIVbal, or HIVbalGFP. The next day, the medium was fully
replaced and culture was continued in organoid differentiation medium with RA. For MVC
and Raltegravir (RAL) treatment, 2D organoid dissociates and 3D organoids were treated
with 200 nM MVC or 400 nM RAL for 2 h before infection. Following medium replacement,
culture was continued in organoid differentiation medium with RA with 100 nM MVC or
200 nM RAL. To maximize viral infection, half of the medium was refreshed only 1x per
week. All experiments were carried out in duplicate or triplicate. As a negative control
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for virus capture and release, we also generated empty Matrigel droplets using the same
method as we use for embedding cerebral organoids: 30 uL droplets of matrigel (Corning,
356234) were made on indented parafilm and placed in the incubator (37 °C, 5% CQO,) for
30 min to solidify. Matrigel droplets were then transferred to a 24-well plate and infected
with the same protocol as for the 3D organoids.

2.5. Luminescence and Immunofluorescence

For luminescence measurements, supernatant was collected 2-3x per week and mea-
sured using the Nano-Glo® Luciferase Assay System (Promega) according to the manu-
facturer’s protocol. Graphs were generated with GraphPad Prism version 8.3.0 (Graph-
Pad Software) and depict the mean and range.

For immunostaining, 2D organoid dissociates were washed with PBS and fixed with
4% PFA for 2 h at RT. 3D organoids were washed with PBS and fixed with 4% PFA overnight
at 4 °C, followed by 30% sucrose solution incubation for 2 days at 4 °C. The 3D organoids
were then embedded in tissue tek (VWR, 25608-930) and sectioned at a thickness of 20 uM
using a cryostat (Leica CM3050S). The 2D organoid dissociates and 3D organoids were
stained according to the protocol described before [45]. See Supplementary Table S1 for
antibodies used in this study. Images were obtained with a Zeiss Axio-Scope A1 or Fluoview
FV1000 confocal microscope.

2.6. Gene Expression Analysis with Real-Time PCR

RNA isolation was performed with the RNeasy kit (Qiagen, Hilden, The Netherlands),
including DNAse treatment according to the manufacturer’s protocol. Downstream gene
expression analyses were conducted in duplicate from 2 different donors (pMG) or 3 dif-
ferent iPSC lines (2D organoid dissociates and 3D organoids). cDNA synthesis and qPCR
were performed as described before [26]. Primer sequences are listed in Supplementary
Table S2. Absolute gene expression levels were determined (2ACT) and normalized to the
reference gene Beta-actin (ACTB). Graphs were generated using GraphPad Prism version
8.3.0 (GraphPad Software).

2.7. Single-Cell Sequencing of Cerebral Organoids with SORT-Seq

To further assess the expression of HIV receptors in cerebral organoids at the single-cell
level, we made use of an available cerebral organoid single-cell dataset (Kiibler in prepa-
ration) focused on the inflammatory responses of cerebral organoids. Cerebral organoids
generated from OH1.5 and OH2.6 were dissociated at week 9 of differentiation. Viable
single cells were FACS sorted based on 7AAD (Dead/alive) and CD45 expression (mi-
croglia) into 384-well plates, called cell capture plates, which were ordered from Single
Cell Discoveries, a single-cell sequencing service provider based in the Netherlands. Each
well of a cell capture plate contains a small, 50 nl droplet of barcoded primers and 10 pL of
mineral oil (Sigma M8410). After sorting, plates were immediately centrifuged, snap-frozen,
and shipped on dry ice to Single Cell Discoveries, where single-cell RNA sequencing was
performed according to an adapted version of the SORT-seq protocol (Muraro et al. [51]
with primers described in van den Brink et al. [52]). Cells were heat-lysed at 65 °C followed
by cDNA synthesis. After second-strand cDNA synthesis, all the barcoded material from
one plate was pooled into one library and amplified using in vitro transcription (IVT).
Following amplification, library preparation was performed following the CEL-Seq2 pro-
tocol [53] to prepare a cDNA library for sequencing using TruSeq small RNA primers
(IIlumina). The DNA library was paired-end sequenced on an Illumina Nextseq™ 500,
high output, with a1 x 75 bp Illumina kit (read 1: 26 cycles, index read: 6 cycles, read 2:
60 cycles).

