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SARS-CoV-2—Induced Vasculitic Skin Lesions
Are Associated with Massive Spike Protein
Depositions in Autophagosomes
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In patients infected with severe acute respiratory syndrome coronavirus 2, vasculopathic changes of the skin
are associated with a severe prognosis. However, the pathogenesis of this vasculopathy is not conclusively
clarified. In this study, 25 prospectively collected skin samples from patients with COVID-19—related skin le-
sions were examined for vasculopathic changes and, in case of vasculitis, were further analyzed with electron
microscopy and immunohistochemistry. Vasculopathy was observed in 76% of all COVID-19—related inflam-
matory skin lesions. Visual endothelial changes without manifest leukocytoclastic vasculitis were found in 60%
of the COVID-19—related skin lesions, whereas leukocytoclastic vasculitis was diagnosed in 16%. In the cases of
vasculitis, there were extensive spike protein depositions in microvascular endothelial cells that colocalized
with the autophagosome proteins LC3B and LC3C. The autophagy protein complex LC3—associated endocy-
tosis in microvascular endothelial cells might be a contributing pathogenic factor for severe acute respiratory
syndrome coronavirus 2—related vasculitis in the skin. On ultrastructural morphology, the vasculitic process
was dominated by intracellular vesicle formation and endothelial cell disruption. Direct presence of severe
acute respiratory syndrome coronavirus 2 particles in the skin was not observed. Therefore, our results suggest
that instead of direct viral infection, dermal vasculitic lesions in COVID-19 might be related to severe acute
respiratory syndrome coronavirus 2 spike protein deposition followed by endothelial damage with activation of
autophagy.
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INTRODUCTION contrast to diseased internal organs, the inflammatory

In the past 3 years, since its appearance in China, the novel
coronavirus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has been studied intensely. COVID-19 was
initially considered a disease of the respiratory tract. How-
ever, many studies have since shown the involvement of
other organs, including the skin (Dou et al., 2020; Ertuglu
et al., 2020; Garrido Ruiz et al., 2021; Hernandez-
Fernandez et al.,, 2020; Nuno-Gonzalez et al., 2021). In
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changes in the skin can be directly observed and easily
biopsied. Cutaneous lesions occur in up to 20% of all pa-
tients with COVID-19 (Daneshgaran et al., 2020; Garrido
Ruiz et al., 2021; Unterluggauer et al., 2021). Besides viral
exanthema, vesicular or urticarial eruptions, chilblain-like
skin lesions, vasculitic as well as livedo-like and vasculo-
pathic changes, and ischemia have been reported (Galvan
Casas et al., 2020; Lange et al., 2022; Marzano et al.,
2020a, 2020b; Shams et al., 2021).

The underlying pathology of these skin alterations is not yet
entirely understood (Gawaz and Guenova, 2021; Zhao et al.,
2020).

Initially, it was discovered that similar to severe acute
respiratory syndrome coronavirus, SARS-CoV-2 exploits the
angiotensin-converting enzyme 2 receptor for cell entry but
binds with 10—20 times higher affinity (Wrapp et al., 2020).
Entering the host cell requires the presence of both
angiotensin-converting enzyme 2 receptor and cellular
TMPRSS2 in the same cell type, such as in type Il pneumo-
cytes. However, a direct viral infection of skin endothelial
cells could not yet be shown convincingly (Domizio et al.,
2022).

Vasculopathic changes are strikingly frequent in SARS-
CoV-2 infection and are related to worse prognosis of the
disease (Becker, 2020).
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It has been shown that SARS-CoV-2 viruses can affect both
cell metabolism and autophagy pathways (Gassen et al.,
2021). This leads to an accumulation of key metabolites,
including the autophagy marker LC3B, in infected cells.
Recently, LC3B was shown to function as an RNA-binding
protein that triggers mRNA degradation during autophagy
(Hwang et al., 2022). Therefore, a further aim of our study
was to determine whether changes in LC3-associated auto-
phagy can also be observed in cutaneous vasculitis in the
setting of COVID-19 infection.

