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Abstract

Microglia cells are the major reservoir of HIV-1 (HIV) within the CNS. However, current models 

using transformed cell lines are not representative of primary microglia and fetal brain samples for 

isolation of primary human microglia (HMG) are increasingly difficult to obtain. Here, we 

describe a monocyte-derived microglia (MMG) cell model of HIV infection that recapitulates 

infection of primary HMG. CD14+ cells isolated from healthy donors were cultured with M-CSF, 

beta-nerve growth factor, GM-CSF, and CCL2, and compared to HMG. MMG and HMG cells 

were infected with HIV and viral replication was detected by p24 antigen. Both MMG and HMG 

cells were found to acquire spindle shape with few branched or unbranched processes at their ends 

during the second week in culture and both were found to be CD11b+/CD11c+/CD14+/CD45+/

CD195+/HLADRlow/CD86low/CD80+. Whereas hT-Hμglia and HMC3 transformed cell lines are 

deficient in human microglia signature genes (C1Q, GAS6, GPR34, MERTK, PROS1, and 

P2RY12), MMG cells expressed all of these genes. Additionally, MMG expressed all the 

microglia signature miRNA (miR-99a, miR125b-5p, and miR-342-3p). Both MMG and HMG 

produced ROS and phagocytosed labeled zymosan particles upon PMA stimulation. MMG and 

HMG infected with HIV produced equivalent levels of HIV p24 antigen in culture supernatants for 

30 days post-infection. Thus, we have developed and characterized a microglia cell model of HIV 

infection derived from primary monocytes that recapitulates the phenotypic and molecular 

properties of HMG, is superior to transformed cell lines, and has similar HIV replication kinetics 

to HMG.
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Introduction

Microglia cells represent a central population of brain macrophages that function in brain 

homeostasis and play an important role in inflammation on exposure to pathologic 

conditions including toxins, pathogens, and neurological diseases such as human 

immunodeficiency virus type-1 (HIV) associated neurological disorders (HAND) (Howell et 

al. 2010; Lee et al. 2010; Politis et al. 2011; Streit 1996; Streit 2001). Until recently, the 

origin of microglia cells has been the subject of considerable controversy. Although 

advances in mouse brain studies have convincingly demonstrated the myeloid origin of 

microglia generated from primitive macrophages in the yolk sac during embryogenesis 

(Davoust et al. 2008; Ginhoux et al. 2010; Ling et al. 1980), the origin and turnover of 

microglia cells in humans is still debated. Microglia progenitors are thought to be of 

mesodermal/mesenchymal origin (Chan et al. 2007). It is postulated that during early 

postnatal development a subpopulation of monocytes enters the brain, differentiates into 

microglia cells, and subsequently exist as a stable population in the adult brain. However, in 

the intact adult brain, the blood-brain barrier restricts this monocyte movement, which may 

lead to their differentiation into microglia (Ajami et al. 2007; Mildner et al. 2007). Damage 

to the blood-brain barrier can permit monocytic migration in the adult brain. It appears that 

microglia cells further differentiate since there is evidence supporting the existence of at 

least two types of microglia populations. The first population has a resting ramified 

phenotype, while the second population represents the activated amoeboid morphology 

(Rezaie et al. 2005; Sievers et al. 1994). Microglia are required for clearance of apoptotic 

cells and cellular debris including myelin and amyloid deposits and play an important role in 

normal brain development (Napoli and Neumann 2009; Neumann et al. 2009).

The central nervous system (CNS) is susceptible to infection with lentiviruses (Clements and 

Zink 1996) and in the case of HIV, perivascular macrophages and microglia are the primary 

cells in the brain infected with HIV (Gabuzda et al. 1986; Gonzalez-Scarano and Martin-

Garcia 2005; Lackner et al. 1991; Lane et al. 1996; Wiley et al. 1986). HIV trafficking 

across the blood-brain barrier is poorly understood. Some have hypothesized that HIV 

invasion into the perivascular region is through infected CD4+ T cells and monocytes (Haase 

1986; Peluso et al. 1985). Direct contact of HIV-infected macrophages and CD4+ cells can 

transmit HIV to other brain cell types including perivascular macrophages and microglia 

(Cosenza et al. 2002; Fischer-Smith et al. 2004; Williams and Hickey 2002), and establish a 

productive infection (Strizki et al. 1996). Also, the activation of macrophages and microglia 

cells by HIV or exposure to viral proteins leads to the release of toxins, which are thought to 

be responsible for subsequent neuron and astrocytic dysfunction associated with HAND 

(Genis et al. 1992; Giulian et al. 1990; Kaul et al. 2001; Lipton and Gendelman 1995).

Numerous models have been established to study microglia. However, microglia research 

using human cells has been limited due to the restricted availability of primary sources of 

Rawat and Spector Page 2

J Neurovirol. Author manuscript; available in PMC 2017 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human microglia including aborted fetal tissue or postmortem brain tissue. The limited 

availability of tissue for isolation of primary microglia cells has resulted in the majority of 

HIV-related research being conducted using mouse embryonic cells which are not 

permissive to HIV infection or microglia cell lines that can be easily grown and manipulated 

(Bassett et al. 2012; Hinojosa et al. 2011) (Hinze and Stolzing 2011; Noto et al. 2010). 

