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Abstract  17 

In the absence of effective vaccines and treatments, annual outbreaks of severe 18 

human haemorrhagic fever caused by arenaviruses, such as Lassa virus, continue to 19 

pose a significant human health threat. Understanding the balance of cellular factors 20 

that inhibit or promote arenavirus infection may have important implications for the 21 

development of effective antiviral strategies. Here, we identified the cell-intrinsic zinc 22 

transmembrane metalloprotease, ZMPSTE24, as a restriction factor against 23 

arenaviruses. Notably, CRISPR-Cas9-mediated knockout of ZMPSTE24 in human 24 

alveolar epithelial A549 cells increased arenavirus glycoprotein-mediated viral entry 25 

in pseudoparticle assays and live virus infection models. As a barrier to viral entry and 26 

replication, ZMPSTE24 may act as a downstream effector of interferon-induced 27 

transmembrane protein (IFITM) antiviral function; though through a yet poorly 28 

understood mechanism. Overexpression of IFITM1, IFITM2 and IFITM3 proteins did 29 

not restrict the entry of pseudoparticles carrying arenavirus envelope glycoproteins 30 

and live virus infection, yet depletion of IFITM protein expression enhanced virus entry 31 

and replication. Furthermore, gain-of-function studies revealed that IFITMs augment 32 

the antiviral activity of ZMPSTE24 against arenaviruses, suggesting a cooperative 33 

effect of viral restriction. We show that ZMPSTE24 and IFITMs affect the kinetics of 34 

cellular endocytosis, suggesting that perturbation of membrane structure and stability 35 

is likely the mechanism of ZMPSTE24-mediated restriction and cooperative 36 

ZMPSTE24-IFITM antiviral activity. Collectively, our findings define the role of 37 

ZMPSTE24 host restriction activity in the early stages of arenavirus infection. 38 

Moreover, we provide insight into the importance of cellular membrane integrity for 39 

productive fusion of arenaviruses and highlight a novel avenue for therapeutic 40 

development.  41 
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Author Summary  42 

Increased human travel, virus genome evolution and expansion of the host rodent 43 

reservoir outside of endemic areas has contributed to increasing cases of the highly 44 

fatal arenaviral haemorrhagic disease, Lassa fever in Western Africa. These annual 45 

seasonal outbreaks present a serious global public health and socioeconomic burden, 46 

particularly in the absence of approved vaccines and antiviral countermeasures.  47 

Development of novel and effective therapeutic strategies against arenavirus infection 48 

is reliant on a better understanding of the molecular mechanisms of key host–virus 49 

interactions that antagonise or potentiate disease pathogenesis. We demonstrate the 50 

inhibition of arenavirus infection by the antiviral restriction factor ZMPSTE24 and 51 

describe a cooperative action with the innate immunity-stimulated family of interferon-52 

induced transmembrane proteins (IFITMs). This work adds to our understanding of 53 

the mechanism of ZMPSTE24 and IFITM-mediated restriction of enveloped viruses 54 

and importantly suggests that these proteins may play a significant role in the 55 

pathogenesis of arenavirus infections.  56 
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Introduction 67 

Viral haemorrhagic fevers (VHF) caused by mammarenaviruses pose a serious public 68 

health burden in endemic regions. Based on their phylogenetic and antigenic 69 

properties and geographical distribution, mammarenaviruses are classified into the Old 70 

World (OW) virus complex endemic to Western Africa and the New World (NW) virus 71 

complex found in South America (1, 2). Junín virus (JUNV), the causative agent of 72 

Argentinian haemorrhagic fever (AHF) is included within the NW group along with the 73 

other human pathogens Machupo (MACV) and Chapare (CHAPV) viruses (3, 4).  The 74 

OW group includes the clinically significant, prototypic arenavirus lymphocytic 75 

choriomeningitis virus (LCMV) which is distributed worldwide, and the pathogenic Lujo 76 

virus (LUJV) associated with an outbreak of VHF in South Africa and Zambia (5). The 77 

most prevalent mammarenavirus pathogen, OW Lassa virus (LASV) is the causative 78 

agent of human Lassa Fever (LF) and is associated with significant mortality and 79 

morbidity in affected West African countries. Increased human interactions with the 80 

rodent host reservoir, mainly Mastomys natalensis, have led to the emergence and re-81 

emergence of LF disease (6-9). Particularly Nigeria reports continued outbreaks of LF, 82 

resulting in tens of thousands of cases and lead to case fatality rates as high as 30% 83 

(10, 11). Recent expansion of LASV outside of endemic regions has further highlighted 84 

the immense risk to human health in the absence of effective and approved 85 

countermeasures (12-15). A distinct characteristic of OW and NW mammarenaviruses 86 

is that both groups contain human pathogenic and non-pathogenic strains (1). For 87 

example, OW Mopeia virus (MOPV) is known to be non-pathogenic to humans, yet it 88 

is phylogenetically closely related to LASV and has been shown to induce protective 89 

immunity against LASV in a non-human primate model (16-18). In the case of LASV, 90 

infections can be asymptomatic or result in illnesses ranging from mild flu-like 91 
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syndromes to severe and highly fatal haemorrhagic zoonoses (19). Thus, unravelling 92 

the immune responses and key virus-host interactions that influence this variation in 93 

disease severity is critical.  94 

The innate antiviral response provides an early line of defense against infection 95 

through the activity of cell-intrinsic proteins and the induction of type I interferon 96 

(IFN1)–stimulated genes (ISGs) that encode virus restriction factors (20, 21).  These 97 

innate restriction factors block specific steps of the viral life cycle, including fusion of 98 

the viral membrane of enveloped viruses, a critical determinant for establishing 99 

infection (21-24). Fusion is mediated by the viral fusion glycoproteins that usually 100 

undergo conformational changes upon receptor binding and/or induction by acidic pH 101 

in endosomal compartments of the cell (25-28). The viral and cellular membrane 102 

leaflets merge to form a hemifusion diaphragm. Lipid mixing between the two leaflets 103 

then leads to the formation of a fusion pore, through which viral content is released 104 

into the cytoplasm to initiate the replication process (29, 30).   105 

Several restriction factors potently inhibit the infection of diverse enveloped viruses 106 

(31, 32). Amongst these factors are the interferon-induced transmembrane proteins 107 

(IFITMs) and the zinc metalloprotease, ZMPSTE24 (33, 34). As part of the robust IFN-108 

mediated innate immune response to viral infection, the IFITMs 1, 2 and 3 display 109 

broad-range antiviral activity against a plethora of enveloped viruses including 110 

orthomyxoviruses (influenza A virus, IAV), retroviruses (human immune deficiency 111 

virus-1, HIV-1), coronaviruses (severe acute respiratory syndrome (SARS) 112 

coronaviruses SARS-COV-1 and SARS-CoV-2), flaviviruses (Dengue) and filoviruses 113 

(Ebola) (35-39). IFITM1 localises predominantly to the plasma membrane, whilst 114 

IFITMs 2 and 3 localise to early and late endosomal and lysosomal membranes (21, 115 
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40). Current mechanisms of virus restriction are not clearly understood but existing 116 

explanations suggest that IFITMs inhibit viral fusion through a proximity-based 117 

mechanism (36, 39). This is proposed to require the presence of IFITMs at the site of 118 

viral fusion where they inhibit the formation of the fusion pore by trapping this process 119 

at the hemifusion stage. IFITM homo-oligomerisation is thought to directly modify the 120 

structure, rigidity and curvature of target membranes, thus leading to a block in virus-121 

host fusion (36, 41). Indirect mechanisms have also been suggested, such as through 122 

alteration of membrane cholesterol composition or through endosomal association 123 

with other membrane proteins, such as ZMPSTE24 (34).  124 

ZMPSTE24, a seven-pass transmembrane protein, has recently been shown to be an 125 

intrinsic restriction factor against a number of enveloped viruses, including IAV, Ebola,  126 

vaccinia and Zika (33). ZMPSTE24 is constitutively expressed and localises to the 127 

inner nuclear membrane, and to multiple intracellular endocytic membrane 128 

compartments. The conserved enzymatic activity of ZMPSTE24 plays a crucial role in 129 

the maturation of the nuclear scaffold protein lamin A which is critical for nuclear 130 

structure, shape and function (42). Recent studies suggest an indirect mechanism of 131 

