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Abstract
Many studies on SARS-CoV-2 have been performed over short-time scale, but few have focused on the ultrastructural char-
acteristics of infected cells. We used TEM to perform kinetic analysis of the ultrastructure of SARS-CoV-2-infected cells. 
Early infection events were characterized by the presence of clusters of single-membrane vesicles and stacks of membrane 
containing nuclear pores called annulate lamellae (AL). A large network of host cell-derived organelles transformed into 
virus factories was subsequently observed in the cells. As previously described for other RNA viruses, these replication 
factories consisted of double-membrane vesicles (DMVs) located close to the nucleus. Viruses released at the cell surface by 
exocytosis harbored the typical crown of spike proteins, but viral particles without spikes were also observed in intracellular 
compartments, possibly reflecting incorrect assembly or a cell degradation process.
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Introduction

Coronaviruses are infectious agents that infect many species 
of mammals and birds, and have high zoonotic potential. 
Some, such as HKU1, OC43, 229E, and NL63, circulate 
seasonally and cause benign respiratory illnesses in children 
or adults [1–3]. However, others, such as the severe acute 

respiratory syndrome coronavirus (SARS-CoV) in 2003 [4] 
and Middle East respiratory syndrome coronavirus (MERS-
CoV) in 2012 [5] have emerged more recently, through 
cross-species transmission between one or more mammals 
and humans. These emerging viruses can cause severe res-
piratory disease in adults. At the end of 2019, the identi-
fication, in China, of SARS-CoV-2 as the causal agent of 
atypical pneumopathies, provided the latest example of these 
emerging coronaviruses [6, 7]. SARS-CoV-2 is less viru-
lent than SARS-CoV [8], and infected patients seem to be 
contagious before the onset of symptoms and even asymp-
tomatic individuals appear to be able to transmit the disease 
[9]. This renders the identification of infected patients and 
chains of transmission much more complex and has resulted 
in the massive spread of this new virus worldwide, and the 
declaration of a pandemic by the WHO on March 11, 2020. 
The associated disease was named COVID-19 (coronavirus 
disease 2019). The pathophysiology of SARS-CoV-2 seems 
to differ in several ways from those of SARS-CoV and the 
benign human coronaviruses that generally circulate. How-
ever, it remains difficult to determine the exact contributions 
of viral and host factors to these differences.

Coronaviruses, with a single-stranded positive RNA 
genome of 26–32 kb, have the largest genomes of RNA 
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viruses. The first two-thirds of the genome encodes two 
polyproteins that are subsequently cleaved by proteases to 
give rise to non-structural proteins involved in viral rep-
lication [10]. The last third of the genome encodes four 
structural proteins: spike (S), envelope (E), membrane (M), 
and nucleocapsid (N). Some coronavirus virions contain 
an additional membrane protein, a hemagglutinin esterase 
(HE). These proteins assemble to form enveloped virions of 
about 120 nm in diameter. The first stages of the viral cycle 
occur on virus-induced double-membrane structures derived 
from the endoplasmic reticulum (ER), commonly referred to 
as “double-membrane vesicles” (DMVs) [11]. These struc-
tures are mostly located in the perinuclear zone, and are 
also generated by other RNA viruses, such as arteriviruses, 
picornaviruses, and the flaviviruses of genus Hepacivirus 
[12, 13]. In coronaviruses, the nsp3 and nsp4 proteins appear 
to be sufficient to induce the formation of these structures. 
The viral genome replication complexes are anchored in the 
DMV membranes, and their fibrous content consists mostly 
of de novo synthesized double-stranded viral RNA. In 
SARS-CoV, these DMVs are not isolated, but integrated into 
an interconnected reticulovesicular network derived from 
the ER [14]. Later in the viral life cycle, DMVs fuse into 
larger cytoplasmic vacuoles containing numerous assembled 
virions that have budded, this budding probably occurring 
in the ERGIC (ER-Golgi intermediate compartment) [15].

There are many examples of the usefulness of electron 
microscopy for improving our understanding of the infec-
tious cycle of viruses [16]. The Vero cell line has been 
shown to be a relevant model for studies of SARS-CoV-2/
cell interactions [17]. We therefore used these cells for a 
kinetic study of virus-induced DMVs, viral morphogenesis 
and release for this new pathogen, based on immunofluo-
rescence on confocal microscopy and transmission electron 
microscopy.

