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Sustained type I interferon signaling after human
immunodeficiency virus type 1 infection of human
iPSC derived microglia and cerebral organoids

Andrew J. Boreland,1,2 Alessandro C. Stillitano,1 Hsin-Ching Lin,1 Yara Abbo,1 Ronald P. Hart,3 Peng Jiang,3

Zhiping P. Pang,1,2,* and Arnold B. Rabson1,4,5,*
SUMMARY

Human immunodeficiency virus type-1 (HIV-1)-associated neurocognitive disorder (HAND) affects up to
half of people living with HIV-1 and causes long term neurological consequences. The pathophysiology
of HIV-1-induced glial and neuronal functional deficits in humans remains enigmatic. To bridge this gap,
we established a model simulating HIV-1 infection in the central nervous system using human induced
pluripotent stem cell (iPSC)-derived microglia combined with sliced neocortical organoids. Incubation of
microglia with two replication-competent macrophage-tropic HIV-1 strains (JRFL and YU2) elicited pro-
ductive infection and inflammatory activation. RNA sequencing revealed significant and sustained activa-
tion of type I interferon signaling pathways. Incorporating microglia into sliced neocortical organoids
extended the effects of aberrant type I interferon signaling in a human neural context. Collectively, our
results illuminate a role for persistent type I interferon signaling in HIV-1-infected microglia in a human
neural model, suggesting its potential significance in the pathogenesis of HAND.

INTRODUCTION

The global burden of human immunodeficiency virus-1 (HIV-1) infection remains profound, with neurocognitive complicationsmanifesting in a

significant proportion of infected individuals despite the remarkable success of combined antiretroviral therapy (cART) in reducing morbidity

and mortality. Up to 55% of people living with HIV-1 experience neurological complications that may develop into HIV-associated neurocog-

nitive disorder (HAND).1–4 This debilitating disorder manifests across a spectrum of cognitive, motor, affective, and behavioral impairments,

which can severely impact the quality of life for affected individuals, emphasizing an urgent need for a better understanding of its underlying

mechanisms.5,6 The etiology and neuropathogenesis of HAND remain enigmatic, as there has been no evidence of neuronal HIV-1 infection.

Decades of research suggest that HAND development is caused by a combination of both direct and indirect effects involving viral proteins,

inflammatory cytokines and chemokines, and dysregulated neuroimmune interactions.7–14 Interestingly, clinical symptoms of HAND correlate

more closely with cytokine production, neuronal pathology, decreased synaptic density, and increased microglia than with central nervous

system (CNS) viral load.15,16 Currently there is a lack of mechanistic understanding due to a need for better experimental models that can

address these questions, especially regarding neuroimmune interactions.

A pivotal component of neuroimmune interactions is the innate immune response, including the production and signaling of interferons,

which have recently been implicated in the neuropathology of various neurological diseases (reviewed by Hofer and Campbell17 andMcGlas-

son et al.18). Interferons and their downstream signaling through interferon stimulated genes (ISGs) are primarily an innate immune response

to viral infection (reviewed by Platanias19). However, recent literature suggests a role for dysregulated type I interferon signaling in neurolog-

ical diseases such as Alzheimer’s disease (AD),20,21 COVID-19-related brain fog,22,23 aging-associated dementia,24 and HIV-associated

dementia.25–29 Clinically, type I interferons have been shown to be a driver of cognitive impairment both in diseased states and when admin-

istered exogenously.30 Indeed, many studies using interferon treatment for various severe cancers and chronic viral hepatitis C have reported

that patients receiving interferon-alpha displayed cognitive, mood, and behavioral deficits that arose and worsened with prolonged, multi-

week treatment regimens.31–36 Taken together, these studies indicate a role for aberrant type I interferon signaling in compromising neuronal

and glial function, leading to cognitive deficits and degeneration.

Microglia, as the resident immune cells of the CNS and the primary CNS target of HIV-1 infection, contribute significantly to the patho-

physiology of HAND, largely through their secretory and functional dysregulation. Under homeostatic conditions, microglia play important
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Figure 1. Human microglia are efficiently generated from induced pluripotent stem cells

(A) Representative brightfield images showing the induction of iPSCs to mesodermal yolk sac embryoid bodies (EB) and then to primitive microglia progenitor

cells (PMPs) and microglia. Scale bars, 200 mm or 250 mm or 50 mm or 100 mm as indicated.

(B) Representative confocal images of PMPs expressing the yolk sac marker CD235 and the hematopoietic progenitor cell marker CD43 in the 03SF cell line. Scale

bars, 50 mm.

(C) RT-qPCR analysis of IBA1 and P2RY12 mRNA expression in iPSCs and iPSC-derived microglia; n = 3 cell lines (03SF, CD06, and CD52); One-tailed t test;

*p < 0.05, ***p < 0.001; data are presented as the mean G SEM.

(D) Representative confocal images of microglia stained for the microglial markers IBA1, P2Y12, CX3CR1, TMEM119, and PU1 and costained with DAPI; n = 3 cell

lines (03SF, CD06, and CD52). Scale bars, 50 mm.

(E) Representative confocal image of a microglial cell displaying ramified morphology after 4 weeks of coculture with neurons. Scale bars, 10 mm.
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Figure 1. Continued

(F) Representative confocal images of a 03SF cell line iPSC-derived microglial neuronal coculture stained for neurons (MAP2), synapses (SYN1), and microglia

(IBA1). (F1 and F2) Orthogonal view of microglial (IBA1+) processes colocalized with neuronal dendrites (MAP2) and synapses (SYN1). Scale bars, 10 mm.

(G) RT-qPCR analysis of CD4 and CCR5mRNA from iPSCs and microglia; n = 3 cell lines (03SF, CD06, and CD52); One-tailed t test; *p < 0.05, **p < 0.01; data are

presented as the mean G SEM.
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roles in synaptic pruning, phagocytic functions, immune surveillance, and extracellular matrix remodeling.37,38 When challenged, microglial

activation can be either neurotoxic, producing proinflammatory cytokines and chemokines, or neurotrophic, producing anti-inflammatory cy-

tokines.39 Microglia exhibit a heterogeneous spectrum of activation and disease-associated states with unique properties and consequences

on neuronal functions.40–42

Since HIV-1 specifically infects humans, the ability of traditional animal model organisms to replicate the complex disease processes of

