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ABSTRACT Serpins are a superfamily of proteins that regulate a variety of physiologi-
cal processes by irreversibly inhibiting the enzymatic activity of different serine pro-
teases. For example, Serpin Family B Member 8 (Serpin B8, also known as PI8 and
CAP2) binds to and inhibits the proprotein convertase furin. Like many other viral
pathogens, human immunodeficiency virus type 1 (HIV-1) exploits furin for the proteo-
lytic activation of its envelope glycoprotein (Env). Since the furin inhibitor Serpin B8 is
expressed in primary target cells of HIV-1 and induced under inflammatory conditions,
we hypothesized that it might interfere with HIV-1 Env maturation and decrease infec-
tivity of newly produced virions. Indeed, recombinant Serpin B8 reduced furin-medi-
ated cleavage of an HIV-1 Env reporter substrate in vitro. However, Serpin B8 did not
affect Env maturation or reduce HIV-1 particle infectivity when expressed in HIV-1-pro-
ducing cells. Immunofluorescence imaging, dimerization assays and in silico sequence
analyses revealed that Serpin B8 failed to inhibit intracellular furin since both proteins
localized to different subcellular compartments. We therefore aimed at rendering Serpin
B8 active against HIV-1 by relocalizing it to furin-containing secretory compartments.
Indeed, the addition of a heterologous signal peptide conferred potent anti-HIV-1 activity
to Serpin B8 and significantly decreased infectivity of newly produced viral particles.
Thus, our findings demonstrate that subcellular relocalization of a cellular protease inhibi-
tor can result in efficient inhibition of infectious HIV-1 production.

IMPORTANCE Many cellular proteases serve as dependency factors during viral infection
and are hijacked by viruses for the maturation of their own (glyco)proteins. Consequently,
inhibition of these cellular proteases may represent a means to inhibit the spread of
viral infection. For example, several studies have investigated the serine protease furin
as a potential therapeutic target since this protease cleaves and activates several viral
envelope proteins, including HIV-1 Env. Besides the development of small molecule
inhibitors, cell-intrinsic protease inhibitors may also be exploited to advance current
antiviral treatment approaches. Here, we show that Serpin B8, an endogenous furin in-
hibitor, can inhibit HIV-1 Env maturation and efficiently reduce infectious HIV-1 pro-
duction when rerouted to the secretory pathway. The results of our study not only
provide important insights into the biology of Serpins, but also show how protein en-

gineering of an endogenous furin inhibitor can render it active against HIV-1. . o o
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severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) frequently use the
serine protease furin (also known as proprotein convertase 3, PCSK3) to activate their en-
velope glycoproteins (1). Without such a proteolytic activation step, newly formed virions
are not or only poorly infectious.

Not surprisingly, protease activity needs to be tightly regulated. One important group
of regulators is the protein family of serine protease inhibitors (Serpins). Most Serpins sup-
press protease activity via an unusual mode of action that involves the formation of cova-
lent Serpin-protease heterodimers (2). This irreversible inhibition is initiated by the binding
of the flexible reactive center loop (RCL) of Serpin to the active site of its target protease.
Mimicking a substrate, a covalent acyl-enzyme intermediate is formed. In contrast to regu-
lar protease substrates, however, Serpins undergo a rapid transition into a lower energy
state (S to R transition) that prevents completion of catalysis. Consequently, Serpin remains
covalently linked to the target protease, resulting in long-term inactivation of the latter (2).

Although members of the Serpin protein family share a structure, they target a plethora
of different proteases. Most Serpins inhibit serine proteases, such as thrombin, cathepsin
G, granzyme B, or neutrophil elastase (2). However, some Serpins also act as cross-class
inhibitors binding to caspases and other cysteine proteases (2).

Notably, Serpins not only regulate the proteolytic cleavage of cellular substrates, but
also contribute to antiviral immune responses by suppressing the proteolytic activation of
viral glycoproteins. For example, Serpin E1 (plasminogen activator 1, PAI-1) inhibits cleav-
age of influenza A virus hemagglutinin by extracellular airway proteases (3). Similarly, pro-
teolytic activation of SARS-CoV-2 Spike is inhibited by Serpins A1 (al-antitrypsin), C1
(antithrombin) and E1 (4-6). Finally, recent efforts focus on modifying endogenous
Serpins to increase their (antiviral) activity and on exploring their therapeutic potential.
Mutations in the RCL of Serpin B3, for example, enabled the generation of furin and
TMPRSS2 inhibitors that efficiently restrict SARS-CoV-2 replication (7).

Nevertheless, the biological functions of many Serpins remain poorly understood.
Since several Serpins are known to be induced and/or released upon interferon (IFN)
stimulation or proinflammatory conditions (3, 8, 9), it is tempting to speculate that
additional Serpin family members with antiviral activity remain to be discovered.
Serpins inhibiting furin may exert particularly broad antiviral activity since this protease
is exploited by a plethora of viruses. Screening the scientific literature for Serpins that
inhibit furin, we identified Serpin B8 (also called Peptidase inhibitor 8 [PI-8]) as a prom-
ising candidate. To the best of our knowledge, this is the only Serpin that has been
shown to target furin. Several observations argue for a potential interference of Serpin
B8 with furin-mediated maturation of viral proteins: it efficiently inhibits the viral de-
pendency factor furin in cell-free assays (10, 11), it is expressed in a variety of cell types
(12, 13), it is induced upon TNF-a stimulation (8, 9), and (like furin) it is released into
the extracellular space (11).