Materials and methods

Viral strain and cells

The SARS-CoV-2 strain used in this study was isolated 
with a nasal swab sample collected from one of the first 
COVID-19 cases confirmed in France—a 47 y-o female 
patient hospitalized in January 2020 in the Department of 
Infectious and Tropical Diseases, Bichat Claude Bernard 
Hospital, Paris [18]. This sample was collected according to 
the declaration of Helsinki and received approval from local 
ethics commission. The complete viral genome sequence 
obtained using Illumina MiSeq sequencing technology was 
then deposited after assembly on the GISAID EpiCoV plat-
form (Accession ID EPI_ISL_411218) under the name Beta-
CoV/France/IDF0571/2020. Vero-81 cells (ATCC, CCL-81) 

were maintained in DMEM supplemented with 10% FBS at 
37 °C, under an atmosphere containing 5%  CO2. To gener-
ate virus stocks, we facilitated SARS-CoV-2 infection by 
transducing these cells with a lentiviral vector expressing 
transmembrane protease serine 2 (TMPRSS2). TMPRSS2 
was inserted into a pTRIP vector, and lentiviral vectors 
were produced by the transfection of HEK293T cells with 
pTRIP-TMPRSS2, phCMV-VSVG and HIV gag–pol in the 
presence of Turbofect (Life Technologies) according to the 
manufacturer’s instruction. Supernatants containing lenti-
viral vectors were used to transduce cells twice, 48 h apart. 
SARS-CoV-2 was then propagated in these Vero-81 cells 
expressing TMPRSS2. The kinetic study following infec-
tion with this strain was performed on regular Vero-81 cells.

Kinetics of SARS‑CoV‑2 infection

Cells were plated in 24 wells plates (with or without glass 
coverslips) and infected the next day at a MOI of 0.25 for 
1 h. Then the cells were rinsed twice with PBS and incu-
bated at 37 °C. At various time point, post-infection cell 
supernatants were collected to quantify the secretion of virus 
and the cells were processed for different analyses (immu-
nostaining, immunoblot, and qRT-PCR).

Immunofluorescence

Infected cells were fixed by incubation in 3% paraformalde-
hyde for 20 min, and stored in PBS at 4 °C until required for 
immunolabeling. Cells were permeabilized by incubation 
with 0.1% Triton X-100 for 5 min, and were then blocked 
by incubation for 30 min with 5% goat serum (GS) in PBS. 
Infected cells were labeled with a mixture of the mouse 
J2 monoclonal antibody against dsRNA (Scicons, diluted 
1:1000) and a human monoclonal antibody directed against 
the spike protein (Sanyoubio #AHA003, diluted 1:250). The 
cells were incubated with primary antibodies in PBS sup-
plemented with 5% GS for 30 min. They were washed three 
times with PBS and then incubated for 30 min with Alexa-
488-conjugated goat anti-human IgG and cyanin-3-conju-
gated goat anti-mouse IgG secondary antibodies (Jackson 
Immunoresearch) in 5% goat serum in PS supplemented with 
1 μg/ml DAPI (4′,6-diamidino-2-phenylindole). Coverslips 
were then rinsed four times with PBS, once in water and 
mounted on microscope slides in Mowiol 4-88-containing 
medium. Images were acquired on an Evos M5000 imaging 
system (Thermo Fisher Scientific) equipped with light cubes 
for DAPI, GFP, and RFP, and a 10× objective. For each cov-
erslip, six 8-bit images of each channel were acquired. The 
total number of cells was determined by counting the nuclei. 
Infected cells, defined as positive for dsRNA and S immu-
nolabeling, were counted, and the percentage of infected 
cells was calculated. The experiment was performed three 
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times in duplicates. About 7,000–11,000 cells were counted 
per time point in each experiment using a homemade macro 
running in ImageJ.

Immunoblot

Infected cells were lysed in non-reducing Laemmli loading 
buffer. Lysates were incubated at 95 °C for 25 min before 
exit of the BSL3 facility. Then the samples were reduced by 
addition of 40 mM dithiothreitol and incubated for 10 min at 
70 °C before separation of the proteins on a 10% SDS–poly-
acrylamide gel electrophoresis. Proteins were transferred on 
a nitrocellulose membrane (Amersham). Membrane-bound 
N and S proteins were detected using a rabbit polyclonal 
antibodiy to SARS nucleocapsid (Novus) and a mouse 
polyclonal antibody to SARS-CoV-2 S protein produced by 
Biotem, as primary antibodies, and horseradish peroxidase-
conjugated secondary antibody (Jackson Immunoresearch). 
Detection was carried out by chemoluminescence (Super-
Signal™ West Pico PLUS, Thermo Scientific). The signals 
were recorded using a LAS 3000 apparatus (Fujifilm).