However, continuous cell line models including HMO6 (Janabi et al. 1995), HMC3 (Janabi 

et al. 1995) and hTERT-immortalized glial (hT-Hμglia) cells (Janabi et al. 1995; Wires et al. 

2012) have been shown to have numerous morphologic, genotypic, and functional 

differences from primary microglia due to their genetic manipulation and long-term culture. 

These cell lines have limited value for the study of HIV pathogenesis because they have 

been genetically transformed, have a high multiplication rate, and are poorly permissive to 

HIV replication. The importance of microglia cells in the pathogenesis of HAND and as a 

likely reservoir of virus in persons on fully suppressive combination antiretroviral therapy 

(cART) makes the development of an in vitro model of primary microglia cells a high 

priority.

Recently, Leone et al. and Etemand et al. showed that human blood-derived monocytes can 

be cultured to obtain human microglia-like cells (M-MG) using astrocyte-conditioned 

medium (ACM) (Leone et al. 2006) or serum-free media supplemented with macrophage 

colony-stimulating factor (M-CSF), granulocyte macrophage colony-stimulating factor 

(GM-CSF), nerve growth factor (NGF), and monocyte chemoattractant protein-1 (MCP1) or 

CCl2 factors (Etemad et al. 2012). However, until recently, few markers had been identified 

that differentiate microglia cells from macrophages and other cell types within the CNS, and 

neither model rigorously identified the derived cells as microglia.

Recently, Butovsky et al. identified a unique genetic and microRNA signature for human 

fetal and adult microglia including highly or unique expression of P2ry12, Gpr34, Mertk, 

C1qa, Pros1, and Gas6, and the enriched expression of miR-342-3p and high expression of 

miR-99a and miR-125b-5p (Butovsky et al. 2014). They have also identified an important 

role for TGFβ-1 in differentiation of microglia cells under both in vitro and in vivo 

conditions (Butovsky et al. 2014).

Here, we present the derivation of microglia cells from primary human monocytes and show 

that in addition to expressing the previously known cellular markers of primary microglia, 

these monocyte-derived microglia (MMG) also express all of the unique genetic and 

microRNA microglia signatures identified by Butovsky et al. (Butovsky et al. 2014). 

Additionally, we show that MMG are permissive to HIV and exhibit the same replication 

kinetics as primary microglia derived from fetal tissue.

Materials and methods

Ethics statement

HIV seronegative donors were enrolled for venous blood draw using a protocol that was 

reviewed and approved by the Human Research Protection Program of the University of 

California, San Diego, in accordance with the requirements of the Code of Federal 
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Regulations on the Protection of Human subjects (45 CFR 46 and 21 CFR 50 and 56). 

Written informed consent was obtained from all blood donors prior to their participation.

Cell culture and reagents

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of HIV 

seronegative donors by density gradient centrifugation over Ficoll–Paque Plus (GE 

Healthcare). CD14+ monocytes cells were isolated from PBMCs using human CD14 

microbeads beads (Miltenyi Biotech).

Monocyte-derived macrophages (MDM) were generated in vitro by culturing CD14+ 

monocytes in RPMI 1640 (Gibco) supplemented with 10 % (v/v) charcoal dextran-treated, 

heat-inactivated FBS (Gemini Bio-Products), 1 % antibiotics (10,000 units/ml penicillin, 

10,000 μg/ml streptomycin, Gibco), and 10 ng/ml macrophage colony-stimulating factor 

(Peprotech) for 10 days at 37 °C, 5 % CO2. MMG cells were generated from CD14+ 

monocytes using methods modified from those originally described by Etemand et al. 

(Etemad et al. 2012). CD14+ monocytes isolated from healthy human donor blood were 

cultured in RPMI-1640 GlutaMax (Gibco) supplemented with 1 % antibiotics (10,000 

units/ml penicillin 10,000 μg/ml streptomycin, Gibco) and mixture of human recombinant 

cytokines including M-CSF (10 ng/ml; Peprotech), beta-nerve growth factor (NGF-β 10 

ng/ml; R&D Systems), and CCL2 (100 ng/ml; Peprotech). Every third day, cells were 

supplemented with fresh media containing M-CSF, GM-CSF, NGF-β, and CCL2. Cells were 

cultured for 10 days. Most of the characterization experiments were performed on day 10.

Human microglia isolation and cell culture

Normal human fetal brain tissue was obtained from the University of Washington and 

approved by the Human Research Protection Program of the University of California, San 

Diego (Project # 150172XX) in accordance with the requirements of the Code of Federal 

Regulations on the Protection of Human subjects (45 CFR§46.102 (f)). Human fetal brain 

microglia were isolated as previously described (D’Souza et al. 1995; Lambert et al. 2008). 

