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Human immunodeficiency virus type 1 (HIV-1) egresses from infected cells through utilizing the host
membrane budding mechanisms. Assembly of HIV-1 Gag particles occurs on membranes where the
Gag multimers subsequently bud off and form enveloped viral particles. In certain cell types such as
macrophages, HIV-1 Gag particles have shown to be released into intracellular virus containing
compartments (VCC) such as late endosomes, multivesicular bodies (MVBs) or invaginated plasma
membrane pockets. Here, we showed that macrophages or HEK293T cells treated with the cathepsin B

f{?{/words" (CTSB)-specific inhibitor CA-074Me or cells deficient in CTSB failed to release HIV-1 Gag pseudoparticles
Cathepsin B into the extracellular environment. Based on immunofluorescence and electron microscopy, these cells
Trafficking retained the pseudoparticles in heterogeneous intracellular VCC. CA-074Me was also able to inhibit prop-
Egress agation of two enveloped viruses, herpes simplex virus and influenza A virus, but not non-enveloped

enterovirus. These results suggest that CTSB is required for the efficient release of HIV-1 Gag pseudopar-
ticles and targeting CTSB can be a new therapeutic strategy for inhibiting egress of HIV-1 and other

Enveloped virus

enveloped viruses.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Assembly and egress of HIV-1 are multistep processes highly
regulated by viral and cellular factors. The major structural protein
of HIV-1 is the polyprotein Gag (Pr55Gag) which is cleaved into
multi-subunits (matrix, capsid, spacer peptide 1, nucleocapsid,
spacer peptide 2, and p6) by HIV-1 protease during the budding
process. However, exogenous expression of Pr55Gag without other
viral components is sufficient for the formation of non-infectious
virus-like Gag particles (Garoff et al., 1998). Newly synthesized
HIV-1 Gags are trafficked to the site of budding where the endo-
somal sorting complex required for transport (ESCRT) complexes
are recruited (Chu et al., 2009; Morita and Sundquist, 2004). The
ESCRT complexes, comprised ESCRT-0, -1, -2, and -3, and several
ESCRT-accessory factors, execute the sorting and inward budding
of mono-ubiquitinated molecules/cargoes into intralumenal vesi-
cles, forming the tetraspanins (such as CD63)-enriched multivesic-
ular bodies (MVBs) (Williams and Urbe, 2007). HIV-1 Gag utilizes
the ESCRT complexes to egress from the plasma membrane
(Baumgartel et al., 2011; Jouvenet et al., 2011) or to bud into
intracellular virus containing compartments (VCC) (Benaroch
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et al., 2010; Chu et al., 2009). It is well established that, in T lym-
phocytes and some epithelial cells (Hermida-Matsumoto and Resh,
2000; Jouvenet et al., 2006; Ono and Freed, 2004; Palmer et al.,
1985), HIV-1 Gag buds from the plasma membrane, likely through
glycolipid and cholesterol enriched lipid rafts (Waheed and Freed,
2009). However, in other cell types such as macrophages and cer-
tain fibroblasts, HIV-1 Gag was shown to bud into intracellular VCC
at least in part positive for MVBs or late endosome markers, such
as tetraspanins, lysosomal-associated membrane protein-I and
MHC-II, before being released from cells (Kramer et al., 2005;
Ono and Freed, 2004; Orenstein, 2002; Pelchen-Matthews et al.,
2003; Raposo et al., 2002; Resh, 2005; Tang et al., 2009). However,
in macrophages, recent studies also suggested that the intracellular
vesicles are in fact extensions of the plasma membrane connected
through thin micro-channel conduits (Bennett et al., 2009; Deneka
et al., 2007; Jouvenet et al., 2006; Welsch et al., 2011, 2007). To
date, the presence of the conduits in other cell types, characteris-
tics of the unique intracellular plasma membrane pockets and
the contribution of the pockets in viral release are still being inves-
tigated (Benaroch et al., 2010).

HIV-1 also intercepts the autophagy process for its virion
assembly and egress (Dinkins et al., 2010; Kyei et al., 2009).
Autophagy is a cell survival and host defense mechanism during
starvation and microbial invasion, respectively, by clearing
damaged organelles, macromolecular aggregates and intracellular
microbes by forming double-membrane vacuoles, termed
autophagosomes (He and Klionsky, 2009). Autophagosomes typi-
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cally mature into amphisomes or autolysosomes after fusing with
MVBs (Fader and Colombo, 2009) or lysosomes (Noda et al,
2009), respectively. Extensive studies have identified more than
20 autophagy (‘Atg’) gene products involved in the process. Central
to the process is the conjugation of phosphatidylethanolamine li-
pid to the microtubule-associated protein 1 light chain 3 (LC3; a
mammalian homolog of yeast Atg8). The lipidated LC3s associate
with autophagosomal membranes, and promote autophagosome
generation and maturation (Nakatogawa et al., 2007). The mecha-
nisms underlying the incorporation of HIV-1 Gag particles into the
autophagosomes and the release of HIV-1 Gag particles into the
extracellular environment are still largely unknown.

Cathepsin B (CTSB) is a lysosomal cysteine protease primarily
involved in the degradation of lysosomal proteins (McGrath,
1999). Several studies including ours have shown that CTSB is also
involved in various cellular functions including myoblast differen-
tiation (Jane et al., 2002), arachidonic acid release (Foghsgaard
et al., 2002), cell death (McGrath, 1999), inflammasome activation
(Jin and Flavell, 2010), the delivery of tumor necrosis factor-o
containing cargo to the plasma membrane (Ha et al., 2008) and
the release of anthrax toxins into the cytoplasm (Ha et al., 2010).
Thus, we examined the effects of the CTSB-specific inhibitor
CA-074Me on HIV-1 Gag pseudoparticle release, and found that
certain cells including macrophages and HEK293T cells treated
with CA-074Me or macrophages deficient in CTSB failed to release
HIV-1 Gag pseudoparticles into the extracellular environment.