Genome quantification

Total RNA of infected cells was extracted using the Nucle-
ospin RNA kit (Macherey-Nagel) as recommended by the 
manufacturer. Reverse transcription was performed using 
the high-capacity cDNA reverse transcription kit (Life 
Technologies) according to the manufacturer’s instruc-
tions. Then RNA were subjected to qRT-PCR using the 
SYBR green PCR master mix (Life Technologies) with 
primers (GTG ARA TGG TCA TGT GTG GCGG and CAR 
ATG TTAAASACA CTA TTA GCA TA) for RdRp fragment 
amplification. qRT-PCR was performed with a Quantstu-
dio 3 (Life Technologie). A standard curve was generated 
with in vitro transcribed RNA corresponding to the RdRp 
fragment.

Viral secretion

The quantity of virus secreted in cell supernatant was 
assessed by the TCID50 method.

Transmission electron microscopy

Cells were infected at a MOI of 0.25 for 1 h. Infected 
and mock-infected cells were then fixed at various time 
points post-infection, by incubating for 24 h in 1% gluta-
raldehyde, 4% paraformaldehyde, (Sigma, St-Louis, MO) 
in 0.1 M phosphate buffer (pH 7.2). Samples were then 
washed in phosphate-buffered saline (PBS) and post-fixed 
by incubation for 1 h with 2% osmium tetroxide (Agar 
Scientific, Stansted, UK). Cells were then fully dehydrated 

in a graded series of ethanol solutions and propylene 
oxide. They were impregnated with a mixture of (1∶1) 
propylene oxide/Epon resin (Sigma) and left overnight in 
pure resin. Samples were then embedded in Epon resin 
(Sigma), which was allowed to polymerize for 48 h at 
60 °C. Ultra-thin sections (90 nm) of these blocks were 
obtained with a Leica EM UC7 ultramicrotome (Wetzlar, 
Germany). Sections were stained with 2% uranyl acetate 
(Agar Scientific), 5% lead citrate (Sigma), and observa-
tions were made with a transmission electron microscope 
(JEOL 1011, Tokyo, Japan). Infected cells were observed 
4, 6, 8, 10, 12, and 24 h post-infection, and compared to 
mock-infected cells. For quantitative analysis, ultrastruc-
tural features were monitored in 100 cells (100 consecutive 
sections on the EM grid, except those with no nucleus 
section), for each cell pellet.

Results

Kinetics of SARS‑CoV‑2 infection in Vero cells

We analyzed the kinetics of SARS-CoV-2 infection. First, we 
quantified the number of infected cells based on the expres-
sion of the spike protein S and the presence of dsRNA, a rep-
lication complex marker, by evaluating immunofluorescence 
over time in infected Vero cells (Fig. 1a). At 4 h post-infec-
tion (hpi), a few cells displayed a weak dsRNA signal but 
no S staining. The first clear sign of infection was observed 
at 6 hpi, and a gradual increase in the number of infected 
cells and in the intensity of labeling was observed up to 
8–10 hpi. At 12 hpi, the number of infected cells increased 
again, and groups of cells corresponding to infection foci 
appeared. These foci contained dsRNA-positive S-negative 
cells as observed in newly infected cells at 6 hpi, indicat-
ing that a new round of infection had occurred. We counted 
the number of dsRNA-positive cells and of S-positive cells, 
to measure the progression of the infection (Fig. 1b). Our 
results suggest that the replication cycle of SARS-CoV-2 
has a periodicity of about 8 h in Vero cells. To further 
confirm this result, we measured the secretion of virus at 
each time point (Fig. 1c). Viral secretion was detectable at 
8 h post-infection and increased over time. In parallel, we 
monitored viral replication by quantifying intracellular viral 
RNA (Fig. 1d). Viral replication was detected at 4hpi and 
increases until 10hpi to reach a plateau at 10–12 hpi. From 
12 to 24 hpi, a 0.7 Log moderate increase of the quantity of 
viral RNA was observed. Finally, the gradual increase of 
N and S viral proteins in infected cells was confirmed by 
immunoblot (Fig. 1e).
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Ultrastructural features of SARS‑CoV‑2 infected cells

