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Abstract

HIV-associated neurocognitive disorders (HAND) is a syndrome defined by neurocognitive deficits that are driven by viral
neurotoxins, cytokines, free radicals, and proteases expressed in the brain. This neurological disease has also been linked to
activation of Protease-Activated Receptors 1 and 2 (PAR1,2). These receptors are highly expressed in the central nervous
system and are upregulated in HAND. Secretory basic-amino-acid-specific Proprotein Convertases (PCs), which cleave
precursor proteins at basic residues, are also induced in HAND. They are vital for many biological processes including HIV-1
entry into cells. The cytoprotective role of Furin, PC5, and PACE4 has been linked to the presence of a potential PC-cleavage
site Ry XXXXRy6!| in PARI1. Furthermore, Furin binds PAR1 and both are trapped in the trans-Golgi-network (TGN) as
inactive proteins, likely due to the intermediary trafficking role of phospho-Furin acidic cluster sorting protein 1 (PACSI).
Nothing is known about PAR?2 and its possible recognition by PCs at its putative R3; XXXXR34| processing site. The present
study implicates PACS1 in the retrograde trafficking of PARI1 to the TGN and demonstrates that the cytosolic extreme C-
terminal tail of PAR1 contains an acidic phosphorylatable PACS1-sensitive domain. We further show the requirement of
Asny; in PART1 for its Furin-dependent TGN localization. Our data revealed that Furin is the only convertase that efficiently
cleaves PAR2 at Argsql. N-glycosylation of PAR2 at Asnz, reduces the efficacy, but enhances selectivity of the Furin
cleavage. Finally, in co-cultures comprised of human neuroblastoma SK-N-SH cells (stably expressing PAR1/2 and/or Furin)
and HIV-1-infected primary macrophages, we demonstrate that the expression of Furin enhances neuronal cell viability in the
context of PARI- or PAR2-induced neuronal cytotoxicity. The present study provides insights into early stages of HIV-1
induced neuronal injury and the protective role of Furin in neurons co-expressing PAR1 and/or PAR2, as observed in HAND.

Introduction

The main neurological consequence currently associated
with HIV-1 infection in the central nervous system (CNS) is
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HIV-associated neurocognitive disorders (HAND) [1-4]. It
is a spectrum syndrome with a prevalence of >25% among
HIV-infected populations worldwide despite increased
availability of antiretroviral therapy (ART) [5]. The most
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HIV-induced neuroinflammation: impact of PAR1 and PAR2 processing by Furin

common neurocognitive deficits include: memory loss,
reduced concentration and decision-making abilities, dis-
orientation, and psychomotor slowing. The most advanced
stage of HAND, termed HIV-associated dementia is linked
to neuroinflammation, neuronal injury, and death [6].
Shortly after primary infection, HIV-infected macrophages
and possibly lymphocytes cross the blood-brain-barrier and
infect glial cells, especially microglia and perhaps astro-
cytes. These events lead to the release of several HIV-1
proteins, free radicals, proteases, and proinflammatory
cytokines in the microenvironment of the CNS, contributing
to sustained inflammation in the brain. This chronic
inflammation also drives the dysregulation and activation of
numerous proteins in the CNS, including the protease-
activated receptors (PARs) [7, 8] and the proprotein con-
vertases (PCs) [9, 10].

The PAR family comprises four cell-surface localized 7
transmembrane receptors (PAR1, PAR2, PAR3, and PAR4)
belonging to the G-Protein-Coupled-Receptor (GPCR)
superfamily [11]. Unlike other GPCRs, which are activated
upon binding soluble ligands, PARs are activated when
their extracellular N-terminal segment is cleaved by a pro-
tease, e.g., thrombin for PAR1 (Fig. 1A), thereby unco-
vering a tethered ligand at the newly formed N-terminus
[11]. This ligand then binds the second extracellular loop of
the receptor leading to a conformational change in the
transmembrane helices of the protein, eventually triggering
downstream signaling (Fig. 1B) [11-13]. The levels of cell-
surface PAR1 are regulated by protease-induced inter-
nalization. It is well established that PAR1 is primarily
cleaved by thrombin at its N-terminal Arg,;] and PAR2 by
trypsin at Argsel [14]. Once cleaved, PARI and PAR2 can
trigger pro- or anti-inflammatory signaling pathways,
depending on the cognate protease and microenvironment.
The processed receptors are internalized and sent to lyso-
somes for degradation via -clathrin/dynamin-dependent
pathways. Activated PAR1 and PAR2 have been linked to
neuroinflammation and neuronal death [15, 16]. PARI
activation leads to the proliferation of microglia resulting in
a sustained release of inflammatory cytokines in the brain
[17]. PAR2 activation was shown to be neurotoxic in rat
hippocampus [18].