2. Experimental procedures
2.1. Materials and Reagents

The synthetic cathepsin B inhibitor CA-074Me ([(2S,3S)-3-pro-
pylcarbamoyloxirane-2-carbonyl]-L-isoleucyl-L-proline methyl es-
ter, C;9H31N30g) and cholera toxin B subunit-FITC conjugate (C-
1655) were purchased from Peptide Institute Inc. (Osaka, Japan)
and Sigma-Aldrich (St. Louis, MO), respectively. The plasmids
for GFP-LC3 (an N-terminal GFP-conjugated LC3) and pPr55Gag-
CFP (a C-terminal cyan fluorescent protein fused to HIV-1 Gag)
were obtained from Drs. Yoshimori (National Institute for Basic
Biology, Okazaki, Japan) and Spearman (Vanderbilt University
School of Medicine, Nashville). The following reagents were pro-
vided through the NIH AIDS Research and Reference Reagent Pro-
gram (Division of AIDS, NIAID, NIH): the plasmid encoding codon-
optimized Gag (p96ZM651gag-opt) from Drs. Li, Gao and Hahn
(Gao et al., 2003); pPr55Gag-GFP containing EGFP fused to the
C-terminal of rev-independent Gag from Dr. Resh (catalog
#11468) (Schwartz et al., 1992); antiserum to HIV-1 p17 from
Dr. Spearman (catalog# 4811); the HIV-1 p24 monoclonal anti-
body (183-H12-5C) from Dr. Chesebro and Wehrly (Chesebro
et al., 1992; Toohey et al.,, 1995; Wehrly and Chesebro, 1997).
PRY was obtained from Dr. R. Bushman (University of Pennsylva-
nia). All plasmid transfections were performed using Lipofect-
amine 2000 (Invitrogen). Antibodies for p38 were obtained from
Cell Signaling Technologies (Pickering, ON), beta-actin antibodies
from Rockland Inc. (Gilbertsville, PA) and human CD63 antibody
from BD Biosciences.

2.2. Cell culture

HEK293T cells were grown in DMEM containing 10% heat-inac-
tivated fetal bovine serum (Sigma), 10 mM MEM non-essential
amino acids solution, 100 U/mL penicillin G sodium, 100 pg/mL
streptomycin sulfate and 1 mM sodium pyruvate (DMEM complete
medium). Cells were grown at 37 °C in the humidified atmosphere
of 5% CO,. GHOST(3)X4/R5 reporter cells were obtained from

Drs. M.N. KewalRamani and D.R. Littman (Division of AIDS, NIAID,
NIH) through the NIH AIDS Research and Reference Reagent
Program. Primary bone marrow-derived macrophages (BMDM)
(Weischenfeldt and Porse, 2008) and bone marrow-derived
immortalized macrophages (BMDIM) (Ha et al., 2008) from wild-
type C57 BL/6 mice or cathepsin B-deficient mice were prepared
as previously described. These cells were grown in complete RPMI
1640 medium containing 10% heated-inactivated fetal bovine ser-
um (Sigma), 10 mM MEM non-essential amino acids solution,
100 U/mL penicillin G sodium, 100 pg/mL streptomycin sulfate
and 1 mM sodium pyruvate at 37 °C in the humidified atmosphere
of 5% CO,.

2.3. Quantitation of Gag particle release

The plasmid pGag-GFP (1.2 pg for 0.8 x 10° HEK293T cells or
4.0 pg for 2.5 x 10° BMDIM) was transfected into the cells by Lipo-
fectamine 2000 (Invitrogen). Cell culture medium was changed at
8 h post-transfection and cells were then incubated with fresh cul-
ture medium containing either DMSO or CA074-Me for another
18 h, unless mentioned otherwise. Total cell lysates and Gag
pseudoparticles released into the cell culture medium were pre-
pared as previously described (Barr et al., 2008) to quantify Gag
pseudoparticles. Briefly, Gag pseudoparticles released into the
medium were pelleted by centrifugation (20,000g) for 90 min at
4 °C over a 500 pl cushion of 20% sucrose. The pellets were lysed
with ice-cold lysis buffer (50 mM Tris—HCI (pH 7.4), 150 mM Na(l,
I mM EDTA, 1% Triton X-100, 0.1% SDS) and subsequently used for
Western blotting.

2.4. Total cell lysate preparation and Western blotting Analysis

Total cell lysate preparation and immunoblotting procedures
were performed as previously described (Barr et al., 2008; Ha
et al., 2008). Briefly, cells were lysed with the ice-cold lysis buffer
containing Complete Protease Inhibitor Cocktail (Complete Mini
EDTA-free, Roche) for 10 min. Cell lysates were then centrifuged
at 12,500 rpm for 15 min at 4 °C. The supernatants were separated
by SDS-polyacrylamide gels, followed by transfer onto nitrocellu-
lose membranes (BIO-RAD). The membranes were blocked with
5% (w/v) skim milk for 1 h at room temperature and then incu-
bated overnight at room temperature with primary antibodies.
The membranes were washed with TBS buffer (50 mM Tris-HCl,
150 mM Nacl, pH 7.5) containing 0.08% Tween20, incubated with
secondary antibody for 1 h (Pierce Biotech, Rockford, IL) and devel-
oped using an enhanced chemiluminescence detection system
(ECL; Pierce).