HAND is inherently limited. HIV-1-Simian immunodeficiency virus chimeras (SHIVs) have been studied in monkey models. However, these

models are limited in their availability and utility for molecular analyses [reviewed by Byrnes et al.43 and Moretti et al.44]. Recent advances

in stem cell technologies have opened up newpossibilities formodeling and studyingHAND, particularly through the development of human

iPSC-derived neurons, astrocytes, andmicroglia capable ofmimicking complex in vivo neuroimmune interactions whengrown in three dimen-

sional cerebral organoid cultures.45–47 Cerebral organoids offer a powerful and physiologically relevant platform to study complex neuroim-

mune interactions, but traditional organoid differentiation protocols do not produce microglia. Recent studies have demonstrated the feasi-

bility of infecting iPSC-derived macrophages48 and microglia49 with HIV-1. Moreover, these infected microglia have been effectively

cocultured in various model systems, including human stem cell-derived neural tricultures,14,50 primary neuron progenitor cell-derived orga-

noids,51 iPSC-derived cerebral organoids,52 and a humanized mouse model.53

In this study, we hypothesized that by infecting iPSC-derived microglia with replication competent HIV-1 and integrating them into sliced

neocortical organoids, we could recapitulate neuroimmune dysregulation related to HAND pathology. We demonstrate that HIV-1 infection

of iPSC-derivedmicroglia leads to persistent activation of type I interferon signaling andmicroglial activation in bothmicroglial monocultures

and in the context of cerebral organoids.
RESULTS

Human microglia are efficiently generated from iPSCs

To induce microglial differentiation, we used three iPSC lines (Table S1) and employed previously published protocols.47,54 To mimic in vivo

microglial development from the yolk sac, iPSC embryoid bodies were patterned toward a mesodermal yolk sac lineage that generates prim-

itive macrophage precursors (PMPs) after 3 weeks of culture (Figure 1A). The identity of the PMPs was confirmed by immunocytochemistry

against CD235, a marker for yolk sac,55 and CD43, a marker for hematopoietic progenitor like cells56 (Figure 1B). Upon further maturation

under the influence of a colony stimulating factor 1 receptor (CSF1R) antagonist, interleukin 34 (IL-34), and granulocyte maturation factor

(GM-CSF), PMPs exhibit a more pronounced microglial phenotype. This was evidenced by a significant increase in mRNA expression of

the microglial markers ionized calcium binding molecule 1 (IBA1) and purinergic receptor P2RY12 across all three cell lines (Figure 1C, bio-

logical replicates of each cell line shown in Figure S1). Supporting these gene expression results, we noted robust immunocytochemical stain-

ing of the microglial markers IBA1, P2Y12, CX3CR1, transmembrane protein 119 (TMEM119), and transcription factor PU.1 in maturing micro-

glia from these same lines (Figure 1D). Upon coculture of microglia with iPSC-derived neurons,47 we found that microglia display a more

elaborate morphology (Figure 1E). Furthermore, costaining with the neuronal dendritic marker microtubule-associated protein 2 (MAP2)

and the presynaptic marker synapsin 1 (SYN1) revealed that microglial processes interact with dendrites and colocalize with synaptic puncta,

indicating putative microglia-synapse interactions (Figure 1F).

Given the tropism of HIV-1 for CD4 receptor expressing cells and the requirement of CCR5 coreceptor expression for infection of mono-

cyte/macrophage related cell lineages, we assessed the gene expression of CD4 and CCR5 in iPSC-derived microglia. Results showed signif-

icantly increased mRNA expression of CD4 and CCR5 in microglia differentiated from all three iPSC lines (Figure 1G, biological replicates of

each cell line shown in Figure S1) (Table S2). These results demonstrate that microglia can be successfully and reproducibly generated from

iPSCs. Crucially, these cells express appropriate markers for microglial identity and infection by HIV-1.
iPSC-derived microglia are productively infected by HIV-1 and exhibit inflammatory activation

Having confirmed the generation andmaturation of iPSC-derived microglia, we next determined whether these cells could sustain a produc-

tive infection by replication competent, macrophage tropic HIV-1. To this end, we incubatedmale 03SF iPSC-derivedmicroglia with JRFL HIV

(2 ng/mL), an R5 tropic HIV-1 strain isolated from the cerebral spinal fluid (CSF) of a patient with severe HAND.57,58 Compared to uninfected

controls, HIV-1-infected microglia robustly expressed HIV-1 gag/pol RNA within 6–9 days after infection59 (Figure 2A). As a key indicator of

productive HIV-1 infection, the production of secreted p24 wasmeasured.60,61 Using ELISA to detect secreted p24 in the culture supernatant,

we observed increased protein production starting 1 week post infection, peaking around day 16, and then maintaining consistent levels for

more than 2 weeks (Figure 2B). Finally, we found that after just 4 days post infection, polymerase chain reaction (PCR) products spanning the

junction of the two long terminal repeats (LTR) of HIV DNA circles were detected in HIV-1 incubated cultures indicating the presence of active

viral replication62 (Figure S2).
iScience 27, 109628, May 17, 2024 3



Figure 2. HIV-1-infected microglia exhibit productive infection, activation, and dysregulated cytokine/chemokine production

(A) RT-qPCR analysis of viral gag/pol mRNA after infection with HIV-1 JRFL in microglia monocultures; n = 3 independent infections of 03SF line iPSC-derived

microglia; data are presented as the mean G SEM.

(B) ELISA analysis of secreted p24 in the culture supernatant of microglia infected with HIV-1 JR-FL reveals productive infection; n = 3 independent infections of

03SF iPSC-derived microglia; data are presented as the mean G SEM.

(C) RT-qPCR analysis of IL1b, TNFa and IL-6mRNA at days 16 and 23 post infection with HIV-1 JRFL; n = 3 independent infections of 03SF iPSC-derivedmicroglia;

two-way ANOVA; �Sı́dák multiple comparisons test; *p < 0.05; data are presented as the mean G SEM.

(D) RT-qPCR analysis of CCL2, CCL3, and CCL5 mRNA at days 16 and 23 post infection with HIV-1 JRFL; n = 3 independent infections of 03SF iPSC-derived

microglia; two-way ANOVA; �Sı́dák multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data are presented as the mean G SEM.

(E) RT-qPCR analysis of IBA1 and P2RY12 mRNA at days 16 and 23 post infection with HIV-1 JRFL; n = 3 independent infections of 03SF iPSC-derived microglia;

two-way ANOVA; �Sı́dák multiple comparisons test; *p < 0.05; data are presented as the mean G SEM.

(F) Luminex cytokine/chemokine analysis of secreted M-CSF and IP-10/CXCL10 culture supernatant from HIV-1 JRFL-infected microglia; n = 3 independent

infections of 03SF microglia, two-way ANOVA or Mixed-effects model, respectively; �Sı́dák or Holm-�Sı́dák multiple comparisons test, respectively; *p < 0.05;

data are presented as the mean G SEM.