The proprotein convertases (PCs), a family of nine
secretory proteases that exhibit multiple functions in various
tissues including the CNS [9], could play a significant role
in regulating PAR-associated signaling. Indeed, the basic-
amino-acid-specific Furin, PC5A, PACE4, and PC7 are
upregulated in the CNS by inflammation [10]. These PCs
cleave their substrates either in the trans-Golgi network
(TGN) or cell-surface/endosomes at the consensus motif
(Arg/Lys)2Xn(Arg)| (where “Xn” corresponds to 0, 1, 2, or
3 spacer amino acids, and the arrow denotes the P1 cleavage
site) [9, 19].
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Fig. 1 Role of PARI in HIV-1 associated neurocognitive dis-
orders. A Thrombin (red) cleaves PAR1 at Argy] and activates a
cascade of inflammatory signaling. B Schematic representation of the
cytoprotective role of Furin, PC5A, and PACE4 in PARI-induced
inflammation. PC5A and PACE4 (green) cleave downstream to the
thrombin cleavage site, i.e., at Argys | and render the receptor inactive.
Furin (orange) traps the receptor in the TGN, possibly in an inactive
form. The red and yellow circles denote mcherry and eYFP tags on
PARI, respectively. C Cell viability of SK-N-SH naive, PAR1, and
PARI1/Furin stably expressing cells was measured using an MTS
assay. Mortality was measured after 48 h by analyzing and comparing
the fraction of living cells in thrombin-untreated and thrombin-treated
cells (% cell mortality). PAR1 expressing cells show high mortality
rate in presence of thrombin. However, Furin overexpression abolishes
this effect. Thrombin treatment: 10 nM (experiment performed in tri-
plicate). D Cell viability was measured using FACS analysis (see
materials and methods) at different time points post-co-culture with
HIV-1 infected macrophages. PAR1 expressing cells show high
mortality. However, Furin has a protective effect by trapping PAR1 in
the TGN. N =5 (macrophage from five different donors); Bars
represent mean + SD, and p was determined using a one-tailed student
T-test. Values of p < 0.05 are considered significant and are shown for
each condition. Within PAR1 expressing cells the increment of cell
mortality is significantly higher at all time points. Note that at all time
points the presence of Furin significantly reduces cell mortality in
presence of PAR1

We  previously reported the upregulation of
inflammation-related (e.g., IL-1p, TNFa) transcripts toge-
ther with those of Furin, PC5, PACE4, PC7, and PAR1 in
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the brains of HAND patients [10]. In accordance with the
presence of a potential PC-recognition motif Argy XXX-
XArgyel in the extracellular N-terminal segment of PARI,
we demonstrated that PARI inhibits membrane-bound
Furin, which in turn downregulates functional PAR1 by
trapping it in the trans Golgi network (TGN). In addition,
the soluble PC5A and PACE4 can disarm cell-surface
PARI1 through cleavage at Pro-Argy;-Ser-Phe-Leu-Leu-
Argyel Asn, resulting in a decreased calcium mobilization in
response to thrombin stimulation, suggesting that these PCs
are cytoprotective [10]. We showed that wild-type (WT)
PARI, but not its R46A mutant, lowers viral infectivity by
inhibiting the ability of Furin to process the HIV-1 gp160
into gp120/gp41 [10]. These data suggested a protective
[Furin/PC5A/PACE4]-PAR 1-interaction pathway that may
counterbalance the effects of HAND-associated pathogen-
esis [10], as schematically summarized in Fig. 1B. How-
ever, the participation of PCs in PAR2 processing and
regulation of neuronal viability are unknown and are
addressed in the present study.

Results

Inhibition of PAR1 by Furin: consequences on
neuronal cell viability

To assess the effects of Furin on PAR1-regulated neuronal
survival (Fig. 1B), we obtained pools of stable transfectants
of cDNAs coding for PAR1 or PAR2 in the presence or
absence of C-terminally V5-tagged Furin [10]. Human
neuroblastoma cells SK-N-SH, often used for studies of
HIV-1 neuropathogenesis [20-22] can be differentiated to
adopt a neuronal phenotype [23]. Western blot analyses
confirmed the high expression of these PARs and Furin in
these neuronal stable transfectants (Supplementary Fig-
ure S1). Viability analyses by an MTS-tetrazolium assay
revealed that these cells exhibited < 5% mortality over six
days of culture (Supplementary Figure S2). Furthermore,
inspection of these cells did not reveal any morphological
changes compared to naive cells (not shown). We next
incubated control naive SK-N-SH cells or their stable
transfectants with thrombin (10 nM) for 48 h, and cell via-
bility measured. In the absence of PCs, PARI1 over-
expression resulted in 48.4 +14.4% cell death. However,
the presence of Furin together with PARI1 significantly
reduced such thrombin-induced toxicity to 9.3 +3.6%
mortality similar to naive cells (Fig. 1C).

