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Abstract

As a key immune cell in the brain, microglia are essential for protecting the central nerve system 

(CNS) from viral infections, including HIV. Microglia possess functional Toll-like receptor 3 

(TLR3), a key viral sensor for activating interferon (IFN) signaling pathway-mediated antiviral 

immunity. We therefore studied effect of poly (I:C), a synthetic ligand of TLR3, on activation 

of the intracellular innate immunity against HIV in human iPSC-derived microglia (iMg). We 

found that poly (I:C) treatment of iMg effectively inhibits HIV infection/replication at both 

mRNA and protein levels. Investigations of the mechanisms revealed that TLR3 activation of 

iMg by poly (I:C) induced the expression of both type I and type III IFNs. Comparing with 

untreated cells, the poly (I:C)-treated iMg expressed significantly higher levels of IFN-stimulated 

genes (ISGs) with known anti-HIV activities (ISG15, MxB, Viperin, MxA and OAS-1). In 

addition, TLR3 activation elicited the expression of the HIV entry coreceptor CCR5 ligands 

(CC chemokines) in iMg. Furthermore, the transcriptional profile analysis showed that poly(I:C)-

treated cells had the upregulated IFN signaling genes (ISG15, ISG20, IFITM1, IFITM2, IFITM3, 

IFITM10, APOBEC3A, OAS-2, MxA and MxB) and the increased CC chemokine signaling genes 

(CCL1, CCL2, CCL3, CCL4, and CCL15). These observations indicate that TLR3 is a potential 

therapy target for activating the intracellular innate immunity against HIV infection/replication 
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in human microglial cells. Therefore, further studies with animal models and clinical specimens 

are necessary to determine the role of TLR3 activation-driven antiviral response in control and 

elimination of HIV in infected host cells.
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Introduction

Microglia are the primary resident immune cells in the central nervous system (CNS) and 

play a key role in the antiviral response to viral infections including HIV [1]. However, 

microglia also serve as the major target cells for both productive and latent HIV infection 

in the CNS [2, 3]. Importantly, infected microglia produce the inflammatory cytokines and 

the neurotoxins which contribute to HIV-associated neurocognitive disorder [4]. Therefore, 

it is of importance to study the role of the intracellular innate immunity in control of 

HIV replication in microglia. However, studies with primary human microglia have been 

hampered by limited brain tissue availability, particularly from healthy individuals. Recently, 

the establishment of human induced pluripotent stem cells (iPSC)-derived microglia (iMg) 

culture [5, 6] provides a great opportunity to study HIV infection of microglia. Studies 

have shown that human iMg are like primary human microglia by morphology, gene 

expression, and cytokine release profile [7]. Importantly, these cells are distinct from other 

tissue macrophages as they display a profile of neuronal-co-culture-specific expression and 

inflammatory response [7]. Human iMg model has been successfully utilized to study the 

neurological diseases, such as Alzheimer’s disease [8], Parkinson’s disease [9], amyotrophic 

lateral sclerosis and frontotemporal dementia [10]. In addition, it was reported that iMg 

could be infected by Zika and dengue virus infections [11]. Recently, several laboratories 

demonstrated that like primary human microphages, iMg are highly susceptible to HIV 

infection [12–14].

As a key immune cell in the CNS, microglia express functional pattern-recognition receptors 

(PRRs), the dynamic sensors of pathogen invasion, which can recognize pathogen invasion 

and activate interferon (IFN)-mediated antiviral innate immunity in the CNS [15, 16]. 

