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SUMMARY

Guanylate-binding protein (GBP) 5 is an interferon
(IFN)-inducible cellular factor reducing HIV-1 infec-
tivity by an incompletely understood mechanism.
Here, we show that this activity is shared by GBP2,
but not by other members of the human GBP family.
GBP2/5 decrease the activity of the cellular propro-
tein convertase furin, which mediates conversion of
the HIV-1 envelope protein (Env) precursor gp160
into mature gp120 and gp41. Because this process
primes HIV-1 Env for membrane fusion, viral particles
produced in the presence of GBP2/5 are poorly
infectious due to increased incorporation of non-
functional gp160. Furin activity is critical for the
processing of envelope glycoproteins of many viral
pathogens. Consistently, GBP2/5 also inhibit Zika,
measles, and influenza A virus replication and
decrease infectivity of viral particles carrying glyco-
proteins of Marburg and murine leukemia viruses.
Collectively, our results show that GPB2/5 exert
broad antiviral activity by suppressing the activity of
the virus-dependency factor furin.

INTRODUCTION

Infection with HIV and other viral pathogens triggers the produc-

tion of interferons (IFNs), which induce an antiviral cellular state

by upregulating the expression of hundreds of IFN-stimulated

genes (ISGs). The products of these genes exert numerous
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effector functions and may target essentially every step of the

viral replication cycle. Among the earliest identified ISGs were

guanylate-binding proteins (GBPs) (Cheng et al., 1983; Staeheli

et al., 1984). It was their marked IFN-inducibility that helped to

decipher the type I and II IFN signaling cascades (Decker

et al., 1989; Lew et al., 1991). The human genome encodes

seven members of this protein family (GBP1–7), all of which

are assumed to act as GTPases hydrolyzing GTP to GDP and

GMP (Vestal and Jeyaratnam, 2011). Together with Myxoma

resistance proteins (MxA and MxB), immunity-related GTPases

(IRGs), and very large inducible GTPases (VLIGs), GBPs form

the superfamily of so-called IFN-inducible GTPases (Kim et al.,

2012). Although numerous studies characterized the restriction

of influenza A viruses and HIV by Mx proteins (reviewed in Haller

et al., 2015), little is known about the antiviral activity of other

members of this superfamily.

GBPs are probably the most enigmatic of all IFN-inducible

GTPases. Initially described as cellular factors providing resis-

tance against bacterial and protozoan pathogens (Vestal and

Jeyaratnam, 2011), they were subsequently also shown to be

important components of the immune defense against viruses.

For example, GBP1 has been shown to restrict vesicular stoma-

titis virus (VSV), encephalomyocarditis virus (EMCV), and hepati-

tis C virus (HCV) by yet unknown mechanism(s) (Anderson et al.,

1999; Itsui et al., 2006, 2009). Furthermore, a splice variant of

human GBP3 (hGBP-3DC) suppresses influenza A virus replica-

tion by inhibiting the viral polymerase complex (Nordmann et al.,

2012). In addition, genome-wide association studies suggest a

potential role of porcine GBPs in resistance to porcine reproduc-

tion and respiratory syndrome virus (PRRSV) infection (Rowland

et al., 2012). Finally, we have recently shown that GBP5 reduces

HIV-1 infectivity by interfering with maturation and virion
).
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Figure 1. GBP2 and GBP5 Interfere with HIV-1 Env Maturation and Reduce Infectivity of HIV-1

(A) HEK293T cells were co-transfected with a proviral construct of HIV-1 CH058 (left panel) or NL4-3 (right panel) and increasing amounts of an expression

plasmid for the indicated GBPs. Two days posttransfection, infectious virus yield was determined by infection of TZM-bl reporter cells. Mean values of three

independent experiments ± SEM are shown. Asterisks indicate statistically significant differences compared with the control without GBP.

(B) Cells were transfected as described in (A) using HIV-1 CH058 and 1.5 mg GBP expression plasmid. Two days posttransfection, cells and supernatants were

lysed for western blot analysis. Green and orange arrowheads indicate an altered virion incorporation of gp120/gp160 and a reduced apparent molecular weight

of cellular gp120, respectively. Band intensities were quantified to calculate the ratio of gp120 to total Env.

See also Figure S1.
incorporation of the envelope glycoprotein (Env) (Hotter et al.,

2017; Krapp et al., 2016). Our findings showed that GTPase ac-

tivity is dispensable for the anti-HIV activity of GBP5 (Krapp et al.,

2016). However, it remained unclear how this cellular factor de-

creases virion infectivity. Thus, the main objective of the present

study was to elucidate the mechanism(s) underlying the antire-

troviral activity of GBP5. Furthermore, we aimed to determine

whether other GBP protein family members exert similar restric-

tion activity and to define their breadth of antiviral activity.

Comparing the antiviral activity of different GBP paralogs, we

found that the ability of GBP5 to reduce HIV infectivity is shared

by its paralog GBP2. In addition, we show that both factors exert

broad antiviral activity as they suppress proteolytic processing

of envelope glycoproteins from numerous viral pathogens by in-

hibiting the cellular protease furin. Thus, we here identify amech-

anism of antiviral immunity that involves the inhibition of a crucial

virus-dependency factor.

RESULTS

GBP2 and GBP5 Interfere with HIV-1 Env Maturation in
Primary Target Cells
The human GBP locus comprises seven genes (GBP1–7)

(Olszewski et al., 2006). To test their anti-HIV-1 activity, we

amplified GBP1–6 using cDNA from peripheral blood mononu-

clear cells (PBMCs). GBP7 was not amplified because

its expression is largely restricted to the liver (Human Protein

Atlas available from https://www.proteinatlas.org; Uhlén

et al., 2015). Titration experiments of GBP1–6 in transfected

HEK293T cells, which do not express endogenous GBP1–7

(Uhlén et al., 2015), revealed that GBP2 shares the ability of

GBP5 to inhibit infectious HIV-1 yield (Figure 1A). All remaining

GBPs had no (GBP3/4) or only minor (GBP1/6) effects on infec-

tious HIV-1 yield. GBP2 and GBP5 reduced the ratio of mature

gp120 to total Env in HIV-1 virions (Figure 1B, green arrows),
whereas other GBP proteins did not affect Env maturation. In

agreement with a maturation defect, an Env product with

reduced apparent molecular weight compared with regular

gp120 accumulated in the cells (Figure 1B, orange arrows).

This shift could previously be ascribed to reduced N-linked

Env glycosylation (Krapp et al., 2016). Inhibition of infectious

virus production and interference with Env maturation were

abrogated upon mutation of the C-terminal isoprenylation motif

(CaaX) in GBP2/5 (Figures S1A and S1B), suggesting that mem-

brane anchoring is required for restriction. Notably, increased

GBP expression did not affect cell viability in transient transfec-

tion assays (Figure S1C).

To monitor GBP2/5 expression in primary cells, we first vali-

dated the specificity of GBP2 and GBP5 antibodies using

HEK293T cells transfected with hemagglutinin (HA)-tagged ver-

sions of GBP1–6 (Figure S2A).Western blot and/or flow cytomet-

ric analyses of primary human monocyte-derived macrophages

(MDMs) and CD4+ T cells demonstrated that both GBP2 and

GBP5 are constitutively expressed but further upregulated

upon HIV-1 infection (Figure S2B) and stimulation with IFNa2

and/or IFNg (Figure 2A). Although IFNa2 is most commonly

used in clinical trials, some of its paralogs, particularly IFNa14,

suppress HIV-1 replication more efficiently (Abraham et al.,

2016; Harper et al., 2015; Lavender et al., 2016). Notably,

IFNa14 was also the most potent inducer of GBP5 among all

12 human IFNa subtypes (Figures 2B and S2C). Although activa-

tion via anti-CD3/CD28 beads is frequently used to render CD4+

T cells permissive to HIV-1, it also increased GBP2/5 expression

by �2- to 5-fold (Figure 2A). However, this induction may be in-

direct because CD3/T cell receptor activation is known to trigger

release of IFNg, interleukin-2 (IL-2), and other cytokines (Girdle-

stone and Wing, 1996). Notably, endogenous GBP2/5 levels

upon IFNg stimulation of primary macrophages were similar to

those of HEK293T cells transfected with low amounts of the

respective expression plasmids (Figure S2D).
Cell Reports 27, 2092–2104, May 14, 2019 2093

https://www.proteinatlas.org


(legend on next page)

2094 Cell Reports 27, 2092–2104, May 14, 2019



Individual knockdown of GBP2 and GBP5 in MDMs increased

infectious virus yield �15-fold, whereas a combined knockdown

had additive effects resulting in �27-fold higher infectious HIV-1

yield (Figure 2C, left panel; Figure S2E). In some donors, GBP5

levels increased upon GBP2 silencing (Figure 2C, right panel),

indicating a potential compensatory feedback mechanism of

both proteins. However, this increase was statistically not signif-

icant (Figure S2F). To restore GBP expression, we generated

HIV-1 chimeras encoding GBP2 or GBP5. We selected the

well-characterized NL4-3 clone (HIV-1 M subtype B) and re-

placed the accessory gene nef by siRNA-resistant forms of

GBP2 or GBP5 (Figure S2G). A nef-defective construct served

as control. Western blotting confirmed efficient rescue of

GBP2/5 expression upon infection of siRNA-treated macro-

phages with GBP2/5-encoding viruses (Figures 2D and 2E).