ZMPSTE24 inhibition of enveloped virus fusion, independent of this enzymatic activity, 132 

through alteration of membrane structure or endosomal trafficking, similar to the IFITM 133 

proteins (33). ZMPSTE24 has been identified as a protein-interaction partner of 134 

IFITMs and recruitment of ZMPSTE24 as a downstream effector of IFITM antiviral 135 

activity has been suggested to drive the alteration in membrane properties that are 136 

less conducive to viral fusion (34). However, the exact mechanism of this proposed 137 

cooperative restriction is currently unknown.  138 

Different viruses can initiate fusion in distinctive endosomal and lysosomal 139 

compartments and thus can display differential sensitivity to restriction factor 140 
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expression. Arenavirus entry into target cells is mediated by the glycoprotein spike 141 

complex GP, consisting of subunits GP1, GP2 and the stable signal peptide (SSP).  142 

GP1 binds to entry receptors at the plasma membrane and effective fusion is driven 143 

by stabilisation of receptor-GP complexes by GP2 and SSP (43). During OW and NW 144 

virus co-divergence, cell receptor usage evolved from the ubiquitously expressed α-145 

dystroglycan receptor (OW) to the transferrin 1 receptor (NW), with the exception of 146 

OW LUJV which uses neuropilin-2 (NRP-2) as the entry receptor (28, 44). Virus entry 147 

occurs either via clathrin-dependent (NW viruses) or independent receptor-mediated 148 

(OW viruses) endocytosis followed by low-pH induced conformational changes in GP 149 

structure that lead to productive fusion (45). For OW LASV, low pH triggers a switch 150 

from the α-dystroglycan receptor to the lysosome-associated membrane protein 1 151 

(LAMP1), whilst for OW LUJV a pH-induced switch to the tetraspanin CD63 mediates 152 

fusion with cellular membranes (26).  153 

To date, there is limited information about how arenavirus infections may be 154 

antagonised by host restriction factors (32, 46, 47), and also the putative role of 155 

ZMPSTE24 in arenavirus biology has not yet been explored. Given that ZMPSTE24 156 

is an important innate defence factor against a number of pathogenic viruses, it is 157 

conceivable that ZMPSTE24 may affect the viral endocytic entry process of 158 

arenaviruses. In this study, we examined whether ZMPSTE24 is involved in arenavirus 159 

entry restriction. Using complementary arenavirus GP-pseudoparticle (GPpp) and live 160 

MOPV infection assays, we demonstrated that ZMPSTE24 restricts the entry and 161 

replication of arenaviruses. In agreement with previous reports, we found that 162 

arenavirus entry was resistant to IFITM protein overexpression (39, 48). However, 163 

siRNA knockdown and CRISPR-Cas9 knockout of IFITMs enhanced arenavirus entry 164 

and replication, contrary to our expectations.  We found that IFITM3 overexpression 165 
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in the presence of ZMPSTE24 augmented restriction of arenavirus entry and 166 

replication and showed that ZMPSTE24 and IFITM3 can alter cellular endocytosis 167 

rates possibly by impacting on the rigidity of cell membranes in an independent or 168 

cooperative manner. Collectively, our results provide strong support that arenaviruses 169 

utilise an endocytic pathway that is sensitive to ZMPSTE24 restriction and is enhanced 170 

upon recruitment of IFITM3.  171 

Results 172 

ZMPSTE24 impairs arenavirus GPpp infection  173 

The broad-spectrum intrinsic restriction factor ZMPSTE24 blocks the endocytic entry 174 

of a number of enveloped viruses (33). We used arenavirus GP–pseudoparticles 175 

(GPpp) generated from a panel of OW (LCMV, LASV, LUJV, MOPV) and NW (JUNV, 176 

MACV, CHAPV) mammarenavirus representatives to examine the role of ZMPSTE24 177 

restriction during arenavirus entry. Specifically, murine leukaemia virus (MLV) 178 

packaging a green fluorescent protein (GFP) reporter was pseudotyped with different 179 

arenavirus GP proteins. Using flow cytometry analysis, we first investigated the 180 

infectivity of these arenavirus GPpp in A549 human lung epithelial cells stably over-181 

expressing FLAG-tagged ZMPSTE24 compared to vector control cells. Entry of both 182 

OW and NW arenavirus GPpp were similarly susceptible to restriction by 183 

overexpression of ZMPSTE24 (Fig 1A). To examine the importance of ZMPSTE24 184 

metalloprotease activity in the restriction of arenavirus GPpp entry, we mutated 185 

histidine residue 335 within the essential, conserved HEXXH zinc metalloprotease 186 

catalytic motif and demonstrated that the H335A mutant also displayed comparable 187 

restriction of LCMVpp and LASVpp infection to wild-type ZMPSTE24 in A549 cells 188 

when compared with vector only controls, albeit to a slightly lesser extent (Fig 1B). 189 
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Therefore, the combined data suggest that ZMPSTE24 impedes arenavirus infection 190 

but that this viral restriction activity is largely independent of its protease function. 191 

 192 

 

Fig 1. Entry of arenavirus GPpp is inhibited by ZMPSTE24. GFP-containing arenavirus 

GP-pseudoparticles (GPpp) generated from a panel of Old World (OW) and New World 

(NW) arenaviruses namely, LCMV, LASV, MOPV, LUJV, JUNV, MACV and CHAPV were 
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used to infect: (A) A549 cells stably transduced with vector control or ZMPSTE24-FLAG 

(inset), (B) A549 cells stably expressing vector control or ZMPSTE24 with a H335A 

mutation, (C) A549 cells with ZMPSTE24 expression silenced by siRNA knockdown (inset, 

HSP90 served as a loading control), (D) CRISPR-Cas9 mediated knockout (KO) of 

ZMPSTE24 in A549 cells (inset) or (E) A549 cells stably transduced with non-targeting (NT) 

control, CRISPR-Cas9 KO of ZMPSTE24 or CRISPR-Cas9 KO of ZMPSTE24 in 

combination with ZMPSTE24-FLAG overexpression. Sensitivity to ZMPSTE24 restriction 

was measured by flow cytometry and is expressed as % GFP positive cells in relation to 

corresponding controls. Unpaired t-test *** p<0.001, ** p<0.01, *p<0.05. Data are expressed 

as mean ±SEM from samples produced in triplicate.  

 

To corroborate the inhibitory effect of ZMPSTE24 on the entry of arenaviruses, we 193 

silenced the expression of ZMPSTE24 by performing siRNA knockdown (KD) studies 194 

in A549 cells. We found that LCMVpp and LASVpp infection was enhanced 2.5-fold in 195 

ZMPSTE24 KD cells compared to the scramble control siRNA (Fig 1C). To build on 196 

the siRNA knockdown data, given that the knockdown by western blot was apparently 197 

not complete, we depleted the expression of ZMPSTE24 in A549 cells using CRISPR-198 

Cas9 lentiviral vectors. Cells were screened by western blotting to confirm the 199 

depletion of ZMPSTE24 expression in the knockout (KO) cells. Infection by most OW 200 

and NW arenavirus GPpp was markedly increased in the ZMPSTE24 knockout cells 201 

compared to unmodified control cells (Fig 1D). To further confirm the role of 202 

ZMPSTE24 as an intrinsic host factor against arenavirus GPpp entry, we modified the 203 

ZMPSTE24 KO A549 cells to stably express C-terminally FLAG-tagged ZMPSTE24 204 

by retroviral transduction (Fig 1E). We observed less infection with LCMVpp and 205 

LASVpp in the ZMPSTE24-expressing cells compared to the ZMPSTE24 KO cells. 206 

Collectively, by using single-round GPpp infection assays,  we have identified 207 

ZMPSTE24 as a host restriction factor against arenavirus entry. 208 

 209 
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Arenavirus GPpp entry is resistant to IFITM restriction but depletion of IFITM 210 

expression enhances infection  211 

It has been suggested that ZMPSTE24 is recruited to endocytic compartments by 212 