Using HIV-1 as a furin-dependent model virus, we therefore aimed at determining
basal expression and inducibility of Serpin B8 in primary viral target cells, its effect on
furin-mediated cleavage of HIV-1 Env, and a potential inhibition of infectious virion
production. We found that Serpin B8 interferes with furin-mediated protein processing
in vitro but fails to restrict HIV-1 when expressed in virus-producing cells. This lack of
inhibition could be ascribed to a lack of colocalization of furin and Serpin B8 inside
cells. Importantly, we were able to confer potent antiretroviral activity to Serpin B8 by
rerouting it to the secretory pathway. Thus, our findings provide important insights
into the biology of Serpin B8 and demonstrate that subcellular relocalization can result
in Serpin variants that efficiently reduce infectious HIV-1 production.

RESULTS

Serpin B8 is expressed in primary target cells of HIV-1. Serpin B8 is constitutively
expressed in a variety of tissues and cell types, with high expression levels in skin and
lymphoid tissues (12, 13). In skin, its expression has been shown to be upregulated by
TNF-a stimulation (8, 9), suggesting that it may be involved in immunity and/or
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inflammatory processes. Since furin-mediated activation of HIV-1 Env takes place in
infected producer cells, we monitored Serpin B8 protein levels in primary CD4* T cells
and monocyte-derived macrophages, the main target cells of HIV-1. Western blot
analyses revealed that Serpin B8 is readily detectable in macrophages and expressed
at low levels in PHA/IL-2 stimulated CD4* T cells from healthy donors (Fig. 1A).
Infection with different clones of HIV-1 or stimulation with TNF-a did not increase
Serpin B8 protein levels in CD4* T cells. The presence of Serpin B8 in HIV target cells
thus raised the possibility that it may affect virion infectivity by interfering with furin-
mediated Env processing.

Recombinant Serpin B8 inhibits the proteolytic activity of furin and HIV-1 Env
substrate cleavage. Furin recognizes and cleaves polybasic motifs with the consensus
sequence R-X-K/R-R (1, 14). To investigate the proteolytic activity of furin in the pres-
ence or absence of Serpin B8, we took advantage of a fluorophore-based reporter
assay (15). In this approach, cleavage of a coumarin-derived substrate harboring a poly-
basic cleavage site results in the generation of a fluorescent product (Fig. 1B). Kinetics
experiments with a substrate harboring the minimal furin cleavage site R-T-K-R showed
a modest, but dose-dependent inhibition of furin activity by recombinant Serpin B8
(Fig. 1C, left panel). A 10-fold molar excess of Serpin B8 over furin reduced substrate
cleavage by about 30% (Fig. 1C, right panel). In line with the previously reported role
of furin in HIV-1 Env maturation, a substrate harboring the consensus cleavage site of
Env (RRVVEREKR) was also cleaved by furin (Fig. 1D, left panel). In this case, Serpin B8
reduced substrate cleavage by up to 60% (Fig. 1D, right panel).

Serpin B8 does not reduce HIV-1 infectivity. Since some Serpins require coactiva-
tors to efficiently exert their inhibitor activity (16), we also monitored the effect of
Serpin B8 on HIV-1 NL4-3 Env maturation in a cellular environment. Briefly, HEK293T
cells were cotransfected with an expression plasmid for HIV-1 Env and increasing
amounts of an expression vector for Serpin B8. Untransfected HEK293T cells do not
express detectable levels of endogenous Serpin B8 (Fig. 2A). As expected, the imma-
ture Env precursor (gp160) was cleaved into its mature forms (gp120/gp41) in the ab-
sence of Serpin B8 (Fig. 2A). Surprisingly, overexpression of Serpin B8 did not inhibit
Env maturation, but rather slightly enhanced HIV-1 gp160 cleavage.

Since proteolytic cleavage and activation of HIV-1 Env are prerequisites for full vi-
rion infectivity, we investigated the effect of Serpin B8 on infectious HIV-1 yield. To this
end, HEK293T cells were cotransfected with a proviral construct for HIV-1 NL4-3 and
increasing amounts of an expression plasmid for Serpin B8. The previously described
furin inhibitor guanylate-binding protein 5 (GBP5) (17) served as a positive control.
Two days posttransfection, cell culture supernatants were harvested, and infectious
HIV-1 yield was quantified by infecting TZM-GFP reporter cells (18). As expected, GBP5
reduced infectious virus yield in a dose-dependent manner (Fig. 2B, right). In contrast,
Serpin B8 had no inhibitory effect, although it was efficiently expressed in the producer
cells (Fig. 2B, left). To determine HIV-1 particle infectivity, we normalized total infectiv-
ity to the amount of HIV-1 p24 capsid protein in the cell culture supernatants. Again,
Serpin B8 showed no reducing activity, while GBP5 significantly decreased relative vi-
rion infectivity (Fig. 2C). In line with these findings, Env processing was not inhibited
by increasing amounts of Serpin B8 (Fig. 2D). In fact, the percentage of mature gp120
to total Env (i.e., gp120 + gp160) in virions was even slightly enhanced in the presence
of Serpin B8. In summary, these findings demonstrate that HIV-1 Env is efficiently proc-
essed and activated in cells expressing high levels of Serpin B8.