GBP2 and GBP5 re-expression affected the processing of Env,

reduced the incorporation of mature gp120 into virions (Fig-

ure 2D), and decreased infectious virus production (Figures 2F

and S2H). As expected, the inhibitory effects of GBP2/5 on infec-

tious virus yield were more pronounced in GBP-knockout than in

control siRNA-treated cells (Figure 2F).

To validate the inhibitory activity of GBPs in primary lymphoid

cells, we performed experiments in human lymphoid aggregate

cultures (HLACs) derived from tonsillar explants. Because effi-

cient siRNA-mediated knockout has proved to be difficult in

primary CD4+ T cells, we infected them with chimeric viruses

expressing GBP5 or the isoprenylation-deficient mutant

(C583A) thereof (Figures S2I and S2J). As expected (Chowers

et al., 1994), loss of Nef decreased total infectious virus yield

and infectivity per viral particle (Figure 2G). Intriguingly, expres-

sion of wild-type (WT) GBP5, but not the isoprenylation-deficient

mutant, further reduced infectivity by �75% (Figure 2G). This

effect was independent of infection rates (Figure S2K) but coin-

cided with a decreased ratio of mature gp120 to total Env in the
Figure 2. GBP2 and GBP5 Are IFN-Inducible Proteins that Reduce Virio

(A) Monocyte-derived macrophages were stimulated with IFNa2 or IFNg. CD4+

beads, or IL-2 alone. Three days poststimulation, cells were lysed for western

respective untreated control (unstim.). Exemplary blots showing GBP expression

obtained from cells of five different donors are shown on the right. Asterisks ind

(unstim.).

(B) CD4+ T cells were stimulated with the indicated IFNa subtypes. Three days po

were quantified and normalized to the respective untreated control (unstim.). Mea

Asterisks indicate statistically significant differences compared with the unstimu

(C) Monocyte-derived macrophages were transfected with the indicated siRNAs

determined by infection of TZM-bl reporter cells (left panel). Numbers indicate n-fo

representative western blot and the respective knockdown efficiencies of GBP2

(D–F) Monocyte-derived macrophages were transfected with the indicated siR

resistant GBP2/5 instead of Nef or neither Nef nor GBP (nef�).

(D and E) GBP2/5 expression as well as Env protein levels were analyzed by wes

Mean values ± SEM of the three donors analyzed in (D) are shown in (E). Asterisks

infected with nef-deficient NL4-3 (100%).

(F) Infectious virus yield was determined by infection of TZM-bl reporter cells. Nu

(G) Human lymphoid aggregate cultures (HLACs) were isolated from tonsillar ex

deficient mutant thereof instead of Nef, or the respective wild-type and nef-defi

determined by infection of TZM-bl reporter cells and normalized to the amount o

(H) Env protein levels in virions produced from HLACs described in (G) were analyz

Band intensities were quantified to calculate the ratio of gp120 to total Env (left p

In (C) and (F)–(H), each data point represents one independent donor, and me

significant differences.

See also Figure S2.
virions (Figure 2H, right panel, green arrow). Altogether, these

results demonstrate that GBP2 and GBP5 are IFN-inducible re-

striction factors that reduce HIV-1 particle infectivity in primary

macrophages and tonsillar lymphoid cells.

GBP2 and GBP5 Do Not Directly Target Env to Restrict
HIV-1
To compare the subcellular localization of GBPs, we generated

eGFP-GBP fusion proteins. Addition of an eGFP-tag did not

affect the ability of GBP5 to interfere with infectious virus yield

(Figure S3A) or Env processing (Figure S3B). In agreement with

the presence of a C-terminal membrane anchor, GBP1, GBP2,

and GBP5 localized to large intracellular vesicles and/or com-

partments that appeared more compact for GBP5 than for

GBP1 and GBP2 (Figures 3A and S3C). Consistent with previous

findings (Britzen-Laurent et al., 2010), GBP5-containing struc-

tures partially co-localized with the trans-Golgi marker TGN46

(Figures 3A and S3C, arrowheads), whereas no such co-localiza-

tion was observed for GBP1 and GBP2. Surprisingly, GBP4 and

GBP6 also accumulated in mostly TGN46-negative intracellular

vesicle-like structures, although they do not harbor a C-terminal

isoprenylation site (Figure S3C). In contrast, GBP3 and the iso-

prenylation-deficient mutants of GBP2 and GBP5 were diffusely

distributed throughout the cytoplasm (Figures 3A and S3C).

HIV-1 Env is N-glycosylated and proteolytically processed on

its route to the cell surface via the endoplasmic reticulum (ER),

cytoplasmic vesicles, and the Golgi apparatus (Moulard and

Decroly, 2000). We therefore examined whether GBP2/5 may

target the accessible cytoplasmic tail of Env (Figure 3B, left

panel) to interfere with its maturation and anterograde transport

to sites of viral budding. Indeed, GBP2/5 expression reduced

Env protein levels at the cell surface by 55% to 75% (Figure 3B,

right panel; Figure S3D). However, deletion of the Env cyto-

plasmic domain (DCT) or exchange of its transmembrane
n Infectivity in Primary HIV-1 Target Cells

T cells were stimulated with IL-2 + IFNa2, IL-2 + IFNg, IL-2 + anti-CD3/CD28

blot analysis. GBP expression levels were quantified and normalized to the

in cells from two different donors are shown on the left. Mean values ± SEM

icate statistically significant differences compared with the untreated control

ststimulation, cells were lysed for western blot analysis. GBP expression levels

n values ± SEM obtained from cells of four to five different donors are shown.

lated control (unstim.).

and infected with HIV-1 AD8. Six days postinfection, infectious virus yield was

ld increase. Knockdown efficiencies were determined bywestern blotting. One

/5 are shown in the right panel.

NAs and infected with VSV-G-pseudotyped HIV-1 NL4-3-expressing siRNA-

tern blotting 6 days after infection. One representative western blot is shown.

indicate significant differences compared with the control (ctrl). siRNA samples

mbers indicate n-fold differences.

plants and infected with HIV-1 NL4-3, expressing GBP5 or an isoprenylation-

cient controls. Three days postinfection, infectious virus yield (left panel) was

f p24 to calculate particle infectivity (right panel).

ed by western blotting. One exemplary western blot is shown in the right panel.

anel).

an values are indicated by a horizontal line. In (G) and (H), asterisks indicate
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Figure 3. GBP-Mediated Restriction Does Not Involve a Direct Interaction with HIV-1 Env

(A) HEK293T cells were transfected with an expression plasmid for the indicated eGFP-GBP fusion proteins. Two days posttransfection, GBP localization was

analyzed by confocal fluorescence microscopy. Nuclei, actin filaments, and the trans-Golgi network were stained with Hoechst, phalloidin, and anti-TGN46,

(legend continued on next page)
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domain by that of the CD3z chain (DCT/CD3z-TMD) did not abro-

gate this effect (Figure 3B, right panel). Furthermore, GBP2/5

altered the electrophoretic mobility of both WT and mutant Env

proteins (Figure 3C, orange arrows). Thus, GBP2/5 do not

directly target Env to suppress its maturation.
GBP2 and GBP5 Reduce the Proteolytic Activity of Furin
Regular processing of the N-glycans in Env and efficient virion

incorporation of gp120 depends on furin-mediated cleavage of

immature HIV-1 gp160 into mature gp120 and gp41 (Dubay

et al., 1995; Moulard and Decroly, 2000). We therefore hypothe-

sized that GBP2/5 might target furin to reduce HIV-1 infectivity.

