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SUMMARY

Elevated pernio incidence was observed during the COVID-19 pandemic. This prospective study enrolled
subjects with pandemic-associated pernio in Wisconsin and Switzerland. Because pernio is a cutaneous
manifestation of the interferonopathies, and type I interferon (IFN-I) immunity is critical to COVID-19 re-
covery, we tested the hypothesis that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-
mediated IFN-I signaling might underlie some pernio cases. Tissue-level IFN-I activity and plasmacytoid
dendritic cell infiltrates were demonstrated in 100% of the Wisconsin cases. Across both cohorts, sparse
SARS-CoV-2 RNA was captured in 25% (6/22) of biopsies, all with high inflammation. Affected patients
lacked adaptive immunity to SARS-CoV-2. A hamster model of intranasal SARS-CoV-2 infection was
used as a proof-of-principle experiment: RNA was detected in lungs and toes with IFN-I activity at both
the sites, while replicating virus was found only in the lung. These data support a viral trigger for some
pernio cases, where sustained local IFN-I activity can be triggered in the absence of seroconversion.

INTRODUCTION

The host type I interferon (IFN-I) response has proven critical in determining the trajectory of COVID-19 infection.1–6 Life-threatening COVID-19

can be caused by rare variants of deficient Toll-like receptor (TLR) 3- and TLR-7-dependent IFN-I immunity.5 Neutralizing autoantibodies against

IFN-I increase with age and are a predictor of COVID-19 deaths.7 Conversely, the milder disease observed in children with COVID-19 may be

explained, at least in part, by an elevated IFN-I response.8–10 These latter data are supported by the finding that a single subcutaneous admin-

istration of pegylated IFN-lambda significantly reduces severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease severity.11,12

Pernio, also known as chilblains, is a rare cutaneous manifestation of the type I interferonopathies, a group of monogenic disorders char-

acterized by constitutively upregulated IFN-I that results in autoinflammation.13–16 Following the first reports in March 2020 of otherwise

healthy individuals, many of them children, with pernio and few extracutaneous symptoms or signs of COVID-19, pandemic-associated pernio

(herein referred to as PAP) was widely reported across Europe and the United States,17–21 where it was quickly termed by the lay press as

‘‘COVID toes.’’ Epidemiological studies suggest temporospatial clustering of pernio with confirmed COVID-19 cases22–24; however, direct

evidence of this relationship is limited, as most pernio patients test negative for SARS-CoV-2 and lack extracutaneous symptoms of infec-

tion.17,25–27 Although several publications have demonstrated a transient, inducible IFN-I response in blood and endothelial alteration

with IFN-I polarization in affected tissue,28–30 multiple studies have demonstrated a limited adaptive immune response to SARS-CoV-2,
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including seroconversion and SARS-CoV-2-specific T cell responses.22,25–27 This has yielded a dominant narrative that the cold and/or seden-

tary behavior explain the phenomenon.22,26,31–33 To explore the hypothesis that SARS-CoV-2 infection could be a driver for some cases of

PAP, we analyzed clinical samples from affected patients with PAP to profile the local immune response and screen for SARS-CoV-2 gene

transcripts within lesions. Mechanistic feasibility was explored through a low-inoculum SARS-CoV-2 infection in the golden hamster model,

which has been demonstrated to phenocopy human COVID-19 infection.11,34–37

RESULTS

Patients

In the USA, 54 patients were enrolled across four waves of the SARS-CoV-2 pandemic in Wisconsin, USA, from April 2020 to January 2022. Of

these, 11 patients consented to biopsy of affected skin. In Europe, 11 patients consented to biopsies of affected skin which were used for

validation of the in situ hybridization analysis from the Wisconsin, USA, cohort (Figure 1A). In the Wisconsin cohort, the incidence of PAP

closely aligned with the time of peaking COVID-19 infection rates in Wisconsin (Figure 1B) and was proportional to an ambient temperature

in Madison, Wisconsin,%9�C (Figure 1B). Thermal photography of patients affirmed an association with cold, revealing an alignment of the

PAP lesional distribution with the coolest portions of the toes and fingers (Figure 1C).