2.5. Immunofluorescence staining and Intracellular Gag-particle
trafficking analysis

Plasmids (1.2 pg for 0.7 x 106 HEK293T cells; 3.5ug for
2.0 x 108 BMDIM) encoding HIV-1 Gag-GFP, Gag-CFP, GFP-LC3 or
replication-competent HIV-1 provirus (pR9; 2 ug/2.0 x 10° cells)
were transfected into HEK293T cells and BMDIM from wild-type
(Ctsb*'*) or cathepsin B-deficient (Ctsb~/~) mice by Lipofectamine
2000 (Invitrogen). At 8 h post-transfection, cells were changed
with fresh media and grown at 37 °C for 14-18 h with DMSO or
CA-074Me, unless mentioned otherwise. Cells were fixed for
20 min in PBS containing 4% formaldehyde and washed twice with
PBS. Cells were then observed through Bio-Rad Radiance 2000 two-
photon fluorescence confocal microscopy or ZEISS 510 META con-
focal microscopy. Images were obtained using LaserSharp 2000
software (Hertfordshire, UK) or ZEN software. For immunofluores-
cence staining, fixed cells were treated with 10% blocking reagent
for 60 min at room temperature and immunolabelled with
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antibodies against p24CA or human CD63. Endogenous CD63 was
detected by immunofluorescence using biotinylated anti-mouse
IgG and Texas-red streptavidin (Vector Laboratories Inc.). For plas-
ma membrane staining, cells were incubated with FITC-conjugated
cholera toxin B subunit (CB-FITC; 1 pg/ml in PBS) for 15 min on ice
and fixed with 4% formaldehyde. Co-localization of Gag-GFP, Gag-
CSF, CB-FITC and CD63 were visualized by Bio-Rad Radiance 2000
two-photon fluorescence confocal microscopy, and images were
obtained and analyzed using Lasersharp 2000 software. For co-
localization analysis, spatially-calibrated images were analyzed
using the “Co-localization Threshold” plugin of the Image] 1.43u
64-bit version software (NIH, Bethesda, MD) and automatic thres-
holding and statistical significance testing for spatial intensity cor-
relation analysis (Costes et al., 2004). The Pearson’s correlation
coefficient of co-localized volumes measures the correlation be-
tween the intensities of the two labels in the co-localized voxels
and is used to express the extent of co-localization where a value
of 1.0 represents perfect correlation.

2.6. Infectious HIV-1 Virion Measurements

HEK293T cells were transfected with replication-competent
proviral plasmid (pR9) using Lipofectamine 2000 (Invitrogen). Cul-
ture medium was removed 10 h post-transfection and replaced
with fresh propagation medium containing CA-074Me or DMSO.
Approximately 14 h later the medium was replaced with fresh
medium without CA-074Me or DMSO and cultured for an addi-
tional 24 h, after which supernatants were harvested and clarified
by centrifugation (800g for 15 min at 4 °C). Virus-containing super-
natants were used to infect GHOST(3)X4/R5 reporter cells in the
presence of 10 pg/ml hexadimethrine bromide (Polybrene; Sigma,
H9268). Twenty-four hours post-infection, culture medium was re-
placed with fresh medium for an additional 24 h. Cells were har-
vested in PBS containing 10 mM EDTA, fixed in 2% formaldehyde
for 10 min, and analyzed by flow cytometry for GFP expression
using a BD FACSCalibur and BD CellQuest Pro software.

2.7. Infections and Immunfluorescence stainings for herpes simplex
virus (HSV), Influenza A virus, Enterovirus

Clinical isolates of HSV1/2 (uncharacterized), influenza A virus
and enterovirus (provided by R. Wheeler, Department of Virology,
St. Joseph’s Hospital, London, Canada) were adsorbed for 1h on
H&V Mix (MRC-5 and CV1 cells), R-Mix (A549 and Mv1Lu cells)
and E-Mix (A549 and sBGMK cells) hybrid cells (Diagnostic Hybrids,
Athens, Ohio), respectively. Cells were then further incubated for
18-24 h with fresh medium with DMSO or CA-074Me. After wash-
ing with PBS, cells were fixed with methanol at room temperature
for 10 min and infected cells were analyzed using direct fluores-
cent-antibody (DFA) test kits (CHEMICON international), following
the manufacturer’s instructions. Primary antibodies for immuno-
staining influenza A (pan-specific, uncharacterized) and HSV
(155 kD major capsid protein) were from Light DIAGNOSTICS™
#5307 and #5095, repectively (CHEMICON international). For
enterovirus, the primary antibodies (pan-specific, uncharacterized)
were from Light DIAGNOSTICS™ #3360 and the secondary antibod-
ies conjugated FITC anti-mouse IgG were Light DIAGNOSTICS™ cat-
alog #5008. Cells were observed under the fluorescence Axioscope
2 (Zeiss) microscope with green filter and 40x objective, and
images were acquired using the Eclipse software (Nikon). Green
fluorescence cells were counted as virus-infected cells.

2.8. Electron Microscopy

HEK293 cells and BMDIMs from wild type (Ctsb**) or cathepsin
B-deficient (Ctsh~/~) mice were transfected with pGag-GFP (9.0 pg

for 8.0 x 10° HEK293T cells; 16.0 pg for 1.0 x 10" BMDIM), washed
with PBS twice, and fixed with 2.5% glutaraldehyde in 0.1 M so-
dium cacodylate buffer for 2 h at room temperature. Grids with
specimen were prepared by the transmission electron microscope
facility at the University of Western Ontario (Canada), and micro-
graphs were taken with a transmission electron microscope.
Briefly, after fixing with 2.5% glutaraldehyde, Cells were washed
with 0.1 M cacodylate buffer three times, and cells were further
fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer for
1 h, and then rinsed with 0.1 M cacodylate buffer. Cells were en-
robed in 5% Noble Agar and washed with distilled water five times,
further fixing with 2% uranyl acetate for 2 h, followed by dehydra-
tion in 50% (15 min), 70% (16 h), 85% (15 min), 95% (15 min), and
two changes of 100% ethanol each 15 min. They were then cleared
by two changes of propylene oxide each 15 min and infiltrated
with epon resin:propylene oxide (1:1) for 3 h, epon resin:propyl-
ene oxide (3:1) for 16 h, and two changes with pure epon resin
for total 6 h. Thin sections were mounted on grids, and examined
under the electron microscope (Philips CM-10 80 Kv and AMT Dig-
ital Camera).

