Histopathology

Histopathology 2021, 78, 358-370. DOI: 10.1111/his.14264

REVIEW

Hunting coronavirus by transmission electron
microscopy — a guide to SARS-CoV-2-associated
ultrastructural pathology in COVID-19 tissues

Helmut Hopfer,!
Alexandar Tzankov,'

Martin C Herzig,1 Rainer Gosert,” Thomas Menter,!
Hans H Hirsch®** & Sara E Miller’

Jiirgen Hench,!

YPathology, Institute of Medical Genetics and Pathology, University Hospital Basel, University of Basel, Basel, *Clinical
Virology, Laboratory Medicine, University Hospital Basel, Basel, *Infectious Diseases and Hospital Epidemiology,
University Hospital Basel, Basel, *Department Biomedicine, Transpantation and Clinical Virology, University of Basel,
Basel, Switzerland, and *Department of Pathology, Duke University Medical Center, Durham, NC, USA

Hopfer H, Herzig MC, Gosert R, Menter T, Hench ], Tzankov A, Hirsch HH & Miller SE.
(2021) Histopathology 78, 358—370. https://doi.org/10.1111/his. 14264

Hunting coronavirus by transmission electron microscopy — a guide to SARS-CoV-2-associ-
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Abstract: Transmission electron microscopy has
become a valuable tool to investigate tissues of
COVID-19 patients because it allows visualisation of
SARS-CoV-2, but the ‘virus-like particles’ described in
several organs have been highly contested. Because
most electron microscopists in pathology are not
accustomed to analysing viral particles and subcellu-
lar structures, our review aims to discuss the ultra-
structural changes associated with SARS-CoV-2
infection and COVID-19 with respect to pathology,
virology and electron microscopy. Using micrographs
from infected cell cultures and autopsy tissues, we
show how coronavirus replication affects ultrastruc-
ture and put the morphological findings in the context
of wviral replication, which induces extensive

remodelling of the intracellular membrane systems.
Virions assemble by budding into the endoplasmic
reticulum—Golgi intermediate complex and are charac-
terised by electron-dense dots of cross-sections of the
nucleocapsid inside the viral particles. Physiological
mimickers such as multivesicular bodies or coated
vesicles serve as perfect decoys. Compared to other in-
situ techniques, transmission electron microscopy is
the only method to visualise assembled virions in tis-
sues, and will be required to prove SARS-CoV-2 repli-
cation outside the respiratory tract. In practice,
documenting in tissues the characteristic features seen
in infected cell cultures seems to be much more diffi-
cult than anticipated. In our view, the hunt for coron-
avirus by transmission electron microscopy is still on.
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Introduction

SARS-CoV-2 currently dominates all headlines as a
highly contagious pandemic with considerable mor-
tality.'™* While hygiene precautions and lockdown
measures have changed our personal and professional
daily lives during the last months, many investigators
are eager to understand the biological basis of the
contagiousness of SARS-CoV-2 and its pathogenesis
leading to respiratory and multi-organ failure.
Autopsy studies have established the morphological
changes associated with COVID-19 and have tried to
visualise the virus in tissues.”® Transmission electron
microscopy (TEM) seems to be a logical tool to look
for SARS-CoV-2 infection, but some of the published
results are highly contested (kidney,®'°2? endothe-
lium, 3?2?3728 intestine,® liver’*>? and placenta®>—37).
Because most of us are not virologists or electron
microscopists dedicated to the study of viral diseases,
this review aims at combining multidisciplinary
expertise of SARS-CoV-2 pathology, virology and elec-
tron microscopy.