Among PRRs, Toll-like receptor 3 (TLR3) in conjunction with TLR7 and TLR9 constitutes 

an efficient system to monitor viral infections. TLR3 recognizes viral double-stranded 

RNA [17] while TLR7 and TLR9 can be triggered by single-stranded RNA and cytosine 

phosphate guanine DNA, respectively [18–21]. Although HIV is a single-strained RNA 

virus, it can form double-stranded RNAs during its replication, which can be recognized by 

TLR3 [22, 23]. TLR3 activation can induce the production of both type I and type III IFNs 

as well as IFN-stimulated genes (ISGs). In CNS HIV infection, released viral RNA from 

either outside the blood brain barrier or HIV-killed cells could activate the TLR signaling 

pathway in microglial cells, eliciting the antiviral response in the brain. A study showed 

that TLR3 is an innate antiviral immune receptor in primary human fetal microglial cells 

which could be activated by its ligand and induce IFN regulatory factor 3 (IRF3)-dependent 

anti-HIV effect [24]. We previously reported that TLR3 activation significantly inhibited 
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HIV and SIV infection/replication in primary human and macaque macrophages through 

producing the multiple intracellular viral restriction factors [23, 25, 26]. In the present study, 

we investigated the role of TLR3-IFN signaling activation in control of HIV replication in 

human iMg. We studied whether iMg possess immunologically functional TLR3, activation 

of which by Poly (I:C) can induce the antiviral cellular factors against HIV. In addition, we 

examined the mechanisms for TLR3 activation-driven HIV inhibition in iMg.

Materials and Methods

Generation of microglia from human induced pluripotent stem cells (iPSC)

We obtained three human iPSC derived CD41+ CD235+ common myeloid progenitor 

(CMP) lines from the Human Pluripotent Stem Cell Core at the Children’s Hospital of 

Philadelphia, University of Pennsylvania. We then generated microglial cells from these 

iPSC-derived CMPs following the protocol [27]. In brief, the iPSC lines were cultivated and 

differentiated into CD41+ CD235+ common myeloid progenitors (CMPs). The progenitors 

were then plated at 56,000 cells/well in a 96-well CellBIND plate (Corning, New York, 

NY, USA) and cultured in human iPSC-derived microglia medium (RPMI 1640 medium, 

HyClone laboratories, South Logan, UT, USA ) with 10% FBS (HyClone laboratories, South 

Logan, UT, USA), recombinant human interleukin-34 (IL-34) (100 ng/mL, R&D Systems, 

Minneapolis, MN, USA), and CSF-1 recombinant human protein (25 ng/mL, Thermo Fisher 

Scientific, Waltham, MA, USA). These factors are necessary for microglia development in 
vivo. In addition, we added recombinant human transforming growth factor β1 (TGF-β1, 

Peprotech, Part of Thermo Fisher Scientific, Waltham, MA, USA) in the cultures for 

microglia gene expression. Half of cultures were replaced with fresh medium every 2 days 

for 11 days during which CMPs differentiated into human microglia.

Poly (I:C) treatment and HIV infection

Human iPSC-microglia (iMg) were incubated with or without poly (I:C) (0.5 or 1 μg/ml) 

for 12 h before HIV infection. The cells were then infected with HIV Jago strain (20 ng/ml 

of p24 protein) for 24 h at 37°C in the presence or absence of poly (I:C). The cells were 

washed three times with DMEM to remove input viruses, and fresh medium without poly 

(I:C) was added to the cultures. The final wash was tested for HIV reverse transcriptase 

(RT) activity and shown to be free of residual viruses. Full medium exchanges occur every 

3 days for 15 days, and culture supernatant were harvested for HIV RT activity which was 

measured based on the modified method [28].

Immunofluorescence and confocal image analyses

Antibodies used for immunofluorescence are listed as follows: Rabbit anti-CX3CR1 

(Abcam, Cambridge, UK, 1:500); Rabbit anti-TMEM119 (Abcam, Cambridge, UK, 1:200); 

Rabbit anti-IBA1 (FUJIFILM Wako Chemicals, Richmond, VA, USA 1:500); Mouse anti- 

HIV-1 p24 (Abcam, Cambridge, UK, 1:500); Goat anti-mouse IgG (H+L) and Alexa Fluor 

488 (Thermo Fisher Scientific, Waltham, MA, USA, 1:500). Because TMEM119 antibody 

staining requires antigen retrieval, cells were heated to 100 °C for 4 min in 10 mM sodium 

citrate first and then incubated for 15 min at room temperature prior to antibody block [14]. 