3. Results

3.1. The cathepsin B (CTSB) inhibitor CA-074Me prevents the
extracellular release of HIV-1 Gag by retaining the viral particle in
CD63-positive compartments

We first examined the role of CTSB in HIV-1 Gag particle release
using CA-074Me in HEK293T cells. Cells were transfected with a
GFP-tagged HIV-1 Gag (Pr55Gag-GFP) expression vector and the
release of Gag pseudoparticles was analyzed in the presence or ab-
sence of CA-074Me. As shown in Fig 1A (upper panel), the release
of Pr55Gag-GFP into the cell culture medium was diminished by
CA-074Me in a dose-dependent manner. In contrast, the intracellu-
lar levels were increased by CA-074Me treatments (Fig. 1A, lower

A Cell culture medium
- =25 50 100 CA-074Me
- + 4+ + + Pr55Gag-GFP

S| = Pr55Gag-GFP

= Ponceau
Stain

Cell lysate

- 25 50 100' CA-074Me
- + + + + Pr55Gag-GFP

= Pr55Gag-GFP

0 25 50 100
[UM, CA-074Me]

Fig. 1. The CTSB inhibitor CA-074Me inhibits Gag release in HEK293T cells.
HEK293T cells were transfected with pPr55Gag-GFP as described in ‘Section 2’ and
incubated with DMSO or varying concentrations of CA-074Me as indicated in the
figure. (A) Cell lysates and cell culture supernatants were prepared and immuno-
blotted against anti-p24CA antibodies. For loading controls, a non-specific Ponceau
staining (cell culture media) or immunobloting for p38 MAPK (cell lysates) were
used. (B) Densitometric analysis of each immunoblot against Gag-p24CA was
performed using NIH-image program. Relative densities of p24-immunoreactivities
were normalized to loading controls and% of Gag pseudoparticle release to total
production was calculated. Data show the mean + S.D. (n=3).
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panel). Based on densitometry analysis of the bands, the overall
Gag pseudoparticle release was diminished by CA-074Me up to
25% of total GAG production in a dose-dependent manner
(Fig. 1B). CA-074Me had no apparent cytotoxic effects on HEK293T
cells in these experimental conditions (Supplemental Fig. 1S, A).
Since HIV-1 Gag was shown to traffic to CD63-positive vesicles
(Joshi et al., 2009; Perlman and Resh, 2006), we examined whether
Pr55Gag-GFP accumulated in CD63-positive vesicles in CA-074Me-
treated cells. As shown in Fig. 2A, Pr55Gag-GFP-positive puncta
were mostly localized closed to the plasma membrane and par-
tially co-localized with the CD63-positive puncta up to about
22% (upper panels); however, in the presence of CA-074Me

Pr55Gag-GFP CD63 Co-localized pixels
A : | e
DMSO
CA-074Me
(25uM)
m
Pr55Gag-
B

DMSO

CA-074Me
(25uM)

(25 uM), Pr55Gag-GFP-positive puncta were greatly increased in
number and size, about 55% of which were co-localized with
CD63 (lower panels). We also examined whether Pr55Gag accumu-
lated in autophagosomes in the presence of CA-074Me. For this
study we used the CFP-fused Pr55Gag vector construct (Pr55Gag-
CFP) in lieu of Pr55Gag-GFP in order to co-transfect together with
the GFP-fused LC3 construct (GFP-LC3). After 26 h transfection
with Pr55Gag-CFP and GFP-LC3 expression vectors, GFP-LC3 was
mainly localized in the nucleus, as expected (Drake et al., 2010),
and Pr55Gag-CFP was mainly detected in the plasma membrane
(Fig. 2B, upper panels). However, in the presence of CA-074Me,
GFP-LC3 was detected in punctated forms which were co-localized

Fig. 2. CA-074Me treatment causes an accumulation of Gag particles in virus containing compartments including CD63-positive vesicles. (A) HEK293T cells were transfected
with pPr55Gag-GFP as described in ‘Section 2’ and incubated with DMSO or 25 uM of CA-074Me. Cells were then fixed and immunostained with anti-CD63 antibody.
Localization of Gag-GFP and CD63 were visualized and analyzed using the Bio-Rad Radiance 2000 confocal microscope, LaserSharp 2000 software. Using the images, co-
localization of Gag-GFP with CD63-positive puncta was analyzed using the “Co-localization Threshold” analysis of the Image ] 1.43u 16-bit version software as described in
‘Section 2’. R values (the pearson’s correlation coefficient) of all the analyzes are between 0.68 and 0.70. Images are representative results of more than three independent
experiments. (B) Cathepsin B deficiency causes the enhanced co-localization of Gag-CFP and GFP-LC3-II. HEK293T cells were co-transfected with pGFP-LC3 and pPr55Gag-
CFP, and changed with fresh media at 8 h post-transfection. Cells were incubated at 37 °C for another 18 h in the presence of DMSO (upper panel) or CA-074Me (25 nuM; lower
panel) and fixed with 4% formaldehyde. Images were acquired and analyzed using confocal microscope (ZEISS 510 META) and ZEN software. (C) HEK293T cells were
transfected with pPr55Gag-GFP and changed with fresh media 8 h after the transfections. Cells were then incubated with or without CA-074Me for 18 h, and ultrastructures