Briefly, fetal brain tissue was minced and treated with DNase1/trypsin and passed through a 

nylon mesh. Cells were plated at a density of ~7 × 106 cells/ml in a T75 tissue culture flask 

in high-glucose DMEM supplemented with 10 % AB-human serum (MP Biomedicals) and 

M-CSF (10 ng/ml; Peprotech). After 10–14 days, flasks were shaken and floating microglia 

cells were collected. These human fetal microglia cells (HMG) were plated in 6-well tissue 

culture plates at a density of 1 × 106 cells/ml in high-glucose DMEM supplemented with 

10 % AB-human serum (MP Biomedicals) and M-CSF (10 ng/ml; Peprotech).

Phase contrast microscopy

The morphology of MMG and HMG prior to or after HIV infection was assessed by phase 

contrast microscopy using an Olympus 1X71 inverted microscope equipped with a 

×20/0.45NA LUCPLFLN objective. Images were acquired using DP72 Image Acquisition 

Interface (Olympus).
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Immunofluorescence microscopy

Cells were fixed in Dulbecco’s phosphate-buffered saline supplemented with 4 % (w/v) 

paraformaldehyde for 10 min and treated with a permeabilization/blocking containing 3 % 

bovine serum albumin (Sigma-Aldrich) and 0.1 % (v/v) Triton X-100 (Sigma-Aldrich) for 1 

h. Following permeabilization and blocking, cells were incubated with primary antibodies: 

polyclonal goat anti-Iba-1 (Abcam), polyclonal rabbit anti-integrin alpha M/CD11b (Novus 

Biologicals) and monoclonal mouse anti-CD68/SR-D1 for 1 h at 20–22 °C. Cells were then 

probed with donkey anti-goat Alexa Fluor (AF) 568, donkey anti-rabbit AF488, and donkey 

anti mouse AF647 (all Molecular Probes, Life technologies). Cells were nuclear stained and 

mounted using Prolong Gold Antifade mountant with 4′, 6-diamidino-2-phenylindole 

(DAPI) from Molecular Probes, Life technologies. Labeled cells were visualized using an 

Olympus Fluoview FV-1000 confocal imaging system on a 1X81 platform equipped with a 

U Plan Fluorite ×60/1.42 NA oil differential interference objective (Olympus).

Flow cytometry

Flow analysis of freshly isolated monocytes differentiated into MMG was performed after 

10–12 days in culture. Fetal microglia cells were isolated from 10-day-old brain cultures and 

cultured for an additional 2 days. Expression of specific surface molecules and intracellular 

molecules was studied using flow cytometry. Cells were detached using a scraper and 

staining was performed according to manufacturer’s protocol. Expression of CD11c, 

CD11b, CD195, CD14, CD45, HLA-DR, CD80, and CD86 was measured by incubating the 

MMG and HMG cells with fluorescein isothiocyanate (FITC)-anti-CD11c, AF488-anti 

CD11b, allophycocyanin (APC)-anti CD80, PerCP-anti-HLA-DR, phycoerythrin-Cy7-anti-

CD86 and PerCP-anti-CD14 (all Biolegend), eFluor450-anti-CD45, and APC-anti-CD195 

(all eBioscience) on ice for 30 min. Intracellular CD68 was detected using BD Cytofix/

CytoPerm kit with PE-anti-CD68 according to manufacturer’s protocol (BD Biosciences). 

Corresponding labeled isotype control or FMO controls were included in all experiments. 

For cell viability analysis of HIV-infected MMG, cells were stained with fixable viability 

dye eFluor506 (eBioscience). The cells were fixed and resuspended in phosphate-buffered 

saline (PBS) for flow cytometry using BD FACSCanto RUO-ORANGE analyzer. Data were 

analyzed using FlowJo software.

Phagocytosis

The phagocytic activity of MMG and HMG was investigated by means of prelabeled 

zymosan particles as a phagocytosis pathogen using Cytoselect™ 96-well phagocytosis assay 

(Cell Biolabs). Briefly, MMG and HMG cells were seeded at a density of 50,000 cells/well 

in a 96-well plate. Cells were allowed to differentiate for 10 days under standard culture 

conditions (humidified chamber, 5 % CO2, 37 °C). Prior to incubation with zymosan 

particles, cells were stimulated with phorbol-myristate-acetate (PMA) (50 ng) for 2 h. 

Following 2 h incubation with prelabeled zymosan particles, cells were processed according 

to manufacturer’s instructions and the phagocytic index of these cells was determined by 

reading absorbance at 405 nm.
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Determination of reactive oxygen species production

Production of reactive oxygen species (ROS) in MMG and HMG was determined by 

detecting the conversion of 2′,7′-dichlorofluorescein diacetate (H2DCFDA) into fluorescent 

2′,7′-dichlorofluorescein (DCF) using the OxiSelect™ Intracellular ROS assay kit (Cell 

Biolab). MMG and HMG cells were seeded at a density of 50,000 cells/well in a 96-well 

plate. Cells were allowed to differentiate for 10 days under standard culture conditions 

(humidified chamber, 5 % CO2, 37 °C). On day 10, cells were incubated with H2DCFDA for 

1 h. Following incubation with H2DCFDA, cells were stimulated with ATP (100 μM) or 

PMA (50 ng) for 2 h. TBHP-stimulated cells were used as positive control. ROS generation 

by MMG and HMG cells was analyzed by reading fluorescence with a fluorometric plate 

reader at 480 nm/530 nm.

