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Abstract

Pernio or chilblains is characterized by erythema and swelling at acral sites (eg, toes and fingers),
typically triggered by cold exposure. Clinical and histopathologic features of pernio are well described,
but the pathogenesis is not entirely understood; vasospasm and a type I interferon (IFN-I) immune
response are likely involved. During the coronavirus disease 2019 (COVID-19) pandemic, dermatolo-
gists have observed an increase in pernio-like acral eruptions. Direct causality of pernio due to
COVID-19 has not been established in many cases because of inconsistent testing methods (often
negative results) for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). However, a form of
COVID-19—-associated pernio (also called COVID toes) is probable because of increased occurrence,
frequently in young patients with no cold exposure or a history of pernio, and reports of skin biopsies
with positive SARS-CoV-2 immunohistochemistry. PubMed was searched between January 1, 2020, and
December 31, 2020 for publications using the following keywords: pernio, chilblain, and acral COVID-
19. On the basis of our review of the published literature, we speculate that several unifying cutaneous
and systemic mechanisms may explain COVID-19-associated pernio: (1) SARS-CoV-2 cell infection
occurs through the cellular receptor angiotensin-converting enzyme 2 mediated by transmembrane
protease serine 2, subsequently affecting the renin-angiotensin-aldosterone system with an increase in
the vasoconstricting, pro-inflammatory, and prothrombotic angiotensin II pathway. (2) Severe acute
respiratory syndrome coronavirus 2 cell infection triggers an immune response with robust IFN-I release
in patients predisposed to COVID-19—associated pernio. (3) Age and sex discrepancies correlated with
COVID-19 severity and manifestations, including pernio as a sign of mild disease, are likely explained by
age-related immune and vascular differences influenced by sex hormones and genetics, which affect
susceptibility to viral cellular infection, the renin-angiotensin-aldosterone system balance, and the IFN-I
response.

© 2021 Mayo Foundation for Medical Education and Research ® Mayo Clin Proc. 2021:96(4):989-1005

ernio or chilblains is a well-described

cold-induced dermatosis, characterized

by erythema and swelling localized to
acral areas, occurring most commonly on the
toes and fingers (Figures 1 and 2).' Etymologic
origins for these terms are from Latin (perna
[leg]), Greek (-osis [abnormal condition]),
and English (chil [cold] and blain [skin
swelling]).” Proposed diagnostic criteria
include required major criteria (localized ery-
thema and swelling involving acral sites and
persistence for >24 hours) and at least 1 of
the following minor criteria: onset or

worsening in cooler months, consistent

histopathology, and response to conservative
warming treatments.” Various laboratory ab-
normalities, including cold agglutinins and
antiphospholipid antibodies, may accompany
pernio, but their clinical importance is often
unclear; occasionally, associated rheumato-
logic and hematologic conditions occur.”

A related but distinct condition is chil-
blain lupus, a subtype of chronic cutaneous
lupus erythematosus in acral locations,
which is also induced by cold exposure;
however, lupus-specific findings may be
found on routine skin histopathology or
direct immunofluorescence.” Chilblain lupus
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ARTICLE HIGHLIGHTS

e One of the most common cutaneous manifestations associated

with coronavirus disease 2019 (COVID-19) is pernio or chil-
blains, which has previously been associated with vasospasm and
a type | interferon response.

Angiotensin-converting enzyme 2 (ACE2) is the cellular recep-
tor for severe acute respiratory syndrome coronavirus 2, which
is processed differently by the proteases transmembrane pro-
tease serine 2 (ACE2 cleavage facilitates viral cellular entry) and
a disintegrin and metalloproteinase |7 (cleaves cell-bound
ACE2, releasing an active form into the circulation). Trans-
membrane protease serine 2 is stimulated by androgens,
whereas a disintegrin and metalloproteinase 17 is stimulated by
estrogens; expression of both proteases increases with aging
and inflammation.

Age and sex affect the response to COVID-19 infection because
of differences in sex hormone activity, endothelial function, and
innate immunity. Adult male patients and the aged exhibit more
pathogenic activity of transmembrane protease serine 2,
angiotensin ll, and interleukin 6; female patients and the young
exhibit more protective activity of angiotensin-(I-7) and type |
interferon.

The complete renin-angiotensin-aldosterone system resides in
the skin and includes angiotensin Il, which is involved in the
cutaneous thermoregulatory vasoconstriction response, and
ACE2, expressed in cutaneous endothelial cells and eccrine
epithelial cells, both of which may be involved in the patho-
genesis of COVID-|9—associated pernio.

Through an understanding of the interconnected cutaneous and
systemic mechanisms, the varying skin manifestations of
COVID-19 provide important signs of disease severity and may
assist in unifying the therapeutic algorithm.

should not be confused with lupus pernio,
which is sarcoidosis that clinically resembles
pernio when it occurs on the acral surfaces
of the nose, cheeks, and ears.” All pernio-
like eruptions do not necessarily equate to
a diagnosis of pernio, because pernio may
broadly refer to acral lesions, which have
many causes. Diagnostic criteria, including
histopathology, are therefore essential for
meaningful definitions and discussions of
pernio or chilblains.

DERMATOLOGIC MANIFESTATIONS OF
CORONAVIRUS DISEASE 2019

The highly contagious and deadly coronavi-
rus disease 2019 (COVID-19), due to severe
acute respiratory syndrome coronavirus
(SARS-CoV) 2 (SARS-CoV-2), has profoundly
affected all medical specialties, including
dermatology, necessitating new perspectives
on patient and provider safety. As with
many other respiratory viruses, patients
with COVID-19 may develop viral exan-
themata and other cutaneous manifestations.
Initially, limitations on in-person derma-
tology evaluations and the increased com-
plexities of performing ancillary testing,
including skin biopsies, hampered under-
standing the pathophysiology of these
pandemic-associated dermatoses.