During sequencing, Read 1 was assigned 26 base pairs and was used to identify the
Ilumina library barcode, cell barcode, and UMI. Read 2 was assigned 60 base pairs and
used to map to the reference transcriptome Homo sapiens hg19 (including mitochondrial
genes) with BWA-MEM [54]. Data was demultiplexed, as described in Griin et al. [55].
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Mapping and generation of count tables were automated using the MapAndGo script [56].
Unsupervised clustering and differential gene expression analysis was performed with the
Seurat R toolkit [57,58].

Briefly, we merged each plate’s count matrix into a single Seurat object and then
applied stringent quality control (QC) metrics to filter out cells. Before QC, we removed
ERCC spike-in genes and genes that were expressed in less than five cells. Based on the
distribution of UMI and gene counts per cell, we removed 950 cells with less than 1.000 UMI
counts and 400 gene counts. Raw counts were log-normalized with the NormalizeCounts
function. Normalized counts were corrected for variance from log UMI count, cell line, days
in vitro, and plate covariates using the ScaleData function. Using the corrected count matrix,
we constructed a shared nearest-neighbor graph with the FindNeighbours function using
the first 14 principal components. We calculated clusters based on the Leiden algorithm [59]
with the FindClusters function (resolution = 0.6, iterations = 20). tSNE plots were calculated
with the RunTSNE command. Marker genes for each cluster were identified with the
Wilcox rank sum test using the Find AllMarkers function. Clusters were annotated with
cell-type identity by calculating gene-set enrichment odds ratio and median log-fold change
of cell-type gene sets per cluster. Gene sets were extracted from organoid studies by Kanton
et al. and Quadrato et al. [60,61]. We used a microglia core signature list by Patir et al. [62]
to identify organoid-derived microglia.

3. Results
3.1. Cerebral Organoids Contain Microglia, Astrocytes, and Neurons

Human iPSCs were differentiated into microglia-containing cerebral organoids accord-
ing to the protocol previously described [45]. These organoids contain intrinsically grown
microglia (Ibal), astrocytes (5100b), and neurons (Tujl) and express specific genes for mi-
croglia (AIF1, TMEM119, P2RY12, CX3CR1, CSF1R, TREM?), astrocytes (GFAP, ALDH1L1),
and neurons (MAP2, NEUN, TBR2) (Figure 1A,B). Single-cell RNA sequencing confirmed
the presence of cell clusters enriched with markers for microglia, neurons, astroglia, en-
dothelial cells, oligodendrocytes, and a variety of CNS progenitor and precursor cells
(Figure 1C). As we have previously shown by bulk RNA-seq analysis on oMG [45], we
show that the microglia cluster from the single-cell analysis exhibits a consistently high
expression of microglia signature genes [62], including markers that are often not expressed
on other microglial culture models, such as TMEM119 [26] (Figure 1D). Next, we assessed
the expression of the main HIV receptors (CD4, CXCR4 and CCRb) required for viral en-
try. CD4 expression was detected on microglia, whereas CXCR4 was mostly detected on
non-microglia cell clusters, including astroglia, neuronal/forebrain, and dorsal/ventral
progenitors, in line with other cerebral organoid scRNA-seq datasets [60,61] (Figure 1E).
CCR5 expression was detected on a small fraction of microglial cells and not on other cell
clusters, suggesting that without targeted sequencing approaches, SORT-seq reaches a
detection threshold concerning this gene.
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Figure 1. Cerebral organoids exhibit microglia, astrocyte, and neuronal cells and express HIV receptors.
(A) Double immunostainings of S100b (astrocyte), IBA1 (microglia), and Tujl (neurons) combined with
nuclear staining Hoechst after 8 weeks in culture. Representative pictures of cerebral organoids from
iPSC line OH1.5 are shown. Magnification of 20x and 40 x was used. (B) mRNA expression levels of
microglia, astrocyte, and neuron-specific markers and HIV receptors were assessed by qRT-PCR. Gene
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expression was normalized to the reference gene ACTB. The means + standard errors of the means are
shown. (C-E) SORT-seq data of LPS-stimulated organoids after 9-10 weeks in culture. (C) Annotated
clusters on tSNE plot. Cluster 5 (C5) was only partially annotated. Cluster 9 (C9) was not annotated.
(D) Heatmap of Patir et al. (2019) microglia signature gene expression across each cluster. (E) Violin
plots of CD4, CCR5, and CXCR4 gene expression. Expression levels shown are log-normalized and
covariate corrected.

