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1 | INTRODUCTION

In the last 20 years, three members of the betacoronaviruses have
emerged from zoonotic reservoirs able to infect humans—severe acute
respiratory syndrome coronavirus (SARS-CoV) in 2002 (Zhong
et al, 2003), Middle East respiratory syndrome coronavirus (MERS-
CoV) in 2012 (De Wit, Van Doremalen, Falzarano, & Munster, 2016;
Zaki, van Boheemen, Bestebroer, Osterhaus, & Fouchier, 2012) and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
December 2019 (Wu et al., 2020; Zhou et al., 2020). SARS-CoV-2 was
first detected in Wuhan, Hubei province, China, from a cluster of atypi-
cal pneumonia diseases (later named coronavirus disease 2019, COVID-
19). While the spread of SARS-CoV and MERS-CoV has been success-
fully contained (De Wit et al., 2016), SARS-CoV-2 caused a global pan-
demic with over a million deaths and devastating socio-economic

consequences. SARS-CoV-2 also induced mobilisation of the global

The ongoing SARS-CoV-2 pandemic with over 80 million infections and more than a
million deaths worldwide represents the worst global health crisis of the 21th cen-
tury. Beyond the health crisis, the disruptions caused by the COVID-19 pandemic
have serious global socio-economic consequences. It has also placed a significant
pressure on the scientific community to understand the virus and its pathophysiology
and rapidly provide anti-viral treatments and procedures in order to help the society
and stop the virus spread. Here, we outline how advanced microscopy technologies
such as high-throughput microscopy and electron microscopy played a major role in
rapid response against SARS-CoV-2. General applicability of developed microscopy
technologies makes them uniquely positioned to act as the first line of defence

against any emerging infection in the future.

scientific community on an unprecedented scale in efforts to under-
stand the virus, the underlying host-pathogen interactions, its patho-
physiology and the immunological responses. Many of these efforts
were aimed at developing anti-viral drugs, vaccines or therapeutic
modalities in order to stop the virus spread and relieve the socio-
economic pressure. A PubMed query ‘SARS-CoV-2’ returned 52,926
scientific articles in the period from January 1, 2020 to December
31, 2020, which amounts to an incredible 145 articles per day.
Microscopy is a fundamental technology in modern bio-medical
research because it is the only technology able to quantitatively
address complex spatio-temporal dynamics of living systems at a suffi-
cient resolution to provide the most realistic representations of the
biological systems. Indeed, one can find light and electron microscopy
imaging data in the majority of scientific articles published in biomedi-
cal fields (Jambor et al., 2020). Additionally, microscopy has played a

key role in infectious disease research since the discovery of the first
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microorganisms (Laketa, 2018). Microscopy was essential for the dis-
covery of infectious agents by direct observation as well as for testing
the compliance with Koch postulates in order to identify new patho-
gens. It has also had a major role in infectious diseases diagnostics
(Laketa, 2018). The importance of microscopy in infectious disease
research has continued in modern times, which is illustrated in the
ongoing SARS-CoV-2 pandemic. The very first articles describing the
isolation, identification and characterisation of SARS-CoV-2 strongly
relied on light and electron microscopy data (in addition to next gener-
ation sequencing) to provide evidence of SARS-CoV-2 emergence
(Zhou, Yang, et al., 2020). This demonstrates how microscopy-derived
evidence is still an essential component in identification of new
pathogens.

Electron microscopy (EM) has long been the method of choice
for direct visualisation of viruses. While recent advances in super-
resolution microscopy allowed to resolve the molecular distribu-
tion of viral proteins on the virion surface (Chojnacki et al., 2012;
Muranyi, Malkusch, Miiller, Heilemann, & Krausslich, 2013), EM
still remains the only technique able to provide structural and
morphological information. Due to its central role in virus
research, EM has been extensively exploited during the 2020
COVID-19 pandemic to study different aspects of SARS-CoV-2
infection and pathogenesis. In addition to their scientific value,
digitally enhanced EM images of SARS-CoV-2 isolated virions or
virions bound to the host cell surface are used by the news media
to accompany the daily news describing the evolution of the
COVID-19 pandemic. Some of those images together with accu-
rate illustrations generated from EM structural studies achieved
widespread recognition among the general public and became an
important resource to raise awareness on coronavirus diseases,
fight disinformation and promote health recommendations to
fight COVID-19 (Goodsell, Voigt, Zardecki, & Burley, 2020).