At 4 hpi, we observed no perceptible difference between 
infected and mock-infected cells (Fig. 2a). The first virus-
induced modifications were observed at 6 hpi, when discrete 
clusters of single-membrane vesicles formed in the cyto-
plasm (Fig. 2b,c). Another change detectable as early as 
6 hpi was the frequent presence of annulate lamellae (AL) in 
the cell sections (Fig. 2d,e). AL are a particular type of intra-
cellular membrane, consisting of stacks of highly ordered 
ER-derived membranes, arranged in parallel, and containing 
nuclear pore complexes (NPCs) [19]. In these SARS-CoV-
2-infected Vero cells, they appeared in continuity with the 
nuclear envelope (Fig. 2d) or within the cytoplasm (Fig. 2e).

At 8 hpi, massive changes were observed, with the pres-
ence of numerous DMVs forming a replication network, 
frequently surrounded by mitochondria (Fig. 3a,b). At this 
time point, the first virus particles assembled within the cells 

were detected in intracellular vesicles probably related to 
the Golgi apparatus or ERGIC (Fig. 4a). In some sections, 
the budding of viruses toward the lumen of the ERGIC/
Golgi vesicles could be seen (Fig. 4b–d). These budding 
viral particles or those fully assembled in the vesicle lumen 
(Fig. 4e) had prominent surface projections, or spikes. These 
intracellular spiky viruses were detected in small vesicles, 
each containing only a few particles, at 8 hpi. At 10 and 
12 hpi, numerous extracellular particles could be seen at 
the cell surface (Fig. 5a). Images of virus-carrying vesicles 
that were presumably moving toward the plasma membrane 
(Fig. 5a), or merging with the plasma membrane (Fig. 5b–e), 
suggested that the virions were released by exocytosis mech-
anisms. The fact that these vesicles often contained several 
viral particles suggested that they represent viral exit rather 
than cellular entry.

At 24 hpi, viruses were still detectable at the cell surfaces 
and were present in high amount. Although these viruses 

Fig. 1  Kinetics of infection analyzed by different methods. (a) Vero 
cells grown on glass coverslips were infected, fixed at the indicated 
time points and processed for immunofluorescence labeling of S 
(green) and dsRNA (red). Nuclei were stained with DAPI (blue). 
(b) Cells positive for S and dsRNA were counted and the percentage 

of infected cells was plotted against time. (c) The quantity of virus 
secreted in the cell supernatant was assessed by the TCID50 method. 
(d) Intracellular genome quantification was performed by qRT-PCR. 
(e) Intracellular N and S viral proteins were detected by immunoblot
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Fig. 2  Early ultrastructural changes encountered in Vero cells at 
6  h post-infection with SARS-CoV-2. (a) At 4  hpi, no ultrastruc-
tural modifications relative to mock-infected cells, shown here, were 
visible. (b,c) At 6  hpi, the first discrete virus-induced structures 
appeared, consisting of clusters (delimited by the white arrows) of 
several single-membrane vesicles. These clusters contained 5–10 sin-
gle-membrane vesicles per cell section, and were frequently observed 
in the perinuclear area (n, nucleus). (d,e) At 6 hpi, annulate lamellae 

(AL) were frequently observed in infected cells, either as nuclear (n) 
expansions (d, white arrows) or isolated in the cytoplasm (e, white 
arrows), suggesting that the formation of these structures may have 
been promoted by virus infection. AL consist of stacks of highly 
ordered endoplasmic reticulum-derived membranes, arranged in par-
allel and containing nuclear pore complexes, that can be visualized in 
tangential (e) or cross (d) sections

Fig. 3  Replication network established in Vero cells at 8  h post-
infection with the SARS-CoV-2. (a,b) A massive replication network 
consisting of large clusters of numerous double-membrane vesicles 