3.2. Organoid-Derived Microglia Support HIV Infection via the CCR5 Receptor

Microglia grown intrinsically within organoids (oMG) have been extensively char-
acterized and reported to resemble primary microglia at the whole-transcriptome and
functional level [45]. To determine whether oMG are susceptible to HIV infection, we
isolated microglia from 3D cerebral organoids generated from two iPSC lines (OH1.5 and
OH3.1) and infected them with 10 ng (p24 Gag) of CCR5 M-tropic HIV-1 HxB2Balgp160
Luciferase reporter virus (HIVbal). Using the same experimental conditions, viral infections
were performed in human primary microglia (pMG). Virus production was measured in the
form of luminescence released over time. oMG were found to support HIV infection and
production; however, contrary to pMG that show a continuous increase in virus production
up to day 14, oMG reached peak infection on day 6 (Figure 2A,B). This may be explained
by the higher sensitivity to cell death we observed in oMG compared to primary microglia
(Supplementary Figure S1).

Primary Microglia B Organoid-derived microglia
000,0009 ¢ ponor1 @ Donor 2 = il 100000094 15 @ oHa1 — HiVbal
— HiVbal + MVC D3
100,000 — HIVbal + MVC D3 °
— HiVbal+MVCD-1 & — HiVbal + MVC D-1
10,000 8
0
[
[ =
1000 £
=]
-
100
10 ] 1 1 1 1
0 2 4 10 12 14
Days post-infection Days post-infection
Organoid-derived microglia D Primary microglia

7
/)

Figure 2. Primary microglia and organoid-derived microglia support productive HIV infection.
(A) Organoid-derived microglia and (B) primary microglia were infected with HIVbal and treated
with MVC (200 nM) pre-infection (D-1) and 3 days post-infection (D3). Supernatant was collected at
each timepoint and analyzed for luciferase activity. The means + standard errors of the means are
shown. Representative pictures of (C) organoid-derived microglia (OH1.5) and (D) primary microglia
infected with HIVbalGEFP, taken in culture after 9 (0MG) and 11 days (pMG) of infection. All pictures
were taken with a magnification of 20x.
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The addition of Maraviroc (MVC), a CCR5 inhibitor, before infection (Day-1) restricted
viral infection in both oMG and pMG, indicating specific viral entry via the CCR5 coreceptor
(Figure 2A,B). Interestingly, the addition of MVC on day 3 post-infection showed no viral
suppression, suggesting that the increase in luminescence observed in pMG and oMG
is due to continued viral production, as opposed to new rounds of infection after day
3. Furthermore, susceptibility of oMG to HIV infection was confirmed by the detection
of GFP+ oMG following infection with 10 ng (p24 Gag) of HIV-1 NL4-3Balgp160 GFP
reporter virus (HIVbalGFP) (Figure 2C). The distribution of intracellular GFP protein and
fluorescence intensity of GFP+ oMG was similar to GFP+ pMG (Figure 2D).