RNA isolation and real-time PCR

Total RNAwas isolated using RNeasy Mini kit (Qiagen) according to the manufacturer’s 

protocol and 20–40 ng RNAwas used in 20–40 μl of reverse transcription reaction (high-

capacity cDNA Reverse Transcription Kit; Applied Biosystems). Five nanograms of RNA 

was used in 10 μl reverse transcription reaction with specific miRNA probes (Applied 

Biosystems). qPCR reactions were performed in triplicate. mRNA or miRNA levels were 

normalized with GAPDH and U6snRNA, respectively, by the formula 2−ΔCt, where ΔCt = 

CtgeneX/miRX – Ctgapdh/U6. All qRT-PCR data were performed in triplicate and the data are 

presented as mean ± SD.

Virus preparation and infection

HIV-1Ba-L obtained through the NIH AIDS Research and Reference Reagent Program from 

Dr. Suzanne Gartner and Dr. Robert Gallo (Gartner et al. 1986) was grown in primary 

culture of PBMC. Virus stocks were prepared as previously described (Campbell and 

Spector 2008). The 50 % tissue culture infective dose (TCID50) was determined using the 

Spearman-Karber (Japour et al. 1993) method using the Alliance HIV-1 p24 antigen ELISA 

(Perkin Elmer Life Sciences). Cells were infected at a multiplicity of infection (MOI) of 0.1 

for 8 h. For virus replication analysis, p24 expression was measured in the culture 

supernatants by ELISA (Perkin Elmer Life Sciences).

Statistical analysis

Comparison between groups was performed using the paired, two-tailed, Student’s t test, or 

Wilcoxon rank test for non-parametric comparisons. Differences with a p value <0.05 were 

considered statistically significant.

Results

The morphology of monocyte-derived microglia mimics that of fetal human microglia in 
culture

Morphological changes in microglia cells are associated with their role in CNS disease 

(Hanisch and Kettenmann 2007; Kreutzberg 1996). In vitro cultured primary HMG have 

been previously reported to acquire rod, spindle, or amoeboid morphology (Kettenmann et 
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al. 2011). Here, we compared the morphology of CD14+ MMG with fetal brain-derived 

HMG. Since human microglia show morphologic similarity to human macrophages, MDM 

cells derived from the CD14+ monocytes of same donor were used as control (Fig. 1c). 

CD14+ monocytes were cultured in the presence of recombinant human growth factors M-

CSF, GM-CSF, NGF-β, and CCL2 for 12 days to generate MMG cells. CD14+ monocytes 

were cultured in the presence of M-CSF for 12 days to generate MDMs, Aborted fetal brain 

tissue obtained at 90 to 145 days gestation was used as the source of primary microglia cells. 

These cells were cultured in vitro in presence of M-CSF for 10–14 days at which time the 

cell morphology was compared between the HMG, MMG, and MDM by phase contrast 

microscopy (Fig. 1a–c). After differentiation, MMG acquire spindle shape with reduced cell 

body and appear morphologically similar to HMG (Fig. 1a, b). An enlarged view of these 

phase images demonstrates that MMG and HMG show a reduction in the central body and 

have developed branched or ramified cell processes (Fig. 1a, b) consistent with previous 

reports of primary microglia (Kettenmann et al. 2011; Leone et al. 2006).

Identification of microglia cells in culture

HMG are identified by a variety of markers including: αMβ2 integrin/CD11b or complement 

receptor 3 (CR3) (Akiyama and McGeer 1990; Sedgwick et al. 1991) which has a role in 

phagocytosis (Lee et al. 2009; Ma et al. 2003; Rotshenker 2009); Iba1, a calcium binding 

protein reported to have role in calcium homeostasis, membrane ruffling, and phagocytosis 

(Imai et al. 1996; Imai and Kohsaka 2002; Ito et al. 1998); (Ohsawa et al. 2000; Ohsawa et 

al. 2004); and CD68, a glycoprotein found in the cytoplasm (Chen et al. 2002; Davoust et al. 

2008; Sedgwick et al. 1991). In our initial set of experiments, we used each of these markers 

to identify microglia cells in MMG and HMG cultures by immunofluorescence microscopy. 

MMG derived as described above were fixed, permeabilized, and stained with antibody to 

CD11b (green), Iba1 (magenta), CD68 (red), and nuclear stain, DAPI (blue) (Fig. 2, middle). 