To quantify the catalytically active amount of furin, we took

advantage of a reporter substrate (Lamango et al., 1996)

harboring the furin target motif Arg-Thr-Lys-Arg (Figure 4A,

top) andmonitored the release of fluorescent 7-amino-4-methyl-

coumarin (AMC) over time. Because furin is secreted from the

cell (Thimon et al., 2006), we first quantified its activity in the

cell culture supernatant, thereby also minimizing a potential

bias because of related but non-secreted cytoplasmic proteases

(Rousselet et al., 2011; Seidah and Chrétien, 1992). We found

that furin activity is significantly reduced in the presence of

GBP2/5 (Figures 4A and S4A, left panel). In contrast, the isopre-

nylation-deficient mutants of GBP2/5 had only marginal effects

on furin activity. In cell lysates and in the absence of exogenous

furin, the inhibitory effects of GBP2/5 were less pronounced (Fig-

ure S4A, right panel), potentially because of the activity of related

proteases cleaving the AMC substrate and/or lack of furin

inhibition in untransfected bystander cells. Notably, the inhibitory

effect of GBP5 decreased with increasing amounts of furin (Fig-

ure S4B), suggesting that GBP-mediated restriction may be

saturated by high levels of this protease. In agreement with

IFNg-mediated induction of GBP5 (Figure 4B, left panel), IFNg

significantly decreased the catalytically active amount of furin

in WT, but not GBP5 knockout THP-1 cells (Figure 4B, right

panel). Intriguingly, we also observed a reduced proteolytic pro-

cessing of furin itself (Figure 4C). Maturation of furin involves a

cleavage step, in which the catalytically active domain is sepa-

rated from the C-terminal transmembrane domain and released

into the extracellular space (Figure 4C, middle panel) (Denault

et al., 2002; Plaimauer et al., 2001; Thimon et al., 2006). In the

presence of GBP2/5, the generation of C-terminal furin frag-

ments (8 and 15 kDa) was significantly reduced (Figures 4C, up-

per and lower panels). In linewith their anti-furin activity, GBP2/5,

but not the respective isoprenylation-deficient mutants, reduced

processing of gp160 into gp120 in a dose-dependent manner

(Figures 4C, upper panel, and 4D). In agreement with a physical

association, furin co-immunoprecipitated with GBP2/5 in pull-
respectively. Scale bar indicates 10 mm. White arrowheads indicate co-localizat

experiments is shown.

(B) HEK293T cells were co-transfected with a proviral construct of NL4-3 env s

variants. The Env variants lacking the cytoplasmic tail (DCT) and/or harboring the

on the left. Two days posttransfection, Env levels at the cell surface were determi

four independent experiments ± SEM are shown. Asterisks indicate statistically

(C) HEK293T cells were transfected as described in (B). Two days posttransfect

reduced apparent molecular weight of cellular gp120 in the presence of GBP2 a

See also Figure S3.
down assays (Figures 4E and S4C). Notably, GBP2/5 pulled

down full-length furin (�90 kDa) and the C-terminal fragments

(15 kDa, 8 kDa), but not N-terminal fragments lacking the C ter-

minus. This is in agreement with the hypothesis that GBP2/5

target the cytoplasmic part of furin. Mutation of the C-terminal

isoprenylation site abrogated the association of furin with

GBP2, but not GBP5. To validate these findings in primary cells,

we pulled down endogenous furin from macrophages. The anti-

furin antibody co-immunoprecipitated significantly higher quan-

tities of GBP2 and GBP5 than the isotype control (Figure S4D).

Because furin cleaves and activates various cellular factors

(Tian et al., 2011), GBP-mediated restriction of HIV-1 may also

affect maturation of cellular proteins. Indeed, proteolytic pro-

cessing of the furin substrates glypican-3 (GPC3) and matrix

metalloproteinase-14 (MMP14) (Capurro et al., 2015; Sato

et al., 1996) was significantly reduced in the presence of

GBP2/5 (Figures 4F and S4E). However, GBPs did not generally

interfere with the activity of proteases because HIV-1 Gag was

efficiently processed by the viral protease (Figure S4F). In sum-

mary, these findings demonstrate that GBP2/5 interfere with

HIV-1 infectivity by reducing the maturation and proteolytically

active amount of the cellular protease furin.
GBP2 and GBP5 Inhibit Diverse Viral Glycoproteins
Furin is not only a dependency factor for HIV-1, but hijacked by

many viral pathogens for the cleavage andmaturation of their en-

velope glycoproteins (Garten et al., 1994; Tian et al., 2011). To

determine whether GBP2/5 exert broad antiviral activity, we

tested their effect on the infectivity of HIV-1 Denv luciferase re-

porter viruses pseudotyped with diverse viral glycoproteins.

This system allows analysis of the sensitivity of various viral

envelope glycoproteins to GBP-mediated restriction in an other-

wise identical particle background. Titration experiments re-

vealed that GBP2/5 significantly reduce infectivity of particles

carrying glycoproteins of rabies, European bat lyssa, Marburg,

highly pathogenic avian influenza A, andmurine leukemia viruses

in a concentration-dependent manner (Figure 5A). All of these

glycoproteins carry cleavage sites that are known or (in case of

lyssaviruses) predicted to be processed by furin (Duckert et al.,

2004; Sjöberg et al., 2014; Stieneke-Gröber et al., 1992; Volch-

kov et al., 2000). Interestingly, GBP2/5 also reduced infectivity

of viral particles pseudotyped with the glycoprotein of Lassa

virus, which is cleaved by PCSK8/SKI (Lenz et al., 2001), a

furin-like proprotein convertase that cleaves after non-basic res-

idues. In contrast, viral particles harboring the VSV glycoprotein,

which does not require priming by host proteases (Sun et al.,

2008; White and Whittaker, 2016), were not affected (Figure 5A).

In agreement with an inhibition of furin-mediated glycoprotein
ion of GBP5 with TGN46. One representative result of four to six independent

top and expression plasmids for the indicated GBPs and FLAG-tagged Env

transmembrane domain of CD3z (DCT/CD3z-TMD) are schematically depicted

ned by flow cytometry using a FLAG-specific antibody. Mean values of three to

significant differences compared with the vector control.

ion, cells were lysed for western blot analysis. Orange arrowheads indicate a

nd GBP5.
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processing, GBP5 inhibited the cleavage of MLV gp85 and

decreased the incorporation of mature gp70 into viral particles

(Figure 5B, left panel). Furthermore, GBP5 suppressed the cleav-

age of H5N1 influenza A virus HA without affecting viral

neuraminidase (NA) levels (Figure 5B, right panel; Figure S5A).

Experiments in transfected HEK293T cells and THP-1 knockout

cells revealed that GBP2/5 also significantly reduce replication of

a Brazilian (Figures 5C and S5B) and an African (Figure 5D) Zika

virus strain. Both harbor a furin consensus sequence in their pre-

membrane protein (prM). Similarly, measles and influenza A virus

replication were increased upon knockout of GBP5 (Figures 5E

and S5C). Thus, GBP2/5 restrict diverse viral pathogens that

are dependent on furin-mediated processing of their envelope

glycoproteins for full infectivity. Notably, knockout of GBP5

also moderately reduced the inhibitory effect of IFNg on influ-

enza A virus (Figure 5F), indicating that GBP5 is one of several

IFNg-inducible antiviral factors.

DISCUSSION

GBPs exert a multitude of antiviral, antibacterial, and antiproto-

zoan activities (Kim et al., 2012; Vestal and Jeyaratnam, 2011).

In many cases, however, the underlying inhibitory mechanisms

remained unclear. Here, we show that GBP2 and GBP5 target

the cellular protease furin, thereby suppressing the maturation

and priming of diverse viral glycoproteins, including those of

HIV-1, highly pathogenic avian influenza A, murine leukemia,

Zika, measles, and Marburg viruses.