3.3. 2D Organoid Dissociates

After confirming HIV infection of oMG, we investigated whether HIV infection is
supported in the microenvironment of the cerebral organoid. First, we enzymatically
dissociated 3D organoids to 2D organoid dissociates, which were subsequently kept in
culture for 7 days to re-establish cellular interactions in 2D culture [48]. Infection of 2D
organoid dissociates with 100 ng (p24 Gag) HIVbal showed viral infection and continuous
virus production up to day 14 that could be inhibited by the addition of MVC or Raltegravir
(Ral) before infection (Day-1) (Figure 3A). Infection of 2D organoid dissociates with the
CXCR4 tropic HIV-1 HxB2-luciferase reporter virus (HxB2) was not supported. Ormel et al.,
2018 [45], reported higher numbers of ramified microglia and the expression of mature
microglial markers in 3D organoids cultured for 5 weeks compared to 3 weeks; therefore,
we evaluated whether the susceptibility to HIV infection is influenced by the developmental
stage of the organoid by generating a timeline starting from week 3 and up to week 9 in
culture. Interestingly, we observed higher viral production in week 3 and 6 compared to
week 7, 8, and 9 (Figure 3B). Gene expression analysis revealed a higher expression of AIF1,
CD4, and CCR5 in week 3 and week 6 organoid dissociates, whereas the expression of
astrocyte- and neuron-specific markers was generally similar to the organoid dissociates of
week 7, 8, and 9 (Figure 4). This suggests that the susceptibility of 2D organoid dissociates
to HIV infection is dependent on the prevalence of microglia and the expression of CD4
and CCR5. Accordingly, 2D organoid dissociates generated from the OH2.6 iPSC line were
not susceptible to HIV infection, most likely due to the low expression of CD4 and CCR5,
despite having a high expression of microglia-specific markers (Figures 3B and 4).

Next, we sought to enhance viral infection in these 2D organoid dissociates through
minor modification of the dissociation protocol, originally described by Janssens et al.,
2019 [48]. Briefly, we dissociated each organoid separately, instead of a pool of three
organoids, then plated the cell suspension of each organoid in a Matrigel-coated 6-well
plate so that each well contained the cell suspension derived from one organoid. With this
new dissociation protocol, referred to as single dissociation, we were able to increase viral
infection by 10-fold (Figure 5A). Despite the optimized protocol, 2D organoid dissociates
from the OH2.6 iPSC line did not support HIV infection, highlighting the importance of
choosing the right iPSC line for generating cerebral organoids that are susceptible to HIV
infection. To further confirm HIV infection of OH1.5-derived 2D organoid dissociates, and
to determine the target cells of HIV, we infected 2D organoid dissociates with HIVbalGFP.
GFP was detected exclusively in microglia (Ibal+) within 4 days of infection, indicating that,
within the 2D cerebral model system, microglia are the only HIV target cells (Figure 5B).
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Figure 3. Two-dimensional organoid dissociates support productive HIV-1 infection. (A) Week 5
2D organoid dissociates were infected with HIVbal and HxB2 and treated with MVC (100 nM) and
Ral (200 nM) pre-infection (D-1). Bar graphs represent luciferase activity measured in supernatant

collected on Day 14, post-infection. (B) 2D organoid dissociates starting from week 3 up to week
9 were infected with HIVbal. Cerebral organoids were derived from iPSC line OH1.5 or OH2.6.
Supernatants were collected at each timepoint. Both graphs depict the means + standard errors of

the means.
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Figure 4. mRNA expression levels of microglia, astrocyte, and neuron markers and HIV receptors
in 2D Organoid dissociates. (A) Microglia, (B) astrocyte, (C) neuron markers, and (D) HIV receptor
expression levels were assessed by qRT-PCR and plotted against the highest luminescence value
of corresponding 2D organoid dissociates. Red squares depict the organoid dissociates with the
highest luminescence values. Cerebral organoids were derived from iPSC line OH1.5 or OH2.6. Gene
expression was normalized to the reference gene ACTB.
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Figure 5. Optimization of 2D organoid dissociates HIV infection. (A) 2D organoid dissociates (OH1.5
and OH2.6), dissociated via the pooled and single method, were infected with HIVbal. Supernatant
was collected at each timepoint and analyzed for luciferase activity. The means + standard errors of
the means are shown. (B) Double immunostainings of GFP combined with GFAP (astrocyte) and IBA1
(microglia) at day 7 post-infection of OH1.5 2D organoid dissociates with HIVbalGFP. All pictures
were taken with a magnification of 20x.