(DMVs, presented at high magnification in the insets) was observed. 
These clusters of DMVs were frequently surrounded by mitochondria 
(m)
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Fig. 4  Morphogenesis of intracellular SARS-CoV-2 virions in Vero 
cells at 8  h post-infection. (a) Virus particles (white arrows) were 
observed in intracellular vesicles related to the Golgi apparatus or the 
endoplasmic reticulum/Golgi intermediate compartment (ERGIC). 
No virus was released at the plasma membrane (pm) at this time 
point. (b–d) The budding of the viruses (white arrows) toward the 

lumen of the ERGIC/Golgi vesicles was visualized in some cell sec-
tions. (e) At this time point, the intracellular viruses were detected in 
small vesicles, each containing only a few viral particles. These viral 
particles displayed prominent spikes, clearly visible at the surface 
(black arrowhead)

Fig. 5  Release of the SARS-CoV-2 virions by exocytosis from the 
Vero cells at 10 h post-infection. (a) Virions (thin black arrows) were 
frequently observed at the plasma membrane (pm). Numerous virus-
carrying vesicles (white arrows) presumably in transit to the plasma 

membrane were also visualized. (b–e) These virus-carrying vesicles 
fused with the plasma membrane to release their contents into the 
extracellular space by exocytosis. Similar ultrastructural events were 
observed at 12 hpi
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could represent virions released by the imaged cells, we 
could not exclude that some of them originate from adja-
cent cells before to be trapped at the plasma membrane 
of these cells. Also, large numbers of viral particles were 
found to have accumulated in very large intracellular vacu-
oles (Fig. 6a,b). Surprisingly, the viral particles present in 
these large intracellular compartments had a smooth surface 
and bore no spikes (Fig. 7a,b). Their appearance was clearly 
different from that of viruses released at the cell surface, 
which carried many spikes (Fig. 8a,b). At these later stages 
of the infection, most of the Vero cells infected with SARS-
CoV-2 contained an abundant reticulovesicular network of 
DMVs, occupying an entire pole of the cytoplasm, in which 
viral replication and the assembly of new virions occurred 
simultaneously (Fig. 9a). DMVs were still the main compo-
nent of this network, sometimes associated with other virus-
induced structures, such as myelin-like membrane whorls 
or autophagic-like packaged membranes (Fig. 9b). These 
membrane whorls were sometimes also associated with the 
spike-less viral particles in the large intracellular vacuoles 
(Figs. 6b, 7a).

The quantification of these ultrastructural features in 
100 consecutive cell sections showed that AL were present 
in only 1% of mock-infected cells, but increased up to 7% 
at 6 hpi, before to slowly decrease until 10 hpi and finally 
stabilize around 3% at 12 hpi (Fig. 10). Clusters of single-
membrane vesicles that appeared between 6 and 8 hpi were 
observed in 40% of the cells at 8 hpi, before reaching 60% 
at 12 hpi and then dropping to <20% at 24 hpi. DMVs were 

observed in a constantly increasing number of cells between 
4 and 24 hpi, reaching 80% of the cells at 24 hpi (Fig. 10). 
Membrane whorls and autophagic-like structures, observed 
in 7% of mock-infected cells, increased slowly during the 

Fig. 6  Intracellular accumulation of SARS-CoV-2 particles in large 
vacuoles within Vero cells at 24 hpi. (a,b) Viruses were still detected 
at the cell surface (thin black arrows), but large numbers of viral par-
ticles were observed accumulated in very large intracellular vacuoles 
(white arrows) of various sizes, predominantly located in the perinu-

clear region. At this time point, an accumulation of myelin-like mem-
brane whorls or autophagic-like packaged membranes (white asterisk 
in b) was also observed in the cells, separated from or associated with 
the viral particles

Fig. 7  The SARS-CoV-2 particles accumulating in large intracellular 
vacuoles in Vero cells at 24 hpi have no spikes. (a) The numerous 
viral particles accumulating in these large intracellular compartments 
were often electron-dense and presented a smooth surface. Membrane 
whorls (white asterisks) were sometimes also associated with the 
viral particles within these large intracellular vacuoles. (b) At high 
magnification, the viral particles present in these large intracellular 
vacuoles were clearly observed to have no spikes (bar = 50 nm)
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first 10 hpi and then more rapidly to reach almost 60% of 
the cells at 24 hpi. Concerning the viral particles, spiky viri-
ons found in golgian/ERGIC vesicles were first observed 
at 8 hpi, and the number of cells with this feature regularly 
increased to reach 48% at 24 hpi. Large vacuoles contain-
ing spike-less virions started to accumulate in cells from 

10 hpi, and their number increased to also reach a maximum 
at 24 hpi, being present in about 60% of the cells. Finally, 
the number of cells surrounded by extracellular spiky virions 
increases exponentially from 10 hpi, to reach 80% of the 
cells at 24 hpi (Fig. 10).

