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Abstract: Human coronavirus 229E (HCoV-229E) is an alpha coronavirus that infects humans and
bats. In common with all positive-strand RNA viruses, 229E infection causes rearrangements of
the host’s intracellular membranes to form replication organelles, a highly conserved and vital step
in the viral replication cycle. Here, we investigated the role of the ESCRT protein VPS4A in 229E
infection. We found that functional VPS4A was required for the formation of replication organelles
and localizing viral RNA to these structures in host cells to facilitate viral genome replication. We
validated this effect using small molecule inhibitors to VPS4A, significantly reducing virus replication.
We also showed that other ESCRTS, like CHMP4B, were required for the virus replication step,
whereas VPS37A was involved in the post-replication stages. The absence of a functional VPS4A
prevented the remodeling of membranes to form viral replication centers and, therefore, exposed
the viral RNA, triggering an inflammatory immune response as indicated by elevated levels of IL-6.
Interestingly, we observed the role of VPS4A to be similar for the OC43 coronavirus, indicating it
could be conserved across all four coronavirus genera, including SARS-CoV-2. Understanding more
about the replication of coronaviruses is imperative to finding more effective ways to control them.
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1. Introduction

The endosomal sorting complex required for transport (ESCRT) machinery plays
a significant role in replicating many human viruses. Emerging evidence suggests that
viruses from several different families, such as herpes simplex virus-1 (HSV-1) [1] hu-
man immunodeficiency virus (HIV) [2,3], hepatitis B virus (HBV) [4,5], vaccinia [6], hu-
man cytomegalovirus (HCMYV) [7,8], Marburg and Ebola viruses VP40 [9,10], and Rabies
virus [11,12] hijack the ESCRT machinery to facilitate replication, maturation, or egress
steps. Depending on the virus, these viruses may antagonize or embrace ESCRT-mediated
physiological processes to promote productive and efficient viral replication.

The ESCRT membrane scission machinery was originally discovered for its role in
ubiquitinated cargo sorting in the multi-vesicular body (MVB) pathway [13]. Recent stud-
ies have revealed its involvement in several other viral and cellular processes, including
virus budding, cytokinesis, micro-vesicle generation, plasma membrane wound repair,
nuclear envelope reformation, nuclear pore complex quality control, and endolysosomal
repair [14-18]. The ESCRT pathway is conserved in eukaryotes and the ESCRT machinery
consists of an assembly of protein subcomplexes that cooperate to mediate reverse-topology
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membrane scission [19,20]. Several distinct heteromeric complexes are sequentially re-
cruited to sites of membrane deformation, followed by the recruitment of VPS4A ATPase
complexes, which function in the disassembly and recycling of all ESCRT factors [20,21]. In
mammalian cells, nearly 40 ESCRT proteins have been identified. However, only specific
subsets of these factors are necessary to complete each ESCRT-mediated process.

During infection, coronaviruses (CoV) make extensive use of the membrane-trafficking
pathways of the host cell and subvert some of these to build a specialized organelle,
the replication organelle (RO) [22]. The RO provides CoVs with a controlled and safe
microenvironment to replicate, although the details of how they are formed during the
replication cycle have yet to be fully understood. This viral niche, obtained by extensive
rearrangements of host cell membranes, is crucial to concentrate the viral replicase, to
confine and regulate the replication process in space and time, and to protect viral RNAs
from recognition and degradation by the host innate immune defense [22]. The interest
in CoVs has peaked since the 2020 pandemic caused by SARS-CoV-2, and recent studies
have tried to elucidate the role of host and viral proteins in this process. For example,
components of the ESCRT complex were identified in six high-throughput screens of
SARS-CoV-2 infection [23-25]. In all cases, the ESCRT components behaved as restriction
factors (i.e., antiviral) in different cell lines and under different conditions of infection,
but the underlying mechanism of the antiviral activity of ESCRT is unknown but likely is
complex, given the multiple roles of ESCRT (in not only endolysosomal trafficking but also
cytokinesis) [22,26]. For example, ESCRT complexes could exert antiviral effects by altering
the membrane-trafficking pathways of the virion and/or viral proteins. This could be
tested by assessing the impact of “acute’ inactivation of the ESCRT machinery (via degron
or dominant-negative mutants) on viral infection. Here, we explored the role of VPS4A
ATPase and other ESCRT factors and found they played crucial roles in virus replication.

2. Materials and Methods
2.1. Cell Culture

MRC-5 cells (ATCC CCL-171) and HEK 293TN cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Corning, Corning, NY, USA) containing 10% fetal
bovine serum, 2 mM GlutaMAX (Gibco, Billings, MT, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin (Corning). Cells were maintained at 37 °C under 5% CO,.

2.2. 229E Virus Infections, Growth Curves, and Virus Titrations

MRC-5 cells were plated in multiple 15 cm plates to generate virus stocks, and cells
were infected with the virus at 0.01 MOI and incubated at 35 °C as described previously [27].
Briefly, the virus was harvested at 3—4 days post-infection based on CPE. The supernatant
from multiple plates was pooled and centrifuged. The supernatant was then aliquoted into
smaller volumes and frozen at —80 °C. It was titered by the TCIDs5y method before use.
229E infections were carried out at a MOI of 0.05. Cells were incubated for 2 h at 35 °C
before the addition of doxycycline (100 ng/mL) and subsequently incubated at 35 °C for
the duration of the experiment.