Pathologists are good at detecting some viral infec-
tions — at least in identifying unusual inclusions on a
haematoxylin and eosin (H&E)-stained slide. However,
unless there is a knowledge of virus morphology
(what they look like) and morphogenesis (how and
where in the cell they are assembled), it is difficult to
identify them. Depending on the virus, we use
immunohistochemistry targeting viral proteins or in-
situ hybridisation to highlight their DNA or RNA.
Molecular pathology techniques allow us to test for
viruses in tissues when in situ techniques are not
yielding results. All these techniques have been
applied successfully in the context of SARS-CoV-2
(Figure 1;>2%3). It is important to note that any of
these tests require an a priori notion of what is pre-
sent; otherwise, it is difficult to choose the right
reagent (e.g. if a herpesvirus is suspected and an
anti-herpesvirus antibody is used, but the infection is
caused by an adenovirus, then the test is negative
and the diagnosis is no closer to being made).

Virus detection by TEM is rarely deployed in the
routine setting (outside the viral EM diagnostic labo-
ratories that examine tissues and fluids) because it is
expensive, time-consuming, covers only minute por-
tions of the tissue and is not available in most labora-
tories. Nephropathology is one of a few areas in
pathology that routinely performs TEM. Therefore, it
is not surprising that renal pathologists were among
the first to search for SARS-CoV-2 infection in the
kidneys by TEM.'®7 124041 Most changes they rou-
tinely look for in kidney biopsies are visible at
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Figure 1. In-situ detection of severe acute respiratory syndrome
(SARS)-CoV-2 RNA and proteins. In-situ imaging of SARS-CoV-2
RNA and proteins reflects the disproportionate production of vari-
ous virus RNA and antigen compounds. A, In-situ hybridisation
(ISH) applying the 845701 RNAscope probe — V-nCoV2019-S-
sense duplexed with the 859151 RNAscope probe — V-nCoV2019-
orflab-sense from Advanced Cell Diagnostics (Hayward, CA, USA)
yields abundant SARS-CoV-2 RNA within the hyaline membranes
of an affected lung. This labelling corresponds to viral RNA, but
not to complete virions. B, ISH using the 845701 RNAscope
probe — V-nCoV2019-S-sense highlights SARS-CoV-2 RNA within
alveolar walls, most probably attributable to viral RNA within
endothelial cells. C, Immunohistochemistry (IHC) for SARS-CoV-2
nucleocapsid antigens with the polyclonal rabbit anti-nucleocapsid
antibody from SinoBiological (Wayne, PA, USA) labels excessive
amounts of viral protein present within the hyaline membranes of
an affected lung, but does not correspond to intact virions. D, THC
staining for SARS-CoV-2 S protein with the clone 007 rabbit anti-
spike antibody from SinoBiological is confined to alveolar vessels. C
and D were performed on autopsy cases from our published cohort®
by Mattia Bugatti in the laboratory of Fabio Facchetti.

magnifications of between x 1000 and x 10 000
(which can be considered as ‘low power’ in the con-
text of TEM). Thus, the magnifications required to
identify viral structures are a long way from their
normal ‘comfort zone’. As a consequence, ‘hunting
coronavirus by electron microscopy’ takes us to sub-
cellular structures that we usually do not study
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because they are not important in the context of the
standard pathology diagnostic work-up. Complicating
matters further, ultrastructural preservation is limited
in autopsy samples by delayed fixation which may
obscure subtle changes of the intracellular membrane
systems associated with replication of enveloped
viruses.

To more clearly understand the ultrastructural
morphology of SARS-CoV-2 infection and COVID-19,
we will first briefly discuss the pathogenesis of
COVID-19 and coronavirus replication in general and
then examine the TEM findings in more detail.

Pathogenesis of COVID-19 and target
organs

Transmission of community-acquired respiratory
viruses including SARS-CoV-2 usually results from
close-range contacts through respiratory droplets or
aerosols making contact with mucus membranes of
the upper respiratory tract.*> *> SARS-CoV-2 infec-
tion of host cells involves specific binding of the viral
spike glycoprotein S (S protein) to its receptor angio-
tensin-converting enzyme 2 (ACE2). The S protein is
then cleaved by host cell proteases to allow for con-
formational changes mediating fusion between the
viral envelope and the host cell membrane. The viral
RNA is uncoated and released into the cytoplasm.
Host cells are ciliated epithelial cells of the upper and
lower airways and Type II pneumocytes.**>° The
level of innate immune response appears to increase
as the infection progresses to the lower respiratory
tract and the patient increasingly shows symptoms.>!
This gradual progression may explain the range of
the clinical manifestations from asymptomatic to sev-
ere disease.