RESULTS

Frequency of endothelial injury in COVID-19—related
inflammatory skin lesions

Twenty-five prospectively recruited patients with COVID-
19—related maculopapular, vesiculopapular, and
purpuric—necrotic skin lesions and three patients with leu-
kocytoclastic vasculitis from four European centers—one in
Germany, one in Switzerland, and two in Austria—were
included in this study. COVID toes were not part of this
analysis. Supplementary Table ST summarizes the cohort’s
demographic characteristics, comorbidities, and course of
disease. Age distribution in the study group ranged from 19 to
67 years, with a median age of 43 years. Fifteen of the patients
with COVID-19 were male, and 10 were female. In total,
vasculopathic changes and endothelial injury were very
common in COVID-19—related inflammatory skin lesions
and could be detected in 76% of all cases (n = 19 of 25).
Histological diagnosis of leukocytoclastic vasculitis was made
in 16% of all cases (n = 4 of 25), whereas visual endothelial
changes without manifest leukocytoclastic vasculitis were
found in 60% of the cases (n = 15 of 25). All vasculitic lesions
were dissected ultrastructurally for microvascular and endo-
thelial damage, mechanisms of vascular injury, and the
presence of SARS-CoV-2 viral particles in the skin.

Clinical and histological characteristics of SARS-CoV-
2—related vasculitic skin lesions

The four skin lesions with leukocytoclastic vasculitis
concomitant to COVID-19 disease were biopsied in four

Figure 1. SARS-CoV-2—related alk
vasculitic skin lesion. (a, b) Clinical
images. (c) H&E-stained skin punch
biopsy from patient’s back. Bar = 50
pum. SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2.
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different patients from our prospective cohort: two males and
females, aged between 21 and 62 years (Figure 1a and b). All
patients molecularly tested positive for SARS-CoV-2 and
developed skin symptoms, concomitant to their COVID-19
infection. Three of them had a mild course of the disease.
The fourth patient was a male individual aged 22 years, who
was otherwise healthy. He experienced a severe COVID-19
disease course and developed myocarditis with subsequent
heart failure that necessitated extracorporeal membrane
oxygenation. In brightfield microscopy, the vascular endo-
thelial damage and the concomitant inflammation pattern in
all four SARS-CoV-2—related vasculitic skin lesions were
similar and resembled closely the pathology of classical
leukocytoclastic vasculitis. We observed vasocentric lym-
phohistiocytic and neutrophilic inflammatory infiltrates,
neutrophilic nuclear dust, erythrocyte extravasation, and
degeneration of capillary vessel walls with fibrin deposition
(Figure Tc). Table 1 documents the semiquantitative evalua-
tion of the histological changes.

Ultrastructural characteristics of the vascular injury in
SARS-CoV-2—related vasculitic skin lesions

We next performed electron microscopy for ultrastructural
characterization of the capillaries and the endothelial dam-
age and to interrogate causality of direct viral presence in the
skin. As in brightfield microscopy, the ultrastructural pattern
of vascular damage in all four SARS-CoV-2—related vasculitic
skin lesions remained similar. First and most important, no
SARS-CoV-2 viral particles could be detected in any of the
analyzed COVID-19—related skin samples. Molecular anal-
ysis (PCR) of the skin samples showed an absence of SARS-
CoV-2 virus in the lesional skin. However, all vasculitic
skin lesions from patients with COVID-19 were characterized
by the presence of multiple severely damaged dermal capil-
laries with development of numerous intracytoplasmic vesi-
cles and autophagosomes in injured endothelial cells
(overview in Figure 2a and b). Furthermore, we detected
partial cellular destruction of nonendothelial cells localized
in the proximity of the vascular damage (vascular-associated
cells) (Figure 2e). Interestingly, those vascular-associated cells
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Table 1. Histological Characteristics of Patients (1—4)
and Controls (n = 3)

Patient Patient Patient Patient

Characteristics 1 2 3 4 Vasculitis
Histology

Epidermal necrosis S - = — —
Vasocentric + + ++ + +
lymphohistiocytic

infiltration

Vasocentric neutrophilic 4 4 + F AFHF
infiltration

Neutrophilic nuclear dust ~ ++ + 4 4 A
Erythrocyte extravasation ++ 4 S + FF
Fibrin deposits in vessel S 4 F = S
walls

Papillary body vasculitis S 44 4F 4F s
Immunohistochemistry

MPO neutrophils + + 4k T
LL37 neutrophils + 4+ — 4+ AL
LL37 vessel-associated ++ - IFF F -
cells