In spite of these challenges, dermatolo-
gists rapidly shared their clinical experience
and observed an increase in pernio or
chilblain-like acral eruptions uncharacteristic
of the spring season.”’ For example, in a
nationwide study from Spain, COVID-19—
associated cutaneous eruptions were clini-
cally categorized, and pseudo-chilblains
(acral erythema-edema) was the second
most common finding, after maculopapular.
Other dermatologic presentations (in order
of reported frequency) included urticarial, ve-
sicular, and livedoid or necrotic skin lesions.’
Similarly, in a nationwide study from France,
acral lesions (chilblains or dyshidrosis-like)
were the most common, with other COVID-
19-associated skin manifestations categorized
as (in order of reported frequency) vesicular,
urticarial, morbilliform, petechial, and livedo
reticularis.” Terms used to describe COVID-
19—associated ~ acral eruptions include
acro-ischemia, erythema multiforme—like, dys-
hidrosis-like, pseudo-chilblains, and chilblain-
like.”® The term COVID toes is popular,
particularly in the mass media.’

To further understand this phenomenon,
PubMed was searched for cases published in
between January 1, 2020, and December 31,
2020 by using the following keywords: pernio,
chilblain, and acral COVID-19. The publica-
tions were reviewed for patient characteristics,
SARS-CoV-2 testing results, skin involvement
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(sites and biopsy results), laboratory testing,
and severity of COVID-19 symptoms. Publica-
tions reporting possible COVID-
19—associated pernio cases and testing results
were included in the Supplemental Table
(available online at http//www.
mayoclinicproceedings.org).

HISTOPATHOLOGY OF PERNIO

One reason for the nonuniform use of termi-
nology for COVID-19—associated acral erup-
tions was the initial lack of understanding of
the microscopic inflammatory pattern.”
However, the first report of the histopatho-
logic findings'® and subsequent articles
have confirmed the typical skin biopsy find-
ings of pernio. These include a superficial
and deep lymphocytic inflammatory
infiltrate in a lichenoid, perivascular, and
perieccrine distribution.'”'” The acral pre-
sentation of pernio frequently raises concern
for primary vasculitis or thrombotic vascul-
opathy, and cases have been labeled as
such during the pandemic'’; however, the
presence of a prominent perivascular lym-
phocytic infiltrate is consistent with pernio.
Pernio may exhibit so-called lymphocytic
vasculitis'* involving small dermal vessels,
with endothelial swelling, fibrin thrombi,
and erythrocyte extravasation'’; these find-
ings also occur in chilblain-like lesions asso-
ciated with COVID-19.""'> However, this is
not the most common or predominant in-
flammatory finding in pernio regardless of
association,'"'*'” and evidence is lacking
to categorize pernio as systemic vasculitis.'®
The term acro-ischemia is not an accurate
description for the acral erythema-edema of
pernio. However, severe COVID-19 is associ-
ated with acro-ischemia when presenting
with livedoid to retiform purpura or necrosis
at acral sites'"'” and exhibiting primary vas-
culopathy without the brisk lymphocytic
infiltrate of pernio on skin biopsy.”’

PATHOPHYSIOLOGY OF PERNIO

Pernio was recognized as a diagnostic entity
well before the COVID-19 pandemic,
although the pathogenesis of pernio is not
entirely understood. Previous clues were
found in familial chilblain lupus, which is

an autosomal dominant form due to
sequence variations in the 3’ repair exonu-
clease 1 that protects cells from innate im-
mune activation, including induction of
type I interferons (IFN-Is) (eg, interferon o
[IFN-a] and interferon B), which, if consti-
tutively activated, can interfere with immune
tolerance and provoke an autoimmune
response.”’ In the cells of patients with fa-
milial chilblain lupus, exposure to cold
increased oxidative stress and activation of
IFN-Is, prompting a switch to a pro-
inflammatory state.”’ In patients with idio-
pathic pernio, vasospasm occurred with ice
water immersion, suggesting that vasospasm
likely contributes to the pathogenesis of per-
nio.”” Type I interferons may inhibit the
endothelial nitric oxide (NO) synthase
pathway,” a potential explanation for the
vasospasm in pernio. Cryoproteins (cryoglo-
bulins, cryofibrinogens, and cold aggluti-
nins) have been described in childhood
pernio.24 Additionally, cryofibrinogenemia
has been found in 3’ repair exonuclease
1—related disease” and chilblains during
the COVID-19 pandemic,”® pointing to cryo-
fibrinogens as an acute phase reactant
because of the IFN-I response. The associa-
tion of COVID-19 and chilblain-like lesions
raises the question as to why SARS-CoV-2
may trigger a lymphocytic inflammatory
response at acral sites; the answer may pro-
vide additional insights into the pathogen-
esis of pernio.

PERNIO DURING THE COVID-19 PANDEMIC
An international dermatology registry was
created to assist in documenting the derma-
tologic manifestations associated with
COVID-19.”" Of 505 patients with cuta-
neous eruptions, 318 (63%) were reported
as having pernio-like eruptions, of whom
94% had on the feet, 98% received outpatient
care only, 55% were asymptomatic, and 45%
had respiratory COVID-19 symptoms
(mostly mild).”” However, 6 patients were
hospitalized, including 2 who died. Seven
patients had dermatopathology, all reporting
features consistent with pernio. The median
age of patients was 25 years, and 29% lived
where the average monthly temperature
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FIGURE 1. Pemio in a female patient. A woman, who was in her 70s, was
evaluated in Florida in February 2020. She had a history of pemio related to
rheumatoid arthritis, with chronic waxing and waning tender lesions on her
toes, exacerbated by wearing sandals in an air-conditioned indoor envi-
ronment. Coincidentally, during the coronavirus disease 2019 (COVID-19)
pandemic, she later received an unrelated diagnosis of COVID-19. She did
not require hospitalization and recovered as an outpatient. Interestingly, she
reported no clinically significant worsening of perio during this viral res-
piratory illness, possibly because her rheumatoid arthritis was treated with
tofacitinib, a Janus kinase inhibitor, which may have inhibited the effect of
signal transducer and activator of transcription |—dependent type | in-
terferons thought to play a role in the pathophysiology of pernio and
COVID-19. A and B, Clinical photographs of the right foot (panel A) and
left foot (panel B) illustrate erythematous edematous plaques affecting the
distal toes. Courtesy of Ines Kevric O'Shaughnessy, MD, First Coast
Dermatology Associates, Jacksonville Beach, FL; used with permission. C-F,
Histopathologic sections of the patient's punch biopsy specimen (hema-
toxylin-eosin) exhibit a superficial and deep dermal lymphocytic inflam-
matory infiltrate (panel G original magnification, x40); lichenoid interface
dermatitis along the dermal-epidermal junction with basal vacuolar changes
(panel D; original magnification, x200); perivascular and perieccrine
inflammation (panel E; original magnification, x200); and focal lymphocytic
vasculitis with fibrin thrombi involving a small dermal vessel (panel F; original
magnification, x400).