An adaptive immune response is absent in patients with PAP

Antibody testing from both the US and European cohorts was consistent with the previous literature showing low rates of seroconversion

(Table 1; Figure S1A). Control testingwas overwhelmingly negative, reflecting sampling in the first fewmonths of the pandemic when vaccines

were unavailable (Figure S1A). Two patients in the Wisconsin cohort who tested positive for anti-nucleocapsid antibodies were total spike

antibody negative, and subsequent testing for nucleocapsid within 8 weeks was negative. In the Wisconsin cohort (n = 54), the percentage

of spike-specific T cells was not elevated in PAP patients compared to age- and sex-matched controls (Figures S1B–S1E). Collectively, these

data demonstrate a lack of SARS-CoV-2-specific T cell and B cell immunity in affected PAP subjects, consistent with the previous literature.

Frequent plasmacytoid dendritic cells produce MxA near activated CD3+T cells within PAP lesions

To investigate the local immune response in PAP, immunophenotyping was performed on the 11 affected Wisconsin, USA, biopsy samples,

along with control samples (pre-2019 autopsy skin [n= 4] and pre-2019 histologically confirmed pernio [n= 5]) that had no logical possibility of

exposure history to SARS-CoV-2 virus. In PAP sections, cellular infiltrates were distributed both deeply, around eccrine glands, and superfi-

cially, just below the epidermis. To investigate if an IFN-I response was detectable in affected skin, all samples were stained for Myxovirus

resistance protein A (MxA), a downstream product of the IFN-I signaling cascade that serves as a surrogatemarker of IFN-I signaling. Imaging

and quantitation demonstrated significantly higher expression of MxA in PAP compared to pre-2019 autopsy skin, but pre-2019 pernio and

PAP were statistically similar (Figure 2A). In addition, local immune cells and activation markers were stained in PAP and control tissues. Plas-

macytoid dendritic cells (pDCs), an expected source of IFN-I, were evaluated using CD303+ staining and were mainly found in the deep

dermis. Cell numbers were quantitated, and comparison revealed a statistically significant elevation of pDCs relative to autopsy control

skin, which was not statistically different from pre-2019 pernio control sections (Figure 2B).

Along with pDCs, PAP tissue had variable numbers of CD3+ T lymphocytes (Figure 2C), and elevated expression of Type II IFN, interferon

gamma (IFNg, Figure 2D). Increased expression of human leukocyte antigen-DR isotype (HLA-DR), a key surface molecule expressed by anti-

gen-presentingcells (APCs) andactivatedTcells,wasalsoobserved inPAPpatients andpre-2019perniopatients comparedwithpre-2019normal

skin (Figure2E). Interestingly, fewTcellsexpressedcytoplasmicMxA(Figure2F), suggestingthat theseTcellswerenot respondingdirectly to IFN-I

and likely represented a cell population that was subsequently recruited following other immune cells such as the pDCs. Detailed microscopic

analysis identifiedbothactivatedTcells (HLA-DR+CD3+) andTcells incloseproximity toHLA-DR+antigenpresentigncells (APCs (CD3�)), possibly
marking immunologic synapses (Figures 2Gand2H).Overall, within this PAP cohort, therewas clear and consistent local productionof IFNswithin

a cellular milieu enriched in pDCs and CD3+ T cells. The immune response was not statistically different in PAP and pre-2019 pernio specimens.

SARS-CoV-2 RNA is present in �25% (6/22) of PAP lesions measured in 2 cohorts

Given the robust local IFN response detected in the Wisconsin PAP lesions, we next screened for the presence of SARS-CoV-2 RNA in PAP

biopsies from both the cohorts (n = 11 from theWisconsin, USA, and n = 11 from Switzerland) using RNAscope in situ hybridization. All cases

testedwere during patients’ first presentation of PAP. SARS-CoV-2 S RNAwas definitively and repeatably detected in 18% (2/11) ofWisconsin,

USA, cases and subsequently in 36% (4/11) of Swiss cases (Figures 3A and 3B; Figure S2), with sparse distribution in the tissue. In an additional

Wisconsin, USA, case, considered inconclusive, clustered sparse chromogenic dots were identified in multiple sections of the deep dermis

near eccrine glands, but this was ultimately excluded when RNAwas not clearly detected in a final replicate section. To ensure accuracy in the

data, the total number of anatomically site-matched negative controls exceeded the number of PAP (n = 22) cases and included pre-2019

pernio (n = 21) and pre-2019 acral psoriasis (n = 12) biopsies. None of these negative controls (total n = 33) harbored detectable SARS-