2.3. TCIDg Titer Assays

For viral titer assays, samples were harvested at 24, 48, and 72 hpi for each experiment
and flash-frozen in liquid nitrogen before storage at —80 °C. A total of 20,000 MRC-5 cells
were plated in 96 well plates overnight. Supernatants to be titered were thawed on ice.
Ten-fold serial dilutions were made in 10% DMEM complete media. Dilutions were added
to the 96-well plate containing the MRC-5 cells (100 uL per well). Cells were incubated
at 35 °C for 5-7 days. CPE in each well was counted to determine the titers based on the
TCIDs conversion table.
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2.4. Lentivirus Production and Cell Selection

Lentivirus was generated using the 3rd generation packaging system: pCMV-VSV-G
(gift from Bob Weinberg, Addgene #8454), pMDLg-RRE (gift from Dr. Didier Trono, Ad-
dgene #12251), and pRSV-Rev (gift from Dr. Didier Trono, Addgene #12253) in 293TN cells
as described previously [28]. Tet-Act, pCDH(i)GFP-VPS4AF?28Q o CDH(i)GFP-CHMP4B,
and pCDH(i)GFP plasmids were cloned, generated, and characterized as described pre-
viously [7]. For the purpose of this study, these are henceforth referred to as VPS4AF?25Q,
CHMP4B, and GFP vectors. VPS37A and scrambled shRNA lentivirus were a kind gift
from Yoshi Takahashi (PSU) [17].

For lentivirus transduction, sub-confluent fibroblasts were seeded overnight and trans-
duced with lentivirus and 8 pug/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA) as de-
scribed previously [28]. Transduced cells were selected using 2 pg/mL puromycin (Thermo
Fisher, Waltham, MA, USA). Following selection, cells were seeded at sub-confluence for a
second lentiviral transduction with the EFla-Tet3G lentivirus selected with both puromycin
and G418. Following the second lentivirus transduction, cells were expanded and used
for 229E infections. For subsequent transduction, selected cells were seeded overnight and
transduced as before.

2.5. RNA Isolation and RT-gPCR

Total RNA was isolated using RNeasy Mini Kit (cat# 74034) under RNase-free con-
ditions and precipitated with isopropanol according to the manufacturer’s instructions.
DNase treatment removed DNA contaminants using a DNA-free DNA removal kit (Qia-
gen cat# 79254). RNA concentrations were determined, and equal amounts were used to
generate cDNA using the Invitrogen™ (Waltham, MA, USA) SuperScript™ III First-Strand
Synthesis System (cat# 18080051) with oligo dT primers according to the manufacturer’s
protocol. Equal amounts of cDNA were analyzed by quantitative PCR (qPCR) in triplicate
using Power SYBR green master mix (Applied Biosystems, Waltham, MA, USA) on the
Applied Biosystems (ABI) real-time qPCR machine. Primers are listed in Table 1. 3-Actin
(ACTB) or GAPDH were used as housekeeping controls. Genes with quantification cycle
(Ct) values > 35 were considered undetected and assigned a Ct of 35 to calculate fold
induction.

Table 1. Primers used for real-time qPCR.

Gene Name Forward Primer Reverse Primer
229E M 1 5 CATACTATCAACCCATTCAACAAG 3/ 5 CACGGCAACTGTCATGTATT 3’
IL-6 5 CTGCGCAGCTTTAAGGAGTT 3/ 5 TAAGTTCTGTGCCCAGTGGA 3’
1SG15 5 GCTCCATGTCGGTGTCAGAG-3/ 5-CTCGAAGGTCAGCCAGAACAG 3/
MX1 5-CTGTGCAGCCAGTATGAGGAG 3/ 5 CAGGGTGATTAGCTCATGACTG 3/
GAPDH 5" ACCCACTCCTCCACCTTTGAC 3’ 5" CTGTTGCTGTAGCCAAATTCGT 3/
IFN-B 5 CTCTCCTGTTGTGCTTCTCCAC 3’ 5 TAGTCTCATTCCAGCCAGTGCT 3/

1 229F membrane gene.

To determine the genome copies of 229E, one-step real-time was performed using
Biorad’s iTaq Universal SYBR green one-step kit (cat# 171-5150). Real-time was set up
according to the manufacturer’s protocol.

2.6. Antibodies and Reagents

N#18 antibody against the nucleocapsid protein of NL63 CoV was generated as
described previously by Neil Christensen (PSU) [29]. Its cross-reactivity with 229E allowed
its use in both immunoblotting and immunostaining experiments. J2 dsRNA antibody
was purchased from Absolute antibodies (Oxford, UK) (cat no. #Ab01299-23.0). Secondary
antibodies conjugated to Alexa fluor 564, cy5, or 488 were purchased from ThermoFisher.
Inhibitors designed to target VPS4A: DBeQ and #4107 were obtained from H.G Wang
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(PSU) and reconstituted in DMSO, used at a final working concentration of 10 uM [30].
Puromycin, G418, and DMSO were purchased from Sigma-Aldrich.