was above 10°C. Most patients (72%) had a
suspected diagnosis of COVID-19, but
lacked confirmatory testing owing to access
limitations; only 23 (7%) had positive results
for SARS-CoV-2 polymerase chain reaction
(PCR) or antibody/assay testing (46 PCR
negative; 14 antibody testing negative).
Despite these findings, the authors
concluded that the large number of reported
cases of pernio during the COVID-19
pandemic was probably not merely coinci-
dental and questioned the sensitivity of the
available testing methods in patients with
mild or asymptomatic disease. However,
the authors conceded that even with this
large case series, they could not establish
causation or exclude an epiphenomenon.”’
In a follow-up report of COVID-
19—associated dermatologic manifestations
from this international registry, 171 of 716
cases (24%) were laboratory-confirmed posi-
tive (135 by PCR; 36 by antibody/assay
testing), with 31 patients (18%) having
pernio-like clinical morphology.”®
Compared with other cutaneous eruptions,
pernio had a longer course of skin lesions
but fewer and less severe COVID-19 symp-
toms, which is contrasted with the 11 pa-
tients with retiform purpura (6%) who all
required hospitalization and respiratory sup-
port.”” In a subgroup of patients with
COVID-19—associated pernio with informa-
tion on the timing of SARS-CoV-2 testing,
PCR positivity occurred at a median of 8
days, PCR negativity at a median of 14
days, and antibody positivity at a median of
27 days after the onset of pernio.”’

SEVERE ACUTE RESPIRATORY

SYNDROME CORONAVIRUS 2 TESTING IN
COVID-19—-ASSOCIATED PERNIO

It is unusual that most of the reported cases
of COVID-19—associated pernio have
occurred in younger patients with no history
of pernio and in warmer weather conditions
than is typical of cold-induced pernio, point-
ing to COVID-19 as the most likely cause.”
One hypothesis is that an adequate early
IFN-I response to COVID-19 occurs in
younger patients,'” possibly explaining why
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SARS-CoV-2 PCR results are frequently
negative when patients present with chil-
blains.”® For example, of 22 children and
adolescents presenting with chilblains to an
emergency department in Spain, only 1 of
19 tested had positive SARS-CoV-2 PCR re-
sults.”’  Additionally, an Italian group
initially reported chilblain-like lesions in 4
patients’’ and subsequently reported 45
more patients with similar acral lesions’”;
all patients tested negative by SARS-CoV-2
PCR, and only 1 of 8 tested had IgG anti-
bodies to SARS-CoV-2 spike protein 1 (S1)
and spike protein 2 (52).%?

A Spanish group questioned the associa-
tion of pernio with COVID-19 because 38 of
39 tested patients presenting with acral skin le-
sions had negative SARS-CoV-2 PCR results,”’
and an Italian group concluded that 8 pediatric
patients had primary chilblains related to cold
exposure during the lockdown because none
had viral respiratory symptoms, known
COVID-19 contacts, or detectable SARS-
CoV-2 by PCR or antibody testing.’* In
another Italian series of 19 patients with histo-
logically confirmed chilblains, 6 patients had
IgA antibodies and 1 patient had IgG anti-
bodies to SARS-CoV-2 S1, although IgG
antibodies to the nucleocapsid protein of
SARS-CoV-2 were negative in all patients.'
A French group also reported that IgA anti-
bodies to SARS-CoV-2 were more frequent in
40 patients presenting with chilblains, which
were found in 8 of 12 patients who were anti-
body positive, even though PCR results were
negative in all 26 tested patients.’”

The frequently negative SARS-CoV-2
testing results raise the question of the sensi-
tivity of the available COVID-19 tests, particu-
larly for patients with strong innate immunity
that may not lead to a measurable humoral im-
mune response, such as younger patients who
more frequently present with pernio.”®’’ In a
population-based study in Switzerland, chil-
dren (aged 5-9 years) had the lowest seropre-
valence of SARS-CoV-2 (1%), even though
17% had at least 1 seropositive household
member.”® Additionally, symptom severity is
likely correlated with the degree of antibody

FIGURE 2. Pemio in a male patient. A man who was in his 70s was eval-
uated in Florida in February 2020. He reported a few intermittent flares of
an inflamed lesion, which affected only the long finger of the left hand. He
had no history of pernio, cold exposure, autoimmune disease, travel history,
or testing for coronavirus disease 2019 (COVID-19). He presented the
week before the first positive case of COVID-19 was confirmed in Florida,'
so an association with COVID-19 is unlikely, unless unrecognized com-
munity spread had occurred. A, Clinical photograph of the left hand illus-
trates an erythematous edematous plaque with focal vesiculation affecting
the long finger of the left hand. Courtesy of James B. Connors, MD, BayCare
Medical Group, Sun Coast Medical Clinic Dermatology, Saint Petersburg, FL;
used with permission. B-F, Histopathologic sections of the patient's punch
biopsy specimen (hematoxylin-eosin) illustrate a superficial and deep
dermal  lymphocytic  infllammatory infittrate  (panel  B;  original
magnification, x40); brisk perivascular inflammation in the superficial to mid
dermis (panel C; original magnification, x | 00); lichenoid interface dermatitis
along the dermal-epidermal junction with basal vacuolar changes (panel D;
original magnification, x200); perieccrine lymphocytic inflalmmation at the
junction of the deep reticular dermis and the subcutaneous adipose tissue
(panel E; original magnification, x200); and focal lymphocytic vasculitis
involving a small dermal vessel, with endothelial swelling and extravasation
of red blood cells into the surrounding dermis (panel F; original
magnification, x400).
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response. For example, a study reported
higher antibody titers to SARS-CoV-2 in the se-
vere COVID-19 group than in the nonsevere
group, with a significant difference in IgG
titers 2 weeks after symptom onset
(P=.001).” In this same study, among 164
close contacts of patients with known
COVID-19, virus-specific IgG and/or IgM
were positive in 23 (14%) approximately 30
days after exposure (10 were asymptomatic);
16 (10%) also had positive PCR results (3
were asymptomatic).”” In another study
including 37 asymptomatic patients, 30
(81%) had virus-specific IgG antibodies,
although they had lower antibody levels than
symptomatic patients during the acute phase
of infection.”™ In addition, 12 of 30 asymptom-
atic patients (40%) became seronegative in the
early convalescent phase,”” and asymptomatic
patients had lower levels of pro-inflammatory
cytokines, including interleukin (IL)-6, than
did symptomatic patients.” In a report of 34
patients who had mild COVID-19 and at least
2 serial anti—SARS-CoV-2 antibody measure-
ments, the average slope of a linear regression
model indicated a rapid decline in antibody
levels over approximately 90 days.”' Of 156
health care personnel with positive baseline
SARS-CoV-2 antibodies, 146 had decreased
antibody levels at approximately 60 days of
follow-up and 44 had seroreversion, which
was more common if they had a lower baseline
antibody level or were asymptomatic for
COVID-19.*