(G) Representative confocal images of nucleocapsid protein p24 staining in HIV-1 JRFL-infected 03SF-derived microglia (IBA1+). Scale bars, 10 mm.
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After establishing the infectability of iPSCmicroglia with HIV-1 JRFL, we then askedwhether HIV-1 infection elicits differential expression of

inflammatory and canonical microglial mRNAs using reverse transcription-quantitative PCR (RT-qPCR). In this second experiment we found

HIV-1 infection augmented the expression of the inflammation-associated genes interleukin 1b (IL1b, on day 16) and tumor necrosis factor

alpha (TNFa), while the expression of interleukin 6 (IL6) displayed no change (Figure 2C). We then examined the mRNA expression of the

chemokines CCL2 (monocyte chemoattractant protein 1, MCP-1), CCL3 (macrophage inflammatory protein 1 alpha, MIP-1), and CCL5

(RANTES). These three chemokines play important roles in immune cell recruitment and migration to sites of inflammation and infection

and have been found to be elevated in cognitively impaired individuals with HIV-1.63 A significant elevation in the mRNA expression of
4 iScience 27, 109628, May 17, 2024



Figure 3. HIV-1-infected microglia exhibit productive infection, activation, and dysregulated cytokine/chemokine production

(A) RT-qPCR analysis of viral gag/polmRNA at days 9, 16, 23, and 30 post infection with HIV-1 JRFL and HIV-1 YU2; two-way ANOVA; *p < 0.05, **p < 0.01; n = 3

independent infections of CD06 iPSC-derived microglia; data are presented as the mean G SEM.

(B) ELISA analysis of secreted p24 in the culture supernatant of microglia infected with HIV-1 JRFL and HIV-1 YU2 at days 9, 15, 21, and 27 reveals productive

infection; n = 3 independent infections of CD06 iPSC-derived microglia; two-way ANOVA; ****p < 0.0001; data are presented as the mean G SEM.

(C) RT-qPCR analysis of IL1b and TNFamRNA at days 9, 16, 23, and 30 post infection with HIV-1 JRFL and HIV-1 YU2; n = 3 independent infections of CD06 iPSC-

derived microglia; two-way ANOVA; Holm-�Sı́dák multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data are presented as the

mean G SEM.

(D) RT-qPCR analysis ofCCL2 andCCL3mRNA at days 9, 16, 23, and 30 post infection with HIV-1 JRFL and HIV-1 YU2; n= 3 independent infections of CD06 iPSC-

derived microglia; two-way ANOVA; Holm-�Sı́dák multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data are presented as the

mean G SEM.

(E) RT-qPCR analysis of IBA1 and P2RY12mRNA at days 9, 16, 23, and 30 post infection with HIV-1 JRFL andHIV-1 YU2; n= 3 independent infections of CD06 iPSC-

derived microglia; two-way ANOVA; Holm-�Sı́dák multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001; data are presented as the mean G SEM.
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CCL2 andCCL3was observed by day 16 post infection, whereas the expression of CCL5 remained unchanged (Figure 2D). To assess whether

microglial identity was altered by HIV-1 infection, we assessed the mRNA expression of the canonical microglial genes IBA1 and P2RY12.

While IBA1 remained stable, P2RY12 exhibited significantly increased expression by day 23 post infection (Figure 2E). Next, we asked how

HIV-1 infection might alter microglial chemokine and cytokine production. Although the levels of most cytokines were below the detection

threshold (Table S3), we noted a significant surge in the secretion of chemokines M-CSF and interferon inducible protein 10 (IP-10/CXCL10)

followingHIV-1 infection in the same supernatant used in Figure 2B (Figure 2F). Finally, to visualize HIV-1 infected cells, we detectedHIV-1 p24

protein using a biotin-streptavidin amplification protocol.64 On day 13 post infectionwith JRFL, p24 positivemicroglia were found (Figure 2G).

Collectively, our findings suggest that iPSC-derived microglia can sustain an R5 tropic HIV-1 infection and exhibit an inflammatory activation

profile consistent with previous studies.

To confirm that HIV-1 JRFL infectionof human iPSC-derivedmicroglia resulted inproductive infection and inflammatory activation, we chose a

female iPSC line, CD06, and infected it with the JRFL strain as well as a second R5 tropic HIV-1 strain, YU2,65 isolated from the CSF of a different

patient with severe HAND.We confirmed infection by RT-qPCR of viral gag-pol RNA, which exhibited significantly increased expression for both

strains by day 16 post infection, with a subsequent decrease (Figure 3A). Using ELISA to detect secreted p24 revealed productive infection for

both viral strains (Figure 3B). We then assessed the expression of key inflammatorymarkers andmicroglial coremRNAs by qPCR. Both JRFL and

YU2 infections led to a significant increase in IL1b expression compared to uninfected microglia (Figure 3C). Similarly, TNFa was significantly

upregulated in the first two weeks of infection but decreased as the productive infection waned (Figure 3C). We also observed increased expres-

sion of the chemokinesCCL2 andCCL3 by days 16 and 23 post infection with both strains (Figure 3D). This upregulation then decreased by day

27, correlating with the reduction of productive infection as indicated by the p24 ELISA (Figure 3A). In comparison to the unaltered IBA1 expres-

sion we found previously, HIV-1 led to a significant reduction in IBA1 expression in CD06-infectedmicroglia (Figure 3E). Similar to 03SF-infected

microglia, CD06 had significant increased expression of P2RY12 (Figure 3E). Together, these results demonstrate infectability of human iPSC-

derived microglia with multiple, macrophage tropic HIV-1 strains and their ability to elicit an inflammatory response.
Type I interferon stimulated gene expression and sustained activation following HIV-1 infection

To investigate the transcriptional landscape of HIV-1-infectedmicroglia, we performed bulk RNA sequencing onmale 03SF iPSC-derivedmicro-

glia infected by HIV-1 JRFL day 16 post infection. Principal component analysis (PCA) revealed clear separation of the infected vs. mock infected
iScience 27, 109628, May 17, 2024 5



Figure 4. HIV-1 causes enrichment of type I interferon signaling pathways and sustained interferon activation

(A) A volcano plot illustrating differentially expressed genes (DEGs) in HIV-1 JRFL-infected vs. mock-infected microglia on day 16 post infection; n = 3

independent infections of 03SF line iPSC-derived microglia.

(B) GSEA plot showing enrichment of IFNa-responsive genes in HIV-1 JRFL-infected vs. mock-infected microglia on day 16 post infection (NES, normalized

enrichment score; FDR, false discovery rate).

(C) Gene Ontology (GO) analysis of upregulated DEGs in HIV-1 JRFL vs. mock-infected microglia on day 16 post infection; n = 3 independent infections of 03SF

microglia.

(D) GeneOntology (GO) analysis of downregulatedDEGs in HIV-1 JRFL vs. mock-infectedmicroglia on day 16 post infection; n= 3 independent infections of 03SF

microglia.

(E) A heatmap illustrating significant upregulation of interferon-stimulated genes in HIV-1-infected vs. mock-infected microglia on day 16 post infection; n = 3

independent infections of 03SF microglia.
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Figure 4. Continued

(F) A heatmap illustrating SIGLEC gene expression in HIV-1-infected vs. mock-infected microglia on day 16 post infection; n = 3 independent infections of 03SF

microglia.

(G) RT-qPCR analysis of CXCL10, RSAD2, ISG15, and IDO1 mRNA from HIV-1 JRFL-infected vs. mock-infected microglia at days 16 and 23 post infection; n = 3

independent infections of 03SF iPSC-derived microglia, two-way ANOVA; uncorrected Fisher’s LSD; ***p < 0.001, ****p < 0.0001; data are presented as the

mean G SEM.