Human iMg were washed twice with PBS and fixed in 4% PFA (Santa Cruz Biotechnology. 

Wang et al. Page 3

J Med Virol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dallas, TX, USA) for 15 min at room temperature. After fixation, cells were washed 3 

times in PBS for 5 min at room temperature before being stored in PBS at 4°C. The fixed 

cells were blocked with 5% BSA and 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, 

USA) for 60 min at room temperature. The primary and secondary antibodies were diluted 

in blocking buffer (0.3% Triton-X 100) and cells were incubated with the primary antibodies 

overnight at 4°C. Cells were then washed 3 times and 5 min each with PBS-T (0.1% 

Tween20, Sigma-Aldrich, St. Louis, MO, USA). Secondary antibodies were incubated with 

the cells in the dark for 60 min at room temperature. After being washed, the cells were 

then mounted with Prolong gold antifade (Life Technologies, Carlsbad, CA, USA). Images 

were taken with a Nikon eclipse N1 scope equipped with LED-based epifluorescence (Nikon 

Instruments Inc, Melville, NY, USA).

Real-Time qPCR

Total cellular RNAs were extracted from iMg with Tri-reagent (Sigma-Aldrich, St. Louis, 

MO, USA) according to the manufacturer’s instruction and were subjected to reverse 

transcription reaction using the random primer, dNTPs, AMV reverse transcriptase and 

RNase inhibitor (Promega Co., Madison, WI, USA) to generate complementary DNA 

(cDNA), which was then used as a template for real-time PCR with Powerup SYBR Green 

Master Mix (Applied Biosystems, Carlsbad, CA, USA) as previously described [20]. The 

mRNA level of GAPDH was used as an endogenous reference to normalize the quantities 

of the target mRNAs. The sequences of oligonucleotide primers for tested mRNAs are 

available upon request.

ELISA for IFN-α/β and CC chemokines

Cell-free culture supernatant were collected from iMg cultures treated with or without 

poly(I:C) for 24 h. ELISA for analysis of IFN-α and IFN-β proteins were performed as 

described in the protocol provided by the manufacturers (PBL Biomedical Laboratories, 

Piscataway, NJ, USA). The CC chemokines (MIP-1α/β and RANTES) proteins were 

analyzed by ELISA kits from R&D Systems Inc (Minneapolis, MN, USA). The plate was 

read on a microplate reader (ELX800; Bio-Tek Instruments, Inc., Winooski, VT, USA).

Western Blot

Cells were lysed with RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) supplemented 

with a protease (100 x, Thermo Fisher Scientific, Waltham, MA, USA). Proteins from the 

culture supernatant were extracted by the TCA/acetone precipitation method. Equal amounts 

of proteins, along with protein molecular weight, were separated on 4 to 12% Bis-Tris gels 

(Invitrogen, Grand Island, NY, USA) and transferred to an Immun-Blot® PVDF membrane 

(Bio-Rad, Hercules, CA, USA). The blots were blocked with 5% non-fat milk for 2 h at 

room temperature and then incubated with primary antibodies overnight at 4°C. The blots 

were washed in PBS with 0.1% Tween 20 (PBST) four times and then incubated with HRP-

conjugated second antibodies for 2 h at room temperature. The blots were developed with 

SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, 

MA, USA). The blots were then exposed to an iBright 1500 imaging analyzer (Invitrogen, 

Carlsbad, CA, USA).
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Bulk RNA sequencing (RNA-Seq) and RNA-Seq data analysis

iPSC-derived microglia treated were with or without poly(I:C) (1μg/ml) for 12 h and 

collected for total RNA extraction with AllPrep DNA/RNA/Protein Mini kit (Qiagen, 

Germantown, MD USA). Total RNA samples (300-800 ng/sample) were sent to Novogen 

Corporation Inc. For quality control, cDNA library preparation, and sequencing with specific 

configurations. Sequencing data quality was checked using FastQC software.