2.7. Immunofluorescence Staining and Imaging

Immunofluorescence staining was done as described previously [31]. Briefly, cover-
slips with MRC-5 cells—transduced, uninfected, or 229E-infected cells—were fixed at the
required time point in 4% paraformaldehyde for 15 min at room temperature. Cells were
blocked in 1X PBS containing 10% human serum, 0.5% Tween-20, and 5% glycine. Triton X-
100 (0.1%) was added for permeabilization. Primary and secondary antibodies were diluted
in blocking buffer and incubated for one hour each at room temperature. The primary anti-
bodies to nucleocapsid (N) protein antibody [29] were used. Alexa Fluor 568-conjugated
secondary antibodies (Invitrogen) were used as secondary antibodies. Coverslips were
mounted with ProLong Diamond antifade containing DAPI (Thermo Scientific). Images
were taken on a confocal microscope system (Nikon Eclipse Ti) (Nikon USA, Melville, NY,
USA). Images were processed using the NIS Elements AR Analysis 4.30 software.

2.8. Transmission Electron Microscopy

Cells were seeded on 60 mm Permanox tissue culture dishes (Nalge Nunc International,
Rochester, NY, USA). Cells were infected at an MOI of 0.05 for 36 h. At 36 hpi, cells were
washed with PBS and fixed at 4 °C in fixation buffer (0.5% (v/v) glutaraldehyde, 0.04%
(w/v) paraformaldehyde, 0.1 M sodium cacodylate). Cells were processed at the TEM Core
Facility (RRID:SCR_021200) at Pennsylvania State University College of Medicine). Briefly,
the fixed samples were washed three times with 0.1 M sodium cacodylate, followed by
post-fixation in 1% osmium-1.5% potassium ferrocyanide overnight at 4 °C. Samples were
then washed 3 times in 0.1 M sodium cacodylate, dehydrated with ethanol, and embedded
in Epon 812 for staining and sectioning. Images were acquired using a JEOL JEM-1400
Digital Capture transmission electron microscope.

2.9. smFISH of Viral RNA, Imaging, and Analysis

To visualize 229E viral RNA, transduced MRC-5 cells were seeded on coverslips
overnight. Cells were infected and treated with or without dox as described above and
fixed at 48 hpi for FISH staining. Cells were quickly rinsed with RNase-free 1x PBS
and fixed for 10 min in RNase-free 3.7% formaldehyde at room temperature, followed by
2 x 5 min washes with 1x PBS. The fixed cells were dehydrated in 70% ethanol at 4 °C for
at least 24 h. Cells were rehydrated in wash buffer (WB: 10% formamide, 2x SSPE, DEPC
H20O) for 20 min at room temperature. Coverslips were incubated in a humid chamber
for 16-20 h at 37 °C with 100 uL of hybridization buffer (10% dextran sulfate, 2x SSPE,
10% formamide) containing 1 uL of a 25 pM stock of 48 Stellaris RNA smFISH probes
conjugated to Quasar 570 tiling the 229E genome (Biosearch, Hoddesdon, UK) [32,33]. The
next day, coverslips were incubated for 30 min at 37 °C in WB. Coverslips were washed
once more in WB for 30 min at 37 °C and then stained with DAPI and mounted in ProLong
Diamond (Thermo Fisher Scientific P36961, Waltham, MA, USA). Two technical replicates
were conducted for each condition.

Slides were imaged on a Leica AOBS SP8 FALCON confocal microscope with hybrid
detectors. Uninfected and uninduced controls were imaged to confirm no background or
crosstalk. Slides were imaged with a 40X/NA 1.3 oil objective at a pixel format of 1024
x 1024, a scan speed of 400 Hz, a 1x zoom, and a frame average of 4. DAPI was excited
with the 405 nm UV laser at 8% laser power and detected using a PMT detector. The GFP
and Quasar 570 signals were excited with the white light laser at 488 nm and 555 nm,
respectively, and detected using hybrid detectors. The differential interference contrast
images were obtained with a laser at 488 nm and detected with a PMT.

To determine the effect of factor expression on viral replication, the sum intensity of
the 229E signal was measured for individual cells using FIJI [34]. Cells expressing both
GFP and Quasar 570 signal, except the VPS37 knockdown cells, were chosen for analysis.
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Cells were outlined with fluorescent channels or DIC to delineate the cell’s borders and
added to the ROl manager. The sum of the pixels in the cells was measured as the “Raw
intensity density”. Images were adjusted for display using Imaris (bitplane) Version 10.2.
The sum intensities values are expressed as averages = SEM.

2.10. Statistical Analysis

Prism 7 GraphPad was used for statistical analysis and graph generation. Unpaired
student t-tests were performed to determine the statistics between 229E-infected untreated
and treated.