Serpin B8 does not colocalize with furin. It came as a surprise that Serpin B8
reduced Env cleavage in our in vitro protease activity assay (Fig. 1B to D) but did not
affect HIV-1 Env maturation when overexpressed in cells (Fig. 2A and D). This raised
the possibility that Serpin B8 and furin may not localize to the same subcellular com-
partments, preventing a direct interaction inside cells. While furin enters the secretory
pathway and can be found in the lumen of the ER, Golgi, and secretory vesicles (1),
Serpin B8 lacks a signal peptide (Fig. 3A) (19), suggesting that it does not enter the ca-
nonical secretory pathway. Previous studies reported a nuclear and/or cytoplasmic
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FIG 1 Serpin B8 is expressed in HIV-1 target cells and reduces furin activity in vitro. (A) Western blot of primary CD4" T cells and
primary monocyte-derived macrophages. CD4" T cells were stimulated with IL-2, PHA or TNF-« as indicated, and infected with
different clones of HIV-1 (NL4-3, CH293, CH077, STCO1, CH198). Three days postinfection, cells were lysed, and the amount of
Serpin B8 was determined by Western blotting. A cell lysate of HEK293T cells overexpressing Serpin B8 served as positive control.
Successful HIV-1 infection was validated via detection of HIV-1 capsid/p24; GAPDH served as loading control. (B) Principle of the
furin activity assay: 7-amino-4-methylcoumarin (AMC)-based substrates harboring a minimal furin cleavage site (Arg-Thr-Lys-Arg)
or the polybasic consensus cleavage site of HIV-1 Env (Arg-Arg-Val-Val-Glu-Arg-Glu-Lys-Arg) are converted into a fluorescent
product by furin. (C, D) One nmol of reporter substrates harboring either (C) the minimal furin cleavage site or (D) the furin
cleavage site of HIV-1 Env were coincubated with the indicated molar ratios of recombinant human furin and Serpin B8. Samples
without substrate or without furin served as negative controls. Substrate conversion was monitored for 300 min as a reporter for
furin activity. Representative experiments performed in technical triplicates (x=SD) are shown on the left. The panels on the right
show the mean areas under the curve (£SD) of three technical triplicates. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05.

June 2023 Volume 97 Issue 6 10.1128/jvi.00294-23 4


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00294-23

Modified Serpin B8 Restricts HIV-1 Journal of Virology

A

w

*kk
200 400

*
150
0
100 KDa- "E: o |- gp160 -~ T
120 kba- a . - gp120 A i infected
30 28 30 35 35 L e R S

reporter cells

w
o
o

HIV-1 Env cleavage
(% of vector control)
g 8
I I

infectious HIV-1 yield
(% of vector control)
g g

39 gp120/total Env (%)

72 kDa-
42 kDa- 5 57 kDa- - ——— W= |- GBP5 (HA)
- Serpin B8 5 4
hoch 42 KDa- | & - Serpin B8

W St St g e | - GAPDH

I S v S i oy S P ot m wmermer | - GAPDH

1 kDa- 31 kDa-
= = ‘ = 2
B I B 5 R | g
5 Serpin B8 S Serpin B8 S GBP5 £
- ‘6 [%]
: g
HIV-1 Env ) HIV-1 !

o
S
o

D

s 165 kDa- | -gp160
125 kDa- | -
150 [_— " " gp120
72 80 84 8 90 97  gpi20/total Env (%)
24 kDa-

‘-‘---l-p24

,_4

Serpin B8

o
o

*%

HIV-1 particle infectivity
(% of vector control)
s
o

vector ctrl

4

Serpin B8

4

GBP5

vector ctrl
vector ctrl

FIG 2 Serpin B8 does not reduce infectivity of newly produced HIV-1 particles. (A) HEK239T cells were cotransfected with expression plasmids for HIV-1
Env and Serpin B8. Two days posttransfection, cells were lysed and cleavage of the HIV-1 Env precursor gp160 into mature gp120 was monitored by
Western blotting. GAPDH served as a loading control. One representative blot is shown at the bottom. Env cleavage was calculated by quantifying the
percentage of gp120 to total Env (i.e, gp160 + gp120). Mean values of three independent experiments (+=SD) are shown on top. (B) HEK293T cells
were cotransfected with an infectious molecular clone of HIV-1 NL4-3 and expression plasmids for Serpin B8 or GBP5. Two days posttransfection, cells
and supernatants were harvested. Western blotting was used to validate the expression of Serpin B8 and GBP5. One representative blot is shown at the
bottom. Infectious HIV-1 yield was determined by infecting TZM-GFP reporter cells. GFP-expressing (i.e., HIV-1 infected) reporter cells of one representative
experiment are shown in the middle panel. Mean infectious virus yields of three to six independent experiments (+SD) are shown on top. (C) The amount
of HIV-1 p24/capsid protein in the supernatants of the experiment described in (B) were determined by ELISA. Relative virion infectivity was calculated by
normalizing total infectious yield to the amount of p24. Mean values of three independent experiments (£SD) are shown. (D) Cleavage of immature HIV-1
Env gp160 into gp120 was monitored by Western blotting of the supernatants obtained from the experiment described in (B). The percentage of gp120 to
total Env was calculated. One representative Western blot is shown. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05.