To mimic ex vivo the HIV-1 infected macrophage-
induced inflammatory microenvironment of neurons seen in
HAND patients, we co-cultured for six days the afore-
mentioned engineered SK-N-SH neuronal cells with HIV-1
infected human monocyte-derived primary macrophages
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(MDMs) obtained from four different healthy blood donors
[24]. These MDMs were infected ex vivo with HIV-1 for at
least six days, and co-cultures were then performed by
seeding MDMs on cell culture inserts in wells containing
SK-N-SH cells. We measured cell viability at days 0, 2, 4,
and 6 (Fig. ID). This configuration ensures that the co-
cultures are done under conditions (semi-permeable mem-
brane) where contacts between infected macrophages and
SK-N-SH cells are negligible. We used two control
experimental paradigms: naive SK-N-SH cells incubated
with uninfected macrophages (naive-HIV) or with macro-
phages infected with HIV-1 (4 HIV). In both cases ~25%
cell death was observed at day 6, which might be in part
attributed to the presence of endogenous PARI1 in these
cells [8], and to the secretion of cathepsin B [21] and/or
cathepsin G [24] from HIV-1-infected macrophages. Note
that since naive-HIV and naive cells co-cultured with HIV-
infected macrophages show the same % of cell death, it was
unlikely that SK-N-SH cells were themselves infected
during the co-culture. Cells overexpressing PAR1 alone
show high mortality, e.g., 51.1 + 12.0% at day 6. However,
cells expressing PAR1 and Furin are protected from such
macrophage-induced neurotoxicity (viability >98%). The
above data support a protective role of upregulated Furin in
PARI1-induced neuroinflammation seen in HAND patients.
The higher viability of PAR1-Furin expressing cells com-
pared to naive cells is likely due to an effect of Furin
overexpression in the activation of as yet undefined survival
factors. One possibility is the Furin activation of trans-
forming growth factor Bl [25] likely resulting in neuronal
cytoprotection [26].

Trafficking of PAR1: critical roles of phospho-Furin
acidic cluster sorting protein 1 (PACS1) and the
Furin-recognition motif in PAR1

We next investigated the mechanism underlying the
observed Furin-induced protective role via analysis of its
inhibitory effect on the trafficking of PARI to the cell-
surface and its retention in the TGN [10]. Previous studies
showed that the cytosolic protein PACS1 escorts
membrane-bound Furin from the cell-surface to the TGN
[27] through its interaction with an acidic motif in the
cytosolic tail of Furin containing two phosphorylated serine
(pS) residues: pS773DpS775 [28, 29]. Since PARI also
contains an acidic phosphorylatable cluster (ESSDPS-
SYNSSGQLMAS,g) in its C-terminal extreme cytosolic
tail [30], it was plausible that Furin retention of PARI in the
TGN or vice versa might involve their interaction with
PACSI. Indeed, we have already demonstrated that PACS1
can retain PARI in the TGN of HEK293 cells [10] (Sup-
plementary Figure S3). We now further show that in
HEK?293 cells PACS1 can also retain in the TGN the
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Fig. 2 PACSI regulates the trafficking of PAR1, independent of Furin.
A Schematic representation of mcherry-PAR1-eYFP construct cloned
in pcDNA3. The red and yellow circles denote mcherry and eYFP tag
on the N-terminus and the C-terminus of PARI, respectively. The
black arrow denotes the thrombin cleavage site at Argy;| and the red
arrow denotes the downstream PC- cleavage site at Argyel. B PAR1
trafficking in Furin-deficient CHO-FD11 cells. The first panel shows
PARI localized on the cell-surface. When co-expressed with either
PACSI or Furin, PARI is trapped in the TGN (white arrow) in panels
2 and 3. PACSI is able to trap PAR1-R46A mutant (unresponsive to
PCs) in the TGN (panel 4). However, Furin is unable to change the
subcellular localization of PAR1-R46A as opposed to WT PAR1. The
results are from one representative experiment out of three indepen-
dent ones (N=3). Scale =20um. The bottom panel presents the
quantitation of the images with at least 15 cells/condition analyzed for
each of the three experiments and presented as a mean % of cells with
PARI stuck at the TGN + SD. Values of p <0.05 (determined using a
two-tailed 7-test) are considered significant and are shown for each
condition

PARI1-R46A mutant that does not interact with Furin [10]
(Supplementary Figure S3; see Golgin97 co-localization),
suggesting an additional Furin-independent role of PACSI.
To confirm this point, we repeated the co-expression
experiment in CHO-FDI11 cells that are Furin-deficient
[31]. Upon co-expression of Furin or PACS1 with PAR1 it
was observed that in this Furin-deficient cell line PAR1 was

significantly trapped in the TGN (Fig. 2B). However, while
the same result was observed in the co-expression of
PACS1 with the PAR1-R46A mutant, the latter was no
longer predominantly sorted to the TGN in the presence of
only Furin and its localization resembled that of PARI
alone.

To define the motif in PARI that is critical for its
interaction with PACS1, we generated a PAR1 construct
lacking the above C-terminal acidic-phosphorylatable
residues, i.e., PAR1-A390-406 (PARI-ACT) (Fig. 3A).
Like WT PARI1, this deletant translocated to the cell-
surface but was no longer sensitive to PACSI, since it did
not localize to the TGN upon its co-expression with
PACSI. In contrast, Furin can still significantly interact
with it and sort it to the TGN (Fig. 3B). We next silenced
PACS1 mRNA expression (Supplementary Figure S4),
whereupon Furin was no longer able to significantly trap
PARI in the TGN as compared to a control expressing a
scrambled siRNA (Fig. 3C). We conclude that the acidic
phosphorylatable C-terminal tail of PARI is critical for
its interaction with PACS1 and its localization to the
TGN, even in absence of Furin. However, in the presence
of Furin this domain is dispensable since Furin can
interact with PACSI1, but also with the PC-like motif
R4 SFLLR4NP in PAR1 [10].