of the cells were visualized using transmission EM as described in ‘Section 2’.
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with Pr55Gag-CFP-positive puncta (Fig. 2B, lower panels). The
ultrastructure of HIV-1 Gag particle containing vesicles was further
resolved using electron microscopy (Fig. 2C). Non-treated cells
showed several extracellular Gag pseudoparticles and few intracel-
lular Gag-containing vesicles (Supplement Fig. 2S); whereas, cells
treated with CA-074Me showed a large number of Gag-like parti-
cles accumulated in membrane ruffled areas (Fig. 2C, left column),
large vacuoles (middle column) or double membrane vacuoles
(right column). A previous study suggested that the intracellular
accumulation of HIV-1 Gag was mainly due to uptake of released
HIV-1 Gag pseudoparticles at later times and the intracellular
accumulation was completely blocked by the actin polymerization
inhibitor cytochalasin D (Jouvenet et al., 2006). We also examined
the effect of cytochalasin D in the release of Pr55Gag in CA-074Me
treated cells. Consistent with their report, cytochalasin D had no
effects on the release of Pr55Gag (Supplemental Fig. 3S) and
Pr55Gag was mostly localized at the plasma membrane (data not
shown). However, CA-074Me treatments inhibited the release of
the Pr55Gag pseudoparticles regardless the presence or absence
of cytochalasin D, suggesting that the decrease of Pr55Gag in the
cell culture medium and the increase in intracellular compart-
ments were not likely due to reuptake of the pseudoparticles. Col-
lectively, these Western blots, and confocal and electron
microscopy data suggest that cells treated with CA-074Me accu-
mulated Gag pseudoparticles in intracellular compartments, before
being released into the extracellular environment.

3.2. The CTSB inhibitor CA-074Me prevents HIV-1 egress by retaining
the viral particle in intracellular compartments partially positive for
CD63

To further examine the effect of CA-074Me on HIV-1 particle re-
lease, HEK293T cells were transfected with a plasmid encoding
replication-competent HIV-1 provirus (pR9) and, 10 h post-trans-
fection, cells were further cultured with or without CA-074Me
(20 uM) for 14 h. Immunostaining against HIV-1 and CD63 using
antibodies against p24 capsid (CA) and human CD63, respectively,
showed that, although overall intensities for CD63 were similar be-
tween non-treated and CA-074Me-treated cells, the intensities for
HIV-1 were much higher in CA-074Me-treated cells than those of
non-treated (Fig. 3A, left panel). At a higher magnification view,
HIV-1 Gag was found to be localized predominantly at the plasma
membrane and modestly in intracellular vesicles in non-treated

A  bmso

CA-074Me

DMSO

CD63 HIV-1 capsid

Merge

CA-074Me

cells; whereas, in cells treated with CA-074Me, HIV-1 Gags were
mainly found in intracellular compartments in part positive for
CD63 (Fig. 3A, right panel). To quantify viral release, the replica-
tion-competent HIV-1 viral particles were collected from each cell
culture medium and then used to infect GHOST(3)X4/R5 reporter
cells. Consistent with the image data, the amounts of HIV-1 re-
leased by cells exposed to 10 and 25 puM concentrations of CA-
074Me were about 50% and 25%, respectively, of those of non-trea-
ted cells (Fig. 3B). Although we cannot rule out the effect of CA-
074Me on viral infectivity, these data suggest that replication-
competent HIV-1 also failed to egress in the presence of CA-074Me.

3.3. CTSB-deficient mouse macrophages or CA-074Me-treated THP-1
cells failed to cleave and release Pr55Gags

Since CA-074Me could have off-target effects, wild-type (CTSB*/
*) and CTSB-deficient (CTSB~/~) bone marrow-derived immortal-
ized macrophages (BMDIM) were transfected with Pr55Gag-GFP
plasmids and the release of Pr55Gag pseudoparticles was analyzed
(Fig. 4A). Similar to HEK293T cells, BMDIM deficient in CTSB
(CTSB~/-) failed to release Pr55Gag-GFP to cell culture media
(Fig. 4A, upper and lower left panel). To our surprise, both of the
released and intracellular Pr55Gag-GFP were cleaved in CTSB*/*
but not in CTSB~/~ BMDIM which retained full length Pr55Gag-
GFP (Pr55Gag-GFP, indicated in Fig. 4A upper right panel) in cell ly-
sates. Similar results were also obtained in CTSB-deficient bone
marrow-derived primary macrophages (Fig. 4D). Western blot
analysis using HIV-1 matrix protein p17 antibody also showed
similar results as shown with anti-GFP antibody (Fig. 4A, middle
panel), indicating that both N-terminus and C-terminus portions
of cleaved pr55Gag-GFP were released into cell culture medium.
To rule out that the cleavage and release of Pr55Gag-GFP was not
a mouse cell-specific event, the human monocytic cell line THP-1
cells were treated with varying doses of CA-074Me, and
Pr55Gag-GFP cleavage and release were examined. Unlike mouse
BMDIM and BMDM, transfection efficiency was much lower in
THP-1 cells and multiple non-specific bands cross-reacting with
anti-GFP antibodies were visible in cell lysates due to high amount
of protein loading in the gel; however, distinct cleaved Pr55Gag-
GFP and full length Pr55Gag-GFP bands were visible (Fig. 4B, indi-
cated by arrows) in cell lysates. In THP-1 cells, only cleaved Gag-
GFP was found in the cell culture medium and CA-074Me inhibited
the release of Gag-GFP in a dose-dependent manner (Fig. 4B, lower
panel). In correlation with the Gag-GFP release, increasing
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Fig. 3. CA-074Me retained HIV-1 virus in CD63-positive MVB-like compartments and inhibits the viral egress in HEK293T cells. (A) Analysis of HIV-1 Gag localization in the
presence or absence of CA-074Me. HEK293T cells were transfected with pR9 as described in ‘Section 2". After 10 h transfection, cell culture medium was replaced with fresh
medium containing DMSO or CA-074Me (25 uM) for 14 h. Cells were then further cultured for an additional 24 h in fresh medium and fixed with 4% formaldehyde. Gag
localization was assessed by confocal immunofluorescence using anti-p24 and anti-CD63. (B) Effect of CA-074Me treatment on infectious HIV-1 virion release. HEK293T cells
were transfected with pR9 and then treated with DMSO or CA-074Me. Drug-containing medium was replaced with fresh medium and virus was allowed to accumulate in the
supernatant for 24 h. Virus released into the supernatant was quantified using GHOST(3)X4/R5 reporter cells. GFP-expressing cells were measured by flow cytometry. Data
are expressed as the mean + S.D. (n =3 data are expressed as the mean + S.D; *p < 0.05; Student’s t-test).
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Fig. 4. Ctsb~/~ macrophages accumulate Pr55Gag pseudoparticles in intracellular compartments and are defective in releasing Pr55Gag pseudoparticles. (A) BMDIM from
wild-type (Ctsb*/*) or cathepsin B-deficient (Ctsb~/~) mice were transfected with pPrGag-GFP for 8 h and incubated with fresh media for the time indicated in the figure. (B)
Human monocytic leukemia cell line THP-1 cells were transfected with pPr55Gag-GFP for 8 h and incubated with fresh media with or without CA-074Me for 18 h. (A and B)
Cell lysates and Gag-GFP pseudoparticles in cell culture medium were immunoblotted using anti-GFP antibody. For loading controls, ponceau staining (cell culture media)
and beta-actin immunoblotting (cell lysates) were used. Densitometric analysis of each immunoblot against Gag-p24CA was performed using NIH-image program. Relative
densities of p24-immunoreactivities were normalized to loading controls and% of Gag pseudoparticle release to total production was calculated. Data show the mean + S.D.
(n=3). (C) Bone marrow-derived primary mouse macrophages were transfected with the pPr55Gag-GFP plasmid for 8 h. Cell were then cultured with or without CA074-Me
(50 uM) for the next 26 h. (D) Bone marrow-derived primary macrophages from wild-type (CTSB*/*) or cathepsin B-deficient (CTSB~/~) mice were transfected with the
pPr55Gap-GFP plasmid for 40 h. (A-D) Cell lysates and cell culture supernatants were prepared and immunoblotted against anti-GFP or anti-Gag p17 antibodies as indicated
in the figure. For loading controls, a non-specific ponceau staining (cell culture media) or immunobloting against actin was used. Only cleaved Gag-GFP was detected in cell
culture media of non-treated wild-type macrophages; whereas, full length Gap-GFP was detected in lysates prepared from macrophages treated with CA074-Me or deficient
in CTSB. (E) BMDIM from wild-type (Ctsb*'*) or cathepsin B-deficient (Ctsb~/~) mice were transfected with pGag-CFP for 8 h and incubated with fresh media for 14 h. Cells
were then washed with PBS and fixed after staining with FITC conjugated cholera toxin B subunit (CB-FITC) for plasma membrane. Images were acquired and analyzed using