This review will focus on a discussion of the advanced microscopy
technology modalities that have had the biggest impact and have the
highest potential to limit the SARS-CoV-2 pandemic. A special emphasis is
given to technologies whose employment directly enables transition from
the basic research towards more translational aspects. With this in mind,
we centre our discussion around two advanced microscopy
technologies—(a) high-throughput microscopy and (b) electron microscopy

with their roles in diagnostics, drug discovery and virus characterisation.

2 | HIGH-THROUGHPUT MICROSCOPY IN
SARS-COV-2 RESEARCH

2.1 | High-throughput microscopy in anti-viral
drug development

High-throughput microscopy is a method that typically involves auto-
mated microscopy, robotics and quantification by image analysis in order
to test a large number of reagents for their activity in biological assays. It
can incorporate various imaging modalities and generally employs cell-

based assays combined with fluorescently labelled structures or

molecular components. The method has been extensively used in acade-
mia to perform genome-wide genetic screens using RNA interference or
overexpression (Boutros, Heigwer, & Laufer, 2015), as well as in industry
at all stages of the drug discovery and development processes
(Bickle, 2010). In the context of infectious disease research, it plays an
important role in studying host-pathogen interactions and in the discov-
ery of anti-microbial compounds (Brodin & Christophe, 2011). The main
advantage of high-throughput microscopy over traditional biochemical
methods in drug discovery is the fact that employment of cellular assays
is more predictive of the in vivo situation compared to biochemical
assays, especially concerning cell penetration and susceptibility to intra-
cellular metabolism. In addition, the ability to multiplex many readouts in
one assay allows assessment of toxicity, modes of action and multiple
drug profiling, essentially replacing the need for secondary and tertiary
assays (Simm et al., 2018).

With the emergence of SARS-CoV-2, it is more obvious than ever
why rapid drug development is necessary. The key to utilising high-
throughput microscopy approaches in SARS-CoV-2 research and anti-
viral drug discovery is the development of appropriate fluorescent
reporters (Figure 1). These fluorescent reporters need to be specific and
should not interfere with the biological process under investigation. The
first reported modification of the recombinant SARS-CoV-2 genome was
the insertion of a fluorescent protein to enable SARS-CoV-2 basic
research and microscopy-based screening for anti-viral compounds (Thi
Nhu Thao et al.,, 2020; Xie et al., 2020). The insertion of a sequence
encoding for green fluorescent protein (GFP) into a SARS-CoV-2 genome
by Thi Nhu Thao et al. resulted in partial deletion of ORF7a protein and
led to reduced SARS-CoV-2 replication kinetics compared to the wild-
type virus. Nevertheless, it was demonstrated that, despite reduced
kinetics, the reporter could be used in anti-viral screening applications as
well as virus neutralisation assays (Thi Nhu Thao et al., 2020). On the
other hand, insertion of the gene encoding for the mNeonGreen fluores-
cent protein replacing the entire ORF7a produced a virus with similar
replication kinetics to the wild-type virus (Xie et al., 2020).

Another milestone in application of high-throughput microscopy
to fight the SARS-CoV-2 pandemic is the development of an appropri-
ate cellular assay to monitor virus infectivity (Figure 1). As it is com-
mon for all coronaviruses, viral protease 3CLP™ is cleaving the viral
polyproteins into individual non-structural proteins, and it is essential
for the viral replication (Harcourt et al., 2004; Thiel et al., 2003).
Froggatt et al. developed a cellular reporter system based on flipGFP
protein that changes fluorescent properties upon cleavage by the viral
protease 3CLP™ (Froggatt, Heaton, & Heaton, 2020). Changes in fluo-
rescence reflect 3CLP™ activity and, in turn, can be used to evaluate
SARS-CoV-2 infection. Also relying on the 3CLP™ activity, a parallel
assay was developed that employed an endoplasmic reticulum (ER)-
anchored GFP molecule tagged with a 3CLP™ cleavage site and
nuclear localization signal sequence, which promotes GFP transloca-
tion from the ER to the nucleus upon SARS-CoV-2 infection
(Pahmeier et al., 2020). Importantly, both assays allow for anti-viral
drug screening in fixed or living cells (Froggatt et al., 2020; Pahmeier
et al., 2020). In addition, these assays enable discovery of direct inhib-
itors of 3CL°™, one of the main targets for pharmacological
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FIGURE 1 A scheme depicting the contribution of advanced microscop
pandemic