localization of Serpin B8 (13, 20-22). However, platelets have been shown to also
release Serpin B8 upon their activation (11). In transfected HEK293T cells, immunofluo-
rescence imaging showed no marked colocalization of furin with Serpin B8 (Fig. 3B).
While furin was detected in juxtanuclear compartments and vesicular structures, Serpin
B8 was evenly distributed throughout the cell. A similar distribution was observed in
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FIG 3 Serpin B8 does not colocalize with furin. (A) The presence and absence of a signal peptide in furin (top
panel) or Serpin B8 (bottom panel), respectively, was predicted using SignalP-6.0 (44). Amino acid positions are
indicated on the x axis. The signal peptide and its corresponding cleavage site are shown on top. (B) To
monitor the subcellular localization of Serpin B8 and furin, HEK293T cells were cotransfected with expression
plasmids for furin and/or Serpin B8. Two days posttransfection, cells were permeabilized, stained and analyzed
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primary monocyte-derived macrophages (Fig. 3C) and monocytes (13), suggesting that
endogenous Serpin B8 does not enter the canonical secretory pathway in these cell
types either. To further investigate whether Serpin B8 and furin interact with each other
inside cells, we took advantage of the suicide mode-of-action of SERPINs that involves a
covalent binding to their respective target proteases. In line with the lack of colocaliza-
tion, however, covalent heterodimerization was not observed in HEK293T cells coexpress-
ing Serpin B8 and furin (Fig. 3D). This strongly suggests that Serpin B8 fails to interfere
with furin-mediated processing of HIV-1 Env as Serpin B8 and furin localize to different in-
tracellular compartments.

Rerouting of Serpin B8 to the secretory pathway renders it active against HIV-1.
Due to the lack of colocalization, we aimed at rendering Serpin B8 antivirally active by
adding a signal peptide (SP) to its N terminus that relocalizes it to furin-containing
compartments. We took advantage of the SP of PCSK5 (Fig. 4A), which has been shown
to mediate entry of proteins into the secretory pathway (23). Successful relocalization
was confirmed by immunofluorescence microscopy. While wild-type Serpin B8 was
evenly distributed throughout the cytoplasm and the nucleus (Fig. 3B), Serpin B8 har-
boring a signal peptide (SP-Serpin B8) was localized to perinuclear and vesicular struc-
tures and colocalized with furin (Fig. 4B). Furthermore, the amount of proteolytically
active furin in cell culture supernatants was reduced in the presence of SP-Serpin B8,
but not wild type Serpin B8. (Fig. 4C and D). Most importantly, rerouted Serpin B8 also
gained potent anti-HIV-1 activity and reduced infectious virus yield as efficiently as GBP5
(Fig. 4E and 2B). We also noted the appearance of a high-molecular weight band (105 to
110 kDa) suggesting that SP-Serpin B8 forms covalent dimers with a host protein (Fig.
4E). This band, however, was not detected by furin-specific antibodies. In line with inhibi-
tion of proteolytic Env activation, SP-Serpin B8 significantly reduced HIV-1 particle infec-
tivity (Fig. 4F), decreased the ratio of mature to total Env in virus-producing cells and the
amount of mature gp120 in newly produced virions (Fig. 4G).

Rerouted Serpin B8 reduces infectivity of pseudovirions carrying the glycopro-
tein GP of Marburg virus. Since several viral pathogens exploit furin for proteolytic
maturation of their glycoproteins, we hypothesized that the antiviral activity of SP-
Serpin B8 may not be limited to HIV-1. To test this hypothesis, we analyzed the effect
of rerouted Serpin B8 on the infectivity of lentiviral pseudoparticles carrying the glyco-
protein of Marburg virus. Marburg virus glycoprotein (GP) harbors a polybasic cleavage
site (RRKR) that is cleaved by furin and/or related PCSKs (24). In a previous study (25),
specific inhibition of furin reduced Marburg virus titers, but failed to completely block
replication in Vero E6 cells. In line with our model that SP-Serpin B8 inhibits furin-medi-
ated glycoprotein processing, SP-Serpin B8 dose-dependently reduced total infectious
yield and relative infectivity of Marburg virus pseudovirions (Fig. 5A and B).

DISCUSSION

In our present study, we explored the ability of the cellular furin inhibitor Serpin B8
and a relocalized variant thereof to interfere with the maturation and infectivity of HIV-
1 particles. We found that Serpin B8 has the potential to inhibit furin-mediated proc-
essing of the HIV-1 Env protein but requires rerouting to the secretory pathway to
reduce infectious HIV-1 yield and particle infectivity.

