
HIV-infected microglia mediate cathepsin
B-induced neurotoxicity

Frances Zenón1
& Yisel Cantres-Rosario1 & Radhika Adiga2 & Mariangeline Gonzalez3 &

Eillen Rodriguez-Franco1 & Dianne Langford2
& Loyda M. Melendez1,4

Received: 13 November 2014 /Revised: 14 May 2015 /Accepted: 29 May 2015 /Published online: 20 June 2015
# Journal of NeuroVirology, Inc. 2015

J. Neurovirol. (2015) 21:544–558
DOI 10.1007/s13365-015-0358-7

Abstract HIV-1-infected mononuclear phagocytes release sol-
uble factors that affect the homeostasis in tissue. HIV-1 can
prompt metabolic encephalopathy with the addition of neuronal
dysfunction and apoptosis. Recently, we reported that HIV-1
enhances the expression and secretion of bioactive cathepsin B
in monocyte-derived macrophages, ultimately contributing to
neuronal apoptosis. In this research, we asked if microglia re-
spond to HIV infection similarly by modifying the expression,
secretion, and neurotoxic potential of cathepsin B
and determined the in vivo relevance of these findings. HIV-
1ADA-infected human primary microglia and CHME-
5 microglia cell line were assessed for expression and activity
of cathepsin B, its inhibitors, cystatins B and C, and the neuro-
toxicity associated with these changes. Human primary neurons
were exposed to supernatants from HIV-infected and uninfected
microglia in the presence of cathepsin B inhibitors and apoptosis
was assessed by TUNEL. Microglial expression of cathepsin B
was validated in brain tissue from HIV encephalitis (HIVE)

patients. HIV-infected microglia secreted significantly greater
levels of cathepsin B, cystatin B, and cystatin C compared to
uninfected cells. Increased apoptosis was observed in neurons
exposed to supernatants fromHIV-1 infectedmicroglia at day 12
post-infection. The cathepsin B inhibitor CA-074 and cathepsin
B antibody prevented neuronal apoptosis. Increased microglia-
derived cathepsin B, cystatin B, and cystatin C and caspase-3+
neurons were detected in HIVE brains compared to controls.
Our results suggest that HIV-1-induced cathepsin B production
in microglia contributes to neuronal apoptosis and may be an
important factor in neuronal death associated with HIVE.
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Introduction

Microglia are the brain macrophages that participate in the pro-
tection and support of neurons. (Rock et al. 2004). One of the
most important functions of microglia is to supply primary de-
fense of the central nervous system (CNS) against infectious
diseases (Rock et al. 2004) and to play a pivotal role of innate
immunity in the CNS (Nguyen et al. 2002). Microglia exert
their protective functions by working as scavengers (Voyvodic
1996), maintaining homeostasis (Tambuyzer et al. 2009), and
recruiting immune cells from the periphery to the CNS (Alexaki
et al. 2008). However, the protective phenotype can evolve into
a destructive one under chronic disease conditions such as HIV-
1 infection and its neurological complications by producing
inflammatory cytokines and chemokines that can damage by-
stander cells including neurons (Ghorpade et al. 1998a).

The hallmark for HIV-associated neurocognitive disorders
(HAND) is the release of soluble viral and cellular neurotoxins
from infected and/or activated microglia and perivascular
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macrophages that can damage bystander cells. In a recent
study, we used monocyte-derived macrophages (MDM) dif-
ferentiated from blood monocytes from healthy donors as a
model of perivascular macrophage to explore the role of ca-
thepsin B on neuronal apoptosis in the brain during HIV in-
fection (Rodriguez-Franco et al. 2012). Cathepsin B is a cys-
teine protease of lysosomal origin involved in various cellular
processes (Honey and Rudensky 2003) including; apoptosis
(Kingham and Pocock 2001), inflammation, and neurodegen-
eration (Nixon et al. 2000). In the previous study, we reported
that HIV-infected MDM secreted high levels of bioactive ca-
thepsin B that were associated with increased neuronal apo-
ptosis (Rodriguez-Franco et al. 2012). We also demonstrated
that following chronic HIV infection, cathepsin B does
not interact with the lysosome membrane. Absence of
interactions between cathepsin B and both of its inhib-
itors, cystatins B and C, were observed in HIV-1-infect-
ed MDM compared to uninfected controls (Rodriguez-Franco
et al. 2012). The increased expression of cathepsin B was also
observed in peripheral blood monocytes from the Hispanic
women cohort with HAND (Cantres-Rosario et al. 2013),
from post-mortem brain tissue from a patient with HAND
(Rodriguez-Franco et al. 2012), and from MDM and brain
tissue of patients exposed to cocaine (Zenón et al. 2014).
However, the contribution of cathepsin B from HIV-infected
microglia remained to be determined.

In the present study, we asked if HIV-1 triggers similar
responses in resident microglia. We compared the expression
of cathepsin B and cystatins B and C in HIV-1-infected and
uninfected human primary microglia. Results demonstrated
that HIV infection in vitro affected cathepsin B expression
and secretion in human primary microglia and the microglia
cell line CHME-5. The results revealed an induced secretion
of cathepsin B in HIV-infected microglia that prompted neu-
ronal apoptosis. The results with CHME-5 cells were compa-
rable to primary microglia albeit at lower levels. To assess the
relevance of these findings, we determined expression pat-
terns of these enzymes in post-mortem brain tissue from
HIV encephalitis (HIVE) and control cases. We found that
cathepsin B expression and cystatin C were increased in
HIVE cases and was associated with microglial cells and
perivascular macrophages. Expression of cystatin B increased
in microglial cells with HIV infection and in HIV+
subsyndromic cases. Taken together, our findings support an
important role for cathepsin B and cystatins B and C in
microglial response to HIV infection of the CNS.