intervention against SARS-CoV-2, to be conducted under biosafety
level 1 or 2 (BSL1 or BSL2) containment, which is critical for rapid
drug discovery. Repurposing of known and clinically evaluated drugs
is another avenue for accelerating discovery and deployment of anti-
SARS-CoV-2 therapies. For this reason, small- and large-scale
microscopy-based screens of clinical-stage or Food and Drug
Administration-approved small molecules for their potential to inhibit
SARS-CoV-2 replication have been conducted, identifying >100 anti-
SARS-CoV-2 candidate therapeutic drugs (Jeon et al., 2020; Riva
et al,, 2020).

y and related technologies to rapid response to SARS-CoV-2

2.2 | High-throughput microscopy in SARS-CoV-2
antibody diagnostics

Testing for SARS-CoV-2 infection and tracking of its transmission are
essential to control viral spread (Figure 1). Standardised quantitative
RT-PCR tests have proven to be a good method to detect acutely
infected individuals (Corman et al., 2020). However, there is a large
number of undocumented SARS-CoV-2 cases arising from limitations
in testing capacity and asymptomatic individuals (Mizumoto, Kagaya,
Zarebski, & Chowell, 2020; Qiu et al., 2020). One way to track the
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true extent of the virus spread in the population is to monitor the
presence of SARS-CoV-2-specific antibodies using serological tests. In
addition, these tests can provide information on the levels of anti-viral
antibodies, the serological response against different viral proteins, as
well as the durability of anti-viral immune responses, which are all key
elements in developing successful vaccines and vaccination strategies.

Immuofluorescence microscopy using virus-infected cells as a
specimen is a classical approach in virology to assess the presence of
specific anti-viral antibodies and has been applied to previous corona-
virus infections such as SARS-CoV and MERS-CoV (Chan et al., 2004;
Manopo et al., 2005; Meyer, Drosten, & Muiller, 2014). The first publi-
cations on antibody assessment of COVID-19 patients relied on
immunofluorescence microscopy (Wolfel et al., 2020). This is not sur-
prising since immunofluorescence microscopy-based assays do not
depend on particular commercial solutions and can be rapidly
deployed from the moment the first isolate of the pathogen has been
obtained and a susceptible cell model discovered. The major disadvan-
tage of using immunofluorescence microscopy in serology is its limited
throughput capacity due to manual microscopy handling steps during
image acquisition and sample evaluation based on visual inspection of
micrographs which is subjective and not quantitative. These limita-
tions have been addressed by Pape et al., where a high-throughput
microscopy-compatible procedure was developed together with a
robust machine learning-based image analysis pipeline yielding an
assay with slightly better specificity/sensitivity than a commercially
available ELISA assay at the time (Pape et al., 2020). Microscopy-
based serological tests have been used in large population SARS-
CoV-2 serology studies mainly as a confirmatory assay to provide
increased specificity of detection in the setting of low antibody preva-
lence (Stringhini et al., 2020; Ténshoff et al., 2021). Increased specific-
ity potential of the microscopy-based assays compared to ELISA and
others is probably due to expression of viral antigens in the cellular
context ensuring correct protein folding and appropriate post-
translational modifications. A study using 293 T-cells expressing the
spike protein of SARS-CoV-2 and using FACS for a readout has shown
increased specificity of that assay compared to other approaches
(Grzelak et al., 2020).