In the alveoli, SARS-CoV-2 infects Type II pneumo-
cytes as well as Type I pneumocytes via local cell-to-
cell transmission according to preclinical primate
models.”> SARS-CoV-2 infection impairs production
of surfactant and fluid resorption leading to increased
transmural microcapillary pressure and microvascu-
lar leakage, finally resulting in adult respiratory dis-
tress syndrome clinically and diffuse alveolar damage
histologically.?>#>3758 While direct infection of the
cells in the upper and lower respiratory tract drives
these initial phases, the innate immune response is
mostly responsible for the hyperinflammatory phase
(‘cytokine storm’) characteristic of severe COVID-
19,51.59.60

Some evidence suggests that SARS-CoV-2 infection
may not be restricted to the respiratory tract, but can

spread to other organs. Viral RNA has been detected
by quantitative nucleic acid amplification technique
(ONAT) initially in the blood of severely ill patients,
in faeces, and rarely in urine samples.®’®” It can
also be amplified from multiple tissues obtained at
autopsy, including heart, liver, kidney, intestine, skin
and brain.>>%3%%® In-situ hybridisation and immuno-
histochemistry studies support the idea of viral spread
throughout the body.%1%333869-71 However, except
for lower respiratory fluids such as sputum or bron-
choalveolar lavage,®*®*727* and very rarely fae-
ces,®® other viral RNA-containing samples have not
been reported to allow for a productive infection in
cell cultures.®*7>7° These data suggest limited sensi-
tivity of current culture assays and/or low infectious-
ness. The time-point of viral dissemination is unclear
but — from a virological viewpoint — would require
significant local replication and access to blood, blood
cells and release at new and distant sites. A clearer
knowledge of these events may help to predict the
clinical symptoms and their relevance to the disease
course.

Currently, our knowledge of the morphological
changes associated with COVID-19 infection is mainly
based on autopsy tissue obtained from severely
affected individuals in the pulmonary or hyperinflam-
matory phase, making it difficult to differentiate
between changes driven by local viral replication,
changes due to the systemic inflammatory response
and repair, or possibly therapy effects. Indisputable
detection of SARS-CoV-2 by TEM would confirm viral
replication outside the upper respiratory tract and
lungs and firmly establish a role of direct viral infec-
tion to some of the organs mentioned above.

Coronavirus replication

Interpretation of TEM findings in tissues of COVID-19
patients benefits from a good understanding of corona-
virus replication in cells.”””® Like all members of this
family, SARS-CoV-2 virions are enveloped infectious
particles with a diameter of 60-140 nm.®° Their gen-
ome of approximately 30 000 nucleotides consists of
a single positive-sense RNA strand which is associ-
ated with the nucleocapsid protein (N). The envelope
consists of host cell-derived lipids with three struc-
tural viral proteins: the membrane glycoprotein M,
the envelope protein E and the trimeric spike glyco-
protein S.

Similar to other positive-sense single-strand RNA
viruses, coronavirus genomes are directly translated
on ribosomes in the cytoplasm of cells giving rise to
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large non-structural polyproteins that are co- and
post-translationally cleaved. The resulting replicase
complex, including the viral RNA polymerase and
smaller proteins, builds the cytoplasmic replication
complex in association with membranes of the endo-
plasmic reticulum (ER) and the Golgi complex. This
has been studied in detail in cell cultures infected
with different strains of coronaviruses, including
SARS-CoV and Middle East respiratory syndrome
(MERS)-CoV.3187 Recent data show that SARS-CoV-
2 replication induces very similar ultrastructural
changes.®®

SARS-CoV-2 infection and replication can be arbi-

trarily divided into three phases (Figure 2), which
may occur simultaneously.