Discussion

As previously reported for coronaviruses and, more recently, 
for SARS-CoV-2 [20–23], our findings confirm that the 
SARS-CoV-2 viral cycle is supported by a reticulovesicular 
network derived from endoplasmic reticulum (ER) mem-
branes and consisting mostly of double-membrane vesicles 
(DMVs). After the budding of the virions, presumably in 
the Golgi apparatus stacks or the ER-Golgi intermediate 
compartment (ERGIC), the virus is released by exocytosis 
at the plasma membrane. The kinetics of appearance of the 
DMVs and virions inside and on the surface of the cells 
are globally similar to those observed in a recent study per-
formed with human pulmonary epithelial Calu-3-infected 
cells [21]. Thus, our findings confirm previous results, but 
they also shed new light on early and late stages of the viral 
infectious cycle.

We show that, at early stages of infection, the cells 
contained only discrete single-membrane vesicle clusters 
(Fig. 2b,c), potentially acting as the precursors of DMVs, 
as previously suggested for other viral models. This hypoth-
esis is consistent with our quantitative analysis (Fig. 10), 

Fig. 8  The SARS-CoV-2 particles released from the Vero cells at 
24  hpi carry spikes. (a) All the viral particles released at the cell 
surface (thin black arrows) were surrounded by characteristic, “club-
shaped”, spikes. (b) This was confirmed by an analysis of these viral 
particles at high magnification, revealing their distinctive crown-like 
appearance (bar = 50 nm)

Fig. 9  Invasive replication network in Vero cells at 24  h post-infec-
tion with SARS-CoV-2. (a,b) At this time point, SARS-CoV-2-in-
fected cells displayed an intense reticulovesicular network consisting 
mostly of large numbers of DMVs, which occupied almost all the 
cytoplasm and seemed to push against the nuclear compartment (n), 

with many mitochondria (m) recruited at the edge of this network. 
Virion assembly continued next to this network (white arrows in a), 
leading to release at the plasma membrane (thin black arrows in a). 
DMVs were often associated with myelin-like membrane whorls or 
autophagic-like packaged membranes (white asterisk in b)
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showing that the number of positive cells for these single-
membrane vesicle clusters was decreasing in the late phase 
of the infection while the number of DMVs positive cells 
increased (Fig. 10). In hepatitis C virus (HCV), for example, 
it has been suggested that single-membrane vesicle clusters 
act as the precursors of the DMVs characterizing the mem-
branous web induced by this virus [24, 25]. A similar pro-
cess has also been described for poliovirus, for which early 
viral organelles are gradually transformed into double-mem-
brane structures by the extension of membranous walls and/
or the collapse of the luminal cavity of the single-membrane 
structure [26]. Recent investigations by high-resolution elec-
tron tomography analysis of SARS-CoV-2-infected Calu-3 
cells have confirmed that DMVs are closely associated to 
the ER, being linked by smooth ER connectors or sometimes 
embedded into the rough ER such as the DMV outer mem-
brane was contiguous to the ER membrane [21]. However, 
the mechanism underlying DMV biogenesis is still poorly 
understood and the potential role of these single-membrane 
vesicle clusters in their formation will certainly need further 
investigation.

We also report the presence of annulate lamellae (AL) 
in Vero cells infected with SARS-CoV-2 (Fig. 2d,e). These 
structures are not specific of the viral infection as they were 
observed in mock-infected cells in few cells (around 1%), 
but their presence increased following infection (peak at 
7% 6 hpi) (Fig. 10). Similar observations were reported by 
another group, but little comment was made on their pos-
sible meaning [27]. AL have no obvious function, other than 
as a reservoir of nuclear envelope components. AL were 
initially thought to be an ultrastructural feature characteris-
tic of rapidly growing germ and tumor cells, but they have 
since been characterized as a marker of infection for various 
viruses, including hepatitis A virus [28], Japanese encephali-
tis virus [29], and human herpes virus 6 [30]. However, their 
role in the infection process is unknown. Interestingly, in the 
HCV model, infected cells display an increase in the amount 
of cytoplasmic nuclear pore complex proteins (Nups), which 
accumulate in or close to cytoplasmic membranes enriched 
in HCV proteins [31]. It has, therefore, been suggested that 
cytoplasmic nuclear pore complexes (NPCs), or potentially 
derivatives of these structures, such as AL, may facilitate 
establishment of the HCV-induced membranous web [31, 
32]. It will be interesting to investigate, whether such a 
mechanism is also involved in the biogenesis of the SARS-
CoV-2 replication network.

