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Abstract 

Background  HIV-1-associated neurocognitive impairment (HIV-1-NCI) is marked by ongoing and chronic neuro‑
inflammation with loss and decline in neuronal function even when antiretroviral drug therapy (ART) successfully 
suppresses viral replication. Microglia, the primary reservoirs of HIV-1 in the central nervous system (CNS), play a sig‑
nificant role in maintaining this neuroinflammatory state. However, understanding how chronic neuroinflammation 
is generated and sustained by HIV-1, or impacted by ART, is difficult due to limited access to human CNS tissue.

Methods  We generated an in vitro model of admixed hematopoietic progenitor cell (HPC) derived microglia embed‑
ded into embryonic stem cell (ESC) derived Brain Organoids (BO). Microglia were infected with HIV-1 prior to co-
culture. Infected microglia were co-cultured with brain organoids BOs to infiltrate the BOs and establish a model 
for HIV-1 infection, “HIV-1 M-BO”. HIV-1 M-BOs were treated with ART for variable directions. HIV-1 infection was moni‑
tored with p24 ELISA and by digital droplet PCR (ddPCR). Inflammation was measured by cytokine or p-NF-kB levels 
using multiplex ELISA, flow cytometry and confocal microscopy.

Results  HIV-1 infected microglia could be co-cultured with BOs to create a model for “brain” HIV-1 infection. Although 
HIV-1 infected microglia were the initial source of pro-inflammatory cytokines, astrocytes, neurons and neural stem 
cells also had increased p-NF-kB levels, along with elevated CCL2 levels in the supernatant of HIV-1 M-BOs com‑
pared to Uninfected M-BOs. ART suppressed the virus to levels below the limit of detection but did not decrease 
neuroinflammation.

Conclusions  These findings indicate that HIV-1 infected microglia are pro-inflammatory. Although ART significantly 
suppressed HIV-1 levels, neuronal inflammation persisted in ART-treated HIV-1 M-BOs. Together, these findings indi‑
cate that HIV-1 infection of microglia infiltrated into BOs provides a robust in vitro model to understand the impact 
of HIV-1 and ART on neuroinflammation.
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Introduction
The entry of HIV-1 into the central nervous system 
(CNS) occurs within 4–8 days after HIV-1-infection [1], 
where it infects resident macrophages, microglia, and at 
low levels, astrocytes [2, 3]. These infected cells respond 
to viral proteins, inflammatory mediators, and neuro-
toxic molecules by producing neuroinflammation that 
promotes neuronal damage and loss, that can lead to 
HIV-1-associated neurocognitive impairment (HIV-1-
NCI) [4–6]. These neurocognitive deficits interfere with 
psychomotor speed and coordination, diminished mem-
ory and executive functions, and reduce the quality of life 
in some long-standing aviremic people living with HIV-1 
(PLWH) [7–9]. Persistent chronic inflammatory changes 
play pivotal roles in the pathophysiology of HIV-1-NCI, 
which can persist even under the virological suppression 
provided by antiretroviral drug therapy (ART) [10].

The cause of neuroinflammation in HIV-1 infection is 
not fully understood and is likely multifactorial. In neu-
rodegenerative diseases, microglia are often found near 
inflammatory sites like Aβ plaques, contributing to neu-
ronal damage. In HIV-1 infection, microglia are thought 
to be the primary reservoir in the CNS [11–13], and may 
cause chronic, low-grade inflammation contributing to 
chronic neuroinflammation [14, 15]. Some cytokines 
play unique roles in the development of HIV-1-NCI. For 
example, CCL2 recruits immune cells, particularly those 
infected with HIV-1, into the CNS [16–18]. Osteopontin 
(OPN) contributes to the inflammatory state in HIV-1-
NCI [19, 20], while TREM2, a key receptor for microglia 
functions, is involved in neuronal damage when cleaved 
into its soluble form (sTREM) [21, 22]. With ART, 
cytokines such as sCD14 and IL-27 are more abundant in 
individuals who develop Immune Reconstitution Inflam-
matory Syndrome (IRIS) [23, 24], which is an exagger-
ated inflammatory response that occurs in some PLWH 
after starting ART [25]. While IRIS is primarily linked to 
peripheral immune responses, it has recently been asso-
ciated with immune-privileged organs, such as the cen-
tral nervous system (CNS-IRIS), though this relationship 
remains poorly understood [26].

The majority of these pro-inflammatory molecules are 
regulated by transcription factors (TF) that control gene 
expression in response to pro-inflammatory stimuli. One 
TF that controls this expression is factor Nuclear Factor 
kappa-light-chain-enhancer of activated B cells (NF-kB) 
[27, 28]. Normally, NF-kB is kept inactive in the cyto-
plasm by inhibitory proteins called IκBs. When the cell is 
stimulated, IκB is phosphorylated by IκB kinases, leading 
to its degradation through ubiquitination and proteaso-
mal breakdown [29]. The same kinases also phosphoryl-
ate NF-kB, activating it, and thus allowing it to target 
specific genes. In microglia, NF-kB activation is linked to 

neuroinflammation and brain damage, but NF-kB activity 
in neurons can be both protective and detrimental [30–
33]. In HIV-1 infection, NF-kB activation is well-estab-
lished as a key mechanism driving viral transcription in 
peripheral CD4 + T cells, facilitated by the translocation 
of p65 to the nucleus [34]. However, the role of NF-kB 
in CNS resident  cells remains unclear. Studies utilizing 
postmortem brain tissue from individuals with HIV-1-
NCI have demonstrated that NF-kB activation is pri-
marily localized in perivascular microglia/macrophages 
and is correlated with HIV-1-associated dementia [35]. 
Importantly, there is no evidence of NF-kB activation in 
neurons in the context of HIV-1 infection. This highlights 
the critical need to further investigate NF-kB activation 
specifically within neurons in the context of HIV-1.

Access to human brain samples is limited, and animal 
models differ significantly from human physiology, which 
poses challenges for studying persistent neuroinflamma-
tion in HIV-1-NCI [36]. Therefore, there is a critical need 
for new technological approaches to address the study of 
neuroinflammation. Brain organoids (BOs) have emerged 
as a valuable tool to study these complexities, offering a 
three-dimensional differentiation of various human brain 
cells from stem cells [37]. A novel adaptation of the BO 
model involves integrating microglia that can be infected 
with HIV-1, thereby providing an in  vitro system to 
investigate HIV-1-NCI [38]. This approach includes strat-
egies, such as the infiltration of HIV-1-infected microglia 
into BOs [39]. However, the extent to which this model 
accurately reproduces the neuroinflammation character-
istic of HIV-1-NCI is still being investigated. Studying 
how well this model mimics interactions between reac-
tive microglia and neurons is crucial. These interactions 
regulate HIV-1 latency in the brain and impact HIV-1-
NCI [40].

This study investigates the mechanisms of HIV-1 
related neuroinflammation in a BO model that incorpo-
rates microglia and ART. This model replicates features 
seen in people with HIV-1-NCI, such as heightened lev-
els of phosphorylated NF-kB and pro-inflammatory mol-
ecules. Our study is the first to demonstrate that HIV-1 
infection correlates with phosphorylation of NF-kB, in 
the HIV-1 M-BO model, across primary CNS cell types, 
including microglia, astrocytes, neurons, and neural stem 
cells (NSCs). In addition, we can use this model to assess 
the impact of ART on neuroinflammation. This may fur-
ther our understanding of HIV-1-NCI and potentially 
reveal new therapeutic targets.