IFITM proteins, thereby blocking the endocytic entry of enveloped viruses (33, 34). We 213 

aimed to examine the role that IFITMs play in the restriction activity against 214 

arenaviruses. As IFITMs are induced by IFN stimulation, we first assessed the antiviral 215 

effects of exogenous IFN1 on the early stages of arenavirus infection in A549 cells. 216 

As measured by flow cytometry, single-round infectivity of GPpp across OW and NW 217 

strains was markedly reduced in cells incubated with 1000U/ml universal IFN1, 218 

suggesting an IFN-mediated inhibition of arenavirus entry (Fig 2A). It has previously 219 

been reported that arenaviruses are not susceptible to inhibition by the broadly acting 220 

IFN1-stimulated family of IFITM proteins (39, 48). To further validate this, we 221 

generated A549 cells stably expressing individual human IFITM1, IFITM2 and IFITM3 222 

proteins at levels similar in magnitude to that induced by IFN1 treatment (Fig 2B). By 223 

contrast, the expression of endogenous ZMPSTE24 was not upregulated following 224 

treatment with IFN1. We analysed the infectivity of different arenavirus GPpp in these 225 

cells and found that all strains tested were resistant to antiviral IFITM activity (Fig 2C), 226 

which is in agreement with previous studies (39, 48).  227 
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Fig 2. Arenavirus GPpp are not susceptible to restriction by IFITM overexpression. 

(A) A549 cells were infected with arenavirus GPpp for 48 h in the presence of 1000 U/mL 

type 1 IFN (IFN1) or control media and the percentage of infected cells compared to control 

was determined by flow cytometry. Unpaired t-test *** p<0.001, ** p<0.01, *p<0.05. (B) A549 

cells were transduced with empty vector control pLHCX, IFITM1, IFITM2 or IFITM3. 

Expression of IFITMs and ZMPSTE24 was measured in the presence or absence of 1000 

U/mL IFN1 by western blot analysis. HSP90 served as a loading control. (C) A549 cells 

stably transduced with IFITMs were infected with arenavirus GPpp and % infectivity 

measured by flow cytometry. (D) CRISPR-Cas9 mediated knockout (KO) of IFITMs in A549 

cells was confirmed by western blot analysis in the presence or absence of 1000 U/mL IFN1. 

(E) A549 IFITM CRISPR-Cas9 KO cells were infected with LCMV or LASV GPpp for 48 h 
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and the percentage of infected cells compared to control was determined by flow cytometry. 

Unpaired t-test *p<0.05. Data are expressed as mean ±SEM from experiments in triplicate. 

 228 

To assess whether the depletion of endogenous IFITMs may alter the efficiency of 229 

arenavirus GPpp infection, we used CRISPR-Cas9 lentiviral vectors to target IFITM 230 

expression in A549 cells. As observed by western blotting, the IFITM3 guide RNA 231 

(gRNA) used resulted in effective depletion of the specific IFITM targeted but also 232 

resulted in the depletion of IFITM2 and IFITM1, given their high degree of homology, 233 

chromosomal positioning and close proximity (Fig 2D). Knockout of endogenous 234 

IFITM expression enhanced the infection mediated by LCMVpp and LASVpp, implying 235 

that IFITMs may contribute to the inhibition of arenavirus GP-mediated viral entry, 236 

possibly through co-factor interactions (Fig 2E). 237 

 238 

IFITMs contribute to the antiviral restriction of arenavirus entry by ZMPSTE24  239 

To address the effects of IFITMs on ZMPSTE24 activity, we first assessed the 240 

comparative localisation of the host restriction factors. Immunofluorescence 241 

microscopy imaging showed that overexpressed HA-tagged ZMPSTE24 possesses a 242 

cytoplasmic distribution and predominantly localises to endosomal compartments in 243 

A549 cells. Further, we found that ZMPSTE24 co-localises with the early endosome 244 

marker, EEA1 and to a lesser extent with the late endosome marker Rab9, but does 245 

not localise to the lysosome marker LAMP1 (Fig S1). The localisation of IFITM proteins 246 

is thought to define the spectrum of viruses that these antiviral factors restrict (23). 247 

IFITM1 is mostly localised to the plasma membrane, whilst IFITMs 2 and 3, like 248 

ZMPSTE24, are localised to endosomal compartments due to the presence of a 249 

conserved endocytic localisation motif (21, 23).  We further demonstrated by confocal 250 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 12, 2021. ; https://doi.org/10.1101/2021.04.12.439453doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.12.439453
http://creativecommons.org/licenses/by-nc-nd/4.0/


microscopy imaging that endogenous ZMPSTE24 co-localises with all three HA-251 

tagged IFITM proteins when overexpressed in A549 cells (Fig 3A). In the presence of 252 

IFITM1, ZMPSTE24 redistributed to the plasma membrane and IFITM1 was also 253 

found to have a disperse intracellular punctate distribution that overlapped with 254 

ZMPSTE24. This observation implies a cooperative function or interaction of the two 255 

proteins (Fig 3A). Considering these observations, we next corroborated that IFITMs 256 

and ZMPSTE24 interact (33, 34). A549 cells were transfected with C-terminally FLAG-257 

tagged ZMPSTE24. Proteins were captured on beads coated with anti-IFITM2/3 258 

antibody and analysed by western blot. IFITM proteins have the propensity to homo- 259 

and hetero-oligomerise and we found that ZMPSTE24-FLAG binds to the endogenous 260 

IFITM1, 2 and 3 proteins (Fig 3B) (41). Complementary to these co-261 

immunoprecipitation data, we assessed the interaction between ZMPSTE24 and 262 

specifically, IFITM3, in live cells using a NanoLuc Binary Technology (NanoBiT)-based 263 

assay (Fig 3C). NanoLuc Luciferase is split into two complementary segments, 18kDa 264 

Large BiT (LgBiT) and 1.3kDa Small BiT (SmBiT); these possess low intrinsic affinity 265 

for each other. However, a bright luminescent signal is restored upon interaction of 266 

the binding partners to which they are fused. We engineered ZMPSTE24 and IFITM3 267 

constructs tagged at either the N or C terminus with SmBiT and LgBiT fragments (Fig 268 

3C). We transiently transfected HEK293T cells with these combinations of 269 

SmBiT/LgBiT ZMPSTE24 and IFITM3 constructs to screen for conformational 270 

interactions by detection of a luminescence signal. As IFITMs are known to 271 

oligomerize via the N-terminus, we included a co-transfection of N-terminal LgBiT-272 

IFITM3 (N-L-IFITM3) and N-terminal SmBiT-IFITM3 (N-S-IFITM3) as indication of a 273 

positive interaction. Luminescence signal was also compared to the manufacturer’s 274 

PRKACA:PRKAR2A positive control pair and the negative control of the 275 
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corresponding SmBiT partner fused with a HaloTag. Co-transfection of N-L-IFITM3 276 

and N-S-IFITM3 produced a robust signal when normalised to the negative control, 277 

indicating the oligomerisation of IFITM proteins (Fig 3C). We found that C-terminal 278 

tagged ZMPSTE24 (ZMPSTE24-C-S) and IFITM3 (IFITM3-C-L) in combination 279 

produced a luminescent signal approximately 12-fold higher than that of the negative 280 

control pairs and approaching the signal of the N-L-IFITM3/N-S-IFITM3 combination 281 

(Fig 3C). Thus, these data are in keeping with previous findings that suggest the two 282 

host restriction factors may interact (33).  283 
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Fig 3. ZMPSTE24 colocalises with IFITM proteins, and interacts via a C-terminal 

interaction with IFITM3 (A) Confocal microscopy of A549 cells transiently transfected with 

HA-tagged IFITM proteins 1, 2 and 3. At 24 h post-transfection, cells were fixed and stained 

for endogenous ZMPSTE24 (green) and the IFITM protein of interest (red) and examined 

by confocal microscopy. Panels are of representative images. (B) A549 cells were 

transfected with ZMPSTE24-FLAG and 48 h later, cell lysates were immunoprecipitated 

with anti-IFITM2/3 monoclonal antibody. Cell lysates and immuprecipitates were analysed 

by SDS-PAGE and western blotting for ZMPSTE24-FLAG and IFITMs 1, 2 and 3. (C) 
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IFITM3 or ZMPSTE24 were fused to a large (LgBiT) or small (SmBiT) subunit of NanoLuc 

luciferase and co-transfected into HEK293T cells. For each assay pair (hatched boxes), the 

LgBiT fused partner was also co-transfected with a HaloTag fused to SmBiT as a negative 

control. LgBiT-PRKACA and SmBiT-PRKAR2A were co-transfected as a positive control. 