IgG connective tissue + + ++ + -
1gG vessel-associated cells + + & + =
1gG endothelial cell + e + + s
VEGF nucleus I S ++ + -
VEGF cytoplasm + b 4L + +
LC3B s ¥ I + _
LC3C ++ + ++ + -
Spike protein + s dide + —
CD163 (macrophages) + 4 4k + —
Electron microscopy

Loss of nuclear structure + L 4k + n/a
Autophagosomes ++ ++ A 4k n/a
Virus particles - = = — A
Endothelial cell damage i - IF - n/a
Vascular environment cell = T - F n/a

damage

Abbreviations: MPO, myeloperoxidase; n/a, not applicable.

developed a cytoplasmatic phenotype similar to that of
endothelial cells (Figure 2f). Ultrastructural analysis of the
cell nuclei of both injured endothelial and vascular-
associated cells revealed loss of the typical normal hetero-
chromatin and euchromatin structure (Figure 2c). Small
thrombi, consisting of degranulated platelets and fibrin,
could be detected inside the wall of many of the damaged
vessels (Figure 2d).

Finally, for reference of SARS-CoV-2—induced type of
cellular damage, we assessed the ultrastructural characteris-
tics of SARS-CoV-2—infected Calu-3 lung adenocarcinoma
cells (Figure 3a). To our expectations, in cells from the
infected Calu-3 cell line, we observed a similar destructive
pattern and a considerable amount of autophagosomes
(Figure 3b).

However, in contrast to human COVID-19—related skin
lesions, in SARS-CoV-2—infected Calu-3 lung adenocarci-
noma cell line, SARS-CoV-2 viral particles (Figure 3c¢) and
virus factories were easily detectable as signs of active viral
replication (Figure 3d).

SARS-CoV-2 spike protein colocalizes with major autophagy
proteins LC3B and LC3C in vasculitic COVID-19 skin disease
Multiple autophagosomes in both endothelial and vascular-
associated cells were our major ultrastructural finding in
vasculitic COVID-19 skin disease. To further elucidate the
mechanism of vascular injury, we compared serial sections
from clinical samples with cutaneous vasculitis from patients
with or without SARS-CoV-2 infection (i.e., classical leuko-
cytoclastic vasculitis lesions sampled before the outbreak of
the COVID-19 pandemic). Healthy skin samples or SARS-
CoV-2—infected Calu-3 lung adenocarcinoma cell lines
served as positive and negative controls, respectively. Auto-
phagy is a cellular process involved in the recycling and
degradation of cellular components, and the LC3 family of
proteins is commonly used as markers for autophagy
(Khandia et al., 2019). LC3B is ubiquitously expressed in
various tissues and cell types. LC3A is also widely expressed
but less common in the skin. LC3C, expressed at lower levels,
has been linked to viral-related autophagosome formation
(Madjo et al., 2016; Maier et al., 2013). We focused our
analysis on LC3B and LC3C proteins (Coelho et al., 2022).
Both LC3B and LC3C were present in our samples with
vasculitic  COVID-19 skin disease. In particular, LC3B
detection was more prominent in the areas of vascular-
associated cells, whereas LC3C was more evident directly
in the endothelial cells of the small cutaneous vessels
(Supplementary Figure S1). In control samples from healthy
skin, neither LC3B nor LC3C was detectable in any vascular
or perivascular structures (Supplementary Figure S2). Of note,
although SARS-CoV-2 viral particles were indetectable in
human skin from patients with COVID-19, we observed
abundant SARS-CoV-2 spike proteins located both in the
cytoplasm and in/around the nucleus of endothelial cells of
the dermal capillaries (Figure 4a and b). These depositions of
the SARS-CoV-2 spike proteins colocalized to a great extent
with the autophagy proteins LC3B and LC3C (Supplementary
Figure ST1). In addition, we detected IgG depositions
throughout the vascular environment. VEGF was found
intranuclear and intracytoplasmic as a further marker of
endothelial cell damage (Figure 4c). The histological detec-
tion of polymorphonuclear neutrophilic granulocytes in
brightfield microscopy (Figure 1c) correlated well and as
expected with massive perivascular accumulation of the
neutrophil-derived myeloperoxidase and LL37 proteins
(Figure 4d).