Methods
Brain organoids (BOs)
NIH-registered human H1 (WA01) Embryonic Stem 
Cells (ESCs) were purchased from WiCell Research 
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Institute, Inc. and maintained in mTeSR1 medium 
(STEMCELL Technologies). To create BOs, human 
ESCs colonies at 80% confluency were plated in low-
attachment 96-well plates (9000 cells per 150 μL of 
STEMdiff Neural Induction Medium (STEMCELL 
Technologies)). Embryoid bodies were fed every other 
day for 6–7 days, and medium containing 50mM Rho-
associated protein kinase (ROCK) inhibitor was added 
for the first 4 days. To initiate neural rosette formation, 
embryoid bodies were transferred to Matrigel-coated 
(Corning #354277) 6-well plates where they received 
daily medium changes for 6–7 days. Neural rosettes 
were then replated a second time to increase purity for 
an additional 5–7 days. Following the second round of 
formation, neural rosette clusters were transferred to 
droplets of Matrigel (Corning #356234) by pipetting 
into cold Matrigel on a sheet of Parafilm. Droplets were 
solidified at 37  °C and were subsequently grown with-
out agitation for 4 days in differentiation medium con-
taining a 1:1 mixture of DMEM/F12 and Neurobasal, 
1:200 N2 supplement (Thermo Fisher Scientific), 1:100 
B27 supplement without vitamin A (Thermo Fisher 
Scientific), 87.5 μL of 1:100 2-mercaptoethanol, 1:4000 
insulin (Sigma), 1:100 Glutamax (Thermo Fisher Sci-
entific) and 1:200 MEM-NEAA. Following this station-
ary growth phase, the tissue droplets were transferred 
to a spinning bioreactor (orbital) shaker containing 
BO medium, containing differentiation medium, as 
described above, that was supplemented with vitamin 
A (Thermo Fisher Scientific).

Microglia differentiation
Human hematopoietic progenitor cells (HPCs) were 
obtained from Children’s Hospital of Philadelphia of 
the University of Pennsylvania (Philadelphia, PA). These 
HPC were derived from an iPSC line (CHOPWT6). 
Approximately 0.1 × 106 HPC were seeded into a 48 well 
plate and differentiated in Microglia medium composed 
of RPMI with 10% FBS, 1% penicillin/streptomycin, 1% 
1M HEPES supplemented with 25ng/mL CSF-1 (Pep-
rotech), 100ng/mL IL-34 (R&D), and 50ng/mL TGF-β 
(Peprotech). Half medium changes were performed every 
2 days for 11 days [41].

HIV‑1 infection of microglia
The differentiated cells were incubated with HIV-1 ADA 
a multiplicity of infection (MOI) of 0.55 in Microglia 
medium for 24h. The cells were washed 3 times and incu-
bated for an additional 48h in Microglia media. “Unin-
fected cells” had the equivalent amount of PBS following 
the same protocol of infected cells.

Co‑culture of microglia and brain organoids
200,000 Microglia cells in 48 well plates were either unin-
fected or infected with HIV-1 (labeled or unlabeled), 
washed, and microglia media replaced with 500μL BO 
media. One BO was added to each well, and the plates 
were incubated at 37  °C for 24 h with no orbital shaker. 
Subsequently, the organoids were flipped and left undis-
turbed for an additional 24 h to maximize contact. Each 
organoid was then washed in PBS 3 times and transferred 
to a clean well (Day 0) with 2mL BO medium alone or 
supplemented with ART (Nelfinavir and Raltegravir both 
at 1mM) as applicable (ART interruption was with sup-
plementation of ART for only 12 days). BOs with infil-
trated Microglia were maintained on an orbital shaker for 
up to 25 days at 37 °C. After 25 days, BOs were cut into 
two equal pieces. One was analyzed for inflammation 
markers and the presence of HIV-1, while the other was 
embedded in paraffin for microscopic analyses.

Labeled microglia
Microglia were detached from the flasks and incubated 
with 1nM tracking dye Celltracker Orange (Thermofisher 
#C2927) for 20 min in media without serum at 37 °C or 
without cell tracker for unlabeled control cells. The cells 
were washed 3 times with media without serum and 
resuspended in microglia media at 1 × 106 cells/ml. 200 μl 
of resuspended cells was seeded in 48 plates for 24 h.

Flow cytometry of BOs
BOs were incubated with 20nM calyculin A (cell signal-
ing #9902), a phosphatase inhibitor, for 10 min before 
processing. Subsequently, half of each BO was disso-
ciated using a papain dissociation kit (Worthingthon 
#LK003150), with a 30-min papain incubation supple-
mented with calyculin A. Following papain inactiva-
tion as per the manufacturer’s protocol, the cells were 
collected, distributed into staining flow cytometry 
tubes, and kept on ice. For microglia cultures, cells were 
detached using a Trypsin/EDTA mix; uninfected cells 
were treated for 5 min and HIV-1 infected cells for 15 
min at 37 °C. The cells were then washed and centrifuged 
twice at 1800 rpm for 5 min at 4 °C using a staining buffer 
(PBS with 2% BSA). The cells were finally resuspended in 
PBS and incubated for 15 min with either 4nM DAPI or 
1nM Live/Dead fixable Aqua cell stain (Thermo Fisher 
# L34957) to label dead cells. The microglia cells were 
washed three times with staining buffer and incubated 
with surface antibodies CD45 (BD #563792), CD11b 
(BD#564517), P2RY12 (Biolegend #392106), and TREM2 
(R&D FAB17291A) for 40 min. The FIX/PERM Kit was 
employed for intracellular staining with antibodies 
against IBA-1(Cell Signaling #78060S), TUJ-1(ab195879), 
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Pax6 (Milteny Biotech #130123267), Sox2(Milteny Bio-
tech #130120721), p65 p-NF-κB at Ser536 (Cell Signaling 
#5733), and GFAP (Cell Signaling #3655S). Labeled cells 
were fixed with 2% paraformaldehyde in 1% BSA/PBS 
and analyzed using an Attune NxT flow cytometer (Ther-
moFisher Scientific).

Soluble marker quantification
Stored supernatants from HIV-1 infected, uninfected 
IPSC-derived microglia cultured 3 days post-infection, 
and all M-BOs conditions at days 3, 9, 18, and 25 days 
of culture were tested. M-BO supernatants were con-
centrated fivefold using Pierce protein concentrators 
(50K MWCO, Thermo Fisher Scientific). The following 
cytokines and chemokines were evaluated using a cus-
tom multiplex immunoassay (R&D systems): Soluble 
CD14 (sCD14), soluble CD163 (sCD163), MCP-1(CCL2), 
CCL19/MIP-3b, CX3CL1/Fractalkine, Interferon-γ 
(IFNγ), Interleukin-1 beta (IL-1β), IL-6, IL-10, IL-27, 
Osteopontin/SPP1 (OPN), Soluble TREM2 (sTREM2), 
and Tumor necrosis factor-α (TNFa). Data was acquired 
on a Luminex IntelliFLEX system (Luminex) and ana-
lyzed using MILLIPLEX® Analyst software (Millipore). 
All samples were analyzed in duplicate.