The analysis was conducted in statistical computing environment R, using the Bioconductor 

suite of packages and RStudio (version 1.4.1717). To describe briefly, after read mapping 

with Kallisto, TxImport was used to read kallisto outputs into the R environment. 

Annotation data from Biomart was used to collapse data from transcript-level to gene-level. 

Filtering was carried out to remove lowly expressed genes. Genes with less than 1 count per 

million (CPM) in at least 3 or more samples were filtered out. This reduced the number of 

normalized genes from 30124 to 12321. Differentially expressed genes (DEG) between the 

Poly(I:C) treated and control cells were identified using a criteria of fold change (FC) was 

>0.5 greater than or equal to 1.5 and a p-value less than 0.05 (FC >1.5 and a p-value <0.05). 

Gene ontology (GO) and pathway enrichment analysis was performed using ToppGene and 

Enrichr.

Statistical Analysis

Data were expressed as means ± standard deviations (SD) from at least three independent 

experiments. For comparison of the mean of two groups (treated versus untreated with Poly 

(I:C), statistical significance was measured by the student’s t-test. If there were more than 

two groups, a one-way analysis of variance was used. All statistical analysis was performed 

using GraphPad Prism 7.0 Software (GraphPad Software Inc., San Diego, CA). Statistical 

significance was defined as p < 0.05, p < 0.01.

Results

iMg express specific microglia markers and HIV entry receptors

We first examined whether iMg express the specific human microglia markers. The same 

numbers of cells (56,000 cells/well) seeded in a 96 well plate before HIV infection were 

shown in Fig. S1. The cells expressed all three specific microglia markers (IBA1, CX3CR1, 

and TMEM119). In addition, these cells showed the positive staining for the HIV entry 

receptors, CD4 and CCR5 (Fig. 1).

TLR3 activation inhibits HIV infection of human iMg

We infected iMg with a CSF-derived HIV R5-tropic strain (Jago) at the dose of 20 

ng p24/ml and examined several parameters of HIV infectivity. As shown in Fig. 2A, 

HIV-infected iMg cultures exhibited the multinucleated giant-cells and HIV capsid protein 

p24 positive cells. In contrast, uninfected cultures had little multinucleated cells and no 

positive staining for HIV p24 protein. In addition, we measured the expression of HIV 

gag gene mRNA and viral RT activity in the culture supernatant at different time points 

after infection. As demonstrated in Fig. 2, there was a steady increase of HIV gag mRNA 
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expression (Fig. 2B) and RT activity (Fig. 2C) in culture supernatant collected during the 

course of infection.

To evaluate the effect of TLR3 activation on HIV infection of iMg, the cells were treated 

with or without poly (I:C) before HIV infection with Jago strain. As shown in Fig. 3, 

pretreatment of iMg with poly (I:C) for 12 h significantly protected cells from HIV infection 

and the inhibitory effect of poly (I:C) on HIV was dose-dependent and last for the course 

of HIV infection (15 days). Morphologically, HIV-infected iMg cultures without poly (I:C) 

treatment demonstrated characteristic giant syncytium formation (Fig. 3C), whereas poly 

(I:C)-treated cells failed to develop HIV-induced giant syncytia (Fig. 3C).