Notably, PARI exhibits an Asny; at the P1’ position. It
was previously shown that P1’ Asn prevented Furin
cleavage of growth differentiating factor 11 (GDF11) at
RSRR9¢NL, while Furin cleaved the GDF11-N297D
mutant [32]. Accordingly, we generated a N47D mutant
of PARI and tested for its Furin-induced TGN localization,
possible cleavage by PCs and Furin-inhibition of HIV-1
surface glycoprotein gp160 processing. Immunocytochem-
ical data clearly showed that PAR1 and its N47D mutant are
not cleaved by Furin, as evident by the red and yellow
labeling of PARI in the presence of Furin (Fig. 4A).
However, in contrast to WT PARI, Furin can no longer
significantly retain PARI-N47D in the TGN. This unex-
pected result suggested that either this mutation may result
in a partial loss of Furin recognition in the acidic
environment of the TGN or its complete loss. Accordingly,
we co-expressed the cDNAs of Furin and PARI or its
N47D mutant together with a cDNA encoding the HIV-1
gp160 Env glycoprotein [10]. The data in Fig. 4B show that
both PAR1 and PAR1-N47D inhibit by 20-30% the Furin-
processing of gpl60 into gpl20/gp4l (Fig. 4B). This
suggests that different from WT PARI, the mutant PAR1-
N47D likely binds and inhibits Furin at the cell-surface, but
not at the TGN. We conclude that Asny; is critical for the
ability of Furin to retain PARI in the acidic environment of
the TGN (pH 6.2-6.4), but that PAR1-N47D can still inhibit
the proteolytic activity of Furin at the neutral pH of the cell-
surface.
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Fig. 3 Critical role of the cytosolic tail of PAR1 in PACS1-dependent
trafficking: knockdown of PACSI1 reverses the PARI entrapment in
the TGN. A Red box shows the deleted portion (amino acids 390—406)
of the cytosolic tail of PARI rich in Ser residues, some of which are
phosphorylated [49]. B PACSI is unable to trap the PAR1 A390-406
(PAR1 ACT) mutant in the TGN (white arrows) as shown in panel 3,
but Furin can, as shown in the last panel. C siRNA knockdown of
PACS] prevents the accumulation of PARI in the TGN, which now
localizes to the cell-surface, even in the presence of Furin.
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PACS]1 siRNA (25 nM) was incubated with HEK293 cells transiently
transfected with cDNAs coding for PAR1 or PAR1/Furin. A scramble
siRNA was used as a control. The results are from one representative
experiment out of 2 independent ones (N = 3). Scale =20 um. The
side panels in (B, C) present the quantitation of the images with at least
15 cells/condition analyzed for each of the 3 experiments and pre-
sented as a mean % of cells with PAR1 stuck at the TGN + SD. Values
of p<0.05 (determined using a two-tailed 7-test) are considered sig-
nificant and are shown for each condition
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Fig. 4 Role of the highly conserved Asny; at the P1” position of PAR1.
A Localization of PAR1 vs. PAR1-N47D in presence of Furin. The
N47D mutant of PARI1 is mostly on the cell-surface (upper panel)
similar to WT PARI1 (Fig. 2B). In the presence of Furin, while the WT
localizes to the TGN (middle panel) the N47D mutant does not (last
panel). The results are from one representative experiment out of 3
independent ones (N = 3). Scale = 20 um. The bottom panel presents
the quantitation of the images with at least 15 cells/condition analyzed
for each of the 3 experiments and presented as a mean % of cells with
PARI stuck at the TGN + SD. Values of p < 0.05 (determined using a
two-tailed 7-test) are considered significant and are shown for each
condition. B PARI1 and its N47D mutant partially inhibit the Furin
cleavage of gpl60 into gp4l in HEK293 cells (lanes 4 and 5). As
controls, we show that a control protein 7B2 (lane 3) [9, 51] or PAR1
R46A that is not recognized by Furin (lane 6) have no effect on gp160
processing by Furin. p-Actin levels are shown for estimation of pro-
teins deposited from the lysates. The results are from one representa-
tive experiment out of 3 independent ones (N = 3). Cleavage ratios are
calculated by dividing the amount of cleaved gp41 by the sum of gp41
and gpl60. These ratios are then normalized to Furin cleavage of
gpl60, taken as 1

Upregulation of PAR2 in HAND and its processing by
Furin

To determine the HIV-dependent regulation of PAR2, brain
transcript analysis was performed on HIV negative (HIV—),

HIV positive (HIV + ), patients with HAND and patients
with HAND- and HIV-associated encephalitis (HIVE) (N =
10 for each group) [33]. The data show that the mRNA
coding for PAR2 is highly upregulated in the brains of
patients suffering from HAND (~ 5-fold), and more so in
those with HIVE (~ 6-fold) (Fig. 5A). Immunohistochem-
ical data obtained from frontal cortex of the brain of HAND
patients (Supplementary Table S2) revealed that PAR1 and
PAR?2 expression were chiefly expressed in neurons, and
less so in glial cells (Fig. 5B).