T cells targeting SARS-CoV-2 are an
important aspect of the immune response;
they occur in most convalescent patients
with COVID-19 (including those with mild
infection) and in a subset of unexposed indi-
viduals, likely indicating cross-reactivity to
common cold B Both
home contacts (who had negative SARS-
CoV-2 antibodies) and family members
with mild COVID-19 (who had positive
SARS-CoV-2 antibodies) have had SARS-
CoV-2—specific interferon y—producing T
cells, suggesting that the T-cell response is
a more sensitive indicator of COVID-19
exposure than antibody seroconversion.*®
The lack of antibodies may be attributed to
a robust innate immune response because

coronaviruses.

sustained IFN-I activity inhibits viral replica-
tion, antigen presentation, and an adaptive
B-cell antibody response.”” Another factor
may be preexisting cross-reactive coronavi-
rus antibodies that can target SARS-CoV-2,
which have been found in uninfected indi-
viduals and are more prevalent at younger
ages.”® Cross-reactive immune protection
was also suggested in hospitalized patients
with COVID-19 and previously detected
endemic coronavirus, because they had
lower odds of intensive care unit admission
and higher survival probability.*”’

SEVERE ACUTE RESPIRATORY SYNDROME
CORONAVIRUS 2 TESTING IN SKIN BIOPSIES
OF COVID-19—ASSOCIATED PERNIO
Coronavirus disease 2019-associated
chilblain-like lesions have exhibited perivas-
cular and perieccrine lymphocytic infiltrates
of predominantly CD3" T cells, with collec-
tions of CD123" or CD303" plasmacytoid
dendritic cells (pDCs).H’u Plasmacytoid den-
dritic cells produce IFN-I and are thought to be
involved in the pathogenesis of chilblain lupus
and COVID-19—associated pernio.”’ CD123"
pDCs’' and expression of myxovirus resis-
tance protein A (MxA), a marker of IFN-I
signaling, are found in chilblain lupus, idio-
pathic pernio, and COVID-19—associated per-
nio.”"* Positive staining for phosphorylated
Janus kinase, an indicator of IFN receptor acti-
vation, has also been found in the cutaneous
epithelium and endothelium of chilblain-like
lesions associated with the COVID-19
pandemic.”” Higher IFN-o levels after
in vitro stimulation were observed in 25 pa-
tients with chilblain-like lesions during the
COVID-19 pandemic who were SARS-CoV-2
PCR negative compared with ambulatory and
hospitalized patients with PCR-positive
COVID-19.”" Direct immunofluorescence has
revealed dermal vascular deposits of C3, con-
firming complement activation in COVID-
19—associated pernio.' """

During the COVID-19 pandemic, positive
immunohistochemical staining of cutaneous
vascular endothelium and eccrine epithelium
with a SARS-CoV/SARS-CoV-2 spike protein
antibody has been exhibited in patients with
pernio-like lymphocytic infiltrates on skin
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biopsy.”””" However, discrepant skin immu-
nohistochemistry for SARS-CoV-2 was re-
ported in a case series of 5 pernio patients:
0 of 5 had positive staining with a nucleo-
capsid protein antibody, 0 of 3 had positive
staining with RNA in situ hybridization to
the spike protein, and 3 of 5 had positive
staining with a spike protein antibody.”*”’
Another series reported positive immunohis-
tochemistry with a SARS-CoV-2 nucleocapsid
protein antibody in the eccrine glands of 3
patients with chilblain-like histopathology.””
Additionally,  coronavirus-like  particles
within the cytoplasm of endothelial cells™
and rare SARS-CoV-2 RNA—positive cells™
have been found in skin biopsies of COVID-
19—associated pernio. Polymerase chain reac-
tion testing for SARS-CoV-2 in skin biopsies
of chilblains during the COVID-19 pandemic
is frequently negative,”' although one report
detected SARS-CoV-2 and increased Kkalli-
krein by PCR from a chilblain-like lesion of
the thumb.

Colmenero et al’® attributed direct cau-
sality to COVID-19 in their patients with
chilblains, favoring the hypothesis of wide-
spread endothelial infection by SARS-CoV-
2 leading to resultant endothelial damage
and thrombosis, contending that this
argues against the hypothesis that describes
the role of IFN-I in the pathogenesis of
COVID-19-associated pernio. These poten-
tial mechanisms, however, are not neces-
sarily mutually exclusive and may be
interdependent; SARS-CoV-2 is not the
necessary cause of pernio because this diag-
nosis preexisted the COVID-19 pandemic.
Lipsker®” proposed that chilblains is a para-
viral eruption associated with COVID-19, a
concept distinguished from classic viral ex-
anthems in being defined by clinically
recognizable morphology with multiple po-
tential etiologies, which is persistent or
delayed owing to the immune reaction
rather than specific viral cytopathic effect.