Immunofluorescence
To monitor the infiltration of microglia-labeled cells 
into the organoids, we captured images of the entire BO 
using the fluorescence microscope Keyence BZ-X800E 
with a CY3 filter at various days of incubation. For the 
analysis of other cell populations and phosphorylation 
levels, the BOs were fixed and permeabilized. Subse-
quently, they were embedded in paraffin, and slides were 
prepared by the Histowiz company for further examina-
tion. Before initiating the staining protocol, the slides 
underwent deparaffinization and rehydration, including 
10 min in Cytrosolv (× 2), 2 min in 100% ethanol (× 2), 
2 min in 95% ethanol, 2 min in 70% ethanol, and 2 min 
in PBS (× 2). Subsequently, heat-induced epitope retrieval 
(HIER) was conducted in a water bath 92–95 °C for 15 
min and submerged in Trilogy solution (Cell Marque). 
Another container with Trilogy was heated, and the sec-
tions were transferred for an additional 5 min. Permea-
bilization (required for nuclear antigens) was carried out 
for 20 min with PBS/0.5% Triton-X-100 at room tem-
perature, followed by immersing the slides in PBS for 5 
min. Sections were incubated for 1 h with PBS/3% BSA 
(approximately 200  μl per section) to block nonspecific 
staining. The antibody was diluted in 3% BSA in PBS at 
different dilutions: Tuj-1(AB 195879) 1/100, anti-p-NF-
kB (Cell signaling #5736) 1/50, MAP2 (AB225316) 1/100, 
Olig2 (Cell Signaling #65915T) 1/250, Nestin (Cell sign-
aling #33475S)1/400, CCl2 (R&D IC279G)1/50, S100B 

(Milipore #S2532) 1/250 dilution, anti-mouse incubated 
overnight at 4  °C. Slides were washed three times for 5 
min each in PBS with gentle agitation. Sec antibody 
1/200 (Life technology #R6393) and anti-rabbit Sec anti-
body 1/200 (Life technology #A11008) were incubated 
for 1 h in 3% BSA in PBS. Finally, they were mounted 
with an anti-fade mounting media with DAPI and visual-
ized using fluorescence and confocal microscopy.

ddPCR assay
DNA extraction from M-BOs from experimental treat-
ment conditions: Uninfected, HIV-1, HIV-1 + ART, and 
HIV-1 + ART Interrupted, was performed using the 
QIAamp DNA/RNA Mini Kit (Qiagen) and incorpo-
rated precautions to minimize DNA shearing. The HIV-1 
and human RPP30 reactions were conducted indepen-
dently in parallel, and the resulting copy numbers were 
normalized based on the quantity of input DNA. Each 
ddPCR reaction was performed with ddPCR Supermix 
for Probes (no dUTPs, BioRad), primers (final concen-
tration 900 nM, Integrated DNA Technologies), probes 
(final concentration 250 nM, ThermoFisher Scientific), 
and nuclease-free water. A median of 7.5 ng (IQR 7–7.5 
ng) of genomic DNA for RPP30 or a median of 750ng 
(IQR 700–750ng) for HIV-1 was used. The primer and 
probe sequences (5′– > 3′) used were as follows: RPP30 
Forward Primer: GAT​TTG​GAC​CTG​CGA​GCG​, RPP30 
Reverse Primer: GCG​GCT​GTC​TCC​ACA​AGT​, RPP30 
Probe: VIC-CTG​ACC​TGA​AGG​CTCT-MGBNFQ; 
HIV-1 Ψ Forward Primer: CAG​GAC​TCG​GCT​TGC​TGA​
AG, HIV-1 Ψ Reverse Primer: GCA​CCC​ATC​TCT​CTC​
CTT​CTAGC, HIV-1 Ψ Probe: FAM-TTT​TGG​CGT​ACT​
CAC​CAG​T- MGBNFQ. Droplets were generated using 
the Automated or QX200 Droplet Generator (BioRad) 
and subjected to cycling at 95  °C for 10 min. This was 
followed by 45 cycles of 94  °C for 30 s, 59  °C for 1 min, 
and 98  °C for 10 min. Droplet analysis was performed 
on a QX200 Droplet Reader (BioRad) using QuantaSoft 
software (BioRad, version 1.7.4). Fluorescence thresholds 
were set above the levels detected in both negative con-
trols and no-sample wells for each experiment. Droplets 
with fluorescence above this threshold were classified as 
positive, while those below were classified as negative. 
Positive droplets were automatically analyzed by Quan-
taSoft software and converted into copies per microliter 
(copies/μL) of the target sequence. The number of HIV-1 
copies per million cells was calculated based on the esti-
mated cell count; assuming two copies per cell, the num-
ber of RPP30 copies was divided by two.

Statistics
Differences in supernatant biomarkers levels between 
uninfected and HIV-1 infected microglia were 
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determined by the Mann Whitney test. Soluble marker 
differences among M-BO infection and ART treatment 
groups and time points were determined by two-way 
ANOVA adjusted for multiple comparisons (Tukey test). 
Differences in population and p-NF-kB levels detected 
by flow cytometry were determined by one-way ANOVA 
adjusted for multiple comparisons (Tukey test). All BOs 
used in this study were from the same organoid batch, 
with each organoid treated as an independent experi-
ment, and is represented by a single point in the graphs.

Results
BOs and microglia show an inflammatory response 
in response to pro‑Inflammatory stimuli associated 
with HIV‑1 infection
BOs provides a comprehensive approach to understand-
ing interactions between different CNS cell types in 

specific pathologies, including HIV-1-NCI [38, 42, 43]. 
The creation of BOs is a complex process that begins 
with deriving cells from ESCs. These cells self-organize 
to form distinct brain regions within a three-dimensional 
structure [44]. Human ESCs were differentiated into BOs 
according to the protocol previously described [45]. A 
typical signature of differentiation activity inside BOs is 
the formation of rosette structures. These structures are 
apico-basally polarized, stratified, flower-like formations 
that NSCs create in vitro during the differentiation into 
different cell types such as neurons, oligodendrocytes, 
and astrocytes [46]. The H&E staining of BOs reveals the 
presence of several rosette structures in the BOs as a sign 
of active development (Fig.  1A). Magnification of these 
structures allows identification of different layers of dif-
ferentiation, from NSCs in the lumen to the mature neu-
rons towards the apical side. In addition to the magnified 