Materials and methods

Human primary neuron and microglia isolation and
culture Human primary neurons and microglia were provid-
ed by Temple University’s Comprehensive NeuroAIDS

Center. Fetal brain tissue (gestational age 16–18 weeks) was
obtained from elective abortion procedures performed in full
compliance with National Institutes of Health and Temple
University ethical guidelines. The tissue was washed with
cold Hanks balanced salt solution (HBSS) and meninges and
blood vessels were removed as previously described [Huang
et al 2011; Ghorpade et al. 1998a, b]. For microglia, brain
tissue was supplemented with Ca2+ and Mg2+ and then
digested with 0.25 % trypsin (Sigma) for 30 min at 37 °C.
Trypsin was neutralized with fetal bovine serum (FBS), and
the tissue was further dissociated to obtain single-cell suspen-
sions. The cells were cultured in DMEM (Sigma), supple-
mented with a mixture containing 10 % heat-inactivated
FBS, 1,000 U of purified recombinant human macrophage
colony-stimulating factor (MCSF) per milliliter, penicillin
and streptomycin (50 mg/ml), and 100 mg/ml of neomycin.
The mixed culture was maintained under 5 % CO2 for 7 days,
and the medium was fully replaced to remove any cell debris.
The microglia cells released with further incubation were col-
lected and purified by preferential adhesion. Microglia were
seeded as an adherent monolayer at a density of 3×106 cells/
well in a 6-well plate and floating cells were removed after 4 h.
For neurons, tissue in HBSS was digested with papain
(Sigma-Aldrich, St. Louis, MO) for 30 min at 37 °C. Tissue
was then dissociated to obtain single-cell suspensions by re-
peated pipetting with small bore fire polished glass Pasteur
pipettes. Cells were plated in poly-D lysine-coated dishes at
a density of ~1.8×106 cells/60 mm dish in neurobasal media
with B27 supplement, horse serum, and gentamicin
(Invitrogen). After 2 h of attachment, media was replaced with
fresh complete neurobasal media. Twenty-four hours later,
cultures were replaced with neurobasal media without horse
serum. Four days later, one fourth of the media was
removed and replaced with neurobasal media supple-
mented with fluorodeoxyuridine (FDU) and uridine.
Following FDU treatment, neurons were cultured in
neurobasal medium with Glutamax and B27 supplement.
One half volume of media was replaced every 48 h.
Purity of cell type-specific cultures was assessed by
immunolabeling for cell type-specific markers, including
IBA-1 for microglia, GFAP for astrocyte and MAP2,
neurofilament, and synaptophysin for neurons.

CHME-5 microglia The microglia cell line CHME-5 was
kindly provided by Dr. Randal Davis from Oklahoma State
University. It was originally obtained from human fetal mi-
croglia (Peudenier et al. 1991) transfected with the T-antigen
of SV-40 virus (Janabi et al. 1995). Cells were cultured to
70 % confluence in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma Chemical Company, St. Louis, MO) supple-
mented with 5 % inactivated fetal bovine serum (FBS), 1 % L-
glutamine, and 1 % pen/strep. All cells were maintained at
37 °C in a 5 % CO2 incubator.



Detection of HIV-1 receptors CD4 and CCR5
and intracellular cystatin B in CHME-5 cells by flow
cytometry

CHME-5 microglia were grown as previously described until
confluence for surface labeling of CD4 and CCR5 receptors.
At approximately 75 % confluence, cells were detached from
the flask by repeated pipetting with fresh media or PBS
against the cell monolayer. Detached cells were transferred
to 5-ml polystyrene tubes (BD Falcon, Franklin Lakes, NJ)
at a concentration of 5×105 cells/ml. The cell suspension was
then centrifuged for 3 min at 4 °C and 1200 rpm to obtain the
cell pellet. Cells were washed with 1 ml of wash buffer (3 %
FBS/PBS) and labeled with CD4-FITC (1:100; Becton
Dickinson) and CCR5-FITC (1:100; R&D Systems) antibod-
ies or left in the wash buffer alone (unlabeled control) for
30 min at 4 °C. For detection of intracellular cystatin B levels,
CHME-5 were permeabilized using the BD Cytofix/
Cytoperm kit (BD Biosciences, San Jose, CA), incubated with
anti-cystatin B (Sigma) antibody (1:1000) for 1 h at 4 °C.
After incubation with antibodies, cells were washed twice
with 1 ml of wash buffer and centrifuged. Finally, cells were
fixed in 1ml of 1% paraformaldehyde. Fluorescence was read
within 1 h using a FACSort (BD Immunocytometry Systems,
Franklin Lakes, NJ). Flow cytometry data acquisition and
multivariate analysis was performed using the Cell Quest soft-
ware (BD Biosciences, CA). Cells were gated in forward/side
scatter dot plots and FITC emission measured in the FL1
(band pass filter 525 nm) channel. Data on scatter parameters
and histograms were acquired in log mode. Ten thousand
events were evaluated for each sample and the median peak
channel obtained from the histograms was used to determine
levels of CD4, CCR5, or cystatin B.

HIV-1 infection of primary human microglia
and CHME-5 cells

HIV-1ADA was obtained from Dr. Howard Gendelman
(University of Nebraska) following propagation and titration
in MDM from HIV-1-seronegative donors after as previously
described (Gendelman et al. 1990). Primary microglia and
CHME-5 were inoculated with HIV-ADA as described in
Rodriguez-Franco et al. 2012. Cultures were followed for
12 days post-infection and media collected at 3, 6, and 12 days
post-infection (dpi) and stored at −80 °C for p24 antigen assay,
protein expression, and activity. Cells were lysed for protein
studies were prepared according the previous published work
of Rodriguez-Franco et al 2012.