(D) Luminescence was measured after addition of NanoGlo luciferase reagent and is 

expressed as relative luminescence units (RLU) relative to corresponding LgBiT and 

SmBiT-HaloTag negative control. Unpaired t-test *** p<0.001, ** p<0.01, * p<0.05. Data are 

expressed as mean ±SEM from experiments in triplicate. Green arrow indicates interaction 

between ZMPSTE24-C-SmBiT and IFITM3-C-LgBiT. 

 

We next aimed to ascertain if IFITMs play a role in the ZMPSTE24-mediated restriction 284 

of arenavirus entry. We assessed the infectivity of LCMVpp and LASVpp in A549 cells 285 

with CRISPR-Cas9 KO of endogenous ZMPSTE24 and overexpressing either 286 

ZMPSTE24-FLAG or IFITM3, or both proteins together by retroviral transduction (Fig 287 

S2, Fig 4A). As anticipated, ZMPSTE24 knockout increased LCMVpp and LASVpp 288 

infection but this was abrogated in the presence of ZMPSTE24-FLAG. IFITM3 289 

overexpression alone had little effect on GPpp infection but in combination with 290 

ZMPSTE24-FLAG, we observed a significant enhancement in the restriction of 291 

LCMVpp and LASVpp infection (Fig 4B). Interestingly, when we examined A549 cells 292 

overexpressing ZMPSTE24 and IFITM3 in combination, we found that ZMPSTE24 co-293 

expression led to a redistribution of IFITM3 from the disparate endo-cytoplasmic 294 

localisation to a distinct endosomal localisation that overlaps with ZMPSTE24 295 

expression (Fig 4B). Thus, we speculate that this redistribution of IFITM3 likely 296 

influences the observed enhancement in ZMPSTE24 restriction of arenavirus entry. 297 
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Fig 4. ZMPSTE24 and IFITM3 co-operatively restrict arenavirus GPpp infection. (A) 

A549 CRISPR-Cas9 stable knock out cell lines were generated for non-targeting (NT) 

control or ZMPSTE24 and then transduced for stable overexpression of ZMPSTE24-FLAG 

or IFITM3 or both. Cells were infected with LCMVpp or LASVpp for 48 h and the percentage 

of infected cells compared to control was determined by flow cytometry. Unpaired t-test ** 

p<0.01, *p<0.05. (B) A549 cells transiently transfected with HA-tagged ZMPSTE24 (green) 

and IFITM3 (red) were stained to assess the co-localisation of the two proteins 24 h post-

transfection. Panels are of representative images. (C) A549 CRISPR-Cas9 NT control or 

IFITM KO cells ectopically expressing ZMPSTE24-FLAG were infected with LCMVpp or 

LASVpp. At 48 h post transfection the percentage of infected cells compared to control was 

determined by flow cytometry. Unpaired t-test ** p<0.01, *p<0.05. Data are expressed as 

mean ±SEM from samples produced in triplicate. 

 

 298 
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We next generated A549 lentiviral non-targeting (NT) control and CRISPR-Cas9 299 

IFITM knockout cells and stably expressed ZMPSTE24-FLAG in these cells.  300 

Compared to NT control cells, we observed enhanced LCMVpp and LASVpp infection 301 

in IFITM KO cells (Fig 4C). Overexpression of ZMPSTE24 in NT control cells 302 

abrogated LCMVpp and LASVpp infection but in the absence of IFITM expression, the 303 

sensitivity of arenavirus entry to ZMPSTE24 restriction was decreased (Fig 4C).   304 

Taken together, our data show that ZMPSTE24 interacts with IFITM proteins and 305 

importantly suggest a cooperative impairment of arenavirus entry in which ZMPSTE24 306 

appears to co-opt IFITM3 to facilitate restriction of arenavirus entry.  307 

 308 

Replication of OW MOPV is restricted by ZMPSTE24 309 

We established that ZMPSTE24 can restrict the early stages of arenavirus infection 310 

through the use of GPpp infection assays and found that ZMPSTE24 interaction with 311 

IFITM proteins markedly increased the sensitivity of arenavirus-mediated entry to 312 

ZMPSTE24, suggesting a cooperative function. The replication of MOPV is highly 313 

sensitive to IFN1 inhibition, thus we next wanted to determine whether IFITM-314 

mediated restriction contributed to this inhibition and to assess the impact of 315 

ZMPSTE24 on live virus replication (Fig 5A). Using lentiviral CRISR-Cas9 ZMPSTE24 316 

gRNA and siRNAs against IFITMs 1, 2 and 3, we first knocked out or knocked down 317 

endogenous protein expression from A549 cells and challenged the cells with MOPV 318 

(Fig 5B, C). Levels of MOPV NP and L RNA in these cells were quantified by RT-319 

qPCR at 72 hours post-infection. We found that ZMPSTE24 depletion markedly 320 

increased the level of viral replication observed. This was reflected in the 4-6-fold 321 

increase in MOPV NP and L RNA levels in the absence of ZMPSTE24 expression, 322 

indicating that in these cells ZMPSTE24 is likely a component of the induced antiviral 323 
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state upon arenavirus infection (Fig 5B).  Likewise, knockdown of IFITM protein 324 

expression, particularly of IFITMs 2 and 3 significantly enhanced MOPV NP and L 325 

RNA levels (Fig 5C).   326 

 

Fig 5. MOPV replication is sensitive to ZMPSTE24 restriction. (A) MOPV gene 

expression analysis in A549 cells incubated with 1000 U/mL type 1 IFN (IFN1) for 4 h prior 

to, and during infection with MOPV. Unpaired t-test ****p<0.0001. (B) Gene expression in 
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A549 cells with stable CRISPR-Cas9 knockout (KO) of ZMPSTE24 infected with MOPV. 

Unpaired t-test *p<0.05. (C) MOPV gene expression in A549 cells stably expressing siRNA-

mediated knockdown of IFITMs. Unpaired t-test ** p<0.01, *p<0.05. (D) Gene expression 

analysis in A549 cells stably expressing IFITMs 1, 2 or 3, ZMPSTE24 or both ZMPSTE24 

and IFITM3 and infected with MOPV. All cells were infected with MOPV at MOI 0.01 for 72 

h. Unpaired t-test ****p<0.0001, ** p<0.01, *p<0.05. All samples were collected by RNA 

extraction and cDNA synthesis before analysing by RT-qPCR with primers for MOPV L and 

NP genes. Data was analysed by the 2ΔΔCt method with primers for reference genes β-actin 

and GAPDH. Values are expressed as means ±SEM relative to controls of samples 

performed in triplicate. 