3.4. 3D Cerebral Organoids

Following the successful infection of the 2D organoid dissociates, we proceeded to
infect 3D cerebral organoids with HIVbal, starting at week 5 up to week 9. Contrary
to the 2D organoid dissociates that showed continuous virus production, peak infection
was reached within the first week of infection and steadily decreased in the following
weeks, except for week 5 and week 7 organoids (Figure 6A). A similar infectivity and
infection pattern was unexpectedly also observed in the OH2.6 iPSC line, despite not being
susceptible to HIV infection in the 2D organoid dissociates.

To get a better understanding of the luminescence observed from these OH2.6-derived
organoids, we investigated whether Matrigel, used for organoid embedment, has any effect
on the release of the luciferase protein into the culture medium. Infection of Matrigel
droplets with HIVbal resulted in the release of luminescence over time, which was consis-
tent with the luminescence pattern observed after infection of 3D organoids (Figure 6B).
This suggests that, except for week 5 and week 7 organoids, the luminescence measured
was most likely due to luciferase diffusion from the Matrigel and not a result of productive
viral infection. Accordingly, CD4 and CCR5 gene expression was exclusively found in
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week 5 and week 7 organoids (Figure 7). Week 7 organoids also showed high expression of
AIF1. Taken together, this highlights that caution should be taken when using the release of
luciferase in the culture medium as a measurement for viral production.

Lastly, we investigated whether the microglia grown within the organoids can mimic
the multinucleated pathology of HIV-infected microglia often observed in human post-
mortem brain tissue. Three-dimensional cerebral organoids were infected with HIVbalGFP.
GFP+ cells were found exclusively in microglia (Ibal+) within 3 days of infection, further
confirming that microglia are the only target cells of HIV in the 3D organoid model system
(Figure 8A). Interestingly, GFP+ cells also had the characteristic multinucleation observed
in postmortem human brain tissue (Figure 8B).

A 3D Organoids
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Figure 6. HIV infection of 3D organoids. (A) Three-dimensional cerebral organoids, starting from
week 5 up to week 9, were infected with 100 ng (p24 Gag) HIVbal. Cerebral organoids were derived
from iPSC line OH1.5 and OH2.6. (B) Matrigel droplets were infected with 10 ng and 100 ng (p24
Gag) HIVbal. Supernatant was collected at each timepoint and analyzed for luciferase activity. The
means + standard errors of the means are shown.
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Figure 7. mRNA expression levels of microglia and neuron markers and HIV receptors in 3D

Organoids. (A) Microglia and (B) neuron markers and (C) HIV receptor expression levels were

assessed by qRT-PCR and plotted against the highest luminescence value of corresponding 3D

organoid. Red squares depict 3D organoids with continued luminescence release. Cerebral organoids

were derived from iPSC line OH1.5 and OH2.6. Gene expression was normalized to the reference

gene ACTB.
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Hoechst/GFP

D3

Figure 8. Microglia are the only HIV target cells. (A) Double immunostainings of 3D cerebral
organoids (OH1.5) with GFP combined with IBA1 (microglia) at day 3 post-infection with NL4-
3Balgp160GEFP. (B) Representative pictures of GFP+ multinucleated microglia (IBA1+) in 3D cerebral
organoids at day 3 and day 6 post-infection with HIVbalGFP. All pictures were taken with a magnifi-
cation of 40 x.