Vasculitic COVID-19 skin disease differs from classical
leukocytoclastic vasculitis in the skin

Analysis of vasculitic lesions unrelated to SARS-CoV-2
revealed that in clinical samples from classic leukocyto-
clastic vasculitic lesions (cutaneous vasculitis from patients
without SARS-CoV-2 infection), neither SARS-CoV-2 spike
proteins nor the autophagy proteins LC3B and LC3C were
detected (Supplementary Figure S3a and b). Interestingly, on
the level of immune depositions, vasculitic COVID-19 skin
disease differed substantially from classical leukocytoclastic
vasculitis in the skin. In contrast to the image observed in
COVID-19 skin vasculitis, in leukocytoclastic skin vasculitis,
we found IgG depositions exclusively inside the endothelial
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Figure 2. Transmission electron
microscopy of dermal microvascular
cells in skin biopsies from patients
with COVID-19. (a) Overview of a
damaged skin vessel. (b) Square in a
shows cytoplasm at higher
magnification. (c) Microenvironment
of the same vessel in a serial section.
(d) Thrombus in a vessel wall (platelets
blue, fibrin yellow). (e) Intact
endothelial cell and damaged
microenvironment; (f) square in e
shows cytoplasm at higher
magnification. Bar in a and e = 2 pm
andcandd = 1 um.

cells, and VEGF detection was limited to the cytoplasm
(Supplementary Figure S3c). Next, the inflammatory infiltrate
of leukocytoclastic vasculitic skin lesions contained a much
higher number of polymorphic neutrophilic granulocytes;
furthermore, the neutrophilic-derived antimicrobial peptide
LL37 was detected in the nucleus, unlike in COVID-19
vasculitis  where it was found in the cytoplasm
(Supplementary Figure S3d).

Calu-3 lung adenocarcinoma cells show the same response

as in vasculitic COVID-19 disease

As a reference, Calu-3 lung adenocarcinoma cells were
infected with SARS-CoV-2 (Deinhardt-Emmer et al., 2021) or
treated with supernatant from SARS-CoV-2  spike
protein—expressing cells and stained with antibodies against
LC3B, LC3C, and SARS-CoV-2 spike proteins. As in our hu-
man samples, all virus-infected cells expressed the
autophagy-related proteins LC3B and LC3C, with half of the
cells also expressing SARS-CoV-2 spike protein. Different
from virus-infected cells, Calu-3 cells exposed to the

Journal of Investigative Dermatology (2024), Volume 144

supernatant from SARS-CoV-2 spike protein—expressing cells
were LC3B positive but remained LC3C negative. SARS-CoV-
2 spike protein was present in most cells, also in the nucleus
in some cases (Figure 5).

DISCUSSION

A variety of skin changes, including vasculopathy, have been
reported in COVID-19—related disease. In this study, we
dissect the morphological, immunohistochemical, and ul-
trastructural changes due to cutaneous vasculitis in the
context of SARS-CoV-2 infection. In a cohort of 25 prospec-
tively collected clinical samples from COVID-19—related
inflammatory skin lesions, vasculopathy was common (76%),
and vasculitis was present in 16% of all cases. Direct pres-
ence of SARS-CoV-2 virus particles in the skin was not
observed. Instead, SARS-CoV-2 spike protein colocalizes
with two major autophagy proteins LC3B and LC3C specif-
ically in vasculitic COVID-19 skin disease but not in non-
—SARS-CoV-2—related leukocytoclastic vasculitis, indicating
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spike-induced autophagy as a relevant mechanism for
COVID-19—related vasculitis. In addition, immune deposi-
tion profile of vasculitic COVID-19 skin disease was distinct
and different from that of classical leukocytoclastic vasculitis
in the skin. In particular, the SARS-CoV-2—related vasculitic
pattern was identical in all skin lesions included in our
analysis, independent of the differences in the clinical
appearance of the skin lesions and the overall severity of the
systemic disease. On classical histological level, the COVID-
19—related vasculitic skin lesions in all our patients resem-
bled leukocytoclastic vasculitis but had fewer neutrophil
granulocytes and less nuclear dust in the inflammatory infil-
trate. A specific noticeable feature was the accentuation of
the inflammatory reaction in the papillary dermis, a finding
that has been observed and reported by others as well
(Caputo et al., 2021; Garcia-Gil et al., 2020; Negrini et al.,
2020).