Fig. 1  Characterization of mature microglia and BO morphology in response to pro-inflammatory stimuli. A H&E staining of 4-month-old BO. 
The image shows typical BO morphology with classical rosette structures. The magnified section indicates the location of neuro stem cells (NSCs) 
and mature neurons (Neu) within the rosette structure. The immunofluorescence of the rosette structure confirm the presence of NSCs (Nestin) 
and Neu (MAP2) B Characterization of one BO by obtained by flow cytometry analysis, identifying different populations: 5.48% GFAP + reactive 
astrocytes (Ast), 69.3% Tuj-1 + neurons (Neu), 0% Iba-1 + /P2RY12 + microglia (Mic), and 9.7% PAX6 + /SOX2 + neuro NSCs. C p-NF-KB levels in one 
BO (n = 1) stimulated with TNFa 40 ng/ml + 100ng/ml IFN in presence of 100 nM calyculin versus a BO treated with vehicle (DMSO) for 1 h, 
obtained by flow cytometry analysis. The dot plot shows the changes of p-NF-κB in the different BOs population characterized by CNS markers: 
GFAP + (reactive astrocyte), TUJ-1 (neurons) and SOX2 + (neuro NSCs). D Characterization of fully differentiated microglia (HPCs -derived microglia) 
after 11 days shows typical microglial morphology. Representative flow cytometry dot plot showing the expression of classical microglial 
markers: CD11b (82.7%), CD45 (low), Iba-1 (80.8%), P2RY12 (low), and TREM2 (22%). E Analysis of Gag expression in HIV-1 infected microglia 
by immunofluorescence 24 h post-infection (top images). The arrows in the images indicate syncytia structures with high Gag protein expression, 
characteristic of HIV-1 infection (n = 1). F Quantification of levels of p24 detected in the supernatant of HIV-1 infected microglia by ELISA over 9 days 
of incubation (graph) (n = 1) G Quantification of pro-inflammatory cytokine levels associated with HIV-1-NCI and IRIS in the supernatant of three 
different microglia batches at day 3 post-infection (n = 3)
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images, we confirmed the cellular composition of the 
rosette structures with immunofluorescence, showing 
the expression of Nestin and MAP2 as classical markers 
for NSCs and mature neurons, respectively.

To characterize BOs, we dissociated them and analyzed 
their populations using flow cytometry with classic CNS 
markers: IBA-1 and P2R2Y for microglia, TUJ-1 for neu-
rons, Pax6 and Sox2 for NSCs, and GFAP for astrocytes 
(Fig.  1B). All the populations were identified except for 
microglia. The absence of microglia in this BOs corrobo-
rates what had been described previously [45]. The gat-
ing strategy is detailed in (Fig S1). The oligodendrocyte 
population was assessed through immunofluorescence 
staining for Olig2 expression, alongside the astrocyte 
population, which was re-evaluated using immunofluo-
rescence for GFAP and S100B expression (Fig S2).

To evaluate BOs as an in  vitro model of neuroin-
flammation in the context of HIV-1 infection, we first 
assessed their inflammatory response to a pro-inflam-
matory stimulus. We measured the p-NF-kB in response 
to TNFa and IFNg: classical cytokines associated with 
HIV-1 infection. Flow cytometry analyses revealed that 
astrocyte (GFAP +) and NSCs (Sox2 +) became more 
p-NF-kB positive after treatment, in comparison with the 
control, while the neuron population (TUJ-1 +) became 
less p-NF-kB positive (Fig.  1C). The gating strategy is 
detailed in (Fig S3). The enhanced p-NF-kB following 
TNFa and IFNg stimulation support the hypothesis that 
BOs are capable of replicating a neuroinflammatory 
response in the pro-inflammatory environment gener-
ated by HIV-1-infected microglia.

To obtain microglia, we used a well-established pro-
tocol of differentiation, which involves culturing human 
microglia from induced HPCs [41]. Microglia were char-
acterized after 11 days of HPC differentiation. Uninfected 
microglia displayed a morphology consistent with pre-
vious studies and expressed well-established microglia 
markers (Fig.  1D). We showed a pattern of expression 
characterized by an 82.7% of CD11b + /CD45low, 80.8% 
IBA-1 + , and 22% TREM2 + (Fig.  1A). The gating strat-
egy is detailed in (Fig S4). Microglia were infected with 
HIV-1, as evidenced by syncytium formation in HIV-1 
and the elevated presence of Gag by immunofluorescence 
48 h post-infection (Fig.  1E). The supernatant of HIV-1 
infected and uninfected microglia cultures was measured 
by ELISA during a 9-day incubation period. The detec-
tion of p24 in HIV-1 infected microglia, in contrast to 
uninfected microglia, confirmed successful HIV-1 infec-
tion. The levels of p24 increased until day 6 before expe-
riencing a decline (Fig.  1F). Since microglia are a key 
source of neuroinflammation, we assessed their role in 
the inflammatory response. We measured pro-inflam-
matory cytokine levels after 3 days of HIV-1 infection. A 

panel of 11 cytokines was selected, including those asso-
ciated with HIV-1-NCI such as CCL-2, Fractalkine, IFN-
g, IL-1b, IL-6, IL-10, IL-27, OPN, sTREM2, and TNFa. 
Additionally, two cytokines linked to inflammation asso-
ciated with antiretroviral therapy IRIS, such as IL-27 and 
soluble sCD14 [23, 24], were included. See (Table 1) for 
more details.

Only eight cytokines from the panel were detected in 
the microglia supernatants, and some of them showed 
increased levels of pro-inflammatory cytokines in the 
infected microglia. Pro-inflammatory cytokines such 
as IL-1(from 10.67 ± 8.443 to 32.48 ± 8.239,p = 0.1), IL-6 
(from 262.6 ± 388.1 to 462.0 ± 419.5, p = 0.4), and sTREM2 
(from 1281 ± 2197 to 3124 ± 1563, p = 0.4) increased after 
infection while the anti-inflammatory cytokine IL-10 
decreased (from 57.15 ± 14.75 to 23.95 ± 24.88, p = 0.4). 
Although, these changes were not statistically signifi-
cant the trend observed is consistent with activation 
of microglia in response to HIV-1 infection (Fig.  1G). 
There were no differences in the other cytokines (IL-27, 
sCD14, sCD163 and OPN) (Fig S5). Since BOs respond 
to pro-inflammatory stimuli and microglia can mount a 
pro-inflammatory response to HIV-1 infection, we next 
investigated whether HIV-1 infected microglia could 
induce neuroinflammation in BOs.

HIV‑1 infected microglia induce neuroinflammation in BOs
Various strategies have been used to introduce microglia 
into BOs to study brain development and related pathol-
ogies [39], including infusing exogenous HIV-1 infected 
microglia into BOs [38]. Here, we used microglia infiltra-
tion, and cocultured differentiated microglia with BOs 
[47]. A schematic outlining the experimental procedure 
illustrates the generation of M-BOs, starting with the 
differentiation of microglia (Fig.  2A). Both uninfected 
and HIV-1 infected microglia were infiltrated into BOs 
to create M-BOs: Uninfected (Uninfected  M-BO) and 
HIV-1 infected (HIV-1 M-BO), respectively. A key aspect 
of HIV-1-NCI is that although ART reduces viral replica-
tion in PLWH, it does not completely alleviate high levels 
of inflammation in the nervous system [48] For this rea-
son, we evaluated the impact of ART on viral replication 
[23–26].

A subset of HIV-1 M-BO were subjected to either con-
tinuous (M-BO HIV-1 + ART) or interrupted (M-BO 
HIV-1 + ART Interrupted) ART regimens. During all 
the incubations supernatant was saved to evaluate how 
pro-inflammatory cytokines associated with HIV-1-NCI 
and viral proteins change under these different condi-
tions. After day 25, the M-BO was divided into two equal 
parts. One half was dissociated into single cells to con-
firm the presence of virus. The impact of HIV-1 and ART 
on different CNS populations was assessed using flow 
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cytometry. The other half was embedded in paraffin for 
immunofluorescence analysis (Fig. 2A).