ROLE OF ANGIOTENSIN-CONVERTING
ENZYME 2 IN COVID-19
Angiotensin-converting enzyme 2 (ACE2)
functions as the receptor on cells that
mediate cellular entry for both SARS-CoV

and SARS-CoV-2.°"%” First the viral protein
subunit S1 binds to the receptor ACE2; the
second step is protein cleavage of the S1
and S2 protein subunits, which is completed
by the transmembrane protease serine 2
(TMPRSS2).°%°7 After the S1 protein subunit
separation, the remaining S2 protein subunit
conformationally rearranges, which allows
the fusion of the viral and cellular mem-
branes and subsequent cellular entry of the
°0°7 This process leads to down-
regulation of ACE2 on cells because it is
functionally removed from the external
membrane site.”’ Angiotensin-converting
enzyme 2 is primarily membrane bound on
cells, although it is also detectable in lower
quantities as a circulating soluble form.°” A
disintegrin and metalloproteinase 17
(ADAM17) also cleaves membrane-bound
ACE?2, releasing an active form into the cir-
culation and leaving an inactive portion on
the cell membrane.””*® Transmembrane
protease serine 2 competes with ADAMI17
for ACE2 processing but cleaves ACE2
differently, so that only TMPRSS2 facilitates
SARS-CoV cell entry.®”®”

virus.

CUTANEOUS ACE2 AND
COVID-19—ASSOCIATED PERNIO
Angiotensin-converting enzyme 2 messenger
RNA expression occurs in the skin and is
positively correlated with the expression of
immune signature genes of lymphocytes
and the IFN response.”’ In addition, ACE2
protein expression in the skin has been
revealed by immunohistochemistry, which
exhibits strong staining of the basal layer of
the epidermis and hair follicles, the dermal
blood vessels, and the eccrine glands.”' In
all forms of pernio, the lymphocytic infiltrate
characteristically exhibits lymphocytes at the
dermal-epidermal junction along the basal
layer and in a perivascular and perieccrine
distribution,'"'*'>  curiously  centered
around these areas of ACE2 protein expres-
Single-cell RNA sequencing of
epidermal keratinocytes has exhibited the
expression of ACE2 and TMPRSSs in normal
human skin and SARS-CoV-2 nucleocapsid
protein in patients with COVID-19.”*

sion.
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RENIN-ANGIOTENSIN-ALDOSTERONE
SYSTEM IMBALANCE IN COVID-19
Although cell-bound ACE2 allows cellular
entry for SARS-CoV-2, ACE2 also provides a
vasoprotective function by converting angio-
tensin (ANG) II (ANGID) to ANG-(1-7)
(ANG1-7).%" Increased levels of ANGII lead
to endothelial dysfunction by binding ANG
type 1 receptor (AT1R) and resulting in
increased aldosterone release, vasoconstric-
tion, coagulation, immune cell activation,
and inflammatory cytokines.”” These effects
are opposed by ANGI1-7 binding the ANG
type 2 receptor (AT2R) and the Mas receptor,
which promotes healthy endothelial function
through increased levels of NO, vasodilation,
and an antithrombotic and anti-inflammatory
state.”” These downstream-positive effects of
ACE2 in balancing the renin-angiotensin-
aldosterone system (RAAS) lead to the
paradox that despite being the viral receptor,
ACE2 likely has vasoprotective effects.

DISCREPANCIES IN COVID-19 SEVERITY BY
SEX AND AGE
Severe COVID-19 occurs more frequently in
male patients’”"* and older patients.”” Differ-
ences in the RAAS may be one explanation, as
in male patients and older adults the
angiotensin-converting enzyme—driven
ANGII-ATIR axis is favored,”®’” whereas in
female patients the balance is shifted toward
increased activity of ACE2 and the positive
effects of ANG1-7 binding AT2R and the
Mas receptor.’® Estradiol increases ANG1-7
production through estrogen receptor o and
increases ACE2 expression and activity.”” In
addition, estrogens are vasoprotective and
preserve the presence and activity of endothe-
lial NO synthase but this NO-producing
pathway becomes dysfunctional with aging.”
Sex hormone and genetic differences
affecting the degree of androgen sensitization
likely play a role in COVID-19 severity.”
This is because estradiol enhances the expres-
sion of ADAM17 through the estrogen recep-
tor”" whereas TMPRSS2 is regulated by
androgens, including dihydrotestosterone,
through the androgen receptor,”” with
TMPRSS2 facilitating SARS-CoV entry into
cells”” and increasing expression in the lung

epithelium with age.”” The stimulatory effects
of estradiol on ADAM17 result in the cleaving
and shedding of membrane-bound IL-6 re-
ceptor into the soluble form and diminish
glycoprotein 130 expression, thereby inhibit-
ing 1L-6 signaling.”"”” In addition, pDCs
from female patients, compared with male pa-
tients, have higher levels of expression of all
subtypes of IFN-o and surface expression of
the IFN-o/interferon B receptor subunit 2.%°
In young individuals, female sex and postpu-
berty are associated with increased pDC acti-
vation and toll-like receptor 7 (TLR7)—
induced production of IFN-o, related to X
chromosome number and the differential ef-
fect of serum testosterone concentration.”’

The TLR7 gene is present on the X chro-
mosome and escapes X chromosome inacti-
vation, resulting in biallelic expression in a
proportion of female immune cells and an
increased IFN-I response.” In a cohort of
patients with COVID-19, higher IFN-o2
levels were found in female patients than
in male patients; female patients (but not
male patients) also had higher IFN-a2 levels
than did sex-matched health care worker
controls.®’ In contrast, in a case series of 4
young men (2 pairs of brothers younger
than 35 years) with an X-linked loss-of-
function TLR7 sequence variation resulting
in down-regulated IFN-I signaling, all had
severe COVID-19 and required ventilatory
support.”’ Genetic defects in various IFN-I
immune pathway genes,”' including the
IFN receptor’” and autoantibodies against
IFN-Is found more commonly in men,””
have been found in subsets of patients with
life-threatening COVID-19.