1. After binding to its receptor ACE2, SARS-CoV-2
is shuttled into the endosomal pathway, probably
by clathrin-coated vesicles.>® Depending on the
presence of furin, a serine protease, cleavage of
the S protein triggers early fusion of the viral and
the endosomal membranes and causes the release
of viral genomes into the cytoplasm.***” Cleav-
age may also occur by other proteases after
fusion of the late endosome with a lysosome.””

2. Ribosomes recognise the positive-sense genomic
RNA strand (+gRNA) as mRNA and translate the
viral proteins making up the replication—transcrip-
tion complex (RTC) at the ER. This initiates an
extensive remodelling of intracellular membranes
forming a three-dimensional structure, referred to
as the ‘replication membranous web’
(RMW). 83849192 yirys  replication within the
RMW has several advantages: all factors necessary
are concentrated in close proximity to each other,
making the process very efficient and, additionally,
the RMW may hide viral RNA from innate immune
sensors within the cytoplasm. Morphologically, the
RMW is a fascinating and confusing structure con-
taining multiple interconnected vesicles with single
or double membranes (termed ‘double-membrane
vesicles’ and ‘convoluted membranes’). It has to be
assumed that the RMW is a dynamic structure with
multiple fission and scission events which, unfortu-
nately, cannot be detected by TEM. The double-
membrane vesicles (DMV) are the main site of viral
RNA replication via the minus-sense strand and
double-strand  intermediates.”>°> Newly tran-
scribed +gRNA and positive-sense subgenomic
RNA strands (+sgRNA), necessary for the produc-
tion of SARS-CoV-2 structural proteins, are the
results of this replication process.

3. In the final phase, new virions assemble.
While +sgRNA of the M, S and E proteins are

© 2020 John Wiley & Sons Ltd, Histopathology, 78, 358-370.
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directly translated into the membrane of the ER,
the N protein assembles with the +gRNA in the
cytoplasm to form the nucleocapsid. The latter
invaginates the membrane containing the M, S
and E proteins in the endoplasmic reticulum-
Golgi intermediate compartment (ERGIC) forming
new virions residing in vesicles.”” After fusion
with the cell plasma membrane, the virions are
released into the extracellular space.

Electron microscopic findings in infected
cell cultures

Coronaviruses including SARS-CoV-2 and the mor-
phological changes associated with replication can be
visualised by TEM in infected cell lines (Figure 3A—
G)B1858788 o organoids.”®®” Non-infected cultures
serve as controls (Figure 3H-K). For comparison with
tissues from COVID-19 patients, understanding the
morphology of the assembled viruses and the replica-
tion membranous web is most important.

The virus with its circular shape is formed by bud-
ding of the nucleocapsid into the membranes contain-
ing the structural proteins (Figure 3C). Thus,
assembled SARS-CoV-2 virions reside within vacuoles
and cannot be seen freely in the cytoplasm (Fig-
ure 3B,D,E).%? Cross-sections of viruses measure 60—
140 nm,®° and show the membrane of the envelope
with the helical electron-dense nucleocapsid inside as
several small granules of approximately 12 nm. Fre-
quently, the centre of the viral cross-section is elec-
tron lucent. Unless a negative staining procedure for
viewing viruses in fluids or tannic acid staining of tis-
sue for thin sections is used, the S proteins forming
the ‘corona’ are not readily discernible.”®

Visualisation of the RMW suggests present or past
viral replication (Figure 3A,F). Infected cells contain
abundant membrane-limited vesicles, which may give
them a vacuolated appearance by light microscopy. It
is often impossible to precisely identify a vesicle in
routine cross-sections, especially in samples with poor
preservation of the membranes (e.g. autopsy tissue
with delay in fixation).