3. Results
3.1. Functional VPS4A Was Required for the Formation of HCoV-229E Replication Centers

The ESCRT-III machinery works by sequential recruitment, polymerization, and re-
placement of different subunits, resulting in constriction and, finally, membrane fission.
ESCRT-III subunits polymerize sequentially at the membrane driven by the VPS4A AT-
Pase [7]. To investigate the role of VPS4A ATPase during 229E virus infection, we generated
a dominant-negative GFP-tagged VPS4A, with a single amino acid change at amino acid
228 from E to Q, henceforth referred to as GFP-VPS4AF228Q ynder the control of a dox
inducible promoter (TetAct). This mutation silenced the VPS4A ATPase activity, and its
inability to incorporate into hexamers with the wild type prevents its function in the ES-
CRT pathway [7]. As a control, we generated a lentivirus expressing only GFP under the
control of the same inducible promoter. MRC-5 cells were first transduced with lentivirus
expressing the tetracycline activator (TetAct) and selected using G418. The selected cells
were then transduced with the GFP-VPS4AF?28Q Jentivirus and subjected to puromycin
selection in addition to G418. MRC-5 cells were transduced and selected similarly as
a control using a lentivirus expressing just the GFP. After the double transduction and
selection, cells were infected with the 229E virus at 0.05 MOI in the presence or absence of
doxycycline at 100 ng/mL. The supernatants were collected every day, and fresh media
with or without doxycycline (dox) was added until 72 h post-infection (hpi). The super-
natants were used to quantify infectious viruses using the TCIDs technique described in
the methods. After induction of GFP protein expression with dox, comparable virus titers
to the no dox samples were produced over the time course of infection, with a peak on day
2 and steep reduction by day 3 due to cytopathic effect (CPE) and cell death (Figure 1A).
Figure 1B shows that the expression of the dominant-negative GFP-VPS4AF?28Q protein
in the presence of dox resulted in a log reduction of virus titers on day 2 compared to
viral titers in the no dox samples. We noted that the transduction efficiency was not 100%
and believe it could have dampened the effect on titers, which otherwise could have been
greater. The measured titers in each experiment were from the extracellular supernatant,
suggesting that a functional VPS4A was required to release infectious virus particles.

To test whether this effect was specific to the 229E virus, which belongs to the alpha
family of coronaviruses, we used another CoV belonging to the beta coronavirus family,
OC43 (SARS-CoV-1 and SARS-CoV-2 also belong to the beta CoV family) and performed
similar infections to assess the virus titers. Figure 1C showed 2 logs (48 hp) and 6 logs
(72 hp) reductions in viral titers when the dominant-negative GFP-VPS4AF228Q was ex-
pressed in the presence of dox. This result demonstrates that this effect was not restricted
to alpha CoVs such as 229E. Still, it may exert a pan-CoV effect, indicating the potential
importance of VPS4A in the virus replication cycle.
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Figure 1. Functional VPS4A is necessary for coronavirus (CoV) propagation. MRC-5 cells were
transduced and selected with lentiviruses to express GFP-VPS4AF?28Q or GFP-vector under a dox-
inducible promoter. Cells were infected at 0.05 MOI with 229E virus and then incubated in the
presence or absence of doxycycline (dox) (100 ng/mL). Supernatants were harvested daily for 3 days,
and media was replenished daily with or without dox. (A,B) 229E virus titers were assessed using
TCIDs assay for the GFP-vector and GFP-VPS4AF?28Q. Graphs show results from three independent
experiments carried out in triplicate. Results are shown as mean + SD. *** p < 0.005, ns = not
significant. (C) Transduced and selected MRC-5 cells were infected with OC43 at an MOI of 0.05 in
the presence or absence of doxycycline. Supernatants were harvested at 24, 48, and 72 hpi. Virus
titers were assessed using TCIDs( assay. Graphs show results from two independent experiments
performed in triplicate. Results are shown as mean £ SD. **** p < 0.0001. (D) Normal MRC-5 cells
were infected with 229E virus at an MOI of 0.05 and treated with either DMSO, DBeQ, or #4107
(inhibitors targeting VPS4A). Supernatants were collected at 48 hpi, and virus titers were assessed
using TCIDs assay. Graphs show results from two independent experiments performed in triplicate.
Results are shown as mean + SD. ** p < 0.005.

We then tested the effects of two drugs, DBeQ [30] and #4107 (unpublished), that
target the VPS4A protein, on 229E virus replication. MRC-5 cells were infected with 229E
virus at 0.05 MOI and treated with either DMSO, DBeQ, or #4107 at a concentration of
10 uM. Supernatants were collected at 48 hpi and titers were measured using the TCIDs
technique described in the Methods Section. Figure 1D shows that both drugs inhibited
virus production by more than one log. However, it is important to note that neither
of these drugs is absolutely specific for VPS4A. Still, together with the results of the
genetic experiments, it is reasonable to conclude that the biological effects are related to the
modulation of VPS4 activity. Our data showed that they recapitulated the effect seen with
the dominant-negative VPS4A.
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Since ESCRT proteins are key players in the membrane scission machinery, which
are critical for the release of some viruses (HIV-1, for example [35]) from the cell, we
hypothesized that the absence of a functional VPS4A disrupts the membrane scission
step due to a lack of ATPase activity. If this were the case, virus particles would be
trapped within the cell, inhibiting the formation of infectious extracellular viruses. To
visualize any cell and membrane morphology defects, we examined 229E-infected cells
expressing GFP-VPS4AF228Q ysing transmission electron microscopy. Figure 2A shows
electron micrographs of 229E-infected MRC-5 cells with or without dox. First, in the absence
of dox, when wild-type VPS4A is present, we observed virus particles with the distinctive
“corona” structure of the spike protein in the extracellular space, as shown by the arrow
(Figure 2A), suggesting the expected result of virus replication and release.