 

To further address the effects of ZMPSTE24 and IFITM activity on live virus replication, 327 

we generated stable A549 cell lines expressing each human IFITM protein, 328 

ZMPSTE24 or expressing ZMPSTE24 in combination with IFITM3 (Fig S3, Fig 5D). 329 

We then infected these cells with MOPV with a multiplicity of infection (MOI) of 0.01, 330 

and found that there was little to no sensitivity to IFITM protein expression but 331 

significant sensitivity to ZMPSTE24. The reduction of MOPV gene expression in cells 332 

expressing ZMPSTE24 was further enhanced when IFITM3 was co-expressed (Fig 333 

5D). Both single round arenavirus GPpp assays and multicycle replication studies with 334 

live MOPV v therefore show sensitivity to ZMPSTE24 restriction that is specifically 335 

enhanced in the presence of IFITM3 expression. These data are highly suggestive of 336 

an antiviral role of ZMPSTE24 and the IFITM cofactors in arenavirus cellular entry.  337 

 338 

ZMPSTE24 restriction of arenavirus infection is mediated through modulation 339 

of membrane integrity 340 

The molecular mechanism of ZMPSTE24 and IFITM antiviral activity are not well 341 

characterised (33, 34, 49). Findings from previous studies suggest that these proteins 342 

restrict the fusion of viruses by altering the fluidity or curvature of the host and viral 343 
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membranes, through indirect alteration of the lipid composition of the endosomal 344 

membrane or through the association with membranous co-factors, such as 345 

ZMPSTE24 and IFITM interactions (34, 50). It has previously been demonstrated that 346 

the antiviral effect of IFITM2 and IFITM3 on infection by susceptible viruses such as 347 

IAV, can be attenuated in the presence of the amphiphilic antifungal drug amphotericin 348 

B (AmphoB) (50, 51). AmphoB intercalates into endosomal membranes and indirectly 349 

abrogates IFITM-mediated restriction through enhancement of membrane fluidity (51). 350 

We therefore used AmphoB treatment to analyse whether membrane modulation is 351 

required for ZMPSTE24 restriction and for the cooperative antiviral activity of 352 

ZMPSTE24 and IFITM proteins. To address this, we used CRISPR-Cas9 ZMPSTE24 353 

KO A549 cells that overexpressed either ZMPSTE24 or IFITM3 individually, or 354 

overexpressed both proteins in combination (Fig S2, Fig 6A). We infected these cells 355 

and CRISPR-Cas9 NT control cells with our panel of arenavirus GPpp namely LCMV, 356 

LASV, MOPV, LUJV, JUNV, MACV and CHAPV. Notably, AmphoB had no effect on 357 

arenavirus GPpp infection in NT controls. We observed that AmphoB produced a 358 

broadly significant reversal of ZMPSTE24-mediated restriction of arenavirus GPpp 359 

infection, rendering these cells less sensitive to ZMPSTE24 inhibition (Fig 6A). 360 

Furthermore, AmphoB limited the cooperative restriction of ZMPSTE24 and IFITM3 in 361 

comparison to untreated cells (Fig 6A). These data imply that at the early stages of 362 

arenavirus infection, the modulation of cellular membrane integrity is critical for the 363 

antiviral activity of ZMPSTE24 and the observed restriction enhancement in the 364 

presence of IFITM3. To examine this during live virus infection, we infected these cells 365 

with MOPV at MOI 0.01 for 72 hrs and quantified levels of MOPV L and NP gene 366 

expression. We found that AmphoB increased the sensitivity of MOPV to ZMSPTE24 367 

alone and when expressed in combination with IFITM3 (Fig 6B). Similar to arenavirus 368 
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GPpp infection (Fig 6A), expression of IFITM3 alone did not affect MOPV replication. 369 

Furthermore, we also observed no change in MOPV L and NP gene expression levels 370 

upon AmphoB treatment in these cells. 371 

 

Fig 6. ZMPSTE24 and IFITM3 modulate membrane fluidity to restrict arenaviruses. 

A549 CRISPR-Cas9 stable knock out cell lines generated in Fig 4 for non-targeting (NT) 

control or ZMPSTE24 and then transduced for stable overexpression of ZMPSTE24-FLAG 

or IFITM3 or both were incubated with 1µM Amphotericin B (AmphoB) for 1 h prior to 

infection with (A) the panel of arenavirus GP-pseudoparticles (GPpp) for LCMV, LASV, 
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MOPV, LUJV, JUNV, MACV and CHAPV for 48 h or with (B) MOPV (MOI 0.01) for 72 h. 

Infectivity of GPpp was measured by flow cytometry and calculated as percentage GFP-

positive cells compared to control. Unpaired t-test ****p<0.0001, *** p<0.001, ** p<0.01, 

*p<0.05. MOPV L and NP gene expression was analysed by RT-qPCR and the 2ΔΔCt 

method with housekeeping genes β-actin and GAPDH and is displayed as relative fold 

change in relation to untreated NT control cells. (C) A549 cells stably expressing 

ZMPSTE24, IFITM3 or both were incubated with 200nM FM™2-10 for the indicated time 

points and FM™2-10 incorporation was measured as fluorescence intensity of incorporated 

membrane probe by flow cytometry. All data are expressed as means ±SEM from 

experiments performed in triplicate. Unpaired t-test ** p<0.01, *p<0.05 

 

Structural changes in host cell membranes that can affect, for example, membrane 372 

fluidity or surface tension have implications for a wide range of biological mechanisms 373 

including cell division, endocytosis and viral fusion (50-52). Given that ZMPSTE24 and 374 

IFITMs act both independently and in synergy against a plethora of virus families, it is 375 

highly likely that they share a common mechanism that impacts on the host cellular 376 

environment. To investigate the impact of ZMPSTE24 on host membranes and indeed 377 

co-expression of the two proteins, we assessed the rate of cellular internalisation of 378 

the non-toxic membrane probe FM™2-10 in A549 cells overexpressing ZMPSTE24, 379 

IFITM3 or ZMPSTE24 and IFITM3 in combination. FM™2-10 reversibly binds to the 380 

outer leaflet of the cell membrane and upon endocytosis localises to the membrane of 381 

the endocytic vesicle (53). The fluorescence emission of FM™2-10 increases with 382 

membrane incorporation, thus we measured the changes in FM™2-10 fluorescence 383 

intensity over time by flow cytometry to determine the kinetics of membrane 384 

internalisation. In contrast to control cells, the rate and intensity of FM™2-10 probe 385 

incorporation, characteristic of membrane endocytosis, was reduced in the presence 386 

of IFITM3 or ZMPSTE24 and this reduction was significantly enhanced upon co-387 

expression of the two restriction factors (Fig 6C). These findings strengthen the 388 
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argument that ZMPSTE24 and IFITMs cause changes in membrane structure and 389 

dynamics that likely impact on the efficiency of virus fusion. 390 

Thus, ZMPSTE24-mediated restriction activity is involved in the early stages of the 391 

innate immune response to arenavirus infection and IFITMs are able to enhance 392 

effects on membrane fluidity and thus inhibition of virus infection. 393 

 394 

Discussion 395 

The entry and fusion of viruses into susceptible host cells represents a fundamental 396 

step of viral pathogenesis and is a central factor in disease outcome. Investigations 397 

into the molecular and cellular mechanisms that drive cell invasion of arenaviruses 398 

have unravelled complex details surrounding receptor switching, the regulation of virus 399 

endocytosis and the conformational rearrangements within the GP structure that 400 

induce membrane fusion during entry (27, 54). However, there is still limited 401 

knowledge regarding the range of antiviral proteins that limit the entry of arenaviruses 402 

and how the activity of these proteins may be modulated by virus-specific proteins.  403 

In this study, we identified ZMPSTE24 as an intrinsic restriction factor against 404 

arenavirus entry and replication. The antiviral impact of ZMPSTE24 on arenavirus 405 

infection was shown by demonstrating that arenavirus GPpp infection and MOPV 406 

replication are enhanced in cells with depleted ZMPSTE24 and  that ectopic 407 

expression of ZMPSTE24 caused a reduction in arenavirus GPpp and MOPV 408 

infection. Recent studies have indicated a number of enveloped viruses that traffic 409 

through the cellular endosomal compartment during entry are restricted by ZMPSTE24 410 

(33). Our findings now expand this list to include arenaviruses. The breadth of viruses 411 

impacted by ZMPSTE24 activity suggests a universal antiviral mechanism that occurs 412 

prior to virus fusion. Our data suggests that disrupting the protease activity of 413 
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ZMPSTE24 does not alter the sensitivity of arenaviruses to restriction, further implying 414 

a generalised mechanism of restriction that may involve modifying host cell membrane 415 

properties to inhibit fusion pore formation. This mechanism which impairs endosomal 416 

viral membrane fusion is likely facilitated by the IFITM proteins as co-factors of 417 

ZMPSTE24 activity.  418 

The localisation of IFITM proteins is an important determinant of the breadth of viruses 419 

that they restrict. IFITM1 is found predominantly at the plasma membrane whilst 420 