Consistent with broad antiviral activity, GBP2 and GBP5 are

almost ubiquitously expressed (Uhlén et al., 2015) and may

target furin-dependent viral pathogens in a variety of cell types

and tissues. Although both GBP2 and GBP5 interfere with viral

glycoprotein maturation, they show distinct patterns of subcellu-

lar localization. While GBP5 partially co-localizes with the trans-
Figure 4. GBP2 and GBP5 Reduce the Proteolytic Activity of Furin

(A) The conversion of Pyr-Arg-Thr-Lys-Arg-7-amino-4-methylcoumarin (AMC) ha

shown on top. HEK293T cells were co-transfected with an expression plasmid

transfection, furin activity in the cell culture supernatants was determined for 60

three independent experiments are shown.

(B) Differentiated THP-1 wild-type (WT) or GBP5 knockout (KO) cells were stimu

blotting (left panel). Endogenous furin activity in the cell lysates was determined

under the curve (AUC) was calculated and normalized to the unstimulated control

Asterisks indicate significant differences compared with the unstimulated contro

(C) HEK293T cells were co-transfected with a proviral construct of HIV-1 CH058

expression plasmid for AU1-tagged furin. Two days posttransfection, cells were l

blot. Orange arrowheads indicate a reduced apparent molecular weight of cellula

catalytic domain (Furin) or an antibody detecting the C-terminal AU1 tag (Fur

AU1-tagged furin is shown. Binding sites of antibodies used in this study as well a

of C-terminal furin fragments (8 kDa + 15 kDa) to total furin was calculated. Mea

(D) HEK293T cells were co-transfected and lysed for western blotting as described

five independent experiments ± SEM are shown.

(E) HEK293T cells were co-transfected with expression plasmids for AU1-tagged

lysed and HA-GBP was immunoprecipitated. The whole-cell lysates (WCLs) and p

western blot of three to four independent experiments is shown.

(F) HEK293T cells were co-transfected with an expression plasmid for N-terminal

for the indicated GBPs and an expression plasmid for AU1-tagged furin. Two day

shows one exemplary western blot. In the lower panel, the ratio of cleaved to total

SEM are shown.

In (C), (D), and (F), asterisks indicate statistically significant differences compare

See also Figure S4.
Golgi marker TGN46, no such co-localization was observed for

GBP2 (Figure 3A). As a result, furin may be targeted at multiple

stages of its anterograde transport throughout the cell. GBP2/5

overexpression reduced total furin levels in some experiments

(Figure 4F), leaving the possibility that GBP2/5 not only

affect furin activity, but also its expression. In agreement with

GBP2 and GBP5 complementing each other, the combined

knockdown of both proteins inmacrophages showed an additive

effect on infectious virus production (Figure 2C). Notably, co-

expression of several closely related restriction factors with

similar inhibitory activities is not uncommon. For example,

evolution of SERINC3/5, IFITM1–3, and numerous APOBEC3

proteins may represent a strategy of the host to prevent viral

evasion.

Inhibition of furin is a sophisticated strategy to limit viral repli-

cation because viruses may not be able to evolve resistance

mutations against GBP2/5 because there is no direct interaction

of the restriction factor with viral components. Nevertheless, it is

tempting to speculate that viruses evolved several mechanisms

to overcome GBP-mediated restriction. Dengue virus, for

example, does not require complete furin-mediated cleavage

of all glycoproteins for efficient infection (Heinz and Stiasny,

2018). Furthermore, some HIV-1 strains acquire mutations in

their vpu gene that reduce susceptibility to GBP5 by enhancing

translation of the viral Env protein (Krapp et al., 2016). Vice versa,

certain flaviviruses induce the expression of furin (Presser et al.,

2011). Finally, several viruses are able to exploit alternative

cellular proteases for maturation of their glycoproteins. For

example, some highly pathogenic avian influenza A strains (H5

and H7) contain both a polybasic furin cleavage site and a target

sequence for trypsin-like proteases in their HAs (Horimoto et al.,

1994; Senne et al., 1996). Notably, the polybasic cleavage site

(Arg-X-Arg/Lys-Arg/LysY) itself may not only be processed by

furin, but also by other members of the proprotein convertase
rboring the furin cleavage site Arg-X-Arg/Lys-Arg/LysY into fluorescent AMC is

for the indicated GBPs, and an expression plasmid for furin. Two days post-

min after addition of the Pyr-Arg-Thr-Lys-Arg-AMC substrate. Mean values of

lated with INFg or left untreated. GBP5 expression was analyzed by western

for 30 min after addition of the Pyr-Arg-Thr-Lys-Arg-AMC substrate. The area

(right panel). Mean values of three independent experiments ± SEM are shown.

ls (100%).

, increasing amounts of an expression plasmid for the indicated GBPs and an

ysed for western blot analysis. The upper panel shows one exemplary western

r gp120. Furin was detected using an antibody directed against the N-terminal

in AU1 tag). In the central panel, a schematic presentation of C-terminally

s cleavage sites resulting in shedding are indicated. In the lower panel, the ratio

n values of seven to nine independent experiments ± SEM are shown.

in (C), and the ratio of gp120 to total Envwas calculated. Mean values of four to

furin and the indicated HA-tagged GBPs. Two days posttransfection, cells were

recipitates (pull-down) were analyzed by western blotting. One representative

ly HA-tagged glypican-3 (GPC3), increasing amounts of an expression plasmid

s posttransfection, cells were lysed for western blot analysis. The upper panel

GPC3was calculated. Mean values of three to four independent experiments ±

d with the control without GBP.
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Figure 5. GBP2 and GBP5 Target Diverse Viral Glycoproteins and Inhibit Zika, Measles, and Influenza A Viruses

(A) HEK293T cells were co-transfected with a proviral construct of an HIV-1 NL4-3 env stop firefly luciferase reporter virus, increasing amounts (0, 0.25, 0.5, 1.0,

1.5, 2.0 mg) of an expression plasmid for GBP2 (top panel) or GBP5 (bottom panel) and an expression plasmid for the indicated viral glycoproteins: RabV, rabies

virus; EBLV-1, European bat lyssavirus 1; MaV, Marburg virus; IAV, influenza A virus; MLV, murine leukemia virus; LasV, Lassa virus; and VSV, vesicular stomatitis

virus. Two days posttransfection, supernatants were harvested, and p24 content was determined by ELISA. Furthermore, supernatants were used to infect

HEK293T cells. Three days postinfection, a firefly luciferase assay was performed to determine infectious pseudovirus yield. Particle infectivity was determined

by normalizing infectious virus yield to the amount of p24. Mean values of three independent experiments ± SEM are shown.

(legend continued on next page)
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family (i.e., PCSK1-9) (Duckert et al., 2004). For example, HIV-1

Env can be primed by different proprotein convertases (Decroly

et al., 1997; Vollenweider et al., 1996), and it will be interesting to

determine whether sequence variations in the cleavage site

affect sensitivity of different HIV strains to GBP2/5-mediated re-

striction. Our finding that GBP2/5 reduce infectivity of viral parti-

cles carrying the PCSK8-dependent glycoprotein of Lassa virus

(Figure 5A) suggests that the inhibitory effect of GBP2/5 is not

limited to furin. Thus, studies on their effect on other proprotein

convertases are clearly warranted.

Notably, GBP2/5-mediated inhibition of furin may have rele-

vance beyond viral infections because several bacterial toxins,

including anthrax toxin protective antigen and diphtheria toxin,

also undergo furin-mediated activation (Gordon et al., 1995). In

addition, furin is involved in important cellular processes

including the proteolytic activation of cytokines, collagens, hor-

mones, and growth factors (Tian et al., 2011). Indeed, we found

that GBP2/5 suppress furin-mediated cleavage of GPC3, a pro-

teoglycan governing cell growth and proliferation (Kandil and

Cooper, 2009), and MMP14 (Figures 4F and S4E). Finally, aber-

rant activation of furin and other proprotein convertases is asso-

ciated with numerous non-infectious pathological processes

including cancer, autoimmune diseases, hypercholesterolemia,

dyslexia, and infertility (Seidah and Prat, 2012). These proteases

have even been termed ‘‘master switches of tumor growth and

progression’’ (Bassi et al., 2005; Seidah and Prat, 2012; Klein-

Szanto and Bassi, 2017), and the induction of GBP2/5 by IFNg

may have a protective effect in tumor development and progres-

sion. Upon HIV-1 infection, however, GBP protein levels were

higher in virally infected cells than in uninfected bystander cells

(Figure S2B). Thus, GBP2/5 may primarily interfere with furin-

dependent protein maturation in cells that are lost to viral infec-

tion anyway. In contrast, uninfected bystander cells may exhibit

normal furin activity and are protected by the reduced infectivity

of newly formed virions.