+Dox

+Dox

HCoV 229E

C 807 mm Nodox
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Figure 2. VPS4A plays a significant role in the formation of replication centers. Transduced and
selected MRC-5 cells were plated in 6 cm Petri dishes (compatible with sample processing for electron
microscopy). Cells were infected with 229E at an MOI of 0.05 in the presence or absence of doxycycline,
fixed at ~36 hpi, and processed. Copper grids were imaged. (A). 229E virus particles were visualized
in the intercellular space in control cells containing GFP-VPS4AF?28Q in the absence of dox (-dox),
while no virus particles were observed in the presence of dox (+dox). (B). Representative images of
GFP-VPS4AE228Q (ells in the absence and presence of dox are shown. Scale bar, 600 nm. Arrows
indicate replication centers. (C). GFP-VPS4AF228Q cells were infected with 229E in the presence or
absence of doxycycline (dox) and harvested at 24, 48, and 72 hpi for RNA isolation. Relative genome
levels using the 229E M gene were analyzed using One-Step RT-qPCR, and fold changes are shown.
Three independent experiments were performed in triplicate. Results are shown as mean + SD.
##* p < 0.0001.
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However, extracellular viral particles were largely absent in the presence of dox, which
resulted in the expression of the VPS4AF?2Q protein (Figure 2A). This result indicated that
virus propagation was impaired in the presence of VPS4AF?28Q. Secondly, in the absence
of dox, i.e., normal VPS4A expression conditions, replication compartments/organelles,
described previously as spherular membrane invaginations [36], were seen in the cytoplasm,
as indicated by the arrows (Figure 2B). These organelles are the characteristic sites of viral
replication that allow the viral replication machinery to assemble and initiate genome
replication. Surprisingly, in dox-treated cells expressing the dominant-negative GFP-
VPS4AFE?28Q mutant, we did not observe any trapped virus particles inside the cell, nor
the replication compartments/organelles necessary to replicate viral RNA (Figure 2B).
Formation of replication compartments is a critical step for virus replication, suggesting
that VPS4A may not only play the conventional role of scission of membranes and release
of the virus at the egress step but is also required for membrane remodeling and the
formation of replication compartments, which protect the viral genome and facilitate virus
replication. These results imply that virus replication was reduced in the absence of a
functional VPS4A. To verify this conclusion, we assessed the viral genome levels in the
cells infected with 229E with or without dox at 24, 48, and 72 hpi. Figure 2C shows that
the genome copies were drastically reduced in the cells expressing dominant-negative
GFP-VPS4AE?28Q on day 2 and day 3. This finding indicates that the reduced viral titers
were due to reduced virus replication rather than virus particles trapped within the cell
due to impaired release/egress.

To visually observe the effect of various ESCRT machinery components on 229E ge-
nomic RNA expression, we adopted an imaging approach in which ESCRT members
were overexpressed or knocked down in infected cells. Cells were infected with 229E for
48 h and genomic RNA was visualized via single-molecule RNA FISH (smFISH) using
probes tiling the genome [32,33]. Cells were transfected and selected with VPS4AF228Q
dominant-negative mutant or GFP, which are all controlled by a doxycycline-inducible
promoter. The effect on genomic RNA expression was determined by measuring the sum
fluorescence intensity of the RNA signal. The free GFP control caused a small but not
statistically significant decrease in 229E signal between 229E —dox (26,664 + 3497 A.U.,
n = 49) and 229E +dox (22,382 £+ 2020 A.U, n = 60) (Figure 3A,B), suggesting that free
GFP is not the cause of the observed change in 229E genomic RNA levels. Alternatively,
VPS4AFE?28Q the dominant-negative mutant, had a statistically significant (**** p < 0.0001)
decrease in 229E genome signal from 229E —dox (145,974 + 16,617 A.U, n = 26) to 229E +dox
(45,866 £ 6419 A.U., n = 22) (Figure 3C,D). Similarly, overexpression of GFP-CHMP4B, a
core component of the ESCRT-III machinery [37], also decreased 229E genomic RNA levels,
which were statistically significant (p = 0.299). Still, the decrease in signal intensity was
not as drastic as that of VPS4AF?28Q. The 229E signal in the presence of GFP- CHMP4B
decreased from 23,627 + 2928 A.U. (229E —dox, n = 56) to 15,058 + 2076 A.U. (229E +dox,
n = 40). Interestingly, knockdown of VPS37A, a component of ESCRT-I involved in
phagophore recruitment and autophagosome closure [38], did not show any statistically
significant differences in 229E genomic RNA levels (229E + NTC = 23,145 = 1890 A.U, n =
57,vs. 229E + VPS37a KD = 25,153 + 3464 A.U., n = 52). These data indicate that the three
ESCRT components tested play different roles in 229E viral replication, perhaps acting at
different stages of the replication cycle.