Successful infiltration of microglia in M-BOs was con-
firmed by co-culturing an additional group of M-BOs 
with microglia labeled with the cell tracker orange. 
Microscopy images revealed clusters of orange cells 5 
days after microglia infiltration (Fig.  2B, Top and mid-
dle panel). No such clusters were observed in the con-
trol: BOs not infiltrated with labeled microglia (Fig.  2B, 
bottom panel). Flow cytometry analyses of these M-BOs 
showed a population labeled with cell tracker orange and 
positive for the microglia markers P2RY2 and IBA-1, 
accounting for 10% of the total cells analyzed (Fig.  2C). 
We used IBA-1 to identify microglia in BOs across all 
conditions. Positive IBA-1 populations were found in 
M-BOs, indicating successful integration in all condi-
tions (Fig.  2D). Gating strategy Fig S6. Although there 
were significant differences between Uninfected and 
HIV-1 + ART (7.558 ± 0.2711 vs 10.09 ± 1.641, p = 0.018), 
the variations between all conditions were minimal 
(8–10%).

Confirmation of virus infection in M-BOs was per-
formed by ddPCR (Fig. 2E). While there was a tendency 
towards lower copy numbers in the HIV-1 M-BO + ART 
Interrupted group (3123 ± 2957, p = 0.23), the high vari-
ability in the number of copies made it challenging 
to identify significant differences, as indicated by the 

coefficients of variability: HIV (100.4%), HIV + ART 
(94.7%), and HIV + ART Interrupted (89.8%). However, 
these results did confirm the presence of HIV-1 in the 
M-BOs infiltrated with HIV-1 infected microglia after 25 
days of incubation.

To determine whether infiltration of HIV-1-infected 
microglia generated a persistent HIV-1 infection dur-
ing the incubation, the supernatant from the two M-BOs 
with the higher psi-gag copies/106 cells per group was 
analyzed. The levels of p24 in the supernatant collected 
during the 25 days of incubation confirmed HIV-1 
infection in M-BO HIV-1, while it was undetectable in 
uninfected M-BOs (Fig.  2F). The level of p24 detected 
corresponded with the number of copies. During the 
25 days of culture, p24 levels were lower in the groups 
treated with ART. There was no detectable spontane-
ous reactivation of HIV-1 (p24 rebound) observed in the 
HIV-1 + ART Interrupted group (Fig. 2F), suggesting the 
need for additional factors to activate HIV-1 replication.

Next, we hypothesized that HIV-1-infected micro-
glia could induce a pro-inflammatory state in the BOs. 
We analyzed the same panel of pro-inflammatory 
cytokines previously measured in the supernatant of 
infected microglia, but this time in the supernatants 
collected from M-BOs during the whole incubation 
period (25 days). Interestingly, only five of the eight 
cytokines detected in microglia, found in the supernatant 

Table 1  Cytokine panel measured by multiplex ELISA in the supernatants of microglia and M-BO cultures

This table outlines the association of each cytokine with HIV-1-related neuropathology and indicates whether each cytokine was detected in the supernatant of 
microglia cultures versus M-BO cultures. Values below the LLOD (lower limit of detection) of this multiplex assay were considered undetectable

Cytokine Association with HIV-1 Reference Microglia 
HIV-1 infected 
sup

HIV-1 M-BOs 
infected sup

Interleukin-1 beta (IL-1b) Associated HIV-1-NCI through Ferritin Heavy Chain [83, 84] Detectable Detectable

Tumor necrosis factor (TNFa) Pro-inflammatory cytokines inducing neuronal death [84] Undetectable Undetectable

Interferon-gamma(IFNg) Correlate with HIV-1- NCI in PLWH. Enhance replication HIV-1 in astrocytes [85, 86] Undetectable Undetectable

soluble CD163 (sCD163) Plasma correlates with postmortem HIV-1- NCI [48, 49] Detectable Detectable

IL-6 Implicated in HIV-1 neurotoxicity from human astrocytes [87] Detectable Undetectable

MCP-1(CCL2) Increase in CSF in PLWH with HIV-1-NCI
Increased infiltration of HIV-1 infected cells to the CNS

[18, 70] Undetectable Detectable

Osteopontin/SPP1(OPN) Increase in CSF of PLWH with HIV1-NCI. Enhances HIV-1 replication 
in the brain. Activation of inflammasome and recruitment of immune cells

[19, 88] Detectable Detectable

Soluble TREM2 (sTREM2) Increased in CSF of PLWH with HIV-1-NCI [21, 22] Detectable Undetectable

CX3CL1/Fractalkine Protective role preventing replication of HIV-1 and inflammation [89] Undetectable Undetectable

Soluble CD14
(sCD14)

Elevated plasma levels (Not CSF) correlated with poor prognosis in HIV-1
Associated with Immune reconstitution inflammatory syndrome (IRIS)

[23, 24] Detectable Detectable

IL-27 Potent inhibitor of HIV- 1 replication in peripheral blood
Associated with IRIS

[23] Detectable Detectable

CCL19/MIP-3b Increases HIV-1 infection, integration, and latency in resting CD4 + T cells
Associated with CNS lymphoma

[90, 91] Undetectable Undetectable

IL-10 Inhibits pro- inflammatory response. Pro- inflammatory and anti- inflam‑
matory activities in the pathogenesis of HIV-1/AIDS with meningitis. 
Associated with IRIS

[92] Detectable Undetectable
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of M-BOs, were different (See Table  1). Among the 
cytokines detected, IL-1b showed no differences across 
conditions, but a decrease over time was observed with 
sCD163 (Fig. S7). This is consistent with studies that 
show elevated sCD163 in the plasma but not in the cere-
brospinal fluid (CSF) of people with HIV-1-NCI [49]. The 
cytokine sCD14 initially showed high levels in the HIV-1 
M-BO group but decreased over time. In contrast, IL-27 
remained low throughout the incubation period until day 
25, when it increased significantly (Fig. S7).

Notably, CCL-2 and OPN levels remained low in unin-
fected M-BOs, while they were elevated in all HIV-1-in-
fected M-BOs, regardless of ART treatment. While the 
difference in CCL-2 levels was statistically significant 
among all groups and time points, OPN showed signifi-
cant differences only at day 9 in HIV-1 + ART M-BOs 
(53,347 ± 6838, p = 0.03). These observations recapitulate 

the persistent inflammation observed in PLWH with 
HIV-1-NCI on ART (Fig. 2G).