(H) RT-qPCR analysis of CXCL10 and RSAD2mRNA from HIV-1 JRFL- and HIV-1 YU2-infected and mock-infected microglia at days 16 and 23 post infection; n = 4

independent infections of CD06 iPSC-derived microglia, two-way ANOVA; uncorrected Fisher’s LSD; *p < 0.05, **p < 0.01; data are presented as the

mean G SEM.
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samples (Figure S2). Differential gene analysis revealed differentially expressed genes (DEGs) including several classic ISGs, such as IFIT3,MX2,

ISG15, RSAD2, and others (Figure 4A) (Table S4). Gene set enrichment analysis (GSEA) confirmed a significant enrichment of genes related to the

interferon alpha response (Figure 4B) (Table S5). Gene ontology analysis identified activation of innate immune responses and several related

terms in the biological process component (Figures 4C, 4D, and S3) (Table S6). The upregulated DEGGO set includes pathways falling into the

overall signaling clusters related to interferon signaling and positive regulation of antiviral biotic, interferon alpha/beta, defense against virus,

cytokine-mediated and interferon-mediated pathways, and negative regulation of viral processes. Among the downregulated DEGGO clusters

are pathways related to positive regulation of antigen processing, extracellular organization, granulocyte/leukocytemigration, chemokine-medi-

ated signaling, and spindle assembly checkpoints. Importantly, HIV-1 infectionwas found to lead to significant induction of many ISGs, including

ISG15, IRF7, MX1, OAS1, OAS2, OAS3, STAT1, CXCL10, and IFITM3 (Figures 4A and 4E). Figure 4F shows the expression of various genes en-

coding SIGLECproteins that are responsible for regulatingmicroglial cell-cell interactions (reviewedbyCrocker et al.66). Consistentwithprevious

studies, we found that HIV-1 infection causes significant upregulationofSIGLEC1, which hasbeen implicated in the direct cell-cell transmission of

HIV.67,68 However, we found that SIGLEC11 and SIGLEC16 were significantly downregulated after infection.

We then validated the expression of a subset of the ISGs identified in the sequencing dataset by RT-qPCR of JRFL infected 03SF iPSC-

derived microglia. We found significant upregulation of CXCL10, RSAD2, ISG15, and IDO1 (Figure 4G). Elevated expression of these genes

persisted over an additional week of infection on day 23 (Figure 4G). Additionally, we performed RT-qPCR on CD06 iPSC-derived microglia

infected with either JRFL or YU2 HIV strains. We also found increased expression of CXCL10 and RSAD2 in these HIV-infected cells; however,

only the day 16 YU2 condition reached significance (Figure 4H). Comparison of Figures 4G and 4H indicates potential differences with infect-

ing different cell lines. Together, these data support the conclusion that HIV-1 infection induces sustained type I interferon signaling in iPSC-

derived microglia and alters the gene regulation of many microglial biological processes including interferon signaling.
HIV-1-infected microglia incorporate into cerebral organoids

After characterizing the response of isolated human iPSC-derived microglia to HIV-1 infection we then investigated whether HIV-1-infected

microglia could incorporate into iPSC-derived cerebral organoids andwhether interferon signaling was similarly upregulated inmicroglia and

potentially other neural cell types. Cerebral organoids were grown using modified, published protocols.47,69–73 To create microglia-contain-

ing organoids, we cocultured human microglia with sliced neocortical organoids (SNO), prepared as described previously.73 SNOs exhibit

enhanced neurogenesis and laminar expansion.73 We found that microglia exhibit the ability to incorporate with organoid slices to form hu-

man microglia containing sliced neocortical organoids (mSNOs). Figure 5A shows mSNO containing neurons (MAP2+), astrocytes (GFAP+),

and microglia (IBA1+). These neuroimmune organoids provide a model system for studying the impact of HIV-1 infection on the physiology,

localization, and interactions of these three cell types.

To create an HIV-1-infected human cerebral organoid, we infected 03SF iPSC-derived microglia with JRFL HIV. Following 2 weeks in cul-

ture, infected or noninfected microglia were added to 400 mM organoid slices and cultured for 2 additional weeks. On day 14 post coculture

withmicroglia, mSNOswere fixed for immunohistochemistry or total RNAwas extracted for RT-qPCR analysis. HIV-1-infectedmicroglia (p24+,

IBA1+) were detected in a mSNO (Figures 5B and 5C). Interestingly, neurons (MAP2+) appeared to be sparser in regions of HIV-1-infected

microglia (Figure 5B ‘‘arrows’’). These regions had scattered MAP2+ processes (Figure 5B1) compared with the denser MAP2 staining

throughout the bulk of the organoid. HIV-1 gag/pol RNA exhibited significant expression in mSNOs containing HIV-1-infectedmicroglia (Fig-

ure 5D). To provide evidence of productive infection in mSNOs, we identified secreted p24 only in the medium of organoid cultures that had

received HIV-1-infected microglia (Figure 5E).

Because we observed significant and sustained interferon signaling inmicroglial monocultures, we evaluatedmRNA expression of a panel

of ISGs (ISG15, RSAD2, IFITM3,MX1, IFI44, and IFI27). We found that ISG15mRNA was significantly upregulated and RSAD2 also showed an

increasing trend of expression in mSNOs containing HIV-1-infected microglia (Figure 5F). IFITM3 has been touted as a marker for interferon-

responsive microglia and has been shown to play a newly discovered role in amyloid precursor protein processing to amyloid beta.74 Inter-

estingly, we found significant upregulation of IFITM3mRNA inmSNOs containing HIV-1-infectedmicroglia (Figure 5F). We also evaluated the

expression ofMX1, IFI27, and IFI44, which, along with ISG15 and RSAD2, were among the top 10 persistently upregulated genes in a recent

study on two cohorts of 22 HIV-1 seroconverts from Uganda and 22 from South Africa.75 Expression ofMX1, IFI27, and IFI44 appeared to be

increased but failed to reach significance. Especially considering the small fraction of HIV-1-infected microglia in the cultured mSNO (Fig-

ure 5B), these increases suggest that HIV-1-infected microglia are associated with increased interferon signaling in the organoids and may

have indirect consequences for neuronal viability and inflammatory responses in other cell types.
iScience 27, 109628, May 17, 2024 7



Figure 5. HIV-1-infected microglia incorporate into sliced cerebral organoids

(A) Representative confocal images of a day 144 organoid with neurons (MAP2+), astrocytes (GFAP+), and microglia (IBA1+). Scale bars, 250 mm.

(B) Representative confocal images of day 144 organoids 14 days after the addition of HIV-1 JRFL-infected or mock-infected microglia; (B1) shows a high-

magnification image of HIV-1-infected microglia from (B). Scale bars, 250 mm or 20 mm as indicated.

(C) High-magnification image of a single HIV-1-infected microglial cell within a sliced organoid. Scale bars, 20 mm.