In common with all coronaviruses, four structural proteins, M, N, E, and S, together
form the capsid and envelop the genomic RNA. The N protein is involved in viral RNA
genome packaging into a ribonucleoprotein complex (RNP) and assembly into virus par-
ticles [22,39]. Therefore, we assessed the effect of GFP-VPS4AF228Q expression on the
localization of the N protein. Transduced cells were infected as described above, and at
48 hpi, cells were fixed in PFA and stained, as described in the Methods Section. The
dsRNA (red) and N protein (green) co-staining revealed the two proteins to be near each
other. Although quantitation was not performed, colocalization of N and dsRNA in the
control cells was evident (Figure 3E). In contrast, in the GFP-VPS4AF?28Q_expressing cells,
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there was significantly reduced dsRNA and N protein staining (Figure 3E). This finding
corroborates the FISH staining data in Figure 3A-D, in which reduced genomes were
seen in GFP-VPS4AF228Q_expressing cells and indicated that viral protein expression was
also affected.
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Figure 3. GFP-VPS4AF228Q mutation causes a decrease in 229E genome replication. (A) Cells con-
taining a dox-inducible gfp gene were subjected to infection for 48 h with 229E. In the absence
of dox-induction, GFP (green) is slightly leaky but is greatly upregulated in the presence of dox.
Single-molecule RNA FISH (smFISH) with probes targeting the 229E genome (red) were used to
indicate 229E replication. (B) Sum fluorescence intensity was measured for the RNA channel. There
was no statistically significant change in 229E expression. (C) Cells containing a dox-inducible
GFP-VPS4AF228Q dominant-negative mutant gene were subjected to infection for 48 h with 229E.
GFP-VPS4AF?28Q (green) is only expressed in the presence of dox. SmFISH was used to label
229E genomes (red). (D) Dox-induced GFP-VPS4AF?28Q expression significantly decreased 229E
genomic RNA levels, as indicated by a change in the sum fluorescence intensity of the RNA chan-
nel. ***p <0.0001, ns = not significant. Nucleus blue, DAPI, white outline. Scale bar = 10 um.
(E) MRC-5 cells transduced and selected for GFP-VPS4AF?28Q expression were plated on coverslips
and infected with 229E in the presence or absence of dox for 48 h. Cells were fixed and stained for
viral nucleocapsid protein (green), dsRNA (red), GFP (shown as white), and DAPI (blue).
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3.2. HCoV-229E Infection Triggers an Inflammatory Response in the Absence of a
Functional VPS4A

As we did not observe the formation of assembly compartments using TEM when
GFP-VPS4AF?228Q was expressed (Figure 2B), we investigated whether the viral RNA in the
cytosol, although at reduced levels, was being detected by the cytosolic innate immune
system. One hallmark of antiviral responses to infection is the production of interferons and,
subsequently, the expression of interferon-stimulated genes. Interferon-stimulated gene 15
(ISG15) is among the earliest and most abundant proteins induced upon interferon signaling,
encompassing versatile functions in host immunity [40]. To evaluate the expression of
ISGs, we examined mRNA transcripts of some of the immune response genes. As seen in
Figure 4A, a higher induction of ISG15 (3-fold) and MX1 (15-fold) (Figure 4B) was seen in
dox-positive samples on day 2 of infection. This demonstrates that a lesser amount of viral
RNA (as shown by genome levels in Figure 2C) resulted in a stronger immune response
than the controls. This resulted from the absence of the protective replication organelle
(RO) and exposure of the viral RNA. Interestingly, this resulted in a very strong induction
of IL-6 (250-fold) (Figure 4C) but not of IFN-f3 (Figure 4D), suggesting the stimulation of an
inflammation response in the cell, which could be a result of the disruption of the host cell
machinery in addition to the virus infection.
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Figure 4. 229E induces an inflammatory immune response in the presence of GFP-VPS4AF228Q
MRC-5 cells transduced and selected with GFP-VPS4AF228Q were infected at 0.05 MOI with 229E
virus and then incubated in the presence or absence of doxycycline (dox) (100 ng/mL). Cells were
harvested for RNA isolation at 24, 48, and 72 hpi. Following cDNA synthesis, the mRNA levels of (A)
ISG15, (B) MX1, (C) IL-6, and (D) IFN-f3 were analyzed using RT-qPCR and normalized to GAPDH.
Three independent experiments were performed in triplicate. Relative fold changes are shown as
mean + SD.
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3.3. Effect of Other ESCRT Proteins on 229E Virus Growth

VPS4A is an accessory protein that functions downstream of the ESCRT-III complex
that recognizes membrane-associated ESCRT-III assemblies and catalyzes their disassembly,
possibly in combination with membrane fission [20]. CHMP4B is part of the ESCRT-III
complex upstream of accessory proteins. It has been shown that HIV-1 budding requires
only a subset of the known human ESCRT-III proteins, with the CHMP2 and CHMP4
families playing key functional roles [35]. Disturbing the function of the accessory proteins
drastically impaired 229E virus replication; therefore, we wondered whether one of the
upstream ESCRTs could also be involved. We used a lentivirus expressing wild-type
GFP-CHMP4B under the control of the doxycycline promoter to transduce MRC-5 cells
previously selected for TeT-Act (using G418). We selected this time using puromycin, as
described in the methods section. The cells were then infected with 229E at 0.05 MOI,
and supernatants were collected on day 2. Figure 5A shows a marginal decrease in virus
titers compared to the dominant-negative mutant of VPS4A. In addition, overexpression of
GFP-CHMP4B, which in conjunction with VPS4A is involved in vesicular closure in the
canonical pathway, also affected genome replication, as lower genome copies were seen in
Figure 5D and by FISH staining, which correlated with the lower viral titers. Taken together,
these results indicate that the role of CHMP4B in virus replication is not the same as that
of VPS4A, suggesting that even though the same stage of viral replication was affected
by these two components of the ESCRT machinery, the precise mechanisms appear to be
different.