In summary, we identified a broadly effective antiviral mecha-

nism involving the inhibition of a cellular dependency factor that

is hijacked by many viral pathogens. Our finding that GBP2/5

display broad antiviral activity by targeting the cellular protease

furin also helps to explain previously reported effects of GBPs

on viral replication. Future experiments will reveal whether
(B) HEK293T cells were co-transfected with a proviral construct of HIV-1 NL4-3

GBP5 and an expression plasmid for the indicated viral glycoproteins. Two days

One representative western blot of three independent experiments is shown.

(C) HEK293T cells were co-transfected with a BAC clone of the Brazilian Zika vir

indicated GBPs. Two days posttransfection, supernatants were harvested and inf

staining of ZIKV-E. Mean values of three independent experiments ± SEM are sh

(D) Differentiated THP-1WT or GBP5 KO cells were infected with the African Zika v

infectious virus yield was determined by serial dilution infection of Vero E6 cells

Mean values of three independent experiments ± SEM are shown. Number indic

(E) Differentiated and IFNg-stimulated THP-1 WT or GBP5 KO cells were infected

virus (strain SC35M) (right panel). 48 h (measles virus) or 24 h (influenza A virus) pos

with a Cytation3 imaging reader. Mean values of three independent experiments

(F) Differentiated THP-1WT orGBP5KOcells were stimulatedwith INFg or left untr

infection, neuraminidase activity was determined by a MUNANA assay. Mean v

significant differences compared with the unstimulated control, which was set to

In (A) and (C), asterisks indicate statistically significant differences compared wit

See also Figure S5.
GBP2/5 inhibit the activity of additional proteases, and it will

be of interest to further determine the relevance of GBP2/5 in

regulating the processing of cellular proteins in health and

disease.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel

Sauter (daniel.sauter@uni-ulm.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T and TZM-bl cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with FCS (10%), L-gluta-

mine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL) and were cultured at 37�C, 90% humidity and 5% CO2. HEK293T

cells were provided and authenticated by the ATCC. They were isolated from a female fetus and first described by DuBridge et al.

(1987). TZM-bl cells were provided and authenticated by the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH from Dr. John

C. Kappes, Dr. XiaoyunWu and Tranzyme Inc (Platt et al., 1998). TZM-bl cells are derived fromHeLa cells, which were isolated from a

30-year-old female. Vero E6 (Cercopithecus aethiops derived epithelial kidney) cells used for ZIKV experiments, measles virus

production and titer determination, were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with FCS (2.5%),

L-glutamine (2 mM), streptomycin (100 mg/mL), penicillin (100 U/mL), sodium pyruvate (1 mM) and NEAA (1x). MDCK cells used

for influenza virus production and titer determination were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with FCS (10%), L-glutamine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL). THP-1 cells were provided and

authenticated by the ATCC andmaintained in RPMI-1640medium supplemented with FCS (10%), L-glutamine (2 mM), streptomycin

(100 mg/mL) and penicillin (100 U/mL). THP-1 cells are monocyte-like cells, which adopt a macrophage-like phenotype upon PMA

differentiation and were originally isolated from the peripheral blood of a 1-year-old male with acute monocytic leukemia. GBP5

knockout cell lines were created using CRISPR-Cas9 technology.

Primary cell cultures
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 according to the manufacturer’s instructions. The purity of isolated CD4+

T cells was analyzed by flow cytometry using anti-CD4 Per-CP and anti-CD11 FITC-conjugated antibodies. Purity was assumed

sufficient when 90% of the cells were CD4-positive and CD11-negative. CD4+ T cells were cultured in RPMI-1640 medium supple-

mented with FCS (10%), glutamine (2 mM), streptomycin (100 mg/mL), penicillin (100 U/mL) and interleukin-2 (IL-2) (10 ng/mL) at

37�C, 90% humidity and 5% CO2.

Monocyte-derivedmacrophages (MDMs) were obtained by stimulation of PBMCswith recombinant humanM-CSF (15 ng/mL) and

human AB serum (10%) in DMEM supplemented with glutamine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL) for

7 days.
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HLACs were obtained from tonsillar explants by hashing the tonsillar tissue. Cells were taken up and cultivated in RPMI-1640 me-

dium supplemented with FCS (15%), glutamine (2mM), streptomycin (100 mg/mL), penicillin (100U/mL), fungizone (2.5 mg/mL), NEAA

(1 x), MEM sodium pyruvate (1 mM), gentamicine sulfate (50 mg/mL) and timentin (310 mg/mL, freshly added) at 37�C, 90% humidity

and 5% CO2.

The use of human cells from peripheral blood and tonsillar explants was approved by the Ethics Committee of the Ulm University

Medical Center (proposals #50/16 and #131/16, respectively). All donors provided informed written consent. Due to donor anonym-

ization, the gender remained unknown.

METHOD DETAILS

Generation of GBP/furin expression plasmids
Expression plasmids for GBPs and furin were generated by gene amplification via PCR using human cDNA as template. Cloning into

a pCG expression vector co-expressing BFP via an IRES was performed using unique XbaI and MluI restriction sites. Mutations dis-

rupting the isoprenylation sites of GBP2 and GBP5 were introduced by the reverse PCR primers. eGFP-GBP fusion proteins were

generated by fusing eGFP, a 3x(GGGGS) linker and the respective GBP sequence using overlap-extension PCR. To facilitate detec-

tion of the expressed proteins an N-terminal HA-tag (TACCCATACGATGTTCCAGATTACGCT) was introduced via the forward PCR

primer in case of GBPs and a C-terminal AU1-tag (GACACCTACAGGTACATC) was introduced via the reverse PCR primer in case of

furin. All constructs were sequenced to verify their integrity. PCR primers are listed in Table S1.

Generation of Env expression plasmids
The NL4-3 env ORF was amplified from proviral DNA and overlap-extension PCR was used to introduce a FLAG-tag (GATTACAAG

GATGACGACGATAAG) after amino acid 136. Insertions at this position have previously been shown to be tolerated, with little effects

on infectivity (Munro et al., 2014). The obtained DNA was cloned into a pCAGGS expression vector via unique EcoRI and KpnI

restriction sites. This construct was used as PCR template for the generation of the NL4-3 FLAG-tagged DCT Env expression

plasmid. The NL4-3 FLAG-tagged DCT/CD3z-TMD Env expression plasmid was generated by gene amplification via overlap-

extension PCR from either an NL4-3 FLAG-tagged Env or a CD3z expression plasmid as template. All constructs were sequenced

to verify their integrity. PCR primers are listed in Table S2.

Generation of HIV-1 chimeras expressing GBP2/5
To generate HIV-1 NL4-3 proviral plasmids encoding GBP2/5 instead of nef, a previously described HIV-1 NL4-3 variant (named

D1D2) was used, in which the nef/LTR overlap was removed and a unique MluI restriction site was inserted downstream of the

nef stop codon (M€unch et al., 2005). Overlap-extension PCR was used to generate siRNA resistant GBP2/5 and to fuse the 30 end
of NL4-3 env carrying a HpaI restriction site with GBP2/5 carrying a MluI restriction site at the 30 end. The resulting DNA fragment

was subsequently cloned into the HIV-1 NL4-3 proviral backbone via the HpaI and MluI restriction sites. All constructs were

sequenced to verify their integrity. PCR primers are listed in Table S3.