Western blot analysis

Cell lysates containing 30 μg of total protein were lyophilized
at 4 °C and rehydrated in 10 μl of sample buffer (4.75 μl of

Laemmli sample buffer, 0.25 μl of β-mercaptoethanol
[BioRad] and 5.00 μl of ultrapure water (HPLC), and heated
at 70 °C for 10 min. Samples were loaded into 4–20 % Tris-
HCl 15-well Ready Gels (BioRad) and positive controls for
cystatin B, cystatin C, and cathepsin B (isolated human pro-
tein from liver, Bio Vision, New Minas, N Nova Scotia,
Canada). Proteins were separated at 150 V for 1 h according
to the NuPAGE® Protocol (Life Technologies, Grand Island,
NY). After electrophoresis, proteins were transferred to a
PVDF membrane using the semi-dry transfer method on a
BioRad Trans Blot Turbo Transfer System for 7 min at
1.3 A–25 V per gel. After transfer, membranes were blocked
with non-fat dry milk in 1× T-TBS for 1 h at room temperature
with shaking. Membranes were incubated overnight at 4 °C
with primary antibodies including mouse anti-human cathep-
sin B (1:500, Sigma-Aldrich), mouse anti-human cystatin B
(1:2000, Sigma), mouse anti-human cystatin C (1:500, R&D
Systems), and rabbit GAPDH (1:500, BIOSS) followed by
secondary anti-mouse Ig G-HRP (1:10,000, Sigma), anti-
rabbit Ig G-HRP (1:10,000, Sigma), or anti-mouse IgG-HRP
(1:10,000, Sigma). All incubations with primary antibodies
were conducted overnight at 4 °C; all incubations with sec-
ondary antibodies were conducted for 1 h at room tempera-
ture. Following incubations with primary and secondary anti-
bodies, membranes were washed with 1× T-TBS at room tem-
perature, five times for 5–10 min. Chemiluminescence (Super
Signal West Femto Detection Kit; Pierce, Rockford, IL) was
used for signal detection at BioRad Chemi Doc XR. The den-
sity of protein bands was determined using the Image Lab
software (BioRad) and normalized against monoclonal rabbit
anti-GAPDH (Sigma).

Secretion of cathepsin B and its inhibitors

The secretion of cathepsin B and its inhibitors was determined
from uninfected and HIV-1-infected microglial supernatants
collected at 3, 6, 9, and 12 dpi. Sandwich ELISAwas used for
the quantification of expression of secreted cathepsin B (R &
D), cystatin B (R&D), and cystatin C (Bio Vendor) according
to the manufacturer’s instructions.

Cathepsin B activity assay

The bioactivity of secreted cathepsin B was determined using
the cathepsin B Activity Assay kit (Bio Vision, New Mines,
Nova Scotia) according to manufacturer’s instructions AFC
substrate was quantified using fluorometry as described
(Rodriguez-Franco et al. 2012). Microglial supernatants col-
lected from cell cultures at 3, 6, 9, and 12 dpi were assayed in
duplicates. Signals were detected using a fluorescence plate
reader equipped with 400-nm excitation filter and 505-nm
emission filters VersaFluor TM Fluorometer (BioRad).
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Determination of neuronal apoptosis from microglia
condition media

Supernatants from primary microglia and CHME-5 cells
were collected at days 3, 6, and 12 dpi, and fresh serum-
free media was added for 24 h prior to collection (condi-
tioned media). To determine neuronal apoptosis induced
from primary microglia supernatants, we followed the
method described in Rodriguez-Franco et al. 2012.
Human primary neurons were cultured until confluence
and incubated with conditioned media derived from
HIV-infected primary microglia at 12 dpi and treated with
cathepsin B inhibitor (50 μM) or cathepsin B monoclonal
antibody (50 ng/ml). Apoptosis was measured using ter-
minal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) assay at 12 days post-infection. Confocal
images were obtained on a Zeiss confocal microscope
Axiovert 200 M with a LSM 510 under an excitation
wavelength of 488 nm, 20× magnification. Quantitative
analysis of staining ratio of apoptotic (green)/non-apopto-
tic (blue) nuclei was performed using Image-based Tool
for Counting Nuclei (ITNC) from Image J software
(Rasband, 1997–2009) to determine the percentage of
apoptotic neurons.

Neuronal apoptosis was assessed using SK-N-SH cell
line obtained from human metastatic neuroblastoma tissue
(Biedler et al. 1973; Biedler et al. 1978; Nishida et al.
2008; Baratchi et al. 2011). The SK-N-SH cells were cul-
tured until ~85 % confluence and incubated with condi-
tioned media from uninfected and HIV-infected microglia
at 1:4 dilution in serum-free DMEM. The CHME-5-
conditioned medium with or without cathepsin B inhibitor
(50 μM, Sigma) or cathepsin B monoclonal antibody
(50 ng/ml, Sigma) was added to some wells. Cathepsin
B inhibitor and antibody were titrated previous to selec-
tion of final concentration for the assay. After incubation,
conditioned media was removed, and neuronal apoptosis
was measured by TUNEL as described previously
(Rodriguez-Franco et al. 2012).

Determination of cathepsin B, cystatin B, and cystatin C
from microglia in post-mortem brain tissue with HIV
encephalitis

Human brain tissue was obtained from the National
NeuroAIDS Tissue Consortium (NNTC) and the California
NeuroAIDS Tissue Consortium (CNTN) (San Diego, CA),
in accordance with Human Subjects Protections and the
Institutional Review Board (Temple and UPR). Serial sections
of formalin-fixed, paraffin-embedded frontal cortex tissues
from HIVE patients or normal controls were placed on elec-
tromagnetically charged glass slides. Sections were
deparaffinized at 60 °C for 40 min, placed in xylene, and

rehydrated through descending grades of ethanol up to water.
After non-enzymatic antigen retrieval in 0.01 M sodium cit-
rate buffer (pH 6.0) for 30 min at 97 °C in a vacuum oven,
slides were washed with 1× PBS and placed in a blocking
solution (5 % normal goat or horse serum; Vector
Laboratories) for 2 h. Primary antibodies utilized included
IBA (1:100; Wako, Richmond, VA), cathepsin-B (1:100;
Sigma-Aldrich), cystatin C (1:100; R&D Systems), cystatin
B (1:500, Sigma-Aldrich), and caspase-3 (1:15, Millipore,
Danvers, MA). Sections were incubated with primary anti-
body overnight in a dark, humidified chamber at room tem-
perature, rinsed 3× with PBS, and incubated with fluorescein
isothiocyanate (FITC) (1:200; Vector Laboratories) or
Rhodamine Red (1:200; Vector Laboratories)-conjugated sec-
ondary antibodies for 1 h at room temperature in the dark.
Sections were again washed 3× with PBS, cover-slipped with
an aqueous-based mounting medium containing DAPI for nu-
clear labeling (Vectashield; Vector Laboratories), visualized
with a Nikon ultraviolet inverted microscope, and processed
with deconvolution software (Slidebook 4.0; Intelligent
Imaging, Denver, CO). Deconvolution was performed using
SlideBook4 software, allowing acquisition of multiple
0.25-μm thick digital sections and 3-D reconstruction of the
image. For cystatin B and IBA immunofluorescence, sections
were labeled with mouse anti-human cystatin B (1:100,
Sigma-Aldrich), IBA and DAPI. Conjugated goat anti-
mouse Alexa-488 and goat anti-rabbit Alexa-546 secondary
antibodies (Life Technologies) were used at 1:200 dilution.
Images were acquired using a Nikon Eclipse E400 fluores-
cence microscope equipped with a SPOT Insight QE camera
and analyzed using SPOT 5.1 software. Mean flluoresence
intensity for each field (3 fields per case) was measured using
Imaris x64 6.2 software and analyzed with Kruskal Wallis
with Dunns post-test in GraphPad®.