It has been shown previously that the VPS37A protein is responsible for the recruit-
ment of the ESCRT machinery for VPS4-mediated membrane scission and closure of the
phagophore [17]. Therefore, we next investigated the effect of VPS37A knockdown on
229E virus replication using lentivirus-mediated knockdown of VPS37A gene expression.
Cells were transduced, selected, and infected as described in the Methods Section. Based
on previous time course data showing that peak infection levels were seen at 48 hpi, sam-
ples were collected at this time point for comparison. A significant reduction in VPS37A
protein levels was seen in sh-VPS37A compared to the control (Figure 5B). Virus titers
were reduced by 2 logs in sh-VPS37A samples compared to scrambled shRNA (Figure 5C).
This finding suggests that VPS37A plays an important role in virus production. Because
VPS37A plays a role in recruiting VPS44, its knockdown could affect VPS4A activity as
well, hence contributing to the greater reduction in virus titers compared to VPS4A alone
(see Figure 1A). Interestingly, when we measured genome copy numbers, there was no
difference in the scrambled shRNA vs sh-VPS37A knockdown samples (Figure 5D). This
result was surprising and interesting, implying that VPS37A does not play a role at the
viral RNA replication stage but rather in the post-replication stages, potentially affecting
virus particle egress, based on findings that the virus output was significantly reduced
(Figure 5C).
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Figure 5. Effect of other ESCRTs on 229E replication. (A) MRC-5 cells transduced with GFP-
CHMP4B were infected at an MOI of 0.05 with 229E in the absence or presence of dox. Supernatants
were collected at 24, 48, and 72 hpi. Virus titers were assessed using TCIDsj assay. Graphs show
results from two independent experiments conducted in triplicate. (B) MRC-5 cells transduced with
lentivirus expressing either sh-NTC or sh—-VPS37A and selected using puromycin. Knockdown
was assessed on mock lysates by western blot and probed for VPS37A using antibodies against
VPS37A and p115 (loading control). (C) The NTC and sh-VPS37A KD cells were infected with 229E
at an MOI of 0.05. Supernatants were collected at 24, 48, and 72 hpi. Virus titers were assessed
using TCIDs assay. Graphs show results from two independent experiments conducted in triplicate.
** p =0.009 (48 h) and ** p = 0.0052 (72 h). (D) GFP-vector, GFP-VPS4AF228Q GFP-CHMP4B, NTC, and
VPS37A KD cells were infected with 229E at an MOI of 0.05 for 48 h. Dox treatment was conducted
as previously described for all except the NTC and VPS37A KD cells. Cells were harvested at 48 hpi
for RNA isolation. Relative genome levels using the 229E M gene were analyzed using One-Step
RT-gPCR, and fold changes are shown. Three independent experiments were performed in triplicate.
Results are shown as mean =+ SD. ns = not significant, * p = 0.024 (CHMP4B), ** p = 0.0052 (VPS37A),
and *** p < 0.0001 (GFP-VPS4AF?228Q) respectively.

4. Discussion

Enveloped virus infection begins with the attachment of the virus to the host cell
plasma membrane and is completed when mature virus particles undergo egress from
the cell. Nearly all viruses that utilize ESCRT machinery for virus budding require the
recruitment of VPS4 [41]. Since VPS4A is essential for cell viability, we employed an
inducible dominant-negative form (GFP-VPS4AF?28Q) to study its effect on 229E virus
infection. We show that overexpression of the non-functional VPS4A mutant led to a
reduction in 229E titers by one log and a two-log decrease in OC43 titers compared to
the control at 48 hpi (Figure 1B,C). Initial studies using HIV-1 found that its budding
requires hijacking of the host ESCRT system [42]. Subsequent research has concluded that
various viruses hijacking the ESCRT system occur at different steps in the virus replication
cycle in different cells, with a common theme that facilitates virus proliferation, budding,
and dissemination [43]. Thus, the ESCRT system can be an integral component of the
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proliferation of enveloped viruses [43,44]. For CoV 229E, surprisingly, we found that
VPS4A ATPase does not result in virus particles becoming trapped within membranes due
to lack of scission of the budding virus. Instead, we observed that the VPS4A ATPase and
CHMP4B were required earlier in the virus replication cycle rather than the post-replication
step. Due to their role in membrane remodeling, both proteins could be involved in the
recruitment of viral RNA to the endoplasmic reticulum (ER) membrane and ingress to the
ER lumen to form ROs. We observed that in the absence of a functional VPS4A ATPase,
the formation of the initial replication centers was impaired, as seen in the TEM images,
which explained the significantly reduced genomic RNA levels at 48 dpi and 72 hp. Based
on our findings that OC43, a member of the beta family of CoVs, showed an even higher
reduction in viral titers in the presence of GFP-VPS4AF?28Q it is highly likely that VPS4A
plays a similar and significant role across CoVs families, including SARS-CoV-2. Studies
by Hou et al. reported that ESCRT-related protein—protein interaction (PPI) subnetworks
act as antiviral factors, including VPS4A and CHMP4B, supporting the possibility that the
ESCRT pathway plays an important function in mediating SARS-CoV-2 infection [45].