Induction of IFNs and ISGs by TLR3 activation of iMg

To study the molecular mechanism(s) by which TLR3 activation could inhibit HIV infection 

of iMg, we first examined whether iMg express endogenous IFN-α/β, λ1 which can 

be induced by poly (I:C) treatment. We found that poly (I:C) treatment of iMg dose-

dependently induced the expression of IFN-α/β, λ1 at both mRNA (Fig. 4A) and protein 

(Fig. 4B) levels. We then studied whether poly (I:C) can elicit the expression of the cellular 

HIV restriction factors, including ISG15, MxB, Viperin, MxA and OAS-1 which are known 

to be regulated by both type I and type III IFNs [29, 30]. As shown in Fig. 5, poly (I:C) 

treatment of iMg selectively induced the expression of ISG15, MxB, Viperin, MxA, and 

OAS-1 at both mRNA (Fig. 5A) and protein (Fig. 5B) levels in a dose-dependent manner 

(Fig. 5).

Induction of CC chemokines by TLR3 activation of iMg

As the natural ligands for HIV entry coreceptor CCR5, the CC chemokines (RANTES, 

MIP-1α and MIP-1β) are known to be the HIV suppressive factors for virus entry [31]. 

We therefore investigated whether TLR3 activation has an impact on the expression of HIV 

entry coreceptor, MIP-1α, MIP-1β and RANTES in iMg. As demonstrated in Figure S2, 

poly(I:C) treatment has little effects on the expression of the HIV entry receptors (CD4, 

CCR5 and CXCR4) in iMg. In contrast, poly (I:C) treatment of iMg dose-dependently 

increased the mRNA levels of these chemokines (Fig. 6A). In addition, poly (I:C)-treated 

iMg produced higher levels of MIP1-α, MIP-β and RANTES proteins than untreated cells 

(Fig. 6B).

Poly (I:C) alters the iMg cellular transcriptome

To further understand the effect of poly(I:C) on genes involved in observed antiviral 

immunity, we performed the bulk RNA sequencing to analyze the transcriptional profiles of 

poly(I:C)-treated iMg as compared with untreated cells. As shown in Supplementary Table 1 

and Fig. 7A, we analyzed 12321 transcripts, with 246 up- and 95 downregulated transcripts 

in Poly(I:C)-treated cells compared to untreated ones. Ontology enrichment analysis showed 

that these differentially regulated genes involved in the biological processes associated with 

the response to virus, specifically defense response to virus, viral process, and regulation 

of viral life cycle (Fig. 7B). In addition, the genes in cytokine-mediated signaling pathway 

were upregulated (Fig. 7 and 8).

Wang et al. Page 6

J Med Virol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To further identified candidate genes related to anti-HIV activities in poly(I:C)-treated 

iMg cells, we studied transcripts of different signaling pathways. As shown in Fig. 8A, 

compared to the untreated cells, poly(I:C) upregulated innate immune response- and 

cytokine-mediated signaling pathway. We focus on upregulated genes associated with 

Interferons, Inflammatory cytokines such as TNF-α. As shown in Fig. 8B, poly(I:C) 

condition was enriched with genes involved with innate immune response of both type I and 

II IFNs. The antiviral genes such as IFITM1/3, ISG15, MxA, MxB, IFIT1/3, OASL, OAS2, 

and BST2 are upregulated. In addition, there were increase of the chemokine-mediated 

signaling genes (CCl2, CCL5, CXCL1, IL-1α/β, and IL-18) and the genes relevant to viral 

defense in iMg treated with poly(I:C).

Discussion

Because of a well-controlled environment and limited pathogen-specific immune responses 

in the brain, microglial cells are poor antigen-presenting cells and lack MHC class I/II 

proteins [32]. Therefore, the brain may rely heavily on microglia to produce innate immune 

factors such as IFNs and ISGs for control of viral infections including HIV [33]. IFNs 

function as autocrine or paracrine factors on cells expressing their receptor. IFNs released 

from producing cells can bind to their corresponding receptors and JAK/STAT signaling 

pathway, leading to STAT1/STAT2 phosphorylation and transcription of the antiviral ISGs 