IFITMs 2 and 3 localise to endosomal compartments (21). We confirmed and 421 

expanded previous studies that show arenaviruses are insensitive to IFITM restriction 422 

(39). However, our observations also highlight that arenavirus entry and replication is 423 

enhanced upon knock down and knockout of IFITM expression. This implies that 424 

IFITMs are involved as antiviral factors against the early stages of arenavirus infection. 425 

A recent studiy by Suddala et al. (39) indicated that IFITM3 restricts through a 426 

proximity-based mechanism and that LASV may escape restriction by IFITM3 by 427 

entering cells through a distinct endosomal pathway lacking IFITM3 expression. Our 428 

observations support that arenaviruses are not inherently insensitive to IFITM 429 

restriction given that IFITM depletion enhances arenavirus infection (39). 430 

In light of our findings and given that previous studies have showed that ZMPSTE24 431 

is required for the antiviral activity of IFITMs, we explored a possible cooperative role 432 

of ZMPSTE24 and IFITMs against arenavirus infection. Our data demonstrate that 433 

endogenous ZMPSTE24 co-localises with all three IFITM proteins when they are 434 

ectopically expressed in A549 cells. Using immunoprecipitation and complementation 435 

assays, we also showed that IFITM proteins interact with ZMPSTE24.  436 

In our present study, we provide strong evidence for the biological significance of the 437 

ZMPSTE24—IFITM interaction demonstrating that engagement with IFITM proteins 438 
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enhances the sensitivity of arenaviruses to ZMPSTE24-mediated restriction. 439 

Specifically, we show that stable ectopic expression of ZMPSTE24 with IFITM3 440 

significantly enhanced inhibition of arenavirus entry and replication. In addition, we 441 

found that in contrast to cells singly overexpressing IFITM3, ectopic co-expression of 442 

IFITM3 with ZMPSTE24 in A549 cells led to the redistribution of IFITM3 to distinct 443 

endosomal compartments that were positive for ZMPSTE24. We therefore propose 444 

the redistribution of IFITM3 to a ZMPSTE24-positive pathway along which 445 

arenaviruses enter and fuse, induces an enhanced modification of cellular membranes 446 

that thus impairs virus fusion. Supporting this hypothesis, we provide evidence that 447 

the absence of IFITMs in A549 cells expressing ZMPSTE24 leads to a reduction in 448 

the sensitivity of arenavirus GPpp to ZMPSTE24-mediated restriction. It is therefore 449 

tempting to speculate that ZMPSTE24 is able to modulate the intracellular trafficking 450 

of its IFITM co-factors to an early endosomal localisation that increases the 451 

susceptibility of normally IFITM-resistant viruses like arenaviruses.  452 

We aimed to address the mechanism of ZMPSTE24 restriction and of the observed 453 

cooperative activity using AmphoB treatment which disrupts IFITM function and by 454 

assessing the incorporation of a membrane-sensitive probe, FM™2-10. Pre-treatment 455 

with AmphoB rescued the entry and fusion of arenavirus GPpp and live MOPV 456 

infection in cells expressing either ZMPSTE24 alone or co-expressing ZMPSTE24 and 457 

IFITM3. These findings are consistent with the notion that ZMPSTE24 may exert its 458 

inhibitory effect by modulating the curvature and increasing the rigidity of endosomal 459 

membranes, much like the IFITM proteins. Interestingly, ZMPSTE24 decreased the 460 

rate and intensity of FM™2-10 incorporation into cellular membranes and this was 461 

further abrogated in the presence of IFITM3. Given the effects that these proteins likely 462 

have on membrane fluidity, the decreased incorporation and thus the associated 463 
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reduced rate of endocytosis may be an indirect effect of changes in lipid composition 464 

and the distribution of membrane components. It also provides evidence that both 465 

ZMPSTE24 and IFITM3 exert their antiviral function by increasing membrane order 466 

and rigidity, a mechanism consistent with that proposed by previous studies on IFITM3 467 

alone (49, 51).  468 

In summary, our study highlights a previously unexplored restriction factor strategy 469 

that contributes to our understanding of arenavirus entry mechanisms. It provides 470 

further insight into the activities of ZMPSTE24 and IFITMs and provides the 471 

opportunity to target and augment this restriction mechanism for antiviral 472 

development. Defining the critical interaction sites between ZMPSTE24 and IFITM 473 

proteins and understanding the role of arenaviral proteins in abrogating restriction is 474 

of importance. 475 

  476 
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Materials and methods 477 

Cell lines and expression constructs. 478 

Human embryonic kidney 293T (293T; ATCC), kidney epithelial Vero (Vero; ATCC), 479 

human lung adenocarcinoma epithelial (A549; ATCC) and A549 cells expressing 480 

ZMPSTE24 or the individual IFITM proteins were cultured in Dulbecco's Modified 481 

Eagle Medium (DMEM), high glucose, GlutaMAX™ Supplement (Gibco) with 10% 482 

heat inactivated FBS (Gibco) and 200 µg/ml Gentamicin (Sigma) at 37°C, 5% CO2.  483 

Expression plasmids encoding for human ZMPSTE24 with and without a C-terminal 484 

FLAG-tag or HA-tag were PCR amplified and subcloned into the pQXCIP (Clontech) 485 

backbone using flanking restriction sites AgeI and BamHI. Human IFITM1, IFITM2 and 486 

IFITM3 were cloned into the pLHCX retroviral vector (Clontech) using XhoI and NotI 487 

restriction sites. All IFITM proteins were HA-tagged by PCR-based mutagenesis using 488 

the parental pLHCX-IFITM1, 2 or 3 as templates.  489 

Arenavirus glycoproteins for LCMV, LASV, MOPV. LUJV, JUNV, MACV and CHAPV 490 

(accession numbers M22138, M15076, M33879, FJ952384, D10072, AY624355, and 491 

EU260463, respectively) were synthesized by GeneArt (ThermoFisher) and 492 

subcloned into the pI.18 expression vector (kindly gifted by Professor Janet Daly) 493 

using KpnI and XhoI as flanking restriction sites.  494 

A549 cells stably expressing the IFITMs 1, 2 or 3 (pLHCX) or ZMPSTE24 tagged with 495 

or without a C-terminal FLAG tag (pQXCIP) or the relevant empty vector, were 496 

generated by vesicular stomatitis virus-G (VSV-G) pseudotyped retroviral 497 

transduction. Retroviral vectors were made by transfecting 293T cells with the pCMV-498 

Gag-Pol murine leukaemia virus (MLV) packaging construct (kindly gifted by Professor 499 

Jonathan Ball), the pLHCX or pQXCIP packaging vector of interest and pCMV VSV-500 
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G using 1mg/ml PEI®-MAX (Polysciences). Media was replaced 16 h post-transfection 501 

and viral supernatants were harvested through a 0.45 µm filter, 48 h post transfection. 502 

A549 cells were incubated for 48 h with retroviral vectors following spinoculation at 503 

400 xg for 1 h to generate the stable cell lines. The corresponding antibiotic selection 504 

was added 48 h post-transfection. Expression of proteins was assessed by western 505 

blotting. When indicated, IFN-α (universal type 1 IFN, PBL Interferon Source) 506 

stimulation was performed using 1000 U ml−1 for 4 h before immunoblotting. 507 

The NanoBiT split luciferase system was used to assess interaction of IFITM3 and 508 