Using smFISH, we verified that 229E viral RNA levels were significantly reduced in
cells expressing VPS4AF?28Q (Figure 3C,D) and CHMP4B. Furthermore, immunostaining of
double-stranded RNA (dsRNA) and the viral nucleocapsid protein in control cells showed
their accumulation in what could represent replication centers, which were completely
abolished when the non-functional GFP-VPS4AF228Q was expressed (Figure 3E), as visual-
ized using TEM (Figure 2B). We cannot conclude the direct involvement of VPS4A in the
virus replication. Still, the ESCRT machinery is an evolutionarily conserved membrane
remodeling complex with the unique ability to catalyze membrane constriction within
necks. Among them, ESCRT-III proteins like CHMP4B, in collaboration with the VPS4 AT-
Pase, play a central role in the membrane remodeling and scission functions of the ESCRT
machinery [46]. However, we cannot rule out that VPS4A may play a different role or act
in a non-canonical pathway during CoV infection. Furthermore, several enveloped and
non-enveloped viruses induce profound membrane remodeling/proliferation in infected
cells to create specialized compartments where viral genome replication and /or new virion
assembly occurs [18,47-49]. The reduced expression of the 229E nucleocapsid protein, as
seen in infected cells expressing GFP-VPS4AF?28Q (Figure 3E), suggests that the replication
machinery could not be assembled properly due to a lack of safe replication compartments
and reduced viral protein expression. Furthermore, other non-structural viral proteins,
which were not investigated in this study, may be affected or involved in this process.

Viral RNA recognition occurs primarily in the cytoplasmic or endosomal compart-
ments within an infected cell [39]. The innate immune system recognizes the pathogen-
associated molecular patterns (PAMPs) comprising viral nucleic acids, protein, lipids,
structural components, and other viral intermediates including single-stranded RNA (ss-
RNA) or dsRNA, via distinct pattern recognition receptors (PRRs). CoVs are ssRNA viruses
that can be detected by TLR7 or TLRS8 and potentially RIG-I and PKR. They form dsRNAs
during their replicative stage, which TLR3 detects in the endosome and RIG-I, MDAS5, and
PKR in the cytosol. Activation of these pathways was more pronounced in cells expressing
dominant-negative GFP-VPS4AE228Q 55 evident from the higher induction of ISG15 (3-fold)
and MX1 (15-fold) in dox-positive samples on day 2 of infection (Figure 4A,B). This result
was not surprising as cells expressing VPS4AF225Q did not allow the formation of replica-
tion centers, leaving the viral RNA exposed and readily sensed by the PRRs, resulting in a
heightened host immune response.

These PRRs initiate a signaling cascade culminating in primary type I interferon
(IFN-o/3) response and inflammatory cytokine production [39]. Interestingly, a very
strong induction of IL-6 (250-fold) (Figure 4C), but not IFN-f (Figure 4D), was observed,
suggesting stimulation of an inflammation response, which could be due to the disruption
of the host cell machinery in addition to the virus infection and/or the exposed viral RNA
in the cytosol. Studies have shown that during SARS-CoV-2 infection, evasion mechanisms
trigger the activation of NOD-signaling and NLRP3 pathways, leading to the production
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of inflammatory cytokines IL-1f and IL-6 while muting or blocking cGAS-STING and
interferon-type I and III pathways. Thus, infection results in decreased production of
antiviral interferons and delayed innate response [39], which corroborates our findings in
229E infection. Thus, because of these cellular immune responses, CoVs can only replicate
in a specific microenvironment. This viral niche, created by extensive rearrangements of
host cell membranes, protects viral RNAs from being recognized and degraded by the
host’s innate immune defenses. VPS4A appears to play a critical role in this aspect, as in its
absence, the exposed 229E viral RNA induced a strong inflammatory response.

To date, all viruses that bud in an ESCRT-dependent manner require the membrane-
remodeling functions provided by ESCRT-III and VPS4, although their requirements for
particular upstream factors may vary. For instance, HIV-1 recruits the ESCRT pathway
through specific motifs in the viral Gag protein [35], and VP40 from Marburg and Ebola
viruses interact with ESCRT-associated proteins such as Alix and TSG101 through their late
domains to facilitate budding [9,10]. Our data showed that overexpression of CHMP4B,
part of the ESCRT-III complex upstream of the accessory proteins, is important for the virus
but harmful when supplied in excess because it impacts viral titers and genome levels.
Therefore, the protein’s activity and the optimum protein levels of ESCRTs are critical for
the proper functioning of this host machinery.

Interestingly, we found that VPS37A, which is part of the ESCRT-I group consisting
of VPS23/TSG101, VPS28, VPS37, and MVB12/UBAP1 [50], played a role at the post-
replication stage since its knockdown did not affect virus genome levels (Figure 5D) but
significantly reduced virus titers released from infected cells (Figure 5C). This result is
consistent with its role in recruiting the ESCRT machinery for VPS4-mediated membrane
scission. Thus, reduced levels of VPS37A protein affected a post-replication step, potentially
resulting in virus release from the cell, which resulted in lower viral titers. Although we
did not pursue this finding further in this study, it would be worth investigating whether
the lack of VPS37A protein would result in trapped virus particles within the cell.

Based on our observations and previous findings from other groups, the ESCRTS may
play antiviral or proviral roles under different circumstances and stages of viral infection.
This complex interplay needs to be further studied but fits well with the hypothesis that
different ESCRTs are involved in specific stages of virus replication.

5. Conclusions

Although different ESCRT groups that are comprised of several factors may have
redundant roles and complement each other in the normal cascade of the pathway’s
activities, each group could play an important role at different stages of CoV infection.
Although studies are ongoing to better understand the host interface with the budding
pathway of SARS-CoV-2, research using related CoVs is equally important to elucidate
the basic and key aspects of virus replication, which can be used as a strategy to target
multiple viruses using a common pathway or factor. The work presented here revealed
previously unknown functions of VPS4A, CHMP4B, and VPS37A in CoV infection. This
can be a launching pad for a deeper understanding of the specific mechanisms ESCRTs
play in CoV infections.
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