To study the role of the PCs in the processing of PAR2, we
used a previously reported PAR2 construct with the N- and C-
termini fused to mRFP (red) and eYFP (yellow), respectively
(Fig. 5C) [34]. Just like PAR1 [10], PAR2 is expressed at the
cell-surface co-localizing with the low-density lipoprotein
receptor (Supplementary Figure S5). PAR?2 also exhibits a PC-
recognition motif NR3;SSKGR3¢/ in its N-terminal segment.
Thus, we co-expressed in HEK293 cells the dual-tagged
PAR?2 along with potential convertases that were previously
shown to be upregulated in HAND, namely Furin, PC5A/
PC5B, PACE4, and PC7 [10]. Cleavage at the N-terminus
of PAR2 would lead to the loss of red fluorescence, leaving
behind a yellow eYFP tagged membrane-bound C-terminal
fragment. When expressed alone, full-length doubly-tagged
PAR?2 localizes to the cell-surface (Fig. 5D). As previously
reported [35, 36], a positive control including a 1h
incubation of cells with 16 nM trypsin results in N-
terminal cleavage of PAR2 (seen by the absence of the
mRFP tag in the 2" panel). Treatment with equimolar
(trypsin + anti-trypsin) blocks this cleavage, confirming that
loss of the mRFP tag was in fact due to trypsin activity.

In contrast to PARI, co-expression of PAR2 with Furin
led to the loss of the N-terminal red tag 4" panel), sug-
gesting that Furin, like trypsin, can cleave the receptor at its
N-terminus. That cleavage occurs at Argsgl is supported by
the resistance of the PAR2-R36 A mutant to Furin (5%
panel). It is important to note that unlike PAR1, where PCs
cleave downstream to the thrombin cleavage site and hence
disarm it [10], Furin cleaves PAR2 at the same site as
trypsin, but the other PC-members do not cleave PAR2
(Supplementary Figure S6A,B).

Since Furin can be active in the TGN, cell-surface or
endosomes [29], it was imperative to define where cleavage
of PAR2 occurs. To probe this question, we treated PAR2
and Furin expressing cells with two pan-PC inhibitors that
also inhibit Furin, namely hexa-D-arginine (D6R) and
decanoyl-Arg-Val-Lys-Arg-chloromethyl  ketone (dec-
RVKR-cmk). D6R is a predominantly cell impermeable
inhibitor of PCs, while dec-RVKR-cmk is a potent cell-
permeable inhibitor [37, 38]. Treatment of cells with dec-
RVKR-cmk blocks the Furin cleavage of PAR2, but so does
D6R (Fig. 6A). This suggests that Furin cleavage of PAR2
occurs mostly at the cell-surface.
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Upon analysis of the PAR2 sequence at Asn-Arg-Sers; it
was plausible that N-glycosylation at Asnjz, that sits in the
P7 position of the Furin/trypsin cleavage site (Supplemen-
tary Figure S7), could create a steric hindrance and
rationalize the high specificity of Furin for PAR2 vs. other
PCs. Interestingly, an N30S variant of PAR2 resulting from
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a single nucleotide polymorphism has been documented
(rs616235, minor allele frequency: 0.0345) and reported to
enhance PAR2 processing by tryptase and trypsin [39].
Accordingly, we compared in HEK293 cells the processing
by PCs of PAR2 to that of PAR2-N30S. The data show that
lack of N-glycosylation at Asnsy, while enhancing the
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Fig. 5 Upregulation of PAR2 in HAND and its processing by Furin.
A PAR?2 transcript upregulation in the brains of HAND subjects with
HIV-associated encephalitis. Brain transcript analysis was performed
on HIV-1 negative (HIV-1—), HIV-1 positive (HIV-1+), patients
with HAND and patients with HAND and HIV-1 associated ence-
phalitis (HAND +HIVE) (N=10 for each group). The analysis
(mean + SEM) revealed statistically significant higher transcript levels
of PAR2 in the brains of subjects with HAND and HAND + HIVE
compared to HIV-1 + patients (¥*p<0.05). B PAR1 and PAR2
expression in human brain. GFAP (A, B), PAR1 (C, D), and PAR2 (E,
F) immunoreactivity was present in frontal cortex from HIV (—) (A,
C, E) and HAND (B, D, F) patients although all proteins showed
increased expression in HAND brains. GFAP, PAR1, and PAR2 were
detected in glia (arrowheads) but PARI and PAR2 were observed
chiefly in neurons (arrows). (Size bar—50 um). C Schematic repre-
sentation of mRFP-PAR2-eYFP construct cloned in pcDNA3. The red
and yellow bubbles denote the mRFP and eYFP tags on the N- and C-
termini of PAR2, respectively. The red arrow denotes the trypsin- and
putative PC-cleavage site at Argsgl. D PAR2 is expressed alone or
together with Furin in HEK293 cells. The receptor is cleaved by
membrane-bound Furin, as depicted here by the absence of the mRFP
fluorescence (panel 4). Trypsin served as a positive control for Furin
cleavage, with treatment with anti-trypsin blocking trypsin cleavage
(panels 2 and 3, respectively). PAR2-R36A mutant is not cleaved
when co-expressed with Furin, as shown in the 5™ panel by the pre-
sence of both red and yellow fluorescence. The results are from one
representative experiment out of 3 independent ones (N = 3). Scale =
20 um

Furin-cleavage efficacy by ~ 3-fold, also results in the ~ 5-
fold increased ability of PC7 to process PAR2-N30S
compared to WT-PAR2, but not the other convertases
(Fig. 6B, C). Thus, we conclude that N-glycosylation of
PAR?2 at Asnj, reduces the processing efficacy of Furin and
prevents cleavage by PC7.