ZMPSTE24. Briefly IFITM3 and ZMPSTE24 were fused to the NanoBiT large (LgBiT) 509 

or small (SmBiT) subunits of NanoLuc luciferase at the N or C terminus. The coding 510 

region of IFITM3 was amplified by PCR with added XhoI and NheI restriction sites 511 

whereas ZMPSTE24 was amplified with BglII and XhoI sites. Primers used were as 512 

follows: IFITM3 C-terminal forward (5′-513 

ATGCATGCTAGCGCCACCATGAATCACACTGTCCAAAC-3′), IFITM3 C-terminal 514 

reverse (5′-ATGCATCTCGAGCCTCCATAGGCCTGGAAGA-3′), IFITM3 N-terminal 515 

forward (5′-ATGCATCTCGAGCGGTATGAATCACACTGTCCAA-3′), IFITM3 N-516 

terminal reverse (5′-ATGCATGCTAGCCTATCCATAGGCCTGGA-3′), ZMPSTE24 C-517 

terminal forward (5′-ATGCATAGATCTATGGGGATGTGGGCATCG-3′), ZMPSTE24 518 

C-terminal reverse (5′-ATGCATCTCGAGCCGTGTTGCTTCATAGTTTTC-3′), 519 

ZMPSTE24 N-terminal forward (5′-520 

ATGCATCTCGAGCGGTATGGGGATGTGGGCATC-3′) and ZMPSTE24 N-terminal 521 

reverse (5′-ATGCATGCTAGCTCAGTGTTGCTTCATAGT-3′). Amplified fragments 522 

were digested with corresponding restriction enzymes and ligated into the following 523 

vectors: pBiT1.1-C [TK LgBiT], pBiT2.1-C [TK SmBiT], pBiT1.1-N [TK LgBiT] and 524 

pBiT2.1-N [TK SmBiT]. 525 
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Passage and titration of Mopeia virus (MOPV).  526 

The UVE/MOPV/UNK/MZ/Mozambique 20410 strain of MOPV was obtained from 527 

European Virus Archive and mycoplasma-free virus stocks were propagated in Vero 528 

cells in DMEM supplemented with 2% FCS. The titre of MOPV stocks was determined 529 

by focus forming assay. Vero cells were infected with serial dilutions of MOPV for 1 h 530 

at 37°C and then incubated in complete DMEM for 48 h. Infected foci were visualised 531 

using mouse monoclonal Anti-Arenavirus (OW) rGPC, Clone KL-AV-1B3 (BEI 532 

Resources, 1:200) followed by anti-mouse AlexaFluor488 secondary (Jackson 533 

ImmunoResearch; 1:1000). Virus titres were calculated as focus forming units per mL 534 

(FFU/mL) and MOI calculated for subsequent experiments. 535 

 536 

Infection with MOPV.  537 

A549 cells were infected for 1 h at 37°C with MOPV at an MOI 0.01. Media was then 538 

replaced and the cells incubated for a further 72 h at 37°C after which they were 539 

harvested for total RNA extraction. For interferon treatment, cells were treated with 540 

1000 U ml−1 IFN-α (universal type 1 IFN, PBL Interferon Source) for 4 h before 541 

infection. Media was changed before infection with MOPV as above. To assess the 542 

effect of amphotericin B on the restriction of MOPV replication by ZMPSTE24 and the 543 

cooperative action with IFITMs, the relevant stable A549 cell lines were treated with 1 544 

µM amphotericin B (Sigma Aldrich) for 1 h at 37°C prior to infection and following 545 

infection with MOPV. 546 

 547 
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Generation of arenavirus GP retroviral pseudoparticles.  548 

To produce arenavirus GP retroviral pseudoparticles, encoding GFP, 293T cells were 549 

transfected with pCMV-MLV gag-pol, the pCMV-MLV GFP encoding an MLV-based 550 

transfer vector containing a CMV-GFP internal transcriptional unit (kindly gifted by 551 

Professor Jonathan Ball) and the pI.18 plasmid encoding the arenavirus GP of interest, 552 

at a ratio of 0.6:0.9:0.6 µg. Cells were transfected using 1 mg/ml PEI MAX® 553 

(Polysciences). Media was replaced 16 h post-transfection and viral supernatants 554 

were harvested through a 0.45µm filter 48 h post transfection. The viral supernatants 555 

were then titrated on A549 cells by flow cytometry.  556 

 557 

Entry assay using arenavirus GP pseudoparticles 558 

Cells were infected with arenavirus GP retroviral pseudoparticles, encoding GFP at an 559 

MOI of 0.3 in complete growth media and incubated at 37oC for 48 h. Infected cells 560 

were analysed by flow cytometry. Samples were gated on live cells for 10,000 events 561 

and analysed for expression of GFP. To test the effect of IFN1 on arenavirus GP-562 

mediated cell entry, cells were treated with IFN-α (universal type 1 IFN, PBL Interferon 563 

Source) for 4 h prior and throughout infection. To assess the effect of amphotericin B 564 

on the restriction of arenavirus entry by ZMPSTE24 and the co-operative action with 565 

IFITMs, relevant stable A549 cell lines were treated with 1 µM amphotericin B (Sigma 566 

Aldrich) for 1 h at 37°C prior to infection and following infection with arenavirus GP 567 

pseudoparticles. 568 

 569 
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Flow cytometry 570 

Cells are gently washed, detached and resuspended in 1% BSA in PBS and 0.1% 571 

(w/v) sodium azide. Flow cytometry analyses were performed using a BD FACSCanto 572 

II flow-cytometer (Becton Dickinson), collecting 10,000 events, and analysed using 573 

FlowJo software. Arenavirus glycoprotein pseudotyped virus vector infected cells were 574 

analysed for expression of GFP. Infected cell gates were set using uninfected control 575 

samples. FM™2-10 membrane probe incorporation was also measured by flow 576 

cytometry and cells gated on the PE channel and gates were set using non-treated 577 

control samples. 578 

 579 

siRNA knockdown of ZMPSTE24 and IFITMs 580 

siRNA mediated knockdown of ZMPSTE24 and IFITM proteins was performed by 581 

transfection of A549 cells using Lipofectamine™RNAiMAX Transfection Reagent 582 

(ThermoFisher) according to the manufacturer’s instructions. Cells were transfected 583 

with 10 µM of either of the following SMARTpool siRNAs (Dharmacon): ON-584 

TARGETplus Non-targeting Pool siRNA (D-001810-10-05) or ON-TARGETplus 585 

Human ZMPSTE24 (10269) siRNA (L-006104-00-0010) or ON-TARGETplus Human 586 

IFITM1 (8519) siRNA (L-019543-00-0005), ON-TARGETplus Human IFITM2 (10581) 587 

siRNA(L-020103-00-0005) or ON-TARGETplus Human IFITM3 (10410) siRNA (L-588 

014116-01-0005). Knockdown was assessed by western blotting and cells used in 589 

functional assays 48 h post-transfection. 590 

 591 
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CRISPR-Cas9 knockout of ZMPSTE24 and IFITM expression 592 

CRISPR-Cas9 gRNA sequences to target human ZMPSTE24 593 

(CACAACTAATGTGAACAGCC) and a non-targeting control 594 

(GGCCCTCTAGAAAAGTCTCG) were generated in pLentiCRISPR v2 and gRNA 595 

sequences to target human IFITMs 1, 2 and 3 (TTCTTCTCTCCTGTCAACAG) were 596 

generated in eSpCas9-LentiCRISPR v2 (Genscript). Viral stocks were generated in 597 

293T cells. 293T cells were co-transfected with psPAX2 (Addgene), pMD2.G VSV-g 598 

and the eSpCas9-LentiCRISPRv2 construct targeting ZMPSTE24 or the IFITM 599 

proteins or a non-targeting control at a ratio of 0.6:0.9:0.6 using 1 mg/ml PEI®-MAX. 600 

Media was changed 16 h post transfection and viral stocks were harvested and filtered 601 

48 h post transfection. A549 cells were then transduced with the pLentiCRISPR 602 

viruses at 400 xg for 1 h and cells cultured for a further 7 days in the presence of 1 603 

μg/ml puromycin. The efficiency of knockout was determined by SDS-PAGE and 604 

western blot. The effects of CRISPR-Cas9 knockout of protein expression on 605 

arenavirus GP pseudoparticle entry and MOPV replication was determined by flow 606 

cytometry and by RT-qPCR assays. 607 

 608 

SDS-PAGE and Western blot analysis.  609 

Cellular samples were lysed in 2x reducing Laemmli buffer (Bio-Rad) at 100°C for 10 610 

min. Samples were separated on 8–16% Mini-PROTEAN® TGX Precast gels (Bio-611 

Rad) and transferred onto 0.2 µm nitrocellulose membrane (Bio-Rad). Membranes 612 

were blocked in 5% milk in PBS with 0.1% Tween®20 (PBS-T) for 30 min prior to 613 

incubation with specific primary antibodies: mouse anti-IFITM1 (Proteintech, 60074-1-614 