Similarly, primary HMG were isolated from fetal brain samples and analyzed by 

immunofluorescence microscopy (Fig. 2, top). Since human macrophages commonly 

express most of the human microglia markers, MDM cells derived from CD14+ monocytes 

of the same donor were used as control (Fig. 2, bottom). Both MMG and HMG stained 

positive for each of the three markers (Fig. 2). Additionally, the level of expression of IBA1, 

CD11b, and CD68 was found to be very similar between MMG and HMG cells. Thus, the 

cell morphology and expression pattern of key human microglia marker proteins in MMG 

closely resembles with primary HMG cells.

To further compare other surface molecules that have been associated with microglia, we 

examined the expression of CD11c, CD11b, CD195, CD14, CD45, HLA-DR, CD86, and 

CD80, and intracellular molecules CD68 in MMG and HMG cells (Fig. 3a). While MDM 

cells have relatively low CD11b expression compared to HMG cells (data not shown), MMG 

express similar levels of CD11b compared to HMG as well as CD45, a protein tyrosine 

phosphatase and an inhibitory receptor for CD22 that regulates the TNFα production by 

microglia (Mott et al. 2004) (P > 0.05; Fig. 3a, b). CD14, another co-receptor expressed by 

microglia and known to function in inflammatory responses via TLR4 (Fassbender et al. 

2004; Reed-Geaghan et al. 2009) and CCR5 were similarly expressed on MMG and HMG 
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(P > 0.05; Fig. 3a, b). In contrast, we did find that MDM have higher CCR5 surface 

expression compared to both HMG and MMG (P < 0.05, data not shown).

To further characterize MMG and HMG, we examined activation markers including HLA-

DR, CD80, and CD86. MMG and HMG were found to be HLA-DRlow CD80low (Fig. 3a, b); 

CD86 expression was not statistically different between the two microglia cell types (Fig. 

3a, b). Therefore, both MMG and HMG were found to have a HLADRlow/CD86low/CD80low 

profile.

Monocyte-derived microglia cells express human microglia signature genes

Human microglia cells have been shown to express unique molecular signatures (Butovsky 

et al. 2014). To further establish that MMG closely resemble HMG, we compared the 

expression of microglial signature genes C1Q, GAS6, GPR34, PROS1, P2RY12, and 

MERTK in both microglia cell types. RNA was isolated from cultured cells and analyzed by 

qPCR. As shown in Fig. 4, MMG express similar levels of molecular signature genes C1Q, 

GAS6, GPR34, and PROS1 (P > 0.05 for each comparison). However, MMG were found to 

express lower levels of MERTK and P2RY12 compared to HMG (P < 0.05). Conversely, it 

should be noted that the expression of MERTK and P2RY12 was significantly higher in 

MMG than that found in hT-Hμglia and HMC3 cell lines (P < 0.005, Fig. S1). We also 

compared expression of microglial signature genes between CD14+ monocytes and MMG 

derived from the same donor monocytes (Fig. S2). We observed significant enrichment of 

C1QA, MERTK, PROS1, and GPR34 signatures following differentiation of monocytes into 

MMG (p < 0.05, p < 0.05, p < 0.005, p < 0.05, Fig. S2).

Monocyte-derived microglia cells express signature microglial miRNAs

In addition to specifically enriched gene expression, HMG express a unique set of miRNAs 

including miR-99a, miR-125b-5p, and miR-342-3p (Butovsky et al. 2014). MDM and MMG 

share many biochemical markers which makes it difficult to distinguish these cell 

populations in culture. Therefore, we first compared expression of these miRNAs in MDM 

and MMG. Comparing MMG to MDM, expression of miR-99a, miR-342-3p, and miR-125-

b-5p were increased four-fold, three-fold, and two-fold, respectively (P < 0.005, P < 0.05, P 
< 0.05, data not shown). Additionally, MMG are significantly enriched for signature miRNA 

miR-99a, miR-342-3p, and miR-125-b-5p compared to their parent CD14+ monocytes (p < 

0.05, p < 0.05, p = 0.005, Fig. S3). Thus, human microglia signature miRNA expression is 

enriched in MMG cells compared to MDM derived from the same donor CD14+ monocytes. 

We next compared the expression of these miRNAs between HMG and MMG cells (Fig. 5). 

Both HMG and MMG had similar miRNA signature profiles (Fig. 5). Expression did not 

differ statistically for miR-99a and miR-342-3p (P > 0.05); however, primary HMG were 

found to express higher levels of miR-125b-5p compared to MMG (P < 0.05). Thus, 

although there are some variations when compared to HMG, MMG cells express all the 

human microglia signature miRNAs (Fig. 5).

Monocyte-derived microglia are functionally active

Expression of human microglia characteristic proteins IBA1, GLUT5 (glucose transporter, 

Type 5), and SOD (superoxide dismutase) were analyzed in MMG and HMG cells by 
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immunoblotting. Glial fibrillary acidic protein (GFAP), marker protein for astrocytes, was 

analyzed to check for the presence of astrocytes in HMG culture, and GAPDH expression 

was determined as control. Both MMG and HMG were shown to express all the 

characteristic proteins except GFAP (Fig. 6a). Having established the expression of 

microglia characteristic marker proteins in MMG and HMG cells, we examined the function 

of these cells using ROS production and phagocytosis (Fig. 6b, c). Both MMG and HMG 

cells were found to be functional and responsive to stimulation. Upon treatment with PMA 

or ATP, both microglia cell types produced ROS as detected by fluorescence measurement 

(DCFDA) at 480 nm/530 nm (Fig. 6b). Moreover, these cells also showed significant 

similarity in their phagocytic activity (Fig. 6c). Both MMG and HMG cells were able to 

phagocytose zymosan particles, and PMA stimulation increased phagocytic activity of 

MMG and HMG (Fig. 6c).