The pro-inflammatory profile shown by our model 
under different conditions suggests a key role for these 
cytokines in maintaining persistent neuroinflamma-
tion associated with HIV-1. Therefore, we measured 
p-NF-kB in microglia found in M-BOs to evaluate their 
contribution to neuroinflammation. Notably, micro-
glia had significantly higher p-NF-kB levels in M-BOs 
infiltrated with HIV-1 infected microglia compared to 
uninfected microglia, irrespective of the ART regimen 
(Fig.  2H). This correlated with the levels of CCL2 and 
OPN detected previously. Although CCL2, a pro-inflam-
matory cytokine, has been shown to be regulated by 
NF-kB in other pathological conditions [50, 51], includ-
ing astrocyte activation in injury contexts [52], it has 
not yet been explored in the context of neuro-HIV-1. A 

Fig. 2  HIV-1-infected microglia infiltrate BOs and promote an inflammatory response associated with HIV-1-NCI. A Breakdown of the experimental 
design, including differentiation of microglia, infection with HIV-1, co-culture with mature BOs to obtain M-BOs, experimental treatment 
conditions: Uninfected, HIV-1, HIV-1 + ART, and HIV-1 + ART Interrupted. B Image showing cluster of microglia cells labeled with cell tracker orange 
inside the M-BO 5 days post-co-culture captured by microscopy (top panel) and a magnification of labeled cells cluster in a different M-BO (middle 
panel). M-BO not infiltrated with labeled microglia as a ctrl of fluorescence signal (bottom panel) C Dot plot showing the percentage of orange cells 
detected (orange dots) IBA-1 and P2RY12 positive (n = 1) detected by flow cytometry analysis. D The graph displays the percentage of cells in M-BOs 
in the four treatment conditions positive for IBA-1 detected by flow cytometry analysis. E Graph of ddPCR analysis of BOs in the four treatment 
conditions, showing detected copies of HIV-1 psi-gag per 106 cells. F Quantification of p24 levels detected in the supernatant of M-BOs in the four 
treatment conditions over 25 days of incubation. Each curve corresponds to one M-BO, with two M-BOs per condition evaluated (n = 2) G 
Quantification of pro-inflammatory cytokines detected in the supernatant of M-BOs for the four treatment conditions performed in the experiment. 
Two M-BOs per condition were evaluated (n = 2). H Quantification of the percentage of double positive cells for IBA-1 and p-NF-kB in M-BOs after 25 
days of incubation. I Immunofluorescent staining for Dapi (blue), p-NF-KB (red) and CCL2 (green), on slides of M-BOs in the 4 treatment conditions. 
Each organoid treated is an independent experiment and is represented by a single point in the graphs for the four treatment conditions: 
Uninfected (n = 4), HIV-1 (n = 3), HIV-1 + ART (n = 3), and HIV-1 + ART Interrupted (n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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double-staining immunofluorescence for CCL-2 and 
p-NF-kB among all conditions showed a correlation 
between CCL-2 expression and elevated p-NF-kB levels 
in all HIV-1-infected conditions, regardless of ART, sug-
gesting a link between p-NF-kB activation and CCL-2 
expression (Fig.  2I). These results support the charac-
teristic ART-resistant neuroinflammation observed in 
PLWH with HIV-1-NCI.

Although microglia are one of the main sources of pro-
inflammatory cytokines in the CNS, other cell types are 
important for neuroinflammation. We investigated how 
other cell populations in the M-BOs, such as astrocytes, 
neurons and NSCs, were affected by the infiltration of 
HIV-1-infected microglia and the administration of ART.

The neuroinflammation induced by HIV‑1 infected 
microglia in BOs correlated with an increase of astrocyte 
reactivation and NF‑kB activation in an ART‑independent 
manner
Astrocytes are among the most critical CNS cell popu-
lations driving neuroinflammation [53]. In the context of 
HIV-1 neuropathology, it has been shown that astrocytes 

become reactive and contribute to astrogliosis [54, 55]. 
Although only a small percentage of astrocytes appear to 
be directly infected by HIV-1, they are now considered a 
functional reservoir for the virus [56]. Given the recog-
nized role of astrocytes in HIV-1-NCI, we examined their 
response to HIV-1 infection.

To assess astrocyte presence and reactivity, we meas-
ured levels of GFAP, a classical marker of reactive astro-
cytes, in combination with p-NF-kB. GFAP staining 
revealed a consistent astrocyte population across all 
conditions, with the exception of the uninfected control 
where GFAP expression was absent (Fig. 3A, B). Immu-
nofluorescence analysis further confirmed this finding, 
showing a similar pattern using GFAP and additional 
marker of astrocyte, S100B (Fig.  3C). Additionally, we 
analyzed p-NF-kB levels (Fig.  3D), revealing a signifi-
cant increase in a consistent population double-positive 
for GFAP and p-NF-kB in all HIV-1-infected conditions, 
similar to what was observed in the microglia population. 
These results confirm that astrocytes respond to HIV-1 
presence with a proinflammatory state, characterized by 
elevated expression of GFAP and p-NF-kB.

Fig. 3  HIV-1-infected microglia induce an increase in the reactive astrocyte population with elevated p-NF-kB levels. A Representative flow 
cytometry dot plot showing the population of reactive astrocyte (GFAP +) positive for p-NF-KB in M-BOs after 25 days of incubation in the four 
treatment conditions. B Graph quantifying the percentage of GFAP + cells in M-BOs in the four treatment conditions obtained by flow cytometry 
analysis. C Immunofluorescent staining for Dapi (blue) and GFAP (red) on slides of M-BOs in all conditions (top panels). Immunofluorescent 
staining for Dapi (blue) and S100B (green). Uninfected M-BOs vs HIV-1 M-Bos with an amplification from the same condition. D Graph quantifying 
the percentage of GFAP positive cells expressing p-NF-KB in M-BOs in the four treatment conditions obtained by flow cytometry analysis. Each 
organoid treated is an independent experiment and is represented by a single point in the graphs across for the four treatment conditions: 
Uninfected (n = 4), HIV-1 (n = 3), HIV-1 + ART (n = 3), and HIV-1 + ART Interrupted (n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,****p ≤ 0.0001
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The neuroinflammation induced by HIV‑1 infected 
microglia in BOs correlated with NF‑kB activation 
of neurons in an ART‑independent manner
Neurons are the primary cells affected in HIV-1-NCI, 
and postmortem tissue analysis from HIV-1-NCI shows 
that significant neuronal damage impacts their functions, 
viability and ultimately their survival [57, 58]. To assess 
how HIV-1 affected the percentage of neurons in the 
M-BO model, we used flow cytometry to analyze M-BOs 
in all four experimental conditions. The TUJ-1 marker 
revealed a consistent percentage of neurons in all condi-
tions, with a notable increase in neuron population in the 
presence of ART (Fig. 4A and B) compared to the unin-
fected condition. To confirm this finding, we performed 
immunofluorescence using an additional marker for 
mature neurons (MAP2) and TUJ-1, both in combina-
tion with p-NF-kB. The images show representative sam-
ples for all conditions for MAP2. Although all conditions 
exhibited similar MAP2 expression, the marker intensity 
appears to be lower in the uninfected condition (Fig. 4C). 
The p-NF-kB signal appears stronger in the presence of 

HIV-1, though it is not distributed uniformly through the 
tissue.

Subsequent analysis of p-NF-kB levels in TUJ-1 posi-
tive cells by flow cytometry showed a significant increase 
in all infected conditions compared to uninfected 
(Fig. 4D). Remarkably, p-NF-kB levels did not respond to 
ART treatment, aligning with the pattern seen in micro-
glia and astrocytes. This finding confirms that the neu-
ronal population generates an inflammatory state due 
to interaction with HIV-1 infected microglia, which per-
sists even under ART treatment. This aligns with features 
observed in individuals with HIV-1-NCI and suggests 
that HIV-1 infection combined with ART impacts neu-
ron survival or neurogenesis in this in vitro model.