As for AL, membrane whorls and autophagic-like struc-
tures were not specific of the viral infection as they were 
observed in mock-infected cells. However, if they were 
detected in 7% of uninfected cells, the number of cells con-
taining these structures is slowly increased during the first 
10 hpi, and then more rapidly to reach almost 60% of the 
cells at 24 hpi (Fig. 10). Once again, these data are in favor 

of virus-induced mechanisms stimulating the formation of 
these host cell membrane-derived structures.

At later stages of infection, we observed large intracel-
lular vacuoles containing viral particles that appeared to 
be completely devoid of spikes. Such images have been 
reported by other groups, for SARS-CoV-2 propagated in 
cell culture [22, 23, 27, 33] or detected in the lung tissue of 
infected patients [34]. Similar findings were also reported in 
the very first electron microscopy investigations of SARS-
CoV in cultured Vero cells [35, 36]. In the present study, 
a comparative analysis, at high EM magnifications, of the 
viral particles present on the cell surface and those present 
in these large intracellular vacuoles at these time points 
late in infection clearly showed differences in terms of the 
presence or absence of spikes (Figs. 7, 8). The reason for 
the absence of spikes on these intracellular viral particles 
is currently unknown. This does not seem to be related to 
a technical problem leading to a loss of the spikes of the 
intracellular viruses since spikes can be well visualized on 
the viruses present in the smaller vesicles of ERGIC or Golgi 
origin (Fig. 4). These large vacuoles containing spike-less 
viral particles may be intracellular compartments in which 
degradation through an autophagolysosomal process occurs. 
This hypothesis is supported by the presence of myelin-like 
membrane whorls in these compartments (Fig. 7a), as also 
previously reported for SARS-CoV [36]. However, these 
spike-less virions did not appear to be degraded in these 
compartments, although they were sometimes somewhat dis-
torted (Fig. 7b), presenting a “doughnut shape” and a more 
pronounced electron-dense edge, as previously discussed 
by another group [27]. Alternatively, these spike-less viral 
particles may be formed by a defective virion assembly path-
way, leading to immature and, thus, non-infectious particles. 
This would be consistent with previous findings showing 
that S protein is dispensable for the budding and assembly of 
coronaviruses [37, 38], whereas N protein seems to be essen-
tial for these mechanisms and to drive them [39]. Further 
investigations will be required to determine the potential role 
of these spike-free viral particles in the pathophysiology of 
SARS-CoV-2 infection, particularly given the huge numbers 
of such particles in infected cells.

A recent study by Ogando et al., in which Vero cells 
were also used to propagate SARS-CoV-2, suggested that 
this virus may carry fewer spikes than SARS-CoV [20]. We 
did not directly compare the two viruses in our study, but 
our EM images show that SARS-CoV-2 has many “club-
shaped” projections at its surface (Fig. 8), as also previ-
ously reported for SARS-CoV. The underlying reasons for 
this remain unclear, but may reflect the ultimate release of 
spike-less viral particles from the intracellular vacuoles at 
very late stages of the infectious cycle in the study con-
ducted by Ogando et al. [20], possibly due to cell lysis. 
This may explain why SARS-CoV-2 was found to be less 



3574 S. Eymieux et al.

1 3



3575Ultrastructural modifications induced by SARS‑CoV‑2 in Vero cells: a kinetic analysis of viral…

1 3

infectious than SARS-CoV in this study, despite generating 
larger amounts of intracellular viral RNA.

It will certainly be important to continue this type of 
investigation with other relevant cellular models. Recent 
studies have shown the possibility of propagating the virus 
in polarized organoids of human airway epithelial [40]. Here 
also, although this has not been particularly commented by 
the authors, it seems that spike-free virus particles may 
accumulate intracellularly. In any case, our ultrastructural 
study provides new insight into the early and late steps of 
the SARS-CoV-2 infectious cycle, which merit further inves-
tigation in future studies of this important new pathogen.
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