Monocyte-derived microglia support long-term HIV-1 infection

Microglia cells are thought to be the major site of HIV infection and to serve as a persistent 

viral reservoir within the CNS. Therefore, our next set of experiments was designed to 

examine the ability of HIV to infect MMG and the viability of infected MMG during 

prolonged infection in culture. MMG were infected with HIV-1Ba-L at a MOI of 0.1 and p24 

antigen was determined over 20 days post-infection. MMG were found to be susceptible to 

HIV infection (Fig. 7a) and showed more than 70 % viability at the end of the 20 days (Fig. 

7b, c). Also, no difference was observed in extracellular LDH release between uninfected 

and HIV-infected MMG cells (Fig. 7d). We further analyzed the infectivity of the virions 

released from infected MMG cells in PHA-stimulated PBMC cells (Fig. 7e). Culture 

supernatant equivalent to 1 ng p24 antigen derived from HIV-infected MMG cells (n = 2) 

infected over day 20 was used to infect 1 million PHA activated PBMC cells. Culture 

supernatants collected at days 0, 3, 7, 10, and 18 post-infection showed an increase in p24 

antigen production over time (Fig. 7e). Thus, MMG cells support long-term HIV infection 

and release infectious virions into culture supernatants.

HIV infection kinetics in MMG and HMG cells

Having established that MMG are permissive to HIV infection and survive for prolonged 

periods of time, we next compared the replication kinetics between MMG and HMG. MMG 

and HMG cells were infected with HIV-1Ba-L at a MOI of 0.1 and p24 antigen was 

determined up to 30 days post-infection. At 20 days post-infection, intracellular p24 could 

be detected in the majority of MMG and HMG by immunofluorescence (Fig. 8a). HIV 

replication kinetics was compared between MMG and HMG cells by measuring 

extracellular release of p24 antigen in the culture supernatants using p24 antigen capture 

ELISA. Replication kinetics were found to be similar in MMG compare to HMG (Fig. 8b). 

Thus, MMG cells can support productive long-term HIV infection and can be used as a 

model for acute and persistent infections.

Discussion

The CNS is an important reservoir of HIV infection and strategies to eradicate HIV from 

persons on cART will require clearance of virus from cells within the brain. While 
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astrocytes, oligodendrocytes, and neurons have been suggested as potential sites of HIV 

replication (Bagasra et al. 1996; Saito et al. 1994), there is a general consensus that within 

the CNS microglia are the major HIV reservoir (Gonzalez-Scarano and Martin-Garcia 2005; 

Ioannidis et al. 1995). However, studies of HIV infection of microglia cells have been 

severely limited by the difficulty in obtaining fetal and adult brain tissue for isolation of 

primary HMG (Bassett et al. 2012; Hinojosa et al. 2011). Thus, given the significance of 

microglia cells, there is an urgent need for a suitable cellular model that sufficiently 

recapitulates human microglia function and molecular signature to elucidate the role of 

microglia in HIV-associated CNS dysfunction and the potential success of approaches for 

viral eradication.

While human microglia cell models are often characterized using markers commonly 

expressed by macrophages and microglia cells, they have not been shown to express the 

unique human microglia molecular and miRNA signatures (Butovsky et al. 2014). Also, the 

available human immortalized cell lines show important differences in their cytokine profile 

and morphology due to transformation and repeated passaging in culture (Stansley et al. 

2012). Moreover, although microglia cells are thought to be a long-lived reservoir of HIV, to 

date, no model has been shown to support a persistent infection with HIV. Thus, any findings 

obtained solely through the examination of interactions between HIV and currently available 

models of microglia cells should be viewed with caution.

In the research presented here, we set out to derive primary microglia cells from human 

peripheral blood monocytes that would recapitulate the morphology and function of primary 

HMG and express the unique molecular signatures that characterize microglia. We further 

required that these in vitro-derived MMG exhibit the same HIV replication kinetics and be 

capable of maintaining a persistent infection.