Statistical analysis

Data from each experiment were tested for normal distribution
using the Shapiro-Wilk test of normality. For those data that
were normally distributed, descriptive statistics includedmean
and standard deviation. Differences between HIV-positive and
HIV-negative samples over days of infection were assessed
using analysis of variance (ANOVA). For those data that were
not normally distributed, descriptive statistics included medi-
an and interquartile range (25th and 75th percentile of the
distribution). Differences between groups and over days of
infection were assessed using median one-way or two-way
analysis of variance one-way ANOVA, as needed. Statistical
significance was considered at p<0.05 for all comparisons.
All statistics were performed using SAS, version 9.2 (The
SAS Institute, Cary, NC) or Prism GraphPad 5.0 software
(GraphPad software, Inc., CA).
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Results

HIVADA replication is productive in human primary
microglia and CHME-5 cells

Human primary microglia were inoculated with HIVADA and
productivity of infection determined from cell supernatants by
ELISA. Levels of HIV-1 infection were indicated by increased
HIV-1 p24 antigen over the time of infection with a mean
significant increase of ~5000 pg/ml at 12 days post-infection
(dpi) (Fig. 1).

To determine the susceptibility of CHME-5 microglia
to HIV-1 infection, we first determined the expression
of the CD4 receptor and CCR5 co-receptor by flow
cytometry, as both receptors are used for HIV-1 entry.
Results showed that CHME-5 microglia cells expressed
the CD4 and CCR5 receptors with a mean fluorescence
intensity (MFI) of 20 and 60, respectively (Supplementary
Figure 1A-C). These results are similar to human pri-
mary fetal microglia cells (Lecointe et al. 2002). After
HIV-1 infection, CHME-5 microglia showed an increase
in p24 antigen levels after 3 dpi (p<0.05), reaching

500 pg/ml at 12 dpi (Supplementary Figure 1D). The levels
of HIV p24were 10× lower than human primarymicroglia but
showed an increase in HIV-1 replication over time in culture.
These data demonstrate that both human primary microglia
and CHME-5 cells were productively infected by HIV-1 albeit
at lower levels than MDM (Lee et al. 1993; Ioannidis et al.
1995).

Intracellular expression of cathepsin B and its inhibitors
in HIV-infected microglia

Cathepsin B and its natural inhibitors cystatin B and cystatin C
expression was determined in HIV-infected human pri-
mary microglia at 3, 6, and 12 dpi by Western blot
analyses. Intracellular levels of cathepsin B remained
at similar levels in uninfected and HIV-infected cells
(Fig. 2a, b), while cystatin B increased at 12 dpi in
HIV-infected cells (Fig. 2c). Cystatin C did not show
differences in expression between HIV-infected and un-
infected cells (Fig. 2d). Following densitometry analy-
sis, no significant differences were observed between
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productive infection at 12 dpi. HIV replication was measured in cell supernatants by p24 antigen ELISA. d Mean of three experiments



uninfected and HIV-infected primary human microglia
for cathepsin B or its inhibitors (Fig. 2a–d).

Protein expression levels of cathepsin B, cystatin B,
and cystatin C were monitored in CHME-5 cells follow-
ing HIV-1 infection. Cathepsin B levels increased in
HIV-1 infected CHME-5 cells at 3 and 6 dpi; however,
these levels decreased at 12 dpi (Supplementary
Figure 2A-C). Cystatin B did not show significant differ-
ences between uninfected and HIV-infected cells
(Supplementary Figure 2B and D). However, intracellular
levels of cystatin C were increased in HIV-infected over
uninfected CHME-5 microglia at 12 dpi (Supplementary
Figure 2E).

Since Western blot analyses revealed little or no ex-
pression of cystatin B in uninfected and HIV-1-infected
CHME-5 cells (Supplementary Figure 1A, B, and D),
we conducted flow cytometry analyses to confirm intra-
cellular expression of this protein. Analysis confirmed
the presence of very low intracellular levels of cystatin
B in uninfected (Supplementary Figure 3A) and HIV-
infected CHME-5 cells (Supplementary Figure 3B). No
differences were observed in mean fluorescence

intensities for cystatin B between uninfected and HIV-
infected CHME-5 cells (Supplementary Figure 3C).