Processing of PAR2 by Furin: consequences on
neuronal cell viability

Human monocyte-derived primary macrophages from
three independent donors were infected or sham-infected
with HIV-1. As for PARI1 (Fig. 1D), these cells were then
co-cultured with SK-N-SH cells expressing PAR2 or
PAR2/Furin and their viability assessed at co-culture days
0, 2, 4, and 6 (Fig. 7). Control naive cells (lacking PAR2/
Furin = HIV-1 infection) exhibited < 7.4 + 1.1% cell death
at day 6. Comparatively, we observed at day 6 a sig-
nificant increase in cell mortality of PAR2-expressing
cells (19.5+5.1% translating into an increased average
mortality for the three donors of ~2.3-fold), which was
attenuated by ~ 50% at days 4 and 6 in cells co-expressing
PAR?2 and Furin, reaching the levels of naive cells seen in
absence of PAR2/Furin (cell mortality 7.8 +0.3%). We
conclude that as for PAR1 (Fig. 1C), Furin is protective in
PAR2-induced neurotoxicity associated with HIV-1
infection.

Discussion

This is the first report that shows that the proinflammatory
PAR?2 is a Furin substrate and that the latter is neuropro-
tective under conditions mimicking neuroinflammation
induced by HIV-1 infection that results in the upregulation
of PAR1 and PAR2 together with Furin.

HIV-1 infection of the nervous system occurs at ser-
oconversion and is defined by infection of innate immune
(myeloid) cells within the nervous system [40]. HAND
pathogenesis is widely assumed to be predicated on virus-
infected and -activated myeloid cells (microglia, trafficking
macrophages) releasing cytotoxic viral proteins and innate
immune molecules (e.g., cytokines, proteases) in the CNS
[10, 41], causing selective neurotoxicity in the frontal-
striatal regions of the brain [40].

Activation of PARs via proteases, including PAR1,2,
have been linked to inflammation and neuronal death [15,
16]. PAR1 and PAR2 are expressed in hippocampus and
amygdala, while PAR2 is also found in thalamus, cortex,
and striatum [42, 43]. Additionally, proteases that signal via
PARs are also present in the CNS, e.g., thrombin and its
activator Factor X are expressed in neural cell cultures [44,
45]. Trypsin, the primary activator of PAR2, is absent from
the CNS. However, CNS mast cell tryptase is a potential
protease for neuronal PAR2 activation [46, 47].

The roles of the basic-amino-acid-specific PCs in neu-
roinflammation are still obscure. Recently, we showed that
via PARI inhibition of Furin and their blockade in the TGN
or through PARI disarming by PC5A or PACE4 these
convertases might act as protective anti-inflammatory pro-
teases (Fig. 1A). In mice, Furin in myeloid cells was also
reported to be anti-inflammatory via its ability to activate
TGF-f1 and its influence on the reduced activity of
ADAMI17 and hence levels of the proinflammatory cytokine
TNFa [48]. Previously, it was demonstrated that PAR2-
induction upon neuroinflammation prevents neuronal death
in mouse brains and that PAR2-deficiency exacerbates HIV-
1-Tat-induced neuropathological and neurobehavioral defi-
cits [7]. In the present report we demonstrate that Furin is
the only PC-like convertase that can process PAR2 (Fig. 5),
suggesting that specific cleavage of PAR2 at Argss| by
Furin would be neuroprotective. Indeed, co-culture experi-
ments confirmed this conclusion and showed that while
PAR2 enhances neuronal death, co-expression of Furin
greatly attenuates this phenomenon (Fig. 7), as was also the
case for PAR1 (Fig. 1C). It is thus probable that HIV-1-
infected macrophages secrete factors or proteases, e.g.,
cathepsins B [21] or cathepsin G [24], which could trans-
form PAR2 into a proinflammatory protein, but that the co-
expression of PAR2 and Furin would protect against the
cytotoxic effect of such a factor(s), likely via cell-surface
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Fig. 6 Cell-surface cleavage of A DAPI
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cleavage of PAR2 (inhibited by D6R, Fig. 6) before its
interaction with the putative factor secreted by HIV-1
activated macrophages. It is also possible that the Furin-
mediated cleavage of PAR2 induces a neuroprotective sig-
naling that alleviates the effect of the putative soluble factor
(s) secreted by HIV-infected macrophages. Alternatively,
cell-surface Furin may also inactivate this soluble factor(s)
directly, a subject that would require extensive future
studies.
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We previously showed that the soluble PC5A and
PACE4 disarm PAR1 by cleaving it downstream (Argyql)
from the thrombin cleavage site (Argy;)) and thus protect-
ing from inflammation. The membrane-bound Furin, PC5B,
and PC7 do not cleave the receptor, but PARI, in turn,
inhibits the activity of these proteases, especially Furin. In
the presence of Furin, PARI has also been shown to be
trapped in the TGN, likely in a non-functional form [10].
Our present results suggest that PACS1 is directly involved
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Fig. 7 Furin protects neuronal cells from PAR2-induced toxicity when
co-cultured with HIV-1 infected macrophages. Cell viability was
measured using FACS analysis after different time points (0, 2, 4, and
6 days) post-co-culture of engineered SK-N-SH cells with HIV-1
infected macrophages (upper panel). SK-N-SH cells stably expressing
PAR2 show high mortality rate, but PAR2-Furin expressing cells are
significantly protected from PAR2-induced neurotoxicity. N=3
(macrophage from three different donors); Bars represent mean + SD,
and p was determined using one-tailed student 7-test. Values of p <
0.05 are considered significant and are shown for each condition