The presence of specific anti-viral antibodies in patient sera does
not always correlate with neutralising capacity. Therefore, additional
assays are used to assess the antibody neutralisation capacity, often
by using time-consuming plaque reduction neutralisation tests (Perera
et al., 2020). Muruato et al. have developed a microscopy-based virus
neutralisation assay (Muruato et al., 2020) using SARS-CoV-2 con-
struct harbouring mNeonGreen fluorescent protein (Xie et al., 2020).
This approach has shortened the assay turnaround time by several
days and increased sensitivity compared to a standard plaque assay.
This is an important step towards the successful vaccine development,
and the assay has been used to support clinical trials for COVID-19
vaccine candidates (Mulligan et al., 2020). Furthermore, neutralising
antibodies as well as COVID-19 convalescent patient plasma have
shown clinical benefits (Shen et al., 2020) underscoring the impor-
tance of fast neutralisation capacity assessment via microscopy-based

assays.

3 | ELECTRON MICROSCOPY IN COVID-19
RESEARCH

3.1 | Electron microscopy as diagnostic tool for
SARS-CoV-2

Negative staining, in which the sample is directly applied on carbon-
coated EM grids, stained with a thin layer of heavy metal salts and
then observed by transmission electron microscopy (TEM) is a robust
technique to screen, detect and identify infectious agents. Combined
with immunolabelling, it has been used as a diagnostic technique to
identify viruses in body fluids and faeces (Roingeard, Raynal,
Eymieux, & Blanchard, 2019). Direct visualisation by EM is especially
useful in the absence of specific molecular probes and assays such as
when a novel pathogen emerges. Indeed, EM contributed to the iden-
tification of the viral pathogen responsible for the 2003 SARS epi-
demic, the first epidemic of the 21th century, confirming the presence
of viruses-like particles showing the ‘crown’ of glycoproteins on their
surface, characteristic of the Coronaviridae, both in supernatants of
cells inoculated with patients saliva and in lung secretion fluids from
bronchoalveolar lavage samples (Drosten et al., 2003; Ksiazek
et al., 2003).

SARS-CoV-2 viral RNA and proteins have been identified in
bodily fluids, such as blood and urine, as well as in secretions and
stool from COVID-19-positive patients, suggesting systemic spread
of SARS-CoV-2 infection in different organs (Bradley et al., 2020).
Analysis of COVID-19 patient tissues collected either from biopsies
or from autopsy specimens has indicated the presence of viral RNA
and proteins in several compartments other than the respiratory
tracts, such as kidneys, liver, heart, gastrointestinal tract, olfactory
mucosa and brain (reviewed in [Trypsteen, Van Cleemput, van
Snippenberg, Gerlo, & Vandekerckhove, 2020]). To substantiate
these findings, several reports showed TEM micrographs of the
infected tissues with morphological alterations and viral particles
resembling those reported in cell culture models (Bradley
et al., 2020; Dittmayer et al., 2020; Martines et al., 2020; Meinhardt
et al., 2020) (Figure 2). However, common cellular structures such as
clathrin-coated pits, multivesicular bodies containing several
intraluminal vesicles and ribosome-decorated ER membranes can be
misinterpreted as SARS-CoV-2 virions (Hopfer et al., 2021). Addi-
tionally, poor ultrastructure preservation due to autolysis of autoptic
samples can lead to ambiguous identification of viral structures
(Hopfer et al., 2021; Neil et al., 2020). Thus, controversies arose
concerning the correct interpretation of cellular architecture and
viral-associated structures in several articles reporting EM images
obtained from COVID-19 patient samples (Dittmayer et al., 2020;
Hopfer et al., 2021; Miller & Goldsmith, 2020). While infectious
SARS-CoV-2 viruses can be isolated from patients' nasopharyngeal
or oropharyngeal swabs, no solid evidence of direct visualisation by
EM of SARS-CoV-2 virions in these specimens has been produced.
In addition, even if virus-like particles can be visualised, specific
immunolabelling using SARS-CoV-2 antisera should be performed in

order to demonstrate the presence of bona fide SARS-CoV-2
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FIGURE 2

Electron microscopy in COVID-19 research. 1) Electron microscopy analysis of COVID-19 patient biological fluids or tissue has

been used to identify SARS-CoV-2 virions and infected cells; 2) the large field of view provided by FIB-SEM allowed to define the morphological
alterations induced by SARS-CoV-2 infection on the whole infected cells, revealing the network of connection between the cellular organelles
and the viral ROs; 3) high-resolution electron tomography and in situ cryo-FIB-SEM have been used to investigate the biogenesis and structural
organisation of SARS-CoV-2 replication organelles; 4-6) cryo-EM was used to characterise the molecular architecture of SARS-CoV-2 virions and
the structure, distribution and assembly of macro-molecular complexes such as the spike protein trimers and the ribonucleoproteins. Image in
panel (1) Courtesy: National Institute of Allergy and Infectious Diseases. Images in panels (2-5) adapted from (Cortese et al., 2020; Wolff

et al., 2020; Klein et al., 2020; Yao et al., 2020; Walls et al., 2020) respectively

virions. Thus, direct visualisation of SARS-CoV-2 from patient swabs
remains an open challenge.