confocal microscope (ZEISS 510 META) and ZEN software. (F) BMDIM from cathepsin B-deficient (Ctsb~/~) mice were transfected with pGag-GFP for 8 h and incubated with
fresh media for 18 h. Cells were then fixed with 2.5% glutaraldehyde and visualized using transmission EM as described in ‘Section 2’.

CTSB

amounts of full length Gag-GFP were detected in cell lysates pre-
pared from cells treated with increasing concentrations of CA-
074Me. CA-074Me also inhibited the release of Gag-GFP in primary
bone marrow-derived macrophages (Fig. 4C) but not in Jurkat T
cells (Supplemental Fig. 4S). No apparent cytotoxic effects of

CA-074Me at concentrations examined were detected in BMDM
and THP-1 cells (Supplemental Fig. 1S, B & C).

We further examined the location of Pr55Gag in macrophages
using fluorescence microscopy and EM (Fig. 4E and F, respectively).
Similar to HEK293T cells, Pr55Gag-CFP was mainly localized in the
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plasma membrane in CTSB*/* BMDIM; whereas, CTSB~/~ cells accu-
mulated Pr55Gag-CFP in intracellular compartments which was
distinct from the plasma membrane (Fig. 4E, lower panels). EM anal-
ysis also suggested that Gag-like particles were accumulated in
MVBs (Fig. 4F, upper right panel and lower panels) and autophago-
somes (Fig. 4F, upper left panel) in CTSB~/~ BMDIM. Collectively,
these data show that CTSB~/~ macrophages, like CA-074Me-treated
HEK293T cells, failed to release HIV-1 Gag pseudoparticles and re-
tained the pseudoparticles in VCC.

3.4. CA-074Me inhibits the propagation of clinically isolated enveloped
herpes simplex virus (HSV) and influenza A virus, but not non-
enveloped enterovirus

The biogenesis of MVBs has been shown to be involved in the
assembly and egress in many enveloped virus (Calistri et al.,
2009, 2007; Hobman, 1993). To examine the involvement of CTSB
in the egress of other viruses, herpes simplex virus (HSV), influenza
A virus and enterovirus were propagated in the corresponding sus-
ceptible cell lines in the presence or absence of CA-074Me (Fig. 5).
HSV is a large DNA-containing enveloped virus and MVB biogene-
sis was shown to be important for its envelopment and egress (Cal-
istri et al., 2007). Influenza A virus is a segmented negatively
stranded enveloped RNA virus that buds from the polarized surface
of virus-infected cells (Barman et al., 2001). Enterovirus is a non-
enveloped single stranded RNA virus. As shown in Fig. 5, CA-
074Me substantially prevented propagation of the two enveloped
viruses but not the non-enveloped enterovirus, based on the num-
ber of cells infected by virus. Immunofluorescence analysis using
antibodies for the HSV p155 major capsid protein, together with
Evans blue for control membrane staining, showed a punctated
pattern in CA-074Me-treated infected cells (Fig. 5A); whereas
non-treated control cells showed a diffused staining pattern

A B

DMSO+ CA-074Me+HSV

HSV
Influenza

Evans blue

Merge

£ 750
3 1500 +HSV 3
. : 3
§ 1000 g 5
3 3
8 500 8 250
: :
=0 -0
0 50 100 0

+CA-074Me (uM)

DMSO+
Influenza A

+CA-074Me (uM)

throughout the cytoplasm. Immunofluorescene images using
pan-specific influenza virus antibodies (Fig. 5B) and blended anti-
bodies recognizing enterovirus (Fig. 5C) showed a diffused pattern
in the cytoplasm without apparent differences in both non-treated
and CA-074Me-treated cells (Fig. 5C). Although it is unknown
whether CA-074Me prevented egress processes of HSV and influ-
enza A virus, these results suggest that CA-074Me had inhibitory
effects on the propagation of enveloped HSV and influenza A virus
but not non-enveloped enterovirus.