As people age, dendritic cells secrete less
IFN-1"* and serum levels of IL-6 increase in
both sexes; although testosterone decreases
in male patients and estradiol decreases in
female patients, both sex hormones may
inhibit 1L-6 activity.”””® Therefore, in older
patients, the IL-6 pathway may predominate;
higher IL-6 levels are associated with more
severe COVID-19.”7 When the immune
response to SARS-CoV-2 was compared be-
tween pediatric and adult patients, adult pa-
tients mounted a more robust T-cell and
neutralizing antibody response to the viral

Mayo Clin Proc. ® April 2021;96(4):989-1005 ® https://doi.org/10.1016/j.mayocp.2021.01.009

www.mayoclinicproceedings.org


https://doi.org/10.1016/j.mayocp.2021.01.009
http://www.mayoclinicproceedings.org

MECHANISMS FOR PERNIO, SARS-COV-2, AND COVID TOES

spike protein, suggesting that an early innate
immune response may be more important in
younger patients with COVID-19.°*% In
addition to the immune differences in chil-
dren, there are several other potential expla-
nations, including endothelial function, for
the age-related differences in COVID-19
severity. 1o

TYPE | INTERFERONS AND PDCS IN
CovID-19
Type 1 interferons are primarily produced by
pDCs, which provide an important link be-
tween innate and adaptive immunity.'" Plas-
macytoid dendritic cells are considered
sentinel cells'” that are stimulated upon
physical contact with virally infected cells at
an adhesion site (an interferogenic syn-
apse).'”” Through this contact synapse, viral
RNA transfer to pDCs leads to TLR7 signaling
and production of IFN-I by pDCs, which may
be locally secreted on infected cells.'”” How-
ever, in chronic viral infection or autoim-
mune disease, pDCs are persistently
activated, contributing to disease pathogen-
esis through excessive IFN-I activity.'"”
Persistent viral infection may subsequently
impair pDCs and in turn lead to diminished
virus-specific T-cell responses.'””
Lymphopenia is a common finding in
COVID-19; all lymphocyte subsets are
affected, and lower lymphocyte counts are
associated with more severe disease.'* Severe
COVID-19 is associated with a sustained
decrease in lymphocytes, and neutrophil
counts and IL-6 levels are higher than those
in mild cases.'”” Severe acute respiratory syn-
drome coronavirus 2 is composed of 27 viral
proteins, including nonstructural proteins
(nsps), structural proteins, and accessory pro-
teins; nspl3, nspl4, nspl5, and the open
reading frame orf6 function as IFN antago-
nists.'” The timing and degree of the TFN-I
response likely explains the disease severity
of COVID-19.""" In comparison to patients
with mild-to-moderate COVID-19, patients
with severe-to-critical disease and a higher
plasma viral load exhibit IFN-
I—stimulated gene expression and IFN-a
serum levels.'”” Interestingly, IFN-Is up-
regulate ACE2 in human airway epithelial

lower

cells, and SARS-CoV-2 may exploit this
tissue-protective response by providing

more receptor targets on cells for viral
110

entry.

RELATION OF ANTIPHOSPHOLIPID ANTI-
BODIES IN COVID-19—ASSOCIATED PERNIO
Lupus anticoagulant and antiphospholipid
antibodies have been reported to be
frequently positive in hospitalized patients
with COVID-19."""""* Viral infections can
trigger the development of antiphospholipid
antibodies, probably through molecular
mimicry, with most cases being transient
and nonpathogenic; however, catastrophic
antiphospholipid syndrome has been associ-
ated with some viral infections.'"’

Antiphospholipid antibodies have been
proposed as a factor in a subset of pernio pa-
tients, some of whom have eventually met
the criteria for systemic lupus erythemato-
sus.''® However, antiphospholipid anti-
bodies are not a consistent finding in
idiopathic pernio.” In cases of COVID-19—
associated pernio, coagulation studies occa-
sionally find mild D-dimer elevations and
positive  antiphospholipid  antibodies.*
Conversely, acral livedoid purpura is associ-
ated with severe COVID-19 and systemic
coagulopathy characterized by high eleva-
tions in D-dimer and the need for anticoagu-
lation therapy.''”

COAGULOPATHY, THROMBOSIS,

T LYMPHOCYTES, AND COVID-19—
ASSOCIATED PERNIO

Coronavirus disease 2019 has been associated
with several coagulation defects, including
elevated D-dimer levels, pulmonary throm-
bosis, venous thromboembolism, and dissem-
inated intravascular coagulation.''® In a
prospective cohort study, patients with acute
respiratory distress syndrome due to COVID-
19 had increased thrombotic complications,
including pulmonary embolism, despite anti-
coagulation.'"” Some have suggested that
COVID-19 may result in distinct sepsis-
induced coagulopathy owing to activation of
endothelial cells, inflammatory cytokines,
and complement pathways.''® Complement
activation has been implicated in the
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pathogenesis of thrombotic vasculopathy
seen in severe COVID-19 with respiratory
failure.'”” Three of 5 such patients had live-
doid purpuric skin lesions, in which the cuta-
neous and pulmonary microvasculature
revealed similar pauci-inflammatory throm-
botic  vasculopathy  with  complement

ces 12 . . .
deposition,'” which in 2 cases colocalized

with the SARS-CoV-2 spike protein.'*’
Thrombotic retiform purpura in severe
COVID-19 displays extensive endothelial
complement deposition and SARS-CoV-2
protein localization, with positive IL-6 and
negative MxA expression; in comparison,
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pernio associated with mild COVID-19 dis-
plays minimal staining for complement and
IL-6 but strong MxA expression.ZO

This spectrum of COVID-19—associated
cutaneous endothelial dysfunction may be
partly due to the effects of SARS-CoV-2 on
ACE2 and the RAAS. Angiotensin Il is involved

in microvascular thrombosis through the
thrombin coagulation pathway,'”" and T lym-
phocytes mediate accelerated ANGII-related
microvascular thrombosis.'** T cells express
ATIR, and ANGII thereby stimulates T-cell
activation and proliferation.'”> Angiotensin
II—induced microvascular thrombosis and