(D) RT-qPCR of gag/polmRNA from HIV-1 JRFL-infected or mock-infected microglia organoids on day 14; n = 3 independent infections of 03SF microglia; one-

tailed t test; ****p < 0.0001; data are presented as the mean G SEM.

(E) ELISA analysis of secreted p24 in culture supernatant from HIV-1 JRFL-infected or mock-infected microglia organoid day 14; n = 3 independent infections of

03SF microglia; one-tailed t test; **p < 0.01; data are presented as the mean G SEM.

(F) RT-qPCR analysis of ISG15, RSAD2, IFITM3, MX1, IFI44, and IFI27 mRNA from HIV-1 JRFL-infected or mock-infected microglia organoids on day 14; n = 3

independent infections of 03SF microglia; one-tailed t test; *p < 0.05; data are presented as the mean G SEM.
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DISCUSSION

In this study, we used iPSC-derived human microglia and microglia containing cortical organoids to model HIV-1 related neuroimmune

dysregulation and pathology. In this model, iPSC-derived microglia (both male and female) were shown to be infected with two strains of

replication competent HIV-1, JRFL and YU2, and exhibited inflammatory activation, as shown by gene expression changes and cytokine/che-

mokine secretion (Figures 2 and 3). Importantly, we found persistent activation of type I interferon response pathways and downstream inter-

feron stimulated genes (ISGs), which may have important implications for understanding the pathogenesis of HAND.

In comparison to the recently developed primary human neural progenitor cell-derived organoid HIV-1 model51 and the 2D neuron, astro-

cyte, and microglia ‘‘triculture’’ HIV-1 model,50 an iPSC-derived human microglia containing sliced neocortical organoid model has distinct

advantages. Organoids recapitulate 3D cell-cell and cell-matrix interactions more faithfully than 2D cultures and develop complex tissue ar-

chitecture70,76–79; thus, organoids are well suited to studying aspects of altered brain anatomy and physiology seen in individuals with

HAND.6,80,81 While others have also generated microglia containing organoids using a protocol in which microglia innately develop within
8 iScience 27, 109628, May 17, 2024
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organoids, this system is associated with a high degree of heterogeneous cell types,52 which could make dissection of the relative contribu-

tions and effects on specific cell types more complex. In our method, we have greater freedom to manipulate the timing, proportion, and

infection stage of microglia addition in sliced neocortical organoids. While some previous studies used pseudotyped virus,51 our study exam-

ined infection using two macrophage tropic, replication competent strains of HIV-1. Our findings, showing induction of inflammatory gene

expression associated with active viral expression align with recent studies on brain samples from HIV-1+ patients from the National

NeuroAIDS Tissue Consortium (NNTC). In that study, HIV-1 RNA load was found to correlate with increased interferon signaling and inflam-

matory gene sets while inversely correlating with neuronal and synaptic gene sets, suggesting neuronal pathology.82

Microglia secrete diverse cytokines and chemokines implicated in HIV-1 neuropathology.83–85 Cytokine/chemokine analysis of the super-

natant of HIV-1-infected microglia identified the secretion of M-CSF and IP-10/CXCL10 (Figure 2F). M-CSF overexpression has been linked to

microglial proliferation, increased phagocytosis, cytokine secretion, and inflammatory responses in both AD and HAND, as well as increased

microglial susceptibility to HIV-1 infection and increased virus replication.86–91 IP-10/CXCL10 is a chemotactic chemokine that recruits leuko-

cytes, T cells, andmonocytes while also being neurotoxic and strongly correlated with HIV-1-related disease progression.92–94 Clinical studies

have shown elevated IP-10/CXCL10 levels (�200–1000 pg/mL) in the cerebral spinal fluid of people living with HIV-195,96; these levels are strik-

ingly similar to our observations (Figure 2F). CXCL10/IP-10 has been shown to be induced by HIV-1 proteins gp120, Nef, and Tat.92,94,97,98

Importantly, IP-10/CXCL10 and RANTES (CCL5) were the strongest predictors of neurocognitive impairment in a screen of 139 people living

with HIV-1,99 similar to findings from earlier studies.100,101 HIV-1 brain infection leads to an abnormal inflammatory state and dysregulated

cytokine/chemokine production.10,13,15 Despite this knowledge, there remains a large gap in our understanding of how CXCL10 and other

cytokines/chemokines associated with CNS HIV-1 infection alter aspects of neuronal excitability, synaptic transmission, and inward and out-

ward currents vital to healthy neuronal physiology.

A striking finding in our study was the persistent activation of interferon response genes over time in the microglial infection and also

observed at two weeks after infection of the bulk iPSC-derived human microglia containing sliced neocortical organoid model. Induc-

tion of these pathways is known to be a hallmark of HIV-1 infection in monocytes and macrophages, much more prominently than in

T cells.102–105 Thus, it is not surprising to have seen this strong response in microglia, which share many physiologic properties with

macrophages (reviewed by Li and Barres106). Most studies suggest that the interferon response is relatively transient; thus, the persistent

expression in the microglial cell infection of at least a subset of ISGs may be a relatively unique feature of microglial HIV-1 infection that

may have important pathophysiologic consequences. It will be of interest to determine the persistence and cellular sources of inter-

feron-stimulated gene expression in the microglia containing sliced neocortical organoid model; however, even transient expression

in this system may have important and possibly pathogenic consequences. Increasing evidence suggests a role for type I interferons

in cognitive-related deficits seen in patients with various neurodegenerative diseases. Using single-cell sequencing, researchers have

dissected a unique sub-population of interferon-responsive microglia that may potentiate dysregulated immune interactions in the

form of aberrant pruning of synapses, altered phagocytic function, and dysregulated cytokine/chemokine production.107 Constitutive

overexpression of type I interferons seen in the ‘‘interferonopathies’’ can be associated with profound CNS disease (reviewed by Gold-

mann et al.108 and Blank and Prinz109).110 Patients receiving type I interferons therapeutically may experience cognitive impairment and

neurological symptoms.31–36

Whether interferon induction inhibits or enhances HIV infection and latency in microglia remains to be understood. Recent studies have

highlighted that interferon can inhibit HIV infection of primary microglia but less so of iPSC-derived microglia, as well as macrophages.111,112

Interestingly, interferon may promote latency in macrophages.113 An important feature of HIV infection of microglia identified in previous

in vitro studies has been the rapid induction of viral latency.14,114 Our cerebral organoid model will provide an interesting system to examine

the induction of HIV latency, its reactivation, and its effects on both adjacent and more distant neural cells.