4. Discussion

CTSB is primarily known as a lysosomal cysteine protease in-
volved in the degradation of cellular proteins; however, several
studies including ours have shown its involvement in various
cellular functions (Foghsgaard et al., 2002; Jane et al., 2006; Jin
and Flavell, 2010; McGrath, 1999) including trafficking of vesicles
(Ha et al., 2010, 2008). This study further showed that CTSB was
required for the release of HIV-1 Gag pseudoparticles and possibly
other enveloped viruses including HSV and influenza A virus
(Fig. 5). HIV-1 Gag particles are synthesized in the cytoplasm and
bud off from the plasma membranes and/or intracellular VCC, or
being enclosed into autophagosomes in certain cells including
macrophages, HEK293T, fibroblasts, COS and HeLa cells (Dong
et al,, 2005; Nydegger et al., 2003; Ono and Freed, 2004; Sherer
et al., 2003; Tang et al., 2009). As previously mentioned, unlike in
T lymphocytes, HIV-1 Gags were shown to egress into invaginated
plasma membrane pockets in macrophages (Bennett et al., 2009;
Deneka et al., 2007; Jouvenet et al., 2006; Welsch et al., 2011,
2007). However, as recently reviewed in detail by Benaroch et al.
(2010), the characteristics and contribution of the plasma
membrane pockets in HIV-1 Gag egress are yet to be determined.
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Fig. 5. The CTSB inhibitor CA-074Me prevents propagation of HSV and influenza A virus but not enterovirus. (A-C) Clinical isolates of HSV, influenza A virus and enterovirus
were inoculated into H&V Mix shell vials (MRC-5-CV1), R-Mix shell vials (A549/Mv1Lu) and super E-Mix shell vials (A549-sBGMK), respectively, for 1 h at 37 °C in 5% CO,
incubator. Cells were then treated with DMSO or CA-074Me as indicated in the Figure and fixed as described in ‘Section 2'. Virus-infected cells were visualized by
immunofluorescent staining using monoclonal antibodies raised against viral proteins specific for the types. Immunofluorescent staining were processed as described in
‘Section 2’ and the numbers of infected cells were quantified by counting the number of cells with green fluorescence using an Axioscope 2 (Zeiss) microscope and Eclipse
software (Nikon) under the Green or DIC. Data are expressed as the mean + S.D. (n = 3, HSV and influenza A viruses; *p < 0.01; ns (not significant), p > 0.2; Student’s t-test).
Representative images of three independent experiments in the presence of DMSO or 50 pM CA-074Me are shown.
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For example, about 20% of HIV-1 Gag particle containing compart-
ments were shown to be an extension of the plasma membrane;
whereas the rest, 80%, of them remained to be excluded from plas-
ma membrane staining (Benaroch et al., 2010; Jouve et al., 2007).
Also, unlike in T lymphocytes, no budding events at the plasma
membrane have been observed by EM in macrophages (Benaroch
et al,, 2010). We also were not able to detect Pr55Gag pseudopar-
ticles budding off at the plasma membrane of macrophages.
Involvement of endosomal trafficking in HIV-1 Gag release has
been implicated in Niemann-Pick type C-1 (NPC1) gene mutant
cells. NPC1 protein is well known for its role in endosomal vesicle
trafficking (Davies et al., 2000; Liscum, 2000), and its defects lead
to impaired intra-endosomal trafficking mediated by late endo-
somal cholesterol accumulation (Ko et al., 2001). In cells deficient
in NPC1 protein, HIV-1 release is inhibited and results in Gag
accumulation in late endosomes/lysosomemal compartments
(Tang et al., 2009). Previously, we found that CTSB is required for
efficient autophagy efflux process and CA-074Me causes an accu-
mulation of MVBs and autophagosomes (Ha et al., 2010). Here
we showed that CA-074Me inhibited the release of Pr55Gag
(Fig. 1-4) and HSV (Fig. 5A). The retained Pr55Gag pseudoparticles
were accumulated as puncta, in part colocalized with CD63 or LC3,
the markers of MVB and autophagosome, respectively (Fig. 2A and
B). Many enveloped viruses including HIV-1 and HSV bud into the
limited membranes as platforms for the assembly of viral envelope
and for viral egress (Calistri et al., 2009, 2007; Hobman, 1993). In
general, fusion of MVBs and autophagy with lysosomes is a degra-
dation process of cellular components and foreign invaders. How-
ever, several evidences support that MVBs and late endosomes
transiently fuse with lysosomes to form hybrid organelles which
are then transported to the plasma membrane through a secretory
pathway (Bright et al., 1997; Luzio et al.,, 2007; Mullock et al.,
1998). Interestingly, HIV-1 was shown to utilize the endogenous
MVB/autophagy and secretory pathways to assemble and egress
(Dong et al., 2005; Kyei et al., 2009; Nydegger et al., 2003; Pel-
chen-Matthews et al., 2003), while suppressing the late autophagy
maturation process through expressing the HIV-1 protein Nef (Kyei
et al., 2009). Therefore, HIV-1 can manipulate endosomal traffick-
ing pathways to evade destructive pathway for maximal survival
inside cells and for efficient egress. At this moment, it is not clear
whether cathepsin B should be present in HIV-1 Gag-containing
vacuoles/MVBs for their release. To our surprise, that Pr55Gag
was also cleaved in a CTSB-dependent manner before its release
into the extracellular environment in mice and human macro-
phages (Fig. 4). Since the cleavage was not detected in HEK293T
cells (Fig. 1 and Supplemental Fig. 3S), Jurkat cells (Supplemental
Fig 4S) or CTSB-deficient macrophages (Fig. 4A and C), it was a
CTSB-dependent phenomenon specific to macrophages. We have
also examined the release of Pr55Gag-GFP in other cell types
including mouse embryonic fibroblast and the primary human
fibroblasts (GMO00038; CORIELL INSTITUTE, New Jersey). In these
cells, release of Gag particles were also blocked by CA-0874Me
but no cleavage of Gag-GFP was detected (data not shown). At this
moment, it is not yet clear why and when Pr55Gag-GFP was
cleaved in macrophages. We tempt to speculate that, since macro-
phages, unlike other cells, have high basal levels of and efficient in
autophagosome formation (Ha et al., 2010, 2008), Pr55Gag-GFP
could have been directly targeted by CTSB through a partial lyso-
somal fusion with VCCs before being released extracellularly (Luzio
et al,, 2007). Intracellular cleavage of Pr55Gag-GFP is also consis-
tent with the results that cleaved Gag particles were detected in
both viral particles collected from the medium and cell lysates
(Fig. 4A-D), and GFP was associated with the plasma membrane
rather than in the cytoplasm (Fig. 4E, upper panel). We are cur-
rently investigating whether the cleavage occurs in the presence