FIGURE 3. Interplay of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), angiotensin-
converting enzyme (ACE) 2 (ACE2), the renin-angiotensin-aldosterone system (RAAS), sex hormones,
and the immune response: a potential mechanism of coronavirus disease (COVID) toes. Used with
permission of MA. Cappel, MD. Circled numbers indicate steps in the mechanism. Step I: The cellular
receptor ACE2 is critically important in SARS-CoV-2 infection.”*®* In addition, transmembrane protease
serine 2 (TMPRSS2) is essential because by cleaving cell-bound ACE2 and SARS-CoV-2 spike protein
subunit | (S1) from spike protein subunit 2 (S2), it facilitates viral cellular entry.>°*%? Step 2: Androgens and
estrogens have generally opposing downstream effects on ACE2 processing, providing an explanation for
more severe coronavirus disease 2019 (COVID-19) in male patients. TMPRSS2 activity increases with
androgen sensitization through dihydrotestosterone activation of the androgen receptor (AR).”> On the
contrary, estrogens increase the expression of a disintegrin and metalloproteinase 17 (ADAMI7),°" which
competes for processing of ACE2 and releases a circulating form of active ACE2.°**” Therefore, increased
ADAMI7 activity may be protective in female patients, resulting in an increased proportion of circulating
ACE2 that binds any circulating SARS-CoV-2 and prevents further cell infection. Step 3: When cells are
infected by SARS-CoV-2, the resulting virus-receptor intemalization results in the decreased cell expression
of ACE2 and a relative deficiency of ACE2.%” In the RAAS, a delicate balance exists between ACE and
ACE2. ACE converts angiotensin (ANG) | (ANGI) to ANGIl and, with aminopeptidase, to ANGIIl, both of
which contribute to endothelial dysfunction through binding the angiotensin type | receptor (ATIR).*® On
the contrary, ACE2 converts ANGI to ANGI-9 and ANGIl to ANGI-7, both of which promote healthy
endothelial function through binding the AT2R.° At baseline, because of sex hormone differences, the
ACE—ANGII—AT IR pathway is favored in male patients whereas the ACE2-ANG -7—AT2R pathway is
favored in female patients.”® Step 4: These RAAS predilections may account for increased endothelial
dysfunction in male patients compared with female patients; AT IR stimulation decreases nitric oxide (NO)
and is vasoconstricting, prothrombotic, and pro-inflammatory; AT2R stimulation increases NO and is vas-
odilatory, antithrombotic, and anti-inflammatory.'*® Angiotensin II=ATIR activation also potentiates
endothelial dysfunction by stimulating aldosterone synthesis and subsequent mineralocorticoid receptor
activation, with similar vasculopathic and pro-inflammatory effects.*® Step 5: Aldosterone stimulates
mineralocorticoid receptors on dendritic cells, and ANGII stimulates AT IRs on T cells and on dendritic cells;
all these actions promote T-cell activation and proliferation.** This leads to activation of interleukin 6 family
(IL-6) cytokine receptors (IL-6Rs), which signal through the Janus kinase (JAK)—signal transducer and activator
of transcription (STAT) 3 pathway, * and activation of the type | interferon (IFN-I) receptor (IFN-IR), which
signals through the JAK-STAT | pathway. **'*® Tissue hypoxia from the related AT IR-induced endothelial
dysfunction may also contribute through hypoxia-inducible factor | et subunit (HIF-1a) in conjunction with
STAT3 to increase pro-inflammatory helper T cell | 7s (T 7s) and decrease anti-inflammatory regulatory T
cells (Tt regs).‘Bo Owing to sex hormone and genetic differences, female patients have a more robust IFN-I—
STAT| response than do male patients®“®” Younger individuals have a stronger IFN-I response,”” which
favors the development of COVID toes; in older individuals the IL-6 pathway may predominate, which is
associated with more severe COVID-19.”" 5aR|, Sa-reductase inhibitor; 17B-HSD, 17B-hydroxysteroid
dehydrogenase; ACEl, angiotensin-converting enzyme inhibitor; Ala, alamandine; Aldo syn, aldosterone
synthase; Andro, androstenedione; AP, aminopeptidase; ARB, angiotensin receptor blocker; AR, androgen
receptor inhibitor; B2, bradykinin receptor B2; BK, bradykinin; DHT, dihydrotestosterone; El, estrone; E2,
estradiol; ER, estrogen receptor; IFN, interferon; IL-6A, IL-6 antagonist; JAK|, Janus kinase inhibitor; Mas, G
protein—coupled receptor Mas receptor; MCRA, mineralocorticoid receptor antagonist; MR, mineralocor-
ticoid receptor; MrgD, Mas-related G protein—coupled receptor member D; rACE2, recombinant
angiotensin-converting enzyme 2; T, testosterone; TMPRSS2, transmembrane protease serine 2 inhibitor;
XX, 2 X chromosomes (genetic female); XY, | X chromosome and | Y chromosome (genetic male).
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inflammatory responses are mediated by T-
cell-dependent 1L-6 signaling'** through the
signal transducer and activator of transcription
3 pathway.'*” Angiotensin II—AT1R activation
additionally stimulates aldosterone synthesis
and subsequent mineralocorticoid receptor
activation, resulting in endothelial dysfunc-
tion."”® The mineralocorticoid receptor is also
expressed on dendritic cells, and when stimu-
lated with aldosterone, dendritic cells secrete
IL-6 and promote helper T cell 17 (T;17) polar-
ization of T cells."”” Dendritic cells additionally
express ATIR, and ANGII thereby activates
dendritic cell expression of pro-inflammatory
cytokines and T-cell proliferation associated
with the increased phosphorylation of signal
transducer and activator of transcription 1.'*
Overall, the contribution of ANGII to micro-
vascular thrombosis and T-cell activation may
provide an explanation for the clinicopatho-
logic spectrum  of pauci-inflammatory
thrombotic vasculopathy in severe COVID-
19—associated retiform purpura and the
lymphocyte-rich perivascular infiltrate in mild
COVID-19-associated pernio.