Transfections and generation of virus stocks
HEK293T cells were transiently transfected using the calcium-phosphate precipitation method. One day before transfection, 6x105

HEK293T cells were seeded in 6-well plates in 2 mL supplemented DMEM to obtain a confluence of 50%–60% at the time of trans-

fection. For transfection, DNA was mixed with 13 mL 2 M CaCl2 and filled up with water to 100 mL. Afterward, 100 mL 2 x HBS was

added dropwise to this mixture, which was mixed by pipetting and added dropwise to the cells. To generate virus stocks, cells

were transfected with proviral plasmids (5 mg). To test the antiviral effect of different GBPs, pCG-based expression constructs

were co-transfected with proviral constructs. Whenever different amounts of pCG expression vectors were used within an experi-

ment, empty vector control plasmids were used to keep the total DNA amount constant. The transfected cells were incubated for

16 h before the medium was replaced by fresh supplemented DMEM. Two days post transfection, cell culture supernatants were

harvested and cleared by centrifugation at 660 x g for 3 min. To investigate the effects of GBP2/5 on ZIKV infectivity, HEK293T cells

were co-transfected with pCG-based GBP expression constructs and a proviral plasmid containing the ZIKV-SPH2015 genome

(R.G., A.-K. Mattes, L. Issmail, M.W., G.S., L. Steppe, J.A.M., S.P., T. Grunwald, J.M., unpublished data; Coffey et al., 2017; Cunha

et al., 2016). Transfection was performed with TransIT LT-1 used at a reagent:DNA ratio of 3:1 according to the manufacturer’s in-

structions. The transfected cells were incubated for 16 h before themediumwas replaced by fresh supplemented DMEMadditionally

containing 25 mM HEPES. Two days post transfection, supernatants were harvested and cleared by centrifugation at 800 x g for

5 min.

Generation of a measles virus GFP reporter virus
To generate a modified measles virus cDNA clone with improved rescue efficiency, the measles virus cDNA was transferred from

pB(+)MVvac2 (del Valle et al., 2007) into the backbone of pSAD-HH-L16-sc1 (Ghanem et al., 2012). The 50 and 30 parts of themeasles

virus antigenome sequence (nt 1-2045 and nt 9265-15984) were amplified separately by PCR. Both fragments were cloned into the

backbone replacing the remaining L16 sequence. Finally, the remaining measles virus sequence (nt 2046-9264) was transferred into
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the backbone, yielding pHHRz-MVvac2. An additional transcription unit (ATU) between the P and M genes was introduced via SalI

as a 177 nt sequence (CCACCTAGTACAACCTAAATCCATTATAAAAAACTTAGGAACCAGGTCCACACAGCCGCCAGCCCATCAAC

CATCCACTCCCACGATTGGAGCCATTCGAAGGCCGGCCGTACGTAGAGCGCTCGCGACGTCAGCGGCCGCCTACAGCTCAACTT

ACCTGCCAACCCCATGCC) generating pHHRz-MVvac2-(ATU). Finally, to obtain pHHRz-MVvac2(eGFP), eGFP was cloned into

ATU-MCS using the SnaBI/NotI sites. The recombinant virus was rescued as previously described (Radecke et al., 1995; Runge

et al., 2014). PCR primers are listed in Table S4.

Generation of measles and influenza virus stocks
To generate measles virus stocks, Vero E6 cells were resuspended in a measles virus rescue stock and incubated for 1 h at 37�C.
Every 15min, cells were resuspended. After incubation, cells were resuspended in fresh supplementedDMEMand incubated at 37�C
for up to 5 days until all cells were infected. Supernatants were discarded, infected cells were resupsended in fresh OPTI-MEM and

viruses were released by one freeze/thaw cycle. Virus containing supernatants were cleared from cell debris by centrifugation,

aliquoted and stored at �80�C.
To generate influenza virus stocks, MDCK cells were inoculated with influenza virus (MOI 0.01) containing 1 x MEM/BSA (for 2 x

MEM/BSA: 20%MEM, 4mMGlutamine, 200 mg/mL Streptomycin, 200 U/mL Penicillin, 0.42%BSA, 20mMHEPES at pH 7.4, 0.24%

NaHCO3) supplemented with TPCK trypsin (1 mg/mL). After three days, supernatants were cleared from cell debris by centrifugation,

aliquoted and stored at �80�C.

Titer determination of measles and influenza virus stocks
To determine the titer of GFP-expressing measles virus stocks, Vero E6 cells were seeded in 96-well plates and incubated for 3 h at

37�C. measles virus stocks were serially diluted from 1:10 to 1:1000000. Vero E6 cells were infected with 100 mL of the undiluted and

diluted virus stocks. 48 h post infection, cells were washed with PBS, fixed with 4% PFA and virus foci (GFP positive foci) were

counted under the microscope.

To determine the titer of influenza virus stocks, MDCK cells were seeded in 12-well plates one day prior to infection. Cell culture

supernatants were removed, cells were washed with PBS and 100 mL of the undiluted and serially diluted influenza virus stocks from

1:10 to 1:1000000 were added with 250 mL 1 x MEM/BSA. Infected cells were incubated for 1 h at 37�Cwith regular shaking steps in

between before 2 mL of overlay medium (50% 2 x MEM/BSA, 0.01% DEAE Dextran, 0.1% NaHCO3, 0.6% Avicel RC 581, 1 mg/mL

TPCK trypsin) was added to the cells. Three days post infection, supernatants were removed and cells were fixedwith 4%PFA for 1 h

at RT. Cells were washed with PBS and incubated in Crystal violet staining solution (0.5% Crystal violet, 30% Ethanol) for 10 min at

RT. Cells were washedwith H2O and dried until plaques were counted under themicroscope. The virus titer was calculated as plaque

forming units per mL (PFU/mL).

Infection of TZM-bl reporter cells
To determine infectious HIV yield, 6,000 TZM-bl cells were seeded in 96-well plates, and infected with 5-100 mL cell culture super-

natant in triplicates on the following day. Three days post infection, cells were lysed and b-galactosidase reporter gene expression

was determined using the GalScreen Kit according to the manufacturer’s instructions.

Stimulation of primary cells
MDMs were obtained by stimulation of PBMCs for 7 days with M-CSF and human serum (see ‘‘Primary cell cultures’’). On day 7 of

differentiation, MDMs were stimulated with IFNa2 (500 U/mL) or IFNg (200 U/mL). Three days post stimulation, cells were harvested

and lysed for analysis by western blotting.

CD4+ T cells were stimulated with IL2 (10 ng/mL) + IFNa2 (500 U/mL), IL2 (10 ng/mL) + IFNg (200 U/mL), IL2 (10 ng/mL) + anti-CD3/

CD28 beads (cells:beads ratio 1:1), IL2 (10 ng/mL) alone or the different IFNa subtypes (50 ng/mL). Three days post stimulation, cells

were harvested and lysed for analysis by western blotting.

Infection of primary cells
HLACs were infected with HIV-1 NL4-3 encoding GBP5 instead of nef to determine the impact of GBP5 and the respective isopre-

nylation-deficient mutant on infectious virus release in primary HIV target cells. HEK293T cells were transfected with proviral

constructs of HIV-1 NL4-3 encoding GBP5 instead of nef or the respective control viruses (5 mg). Two days post transfection, super-

natants were harvested and infectivity was adjusted using the TZM-bl reporter cell assay. HLACs were infected via spinoculation at

1200 x g for 2 h at 37�C. The input virus was washed away and infected HLACs were incubated for three days.

CD4+ T cells were infected with HIV-1 NL4-3 or the indicated primary HIV-1 isolates to determine the impact of HIV-1 infection on

GBP5 expression. CD4+ T cells were primed with IL-2 (10 ng/mL) and PHA (1 mg/mL) for three days before infection via spinoculation

at 1200 x g for 2 h at 37�C. The input virus was washed away and infected CD4+ T cells were incubated for three days.

siRNA transfection and infection of macrophages
MDMswere obtained by stimulation of PBMCs for 7 days (see ‘‘Primary cell cultures’’). On days 7 and 9 of differentiation, MDMswere

transfected with GBP-specific siRNA pools or a non-targeting control siRNA. siRNA transfections were performed in 12-well plates
Cell Reports 27, 2092–2104.e1–e10, May 14, 2019 e7



with two technical replicates for each sample using the Lipofectamine RNAiMAX transfection reagent. Before transfection, the

medium was replaced by 500 mL fresh DMEM supplemented with FCS (10%), glutamine (2 mM), streptomycin (100 mg/mL) and peni-

cillin (100 U/mL). For one well, 1.46 mL siRNA (20 mM) and 3 mL Lipofectamine RNAiMAX were mixed with 75 mL Opti-MEM, each.