in the regulation of the retrograde trafficking of PAR1 to the
TGN, even in the absence of Furin (Figs 2B, 3). Deletion of
the phosphorylatable cytosolic tail of PAR1 and the
expression of this PAR1-A390-406 deletant with PACS1
also revealed that this C-terminal PAR1 domain represents a
likely binding site to PACS1 (Fig. 3B). Furthermore,
siRNA silencing of PACS1 prevents the subcellular
entrapment of PARI in the TGN (Fig. 3C). Although we
provided evidence that the interacting sequence with
PACSI is at the extreme C-terminus of PARI1, the exact
motif within such an acidic Ser-rich segment, reported to be
phosphorylated [49], has not yet been identified. A plausible
acidic motif is ESSDPSS39¢ in PAR1, which resembles the
acidic phosphorylated EEXP(pS)D(pS775) one in the cyto-
solic tail of Furin that binds PACS-1 [29].

The highly conserved Asng; plays an important role in
PAR1’s ability to interact with Furin. Our data show that
PARI1-N47D when expressed with Furin, is no longer
trapped in the TGN but is instead localized to the cell-
surface (Fig. 4A). Thus, we hypothesize that the N47D
mutant interaction with PAR1 is weak at the acidic pH of
the TGN (pH 6.2-6.4) and that most of the receptor is sorted
to the cell-surface where it can still inhibit Furin activity
(Fig. 4B). It is important to note that proGDF11 is cleaved
by PC5 at RSRR,¢6/N, where the PC-recognition motif in

proGDF11 is followed by Asn. It was reported that when
the highly conserved Asn,g; is replaced by an Asp, all other
basic-amino- acid-specific PCs could cleave proGDF11 as
well [32]. Co-incidentally, PAR1 also has an Asn at the P1’
position. However, the N47D mutant does not follow this
pattern, as it is still cleaved by PC5A and PACE4 but not by
Furin, PC5B or PC7 (Supplementary Figure S8), similar to
WT PARI [10].

We also show that PAR2 N-glycosylation at the P7
position from the cleavage site (NR3;SSKGR3¢]) affects its
cleavage efficacy by Furin and PC7. It was hypothesized
that this post-translational modification at Asns, could result
in a steric hindrance [39], and thus may explain why the
other PCs are not able to cleave PAR2. Indeed, the natural
N30S mutant of PAR2 (rs616235) is not only cleaved
by Furin with a better efficiency but also to a lesser extent
(~30%) by PC7. However, it is still not cleaved by PC5A or
PACE4 (Fig. 6B, O).

Thus, PAR1 and PAR2 are so far the only seven trans-
membrane domain containing receptors identified as inhi-
bitor and substrate of Furin, respectively. The present study
presents early events in HAND, where upregulated PCs in
the CNS cleave and disarm the inflammatory receptors
PARI1,2, thus protecting neurons from inflammatory sig-
naling and cell death. Finally, our results provide novel
insights into the PC-PARI,2 interaction, thereby enhancing
our understanding of the early onset and possibly progres-

sion of neuroinflammation and neurodegeneration in
HAND.

Materials and methods
Plasmids and reagents

PARI1 and PAR2 cDNAs were cloned in pcDNA3.1. While
PARI contains a mcherry and eYFP tag [10], PAR2 con-
tains a mRFP and eYFP tag on its N- and C-termini [34],
respectively. Furin, PC5A, PC5B, PACE4, and PC7 were
cloned in pIRES2-EGFP vector and tagged with V5 [37].
HxBc2 Env encoding plasmid was used as described earlier
[50]. A pCDNA3.1 plasmid encoding an unrelated protein
7B2 [51] was used as control. Site-directed mutagenesis
was used to generate mutants for PAR1 and PAR?2 to study
their structure-function relationship. Mutants and the pri-
mers used are listed in Supplementary Table S1.