In COVID-19 vasculitis, we detected extensive spike pro-
tein deposition in the capillary endothelia of the skin. It is an
ongoing discussion whether these spike protein deposits are
the result of direct infection with SARS-CoV-2 or the conse-
quence of circulating spike protein from perished lung
epithelial cells that were taken up into microvascular endo-
thelial cells. Previous studies report evidence of direct viral
infection of various tissues and organs (Bradley et al., 2020;
Dolhnikoff et al., 2020; Facchetti et al., 2020; Farkash et al.,
2020; Varga et al., 2020). In addition, two publications have
described ultrastructural detection of putative SARS-CoV-2
viruses in endothelial cells of the skin (Colmenero et al.,
2020; Garrido Ruiz et al., 2021). What renders the discus-
sion and correct interpretation of the findings even more
complicated is the fact that several different cell types could

Figure 3. Transmission electron
microscopy of Calu-3 cells infected
with SARS-CoV-2. (a) Overview of an
isolated Calu-3 cell; square in a shows
higher magnification in b, and square
in b shows higher magnification in ¢
with SARS-CoV-2 virus particles
(blue). (d) Virus factory (blue). Bar in a
and d = 1 pm. SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.

be infected with SARS-CoV-2 in vitro (Bartolomeo et al.,
2022; Gassen et al., 2021). However, electron microscopic
imaging of viruses is not without controversy, because viruses
may be easily confused with other structures of the cell, such
as coated vesicles or rough endoplasmic reticulum (Bradley
et al., 2020; Hopfer et al., 2021). In the end, most of the
alleged virus evidence does not stand up to scrutiny
(Dittmayer et al., 2020; Dittmayer and Laue, 2022; Hopfer
et al., 2021).

Despite intensive investigation, we could not detect SARS-
CoV-2 virus particles in the skin by electron microscopy. It
cannot be excluded with absolute certainty that the time of
sample collection was too late. Dittmayer et al. (2020)
demonstrated intact SARS-CoV-2 virus particles in the lung
endothelial cells with a postmortem interval of 30 hours. In
our study, biopsies were taken between 2 and 4 days after the
appearance of the skin symptoms, so that transient virus
presence may no longer be detected.

Although PCR testing for viral RNA has a high sensitivity
and specificity in the detection of SARS-CoV-2 in tissue, this
test was deliberately omitted. Because the crucial question of
our work was the localization of the possible infection,
especially the detection or absence of intact virus particles in
endothelial cells, this could not be answered by PCR (Roden
et al., 2021).

Endothelial dysfunction, the main pathology in COVID-19,
is assumed to be multifactorial in origin, centered on innate
immune mechanisms such as the activation of the comple-
ment system or the cGAS—STING pathway with pathological
type I IFN response (Domizio et al., 2022). It has been shown
that activation of the STING pathway also activates NF-kB
and enhances the formation of LC3 positive vesicles (Decout
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Figure 4. Dermal microvascular cells
in COVID-19. Representative serial
sections of one COVID-19 skin
sample with diverse stainings. (@) H&E
overview, square marking the same
vessel seen in b, ¢, and d. (b) LC3B
(red), LC3C (green), SARS-CoV-2
spikes (blue). (c) IgG (red) and VEGF
(blue). (d) MPO (green), LL37 (red),
and CD31 (blue). DAPI (gray) was
used for nuclear staining (in b—d). Bar
ina= 10 um b = 50 um. MPO,
myeloperoxidase; SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.

etal., 2021). In our study, we found evidence of endotheliitis
with a strong inflammatory reaction in the upper dermis.
Electron microscopy demonstrated endothelial cells with loss
of cell structure that were filled with numerous vesicles.
Moreover, there was extensive deposition of spike protein
and LC3 in these cells, which may be an indicator of LC3-
associated endocytosis (Bischoff et al., 2021). For SARS-
CoV-2, Gassen et al. (2021) showed distinct inhibition of
autophagy pathways with a reduction of several proteins that
regulate autophagy in SARS-CoV-2—infected cells, which
subsequently causes accumulation of LC3B in affected cells
in vitro.