CoV-2 viral S sgRNA (Figures 3D and 3E). Positive controls included postmortemCOVID-infected lung tissue (Figure 3C), which, as expected,

contained frequent detectable SARS-CoV-2 viral RNA and was included in all sets of slides assayed. Additionally, positive (human peptidyl-

prolyl isomerase B; Hs-PPIB) and negative (dihydrodipicolinate gene of Bacilis subtilis, DapB) control probes were used on all tissues to

confirm assay validity and sample quality (Figures 3F–3M; Figure S2). All positive cases with RNA (Wisconsin n = 2; Swiss n = 4) were scored
2 iScience 27, 110525, August 16, 2024



Figure 1. Clinical and histologic features of COVID-associated pernio

(A) Workflow of the study from Wisconsin, USA, and Switzerland cohorts along with classic findings of PAP including violaceous erythema, edema, vesiculation,

ulceration, and a focused superficial and deep lymphocytic infiltration on H&E-stained tissue sections.

(B) Modified fromNg et al., BJD 2022,38 to represent theWisconsin cohort in the current investigation: Madison, Wisconsin, PAP cases and recurrences overlayed

with COVID-19 positivity and mean temperature by month.

(C) Thermal photography image from an affected patient in Wisconsin: pernio lesions presented in the coldest areas of acral skin (in blue).
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with high levels of inflammation by a pathologist (Figure 3N). All low inflammation cases were negative by RNAscope. Both Wisconsin cases

demonstrated robust IFN-I activation with pDC infiltration on multiplex immunohistochemistry. Among patients with RNA positivity in the

tissue, all patients in both the cohorts were SARS-CoV-2 PCR negative. One Swiss patient demonstrated IgG seroconversion, and the other

three positive patients were negative by serology.

Hamster model demonstrates dissemination of viral RNA

To explore the mechanistic feasibility of SARS-CoV-2 viral material reaching acral sites in the setting of nasopharyngeal infection, we lever-

aged the golden hamster model (M. auratus),11,34,35,39,40 which phenocopies the host response to SARS-CoV-2 in humans.35 This model
iScience 27, 110525, August 16, 2024 3



Table 1. Clinical demographics of subjects with peripheral blood and skin biopsy studies in Wisconsin, USA, and Switzerland

Peripheral blood Skin biopsy

Wisconsin, USA Wisconsin, USA Switzerland

Pandemic-associated

pernio (n= 54)

Healthy controls

(n= 24)

Pandemic-associated

pernio (n= 11)

Pandemic-associated

pernio (n= 11)

Demographics

Median age in years (range) 16 (2–59) 17 (9–34) 21.8 (12–59) 25 (16–44)

Sex (n, %)

Female 27 (50%) 15 (63%) 6/11 (55%) 6/11 (55%)

Male 27 (50%) 9 (37%) 5/11 (45%) 5/11 (45%)

SARS-CoV-2 exposure history

Suspected or confirmed

SARS-CoV-2 exposure (n, %)

15 (28%) – 4/11 (36%) 8/11 (62%)

Confirmed SARS-CoV-2 infection

(nasopharyngeal SARS-CoV-2 PCR positive, n, %)

2/41 (5%) – 0 2/11 (18%)

Peripheral Blood

Time to presentation blood draw from

symptom onset (weeks)

4 weeks

(median 28 days)

– 7 weeks (4–8), drawn

in 4/11 patients

5 weeks (1–12)

Total spike antibody IgG, IgM, IgA (n, %) 2/50 (4%) 0/24 (0%) 1/11 (9%) –

Nucleocapsid IgG antibody (n, %) 2/39 (5%) – 1/11 (9%) 3/11 (27%)

Skin biopsy

Time to biopsy from symptom

onset (median, weeks)

– – 5 (2–12) 5 (1–12)

Localized inflammatory responses

High inflammation – 9/11 (82%) 7/11 (64%)

Low inflammation – 2/11 (18%) 4/11 (36%)

Multiplex IHC with high type 1 IFN 11/11 –

RNAscope with SARS-CoV-2 RNA positivity 2/11, all with high

inflammation

4/11, all with high

inflammation
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employs low-dose intranasal SARS-CoV-2 inoculation to initiate an infection with similar viral tissue tropism as that observed in humans. The

model notably reproduces an array of symptomologies seen in human COVID-19 patients including SARS-CoV-2-specific anosmia,34 sensory

abnormalities,41 and lung pathology.11 Here, the hamster model was used to test for dissemination of viral material to acral tissues and to

evaluate the local IFN-I response. Of note, an animal model of pernio does not exist, and this model does not recapitulate clinical pernio.