HYPOXIA AS A FACTOR IN
COVID-19—ASSOCIATED PERNIO

Hypoxia in COVID-19 is not surprising given
patients’ related pneumonia with ground glass
opacities on radiologic imaging studies,
although some have hypothesized that hemo-
globin dysfunction may also be involved.'*’
Additionally, relative hypoxia may occur
within other tissues, in part because of the vas-
oconstricting and prothrombotic effects of un-
opposed ANGII. The subsequent endothelial
dysfunction could then, for example, result
in local hypoxia of the skin and be an addi-
tional contributing factor to the pathogenesis
of COVID-19—associated acral eruptions.
Hypoxia-inducible factor lee (HIF-la) is a
transcription factor that facilitates the switch
in metabolic pathway in response to hypoxia
and functions as a sensor of oxygen tension
in inflammatory environments, which are rela-
tively hypoxic.'*® Hypoxia-inducible factor 1o,
promotes Ty17 differentiation by increasing
IL-17 in a signal transducer and activator of
transcription ~ 3—dependent  fashion.'”’
Hypoxia-inducible factor 1lo also inhibits

regulatory T-cell activity by inducing forkhead
box P3 protein degradation.'” Normally regu-
latory T cells provide an anti-inflammatory
check and inhibit the development of autoim-
mune responses, but this activity may be over-
come by tissue hypoxia, which induces a
pro-inflammatory Ty17 state in an HIF-la—
dependent manner.'’ Because pernio is asso-
ciated with vasospasm and retiform purpura is
associated with thrombosis, both of which
may result in relative cutaneous hypoxia,
HIF-1o could be a cofactor in the inflamma-
tory response in COVID-19"" and associated
cutaneous endothelial dysfunction.

CUTANEOUS ENDOTHELIAL FUNCTION AND
RAAS IN COVID-19—ASSOCIATED PERNIO

Coronavirus disease 2019—associated pernio
may more commonly affect younger patients
because of age-related differences in cutaneous
endothelial function. The complete RAAS re-
sides in human skin and includes ANGII,
which can be synthesized locally, and its recep-
tors ATIR and AT2R, which are found in
epidermal keratinocytes and dermal vessels.'**
Cutaneous vascular responses to ANGII are
age-related.””'”” In young adults, reflex cuta-
neous vasoconstriction to cold exposure is pri-
marily dependent on sympathetic nerve
activity."”* However, thermoregulatory reflex
cutaneous vasoconstriction attenuates with
older age because of impaired skin sympa-
thetic nerve activity.”” The result in older
adults is increased reliance on ANGII-
mediated vasoconstriction through ATIR
stimulation of the compromised sympathetic
pathways.”” The age-related differences in
ANGII response also suggest that as adults
age, ATIR density increases whereas AT2R
density decreases, and the dose-response curve
shifts in older adults, with less AT2R-mediated
vasodilation (which is protective) at lower
ANGII concentrations and more
ATI1R-mediated vasoconstriction (which is
pathogenic) with increasing ANGII concentra-
tions.”” Nevertheless, younger adults do have
AT1R-mediated vasoconstriction at higher
levels of ANGII, but, unlike older individuals,
younger adults maintain adequate reflex cuta-
neous vasoconstriction to cold exposure.’ ">’
Therefore, locally increased ANGII due to
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ACE2 deficiency from SARS-CoV-2 infection,
in combination with an intact thermoregula-
tory  vasoconstriction  response,  may
contribute to the acral vasopasm of pernio
more commonly affecting younger patients
with COVID-19.

PROPOSED MECHANISM FOR COVID-19-
ASSOCIATED PERNIO (COVID TOES)

On the basis of a review of the published
literature, we speculate that the mechanism
for COVID-19—associated pernio (COVID
toes) involves an interplay of SARS-CoV-2
cell infection through ACE2, the RAAS, sex
hormones, and the IFN-I immune response
(Figure 30+0970818286879497123-126,128,130.136y
These interconnected mechanisms provide a
rationale for some of the therapeutics studied
in the context of COVID-19 infection,
including RAAS inhibitors, recombinant
ACE2, NO-mediated vasodilators, antiandro-
gens,  antithrombotics,  anti-inflammatory
agents, Janus kinase inhibitors, IL-6 antago-
nists, and antiviral IFNs.

Type 1 interferons are antiviral by prevent-
ing viral replication, and they up-regulate
ACE2  epithelial 0" thereby
preventing ACE2 deficiency. Therefore, with
robust IFN-I release in mild COVID-19, any
ACE2 deficiency and subsequent increase in
ANGII activity is limited, possibly triggering
temporary acral vasospasm and manifesting
as pernio. However, with a lessened IFN-I
response, ACE2 deficiency/ANGII increase
may be more pronounced, including the
related endothelial dysfunction, potentially
resulting in fluctuating arteriolar vasospasm
(presenting as livedo reticularis'*") in moder-
ate COVID-19 or protracted vasospasm and
thrombosis (presenting as livedo racemosa,
retiform purpura, or acral necrosis in
acro-ischemia'”'*'?%) in severe COVID-19.
The greater the degree of innate IFN-I
response, the more likely that SARS-CoV-2
PCR and antibody testing will be negative;
therefore, skin biopsy immunohistochemistry
and blood testing for viral signature markers,
including IFN-I-inducible MxA,"”® and
lymphocyte assays for SARS-CoV-2—reactive

: 1
expression,

T cells'”” deserve further investigation in pa-
tients with suspected COVID-19—associated
pernio.

LIMITATIONS

The caveats of this review include the retro-
spective nature of most published studies;
the lack of prospective data thus far is due
to the novel nature of the current SARS-
CoV-2 pandemic. For example, SARS-CoV-
2 testing methods and results have been
highly variable, as the best practices for
proving infection in patients with possible
cutaneous manifestations have yet to be
determined. We also acknowledge that
from a review of the published literature,
we have made speculative hypotheses about
the potential cutaneous and systemic mech-
anisms involved in the pathophysiology of
COVID-19—associated pernio that will
need to be confirmed in future prospective
studies.

CONCLUSION

Pernio or chilblains is the most common
diagnosis to explain COVID toes, because
affected patients present with erythema and
swelling involving acral surfaces and consis-
tent lymphocyte-rich histopathology, fulfill-
ing the previously proposed diagnostic
criteria.” However, it is critical to distinguish
pernio from other cutaneous acral eruptions
that can also be associated with COVID-19,
particularly pauci-inflammatory thrombo-
occlusive vasculopathy, which presents
with livedoid to retiform purpura or necrotic
to ulcerated acral skin lesions. Therefore, it
is essential to recognize any dermatologic
findings potentially associated with SARS-
CoV-2 infection, which are important cuta-
neous signs of COVID-19 severity.
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