Immunohistochemical staining of LL37 shows a differential
expression in COVID-19—associated vasculitis in contrast to
classical leukocytoclastic vasculitis. Although cases of clas-
sical leukocytoclastic vasculitis showed expression in the
nucleus, the protein was predominantly found in the cyto-
plasm in COVID-19—associated cases. Migration of LL37

Journal of Investigative Dermatology (2024), Volume 144
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into the nucleus was reported in overwhelming infections
(Pinheiro da Silva et al., 2013). The fact that cytoplasmic and
not nuclear detection was possible in our patients with
COVID-19—associated vasculitis might indicate that there is
no direct infection of the endothelia in SARS-CoV-2—related
vasculitis.

The presence of SARS-CoV-2 spike protein in microvessels
of different organs, including the skin, has been confirmed in
numerous studies (Colmenero et al., 2020; Ko et al., 2021;
Magro et al., 2020; Welsh et al., 2022). It has been hypoth-
esized that the spike protein itself may lead to complement
activation and subsequently to a prothrombotic state, which
is typical for severe COVID-19 cases (Magro et al., 2021).
Another explanation for the multiple vesicles found in
endothelial cells would be that of immunological deception.
The release of virosomes that act as decoys to block
neutralizing antibodies has been described for Ebola and
hepatitis B viruses (Hu and Liu, 2017; Nehls et al., 2019)
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Our study has some limitations. One major limitation is the
small sample size. Possibly, in a larger cohort, more aspects
of vasculitic injury could be represented, which may not be
captured in this study. Another limitation is the timing of
sample collection. We only had samples from one time point
for each patient. It is possible that changes, which are only
transient, were not recorded. Even a direct viral infection,
which can possibly only be detected in a narrow time frame,
cannot be ruled out with absolute certainty. Another limita-
tion is that we did not have a serum sample from the patients
at the time of the disease. Possible detection of spike protein
in serum could therefore not be performed.

In summary, our study demonstrates a possible explanation
of vascular cell damage in the skin in COVID-19—related
vasculitis. Our data support the hypothesis that this is not a
consequence of direct viral infection but a SARS-CoV-2 spike
protein—associated inflammatory process.

PATIENTS AND METHODS

Clinical samples

Clinical samples, images, and related metadata were retrieved from
prospectively collected and biobanked residual material from pa-
tients with COVID-19—related skin disease or leukocytoclastic
vasculitis treated at the Lausanne University Hospital (Lausanne,
Switzerland), the Kepler University Hospital (Linz, Austria), the
Vienna University Hospital (Vienna, Austria), and the University
Hospital Tuebingen (Tuebingen, Germany). Patients provided written
informed consent. The sample acquisition was approved by the local
ethics authorities (CER-VD2021-00878, CER-VD2020-02204,
#1392/2020-Linz, 089/2023BO2). The diagnosis of COVID-19 was
based on a positive nasal swab for SARS-CoV-2 and matching clin-
ical symptoms. Formalin-fixed samples were available from all
patients. Glutaraldehyde-fixed samples for further electron micro-
scopic processing were available from 9 of the 25 patients. Only the
samples that showed vasculitic changes in histology were further
processed by electron microscopy and immunohistochemistry. For
non—COVID-19—related leukocytoclastic vasculitis and for normal

Figure 5. Confocal
immunofluorescence—Calu-3 cells.
(@) Representative sections of SARS-
CoV-2 and (b) spike protein
—containing supernatant—treated
Calu-3 cells stained for LC3B (red),
LC3C (green), and SARS-CoV-2 spikes
(blue). Nuclei were stained with DAPI
(gray). The insert in b shows a
magnification of nuclear SARS-CoV-2
spikes. Bar in a = 20 pm. SARS-CoV-
2, severe acute respiratory syndrome
coronavirus 2.

| LC3B LC3C SARS-CoV-2-Spikes

skin as a negative control, only patient samples acquired before the
beginning of the COVID-19 pandemic in 2020 were used.

Histology

Formalin-fixed and paraffin-embedded tissue was cut into 3-pum thick
sections, deparaffinized, and stained with H&E following standard
procedures. The sections were examined for vasculopathy and
vasculitic changes by board-certified dermatopathologists. The pres-
ence of vasculitis was defined by the presence of angiocentric or
angioinvasive inflammatory infiltrates, destruction of the vessel wall,
and intramural or intraluminal fibrin deposition (Carlson, 2010). The
histological sections of the patients were evaluated semi-
quantitatively by a dermatopathologist for the presence of an
epidermal necrosis zone, vasocentric infiltrates, neutrophil nuclear
dust, erythrocyte extravasations, fibrin deposit, and vasculitis in the
area of the papillary bodies. In this study, a classification was made in
four gradations (—, 4+, ++, and +++).