Following intranasal inoculation of hamsters, viral RNA was detected in lung tissue as early as 1 day post-infection (dpi). After this point,

lung viral RNA levels peaked at 3 dpi and then rapidly dropped to near-background levels between 7 and 10 dpi (Figure 4A), consistent with

previously published data.11,34 Quantitative reverse-transcription PCR (RT-qPCR) for Isg15 indicated an IFN-I response in the lungwhich corre-

lated to viral RNA levels over time (Figure 4B). In longitudinally collected hamster toe tissues, RT-qPCR assays demonstrated dissemination of

viral RNA to toes following intranasal inoculation with SARS-CoV-2 (Figure 4C). Sub-genomic N protein (sgN) RNA levels were first detectable

at 1 dpi and were measurable in all toe tissues by 3 dpi. RNA levels appeared to decline to background levels between 5–7 dpi (Figure 4C).

Similarly, RT-qPCR for Isg15 in toe tissues also demonstrated an active IFN response that peaked at 3 dpi and appeared to track with the

presence of viral RNA in the tissue (Figure 4D).

When RT-qPCR values for Isg15 levels in the toes were plotted against viral RNA values, (Figure S3A) linear regression on the resulting

graph showed a significant positive correlation (p < 0.0001; slope = 1734; r2 = 0.5917) between viral RNA levels and the local IFN-I response

denoted by Isg15 induction in these tissues. Importantly, Isg15 levels in the toes did not mirror those seen in the lungs of the same hamsters,

as lung Isg15 reached a peak relative expression at 5 dpi in the lungs while Isg15 levels in the toe had declined significantly from their 3 dpi

peak at this same time point (Figures 4B and 4D).

To assess if the presence of SARS-CoV-2 transcripts in the toes resulted from replicating viral infection, homogenized toe tissue harvested

at the time of peak detectable subgenomic RNA (sgRNA) signal, 3dpi, was assessed by plaque assay (Figure 4E) and yielded no plaques,

demonstrating that, in standard intranasal inoculation conditions, replicating virions could not be detected in acral sites.42 western blot anal-

ysis of toe homogenate was also negative for the presence of SARS-CoV-2 nucleocapsid protein (Figure S3B). As IFN-I induction requires the
4 iScience 27, 110525, August 16, 2024
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Figure 2. Anti-viral immune response profile in COVID-associated pernio

Representative confocal images and summary quantification of MxA (A; in red), CD303 (B; in gray), CD3 (C; in green), IFNg (D; in magenta), and HLA-DR (E; in

yellow) in representative negative control pre-2019 normal skin (first row, n = 3–4), pandemic-associated pernio (PAP; second row, n = 6–11), and pre-2019 pernio

lesions (third row, n = 3–4). White dotted lines indicate the dermal-epidermal junction. Atto-465p (A, B, and C) and DAPI (D and E) were used to counterstain

nuclei. CD3+T cells and CD303+pDCs were counted in the entire biopsy section for each patient; positive pixel quantification was performed for MxA, IFNg,

and HLA-DR. Numbers were normalized by the total area of the tissue (in mm2). Magnification, 340; scale bar, 50 mm. Bars in graph represent mean G SEM.

*p < 0.05 in Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

(F) Dense immune cell infiltrate consisting primarily of T cells (green) and pDCs (gray) in patients with PAP. Expression of MxA (red) by pDCs (cyan arrowhead), but

rarely by T cells (orange arrowhead). Nuclei were stained with Atto-465p.

(G) Presence of activated T cells in PAP tissue. Orange arrowhead shows the close proximity between HLA-DR-expressing cells (yellow) and CD3 T cells(green),

indicating a possible synapse. Cyan arrowheads show activated T cells expressing IFNg (magenta). Nuclei were stained with DAPI.

(H) Both T cells (green) establishing communication with HLA-DR+ cells (yellow; white arrowhead) and T cells expressing HLA-DR are present in PAP lesions.

Magnification, 340; scale bar, 50 mm.
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direct presence of pathogen associated molecular patterns (PAMPs) these data suggest that viral RNA, viral debris, or the host response, but

not replicating virus or active infection, underlie the IFN-I signature observed in distal tissues.