3.2 | Electron microscopy analysis of SARS-CoV-2
mechanisms of replication and pathogenesis

EM of embedded specimens such as infected cell culture or tissues
can provide information on the viral replication cycle as well as the
cytopathogenic effects induced by virus infection. A substantial
body of literature has been produced in the past years describing
the host-cell morphological alterations induced by members of the
Coronaviridae family using TEM of thin sections and electron
tomography (ET) techniques (Knoops et al, 2008; Maier
et al., 2013; Snijder et al., 2020). ET in particular, which involves
the acquisition of a series of tilted 2D projections that are later
reconstructed to retrieve the 3D volumetric information, allowed
for the definition of the ultrastructural architecture in infected
cells, providing useful insight into the different steps of the viral
replication cycle (Romero-Brey & Bartenschlager, 2014, 2015).
Upon infection, the coronavirus positive-sense single-strand RNA
genome is directly translated in association with the host rough ER
membranes. Expression of the viral proteins, such as the replicase

complex responsible for viral RNA replication, induces an extensive

remodelling of the cellular endomembrane systems, generating the
specialised membrane compartments often referred to as viral rep-
lication organelles (ROs). EM imaging of coronaviruses-infected
cells showed the presence of double-membrane vesicles (DMVs)
together with a network of smooth ER tubules designated ‘convoluted
membranes’ or ‘zippered ER’ due to the narrow luminal space
(Figure 2). In addition, smaller double-membrane spherules, open vesi-
cles originating from wrapping of the zippered ER were also observed.
Due to the spatial proximity of these elements composing the cor-
onaviruses' ROs, it was difficult to precisely define the structures
harbouring viral RNA synthesis. Metabolic labelling combined with
quantitative electron microscopy ultimately showed that the synthesis
of novel RNA was associated with the DMVs, indicating a central role
for these structures in the viral replication cycle (Snijder et al., 2020).
Time-resolved comparative EM analysis of SARS-CoV-1- and
SARS-CoV-2-infected cells showed striking parallels between the two
viruses. Similar virus-induced structures developed at comparable
time-points post infection in VeroEé African green monkey cells
(Ogando et al., 2020). Semi-automated ET acquisition and 3D recon-
struction performed on infected lung epithelial cells provided addi-
tional information on the structural organisation of SARS-CoV-2 ROs
and allowed for the development of a model describing the biogenesis
of DMVs (Cortese et al., 2020). First, DMVs are formed within rough
ER membranes. Subsequently, DMV growth stretches and pulls the
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ER membranes generating the narrow-spaced zippered ER. Due to
their structural role in connecting the DMVs with the host ER mem-
branes, the zippered ER has been recently redefined as ER ‘connec-
tors’ (Cortese et al., 2020).

Development of specialised instrumentation, including novel sam-
ple preparation techniques and software for automated image acquisi-
tion, has streamlined the process for imaging large biological
specimens. In particular, this enabled focus-ion beam scanning elec-
tron microscopy (FIB-SEM), a technique that combines cycles of auto-
matic etching of the specimen surface with sequential imaging by
SEM, to achieve isotropic high-resolution imaging of large volumes,
from whole cells to entire organisms (Xu et al., 2017). Integrative
microscopy studies that coupled FIB-SEM and 3D reconstruction of
the whole infected cells together with ET, live cell imaging and super-
resolution light microscopy have defined additional SARS-CoV-
2-induced cellular modifications that alter host-cell homeostasis and
function. These studies demonstrate that SARS-CoV-2 replication
affects not only the ER but also numerous other cellular organelles
including causing fragmentation of the Golgi apparatus, alterations in
the morphology and molecular composition of the mitochondria,
increase in peroxisome number and extensive remodelling of the cyto-
skeleton to form a cage-like structure surrounding the viral ROs
(Cortese et al., 2020) (Figure 2). Similar alterations of the cytoskeletal
network have been previously described for Zika virus, another
positive-strand RNA virus (Cortese et al, 2017), suggesting that
studying the ultrastructure of the infected cells can allow for the iden-
tification of unexpected parallels between distantly related viruses
with the potential to provide novel targets for broad-spectrum anti-

viral therapies.