(Fig. 8, and 9). Therefore, this study aims at the role of the intracellular innate immunity in 

control of HIV replication in human microglia. Because of difficulty and limited availability 

to obtain highly purified primary human microglia, we used human iMg to examine whether 

activation of TLR3, a key viral sensor, can induce intracellular anti-HIV innate immunity. A 

recent study with a comprehensive comparison of human microglial culture models showed 

that iMg is one of more representative microglial culture models for HIV research [34]. We 

demonstrated that iMg could be productively infected by HIV. This finding supports the 

studies by others showing that human iMg are readily infected by HIV [21–23]. Importantly, 

we observed that TLR3 activation by a dsRNA analogue poly (I:C) could effectively and 

dose-dependently inhibit HIV infection of iMg (Fig. 3), which was evidenced by the 

observations that HIV gag gene expression was significantly inhibited (>90%) by poly (I:C) 

in the 15-day course of infection (Fig. 3A and B) and that there was little HIV-induced 

giant syncytia in poly (I:C)-treated iMg (Fig. 3C). Mechanistically, we found that activation 

of TLR3 triggers the activation of IFN signaling pathway and induced production of IFNs 

(Fig. 4), which are known as the first line of the TLR3 activation-mediated antiviral response 

because they are critical for the eliciting down-stream antiviral activities. It is likely that 

IFNs induced by poly (I:C) treatment can be released from iMg and bind to IFN receptors 

on the cell membrane and activate the JAK/STAT pathway, which leads to the induction of 

anti-HIV ISGs (Fig. 8 and 9).

We showed that poly (I:C)-treated iMg expressed significantly higher levels of ISGs (ISG15, 

MxB, Viperin, MxA, and OAS-1) than untreated control cultures (Fig. 5). These ISGs 

are the intracellular viral restriction factors involved in type I/III IFN-dependent anti-HIV 

activities. They can inhibit HIV by interfering with several stages of the viral life cycle 

(Fig. 9), including assembling, releasing, and inhibiting the capsid-dependent nuclear import 

of subviral complexes [35]. For example, ISG15 has a crucial role in the IFN-mediated 
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inhibition of late stages of HIV assembly and release [35]; Viperin is able to limit viral 

egress of HIV through the plasma membrane rafts [36, 37]; MxB is a HIV post-entry 

inhibitor that can abolish capsid-dependent nuclear import of subviral complexes [38]; MxA 

(also known as Mx1) is a well-known inhibitor of many RNA and DNA viruses, including 

HIV [39, 40]; 2’ −5’ -oligoadenylate synthetase (OAS) is activated by dsRNA and IFNs to 

produce 2’ −5’ oligoadenylates, the activators of RNase L which degrades viral and cellular 

RNAs, thus restricting HIV infection [41, 42]. In addition to induction of the anti-HIV 

ISGs, TLR3 activation of iMg also elicited the production of the CC chemokines (RANTES, 

MIP-1α and MIP-1β), the ligands for HIV entry coreceptor CCR5. These CC chemokines 

are well known to be the HIV entry suppressive factors [31].

To further examine the effects of poly(I:C) treatment on HIV infection of iMg, we examined 

the transcriptional profiles of poly(I:C)-treated iMg and observed that there are many 

upregulated transcripts related to viral response and regulation of host cellular pathways 

(Figs. 7 and 8). The results of the gene upregulation in IFN signaling pathway such 

as ISG15, ISG20, IFITM1, IFITM2, IFITM3, IFITM10, APOBEC3A, OAS-2, MxA and 

MxB supports the findings at cellular level. In addition, the increase of the chemokine 

signaling genes including CCL1, CCL2, CCL3, CCL4, and CCL15 (Fig. 8) is in line with 

our observation that poly IC induce CC chemokine expression in iMg, which contribute 

to HIV inhibition in iMg. These data provide a sound molecular mechanism for TLR3 

activation-mediated anti-HIV effect in iMg.