Cell culture and transfections
HEK?293 (human embryonic kidney-derived epithelial) cells
were grown in DMEM media (Wisent bioproducts) with

10% FBS and CHO-FDI11 cells (Furin-deficient Chinese
hamster ovary cells) [37] were grown in DMEM-F12 media
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with 5% FBS. SK-N-SH (human neuroblastoma) cells were
grown in EMEM media (Wisent bioproducts) with 10%
FBS. SK-N-SH cells were differentiated for three days into
neurons with 1 mM dibutyryl cAMP (Sigma-Aldrich), as
previously described [23]. Transfections for western blot
analysis was done using a Jetprime (Polyplus) reagent and
Fugene HD (Promega) for Immunofluorescence experi-
ments. Cells were transiently transfected at 60—70% con-
fluency according to manufacturer’s protocol. After 24 h,
the cells were incubated in serum-free media for an addi-
tional 24 h, whereupon cell lysates were prepared. PAR/PC
stable cell lines were prepared following electroporation of
the cDNAs into SK-N-SH cells transfected according to
Nucleofector transfection reagent protocol (Lonza), fol-
lowed by G418 antibiotic selection for 14 days. The clones
were then sorted by Fluorescence Activated Cell Sorting
(FACS) and a stable pool generated of each genotype.
Human PACS]1 and scramble siRNA were purchased from
GE Healthcare Biosciences (Dharmacon; siGENOME
SMARTDpool; Table S1) and transfected using DhamaFECT
1 transfection reagent (Dharmacon), as recommended by
the manufacturer’s protocol.

Immunohistochemistry and Immunofluorescence

Immunohistochemistry of GFAP, PARI1, and PAR2 on
brain sections of control and HAND patients were per-
formed as previously reported using the same human
antibodies [8, 10, 15]. HEK293 cells or the Furin-deficient
CHO-FDI11 cells were plated on poly-lysine coated glass
coverslips and transfected with appropriate cDNA vec-
tors. After 24 h, the cells were incubated in serum-free
media for 20 h, following which the cells were washed
with PBS and fixed with 4% paraformaldehyde for 15
min. The coverslips were then again washed with PBS and
mounted on slides with Prolong Gold Antifade reagent
with DAPI (Invitrogen). Immunofluorescence analysis
was done on a Leica SP8 confocal microscope. Inhibitors
of PCs (cell-permeable decanoyl-RVKR-cmk, Bachem
Biosciences and non-cell-permeable D6R, EMD chemi-
cals were used at concentrations of 25nM and 10 pM,
respectively) were added along with the serum-free media
24 h after transfection and trypsin or anti-trypsin (Sigma-
Aldrich) were added 45 min before slide preparation.
When antibodies were used, the cells were permeabilized
with 0.25% Triton X-100 for 7 min followed by fixation.
Blocking was performed after three washes with PBS
using 1% bovine serum albumin for 30 min. The cells
were then incubated with antibodies at 1:500 dilution in
1% BSA: mouse mAb anti-Golgin97 (Santa Cruz), mouse
mADb anti-V5 (Sigma-Aldrich) or goat polyclonal anti-
LDLR (R&D systems) according to the experimental
design. Alexa conjugated secondary antibodies
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(Invitrogen) were diluted in 1% bovine serum albumin,
and then incubated for 1h at room temperature after 3
washes with PBS.

Western blot analysis

Proteins were extracted in 50 mM Tris-HCI pH 8, 150 mM
NaCl, 0.1% SDS, 1% Nonidet P40 and 0.25% Na deox-
ycholate (RIPA 1X) buffer with a cocktail of protease
inhibitors (Roche). Bradford assay was used to evaluate the
protein concentrations. Proteins were resolved on SDS-
PAGE and blotted onto nitrocellulose or PVDF membranes.
After incubating the membranes with appropriate primary
and secondary antibodies the analysis and quantifications
were done using ChemiDoc imaging system (Biorad).
Antibodies used: Chessie 8 anti-gp41 [52], rabbit polyclonal
anti f-actin (1:5000; Sigma-Aldrich), rabbit polyclonal anti-
PACSI1 (1:1000; Sigma-Aldrich), mouse mAb-V5 (1:5000;
Sigma-Aldrich), mouse mAb eRFP (1:5000; Origene), and
appropriate HRP conjugated secondary antibodies. Enzy-
matic chemiluminescence (Bio-rad) was used to detect
immunoreactive species.

Monocyte-derived macrophages co-culture

Monocyte-derived macrophages (MDM) from Donors at the
IRCM were utilized in the co-culture experiments. Macro-
phages were infected with HIV-1 NL4.3-ADA strain, used
at MOI = 1. Monocyte-derived macrophages (MDMs) were
derived from monocytes isolated from PBMCs obtained by
Ficoll Gradients of Blood. These infected macrophages
were then co-cultured with PC and/or PARI1/2 stably
expressing SK-N-SH cells for 6 days. For co-culture, SK-N-
SH cells and the stable cell lines were plated in a 24 well
plate (10,000 cells/well). After 24 h, the media was sup-
plemented with 1 mM dibutyryl cAMP for three days. After
72 h, the isolated macrophages were placed in a 24-well
plate cell culture hanging insert (Millipore). These inserts
were then placed in the desired well. The viability of these
cells was then measured at different time points using the
LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit
(ThermoFisher) and FACS analysis.

Cell viability assay

The CellTiter 96 AQueous One Solution Cell Proliferation
Assay (MTS) was used (Promega). SK-N-SH cells and the
stable clones were plated on a 96-well plate. After differ-
entiation, recombinant thrombin (10 nM) was added. At
appropriate time points, 20 ul of CellTiter 96® AQueous
One Solution Reagent were added to each well of the 96-
well assay plate containing the samples in 100 pl of culture
medium. After incubating the plate at 37 °C for 2h in a
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humidified, 5% CO, atmosphere, viability was analyzed by
recording the absorbance at 490 nm using a 96-well plate
reader.
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