4. Discussion

To advance our knowledge on the CNS viral reservoir, having a good human repre-
sentative CNS culture model is essential to study the underlying mechanisms of HIV-1
CNS infection, persistence, and reversal. Cerebral organoids are proposed to become a
powerful tool to model the human CNS and advance NeuroHIV Research, with multiple
application possibilities [63]. In this study, we characterized microglia-containing human
cerebral organoids in the context of HIV infection. We demonstrated productive HIV
infection in organoid-derived microglia, 2D organoid dissociates, and 3D organoids. HIV
infection could be successfully inhibited with MVC, indicating that infection is mediated
through the CD4 and CCRS5 co-receptors. Interestingly, the addition of MVC on day 3
revealed that infectivity takes place mainly within the first 3 days of infection, followed by
continued virus production up to day 6 in oMG and day 14 in pMG. This finding, however,
is inconsistent with fluorescence images showing an increase in GFP+ cells in culture over
time, suggesting new rounds of infection [9] (Supplementary Figure S2). However, contrary
to the continuous virus production and viral spread we observed in cultured pMG, HIV
infection in postmortem brain tissue is reported to be focally distributed in about 1 to 10% of
CD68+ microglia/macrophage cells, irrespective of ART treatment and/or HAND [10-14].
This sporadic detection of viral genome was also observed in SIV-infected macaque models,
with an infectivity of 0.268 and 231 IUPM (infectious units per million) in treated and un-
treated macaques [64-68]. These findings suggest that HIV infection in the brain is limited
and takes place without viral spread. In this regard, the low infection of HIV in oMG, 2D
organoid dissociates, and 3D organoids, as compared to cultured pMG, is reflective of the
limited HIV-infected microglial population observed in vivo and in non-human primates.
Interestingly, within the organoids, we also observed microglia clusters in which all cells
were infected as well as uninfected Ibal+ cells that were in close proximity to infected cells,
suggesting a limitation in viral spread (Supplementary Figures S3 and S4). Nonetheless, it
remains to be addressed whether the decrease in viral production observed in oMG after
the first week of infection is due to a higher cell death rate or, potentially, an increased
susceptibility to HIV latency compared to pMG. A small number of astrocytes (0.4-5.2%)
have been reported to be infected by HIV-1, both in vivo and in vitro, mainly through
endocytosis [10,12,15,16,19,69-72]. Within our organoids, HIV infection was only observed
in microglia. This is consistent with dos Reis et al., 2020 [44] and Ryan et al., 2020 [27],
in which microglia were found to be the only HIV target cells within their human brain
organoid (hBORG) and hiPSC-based tri-culture model of neurons, astrocytes and microglia.
However, we acknowledge that our experiments were performed on organoids in which
astrocytes have not yet fully matured and should be repeated with older organoids with
fully matured astrocytes [73]. Furthermore, although the CXCR4 receptor is expressed
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on neurons and, to a lesser extent, astrocytes, cerebral organoids were not susceptible to
the CXCR4-using HxB2 lab strain, most likely due to the lack of co-expression with the
CD#4 receptor.

In line with this finding, susceptibility to HIV infection with HIVbal was found to
be highly dependent on the co-expression of the CD4 and CCRS5 receptor genes and the
microglia-specific marker AIF1 rather than the maturation of the organoid, suggesting that
intrinsically grown microglia are susceptible to HIV infection, irrespective of maturation.
This finding, however, highlights an important limitation of the organoid model, which is
the variability between organoids from the same batch and across iPSC lines, most likely
caused by the self-patterning-based development. Consequently, although OH1.5- and
OH2.6-derived organoids were generated with the same protocol and under the same
conditions, OH2.6-derived organoids had very limited expression of the HIV receptors and
were not susceptible to HIV infection despite the expression of microglia-specific markers
(TMEM119 and P2RY12). Several groups have been able to minimize heterogeneity by
substituting Matrigel for polymer-based scaffolds [74], removing Matrigel before spinning
culture [75], or the use of miniaturized spinning bioreactors for organoid culture [76,77].
Alternatively, cerebral organoids can also be generated in the presence of exogenous
patterning factors to generate specific brain regions with less heterogeneity than unguided
protocols [78]. Nonetheless, we highly recommend researchers perform a pilot experiment
with cerebral organoids derived from different iPSC lines to determine which iPSC line
produces organoids susceptible to HIV infection based on the co-expression of microglia-
specific markers and the major HIV receptors, CD4, CXCR4, and CCR5.

A well-known difficulty of the cerebral organoid model is the development and the
ensuing limited number of microglia (~1%) within the organoids. As microglia are the
main target cell for HIV in the CNS, having a suitable amount of microglia within the
organoids is essential. To mitigate this, Xu et al. [79] co-cultured hPSC-derived primitive
macrophage progenitors (PMPs) and primitive neural progenitor cells (NPCs) at the onset
of 3D organoid formation to generate microglia-containing brain organoids. By control-
ling the starting number of the PMPs and NPCs, they were able to control the ratio of
microglia within the organoids. Alternatively, iPSC-derived microglia [41-43], primary
microglia, and the microglial cell line HMC3 [44] have been incorporated into mature cere-
bral organoids to overcome the lack of microglia differentiation within cerebral organoids
during development [26].