An important future direction, facilitated by the development of this model system, will be experiments aimed at understanding the func-

tional consequences that HIV infection, dysregulated interferon signaling, inflammatory activity, and changes in other important genes ex-

pressed in theCNS,may have on neuronal synaptic transmission.Many ISGs have predicted downstreameffects that could trigger or enhance

neurodegeneration. For example, indoleamine 2,3-dioxygenase 1 (IDO) is a key enzyme in tryptophan catabolism, leading to the formation of

kynurenic acid, an antagonist of NMDA receptors.115 This pathway and its products, such as the neurotoxin andNMDAR antagonist quinolinic

acid, have been previously implicated in neurodegenerative diseases, including Huntington’s, Alzheimer’s, and Parkinson’s disease.116,117 In

addition to ISG’s, Siglec genes, specifically SIGLEC11 and SIGLEC16, are gaining interest as modulators of neuronal and glial interactions in

the brain. Acting as immune checkpoints through their sialic acid binding, these two genes delicately balance activating and inhibitory inflam-

matory signaling pathways (reviewed by Linnartz-Gerlach et al118 and Linnartz-Gerlach et al.119). Discovered in 2005 as a recent uniquely hom-

inid gene, SIGLEC16 arose from a gene-conversion event in SIGLEC11120 altering the transmembrane and cytoplasmic tail domains to favor

DAP12-associated activation pathways.121 Intriguingly, SIGLEC11 is exclusively expressed in the human brain and plays a neuroprotective

role, particularly by preventing inappropriate microglial phagocytosis during inflammation.122 The observed downregulation of these genes

following HIV-1 infection suggests a potential increased vulnerability of neurons to microglial phagocytosis, highlighting a risk for exacer-

bated neuronal damage in HIV-associated neurocognitive disorders. Finally, while IBA1 expression was not affected by HIV-1 infection in

our model, similar to a previous human HIV-1 organoid model,51 purinergic receptor P2RY12 displayed increased gene expression following

HIV-1 infection (Figures 2E and 3E). P2Y12 is a Gi-coupled purinergic receptor allowing microglial chemotaxis to sites of injury by sensing

extracellular ATP/ADP gradients.123 Increased expression of P2RY12 following HIV-1 infection in microglia may increase microglial motility,

migration, and sensitivity to extracellular ATP.
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Overall, the HIV-1 mSNOmodel presents an effective in vitro platform for investigating the underlying molecular and cellular mechanisms

associated with HIV-1 and human neural cell interactions. Our results predict that interferon stimulated genes likely play a role in altering

neuronal function and contributing to HAND.
Limitations of the study

Here, we report on the consequences of HIV-1 infection on human iPSC-derived microglia, finding dysregulated IFN signaling and inflamma-

tory activation.We do not yet understand the functional effects these responses have on neuronal cell viability and synaptic transmission, and

how these relate to the clinical manifestations of HAND. Furthermore, while our organoids facilitate study of neuroimmune interactions be-

tween neurons, astrocytes, andmicroglia, the model does not include peripheral immune cells known to play important roles in host defense

and immunomodulation of the CNS (reviewed by Yang et al.124). Future studies could incorporate these other cell types to examine CNS

cellular crosstalk with peripheral immune cells.

HIV-1 exhibits high genetic variability112 in the global population and disease manifestations are clearly affected by patient comorbidities

and genetic background (reviewed by Santoro and Perno,125 McLaren and Fellay,126 and Saylor et al.127). For example, it is clear that not every

HIV-infected individual develops HAND. Our use of cells derived from three patient backgrounds and of two HIV-1 strains is therefore a lim-

itation of the current study. Future studies would benefit from incorporating more HIV-1 strains and more importantly, larger sample sizes of

iPSC-derived microglia, derived from multiple genetic backgrounds to truly characterize the pathology and investigate the underlying

mechanisms.

HAND is a chronic disease that can take decades to develop (reviewed by Saylor et al.127 and Clifford and Ances128), while our in vitro

experiments explored HIV-1 infection over a matter of two to four weeks. Despite the effects that we observed, it must be noted that this

study may not fully capture long-term consequences of in vivo infection, such as chronic inflammation, synaptic dysfunction, cellular senes-

cence, and degeneration. However, because organoids can be cultured potentially for up to a year or more,129 our model could be used to

explore extended infection that might reflect neurological sequelae over time. It is important to note that cerebral organoids show a resem-

blance to prenatal neural tissue based on single cell RNA sequencing.130,131 Therefore, the limited maturation of cell types within organoids

may not fully represent what occurs in mature, in vivo tissue, such as would be expected in the brain of aging HIV-infected adults, much more

commonly prevalent now in the era of highly effective anti-retroviral therapy. Despite these limitations, cerebral organoids offer significant

potential for modeling aspects of HAND and HIV-1 dysregulation of neuroimmune interactions, and our studies serve as a basis for the devel-

opment of future work to more fully elucidate important pathogenic mechanisms.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-CD43 Invitrogen Cat# 14043982; RRID: AB_763493

Rabbit anti-CD235 Invitrogen Cat# PA527154; RRID: AB_2544630

Mouse anti-IBA1 Sigma Cat# SAB2702364; RRID: AB_2820253

Rabbit anti-IBA1 Wako Fujifilm Cat# 01919741; RRID: AB_839504

Rabbit anti-P2Y12 Atlas Antibodies Cat# HPA014518; RRID: AB_2669027

Rabbit anti-CX3CR1 BIO-RAD Cat# AHP1589; RRID: AB_2087421

Mouse anti-TMEM119 Cell Signaling Cat# 41134; RRID: AB_3073710

Rabbit anti-PU1 Cell Signaling Cat# 2266; RRID: AB_10692379

Mouse anti-MAP2 Sigma Cat# M1406; RRID: AB_477171

Chicken anti-MAP2 Millipore Cat# AB5543; RRID: AB_571049

Rabbit anti-SYNAPSIN I(E028) T.C. Sudhof, Stanford University Cat# E028; RRID: AB_2315400