Neuroinflammation induced by HIV‑1 infected microglia 
in BOs alters resident neural stem cell populations 
and NF‑kB activation in an ART‑dependent manner
The adult neurogenic process is regulated by many 
intrinsic and extrinsic factors [59]. Several studies have 
shown that HIV-1 can infect neuro-progenitor cells and 

Fig. 4  HIV-1-infected microglia lead to an increase in p-NF-kB levels within the neuronal population. A Representative flow cytometry dot plot 
showing the population of Neurons (TUJ-1 positive cells) positive for p-NF-kB in M-BOs after 25 days of incubation for the four treatment conditions 
B Graph quantifying the percentage of TUJ-1 positive neurons in M-BOs for the four treatment conditions obtained by flow cytometry analysis C 
Immunofluorescent staining for Dapi (blue), MAP2 (green), and p-NF-KB (red) on slides of M-BOs for all conditions (top panels). Immunofluorescent 
staining for Dapi (blue), TUJ-1 (green), and p-NF-KB (red) on slides of Uninfected M-BOs vs HIV-1 M-BOs with an amplification of the indicated square 
area (bottom panels). D Graph quantifying the percentage of TUJ-1 positive neurons expressing p-NF-KB in M-BOs for the four treatment conditions 
obtained by flow cytometry analysis. Each organoid treated is an independent experiment and is represented by a single point in the graphs 
for the four treatment conditions: Uninfected (n = 4), HIV-1 (n = 3), HIV-1 + ART (n = 3), and HIV-1 + ART Interrupted (n = 3). *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001
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affect neurogenesis [60, 61]. To evaluate the impact of 
HIV-1 infection and ART treatment on this population, 
we quantified neurons by flow cytometry and identi-
fied the population positive for PAX6 and SOX2. In 
the uninfected cultures, the double positive population 
was absent but was present in HIV-1-infected M-BOs 
(Fig.  5A). To corroborate this finding, we performed 
immunofluorescence using an additional NSC marker 
(Nestin). The images confirm a complete absence of the 
NSC population in the uninfected condition (Fig. 5B).

Interestingly, ART treatment seems to decrease the 
percentage of NSCs, but when ART was discontinued, 
the NSC population rebounded (Fig. 5C). This requires 
further study. The level of p-NF-kB was also evaluated 
in the NSC population (Fig. 5D). Among the NSCs from 
the M-BOs infected with HIV-1, the Mean Fluores-
cence Intensity (MFI) of p-NF-kB increased with ART 
treatment. We observed the shift in the MFI between 
HIV-1 M-BOs alone compared to HIV-1 + ART M-BOs 
in the representative histogram of p-NF-kB MFI 
(Fig. 5E).

Discussion
The use of in vitro models to study human neuropathol-
ogy is critical to help better understand neuroinflamma-
tion and neuronal insults. In models of HIV-1 infection 
of the CNS, emerging evidence has demonstrated that 
BOs serve as a compelling model for studying neuropa-
thology [38, 42, 43, 62], but with some limitations that we 
have addressed herein. One of the major limitations of 
brain BOs is their inability to fully recapitulate the com-
plete repertoire of CNS cell types found in an adult brain. 
The absence of cells such as microglia and endothelial 
cells that form the Blood Brain Barrier as well as the pres-
ence of cells in an early developmental state, are impor-
tant considerations in our analyses. Given that microglia 
are a primary reservoir of HIV-1, several studies have 
promoted the generation of microglia within the BOs or 
have introduced them exogenously to successfully repli-
cate key aspects of HIV-1 neuropathogenesis [38, 42, 43, 
62].

In this study, we added microglia exogenously and 
investigated the impact of HIV-1 infection, with or 

Fig. 5  The infiltration of HIV-1-infected microglia in BOs alters the neural stem cell population and p-NF-kB levels in an ART-dependent manner. A 
Representative flow cytometry dot plot of neural stem cell abundance, indicated by double positive signal for PAX6 and SOX2 in M-BOs for the four 
treatment conditions. B Immunofluorescent staining for Dapi (blue) and Nestin (red) for all conditions. C Graph quantifying the percentage of cells 
with a double positive signal for PAX6 and SOX2 in M-BOs for the four treatment conditions obtained by flow cytometry analysis. D Bar graph 
depicting the p-NF-kB MFI of cells double positive for PAX6 and SOX2 by flow cytometry analysis in M-BOs among the 3 experimental conditions: 
HIV-1, HIV-1 + ART, and HIV-1 + ART Interrupted. E Representative histogram showing p-NF-kB MFI of double positive population PAX6 and SOX2 
of HIV-1 and HIV-1 + ART groups. Each organoid treated is an independent experiment and is represented by a single point in the graphs Uninfected 
(n = 4), HIV-1 (n = 3), HIV-1 + ART (n = 3), and HIV-1 + ART Interrupted (n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,****p ≤ 0.0001
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without ART, on the neuroinflammatory process in the 
BOs.

HIV-1 infection generated an inflammatory response 
in the microglia, with expression of pro-inflammatory 
cytokines associated with HIV-1-NCI, including IL-1, 
IL-6, IL-10, IL-27, sCD163, sCD14, sTREM2 and OPN, 
by 3 days post-infection. The levels of sTREM2 in the 
supernatants of microglia cultures were higher after 
HIV-1 infection, suggesting receptor cleavage consist-
ent with observations in people with HIV-1-NCI [21, 
22]. This difference was noted even when only a few of 
the microglia were expressing TREM2 (22% in our flow 
cytometry analysis). The low level of TREM2 expression 
suggests heterogeneity during microglia differentiation 
that is also observed in human and mouse healthy adult 
brain, where the percentage of TREM2 express in micro-
glia differs among brain regions [63, 64]. As TREM2 
expression is known to be very dynamic, this heterogene-
ity is not unexpected [65].

Interestingly, the cytokine profile detected in the 
microglia supernatants differed from that detected in the 
supernatant of M-BOs. This suggests that the pro-inflam-
matory cytokines observed in BOs could have been con-
tributed by various cell populations (astrocytes, neurons, 
NSCs), not just from microglia. These populations could 
be responding to primary inflammation initiated by 
microglia after infiltration, leading to the release of a dis-
tinct profile of pro-inflammatory cytokines.

The evaluation of HIV-1 infection in the model was 
tested by measuring the number of HIV-1 psi-gag cop-
ies  integrated in the genome using ddPCR. HIV-1 psi-
gag integration showed a high variability between the 
M-BOs. The high variation is also observed in other 
studies using exogenous microglia to model HIV-
1-neuropathogenesis [38]. This could be a consequence 
of the variation in the infiltration of microglia into the 
BOs, or the size of the organoids. Additionally, ART 
treatment led to nearly undetectable p24, while without 
ART, p24 remained detectable. The p24 levels declined 
over time in all conditions, a trend also observed in a 
recent studies using BOs as model of HIV-1 that sus-
tained replication with a similar timeframe [42]. How-
ever, despite the significant decrease in p24 levels in 
this model, neuroinflammatory markers (cytokines and 
p-NFKB levels) remained elevated until day 25, sug-
gesting a model in which neuroinflammatory outcomes 
persist independently, post active HIV-1 replication. 
Previous studies have shown that healthy neurons can 
‘silence’ HIV-1 in microglia when co-cultured together, 
preventing spontaneous reactivation from latency [40]. 
This suggests that active HIV-1 replication in microglia 
could enter into a transcriptionally inactive state in the 
presence of neuronal populations in the BOs. This will 

encourage further investigation into the latent state of 
HIV-1 in BOs, particularly since latency in microglia 
is interlinked with the inflammatory state of the local 
microenvironment [66].