3.3 | Cryo-electron microscopy of SARS-CoV-2 in
vaccine and anti-viral drug development

Analysis of vitrified specimens, preserved in a frozen-hydrated status
by means of rapid cooling with cryogenic liquid under high pressure,
can provide near-atomic resolved structural details of the fully
hydrated biological material in its native conformation. The high
resolution achieved through cryo-EM approaches can provide infor-
mation on the structural-functional relationship of the different viral
components, expanding our understanding of viral infection and path-
ogenesis. The first cryo-EM structure related to SARS-CoV-2, the
3.5 A-resolution trimeric spike ectodomain, was deposited in the Pro-
tein Data Bank (PDB) at the end of February 2020, less than 2 months
after the first genome sequence of SARS-CoV-2 was reported (Wrapp
et al., 2020) (Figure 2). Following this first entry, the number of depos-
ited structures increased rapidly reaching up to 185 entries by the
end of December 2020. Most of the structures, up to 143, describe
different structural conformations of the spike glycoprotein
(S protein) that decorates the SARS-CoV-2 virus envelope producing
the characteristic crown-like appearance on the virion surface. It is
not surprising that most of the efforts are focused on the structural

characterisation of SARS-CoV-2 spike glycoprotein, since it is

responsible for receptor binding and entry into the host cell and,
therefore, the main component of most COVID-19 vaccines
(Krammer, 2020). SARS-CoV-2 S protein is also the primary antigenic
component responsible for inducing host immune response, including
neutralising antibody production and protective immunity against viral
infection (Krammer, 2020). Cryo-EM studies have been instrumental
in defining the structure of the S protein under different conforma-
tional states (pre and post fusion), under different pH conditions, in
complex with its cellular receptor (angiotensin convertase enzyme
2 [ACE2]), and with neutralising antibodies or antibody fragments
(Benton et al, 2020; Cai et al., 2020; Custddio et al., 2020; Lv
et al., 2020; Zhou et al., 2020). Moreover, several studies used cryo-
electron tomography to define the structure of the S protein and
other SARS-CoV-2 structural proteins in situ, using purified virus
preparations or cells infected directly on EM grids (Ke et al., 2020;
Turorova et al., 2020; Yao et al., 2020) (Figure 2). These in situ studies
revealed the presence of flexible hinges in the stalk region of the S
protein homotrimer that allowed the protein to be tilted up to 90°
towards the viral membrane. The large conformational space might
influence the interaction between the S protein and the ACE2 recep-
tor or hinder the access of antibodies to epitopes located in the stalk
region. In addition, they allowed for a precise definition of the glycan
shell that coats the S protein surface and might therefore shield
important epitopes from the binding of neutralising antibodies
(Ke et al., 2020; Turonova et al., 2020). Together, this structural infor-
mation has provided one of the major focal points for the rapid devel-
opment of vaccines.

The viral genome encodes for several enzymes that are essen-
tial for viral genome replication. Such proteins represent the ideal
target for developing anti-viral compounds. Indeed, several drugs
currently available to suppress otherwise deadly viruses such as
hepatitis C virus and HIV target essential enzymatic activities
including virus-encoded polymerases and proteases (Arts &
Hazuda, 2012; Gotte & Feld, 2016). Accurate high-resolution
structures are instrumental in guiding and supporting rational
drug design and in explaining the biological functions of bioactive
compounds. Cryo-EM was used to determine the structure of
SARS-CoV-2 replication and transcription complex (RTC), a large
macromolecular machinery formed by the viral RNA-dependent
RNA polymerase (RdRp) nsp12, together with several other non-
structure proteins. This structure was resolved in complex with an
RNA template and the nucleoside analogue remdesivir, the only
currently approved direct anti-viral that inhibits viral replication
(Yin et al, 2020). The 2.5 A resolution of the RTC complex
allowed for identification of key residues within the RdRp active
site that are involved in the interaction with the nucleoside ana-
logue and revealed how remdesivir incorporation into the primer
strand is responsible for the delayed termination of RNA chain
elongation. Moreover, the authors highlighted structural similari-
ties between the SARS-CoV-2 RdRp and polymerase complexes
from other positive-strand RNA viruses, suggesting a conserved
mechanism of genome replication and thus providing structural