To establish that the MMG described here met each of these objectives, we first showed that 

the morphology of MMG appeared similar to HMG and using immunohistochemistry 

demonstrated that the MMG were positive for CD11b, CD68, and Iba-1. We further 

characterized MMG as CD11c+/CD11b+/CD68+/CD195+/low/CD45+/CD14+/HLADR+/low/

CD86+/low/CD80+ cells. Thus, MMG cells express all immunological characteristics 

specifically identified previously for human microglia cells (McGeer et al. 1993; Williams et 

al. 1992). Moreover, the MMG expressed the unique genetic markers P2ry12, Mertk, Gas6, 

Gpr34, Pros1, and C1qa which further distinguish microglia from monocytes, and other 

CNS and immune cells (Butovsky et al. 2014). The expression of these signature genes is a 

distinct advance over commonly used microglia cell lines including HMC3 and hT-hμglia 

that fail to express these microglia-specific genes (Butovsky et al. 2014). Finally, to further 

confirm that MMG are representative of primary microglia in culture, we showed that 

miRNAs miR-99a, miR-125b-5p, and miR-342-3p specifically identified as distinct for 

HMG were present in MMG (Butovsky et al. 2014). Though we observed some variation 

between MMG and HMG cells for Mertk and P2ry12 and miR-125b-5p expression in our 

qPCR analysis, MMG show significant expression levels for both immunological and human 

microglia-specific markers unlike cell line models expressing the microglia immunological 

characteristics but lack the genetic signatures of human microglia (Butovsky et al. 2014).
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Having established phenotypically and genotypically that MMG have a similar profile as 

HMG, we evaluated two characteristic effector functions of human microglia—ROS 

production and phagocytosis in MMG cells. Our data regarding ROS generation and 

phagocytosis further indicates that MMG display similar capacity to phagocytose zymosan 

particles and generate ROS upon PMA stimulation as the primary human microglia. In 

addition to phenotypic and functional analysis, we further analyzed these cells for HIV 

replication kinetics. Because HIV infection of the CNS has been associated with 

macrophage tropic strains (He et al. 1997; Lavi et al. 1997; Shieh et al. 1998), we infected 

MMG and HMG cells with HIV-1BaL that is known to infect macrophages. Similar HIV 

replication kinetics was observed in both cell populations. Additionally, MMG were able to 

support a persistent HIV infection, and infectious virions were released in culture 

supernatants. These later stages of infection are similar to what has been observed in 

macrophages (Gendelman et al. 1988; Orenstein et al. 1984).

In summary, we have shown that MMG derived from primary human monocytes recapitulate 

many of the unique characteristics of primary fetal brain-derived HMG and can support a 

persistent infection with HIV. The use of these cells has the potential to greatly facilitate 

studies designed to understand the pathogenesis of HIV within microglia and the 

contribution of these cells to HAND. Additionally, persistently infected MMG can serve as 

an in vitro model to investigate strategies for the elimination of virus from the CNS. Finally, 

the MMG described here have the potential to provide a model for other microbial infections 

and neurological diseases that involve microglia cells.
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Fig. 1. 
Phase contrast images of monocyte-derived microglia (MMG) and human fetal brain-derived 

microglia (HMG) cells. a MMG cells were generated in vitro by culturing CD14+ cells in 

the presence of macrophage colony-stimulating factor (MCSF), granulocyte macrophage 

colony-stimulating factor (GMCSF), beta-nerve growth factor (NGF-β), and CCL2 for 10–

12 days. b HMG cells were isolated from 120- to 145–day-old fetal brain and cultured in 

high-glucose DMEM supplemented with 10 % AB-human and M-CSF for 10–12 days. c 
MDM were generated in vitro by culturing CD14+ cells in the presence of macrophage 

colony-stimulating factor (MCSF). Enlarged view of each cell type is presented on the right. 

Representative images of MDM, MMG, and HMG cells derived using monocytes from three 

independent healthy human donor bloods and fetal brain tissues, respectively. Scale bar 
indicates 10 μM
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Fig. 2. 
MMG cells express human microglia characteristic markers Iba1, CD11b, and CD68. MDM, 

MMG, and HMG cells were cultured in vitro as described earlier for 12 days. After 12 days, 

cells were fixed, permeabilized, and then stained with DAPI (blue) and antibody to Iba1 

(magenta), CD11b (green), and CD68 (red). Representative images of MDM, MMG, and 

HMG cells derived using monocytes from three independent healthy human donor bloods 

and fetal brain tissues, respectively. Merged image for Iba1, CD11b, CD68, and DAPI is 

shown on the right. Scale bar indicates 10 μm
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Fig. 3. 
MMG cells express the same surface and intracellular marker proteins as HMG cells. MMG 

and HMG were cultured in vitro for 12 days and the percentage of cells expressing CD195, 

CD11c, CD14, CD45, HLA-DR, CD80, CD86 surface markers, and CD11b and CD68 

intracellular markers was estimated by flow cytometry and data was analyzed using FlowJo. 

a Representative histograms showing expression of CD195, CD11c, CD14, CD45, HLA-

DR, CD80, CD86 CD11b surface markers, and CD68 intracellular markers in HMG and 

MMG cells. The gray bar indicates the negative staining control (FMO/isotype) using the 

corresponding isotype control antibody. b Relative expression of CD195, CD11c, CD14, 

CD45, HLA-DR, CD80, CD86, CD11b surface markers, and CD68 intracellular markers in 

MMG and HMG cells is presented as geometric mean intensity. Data presented are mean ± 