The serine protease furin is exploited by a variety of viruses. These include enveloped
viruses of the retro-, herpes-, corona-, flavi-, toga-, borna-, bunya-, filo-, orthomyxo-, para-
myxo-, and pneumoviridae, whose envelope glycoproteins are activated by a proteolytic
activation step, but also naked viruses such as papillomaviruses that use furin to prime

FIG 3 Legend (Continued)

by immunofluorescence microscopy (scale bar = 10 um). A colocalization plot illustrating the signal intensities of
furin and Serpin B8 for each pixel is shown at the bottom. (C) Primary monocyte-derived macrophages were
stained for endogenous Serpin B8 (bottom) and analyzed via immunofluorescence microscopy (scale bar = 10 um).
An isotype control was used to determine unspecific background signals (top). (D) HEK293T cells were transfected
with the indicated expression plasmids. Two days posttransfection, cells were lysed and analyzed by Western
blotting. To detect Serpin B8, furin, and potential covalent heterodimers thereof, the membrane was probed with
antibodies against Serpin B8 (top) and the AUT tag of furin (middle). GAPDH served as loading control (bottom).
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FIG 4 Rerouting of Serpin B8 to the secretory pathway renders it active against HIV-1. (A) Fusion of the signal peptide of
murine PCSK5 to the N terminus of human Serpin B8. The presence of a signal peptide was predicted using SignalP-6.0
(44). (B) Immunofluorescence microscopy of HEK239T cells cotransfected with expression plasmids for furin and Serpin B8
harboring an N-terminal signal peptide (SP-Serpin B8). A colocalization plot is shown on the right. (C, D) To analyze the
effect of SP-Serpin B8 on furin activity, supernatants of HEK293T cells cotransfected with expression plasmids for furin
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FIG 5 Rerouted Serpin B8 reduces infectivity of pseudovirions carrying the glycoprotein of Marburg
virus. (A, B) Lentiviral luciferase reporter viruses carrying the glycoprotein of Marburg virus were
generated in the presence of increasing amounts of SP-Serpin B8. (A) Total infectious pseudovirus yield
was determined by infecting HEK293T cells and subsequent quantification of luciferase activity. (B)
Relative pseudovirion infectivity was determined by normalizing total infectivity to the amount of p24
as determined by ELISA. Mean values of three independent experiments (+=SD) are shown. **** p <
0.0001; ***, P < 0.001.

their capsid proteins (1). This broad dependency of viruses on furin may be the con-
sequence of the expression of this protease in essentially all cell types and tissues (1).
Since furin enters the secretory pathway, it can activate viral proteins not only in
infected producer cells, but also the extracellular space or upon viral entry into new
target cells (1).

Intriguingly, host factors inhibiting the enzymatic activity of furin and other host
proteases have emerged as components of the immune response against viruses as
they reduce virion infectivity by suppressing viral protein maturation. For example, the
G-protein coupled receptor PAR1 traps furin in the trans-Golgi network and inhibits its
ability to process HIV-1 Env (26, 27). Similarly, the IFN-inducible proteins GBP2 and
GBP5 reduce furin activity, thereby inhibiting the spread of HIV-1, measles, Zika, SARS-
CoV-2, and other furin-dependent viruses (17, 28). We therefore hypothesized that
another endogenous furin inhibitor, Serpin B8, may also negatively interfere with the
replication of HIV-1 and potentially other viral pathogens.

In contrast to other Serpins, Serpin B8 lacks an N-terminal signal peptide (Fig. 3A),
suggesting that it is not released via the canonical secretory pathway. Dahlen and col-
leagues hypothesized that two hydrophobic regions (H1 and H2) at its N terminus
might mediate its release (29). Similar secretion motifs have been reported for Serpin
B14 (=Ovalbumin) (30) and Serpin B2 (=PAI-2) (31). In line with a noncanonical mode of
release, Serpin B8 was evenly distributed throughout the cytoplasm and the nucleus of
primary macrophages (Fig. 3C) and transfected HEK293T cells and did not colocalize

FIG 4 Legend (Continued)

and increasing amounts of the indicated Serpin B8 variants were harvested 2 days posttransfection. The proteolytic
activity in the culture supernatants was analyzed using the AMC reporter assay described in Fig. 1B. Mean values of
three independent experiments (=SD) are shown. (E) HEK293T cells were cotransfected with an infectious molecular
clone of HIV-1 NL4-3 and expression plasmids for the indicated Serpin B8 variants. Two days posttransfection, cells and
supernatants were harvested. Western blotting was used to validate expression of Serpin B8. One representative blot is
shown at the bottom. Two days posttransfection, infectious HIV-1 yield was determined by infecting TZM-GFP reporter
cells. GFP-expressing (i.e., HIV-1 infected) reporter cells of one representative experiment are shown in the middle panel.
Mean infectious virus yields of three to six independent experiments (+SD) are shown on top. (F) Relative virion
infectivity was calculated by normalizing total infectious yield to the amount of p24 as determined by ELISA. Mean
values of three independent experiments (+SD) are shown. (G) Western blotting was performed to determine Env levels
in virions (top) and cell lysates (bottom) of the experiment described in panel E. GAPDH served as a loading control for
cell lysates, while p24 was detected to monitor the amount of viral capsid protein in the supernatants. One representative
blot is shown for virions and cells, respectively. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05.
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with furin in the secretory pathway (Fig. 3B). This intracellular lack of interaction also
explains why overexpression of Serpin B8 did not reduce furin-mediated Env matura-
tion or infectious HIV-1 production. Even if the two proteins do not colocalize within
cells, Serpin B8 may inhibit furin in the extracellular space. Yet, this inhibition comes
too late to exert any antiretroviral effect, since HIV-1 Env has already been proteolyti-
cally activated during its transport to the cell surface. It is therefore unlikely that Serpin
B8 reduces HIV-1 Env maturation and thus virion infectivity in vivo. The same is true for
Marburg virus, whose glycoprotein is also cleaved in producer cells (24). In contrast, vi-
ral proteins that are proteolytically processed after virion release may be susceptible to
Serpin B8. Two examples are the prM protein of Dengue virus (32) and the minor cap-
sid protein L2 of human papillomaviruses (33). Thus, Serpin B8 may still restrict some
furin-dependent viruses, even though it fails to inhibit HIV-1 Env maturation.