Increased levels of cathepsin B secretion in HIV-infected
primary microglia and CHME-5 cells

The concentration of secreted cathepsin B from human prima-
ry microglia of three different donors was measured. Data
shows that at 3 dpi the levels of cathepsin B in uninfected
controls were 8 ng/ml. However, at 6 and 12 dpi the levels
of secreted cathepsin B in HIV-infected microglia superna-
tants increased to 25 and 26 ng/ml, respectively. These data
suggest that HIV-1 replication significantly increased the
levels of cathepsin B secretion in primary microglia at 6 and
12 dpi (Fig. 3a). Cathepsin B inhibitors, cystatins B and C
were measured from HIV-1-infected and uninfected primary
microglia supernatants collected at 3,6, and 12 dpi. Results
showed a similar levels of cystatin B over time in culture
(Fig. 3b). Cystatin B levels reached 8 ng/ml in uninfected
and HIV-infected cells (Fig. 3b). Cystatin C increased at 3
dpi in HIV infected cells from 20 to 60 ng/ml but remained
at similar levels at and 12 dpi (Fig. 3c). No differences were

Fig. 2 Intracellular expression of cathepsin B, cystatin B, and cystatin C
in human primary microglia. a Western blot analyses were performed
with cell lysates from uninfected or HIV-1-infected human primary
microglia using mouse monoclonal anti-cystatin B, anti-cystatin C, anti-
cathepsin B, and anti-β-actin antibodies. Cathepsin B (25 and 35 kDa),
cystatin B (11 kDa), and cystatin C (14 kDa) are observed in all samples
from 3, 6, 9, and 12 days post-infection, as well as the loading control

GAPDH. Densitometry analyses were performed for all the proteins at the
four time points after normalization with GAPDH, indicating there were
no differences in the expression of b cystatin B, c cathepsin B, or d
cystatin C. The figure is representative of three biological replicates. A
two-way ANOVAwas used as statistical analysis under 95 % confidence
interval
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observed in the ratio of cathepsin B to cystatins B or C, re-
spectively (Fig. 3d, e).

Extracellular secretion of cathepsin B and its inhibitors
were also measured in CHME-5 cells. Cathepsin B increased
in HIV-infected cells at 6 dpi, and although it decreased over
time in culture, it remained significantly increased over unin-
fected controls (Supplementary Figure 4). However, the levels
of cathepsin B in CHME-5 cells were 40-fold lower (reaching
0.5 ng/ml) than the levels in primary microglia that reached
25 ng/ml (Fig. 3a). Cystatin C levels were similar in uninfect-
ed and HIV-infected CHME-5 cells (Supplementary
Figure 4). The levels of cystatin C in HIV-infected and unin-
fected CHME-5 were 0.25 ng/ml, which is approximately
200-fold lower than in primary microglia (Fig. 3c). The levels
of extracellular cystatin B in CHME-5 were undetectable in
both uninfected and HIV-infected cultures (data not shown).
However, the levels of cystatin B secretion between HIV-
infected and uninfected primary microglia although not sig-
nificant reached 8 ng/ml (Fig. 3b) which is 8-fold higher than
CHME-5 cells.

Taken together, these results indicate that both primary mi-
croglia and CHME-5 cells showed increased cathepsin B in
response to HIV infection but the levels of its secretion and of
the inhibitors were different.

Bioactive cathepsin B is secreted from human primary
microglia and CHME-5 cells upon HIV-1 infection

The activity of secreted cathepsin B was measured in cul-
ture supernatants from HIV-infected and uninfected pri-
mary microglia. No differences were detected between
HIV-infected and uninfected cells at all days post-
infection (Fig. 3f), but cathepsin B activity is significantly
higher at 12 dpi for both uninfected and HIV-positive
microglia compared to 3 and 6 dpi. Activity of cathepsin
B in CHME-5 cells was similar in uninfected and HIV-
infected CHME-5 cells (Supplementary Figure 4C). When
compared to primary microglia, the levels of cathepsin B
activity as 25-fold higher in CHME-5 than human primary
microglia.

Taken together, the results of cathepsin B in HIV-
infected and uninfected primary microglia and CHME-5
cells indicate that HIV-1 infection induces increased levels
of cathepsin B in both types of cells during HIV infection.
While the levels of cathepsin B in primary cells are much
higher than CHME-5, the level of activity in CHME-5
was higher suggesting that the combination of concentra-
tion and activity in both types of cells is elevated during
HIV infection.

Fig. 3 Secretion and activity of
cathepsin B and its inhibitors in
primary microglia. a–f HIV-
infected or uninfected
supernatants from 3 different
donors were collected at 3, 6, and
12 dpi, and a levels of cathepsin B
secretion was measured by ELIS
A. A significant increase in
cathepsin B secretion was
observed in HIV-infected
microglial supernatants at 6 and
12 dpi compared with uninfected
controls (*p<0.05). b No
differences were observed in the
levels of cystatin B. c
Significantly increased levels of
cystatin C (**p<0.01) were
observed at 3 dpi in HIV-infected
microglia compared with
uninfected controls. d, e No
differences were observed in the
cathepsin B/cystatin B or the
cathepsin B/cystatin C ratios. f
Supernatants of 12 dpi show no
significant differences in
cathepsin B activity between
HIV-infected and uninfected
controls
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Human primary microglia and CHME-5-conditioned
media induce neuronal apoptosis

To further determine the potential contribution of human pri-
mary microglia-derived cathepsin B to neuronal apoptosis,
primary neurons were treated with supernatant from primary
microglia infected with HIV-1ADA 6 and 12 dpi. Neuronal
apoptosis was assessed using the TUNEL assay, and images
were analyzed by fluorescence microscopy. The results show
a significant increase of neuronal apoptosis at 12 dpi (Fig. 4).
However, the apoptosis can be ameliorated with primary
microglia-conditionedmedium treated with cathepsin B inhib-
itor (CA-074) or pretreated medium with anti-cathepsin B
antibody. The percentage of cathepsin B-mediated neuronal
apoptosis induced by HIV-infected microglial supernatant
was determined by quantitative analysis of apoptotic (green)/
non-apoptotic (blue) nuclei using Image-based Tool for
Counting Nuclei (ITNC) from Image J software (NIH). A
significant increase in the percentage of apoptotic neurons
was observed at 12 dpi (p<0.001) compared to neurons treat-
ed with uninfected primary microglia-conditioned media.
However, inhibition of cathepsin B by CA-074 or anti-
cathepsin B significantly decreased the percentage of apopto-
tic neurons at 12 dpi (p<0.001) (Fig. 4).