Ig, 1:5000), rabbit anti-IFITM2 (Proteintech, 12769-1-AP, 1:5000), rabbit anti-IFITM3 615 

(Proteintech, 11714-1-AP, 1:5000), rabbit anti-ZMPSTE24 antibody (Abcam ab38450, 616 
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1:1000), mouse anti-FLAG (Sigma, F1804, 1:2000), mouse anti-HA (Abcam ab18181, 617 

1:5000), mouse anti-HSP90 (Invitrogen, MA1-10372, 1:10,000). All antibodies were 618 

diluted in 5% milk in PBS-T and incubated at 4°C overnight with gentle shaking. After 619 

washing membranes with PBS-T at RT, horseradish peroxidase-conjugated (HRP) 620 

horse anti-mouse IgG (CST, 7076S, 1:5000) and goat anti-rabbit IgG (CST, 7074S, 621 

1:5000) secondary antibodies in 5% milk in PBS-T were added and membranes 622 

incubated for 1 h at RT with gentle shaking. Following washes in PBS-T, proteins were 623 

detected using SuperSignal™ West Pico PLUS Chemiluminescent Substrate 624 

(ThermoFisher). 625 

 626 

Immunoprecipitations. 627 

A549 cells were transfected with 2 µg pQXCIP ZMPSTE24-FLAG. 48 h post 628 

transfection cells were lysed on ice for 20 min in 50 mM Tris-HCL pH 7.4, 150 mM 629 

NaCl, 1% IGEPAL®CA-630 (Sigma), complete protease inhibitors (Roche). Lysed 630 

samples were centrifuged and supernatants were immunoprecipitated with 5µg/ml 631 

mouse monoclonal anti-IFITM2/3 antibody (Proteintech, 66081-1-Ig) for 1.5 h at 4°C. 632 

Protein G agarose (ThermoFisher) was equilibrated in lysis buffer before adding to 633 

supernatants and incubated with gentle rolling overnight at 4°C. Following extensive 634 

washes in lysis buffer, cell lysates and immunoprecipitates on beads were 635 

resuspended in 2x Laemmli buffer (Bio-Rad) and subjected to SDS-PAGE and 636 

western blot analysis. 637 

 638 

Immunofluorescence microscopy.  639 

A549 cells grown on coverslips and transiently transfected with HA-tagged IFITM or 640 

FLAG- or HA-tagged ZMPSTE24 proteins, were fixed with 4% paraformaldehyde 641 
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(PFA) in PBS for 10 mins at RT. Cells were permeabilized with 0.1% Triton X-100 in 642 

PBS for 10 min at RT and stained overnight at 4°C with the appropriate primary 643 

antibodies (rabbit anti-ZMPSTE24, Abcam ab38450, 1:100 or mouse monoclonal anti-644 

HA, Abcam ab18181, 1:500 or rabbit anti-EEA1, CST 2411S, 1:100 or rabbit anti-645 

Rab9A, CST 5118T, 1:200, or rabbit anti-LAMP1, Invitrogen 14-1079-80, 1:500. All 646 

antibodies were diluted in 0.1% BSA, 0.01% Triton-X-100 in PBS. Following washes 647 

in PBS, coverslips were incubated for 1 h at RT with appropriate secondary antibodies 648 

conjugated to Alexa Fluor 488 or 594 (Molecular Probes, ThermoFisher 1:500) diluted 649 

in 0.1% BSA, 0.01% Triton-X-100 in PBS. Following incubation, coverslips were 650 

washed in PBS and mounted on glass slides using ProLong™ Diamond Antifade 651 

Mountant with DAPI (Molecular Probes, ThermoFisher). Images were acquired on a 652 

Zeiss LSM880 confocal laser scanning microscope or on a Leica DM5000 B widefield 653 

microscope. Z stacks were taken for all stained conditions and images were 654 

deconvolved with the Zeiss ZEN deconvolution software and analysed using ImageJ. 655 

Representative images are shown. 656 

 657 

NanoBiT protein interaction assay.  658 

A NanoBiT protein:protein interaction assay (Promega) was used to assess the 659 

interaction between ZMPSTE24 and IFITM3. A549 cells were transiently co-660 

transfected with 100 ng in total of an N- or C-terminal LgBiT and SmBiT tagged 661 

construct using Lipofectamine™ 3000 Transfection Reagent (ThermoFisher). All 662 

possible combinations of the N-terminal and C-terminal-tagged split luciferase protein 663 

pairs were tested. All LgBiT constructs were co-transfected with the HaloTag-SmBiT 664 

(negative control) construct against which relative luminescence was measured. 665 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 12, 2021. ; https://doi.org/10.1101/2021.04.12.439453doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.12.439453
http://creativecommons.org/licenses/by-nc-nd/4.0/


Luminescence was measured after 48 h using the Nano-Glo® Live Cell Assay System 666 

(Promega) according to manufacturer’s instructions. 667 

 668 

RT-qPCR analysis.  669 

Nucleoprotein (NP) and RNA-dependent RNA polymerase (L) RNA levels were 670 

determined in cells infected with MOPV after 72 h of infection. Total RNA was isolated 671 

from infected cells using the QIAGEN RNeasy Plus Mini Kit (Qiagen, 74136) and 672 

cDNA was reverse transcribed using the Applied Biosystems™ High-Capacity cDNA 673 

Reverse Transcription Kit according to manufacturer’s instructions. For each qPCR 674 

reaction, 10ng of cDNA was used with the Applied Biosystems™ PowerUp™ SYBR™ 675 

Green Master Mix under the following conditions: 50oC 2 mins, 95oC 2 mins then 40 676 

cycles of 95oC 15 secs, 55oC 15 secs, 72oC 1 min. Primers used were as follows: 677 

GAPDH forward (5′-ACATCGCTCAGACACCATG-3′); GAPDH reverse (5′-678 

TGTAGTTGAGGTCAATGAAGGG-3′); β-actin forward (5′-679 

CACCAACTGGGACGACAT-3′); β-actin reverse (5′-ACAGCCTGGATAGCAACG-3′); 680 

MOPV L forward (5′-ATCTCCTCATGCAGCCACAC-3′); MOPV L reverse (5′-681 

GGACTGTTGGAGAGTTGCGA-3′); MOPV NP forward (5′-682 

CCCTGGCATGTCAAGACCAT-3′); MOPV NP reverse (5′-683 

CCCTGTGGAAGTTGCGATCT-3′). Primer specificity was confirmed by melt curve 684 

analysis. Relative fold expression of target genes was normalised to reference genes 685 

GAPDH and β-actin by the ΔΔCt method.  686 

 687 

FM™2-10 incorporation assay 688 

The effect of ZMPSTE24 and IFITM3 expression on the rate of internalisation of the 689 

FM™2-10 (N-(3-Triethylammoniumpropyl)-4-(4-(Diethylamino)styryl)Pyridinium 690 
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Dibromide, ThermoFisher) membrane probe into A549 cells was determined by flow 691 

cytometry. The detection of FM™2-10 fluorescence intensity as a function of time was 692 

used a measure of endocytosis. A549 cells stably expressing ZMPSTE24, or IFITM3 693 

or ZMPSTE24 and IFITM3 in combination or pQXCIP empty vector were washed and 694 

resuspended in PBS. A 2 µM stock solution of FM™2-10 was prepared in PBS before 695 

adding cells to a final concentration of 200 nM and incubating for 5, 10, 30 and 60min 696 

time points. The changes in FM™2-10 fluorescence intensity over time were detected 697 

by flow cytometry for each cell condition analysed. 698 

 699 

Statistical analysis. 700 

All statistical analyses were carried out using GraphPad Prism v9.0.2. Levels of 701 

significance were determined as follows: ****p<0.0001, *** p<0.001, ** p<0.01, 702 

*p<0.05. Data was subjected to independent sample t-tests.  703 

 704 
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