Surprisingly, overexpression of Serpin B8 even modestly enhanced the processing of
immature HIV-1 gp160 into its mature forms and increased infectivity of newly produced
virions. The molecular mechanism underlying this enhancing effect remains enigmatic. It
is tempting to speculate that Serpin B8 inhibits a protease other than furin that exerts
direct or indirect antiviral effects. Besides furin (29), Serpin B8 blocks the proteolytic activ-
ity of trypsin, thrombin, Factor Xa, subtilisin A (10), and chymotrypsin (29). However, the
in vivo relevance of these findings remains unclear since these targets were identified
using in vitro assays and include nonhuman proteases. Intriguingly, two independent
loss-of-function mutations in Serpin B8 were identified in families suffering from an auto-
somal-recessive form of exfoliative ichthyosis (34). Thus, Serpin B8 seems to exert an im-
portant physiological role in maintaining mechanical stability of the skin. In agreement
with this, Serpin B8 is readily detected in squamous epithelia (13), and siRNA-mediated
depletion of Serpin B8 results in a cell-cell adhesion defect (34). It is therefore tempting to
speculate that Serpin B8 targets a protease that plays an important role in skin develop-
ment and/or integrity.

Most importantly, the addition of an N-terminal signal peptide to Serpin B8 turned
Serpin B8 into a potent inhibitor of HIV-1. While wild type (wt) Serpin B8 slightly
enhanced infectious HIV-1 production (Fig. 2B), the rerouted variant reduced virion
infectivity by more than 50% (Fig. 4F) and total infectious HIV-1 yield by more than
80% (Fig. 4E). Furthermore, SP-Serpin B8 reduced infectivity of lentiviruses carrying the
glycoprotein of Marburg virus, which is also cleaved by furin and/or related PCSKs (24).

In cells expressing the Serpin B8 variant with signal peptide, we also detected a 105-
to 110-kDa protein by Western blotting using a Serpin B8-specific antibody (Fig. 4E). A
similar high-molecular-weight band was absent from cells overexpressing wild-type
Serpin B8. We initially hypothesized that this band represents a covalent heterodimer of
SP-Serpin B8 with furin. However, a dimer of Serpin B8 (~43 kDa after removal of the SP)
and mature furin (90 to 98 kDa) is expected to show a higher apparent molecular weight.
Furthermore, the 105- to 110-kDa protein could not be detected using a furin-specific
antibody (data not shown). Thus, Serpin B8 may target yet another protease in the secre-
tory pathway of HEK293T cells. This is not surprising given its broad inhibitory activity in
vitro, including the inhibition of bacterial subtilisin A (10). Nevertheless, inhibition of furin
by SP-Serpin B8 could be validated since overexpression of furin increased cleavage of
polybasic 7-amino-4-methylcoumarin (AMC) substrates in the presence of wild-type
Serpin B8, but not SP-Serpin B8.

While the full protease target spectrum of Serpin B8 remains to be elucidated, our
results provide important insights into the biology of Serpin B8 and help to understand
its role in inhibiting proteases involved in viral replication. Moreover, a direct compari-
son of Serpin B8 variants that are released via the canonical (SP-Serpin B8) or nonca-
nonical (wild type) secretory pathway may serve as useful tool to determine the exact
site and timing of viral or host protein processing. Finally, we here present an example
of protein engineering that confers antiviral activity to a host protein by rerouting it
and may help to advance therapeutic approaches that aim at targeting furin or other
host proteases to inhibit viral spread.
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MATERIALS AND METHODS

Cell culture. HEK293T cells were cultured in DMEM containing 10% heat-inactivated fetal calf serum
(FCS) plus 2 mM L-glutamine, 100 wg/mL streptomycin and 100 units/mL penicillin and were cultured at
37°C, 90% humidity, and 5% CO,. They were provided and authenticated by the ATCC. HEK293T cells
were isolated from a female fetus and first described by DuBridge et al. (35). TZM-GFP cells were
obtained through the NIH HIV Reagent Program, NIAID, NIH and contributed by David G. Russell and
David W. Gludish (18). TZM-GFP cells are derived from HeLa cells, which were isolated from a 30-year-old
female. They express the HIV-1 entry receptors (CD4, CXCR4, CCR5). GFP is expressed under the control
of the HIV-1 long terminal repeat (LTR) promoter and serves as a reporter for HIV-1 infection.

Isolation of primary cells. Peripheral blood mononuclear cells (PBMCs) from healthy human donors
were isolated using lymphocyte separation medium. CD4* T cells were negatively isolated using the
RosetteSep human CD4" T cell enrichment cocktail (StemCell) according to the manufacturer’s instructions.
CD4* T cells were cultured in RPMI 1640 medium supplemented with FCS (10%), glutamine (2 mM), streptomy-
cin (100 mg/mL), penicillin (100 U/mL), and interleukin-2 (IL-2) (10 ng/mL) at 37°C, 90% humidity, and 5% CO,.