To better understand the longitudinal transcriptional programs active in SARS-CoV-2-infected hamster toes, RNA sequencing (RNA-seq)

was performedon homogenized toe tissues at both early (3 dpi) and late (30 dpi) time points following inoculation (n= 4 per infection and time

point group) (Figures 4F and 4G). Initial analysis of viral reads in RNA-seq data demonstrated detection of SARS-CoV-2 transcripts in toe tis-

sues at 3dpi, confirming earlier qPCR data (Figures 4C and S3C). Differential expression analysis revealed induction of >200 host genes in the

toes of hamsters 3 dpi as compared to mock-treated animals (Figure S3D; Table S1). Gene set enrichment analysis identified significant in-

duction of the canonical IFN-I pathway in toes, further confirming prior qPCR ISG15 data (Figure 4F). Comparison of the IFN-I response be-

tween the toes and the lung during acute SARS-CoV-2 infection showed that, while both tissue sites demonstrated a robust IFN-I response at

3dpi, the magnitude of this transcriptional signature was higher in the lung, the site of viral replication. This was apparent both through the

breadth of ISGs and themagnitudeof pathway induction in infected lungs compared to infected toes (Figure 4G; Table S1). Notably, at 30 dpi,

both lung and toe tissues returned to a baseline IFN-I state (Figures S3E and S3F; Table S2). Together, these results indicate that systemic

IFN-I signaling likely correlates with infectious burden, but that viral RNA may trigger localized inflammation and IFN-I responses in distal

tissues including toes.
DISCUSSION

The increased incidence of pernio early during the COVID-19 pandemic has remained a pervasive enigma in dermatology, in part because

patients overwhelmingly tested negative for SARS-CoV-2 exposure. In this work, we identify evidence that SARS-CoV-2 infection results in the

systemic distribution of inflammatory material ‘‘from your nose to your toes’’ in both human samples and a SARS-CoV-2-infected small animal

model. In patient cohorts collected simultaneously on two continents, 18%–36% (�25%; 6/22) of patients with biopsied pernio harbored

detectable S gene RNA confirming the presence of SARS-CoV-2 sub-genomic RNA at acral sites. Importantly, no patients with sparse

SARS-CoV-2 viral RNA in skin were nasopharyngeal PCR positive, and only one patient harboring RNA in skin developed evidence of sero-

conversion. In the aggregate, these data confirm that lesional site SARS-CoV-2 RNA, when present in PAP, is truly sparse, is difficult to detect,

and does not represent a reservoir of active viral replication. As highlighted by other studies, this study corroborates that SARS-CoV-2 viral

debris can persist in non-respiratory tissues, perhaps due to tissue-specific differences in the magnitude of the immune response and its ef-

ficiency in RNA clearance.43

In the Wisconsin cohort, robust local IFN expression was accompanied by pDC activation that persisted well after clearance of viral RNA.

Evidence presented here does not definitively link the presence of spike RNA in these lesionswith pDCactivation and the robust local immune

response. However, the evidence suggests that these responses are likely linked. Importantly, pre-2019 pernio cases looked identical to PAP

on immunohistochemistry, suggesting that the local immune response in all forms of pernio are similar, despite the absence of SARS-CoV-2

prior to 2019. The cause of pre-pandemic pernio is beyond the scope of this investigation, but additional triggers, including potentially

disseminated viral particles or debris from a distal infection, might contribute. Because accumulating evidence suggests that other IFN-I-

mediated autoimmune disorders, including dermatomyositis and lupus, can be triggered by preceding viral infection, we hypothesize that

some cases of pernio, including prior to the onset of the SARS-CoV-2 pandemic, may have been triggered by other viral exposures.

To better understand the driver of pernio given the limitations posed by these rare patient samples, we leveraged the golden hamster as a

surrogate for this biology. In this model, nasopharyngeal SARS-CoV-2 RNA could be readily detected in the toes and, in turn, produced a

wide-ranging IFN-I response. Although toe tissues harbored detectable viral RNA, it was non-infectious, suggesting there is no active viral

replication in the skin. Together, these pieces of evidence suggest that, during SARS-CoV-2 infection, cells or apoptotic bodies containing

viral material can enter the circulation and be deposited in distal tissues such as the toes, where they may induce an interferon response.