Rabbit anti-HIV1p24-Biotin GeneTex Cat# GTX64130; RRID: N/A

Rabbit anti-GFAP DAKO Cat# Z0334; RRID: AB_10013382

Goat anti-Mouse Alexa Fluor 488 Invitrogen Cat# A11029; RRID: AB_2534088

Goat anti-Mouse Alexa Fluor 546 Invitrogen Cat# A11030; RRID: AB_2534089

Goat anti-Mouse Alexa Fluor 633 Invitrogen Cat# A21052; RRID: AB_2535719

Goat anti-Rabbit Alexa Fluor 488 Invitrogen Cat# A11034; RRID: AB_2576217

Goat anti-Rabbit Alexa Fluor 546 Invitrogen Cat# A11035; RRID: AB_2534093

Goat anti-Rabbit Alexa Fluor 633 Invitrogen Cat# A21071; RRID: AB_141419

Goat Anti-Chicken Alexa Fluor 546 Invitrogen Cat# A11040; RRID: AB_1500590

Steptavidin Alexa Fluor 546 Invitrogen Cat# S11225; RRID: AB_2532130

Bacterial and virus strains

HIV-1 JRFL NIH HIV Reagent Program Cat# ARP-395

HIV-1 YU2 NIH HIV Reagent Program Cat# ARP-1350

Chemicals, peptides, and recombinant proteins

BMP4 Peprotech Cat# 120-05

VEGF 121 Peprotech Cat# 100-21

SCF Peprotech Cat# 300-07

IL-3 Peprotech Cat# 200-34

M-CSF Peprotech Cat# 300-25

IL-34 Peprotech Cat# 200-34

GM-CSF Peprotech Cat# 500-P33

SB431542 Stemgent Cat# 04-0010-05

DMEF12 HyClone Cat# Sh3002201

N2 Gibco Cat# 17502048

B27-RA Gibco Cat# 12587010

B27 Gibco Cat# 17504044

Y-27632 Tocris Cat# 125410

Growth factor-reduced Matrigel Corning Cat# 354230

BDNF Peprotech Cat# 450-02

GDNF Peprotech Cat# 450-10

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

NT-3 Peprotech Cat# 450-03

dibutyryl-cyclic AMP Stemcell Technologies Cat# 73882

L-Ascorbic Acid Sigma Cat# A4403

Critical commercial assays

PowerUp SYBR Green Master Mix for qPCR Applied Biosystems Cat# A25776

RNAeasy Plus Mini Kit Qiagen Cat# 74134

HIV-1 Gag p24 DuoSet ELISA R&D Systems Cat# DY7360-05

Deposited data

RNA sequencing data This paper NCBI GEO: GSE246082

Experimental models: Cell lines

Cell lines N/A See Table S1 for detailed information

Oligonucleotides

qPCR Primers IDT See Table S2 for detailed information

Software and algorithms

Adobe Illustrator Adobe https://www.adobe.com/

products/illustrator.html

Fiji ImageJ https://imagej.net/Fiji/Downloads

GraphPad Prism 10 GraphPad Software N/A

R 4.1.0 https://www.r-project.org

RStudio RStudio https://www.rstudio.com/

products/rstudio/download/

ZEN 2.3 Carl Zeiss N/A
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RESOURCE AVAILABILITY

Lead contact

Any additional information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Arnold

Rabson (rabsonab@rwjms.rutgers.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� The RNA sequencing datasets generated in this study have been deposited at NCBI GEO and are publicly available as of the date of

publication. Accession numbers are listed in the key resources table.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human iPSC lines

A total of three hiPSC lines, two males and one female, were used in this study (Table S1).
METHOD DETAILS

Human induced pluripotent stem cell maintenance

Three human iPSC lines were used in this study (male 03SF iPSC line; female CD06 iPSC line; male CD52 iPSC line) (Table S1). Human iPSCs

were cultured in stem cell medium consisting of MACs iPS-Brew XF complete medium. The culture mediumwas changed daily. Human iPSCs

were passaged one to two times per week onto new plates coated with Matrigel. Human iPSCs were detached with Accutase treatment for
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5 min and centrifuged at 120 rcf for 5 min. The pellet was resuspended in stem cell medium plus Y-27632 (10 mM). The iPSCs used in this study

were below passage 50. All studies were performed with protocols approved by Rutgers University.

Generation of microglia

Primitive microglia precursors (PMPs) were generated from 3 iPSC cell lines using a previously established protocol.54 iPSCs were detached

with Accutase, plated at 20,000 cells per well in a 96-well low-adherence plate in yolk sac induction medium plus the Rho kinase (ROCK) in-

hibitor Y-27632 (10 mM), and centrifuged at 1000 rpm for 3 min to aggregate the cells for embryoid body formation. Yolk-sac induction me-

dium consisted of MAC iPS-Brew XF complete medium plus bone morphogenetic protein 4 (BMP4, 50 ng/mL), vascular endothelial growth

factor (VEGF, 50 ng/mL), stem cell factor (SCF, 20 ng/mL), and b-mercaptoethanol. Yolk-sac inductionmediumwas given for the first 5 days of

culture. On day 6, yolk sac-embryoid bodies (YS-EBs) were plated in 100 mm cell culture plates in factory medium consisting of XVIVO15 sup-

plemented with 0.5% NEAA, b-mercaptoethanol, macrophage colony stimulating factor (M-CSF, 100 ng/mL) and interleukin-3 (25 ng/mL). At

2–4 weeks after plating, human PMPs egress from the yolk sac lumen into the surrounding medium and are continuously produced for more

than 3 months.

To mature PMPs into microglia, PMPs were transitioned to maturation medium composed of XVIVO15 supplemented with N2, Glutamax,

0.5% NEAA, interleukin-34 (IL-34, 100 ng/mL), granulocyte macrophage colony stimulating factor (GM-CSF, 10 ng/mL, andM-CSF (25 ng/mL)

for 1–2 weeks. The medium was changed every 4 days. Cells were then detached with 20 min Accutase treatment and used for experiments.

Generation of iPSC-derived cerebral organoids

Cerebral organoids were generated from the 03SF iPSC line using adapted previously published protocols.73 In this study, 9,000 iPSCs were

cultured in low-adherence 96-well plates to form uniform embryoid bodies. On day 1, the medium was changed to neural induction medium

composed of DMEM/F12 supplementedwith 1XN2, 2 mMA83-01, and 2 mMdorsomorphin. On days 5 and 6, half of themediumwas replaced

with DMEM/F12 supplemented with 1X N2, 10 mM SB431542, and 1 mM CHIR99021. On day 7, EBs were embedded in a Growth-Factor-

Reduced Matrigel ’cookie’ as previously described.73 Half of the medium was changed every two days until day 14. On day 14, organoids

were dissociated from the Matrigel cookie and placed in low-adherence 6-well plates on an orbital shaker at 85 rpm. On day 16, organoids

were fed 1:1 DMEF12: Neurobasal, 1XN2, 1X B27-RA, 0.5%NEAA, and 200 mML-AA.Mediumwas replenished every 2–3 days until day 30. On

day 30, the mediumwas changed to 1:1 DMEF12: Neurobasal, 1X N2, 1X B27, 0.5%NEAA, 200 mML-AA, and 0.25%GFR-Matrigel. Half of the

medium was changed every 3–4 days.

Organoid slicing

To create sliced neocortical organoid cultures, cerebral organoids were sectioned with a vibratome and transferred back into in vitro cell cul-

ture. Organoids were maintained for greater than 120 days before slicing for co-culture experiments. Briefly, a fresh stock of 3% low-melting

temperature agarose in PBS was prepared and kept at 39�C to remain liquid. Artificial cerebral spinal fluid (ACSF) for sectioning contained

(in mM): NaCl 125, KCl 2.5, NaH2PO4$H2O 1.25, NaHCO3 25, MgCl2 1.2, CaCl2 2.5, glucose (C6H12O6) 2.5, and sucrose (C12H22O11) 22.5. The

ACSFwas then bubbledwith 5%CO2/95%O2 for 10min before bivalent cations (inmM):MgCl2 1.2, CaCl2 0.625. The solutionwas then filtered

through a 0.2-micron PES filter and returned to bubbling on ice. Cerebral organoids were then transferred to 37�CDMEF12, 200 mML-AA, and

55 mM b-mercaptoethanol before being embedded in 3% low-melting temperature agarose. The agarose block containing organoids was

then sectioned at 400 mM thickness. Slices were then subjected to two washing processes in Primocin-treated medium to reduce the chance

of contamination. To create an HIV-1 infected human cerebral organoid, 03SF iPSC-derived microglia were infected with JRFL HIV. Following

2 weeks in culture, infected or noninfected microglia were added to 400 mM organoid slices and cultured for 2 additional weeks. On day 14

post coculture with microglia, mSNOs were fixed for immunohistochemistry or total RNA was extracted.