Taken together, we have demonstrated that TLR3 activation of iMg by poly (I:C) can 

effectively suppresses HIV infection through eliciting the intracellular antiviral factors that 

blocked viral replication cycle at different levels. Although additional mechanism(s) might 

also be involved, the induction of type I/III IFNs, the IFN-dependent antiviral ISGs and the 

ligands for HIV entry coreceptors should account for much of the TLR3 activation-driven 

HIV inhibition in iMg. These observations suggest the possibility that TLR3 activation can 

enhance and restore host cell immunity suppressed by HIV [15]. Because activating the 

intracellular innate immunity can elicit type I and III IFN production as well as multiple 

IFN-inducible antiviral gene expression, it is unlikely for HIV to develop resistance. 

Clinically, the therapeutic TLR agonists have been developed and used for the treatment 

of infectious diseases [43]. Studies [44–50] have demonstrated that the agonists for TLR3, 

TLR7 and TLR9 have treatment potential for viral infections including HIV. Therefore, 

the findings of this study support necessity of further investigations on developing a TLR3 

agonist-based immunotherapy for HIV infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunostaining for microglia specific markers and HIV entry receptors.
Eleven day-cultured iPSC-derived microglia were fixed in 4% paraformaldehyde and stained 

for microglia specific markers or HIV infection receptors as indicated: IBA-1(green), 

CX3CR1(red), TMEM119 (red), CD4 (green), and CCR5 (red). Nuclei were stained with 

Hoechst. Scale bar represents 50 μm.
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Figure 2. HIV-induced syncytium formation in human iPSC-derived microglia.
(A) The morphology of uninfected and HIV Jago infected human iPSC-derived microglia 

were observed. Human iPSC-derived microglia at 15 day-post-infection were washed and 

fixed in 4% paraformaldehyde and treated with 0.5% triton X-100. HIV p24 and human 

iPSC-derived microglia specific markers IBA-1 were stained, nuclei were stained with 

Hoechst and observed through fluorescence microscope. The arrows indicate HIV-induced 

giant syncytium formation in human iPSC-derived microglia. (B-C) Time course of HIV 

GAG gene expression and HIV reverse transcriptase activity in HIV infection of iPSC-

derived microglia. Human iPSC-derived microglia infected with HIV JAGO and total RNA 

extracted from cell free supernatant was then subjected to RT-PCR for HIV gag gene (B), 

and reverse transcriptase activity test (C), uninfected as a negative control (*p <0.05, **p < 

0.01, ***p < 0.001; error bars represent SD.
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Figure 3. TLR3 activation inhibits HIV infection of human iPSC-derived microglia.
(A-B) HIV gag gene RNA expression. Human iPSC-derived microglia were treated with 

or without poly (I:C) at the indicated concentrations for 12 h, then infected with HIV 

JAGO. (A) Total RNA extracted from cell free culture supernatant. (B) Total cellular RNA 

extracted from iMg at day 15 post infection for HIV GAG gene RNA expression. (C) The 

morphology of uninfected cells comparing with HIV Jago-infected cells pretreated with 

or without ploy(I:C) (1μg/mL) was photographed by a confocal microscope on day 15 

post-infection. Cells were stained to identify nuclei (Hoechst, blue) and HIV infection (p24, 
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green). The black arrows indicate HIV-induced giant syncytium formation in p24 positive 

human iPSC-derived microglia. Scale bar represents 50μm. The results shown are the mean 

± SD of triplicate wells, representing three independent experiments (**p < 0.01; ***p < 