The role of CHME-5microglia-derived cathepsin B in neu-
ronal apoptosis was tested using confluent SK-N-SH neuronal
cells incubated in serum-free CHME-5-conditioned medium
from uninfected and HIV-infected cultures and collected at 3,
6, and 12 dpi. Neuronal apoptosis was measured using
TUNEL, and images analyzed by confocal microscopy. The
results show an increase of neuronal apoptosis at 6 and 12 dpi
(Supplementary Figure 5A). As observed with primary neu-
rons, apoptosis can be blocked with CHME-5 microglial con-
ditioned medium containing the cathepsin B inhibitor (CA-
074) or pretreated medium with anti-cathepsin B antibody. A
significant increase in the percentage of apoptotic neurons was
observed at 6 dpi (p<0.01) and 12 dpi (p<0.001) compared to
neurons treated with uninfected CHME-5 microglia condition
media. However, inhibition of cathepsin B by CA-074
(Supplementary Figure 5B) decreased significantly the per-
centage of apoptotic neurons at 6 dpi (p<0.05) and 12 dpi
(p<0.001) compared to neurons treated with HIV-infected
CHME-5 condition media. Likewise, CHME-5 microglia su-
pernatant pretreated with cathepsin B antibody reverted sig-
nificantly the percentage of apoptotic neurons at 6 dpi
(p<0.01) and 12 dpi (p<0.001) (Supplementary Figure 5C).

Cathepsin B, cystatin B, and cystatin C are increased
in microglia and perivascular macrophages from patients
with HIVE

To assess microglial and macrophage expression of cathepsin
B and cystatin C in HIV infection, frontal cortex tissues from 5

HIVE cases and 3 control cases (no HIV no CNS alterations)
were co-immunolabeled with the microglial/macrophage-
specific marker IBA-1 and either cathepsin B or cystatin C.
In control cases, cells labeled with IBA-1 (green) typical ram-
ified microglia morphology were observed (Fig. 5a, b) with
very low levels of cathepsin B detected (red). In contrast,
HIVE cases showed increased cathepsin B (red) in IBA-1
(green) immunoreactive cells with morphologies characteris-
tic of activated microglia (Fig. 5c, d) and macrophages
(Fig. 5e, f) associated with small blood vessels (Fig. 5e, f).
Moreover, in HIVE, co-labeling of IBA-1 and cathepsin B in
the same cell or closely adjacent cells was detected in microg-
lia or macrophages. Some cathepsin B immunoreactive cells
were also positive for caspase-3, a marker for apoptosis, indi-
cating that these cells were undergoing programmed cell death
(Fig. 5g, h). Of note, some cathepsin B-positive cells were not
co-labeled with caspase-3 and vice-versa (Fig. 5g, h), indicat-
ing that some bystander cells not expressing detectable ca-
thepsin B were undergoing apoptosis. These results suggest
that in HIVE, expression of cathepsin B in IBA-1-
immunoreactive cells is increased, compared to uninfected
control and that its expression is associated with microglia
and macrophages. To assess expression of cystatin C, a ca-
thepsin B inhibitor in IBA immunoreactive cells, 3 control and
5 HIVE cases were assessed. As expected, IBA-1 was detect-
ed in macrophages/microglia in all control and HIVE cases
(Fig. 6a–d, green). Cystatin C expression was observed in
IBA-1-positive cells with typical microglial morphology
(Fig. 6a, d, c, arrowheads) and in IBA-1-positive cells resem-
bling macrophages and associated with small vessels (Fig. 6e,
arrow). Cystatin B immunoreactivity was also analyzed in
human post-mortem tissues from control or HIV-positive
cases, with increased expression levels in microglia from
HIV positives (***p<0.001) and subsyndromics over HIV+
with normal cognition (*p<0.05) (Fig. 7). Taken together, the-
se results show that in HIVE, cathepsin B, cystatin C, and
cystatin B levels are increased compared to uninfected control
cases. Cathepsin B, cystatin C, and cystatin B are expressed in
microglial cells and perivascular macrophages. Evidence of
apoptosis is detected not only in cathepsin B expressing
IBA-positive cells but in bystander cells as well.

Discussion

Resident microglia and infiltrating macrophages are the prin-
cipal producers of HIV-1 in the brain and key players in in-
duction of neuronal damage during HAND (Glass et al. 1995).
Proteomic analysis of HIV-infected macrophages has revealed
that HIV infection can induce profound alterations in its nor-
mal cell physiology, potentially contributing to neuronal dys-
function [as reviewed by Melendez and collaborators, 2011;
(Melendez et al. 2011). These alterations include not only the
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production of neurotoxins but also the modulation of normal
cellular processes. However, the difficulty and complexity of
studying the human brain ex vivo is an obstacle to the under-
standing of HAND (Jayadev and Garden 2009). With that in
mind, we compared the role of microglia cathepsin B and its
inhibitors in HIV-induced neuronal injury. Our study demon-
strated that HIV-infected microglia secreted neurotoxic levels
of cathepsin B.

Although microglia are the sentinels of the brain, they are
susceptible to HIV infection and consequently play a pivotal

role in HAND. Investigation of HIV infection of microglia has
continued since the discovery of HIV in the early 1980s
(Barré-Sinoussi et al. 1983). Microglia are commonly be-
lieved to originate from myeloid-monocytic cells precursors
and express CD4, CCR5, and other essential co-receptors for
HIV infection (He et al. 1997; Shieh et al. 1998). It is also well
known that these cells are productively infected by HIV
(González-Scarano and Baltuch 1999) and thus act as reser-
voirs of low but persistent virus in the brain (Alexaki et al.
2008).