of other HIV gene products such as Nef and what the physiological
significance of the cleavage is in infectivity. Based on the size of the
cleaved C-terminal portion of the fragment (~45 kDa), the GFP
antibody reacted fragment is expected to contain a small part of
the C-terminal Gag and full length of GFP (~35 kDa). We have also
examined the cleavage of Pr55Gag-CFP fusion protein using anti-
Gag (p17) antibody and found similar results as shown in Fig. 4A,
lower panel. Therefore, the cleavage was not specific to Pr55Gag-
GFP. We are currently investigating the exact location of the
cleavage, when it occurs, and how it affects viral infectivity.

Since influenza A virus is known to egress through the plasma
membrane, independent of functional MVB biogenesis (Bruce
et al., 2009), the inhibitory effect of CA-074Me on influenza A virus
was somewhat unexpected. A recent study showed that influenza
A virus budding and filament formation requires Rab11 and
Rab11-family interacting protein 3 which play key roles in endo-
some recycling/trafficking and budding (Bruce et al., 2010), sug-
gesting that CTSB could be involved in the transport or assembly
of viral components to recycling endosomes. The recycling
endosomes, which was first identified as a key component in recy-
cling internalized transferrin and its receptor to the cell surface, are
now being recognized as a key component in secretory pathways
in various cell types (van Ijzendoorn, 2006).

We previously showed that CTSB is also involved in the traffick-
ing of TNF-a-containing vesicles to the plasma membrane (Ha
et al., 2008). The newly synthesized pro-TNF-o in the endoplasmic
reticulum is transported from the trans-Golgi network to the plas-
ma membrane through a recycling endosomes-mediated secretory
pathway (Stow et al., 2009), which was then rapidly cleaved by
TNF-a0 converting enzyme and released from the plasma
membrane as a soluble cytokine. In fact, the release of both TNF-a
(Reefman et al., 2010) and Gag particle (Amet et al., 2008) is also
prevented by small interference RNA against Rab11 which plays
a key role in recycling/trafficking endosomes. Therefore, we specu-
late that TNF-o, Gag pseudoparticles and influenza A virus are also
released through a common CTSB-dependent recycling endosome-
mediated secretory pathway. However, CTSB has been shown to
cleave viral glycoproteins and enhance entry or replication of
several viruses including Ebola and Marburg virus (Chandran
et al, 2005; Sanchez, 2007), mouse hepatitis virus (Qiu et al.,
2006), Nipah virus (Diederich et al., 2008) and filovirus (Sanchez,
2007). Therefore, the inhibition of HSV and influenza A virus prop-
agation by CTSB could have occurred in steps other than egress.
Further detailed studies are needed to delineate the mechanism
of CA-074Me in inhibiting the propagation of HSV and influenza
A virus.

Therapeutic use of CTSB inhibitors such as CA074 has been
examined for treating metastatic melanoma (Matarrese et al.,
2010) and suppressing T helper cell type 2 responses in animals
(Maekawa et al., 1997). Although long term toxicity and the effects
on humans are to be investigated, no particular toxicity was de-
tected in experimental animals (Katunuma, 2011). This study
showed that targeting CTSB, which plays a key role in vesicle traf-
ficking, could be a new therapeutic strategy that blocks the late
stage of virion egress for HIV-1 and possibly other enveloped viral
infections. While preparing this manuscript, a recent study showed
that CA-074Me can promote the CD4-independent mNDK HIV-1
strain entry in HeLa and 293T cells (Yoshii et al., 2011). Therefore,
the effects and overall antiviral efficacy of CA-074Me in other HIV
strains and HIV infection still need to be evaluated. In any case,
specific blocking of viral egress from VCC can lead viral particles
to lysosomal degradation, promoting antiviral immune responses
through activating various intracellular immune receptors such
as retinoic acid inducible gene I and melanoma differentiation-
associated gene-5 (Barral et al., 2009), and presenting antigens to
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CD4+ T cells through MHC-II molecules. Furthermore, dendritic
cells can uptake HIV particles into MVBs, which are later released
through an intrinsic exosomal pathway to infect CD4+ T cells,
known as trans-dissemination (Izquierdo-Useros et al., 2010). The
effect of CTSB inhibitors on dendritic cell trans-dissemination war-
rants further studies.
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