SD after normalization using isotype values from three independent healthy human donor 

blood-derived MMG and three independent fetal brain tissue-derived HMG cells
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Fig. 4. 
Human microglia signature genes are present in MMG cells. Human healthy donor blood 

was used to isolate MMG from monocytes. MMG were generated in vitro by culturing 

CD14+ cells in the presence of M-CSF, GM-CSF, NGF-β, and CCL2 for 10–12 days. HMG 

cells were isolated from 90- to 145-day-old human fetal brain tissue. qPCR analysis of 

human microglia signature genes in MMG (n = 3) and HMG cells (n = 3) for c1q, gas6, 

gpr34, pros1, p2ry12, and mertk genes. Gene expression was normalized against GAPDH 

using ΔCt (n = 3). Microglia signature gene expression is compared between MMG cells and 

HMG cells derived from three independent healthy human donor bloods and fetal brain 

tissues, respectively. Data are presented as ± SD, n = 3; *P < 0.05
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Fig. 5. 
Human microglia signature miRNA are present in MMG cells. HMG cells were isolated 

from 90- to 145-day-old human fetal brain tissue. MMG cells were generated in vitro by 

culturing CD14+ cells from healthy human donor blood in the presence of MCSF, GMCSF, 

NGF-β, and CCL2 for 10–12 days. RNA extracted from primary HMG and MMG cells was 

analyzed for human signature miRNA miR-99a, miR-125b-5p, and miR-342-3p expression 

by qPCR. miRNA expression level was normalized against U6 miRNA using ΔCt (n = 3). 

miRNA levels were compared between HMG and MMG cells derived from three 

independent healthy human donor bloods and fetal brain tissues, respectively. Data are 

presented as mean ± SD n = 3. *P < 0.05
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Fig. 6. 
MMG and HMG cells are functional in culture. a Western blot analysis of the protein levels 

of different glial cell markers. MMG and HMG cells were cultured in vitro for 10 days. At 

day 10, cells were lysed and analyzed for endogenous glial fibrillary acidic protein (GFAP), 

IBA1, glucose transporter type 5 (GLUT5), superoxide dismutase (SOD), and GAPDH. b 
MMG and HMG cells produce ROS upon stimulation. ROS generation was determined by 

detecting the conversion of H2DCFDA into DCF with a fluorescence plate reader. 

Unstimulated MMG and HMG cells were compared with the protein kinase C activator, 

phorbol-myristate-acetate (PMA, 50 nM) and ATP (100 μM) stimulated cells. Tert-butyl 

hydrogen peroxide (TBHP, 50 μM) was used as a positive control. c Quantification of 

phagocytic response in MMG and HMG cells. The phagocytic ability of MMG and HMG 
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cells in response to PMA activation was measured using prelabled zymosan (Saccharomyces 
cerevisiae) particles. The engulfed particles were detected using a colorimetric 96-well assay
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Fig. 7. 
MMG supports HIV infection. a MMG cells were generated in vitro by culturing CD14+ 

cells from healthy human donor blood in the presence of M-CSF, GM-CSF, NGF-β, and 

CCL2 for 10 days. On day 10, MMG cells were infected with HIVBa-L at MOI 0.1. At days 

0, 3, 6, 9, 12, 15, 18, and 21 post-infection, extracellular release of HIV p24 antigen into the 

culture supernatant was analyzed by p24 antigen capture ELISA. Data presented as mean ± 

SD, n = 3. b Representative phase contrast images of MMG cells at days 10 and 20 post-

infection (n = 2). c MMG cells cultured for 10 days and then exposed to HIV. Cell viability 

was analyzed on days 10 and 20 post-infection by staining with viability dye eFluor506 and 

analyzed by flow cytometry. d MMG cells were analyzed for cytotoxicity post-HIV 

exposure. Extracellular release of LDH was measured at days 10 and 20 post-infection (n = 

3). e Culture supernatants were collected from MMG cells exposed to HIV for 20 days. 

Culture supernatant equivalent to 1 ng p24 antigen was used to infect 106 PHA stimulated 

PBMCs. Culture supernatants were collected at days 0, 3, 7, 10, and 18 post-infection and 

analyzed for p24 using a p24 antigen capture ELISA
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Fig. 8. 
MMG and HMG cells show similar HIV infection kinetics. a Representative fluorescence 

microscopy images of HIV-infected MMG and HMG cells which were fixed, permeabilized, 

and then stained with antibody to IBA1 (green) and HIV p24 and p17 (red). Scale bar 
indicates 10 μm. b 0.5 million MMG and HMG cells were cultured in vitro for 10 days and 

then infected with HIVBa-L at MOI 0.1. Culture supernatants from HIV-infected MMG and 

HMG cells were collected at days 0, 5, 10, 15, 20, 25, and 30 post-infection and analyzed for 

p24 expression by p24 antigen capture ELISA. HIVBa-L infection profile was compared 

between MMG and HMG cells for 30 days post-infection. Data are presented as mean ± SD, 

n = 3
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