DMV mark the site of initial viral RNA replication early
after infection (Figure 3F), being the most prominent struc-
ture of the RMW.5% 8493795 probably originating from the
ER, they are round or oval, of variable size (usually 200—
300 nm), and frequently arranged in clusters. A character-
istic double-membrane associated with the RTC limits the
DMV from the cytoplasm. The complex biogenesis of DMV
formation is not completely understood, but non-structural
viral proteins are critical for this process.”*">
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Figure 2. Cartoon of SARS-CoV-2 replication in cells. Severe acute respiratory syndrome (SARS)-CoV-2 infection and replication can be arbi-
trarily divided into three phases. (1) After docking to its receptor, the virus is internalised. Proteolytic cleavage of the S protein results in the
fusion of the viral envelope with the endosomal membrane, followed by release and uncoating of the viral RNA (upper right). (2) The geno-
mic viral RNA (+gRNA) is translated by ribosomes producing the replication—transcription complex. This initiates an extensive remodelling
of intracellular membranes forming the replication membranous web where genomic and subgenomic viral RNA (+sgRNA) are generated
(left). (3) The +sgRNA coding for the structural envelope proteins of the virus is directly translated into the membranes of the ER. The nucle-
ocapsid protein assembles with the +gRNA to form the nucleocapsid. Its invagination into the ERGIC forms new virions residing in vesicles,
which are subsequently released (lower right). Viral structures are shown in red, cell components in black. For clarity, ribosomes are not
depicted. CCP, clathrin-coated pit; CCV, clathrin-coated vesicle; EE, early endosome; LE, late endosome; Lys, lysosome; RTC, replication—tran-
scription complex; ER, endoplasmic reticulum; DMV, double membrane vesicle; CM, convoluted membranes; ERGIC, endoplasmic reticulum
Golgi intermediate complex.

Convoluted membranes (CM) are less common DMV.®3 Another hypothesis suggests that these struc-

structures that develop early after infection (Fig- tures may serve as a storage for, or are generated by,
ure 3F).838% They associate with the DMV and the an excess of non-structural proteins not incorporated
ER, forming a disorganised reticular structure mea- into the DMV.%*

suring 200-600 nm with a single limiting mem- Although rare, cubic membrane structures (CMS)

brane. CM may be involved in the formation of the are the most eye-catching membrane rearrangement

© 2020 John Wiley & Sons Ltd, Histopathology, 78, 358-370.
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Figure 3. Transmission electron microscopy of severe acute respiratory syndrome (SARS)-CoV-2 infected and non-infected Vero cells. Cell
blocks were prepared from SARS-CoV-2 infected and non-infected Vero cells (see Supporting information for details), processed for transmis-
sion electron microscopy according to standard procedures and investigated using an FEI Morgagni 268D transmission electron microscope
(TEM). Unmarked and uncropped high-resolution images of all panels are provided in the Supporting information. A, SARS-CoV-2-infected
Vero cell at low power. The replication organelle is visible below the nucleus (*). The cell contains a large virion-containing vacuole (LVCV;
arrow) shown at higher magnification in B. B, At higher magnification, a LVCV as well as smaller vesicles contain multiple assembled viri-
ons (some marked by arrows). C, High magnification depicts SARS-CoV-2 virions inside the LVCV. Within virions, the nucleocapsid is visible
as small electron-dense dots. Depending on the cross-sectional plane, the centre can be electron lucent. The ‘corona’ formed by the S protein
is not visible using standard staining protocols. D, High magnification of a vesicle containing virions docked to the cell surface (*) for virus
release; vacuole just under the plasma membrane contains virions to be exocytosed. E, High magnification of LVCV showing virus budding
(arrows) and assembled virions. F, Area with convoluted membranes (*) next to mitochondria and double membrane vesicles (#) with signs
of deterioration (myelin figure, arrow). Nucleus is shown in the upper left corner under the figure label (F). G, Area showing a cubic mem-
brane structures with membranes arranged in an ordered fashion (*). The surrounding cytoplasm contains several vesicles containing virions
(arrows). H, Non-infected Vero cell. The cytoplasm contains mitochondria, rough endoplasmic reticulum and few vesicles shown at higher
magnification in panel I. I, Higher magnification of a non-infected Vero cell. The intracellular membranes are not prominent. J, Surface of a
non-infected Vero cell showing a coated pit at the cell surface (*) and a coated vesicle (arrow). K, Deteriorated non-infected cell with a multi-
vesicular body (MVB; arrow) with intraluminal vesicles inside, mimicking an LVCV. Note that the intraluminal vesicles do not show the dots
of the nucleocapsid. The structure next to the MVB is a lysosome.