Transmission electron microscopy
For electron microscopic analyses, SARS-CoV-2—infected Calu-3
cells (Ti1, described in the study by Ruetalo et al. (2021); multi-
plicity of infection of 0.06; 36-hour infection) were fixed in Kar-
novsky’s solution. After centrifugation, the sediment was embedded
in 4% agarose (Sigma-Aldrich, St. Louis, MO) at 37 °C, cooled on
ice, and stored in Karnovsky’s solution. Skin biopsies were fixed in
Karnovsky’s solution, and subsequently, both Calu-3 cells and bi-
opsies were post-fixed with 1.0% osmium tetroxide containing 1.5%
K-ferrocyanide in 0.1 M cacodylate buffer for 2 hours. Samples were
rinsed with distilled water, block stained with uranyl acetate (2% in
distilled water), dehydrated (stepwise  30—96%),
immersed in propylene oxide, embedded in glycidyl ether (poly-
merized for 48 hours at 60 °C; Serva Serva Electrophoresis, Hei-
delberg, Germany), and cut using an ultramicrotome (Ultracut).
Semithin sections were stained with toluidine blue (1% Morphisto)
and examined for initial orientation under a Nikon eclipse 80i mi-
croscope (Nikon Europe BV, Amstelveen, The Netherlands).
Subsequently, pathologically altered or interesting regions with a
focus on vessels were selected and retrimmed for ultrathin

in alcohol
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sectioning. Ultrathin sections (30 nm) were mounted on copper
grids, and the areas in and around each vessel were inspected for
SARS-CoV-2, along with the eccrine glands of one patient. A Zeiss
LIBRA 120 transmission electron microscope (Carl Zeiss, Oberko-
chen, Germany) was used for the analysis, operating at 120 kV.

Immunofluorescence staining and confocal microscopy
Formalin-fixed and paraffin-embedded skin biopsies were cut into 3-
um thick sections, deparaffinized, and blocked using donkey serum.
The following primary antibodies were used: rabbit anti-LC3B
(Novus Biologicals, Centennial, CO), goat anti-LC3C (Abcam,
Cambridge, United Kingdom), mouse anti—SARS-CoV-2 spike
(GeneTex, Irvine, CA), rabbit anti-VEGF (Abcam), goat anti-
myeloperoxidase (R&D Systems, Minneapolis, MN), rabbit anti-
LL37 (Novus Biologicals), mouse anti-CD31 (Dako, Waltham,
MA), or mouse anti-CD163 (DCS Diagnostics, Hamburg, Germany).
Bound mAb was visualized using Cy3 donkey anti-rabbit antibody,
Alexa 647 donkey anti-rabbit antibody, Alexa 488 donkey anti-goat
antibody, Alexa647-donkey-anti-mouse antibody, Cy3-donkey-anti-
human antibody (Dianova, Hamburg, Germany). For nuclear stain-
ing, we used DAPI (Sigma-Aldrich). Immunofluorescence images
were obtained with a confocal laser scanning microscope LSM 800
(Carl Zeiss), and images were processed and analyzed with ZEN
Blue software, version 2.6.

Calu-3 cells were infected with SARS-CoV-2 (Ti1, multiplicity of
infection of 0.06) or treated with cell supernatant of SARS-CoV-2
spike—transfected human epidermal keratinocyte 293T cells. For
the latter, human epidermal keratinocyte 293T cells were transfected
with 2 ug pCG-SARS-2-S using polyethyleneimine. After 16 hours,
the medium was changed, and 48 hours after the medium change,
the cell supernatant was harvested. The supernatant was cleared
from dead cells and cell debris at 2,600g for 7 minutes. Secreted
protein and microvesicles were concentrated by centrifugation for 2
hours at 21,000g and 4 °C. After aspirating the supernatant, the
pellet was resuspended in DMEM, supplemented with 5% fetal calf
serum, and added to Calu-3 cells. Thirty-six hours after SARS-CoV-2
infection or cell supernatant treatment, Calu-3 cells were detached,
washed with PBS, fixed with 4% paraformaldehyde, and stored in
1% fetal calf serum. After centrifugation at 400g, the cell pellets
were cut into 5-pum thick sections on the cryostat. Frozen sections
were blocked using donkey serum and then incubated with the
primary antibodies rabbit anti-LC3B (Novus Biologicals), goat anti-
LC3C (Abcam), and mouse anti—SARS-CoV-2 spike (GeneTex).
Bound mAbs were visualized using the same antibodies described
earlier.