models for future development of broad-spectrum anti-virals.
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Finally, a major breakthrough in in situ structural microscopy was
provided by combining cryo-ET with FIB milling. Conventional cryo-
EM is limited to specimens thinner than approximately 300 nm thin
but cannot be used to visualise entire cells whose thickness far
exceeds this limit. In cryo-FIB approaches, thin lamellae are milled at
cryogenic temperatures within specific regions of the vitrified speci-
men, allowing for subsequent analysis through transmission electron
microscopy (TEM) and tomography. This allows to image the cell inte-
rior and obtain structural information of macromolecular complexes in
their cellular context (Villa, Schaffer, Plitzko, & Baumeister, 2013). In
situ cryo-ET performed on cryo-FIB-milled lamellae, allowed for the
visualisation of ROs, from chemically inactivated SARS-CoV-2, in
close-to-native conditions (Klein et al., 2020). Bundles of branched
double-stranded RNA filaments were observed within the DMV inte-
rior. Since the viral genome forms a double-stranded RNA intermedi-
ate form during its replication, this finding supports the hypothesis
that the DMV interior is the site of viral genome replication. Addition-
ally, in several regions, the inner and outer DMVs membranes
clamped together to form pore-like openings. This observation is in
line with an elegant in-situ cryo-ET study of murine hepatitis virus, a
murine coronavirus, that showed the presence of several proteina-
ceous pores on the surface of the DMVs (Wolff et al., 2020). Sub-
tomogram averaging indicated that this double-membrane-spanning
molecular complex was mainly composed of the non-structural pro-
tein nsp3, one of the viral proteases, arranged in a six-fold symmetry
around the channel opening. With this combined data, we can begin
to build a model where newly synthesized viral genomes, exported
through the pore, would associate with ribosomes to be translated or
with the nucleocapsid (N) protein, to form ribonucleocapsids (RNP).
The RNPs are then assembled in progeny virions through budding
either into the Golgi cisternae or in membranes derived from the ER-
Golgi intermediate compartment (ERGIC). Moreover, due to its
multifunctional role as viral protease and ROs ‘gatekeeper’, com-
pounds that target nsp3 could inhibit multiple essential functions at
once, making this protein an ideal candidate for development of novel

anti-viral strategies.

4 | CONCLUSION

The ongoing SARS-CoV-2 pandemic has illustrated the importance of
a rapid response to emerging infectious diseases. SARS-CoV-2 has
spread globally within a few months of its first observation, leading
the WHO to declare a pandemic in March 2020. Important public
health decisions have had to be made on a weekly, if not daily basis,
and the biomedical field as well as the other scientific fields have had
to tailor their technologies and procedures to meet these new
demands. With an unprecedented combined effort, the scientific com-
munity has risen to the challenge by rapidly accumulating knowledge
on the new virus and developing tests, procedures and medical treat-
ments in order to restrain the SARS-Cov-2 pandemic. This effort is
exemplified by the 180 vaccines currently in various stages of devel-