Macrophages were generated from buffy coats essentially as described (36). Briefly, PBMCs were iso-
lated from buffy coats by Ficoll-Paque PLUS density gradient centrifugation and 2 x 107 PBMCs were
seeded in petri dishes in RPMI medium supplemented with 4% human AB serum, 2 mM L-glutamine,
100 ng/mL penicillin-streptomycin, 1 mM sodium pyruvate, 1x nonessential amino acids and 0.4x MEM
vitamins. Monocytes were differentiated for 3 days by plastic adherence into monocyte-derived macro-
phages (MDM). After 3 days, nonadherent cells were removed by washing and the MDM were further
differentiated for 4 days. Accutase was used to detach the MDM for 45 min at 37°C. The cells were then
directly processed for Western blot. The use of PBMCs from healthy human donors was approved by the
local ethics committee (507/2017B01 and 127/2022B02).

Expression plasmids and proviral constructs. C-terminally AU1-tagged human furin (17) and N-ter-
minally HA-tagged human GBP5 (37) were expressed from pCG-based expression vectors that have
been described before. Both genes had been inserted via Xbal and Mlul. The furin expression plasmid
coexpresses blue fluorescent protein (BFP) via an IRES. A pCG construct harboring HIV-1 NL4-3 nef with
premature stop codons, which expresses eGFP, was used as empty vector control (38). HIV-1 NL4-3 Env
(untagged) was inserted into pCAGGS via EcoRl and Kpnl essentially as described before. Infectious mo-
lecular clones of HIV-1 NL4-3 92TH014-12 (39), CH293 (40), CHO77 (41), STCO1 (40), and CH198 (40) have
been described before. The HIV-1 NL4-3 clone was obtained via the National Institutes of Health (cat. no.
114). The HIV-1 NL4-3 env stop firefly luciferase reporter plasmid and pCAGGS expression plasmid for
Marburg virus glycoprotein that were used for pseudotyping have been described before (17, 42, 43). C-
terminally myc-tagged human Serpin B8 was expressed from a CMV-promoter based plasmid (pCMV6)
purchased from OriGene Technologies (cat. no. RC223880). The nucleotides encoding the signal peptide
of murine PCSK5 (nt 1 to 123) were added to the 5’ end of Serpin B8 via overlap extension PCR. The
resulting fusion construct was inserted into pCMV6 via Bglll and Mlul.

Transfection. HEK293T cells were transiently transfected using the calcium-phosphate precipitation
method. One day before transfection, 6x10° HEK293T cells were seeded in 6-well plates in 2 mL supple-
mented DMEM to obtain a confluence of 50% to 60% at the time of transfection. For transfection, 5 ug
DNA was mixed with 13 uL 2 M CaCl, and filled up with water to 100 uL. Afterwards, 100 uL 2x 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffered saline (HBS) was added, mixed, and added drop-
wise to the cells. Medium change was performed 16 h after transfection.

Stimulation and infection of CD4* T cells. Isolated CD4* T cells were stimulated with 1 wg/mL IL-2
and 1 pwg/mL phytohemagglutinin (PHA). An additional control was costimulated with 100 ng/mL of TNF-a.
Two days later, 1 x 10° stimulated cells were infected by spinoculation with 1:1.2 diluted supernatant of
HEK293T, transfected with different HIV-1 plasmids. Spinoculation was performed at 1,200 rcf for 120 min at
37°C. Afterwards, the cells were incubated in RPMI media with 1 wg/mL IL-2 at 37°C, 90% humidity, and 5%
CO.. Three days later, the cells were processed for Western blot.

Gel electrophoresis and Western blot. Two days after transfection, cells were washed in PBS and
subsequently lysed in Western blot lysis buffer (150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.1% NP-40,
500 mM Na,VO,, 500 mM NaF, pH 7.5) supplemented with a protease inhibitor pill (Roche, no.
5892791001). After incubating on ice for 20 min, the samples were centrifuged (4°C, 20 min, 20,817 x g)
and the supernatant was transferred to a fresh tube for further analysis. Whole-cell lysates were mixed
with protein sample loading buffer (LI-COR) supplemented with 10% B-mercaptoethanol (Sigma-
Aldrich), heated at 95°C for 5 min, separated on NUPAGE 4 to 12% Bis-Tris gels (Invitrogen) for 80 min at
120 V and blotted onto Immobilon-FL PVDF membranes (Merck Millipore). The transfer was performed
at a constant voltage of 30 V for 30 min. After transfer, the membrane was blocked in 5% milk in PBS
(Thermo Scientific). Proteins were stained using primary antibodies against Serpin B8 (santa cruz, no.
101371), GAPDH (Biolegend, no. 607902); HIV-1 Env (NIH, no. 12559); HA-tag (abcam, no. 18181), HIV-1
p24 (abcam, no. 9071) and infrared dye labeled secondary antibodies (LI-COR IRDye). Membranes were
scanned using LI-COR and band intensities were quantified using Image Studio Lite version 5.2. (LI-COR).

To process supernatants for Western blotting, 200 uL of 20% sucrose (Sigma-Aldrich) were overlaid
with 1,000 uL supernatant and then centrifuged (4°C, 90 min, 20,817 x g). Afterwards, the supernatant
was taken off, and the remaining virus pellet was resuspended in 10 L lysis buffer supplemented with
protein sample loading buffer and B-mercaptoethanol.