These two solutions were then mixed, incubated for 15 min at RT and added dropwise to the cells. 16 h after transfection on day

7 of differentiation, the medium containing the transfection mix was replaced by fresh DMEM supplemented with FCS (10%), gluta-

mine (2 mM), streptomycin (100 mg/mL), penicillin (100 U/mL) andM-CSF (15 ng/mL). 8 h after transfection on day 9 of differentiation,

cells were infectedwith AD8 or transducedwith VSV-GpseudotypedHIV-1NL4-3 encoding siRNA resistantGBP instead of nef or the

respective control viruses. 12 h after infection, the input virus was removed by washing with 1 mL PBS and 1 mL fresh DMEM sup-

plemented with FCS (10%), glutamine (2 mM), streptomycin (100 mg/mL) and penicillin (100 U/mL) was added to the cells. Infectious

virus yield in cell culture supernatants was determined 6 days post infection by infection of TZM-bl reporter cells. To monitor knock-

down efficiencies by western blotting, cells were harvested 6 days post infection, washed with 1 mL PBS and prepared according to

the protocol ‘‘Western blotting.’’

Infection of THP-1 cells with measles, influenza A and Zika viruses
To determine the effect of GBP5 onmeasles and influenza virus replication, either THP-1 wild-type (WT) or GBP5 knockout (KO) cells

were infected with GFP-expressing measles (strain Schwarz) or influenza (strain SC35M) virus. To this end, THP-1 cells were differ-

entiated with PMA (100 nM) and, if indicated, stimulated with IFNg (200 U/mL), each for 24 h. For infection with influenza viruses, cells

were washed with PBS and virus was added in FCS free medium. For measles virus infection, virus was added in FCS containing

medium. 6 h post infection, the input virus was removed by washing once with PBS and fresh medium (±FCS, ± IFNg) was added

to the cells. 24 h (influenza viruses) or 48 h (measles virus) post infection, virus replication was analyzed by quantifying neuraminidase

activity in aMUNANA-assay (see ‘‘MUNANA assay’’) or by fluorescence imaging of GFP expression. For the latter, infected cells were

washed with PBS and fixed with 4% PFA. Cell nuclei were stained with NucRed before GFP expression was analyzed with a

Cytation3 imaging reader.

To determine the effect of GBP5 on Zika virus replication, either THP-1 WT or GBP5 KO cells were infected with Zika virus (strain

MR766). To this end, THP-1 cells were differentiated with PMA (100 nM) for 24 h. Cells were infected with an MOI of 50. 12 h post

infection, the input virus was removed by washing three times with PBS and fresh medium was added to the cells. Four days

post infection, supernatants were harvested and used to infect Vero E6 cells to determine the TCID50. To this end, 6,000 VeroE6 cells

were seeded in 100 mL complete medium per well of a 96-well plate one day prior to infection. The next day, 80 mL medium were

added, followed by 20 mL of 10-fold serially diluted supernatants in sextuplicates. 7 days post infection, the Zika virus induced cyto-

pathic effect (CPE) was used to determine infected wells for TCID50 calculation via Reed-Muench.

ELISA
To determine the amount of HIV-1 virions present in the supernatants of infected cells, the p24 capsid protein was quantified in a

home-made p24 sandwich ELISA. High-binding ELISA plates (Sarstedt, #82.1581.200) were coated with the p24-coating antibody

(ExBio, #11-CM006-BULK) overnight at RT. Plates were washed, blocked with PBS supplemented with 10% FCS for 2 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 (home-made) and a secondary HRP-conjugated antibody (Dianova, #111-035-008),

each for 1 h at 37�C. Plates were washed again, the TMB substrate was added and after several minutes of incubation the

reaction was stoppedwith 0.5MH2SO4. Absorption wasmeasured at 450 nmwith a baseline correction at 650 nmusing amicroplate

reader.

Flow cytometry
Flow cytometry was used to determine GBP5 expression in HLACs and CD4+ T cells after HIV-1 infection. Three days post infection,

cells were harvested, washed in PBSwith 1% FCS, fixed and permeabilized using the FIX&PERM kit according to themanufacturer’s

instructions. Cells were stained using goat anti-GBP5 (Santa Cruz, #sc-160353) and anti-goat AF647 (Thermo Fisher, #A-21447) as

well as anti-p24 FITC (Beckman Coulter, #6604665) antibodies. Flow cytometric measurements were performed using a BD FACS

Canto II flow cytometer. Mean fluorescence intensities (MFI) of GBP5 were determined in p24- and p24+ cells.

To determine Env cell surface expression levels in the presence of different GBPs, HEK293T cells were co-transfected with a

proviral construct of NL4-3 env stop (2 mg), expression plasmids for the different GBPs (1.5 mg) and Env variants (0.1 mg). Two

days post transfection, cells were harvested, washed in PBS with 1% FCS, stained using an anti-FLAG APC antibody (BioLegend,

#637307) and fixed with 2% PFA for 30 min at 4�C before analysis with a BD FACS Canto II flow cytometer.

MUNANA assay
To determine neuraminidase activity in influenza virus (strain SC35M) infected THP-1 cells, a MUNANA (4-(methylumbelliferyl)-N-

acetylneuraminic acid) assay was performed. 24 h post infection, cells were washed with PBS, lysed in 1% Triton X-100 and

adequate sample dilutions were prepared in MES buffer (32.5 mM MES monohydrate, 4 mM CaCl2 dihydrate). 20 mL sample was
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incubated with 30 mL of MUNANA substrate (100 mM) and incubated for 4 h at 37�C. 150 mL stop solution (0.1 M glycine in 25%

ethanol) was added to the reaction before neuraminidase activity was determined using a Cytation3 imaging reader (360 nm excita-

tion and 450 nm emission).

Cell viability assay
To exclude toxicity of the GBP expression plasmids, a cell viability assay was performed. HEK293T cells were co-transfected with a

proviral construct of HIV-1 CH058 (2.5 mg) and an expression plasmid for the different GBPs (2.5 mg) or a vector control (2.5 mg). Two

days post transfection, cells were washed with PBS and incubated with a fixable viability stain (1 mL of EFluorTM 780 in 1 mL PBS for

1 million cells) for 15 min at RT. Cells were washed again and fixed with 2% PFA for 30 min at 4�C before analysis with a BD FACS

Canto II flow cytometer.

Western blotting
To determine expression of cellular and viral proteins, cells were washed in PBS, lysed in western blot lysis buffer (150 mM NaCl,

50 mM HEPES, 5 mM EDTA, 0.1% NP40, 500 mM Na3VO4, 500 mM NaF, pH 7.5) and cleared by centrifugation at 20,800 x g for

20 min at 4�C. Lysates were mixed with Protein Sample Loading Buffer supplemented with 10% b-mercaptoethanol and heated

at 95�C for 5 min. Proteins were separated on NuPAGE 4%–12% Bis-Tris Gels, blotted onto Immobilon-FL PVDF membranes

and stained using primary antibodies directed against GBP2 (Santa Cruz, #sc-271568), GBP5 (Santa Cruz, #sc-160353), Furin

(Abcam, #ab28547), HA-tag (Abcam, #ab18181), AU1-tag (Novus Biologicals, #NB600-453), V5-tag (Cell Signaling, #13202),

HIV-1 Env (obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: 16H3 mAb from Drs. Barton F. Haynes

and Hua-Xin Liao) (Gao et al., 2009), Rauscher MLV gp70 (kindly provided by Christian Buchholz), p24 (Abcam, #ab9071), b-actin

(Abcam, #ab8226), GAPDH (BioLegend, #631401), GFP (Abcam, #ab290) and Infrared Dye labeled secondary antibodies (LI-COR

IRDye). Proteins were detected using a LI-COR Odyssey scanner and band intensities were quantified using LI-COR Image Studio

Lite Version 3.1.

Co-immunoprecipitation
To investigate possible interactions between GBP2/5 or the respective isoprenylation-deficient mutants and furin, co-immunopre-

cipitation with subsequent analysis by western blotting was performed. HEK293T cells were co-transfected with expression plas-

mids for HA-tagged GBPs (1.5 mg) and AU1-tagged furin (1.5 mg). Two days post transfection, cells were lysed in 300 mL western

blot lysis buffer and cleared by centrifugation (see ‘‘Western blotting’’). 50 mL of the lysate was used for the whole-cell lysate analysis

and further prepared as described in ‘‘Western blotting’’ while 250 mL of the lysate was used for the co-immunoprecipitation using the

Pierce HA Tag IP/Co-IP Kit (Thermo Fisher) according to the manufacturer’s instructions. Instead of the supplied loading dye, the

LI-COR Protein Sample Loading Buffer was used. After co-immunoprecipitation, whole-cell lysates and precipitates were analyzed

by western blotting.