opment (Krammer, 2020) and the first vaccines being administered to

the general population within 1 year of the first infection report.
Microscopy has played a major role in these efforts as a cornerstone
technology in biomedical and infectious diseases research. In this
review, we outlined the advanced microscopy technologies, such as
high-throughput screening and (cryo) electron microscopy, as vital
technologies in the fight against SARS-CoV-2 (Figure 1). Techniques
for rapid viral genome cloning and fluorescent protein tagging (Thi
Nhu Thao et al., 2020; Xie et al., 2020) together with cellular model
system (Froggatt et al., 2020; Pahmeier et al., 2020) and high-
throughput microscopy have enabled the testing of reagents for their
inhibitory effect against SARS-CoV-2. Cryo-electron tomography has
been used to determine virion and viral protein structures within
months of the first observed SARS-CoV-2 infections, enabling
structure-guided drug design and giving rise to therapeutic antibodies
with affinities in femtomolar range and neutralisation capacity in pic-
omolar range (Schoof et al., 2020). Studies on SARS-CoV-2-induced
cellular ultrastructural changes have been vital in understanding viral
impact on infected host cells and have provided clues for potential
therapeutic procedures (Cortese et al., 2020; Ogando et al., 2020;
Wolff et al., 2020). Microscopy-based serological assays enabled spe-
cific, sensitive and quantitative assessment of SARS-CoV-2-specific
antibodies and proved to be especially useful in situations where com-
mercial assays are either not yet developed or in short supply due to a
high demand (Pape et al., 2020). Moreover, the employment of
microscopy-based virus neutralisation assays paved the way to fast
vaccine development (Mulligan et al., 2020; Muruato et al., 2020).
Currently, the major bottleneck for wider employment of microscopy
technologies in the response to SARS-CoV-2 is the deficiency of
microscopy infrastructure under enhanced biosafety containment
(biosafety level 2, 3 or 4), especially in hospital settings, as well as the
requirement for high technical expertise.

While in recent years, molecular techniques, such as PCR, ELISA
and next generation sequencing, have replaced EM as the primary
approach to identify pathogens, the ‘open view’ granted by EM
observation still offers several advantages. For instance, it allows to
investigate a sample without prior assumptions about the nature of
the observed pathogen. In addition, in scenarios where a novel patho-
gen arises, the absence of specific probes can hamper the ability of
molecular and serological assays to detect the novel agent, while
direct visualisation through EM can allow for its rapid identification.
However, high expertise is needed for proper identification of the
viral ultrastructural morphologies, and great care has to be taken to
avoid misidentifying common cellular structures as virions. The
COVID-19 pandemic has clearly demonstrated the importance of
rapid communication of scientific data to provide early visibility and
broad dissemination among the scientific community and the general
public. Nevertheless, one has to be careful to prevent ambiguous
information finding their way into the scientific literature. Given the
technical requirement for both proper image acquisition and the com-
plexity of image analysis with advanced microscopy techniques, it is
vital to take special care when interpreting these studies. The publica-
tion of potentially ambiguous EM micrographs derived from COVID-
19 patient samples has prompted researchers to request that authors
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and editors conduct more rigorous assessment of EM data in order to
prevent the spread of misleading or false information (Dittmayer
et al., 2020; Miller & Goldsmith, 2020). In this direction, dedicated web
resources have been developed to sort, organise and curate COVID-
19-related information deposited in the public databases (Brzezinski
et al., 2021), such as the structural data of SARS-CoV-2 proteins depos-
ited in the PDB server. Overall, the pressure that the current pandemic
has exerted on the scientific community favoured the long-sought evo-
lution towards a more open, transparent and direct way of communicat-
ing the research results. For the microscopy community, this should
translate to the practise of making raw datasets available for published
work. This will allow not only for a more transparent evaluation during
the peer-review process, but also permits other groups to re-analyse
those datasets, thus fostering novel and potentially unanticipated dis-
coveries. Cortese et al. have taken a step in this direction by sharing all
the raw data associated with our EM analysis of SARS-CoV-2-infected
cells. Data have been uploaded on EMPIAR, a public repository for EM
datasets where direct access and visualisation through the MoBIE plu-
gin of the FIJI software, a framework for sharing and browsing of multi-
modal big image data (Vergara et al, 2020) was provided. Big-data
viewers such as MoBIE do not require the download of the data to visu-
alise the dataset content, a great advantage considering that EM data
can easily reach terabytes size, and thus combine date share with a
user-friendly experience.

In summary, during SARS-CoV-2 pandemic, advanced microscopy
technologies have emerged to be especially relevant for rapid
response by facilitating drug and vaccine discovery, serological testing
and the accumulation of knowledge surrounding virus pathophysiol-
ogy. Furthermore, many of the developed microscopy-based proce-
dures are not necessarily SARS-CoV-2 specific but can be made
generally applicable. This makes microscopy technologies uniquely
positioned to act as the first line of defence against any emerging

infection in the future.
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