0.001).
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Figure 4. TLR3 activation induces IFN expression in iPSC-derived microglia.
(A) Human iPSC-derived microglia were treated with or without poly (I:C) at the indicated 

concentrations for 12 h. Total RNA extracted from cells was then subjected to the RT-PCR 

for the mRNA expression of IFNs (IFN-α/β, λ1). (B) Human iPSC-derived microglia were 

treated with or without poly (I:C) at the indicated concentrations for 24 h. Supernatants 

collected from cultures were then assayed to measure the protein level of IFN-α/β, λ1. The 

data are expressed as IFN levels relative (fold) to the control (without poly (I:C) treatment, 

which is defined as 1). The results shown are the mean ± SD of triplicate wells, representing 

three independent experiments (*p < 0.05; **p < 0.01).
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Figure 5. TLR3 activation induces the antiviral ISGs.
(A) Human iPSC-derived microglia were treated with poly (I:C) at the indicated 

concentrations for 12 h. Total RNA extracted from cells was subjected to the RT-PCR 

for the mRNA the antiviral levels of ISGs (ISG15, MxB, Viperin, MxA, and OAS-1). The 

data are expressed as the ISG mRNA levels relative (fold) to the control (without poly 

(I:C) treatment, which is defined as 1). The results shown in A are the mean ± SD of 

triplicate wells, representing three independent experiments (*p < 0.05; **p < 0.01). (B) 

Human iPSC-derived microglia were treated with or without poly (I:C) at the indicated 

concentrations for 24 h and proteins extracted from the cells were subjected to western 

blotting.
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Figure 6. TLR3 activation up-regulates CC chemokines.
Human iPSC-derived microglia (iMg) were treated with poly (I:C) at the indicated 

concentrations for 24 hours. A. Total RNA extracted from cells was subjected to the RT-PCR 

for CC chemokines (MIP-1α, MIP-1β, and RANTES). The data are expressed as the CC 

chemokine mRNA levels relative (fold) to the control (without poly (I:C) treatment, which 

is defined as 1). The results shown are the mean ± SD of triplicate wells, representing three 

independent experiments (**p < 0.01; *p < 0.05). B. proteins from the cells supernatant 

were subjected to ELISA analysis, The results shown are the mean ± SD of triplicate wells, 

representing three independent experiments (*p < 0.05; **p < 0.01).
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Figure 7. Differential gene expression in iMg following Poly(I:C) exposure.
(A) Volcano plot of statistical significance analysis of genes that are upregulated (red) 

or downregulated (green) in the iMg in the presence/absence of poly(I:C). (B) Dot plots 

showing enriched biological process associated with upregulated gene ontology. Circle size 

represents the number of genes in each GO category and the color indicates the false 

discovery rate associated with each GO category.

Wang et al. Page 20

J Med Virol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Transcriptomic profiling of iMg in the presence/absence of poly(I:C).
(A) Functional enrichment analysis of transcript from different pathways. Y-axis indicate 

top enrichment and X-axis indicate significance level of enrichment, Blue and red circle 

size indicate expression pattern of enriched terms. (B) Top10 significantly differentially 

expressed genes involved in antiviral response pathways: Type I interferons (IFN-α), Type 

II interferons (IFN-γ), Inflammatory cytokines and Tumor necrosis factor alpha (TNF-α). 

LogFC, log fold change.
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Figure 9. Schema of TLR3 activation-driven intracellular antiviral immunity against HIV in 
iMg.
Poly(I:C) treatment of iMg activates the TLR3 in the endosome, which facilitates the 

phosphorylation and translocation of IFN regulatory factors 3 and 7 (IRF3 and IRF7), 

resulting in the transcription of IFN-α, IFN-β, IFN-λ1, and the CC chemokines. The 

induced IFN-α, IFN-β and IFN-λ1 are released from cells and then bind to their 

corresponding receptors on the cell surface, which triggers JAK/STAT pathway, leading 

to STAT1/STAT2 phosphorylation and transcription of the anti-HIV IFN stimulated genes 

(ISGs: ISG15, MxA, MxB, OAS-1, and Viperin). These antiviral ISGs inhibit HIV at 

different steps of the viral replication cycle as indicated. In addition, CC chemokines 

(MIP-1α, MIP-1β, and RANTES) released from cells can bind to HIV entry co-receptor 

CCR5 on the cell membrane and block HIV entry.
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