There was no evidence of adaptive immunity in this cohort, consistent with previous reports.26,44 The persistent local IFN-I response in skin,

coupled to previous reports demonstrating an early and transient IFN-I systemic host response,29,30,44 challenges the conventional dogma

that a strong innate immune response should give rise to an effective adaptive response. In cases with evidence of SARS-CoV-2 S RNA in

tissue, we postulate that low rates of peripheral adaptive immunity could reflect the efficiency of an early and transient naso-respiratory innate

immune response to clear the virus from the nasopharynx,10 obviating a robust adaptive response and creating an abortive, seronegative
6 iScience 27, 110525, August 16, 2024
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Figure 3. SARS-CoV-2 RNA presence in representative PAP lesions

RNAscope in situ hybridization was used to detect the presence of SARS-CoV-2 viral RNA in formalin-fixed, paraffin-embedded (FFPE) tissue sections from

representative PAP from Wisconsin, USA, patient cohort 1 (A) and PAP from Switzerland cohort 2 (B); autopsy lung tissue from a COVID-19 patient was used

as a SARS-CoV-2 viral RNA probe positive control (C); pre-2019 pernio lesions (D) and pre-2019 acral psoriasis lesions were used as negative controls (E). 60x

high-resolution images are shown in A1–E1, respectively. A probe for the housekeeping gene PPIB was used as a positive assay control (F–J), negative-

control target probe DapB (K–M). Magnification x20. Scale bar, 50 mm.

(N) Bar Graph showing the low and high inflammation score distribution of cases in Wisconsin, USA, and Switzerland cohorts.

See also Figure S2.
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infection, with few extracutaneous manifestations. This is supported by other SARS-CoV-2 studies demonstrating that younger patients with

lower nasopharyngeal loads commonly fail to seroconvert.45 The absence of adaptive immunity could also suggest a lower inoculum of infec-

tion, which could not be assessed in this investigation.
iScience 27, 110525, August 16, 2024 7
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Figure 4. Golden hamsters were intranasally treated with SARS-CoV-2 or PBS (mock)

Lung and toe tissues from SARS-CoV-2- and mock-treated hamsters were longitudinally harvested at days 1, 3, 5, 7, 10, 14, and 30 post-infection (n = 3 per

condition per time point).

(A and B) Lung tissues were then assessed for the presence of (A) SARS-CoV-2 sgN and (B) Isg15 transcripts via RT-qPCR.

(C andD) Toe tissues were also assessed for (C) sgN and (D) Isg15 presence via RT-qPCR. Significance was evaluated viamultiple unpaired t tests performed using

a two-stage step-up method to control the false discovery rate (FDR). FDR q-values less than 0.05 are displayed.

(E) Toes were harvested from 3dpi hamsters inoculated with SARS-CoV-2 via either intranasal (IN) or intravenous (IV) routes and assessed for the presence of

infectious virus via plaque assay. 3 dpi lung samples from SARS-CoV-2-infected hamsters were included as a positive control (n = 4 per condition).

Significance was calculated using an ordinary one-way ANOVA with Tukey’s multiple comparisons test. **p < 0.01.
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Figure 4. Continued

(F and G) Toe and lung tissues were harvested at 3 days post-infection (dpi) and 30 dpi and transcriptionally profiled using RNA sequencing. SARS-CoV-2- and

mock-treated datasets were compared in differential expression analysis (n = 2–4 for respective time point and infection groups). Toe differential expression data

of 3dpi harvested toes was in turn analyzed using gene set enrichment analysis (GSEA) for enrichment of ontology-related gene sets (MSigDB Gene Set C5). Top

enrichments from these analyses are represented in (F) as a lollipop chart, with magnitude of the stalk representative of normalized enrichment score (NES) and

dot size scaled to significance.

(G) RNA sequencing data for SARS-CoV-2-infected toes and lungs at 3 and 30 dpi were compared to analogousmock-treated tissues using differential expression

analysis. Log2(fold change) of type I interferon-stimulated genes are presented here as a heatmap.

See also Figure S3.

ll
OPEN ACCESS

iScience
Article
These findings have potential implications for understanding the role of SARS-CoV-2-mediated IFN-I activation in skin. Cutaneous depo-

sition of type I interferons are the hallmark of a range of autoimmune skin disorders including cutaneous lupus, dermatomyositis, morphea,

vitiligo, and alopecia areata, many of which are speculated to have a viral trigger.46–59 Viral and other causes of cell death including trauma,

medications, UV radiation, and cold are speculated to induce cell death and lead to the release of nuclear fragments and induce local IFN-I

production.50,51 In this regard, it is tempting to speculate that sgRNA deposition might be enhanced in environments of cold temperatures,

where circulation slows to allow more time for such material to exit the blood. Cutaneous ischemia/damage, in some cases coupled to the

presence of viral RNA waiting to be recognized by PAMPs, could favor a local IFN-I signature on rewarming, with recruitment of pDCs and

subsequently lymphocytes that results in a durable and often recurrent cutaneous immune response. Understanding potential mechanisms by

which SARS-CoV-2 evades immune detection during cold temperatures and other conditions is beyond the scope of the current report but is

critical to guide future therapeutic approaches to this virus and autoimmune skin disorders.
Limitations of the study