AMC reporter assays. In a 96-well format, 100 ng (RTKR-substrate) or 200 ng (Env substrate) of
recombinant human furin (BioLegend, no. 719402) was incubated with different amounts of recombi-
nant human Serpin B8 (Biorbyt Ltd., no. 754692) (1:10, 1:1, 10:1) for 30 min at room temperature (RT).
Afterwards, 1 nmol of a 7-amino-4-methylcoumarin (AMC) substrate harboring the minimal target
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sequence for furin or the consensus cleavage site of Env (Nanjing Biotech) was added per well with a final
volume of 100 uL and a final concentration of 1 mM CaCl, in water. Furin-mediated cleavage was deter-
mined every 2 min for 5 h, using a Cytation 3 Imaging Reader (355 nm excitation and 460 nm emission).

To determine the proteolytic activity in cell culture supernatants, HEK293T cells were cotransfected with
expression plasmids for furin and GBP5 or SERPINB8 (wild type or with signal peptide) in different ratios
(1:4, 1:1, 4:1). Two days posttransfection, supernatants were harvested. The activity assay was performed
using 20 ul of supernatant and 1 nmol AMC substrate (RTKR and Env). Proteolytic cleavage was determined
every 3 min for 5 h, using a Cytation 3 imaging reader (355 nm excitation and 460 nm emission).

ELISA. To determine the amounts of HIV-1 virions present in the supernatants of infected cells, the p24
capsid protein was quantified using a home-made p24 sandwich ELISA. High-binding ELISA plates (Sarstedt, no.
82.1581.200) were coated with the p24-coating antibody (ExBio, no. 11-CM006-BULK) overnight at RT. Plates
were washed, blocked with PBS supplemented with 10% FCS for 1 h at 37°C and washed again before adding
samples and p24 protein standard. After overnight incubation, plates were washed, incubated with a polyclonal
anti-HIV p24 antiserum (Eurogentech, produced on demand) and a secondary HRP-conjugated antibody
(Dianova, no. 111-035-008), each for 1 h at 37°C. Plates were washed again, 3,3',5,5'-Tetramethylbenzidine
(TMB) substrate was added and after several minutes of incubation the reaction was stopped with 0.5 M H,SO,.
Absorption was measured at 450 nm with a baseline correction at 650 nm using a microplate reader.

TZM-GFP reporter assay. To determine infectious HIV-1 yield, 6,000 TZM-GFP cells per well were
seeded in a 96-well plate and infected with different dilutions of cell culture supernatant in triplicates on
the following day. Three days postinfection, GFP expression was quantified using an Incucyte imaging
device. The area of GFP positive cells was normalized to the total area of cells.

Pseudotyping assay. For pseudotyping, HEK293T cells were cotransfected with an HIV-1 NL4-3 env
stop firefly luciferase reporter plasmid and an expression plasmid for the viral glycoprotein of Marburg
virus (DNA ratio of HIV-1 NL4-3 env stop/viral glycoprotein: 1.225 1£9/0.025 g [17] in a 12-well format).
Virus stocks were used to transduce HEK293T cells in triplicates, which were seeded 1 day prior to trans-
duction in a 96-well plate format in a density of 10,000 cells/well. Three days postransduction, firefly lu-
ciferase activity was measured using luciferase cell culture lysis 5x reagent and luciferase assay system
(Promega) according to the manufacturer’s instructions.

Immunofluorescence microscopy. 1.5 x 10° HEK293T cells in 500 uL DMEM were seeded on cover-
slips coated with poly-t-lysine (PLL) in a 24-well plate. On the following day, cells were transfected using
Lipofectamine 2000 (Invitrogen, no. 11668019) following the manufacturer’s instructions (800 ng DNA,
1.5 ul lipofectamine, 50 uL Opti-MEM). Staining was performed one or two days posttransfection. First,
the cells were washed once with cold PBS and fixed with 4% PFA in PBS for 20 min at room temperature.
After washing with PBS, the cells were stained with primary antibodies against Serpin B8 (Santa Cruz, no.
101371, 4 ng/mL) and AUT tag (Novus Biologicals, no. NB600-453, 4 n.g/mL) (1.5 h each) and secondary anti-
bodies donkey antimouse AF555 and donkey antirabbit AF488 (1 h). For DNA staining, DAPI (200 ng/mL)
was applied for 30 s. After washing, the coverslips were mounted in 10 uL Mowiol mounting medium (Carl
Roth) and sealed using nail polish. Macrophages were seeded on coverslips in a 24-well format at a density
of 1 x 10° cells/well. One day later, cells were fixed, washed, and stained for Serpin B8 and DAPI as outlined
above. Confocal microscopy was performed using an LSM710 (Carl Zeiss).

Signal peptide prediction. The presence or absence of an N-terminal signal peptide was predicted
using SignalP-6.0 using the following settings: Organism: Eukarya; Output format: Long output; Model
mode: Slow (44).

Statistical analyses. All statistical calculations were performed using GraphPad PRISM 8. P values
were determined using one-way ANOVA. Unless otherwise stated, data are shown as the mean of at
least three independent experiments = SD.
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