Fig. 4 HIV-infected primary microglia secrete cathepsin B that induces
neurotoxicity. Human primary neurons were incubated with conditioned
media from HIV-infected primary microglia until 12 dpi with or without
cathepsin B inhibitor (50 μM) or with cathepsin B monoclonal antibody
(50 ng/ml). Apoptosis was measured using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay at 12 dpi.
Apoptotic cells are shown in green. Primary neurons exposed to
conditioned media from a uninfected microglia or from b HIV-infected
microglia HIV+ supernatant show significantly more apoptosis+neurons
(green) compared to uninfected supernatant. c Inhibition of cathepsin B
with the specific inhibitor, CA-074, decreased the neuronal apoptosis. d
Little or no apoptosis was observed in neurons treated with microglia-
conditioned medium pretreated with cathepsin B antibody. e Positive
control shows neuronal apoptosis as compared with f negative control
of culture media. Confocal images were obtained on a Zeiss confocal

microscope Axiovert 200M with a LSM 510 under an excitation
wavelength of 488 nm, 20× magnification. g Quantitative analysis of
staining ratio of apoptotic (green)/non-apoptotic (blue) nuclei was
performed using Image-based Tool for Counting Nuclei (ITNC) from
Image J software (NIH) to determine the percentage of apoptotic
neurons. A significant increment of apoptotic neurons is present at 12
dpi (*p<0.05). A significant decrease of apoptosis is observed in
neurons that received the microglial medium pretreated with the
specific cathepsin B inhibitor (CA-074). Specificity of cathepsin B
effects to significantly decrease apoptosis was further demonstrated in
neurons that received microglia HIV-infected supernatants pretreated
with cathepsin B antibody at 1:500 (*p<0.05). A two-way ANOVA
was used for statistical analysis under 95 % confidence interval. This is
a representative experiment of HIV-infected microglia from three
different donors
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In vitro infection of both fetal and adult human microglia
has been demonstrated by several groups (Lee et al. 1993;
Ioannidis et al. 1995); however, research with human prima-
ry microglia is laborious and a subject of controversy as
fetal cells may not behave as adult microglia cells. We com-
pared the expression of cathepsin B and its inhibitors in
human primary microglia obtained from our Temple
University CNAC to a human microglia cell line (CHME-
5), obtained through transfection with SV-40 T-antigen
(Janabi et al. 1995), and explored the effect of HIV-1 infec-
tion. The initial characterization of CHME-5 by Janabi and
collaborators (1995) reported a lack of expression of the
monocytic marker, CD4. In our study, however, we found
that CHME-5 cells expressed low levels of the CD4 recep-
tor. It has been demonstrated that CHME-5 microglia ex-
presses the CCR5 chemokine receptor, which is known to
be one of the principal co-receptors of HIV-1 in the brain
(He et al. 1997; Shieh et al. 1998). CCR5 is also the pre-
dominant co-receptor used by several neurotropic HIV-1 iso-
lates, such as HIV-1DS-br, HIV-1RC-br, and HIV-1YU-2

(Albright et al. 1999). We found that CHME-5 expressed
both receptors and were productively infected by HIVADA,
a macrophage-tropic isolate that uses CCR5 as a co-receptor.

This viral isolate was originally isolated from peripheral
blood mononuclear cells of an AIDS patient with Kaposi’s
sarcoma (Gendelman et al. 1988) and is known to infect
primary microglia (Ghorpade et al. 1998b). Several groups
have previously used CHME-5 microglia as a model for
CNS inflammation and infectious diseases including HIV
(Atanassov et al. 1995; Lachance et al. 1998; Arbour et al.
1999; Chugh et al. 2008; Lucas et al. 2010). These groups
have transfected CHME-5 with HIV proteins, in contrast to
direct infection of CHME-5 microglia cells (Chugh et al.
2008; Lucas et al. 2010).

The main goal of this study was to determine if human
primary microglia-derived cathepsin B could play a role in
HAND by comparing its intracellular and extracellular expres-
sion and to determine if CHME-5 microglia cell line can mod-
el for primary human microglia in these effects. The expres-
sion and activity of cathepsin B and its inhibitors were also
measured in post-mortem brain tissue microglia in relation to
HIV-1 infection.

Cysteine proteases, such as cathepsin B, are ubiquitous
host proteins involved mainly in nonselective intracellular
protein degradation in lysosomes (Barrett and Kirschke
1981). Outside the lysosomes, cathepsins are tightly

Fig. 5 a–i Cells with typical microglial morphology are shown in red. d
Cells associated with small vessels with typical macrophage morphology
are shown in red. g, h Tissues are immunolabeled with caspase-3 (green)

and cathepsin B (red). Cells were immunoreactive for cathepsin B or
caspase but not for both. Colocalization of cathepsin B and caspase-3 is
shown in yellow. i Lumens of vessels are shown
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regulated by the cystatins (Kopitar-Jerala 2006). Until re-
cently, cathepsins were thought to be completely inactive at
neutral pH, but several groups have provided evidence that
associates cytoplasmic and secreted cathepsin B with in-
flammation (Stoka et al. 2001; Schurigt et al. 2005;
Nagaraj et al. 2006; Tsai et al. 2009) and apoptosis
(Guicciardi et al. 2000; Kingham and Pocock 2001; Gan
et al. 2004; Li and Pober 2005; Nagaraj et al. 2006; Wang
et al. 2008; Tran et al. 2009). It is known that HIV infec-
tion triggers TNF-α and IL-1 inflammatory pathways
(Albright 2002; O’Donnell et al. 2006; Ghafouri et al.
2006), and this action is associated with increased oxidative
stress (Guicciardi et al. 2000; Li and Pober 2005) and
antioxidant dysfunction (Velazquez et al. 2009) during
HAND. At low concentrations, cytoplasmic cathepsin B
can be modulated by cystatins. Increased TNF and IL-1
promote the release of cathepsin B from the lysosomes
(Guicciardi et al. 2000). When cathepsin B released from
lysosomes exceeds the amount of available cystatins, the
protease inhibitor system is disrupted and free active ca-
thepsin B can indiscriminately degrade essential proteins
and/or be secreted from the cell (Li and Pober 2005).