© 2020 John Wiley & Sons Ltd, Histopathology, 78, 358-370.
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in coronavirus-infected cells because the membranes
are highly organised (Figure 3G).®* In cell cultures,
they emerge late after infection. CMS consist of
highly curved membranes arranged in a recurrent
(three-dimensional) pattern. Their function is
unknown; one hypothesis proposes that they are
formed from membranes with an excess of S pro-
tein.828499 CMS are not specific for coronavirus
infection.'®® For example, CMS resulting from
chloroquine therapy may be seen in kidney biopsies
of patients with lupus nephritis (termed ‘curvilinear
bodies” in this context).'"!

Late after infection, cell cultures frequently contain
large virion-containing vacuoles (LVCV, Fig-
ure 3B).51783 These are large circular vesicles belong-
ing to the secretory pathway containing multiple
cross-sections of assembled virus and evidence of
additional virus budding. Marker studies suggest that
LVCV are ERGIC/Golgi-derived cisternae.*

TEM findings in COVID-19 tissues

Based on the cell culture findings outlined above, we
expect to find the same SARS-CoV-2 morphology
and distribution in vesicles of autopsy and biopsy tis-
sues of COVID-19 patients. Published reports have
focused on the detection of assembled virus and
mostly neglected the membrane rearrangements. If
shown and reported, many of the depicted cells con-
tain  abundant membrane  structures (Fig-
ure 4A),511713:29.33,56.69.70.102.103 [ our material,
some of the vesicles have double membranes and
areas with convoluted membranes, and cubic mem-
brane structures are also present (Figure 4B-D).
While this suggests at least past virus replication
and supports the idea of viral replication outside the
respiratory tract, this cannot be substantiated further
in the absence of complete virions.

There are few reports on upper airway and lung
tissue demonstrating assembled SARS-CoV-2 virions
that morphologically replicate the cell culture find-
ings.>®8Y Others, including some of us, have reported
on ‘virus-like particles’ by TEM not completely match-
ing the cell culture findings in a variety of organs,
including lung,>%:26:56:102104  qpey 58.10-12.23.104
liver,?? heart,'°* intestine,®'°* skin”'! and pla-
centa.>33%%%70 Colleagues have rightfully raised their
concerns that these particles are not consistent with
SARS-CoV-2,14718:24.27.30.31.3% Lyt depict other sub-
cellular structures, making identification of SARS-
CoV-2 by TEM much more challenging than
expected.

Morphological mimickers of SARS-CoV-2

Physiological structures including coated vesicles,
multivesicular bodies and cross-sections of the rough
ER are morphological lookalikes of genuine corona-
viruses.'®

Coated vesicles (CV) are single membrane-bound
vesicles of variable size (typically 50-150 nm) char-
acterised by ‘spiny adornments on their limiting
membrane’ (Ghadially'®®) (Figure 4E). They are
involved in endocytosis and membrane trafficking (re-
viewed in Robinson'®7).

In clathrin-coated vesicles, the best-studied exam-
ple, the CV bud off from so-called coated pits on the
cell surface during micropinocytosis. Clathrin and
other quantitatively minor proteins provide a three-
dimensional structural lattice, which is readily seen
in electron micrographs. Morphologically identical
structures with coats provided by the main proteins,
COPI or COPII, are involved in transport processes of
the trans-Golgi network.