Data availability statement
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article.
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Supplementary Figure S1. Confocal
immunofluorescence—dermal
microvascular cells in COVID-19. (a)
Stained for LC3B (red), LC3C (green),
SARS-CoV-2 spikes (blue), and nuclei
DAPI (gray). (b) Yellow and (c) red line
graphs visualizing cellular
localization. SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.
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Supplementary Figure S2. Confocal
immunofluorescence—dermal
microvascular cells in normal skin
vessels. Representative serial sections
of one normal skin sample with
diverse stainings are shown. (a) H&E
overview, square marking the same
vessel seen in b, ¢, and d. (b) LC3B
(red), LC3C (green), and SARS-CoV-2
spikes (blue). (c) 1gG (red) and VEGF
(blue). (d) MPO (green), LL37 (red),
and CD31 (blue). DAPI (gray) was
used for nuclear staining (for b—d).
Barina = 10 um and b = 50 pm.
MPO, myeloperoxidase; SARS-CoV-2,
severe acute respiratory syndrome
coronavirus 2.
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Supplementary Figure S3. Confocal

immunofluorescence—dermal == N/ ¢ P
. . ope > x ) LTSy B
microvascular cells in vasculitis. % ; R0 AU

Representative serial sections of one
non—COVID-19 vasculitis skin
sample with diverse stainings are
shown. (@) H&E overview, square
marking the same vessel seen in b, c,
and d. (b) LC3B (red), LC3C (green),
and SARS-CoV-2 spikes (blue). (c) 1gG
(red), VEGF (blue). (d) MPO (green),
LL37 (red), CD31 (blue). DAPI (gray)
was used for nuclear staining (b—d).
Barina =10 um and b = 50 pum.
SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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Supplementary Table S1. Characteristics of the Cohort

Patient Number Age (y) Sex Biopsy Localization

Comorbidities

Course of Disease

COVID-19 with vasculitis

1 62 M Ankle
2 23 M Inguinal
3 22 M Thorax
4 46 M Back
COVID-19 without vasculitis

64 M Thorax
6 66 M Upper leg
7 51 M Upper leg
8 59 M Upper arm
9 43 F Lower leg
10 20 M Upper leg
11 21 F Buttocks
12 56 M Abdomen
13 42 F Thorax
14 65 F Upper leg
15 58 M Buttocks
16 67 F Abdomen
17 32 F Lower leg
18 25 F Lower leg
19 20 F Buttocks
20 19 M Abdomen
21 47 M Lower leg
22 32 M Upper leg
23 48 M Back
24 34 F Back
25 53 F Abdomen
Non—COQOVID-19 vasculitis control
26 41 F Lower leg
27 67 F Lower leg
28 68 F Buttocks

Lung transplantation in 2004, immunocompromised,
intraductal papillary, mucinous neoplasm
None
None
None

None
None
None

Diabetes mellitus
None
None

Chronic vertigo
None
None
Cardiovascular disease; diabetes mellitus
Primary cutaneous marginal zone B-cell lymphoma
Cardiovascular disease
Sjogren syndrome; immunocompromised

Paroxysmal spells
None

Atopic dermatitis

Cardiovascular disease

None
None

Mycosis fungoides
None

Urinary tract infection
Glaucoma
Chronic gastritis, degenerative spinal changes

Severe

Mild
Severe
Moderate

Mild
Moderate
Mild
Moderate
Mild
Moderate
Moderate
Mild
Moderate
Mild
Mild
Mild
Mild
Mild
Moderate
Moderate
Mild
Mild
Moderate
Moderate
Mild

n/a
n/a
n/a

Abbreviations: F, female; M, male; n/a, not applicable.
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