The high p-NF-kB observed in the IBA-1 positive cells 
from the HIV-1 infected M-BOs suggest an inflamma-
tory state that mimics one of the most significant char-
acteristics of individuals with HIV-1-NCI-persistent 
neuroinflammation despite successful reduction in viral 
replication through ART [66, 67]. This was observed in 
the astrocyte population of our M-BOs, which showed 
a strong reactivation in HIV-1-infected M-BOs, inde-
pendent of ART treatment, similar to that was observed 
with microglia. Although this has not yet been explored 
in the context of HIV-1 infection, studies have demon-
strated that p65 p-NF-kB controls GFAP expression in 
neuroinflammatory diseases such as Alzheimer’s disease 
[68]. While the exact relationship between these two 
molecules is still under investigation, both are clearly 
indicative of an astrogliosis state that may contribute sig-
nificantly to the neuroinflammation in HIV-1 infection.

Proinflammatory cytokines remained high in the 
HIV-1 M-BO model. One of these cytokines is CCL2, 
one of the most classical cytokines associated with HIV-
1-NCI [69, 70]. The main role of CCL2 in HIV-1-NCI is 
to recruit immune cells into the CNS, preferentially in to 
those cells that are infected [16–18]. In our model, CCL2 
was the only cytokine that remained elevated through-
out the entire experiment in all conditions where M-BOs 
were HIV-1 infected, including those treated with ART. 
These findings align with clinical observations of PLWH, 
who show sustained high levels of CCL2 in CSF even on 
ART [16, 71, 72].

Similarly, a recent HIV-1-NCI model utilizing BO 
under ART reported sustained CCL2 levels in the super-
natant; however, this was only observed until day 9 of a 
12-day incubation period [42]. In contrast, our model 
demonstrated persistently elevated CCL2 levels through-
out the entire 25-day experiment, suggesting a more 
stable and prolonged representation of CCL2 over time. 
This provides a comparative advantage over other BO 
models. As such, our model serves as an ideal platform 
to study the role of CCL2 in neuro HIV-1 in the context 
of ART and its impact on the recruitment of peripheral 
immune cells, underscoring the need for further inves-
tigations that incorporate peripheral immune cells in to 
future studies.

Two cytokines associated with IRIS [23, 24], sCD14 
and IL-27, were detected in the supernatant of M-BOs 
and had high levels of expression in HIV-1 M-BOs at 
the beginning and end of the study, respectively. How-
ever, contrary to our expectations for IRIS-associated 
cytokines, their levels were higher in the absence of ART, 
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suggesting that these cytokines may not be reliable mark-
ers for IRIS in our model.

Neurons could be damaged by the production of pro-
inflammatory molecules as well as various HIV-1 viral 
proteins (such as Tat, gp120, and Rev) [73]. While the 
damage of neurons is commonly associated with cogni-
tive impairment, little is known about the inflammation 
levels of neurons. A significant enhancement of p-NF-kB 
was observed in the TUJ-1 positive cells from the HIV-
1-infected M-BOs that did not respond to ART treat-
ment. A similar phenomenon was observed in NSCs. 
High p-NF-kB were detected in PAX6/SOX2 positive 
cells from HIV-1-infected M-BOs, which did not respond 
to ART treatment. This suggests that NSCs might also 
contribute to the pro-inflammatory state characteristic 
of HIV-1-NCI. Our data also shows a significant increase 
in the percentage of NSCs in HIV-1-infected condi-
tions compared to uninfected conditions: a finding that 
contradicts some studies that suggest HIV-1 impairs 
neurogenesis [74–76]. However, it is known that during 
inflammation, inflammatory signals also positively influ-
ence neural cell proliferation, survival, migration, and 
differentiation [77]. For example, NF-kB can induce a 
conversion of mature astrocytes into neural progenitors 
[78]. Taken together, our results suggest that the neuroin-
flammation driven by HIV-1 could influence the matura-
tion of glia cells impacting the progenitor reservoir. The 
effect of ART in this model, whereby the MFI of p-NF-
kB in NSCs was higher in HIV-1 infected M-BOs treated 
with ART compared to other conditions, suggests that 
the combination of virus and ART elevates inflammation 
levels in the NSCs. Previous studies have shown that the 
combination of HIV-1 and ART induces varying degrees 
of oxidative stress and neuronal damage in the CNS, as 
shown by analyses of mitochondrial membrane potential 
[79–81].

The impact of ART in this model suggests that ART 
may potentially increase neuroinflammation. In a size-
able fraction of PLWH started on ART, excess inflamma-
tion manifests as IRIS, which can be a significant health 
risk [82]. While it seems intuitive that the in vivo immune 
system is largely responsible for this excess inflammation, 
it is possible that some effects of IRIS are driven by neu-
roinflammation, even in the absence of immune effec-
tors. This M-BO model could help untangle non-immune 
events and virus driven CNS-IRIS events.

In our model, the sustained elevated levels of pro-
inflammatory cytokines such as CCL2, which correlate 
with p-NF-KB levels in the presence of ART, establish 
this model as a reliable representation of HIV-1-NCI. 
Although the connection between p-NF-kB and CCL2 
has been demonstrated in other pathological context 
[50–52], this is the first in vitro model of HIV-1 using 

BOs that links the clinical observations of high CCL2 
levels found in the CSF of individuals with HIV-NCI 
undergoing ART [16, 71, 72] to increased p-NF-kB 
levels. In addition to the correlation observed through 
flow cytometry (p-NF-kB) and multiplex ELISA 
(CCL2), this was further supported by double-staining 
immunofluorescence for CCL2 and p-NF-kB, which 
revealed clusters of cells showing high levels of p-NF-
kB alongside significant CCL2 presence. These findings 
encourage further research to understand the molecu-
lar mechanisms that render neuroinflammation, driven 
by these components, resistant to ART.

Conclusion
In this study, we established an in vitro model of HIV-1 
with infected microglia to study the impact of HIV-1 
and ART on inflammation in the CNS. We showed 
that infiltration of HIV-1 infected microglia into the 
BOs led to a proinflammatory state in astrocytes, neu-
ronal, and NSC populations, that recapitulates some 
elements of neuroinflammation observed in HIV-1-
NCI. ART failed to reverse neuroinflammation with 
continued elevated levels of cytokines such as CCL2 
and OPN, and increased p-NF-kB, mirroring findings 
in individuals with HIV-1-NCI. This work develops an 
in  vitro model of brain organoids that can be infected 
with HIV-1, and with this model, contributes to a bet-
ter understanding of the persistent neuroinflammation 
observed in PLWH.

While further studies are needed to address the limi-
tations of this model, it holds potential for identifying 
new therapeutic targets to treat neuroinflammation 
associated with HIV-1.
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