Internalisation of SARS-CoV-2, after binding to its
receptor ACE2, involves this mechanism.***” While
CV may transport viral proteins, as shown for vesicu-
lar stomatitis virus,'*® and may be used for replica-
tion of poliovirus'® and, further, have a similar size
to that of coronavirus, they are not the assembled
virus itself. However, although the projections appear
as a perfect ‘corona’ in cross-sections, CV lack the
nucleocapsid present inside coronavirus cross-sec-
tions, and they are located within the cytoplasm and
not within vacuoles.

Multivesicular bodies (MVB) are other structures of
the endosomal pathway visible by TEM (Figure 4F)
(reviewed in Huotari and Helenius''"). They consist
of a round or oval vacuole (250-1000 nm) with a
limiting membrane, and depending on the density of
the matrix, a light or dense background. The larger
vacuoles contain multiple smaller membrane-confined
intraluminal vesicles (ILV) with a diameter of 50—
100 nm. MVB are the prototypical structures of late
endosomes. The ILV form by membrane invagination
and fission. The process is used to sort and target
membrane-associated proteins for lysosomal degrada-
tion, which happens after fusion of a MVB with a
lysosome. A divergent pathway for MVB is the release
of the ILV as exosomes after fusion with the cell
membrane. Interestingly, the molecular machinery
involved in these processes is also used for the bud-
ding of enveloped viruses such as HIV (reviewed in
Ahmed et al.''").

MVB are the perfect ‘decoy’ for electron micro-
scopists searching for viral particles. Some of us have

© 2020 John Wiley & Sons Ltd, Histopathology, 78, 358-370.



TEM in COVID-19 365
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Figure 4. Transmission electron microscopy of COVID-19 autopsy tissue. Membrane alterations and mimickers of severe acute respiratory
syndrome (SARS)-CoV-2. Tissues were collected during autopsies and fixed in 4% formalin for at least 72 h. Small tissue blocks were cut
and transferred to 3% glutaraldehyde. Processing for transmission electron microscopy was performed according to standard procedures. The
tissues were investigated with FEI Morgagni 268D transmission electron microscopy (TEM). Unmarked and uncropped high-resolution
images of all panels are provided in the Supporting information. A, Overview of kidney proximal tubular epithelial cells on top of basement
membrane (*). The interstitium is seen in the upper right corner, the brush border at the apical surface (#). The cytoplasm contains multiple
membrane-limited vesicles. B, Higher magnification reveals that some of the vesicles have double membranes (arrows) suggesting the pres-
ence of double membrane vesicles. C, This area of a kidney tubular epithelial cell shows convoluted membranes (*) and dilated rough endo-
plasmic reticulum (#). Some of the larger vacuoles contain vesicles with prominent electron-dense dots that have the same size as the
ribosomes of the endoplasmic reticulum (arrow, ‘outside-in’ ribosomes). D, Cubic membrane structures within a pneumocyte of the lung. E,
Coated vesicles (arrows) are seen in the basal part of this kidney proximal tubular epithelial cell. The tubular basement membrane is sec-
tioned in the upper right corner. The rough endoplasmic reticulum (*) is dilated. F, A multivesicular body within a podocyte of a glomerulus
(arrow). Note that the intraluminal vesicles do not show electron-dense dots. G, Vesicles with ‘outside-in’ ribosomes (arrows) mimicking
SARS-CoV-2 virions in a proximal tubule of the kidney. Some of the surrounding vesicles show ribosomes at the outside, which have the
same size as the electron-dense dots on the inside. The tubular basement membrane and collagen fibrils of the interstitium are visible in the
upper right corner. H, Higher magnification of vesicles with ‘outside-in’ ribosomes. The surrounding membrane has no ribosomes attached.
I, Part of a larger vesicle with some ribosomes attached on the cytoplasmic side of the membrane (*). The vesicles with ‘outside-in’ ribosomes
seem to be generated by invagination of the membrane (arrows).

© 2020 John Wiley & Sons Ltd, Histopathology, 78, 358-370.
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been misled by them in our COVID-19 autopsy series’
because the ILV have a similar size to SARS-CoV-2
and are located within vesicles. The key difference is
that ILVs do not show the electron-dense granules of
the nucleocapsid.