In addition to the aforementioned obstacles, we caution researchers of practical limita-
tions when using luminescence as a readout for the viral infection of Matrigel-embedded
organoids. We observed that Matrigel withholds viral particles and/or luciferase protein
despite generous washing post-infection to remove unbound virus and remnants. There-
fore, we highly recommend the use of additional methods, such as p24 ELISA, HIV RNA
transcripts, and/or a fluorescently labeled viral vector to validate HIV infection. As more
protocols are replacing Matrigel, we believe this will also facilitate the use of luciferase-
tagged reporter viruses in the future, although it remains important to also assess the effects
of these polymer scaffolds when using a luminescence-based readout system.

The first study to demonstrate the utility of cerebral organoids within HIV research was
recently reported by Dos reis and colleagues. In this study, they incorporated HIV-infected
HMCS3 microglial cell line or human primary microglia into a 3D human brain organoid
(hBORG) model that supported virus production and exhibited an increased inflammatory
response (TNF-« and IL-13) [44]. Microglial cell lines have been reported to have large
transcriptomic and phenotypic discrepancies with primary microglia, a high proliferation
rate, and poor-to-no expression of microglia specific markers (i.e., CX3CR1, P2RY12, and
TMEM119) and the major HIV receptors (CD4, CXCR4 and CCR5) [25,26,80]. Therefore,
microglial cell lines are limited in their use for HIV research studies. Furthermore, while
infection of microglia before incorporation into the cerebral organoids greatly facilitates
infectivity, this does not represent the in vivo scenario, as HIV infection of microglia takes
place within the CNS in the presence of other CNS cells. Our study, on the other hand,
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is the first to characterize HIV infection within microglia-containing cerebral organoids.
Although a more indepth investigation of the key HIV neuropathological features of HAND
(such as neuroinflammation) and neurological damage was not in the scope of this study,
we observed several multinucleated GFP+ cells within the organoids that resembled the
multinucleation observed in HIV-infected iPSC-derived microglia [27] and cultured primary
human microglia [9,81,82] and postmortem brain tissue of HIV-infected individuals.

Altogether, despite the current obstacles of 3D cerebral organoids, the model pre-
sented in this paper accounts for several of the shortcomings of 2D monoculture models,
postmortem brain tissue biopsies, and animal models currently used for HIV CNS research.
Furthermore, with ongoing advancements in cerebral organoid generation and culture to
mitigate these limitations, cerebral organoids will become a valuable human-representative
3D CNS culture model to advance neuroHIV research. The use of cerebral organoids within
the HIV research field will require the controlled induction of the mesoderm lineage to
allow microglia differentiation or incorporation of microglia within organoids to ensure
the support of HIV-1 infection.

To the best of our knowledge, we are the first to report the productive HIV-1 infection
of microglia-containing cerebral organoids. This model system can be used to study the
impact of HIV infection on the CNS, gain a better understanding of the neuropathogenesis
of HAND and HIV latency in the brain, and facilitate the testing of new therapeutic and
curative strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14040829/s1, Figure S1: Viability of Organoid-derived microglia
and primary microglia after HIV infection; Figure S2: Graphical representation of GFP+ distribution
in primary microglia infected with HIVbalGFP. Images were taken in culture after 11 days of infection.
Magnification of 10x was used; Figure S3: Graphical representation of GFP+ microglial cells within
3D cerebral organoids. (A). Double immunostainings of a 3D cerebral organoid (OH1.5) with
GFP combined with IBA1 (microglia) at day 14 post-infection with HIVbalGFP. Magnification of
10x was used. (B). A zoomed-in image of Figure 3A taken at 40x magnification depicting GFP+
/IBA1+ microglia cells; Figure S4: HIV spread within 3D cerebral organoids is limited. Double
immunostainings of 3D cerebral organoids (OH1.5) with GFP combined with IBA1 (microglia) at day
14 post-infection with HIVbalGFP. Magnification of 20 x was used; Table S1: Antibodies used in this
study for immunofluorescence; Table S2: Primer sequences used for qRT-PCR experiments.
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