As both perivascular macrophages and microglia express
CD4 and chemokine receptors and are susceptible to HIV-1,
we asked if microglia cells would modulate cathepsin B and
its inhibitors as we have observed for MDM (Rodriguez-
Franco et al. 2012). In the present study, we found that
HIV-infected primary microglia and CHME-5 expressed

significantly higher levels of intracellular cathepsin B com-
pared to their uninfected controls. Results indicated that
HIV-1ADA replicated productively in primary microglia cells.
Primary microglia expressed an increased extracellular ca-
thepsin B at 6 and 12 dpi compared with uninfected controls
suggesting that HIV-1 infection promotes the secretion of
cathepsin B. We also showed that cystatins B and C had
very different patterns of expression. Cystatin B was found
in primary microglia that remained at similar levels in HIV-
infected and uninfected cells. In contrast, very low but also
similar levels of cystatin B were found in both HIV-infected
and uninfected CHME-5 cells. In primary microglia, cystatin
C expression is higher in than CHME-5 and increased sig-
nificantly at 3 dpi in HIV-1 infection compared with unin-
fected controls. We did not found any difference of intracel-
lular expression of cathepsin B and its inhibitors in primary
microglia. These results point out similarities in the intracel-
lular expression of cystatin B in primary microglia and
CHME-5 cells. We found that CHME-5 produce low
levels of HIV p24 and undetectable cystatin B in super-
natants which correlates with the low level of HIV-1
replication found in these cells as well as other tissue
macrophages including placental macrophages (Luciano-
Montalvo et al. 2008; Luciano-Montalvo and Melendez
2009). In contrast high levels of secreted cystatin B at
12 dpi correlates with HIV-1 infection in MDM as re-
ported in previous studies (Meléndez et al. 2011;
Rivera-Rivera et al. 2012).

Fig. 6 Double immunofluorescence labeling of the frontal cortex tissue
from representative control and HIVE patients with cystatin C. a, b
control. c, d HIVE. Tissues are immunolabeled with IBA (green) and
cystatin C (red). Arrowheads indicate cells with typical microglial

morphology and arrows indicatecells associated with small vessels
with typical macrophage morphology. d, e Co-localization is indicated
in yellow. Asterisks indicate the lumens of vessels. Nuclei are stained in
blue with DAPI
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Regarding the secretion of cathepsin B and its inhibitors,
we found that cathepsin B secretion was higher primary mi-
croglia (25 ng/ml) compared to CHME-5 (0.5 ng/ml), but its
secretion was significantly increased in HIV-infected primary
microglia and CHME-5 cells as compared with uninfected
controls. These results indicate that cathepsin B expression
is increased in response to HIV infection in both types of
microglia albeit at different levels.

Interestingly, the levels of secreted-bioactive cathepsin B
were much higher in HIV-infected and control CHME-5 cells
compared to primary microglia. Following TUNEL assay ex-
periments, we found that HIV-infected primary microglia and
CHME-5 conditioned media both induce neuronal apoptosis
and that can be prevented with the addition of cathepsin B
inhibitor CA-074. These findings indicate that cathepsin B is
also an important neurotoxic factor in microglia as reported
for MDM (Rodriguez-Franco et al. 2012), and this detrimental
effect can be prevented using the cathepsin B inhibitor, CA-
074, or anti-cathepsin B antibody.

Higher levels of cystatins B and C were produced by
primary microglia that diminished cathepsin B activity sig-
nificantly but did not prevent its secretion and neurotoxic-
ity. In CHME-5 cells, cystatin B appears not to have a
crucial role in inhibiting cathepsin B due to its low expres-
sion; instead, our results suggest that cystatin C is the main
enzyme regulating intracellular cathepsin B. However, high
levels of cystatin C prevented the secretion of cathepsin B
but did not diminish its activity. These findings are con-
firmed by studies that reported the sequestration of cystatin
C in the cytoplasm, increased levels of intracellular en-
zyme, and a concomitant decrease in extracellular levels
during late HIV infection (Yoshii et al. 2011). This could
be a mechanism of cellular protection against increments in
cytoplasmic cathepsin B released from lysosomes after in-
fection. Cystatin C has been associated with neuroprotec-
tion against increased oxidative stress (Pennacchio et al.
1996; Nagai et al. 2000; Wakasugi et al. 2004; Laspiur
et al. 2007).

Fig. 7 Double immunofluorescence labeling of the frontal cortex tissue
from representative control and HIV-positive patients with cystatin B. a
HIV-negative, b HIV+ normal cognition, c HIV sub-syndromic, d HIVE
and HAD. Tissues are immunolabeled with IBA (red) for microglia and
macrophages, and cystatin B (green). Nuclei are stained in blue with
DAPI. Co-localization is indicated in yellow. e Quantification of the

expression of cystatin B from each condition was determined using
IMARIS program. A significant increase in cystatin B expression was
observed in HIV+ brain tissue compared to HIV− (***p<0.001). A sig-
nificant increase in cystatin B expression was observed in HIV+
subsyndromic over HIV+ with normal cognition (*p<0.05)
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Studies of post-mortem brain tissue confirmed the identifi-
cation of microglia and perivascular macrophages as cellular
sources for increased cathepsin B, cystatin C, and cystatin B in
five HIVE cases. The secretion of cathepsin B was associated
with increased caspase-3 in microglia, macrophages, and sur-
rounding cells. These results support the role of cathepsin B in
apoptosis during HIVE and suggest the development of strat-
egies to control the secretion of this enzyme.

In conclusion, our study shows that HIV infection of pri-
mary microglia and CHME-5 cells induce secretion of bioac-
tive intracellular cathepsin B and neurotoxicity. This study
also demonstrated that human primary cells and CHME-5
differ in basal levels of cathepsin B and its activity. The op-
posite occurs in primary microglia compared to CHME-5
cells, increased secretion and low activity. However, both
CHME-5 and primary microglia mediate neuronal apoptosis
in response to HIV infection (Huang et al. 2011). In addition,
our data indicates that microglia-derived cathepsin B is an
important mediator of neuronal apoptosis and suggest that
cystatin C limits cathepsin B activity but is not sufficient to
prevent neuronal apoptosis. Our data indicate that the regula-
tion of cathepsin B and its inhibitors is unique for each cell
type but together with studies of post-mortem brain tissue
supports the role of microglia and perivascular macrophages
derived cathepsin B in neuronal injury, as demonstrated re-
cently in MDM (Rodriguez-Franco et al. 2012). The regula-
tion of these enzymes in response to drugs of abuse has re-
cently been studied and results demonstrate that cocaine in-
creases further cathepsin B secretion and activity from HIV-
infected MDM increasing the levels of neuronal apoptosis
(Zenón et al. 2014). Since both primary microglia and
CHME-5 increase cathepsin B-induced neuronal apoptosis
after HIV infection, CHME-5 cells could be used for further
studies of regulation by other CNS cells in response to HIV
infection and drug of abuse.
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