Pathologists regularly performing TEM are familiar
with the ER. Two types of this largest closed and
interconnected membrane structure in eukaryotic
cells are recognised: the smooth ER, the site of lipid
synthesis and metabolism, and the rough ER, where
ribosomes attached to the outside of the membrane
translate proteins for membranes, organelles and
secretion.'!? Dilatation of the ER occurs in the con-
text of cell stress of various aetiologies. In COVID-19
tissues the ER is frequently swollen, and the accumu-
lation of membrane structures further adds to the
confusing ultrastructure (Figure 4C). A cross-section
through rough ER can easily be mistaken for a
‘virus-like particle’, but these are located within the
cytoplasm and not in vesicles and lack the nucleocap-
sid structures inside.

In kidneys from COVID-19 autopsies, we
encountered a peculiar subcellular structure closely
mimicking SARS-CoV-2 but probably related to the
ER (Figure 4C,G-1).>1'3 Larger vesicles with a
smooth outside membrane contained several round
to oval small vesicles with prominent electron-
dense granules on the inside. These granules were
bigger than SARS-CoV-2 nucleocapsid seen in our
infected cell cultures and had the same size as the
ribosomes visible in areas containing rough ER (ri-
bosomes: 20-21 nm (range = 17-23 nm) versus
nucleocapsid: 12 nm (range = 9-16 nm). These
vesicles with ‘outside-in’ ribosomes are possibly
derived from the rough ER by membrane invagina-
tions, as suggested in some of the TEM pictures
(Figure 4I). Because the particles inside are larger
than nucleocapsid cross-sections, we believe that
they probably do not represent assembled virions.
However, it is theoretically possible that the parti-
cles may consist of deteriorated and swollen nucle-
ocapsid due to autolysis, approaching the
appearance of ribosomes.

Summary and conclusions

Because of SARS, MERS and the importance of coron-
avirus infections for agriculture, the ultrastructural
changes induced by infection and replication of CoV
have been investigated and described in great detail
prior to the current pandemic. In infected cell cul-
tures, SARS-CoV-2 behaves in a similar manner, and

we expect to see the same morphology in tissues of
COVID-19 patients.

The published in-vivo data are less convincing.
Coated vesicles, multivesicular bodies and swollen
rough endoplasmic reticulum are important mimics
of assembled virions, all of which lack the electron-
dense dots of the nucleocapsid inside the particles.
High magnification (~x90 000) is required to clearly
identify them. Autolysis of autopsy tissue further adds
to the difficulty of identifying viral particles by TEM.

Despite evidence suggesting viral replication outside
the respiratory tract, unassailable TEM evidence is
still missing in tissues from COVID-19 patients. Possi-
ble explanations include timing (too late: the virus
has already been cleared by the immune system) and
sensitivity (too insensitive: there are too few infected
cells or too few virions, such that detection by TEM
becomes very unlikely; the low viral loads found by
quantitative nucleic acid amplification techniques
(ONAT) in tissues other than lung would support this
argument). We think that the observed extensive
intracellular membrane remodelling could be a result
of direct infection, but this is difficult to prove in the
absence of newly formed viral particles. Ideally, TEM
morphology will be backed by other in-situ techniques
in the same case.

Another important concept to keep in mind is that
viral components (RNA and proteins) are not pro-
duced in balanced amounts (as suggested in Figure 1
and Massoth et al.''®). Therefore, surplus viral RNA
and proteins may be encountered at the site of infec-
tion, in the circulation and at distant sites. Detection
of viral RNA and proteins does not necessarily reflect
the presence of intact and infectious particles. It is
also conceivable that pathology in non-respiratory
organs could be the result of distant viral disease, due
to transport of viral components, and not a direct
result of infection. Therefore, TEM investigation is
essential to verify assembled virions in SARS-CoV-2
infection and COVID-19.

In our view, the hunt for coronavirus by TEM in
tissues from COVID-19 patients beyond the upper air-
ways and lungs is still open.
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