To investigate possible interactions between endogenous GBP2/5 and furin, co-immunoprecipitation with subsequent analysis

by western blotting was performed. MDMs were obtained by stimulation of PBMCs for 7 days with M-CSF and human serum

(see ‘‘Primary cell cultures’’). On day 7 of differentiation, MDMs were stimulated with IFNg (200 U/mL). Three days post stimulation,

cells were harvested, lysed in western blot lysis buffer, incubated on ice and cleared by centrifugation (see ‘‘Western blotting’’). An

aliquot was used for the whole-cell lysate control and further processed as described in ‘‘Western blotting.’’ Furin was immunopre-

cipitated using anti-Furin antibodies (Abcam, #ab28547) and Pierce Protein A/G Magnetic Beads (Thermo Fisher). The respective

isotype control (Abcam, #ab37415) was used to determine unspecific binding. Beads were washed three times with 1 mL NP40

wash buffer (50 mM HEPES, 300 mM NaCl, 0.5% NP40, pH 7.4) before incubation with 60 mL 1 x Protein Sample Loading Buffer

(LI-COR) at 95�C for 10 minutes to recover bound proteins. After addition of 1.75 mL b-mercaptoethanol, whole-cell lysates and pre-

cipitates were analyzed by western blotting.

Microscopy
Confocal immunofluorescence microscopy was used to determine the subcellular localization of GBP1-6 and the isoprenylation-

deficient mutants of GBP2 and GBP5. 75,000 HEK293T cells were seeded on 13 mm diameter glass coverslips coated with poly-

L-lysine in 24-well plates. On the following day, cells were transfected with an expression plasmid for the different GBPs (250 ng).

Two days post transfection, cells were fixed in 4% PFA for 20 min at RT, permeabilized in PBS 0.1% Triton X-100 for 5 min at RT

and blocked in 1% BSA/PBS supplemented with 5% FCS for 30 min at RT. The nuclei, actin filaments and the trans-Golgi network

were stained using Hoechst (Thermo Fisher, #62249), phalloidin Atto-647N (ATTO-TEC, #AD647N-81) and anti-TGN46 (Bio-Rad,

#AHP500G) and anti-sheep AF568 (Thermo Fisher, #A-21099), respectively. Coverslips were mounted on glass slides using Mowiol

mounting medium and confocal microscopy was performed using an LSM710 (Carl Zeiss).

4G2 immunostaining
Infectivity of the supernatants resulting from GBP-ZIKV co-transfection were determined by infection of Vero E6 cells. To this end,

6,000 Vero E6 cells were seeded in 100 mL complete medium per well of a 96-well plate and cultured overnight. The next day, 80 mL

medium and 20 mL co-transfection supernatants were added in triplicates. Two days post infection, cells were washed with PBS and
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fixed with 4% PFA for 20 min at RT. Cells were permeabilized with cold methanol for 5 min at 4�C, followed by washing with PBS.

Next, cells were incubated with anti-flavivirus group antigen/protein E primary antibody (absolute antibody, #Ab00230-2.0) for 1 h at

37�C. Following three washing steps with PBS + 0.3% Tween, cells were incubated with an HRP-conjugated secondary antibody

(Thermo Fisher, #A16066) and further incubated for 1 h at 37�C. Cells were finally washed four times before adding TMB peroxidase

substrate. After 5 min incubation at RT, the reaction was stopped with 0.5 M H2SO4. Absorption was measured at 450 nm with a

baseline correction at 650 nm using a VMax Kinetic ELISA microplate reader. For immunofluorescence microscopy of ZIKV infected

cells, an AF488 coupled secondary antibody (Thermo Fisher, #A-11001) was used instead of the HRP-coupled antibody.

Furin activity assay
To determine furin activity in HEK293T cells, 22,000 cells were seeded in poly-L-lysine coated 96-well plates in 100 mL supplemented

DMEM, one day before transfection. HEK293T cells were co-transfected in triplicates with different doses of expression plasmids for

furin (0.5, 2.5, 12.5, 50 ng) and/or the different GBPs (75 ng). Two days post transfection, cell culture supernatants were harvested.

Cells were washed with PBS, lysed with several freeze-thaw cycles and 100 mL H2O per well was added. After 15 min incubation on

ice, cell lysates were cleared by centrifugation. To determine the effect of endogenously expressed GBP5 on furin activity, THP-1WT

or GBP5 KO cells were seeded in 12-well plates (250,000 cells/well in 1 mLmedium) and differentiated with PMA (100 nM). 24 h after

seeding, fresh medium without PMA was added and, if indicated, cells were stimulated with IFNg (200 U/mL) for 3 days, before cells

were lysed in 1 mL H2O by multiple freeze-thaw cycles. 20 mL of either cell culture supernatant or cell lysate were incubated with

Pyr-Arg-Thr-Lys-Arg-7-Amido-4-methylcoumarin (AMC) substrate (1 nmol) and furin activity was determined for 60 min using a

Cytation3 imaging reader (355 nm excitation and 460 nm emission).

Proteolytic processing of GPC3 and MMP14
To determine the effect of GBP2/5 on furin-mediated proteolytic processing of glypican-3 (GPC3) or matrix metalloproteinase-14

(MMP14), HEK293T cells were co-transfected with increasing amounts of an expression plasmid for the indicated GBPs (0, 0.5,

1.5, 2.5 mg), an expression plasmid for AU1-tagged furin (0.1 mg) and an expression plasmid for N-terminally HA-tagged GPC3 or

C-terminally HA-tagged MMP14 (2.5 mg). Two days post transfection, cells were lysed and analyzed by western blotting. Band in-

tensities were quantified and the ratios of cleaved products to total protein levels were calculated.

Firefly luciferase assay
For pseudotyping, an HIV-1 NL4-3 env stop firefly luciferase reporter plasmid (or an HIV-1 NL4-3 env stop IRES eGFP plasmid for

western blot analysis) was used in combination with expression plasmids for the different viral glycoproteins (DNA amounts HIV-1

NL4-3 env stop/viral glycoprotein: EBLV-1, MLV, VSV: 2.4 mg/0.6 mg; MaV: 2.94 mg/0.06 mg; RabV, LasV: 1.8 mg/1.2 mg. In case of

IAV, cells were transfected with equal amounts of plasmids expressing Hemagglutinin and Neuraminidase: 1.8 mg/0.6 mg/0.6 mg).

Virus stocks were used to transduce HEK293T cells in triplicates, which were seeded one day prior to transduction in a 96-well plate

format in a density of 10,000 cells/well. Three days post transduction, firefly luciferase activity was measured using Luciferase Cell

Culture Lysis 5x Reagent and Luciferase Assay System according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad PRISM 7. P values were calculated using paired or unpaired Student’s t test or

one sample t test. Unless otherwise stated, data are shown as mean of at least three independent experiments ± SEM. Significant

differences are indicated as: * p % 0.05; ** p % 0.01; *** p % 0.001. Statistical parameters are specified in the figure legends.

ADDITIONAL RESOURCES

Tissue expression profile of human GBP1: https://www.proteinatlas.org/ENSG00000117228-GBP1/tissue;

Tissue expression profile of human GBP2: https://www.proteinatlas.org/ENSG00000162645-GBP2/tissue

Tissue expression profile of human GBP3: https://www.proteinatlas.org/ENSG00000117226-GBP3/tissue

Tissue expression profile of human GBP4: https://www.proteinatlas.org/ENSG00000162654-GBP4/tissue

Tissue expression profile of human GBP5: https://www.proteinatlas.org/ENSG00000154451-GBP5/tissue

Tissue expression profile of human GBP6: https://www.proteinatlas.org/ENSG00000183347-GBP6/tissue

Tissue expression profile of human GBP7: https://www.proteinatlas.org/ENSG00000213512-GBP7/tissue

Prediction of proprotein convertase target sequences: http://www.cbs.dtu.dk/services/ProP/
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