HIV-1 stock preparation

HIV-1 JRFL virus (ARP-395) and HIV-1 YU2 proviral DNA (ARP-1350) were obtained through the NIH HIV Reagent Program, Division of AIDS,

NIAID. HIV-1 JRFL was propagated in phytohemagglutinin (PHA, 5 mg/mL)-stimulated human peripheral blood mononuclear cells. Viruses

were harvested on days 7–10 post infection. HIV-1 YU2 stocks were generated by transfection of 293T cells with HIV-1 YU2 proviral DNA.

The transfected cells were cocultivated with PHA-PBMCs 48 h after transfection, and cell supernatants were harvested 7 days after coculture.

The YU2 HIV stocks were further propagated in PHA-PBMCs as described. The amount of viral p24 was determined using the HIV-1 Gag p24

DuoSet ELISA (R &D System, DY7360-05).

HIV-1 infection

PMPswerematured for 1–2weeks inmicrogliamaturationmedium.Matured PMPswere then incubatedwith 2 ng/mLp24 of either JRFL strain

or YU2 strain HIV-1 (NIH AIDS Repository) for 24 h at 300,000 cells per 100 mL of medium. After 24 h, DMEF12 was added, and the cells were

centrifuged for 3 min at 120 rcf. The cells were then resuspended in microglia maturation medium minus M-CSF and plated. Half of the me-

dium was changed every 3–6 days. To choose post-infection day timepoints for experiments, ELISA against P24 protein secreted into the

medium of active cultures was analyzed to ensure that infection had taken place and was productive. Based on the ELISA data, which we

consistently found began to peak just after two weeks of infection, appropriate post-infection days were chosen for various experiments.
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HIV-1 2-LTR circles PCR

For detection of HIV 2-LTR circles, total DNA (including small nongenomic DNA) was isolated with a DNeasy Blood and Tissue kit (Qiagen

69504). Endpoint PCR analysis (Taq 2X Master Mix, NEB) was performed using 300 ng DNA template and 2-LTR circle primers: forward,

MH535: 50-AACTAGGGAACCCACTGCTTAAG-30; reverse, MH536: 50-TCCACAGATCAAGGATATCTTGTC-30.62
Tissue preparation

Organoids were fixed in 4% PFA overnight at 4�C. Organoids were then transferred to 15% sucrose and 0.05% sodium azide in PBS for 24 h,

followed by another 24 h in 30% sucrose and 0.05% sodium azide in PBS. Organoids were then embedded in OCT freezingmedium and snap

frozen on an ethanol dry ice slurry. Frozen embedded organoids were given at least 3 h to warm to �20�C before cryosectioning on a Leica

cryostat at thicknesses between 10 and 30 mM. Sections were mounted on charged microscope slides (VWR) and placed on a slide warmer at

37�C for 30 min. Slides were then stored in a slide box at �20�C until used for staining.
Immunofluorescence

For immunocytochemistry, half of themediumwas left in each well with an equal amount of 4% PFA and then added at a final concentration of

2% PFA overnight at 4�C. The next day, PFA was removed, and the cells were washed with PBS plus 0.3 M glycine for 30 min. The cells were

then permeabilizedwith 0.2% Triton X-100 in PBS for 7min. The cells were then blocked for 1 h in blocking buffer consisting of 5% normal goat

serum (NGS), 4% bovine serum albumin (BSA), 0.05% Triton X-100, 0.05% sodium azide, and PBS.

For immunohistochemistry, cryosectioned organoid slides were warmed to 37�C for 5 min. A hydrophobic barrier was then drawn around

the specimens and allowed to dry for 5 min. PBS plus 0.3 M glycine was then added in a liquid dome over the specimens to rehydrate for

10 min. Sections were permeabilized with 0.5% Triton X-100, 0.3 M glycine, and PBS for 1 h. After permeabilization, the sections were blocked

with blocking solution consisting of 5% normal goat serum, 4% BSA, 0.05% Triton X-100, 0.05% sodium azide, and PBS for 1 h. Primary anti-

bodies were diluted in blocking solution and applied to the sections overnight at 4�C. The primary antibodies are summarized in the key re-

sources table. After washing with 0.05% Triton X-100 and PBS (PBST) 5 times, secondary antibodies diluted in blocking buffer were added for

1 h at RT. Finally, the sections were washed five times with PBST before a final wash in deionized water and mounting with DAPI Fluoroshield

(Fisher). Secondary antibodies were Alexa Fluor 488-, 546-, 633- or 647-conjugated goat antibodies (Invitrogen) used at a 1:500 dilution. Im-

ages were taken on a Zeiss LSM700 confocal microscope.
RNA isolation

Total RNA was prepared with a RNeasy Plus kit (Qiagen) with preprocessing through Qiashredder (Qiagen) and frozen at �80�C.
RT‒qPCR

cDNA was generated using SuperScript VILO Master mix. RNA expression was measured using SYBR green on a QuantStudio 3 (Agilent).

Probes were generated using NCBI primer blast and are listed in Table S2. Two technical replicates were performed per sample. When a

high standard deviation between replicates occurred, replicates were rerun in triplicate. All expression levels were normalized to GAPDH

expression and represented as 2^-(DDCT). For null result valueswhere a ct was not achieved, amax ct value of 40 was used for statistical analysis.
Bulk RNA sequencing and analysis

We performed bulk RNA sequencing analysis of iPSC-derived microglia. Total RNA was prepared using a RNeasy kit (QIAGEN). Library con-

struction and sequencing were performed by Novogene. The libraries were subjected to 75 bp paired read sequencing using a NextSeq500

Illumina sequencer. Approximately 30–36 million paired reads were generated for each sample. Bc12Fastq software, version 1.8.4, was used

to generate Fastq files. The genome sequence was then indexed using the rsem-prepare-reference command.

Each fastq file was trimmed and checked for quality with fastp (v. 0.12.2) and then aligned to the UCSC hg38 human genome using HISAT2

(v.2.1.0)71,72. Transcript counts were extracted using the featureCounts function of the Rsubread package.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using either Graphpad Prism 10 or using R. All data represent the mean G s.e.m. When only two independent

groups were compared, significance was determined by either a two-tailed or one-tailed unpaired t test with Welch’s correction. A p

value < 0.05 was considered significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The analyses were performed in GraphPad Prism

v.10. All experiments were independently performed at least three times with similar results.
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