By its nature, there are significant limitations to this work, including lack of mechanistic data in the human samples. Pre-2019 pernio biopsies

demonstrated a local IFN-1 response that was not different from pandemic-era biopsies. We were unable to interrogate a host of additional

viral infections via in situ hybridization and cannot rule out that other circulating viral infections played a role in triggering the phenotype. This

work also does not exclude other potential triggers for pernio, including but not limited to cold, trauma, or perhaps other viral infections. This

work is also limited by the absence of functional studies in a pernio-specific animal model. In the hamster model, viral RNAwas cleared within

7 days, suggesting that the presence of viral RNA in acral tissues is indeed transient and further underscoring the difficulty of detecting RNA in

human samples, as most patients presented weeks after pernio onset. Finally, pernio incidence has waned with newer SARS-CoV-2 variants,

restricting more detailed additional studies. Newer variants appear more confined to the upper respiratory tract, which may translate to less

cellular debris in the circulation, although the mechanism producing waning incidence is uncertain.
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Antibodies

BV421 Mouse Anti-Human CD154 BD Biosciences Cat# 563886; RRID: AB_2738466

BUV805 Mouse Anti-Human CD3 BD Biosciences Cat# 612895; RRID: AB_2739277

BUV395 Mouse Anti-Human CD4 BD Biosciences Cat#: 564724; RRID: AB_2738917

BUV496 Mouse Anti-Human CD8 BD Biosciences Cat#: 612943; RRID: AB_2916884

PE anti-human CD134 (OX40) Antibody Biolegend Cat#: 350004; RRID: AB_10645478

APC anti-human CD137 (4-1BB) Antibody Biolegend Cat#: 309810; RRID: AB_830672

PE/Cyanine7 anti-human CD69 Antibody Biolegend Cat#: 310912; RRID: AB_314847

Alexa Fluor� 700 anti-human CD14 Antibody Biolegend Cat#: 301822; RRID: AB_493747

CD19-A700 (HIB19 Biolegend Cat#: 302226; RRID: AB_493751

Rat anti Human CD3 Bio-Rad Cat#: MCA1477; RRID: AB_321245

Rabbit Anti-CLEC4C antibody Sigma-Aldrich Cat# HPA029432; RRID: AB_10601259

Rabbit Anti-Interferon gamma antibody Abcam Cat# ab9657; RRID: AB_2123314

Mouse anti-HLA-DR antibody Innovative Research Cat# 18–0168; RRID: AB_86690

Rabbit anti-MX1 antibody Abcam Cat# ab95926; RRID: AB_10677452

Alexa Fluor 647-AffiniPure Fab Fragment

Donkey Anti-Rat IgG (H + L)

Jackson ImmunoResearch Labs Cat# 712-607-003; RRID: AB_2340697

Alexa Fluor� 594 AffiniPure Donkey

Anti-Rabbit IgG (H + L)

Jackson ImmunoResearch Labs Cat# 711-585-152; RRID:AB_2340621

Alexa Fluor 488-AffiniPure Fab Fragment

Donkey Anti-Mouse IgG (H + L)

Jackson ImmunoResearch Labs Cat# 715-547-003; RRID: AB_2340851

Rabbit IgG VisUCyte HRP Polymer Antibody R&D Systems Cat# VC003-025

Mouse IgG VisUCyte HRP Polymer Antibody R&D Systems Cat# VC001-025

Rat IgG VisUCyte HRP Polymer Antibody R&D Systems Cat# VC005-025

Anti-SARS-CoV-1/2 NP protein (clone 1C7C7) Millipore Sigma ZMS1075-25UL; RRID:AB_2893327

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, HRP

ThermoFisher A16072; RRID:AB_2763513

Biological samples

Patient samples (biopsies and blood) University of Wisconsin-Madison registered protocols: IRB# 2020-0667

Patient samples (biopsies) Lausanne University Hospital registered protocols:

SARS-CoV-2 Biodefense and Emerging

Infections Research Resources

Repository (BEI Resources)

NR-52281

Vero-E6 Cells American Type Culture

Collection (ATCC)

CRL-1586; RRID:CVCL_0574

Mesocricetus Auratus (Golden Hamster) Charles River Laboratory Strain# 049

Chemicals, peptides, and recombinant proteins

LIVE/DEAD� Fixable Near-IR Dead Cell Stain Kit ThermoFisher Scientific Cat# L10119

BLOXALL� Endogenous Blocking Solution Vector Laboratories Cat# SP-6000-100

Alexa Fluor� 405 NHS Ester (Succinimidyl Ester) ThermoFisher Scientific Cat# A30000

Alexa Fluor� 594 Tyramide Conjugate ThermoFisher Scientific Cat# B40957

Alexa Fluor� 555 Tyramide Conjugate ThermoFisher Scientific Cat# B40955

Atto 465 NHS ester Sigma Aldrich Cat# 53404

DAPI Thermo Fisher Scientific Cat# 62248

(Continued on next page)

iScience 27, 110525, August 16, 2024 13



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNAscope� Probe - V-nCoV2019-S Advanced Cell Diagnostics, Inc. Cat# 848561

RNAscope� Negative Control Probe- DapB Advanced Cell Diagnostics, Inc. Cat# 310043

RNAscope� Positive Control Probe- Hs-PPIB Advanced Cell Diagnostics, Inc. Cat# 313901

SuperScript III Reverse Transcriptase Thermo Fisher Scientific Cat# 180800093

Dulbecco’s Modified Eagle médium (DMEM) (Gibco) Thermo Fisher Scientific Cat# 11965118

Fetal Bovine Serum (FBS) Thermo Fisher Scientific Cat# 10437028

HEPES Thermo Fisher Scientific Cat# 15630080

Penicillin/Streptomycin Thermo Fisher Scientific Cat# 15140122

Amicon Ultra-15 Centrifugal Filter Unit Sigma-Aldrich Cat# UFC910024

OXOID Agar Thermo Fisher Scientific Cat# OXLP0028B

4% Paraformaldehyde Thermo Fisher Scientific Cat# J19943.K2

Crystal Violet Sigma-Aldrich Cat# V5265

KAPA SYBR Fast qPCR Master Mix Kapa Biosystems Cat# KK4602

Oligo(dT)12-18 Primer Thermo Fisher Scientific Cat# 18418012

Trizol Thermo Fisher Scientific Cat# 15596026

Chloroform Thermo Fisher Scientific Cat# J67241.AP

Absolute Ethanol, 200 Proof,

Molecular Biology Grade

Thermo Fisher Scientific Cat# T038181000

Isopropanol, 99.5% Thermo Fisher Scientific Cat# 383910025

RIPA Buffer Thermo Fisher Scientific Cat# 89901

Laemmli Sample Buffer Bio-Rad 1Cat# 610737EDU

SuperSignal Femto Maximum Sensitivity Substrate Thermo Fisher Scientific Cat# 34094

Phosphate Buffered Saline (Gibco) Thermo Fisher Scientific Cat# 10010049

Critical commercial assays

RNAscope� 2.5 HD Assay - RED Advanced Cell Diagnostics, Inc. Cat# 322452

TruSeq Stranded MRNA Library Preparation Kit Illumina Cat# 20020594

MycoAlert Mycoplasma Detection Kit Lonza Cat# LT07-318

Lysing Matrix A homogenization tubes MP Biomedicals Cat# 116910050-CF

FastPrep-24 5G bead beating grinder and lysis system MP Biomedicals Cat# 6005500

Deposited data

GEO NCBI GSE232226

Software and algorithms

ImageJ 2.0.0 Schindelin et al.60; Schneider et al.61 https://imagej.nih.gov/ij; RRID: SCR_003070

Biorender Biorender https://biorender.com/; RRID: SCR_018361

GraphPad Prism 9.3.1 GraphPad https://www.graphpad.com/scientific-

software/prism/; RRID: SCR_002798

NDP.view2 Hamamatsu Photonics https://www.hamamatsu.com/us/en/product/

life-science-and-medical-systems/digital-slide-

scanner/U12388-01.html; RRID: SCR_025177

R The R Foundation https://www.r-project.org/; RRID:SCR_001905

BaseSpace Illumina https://basespace.illumina.com; RRID:SCR_011881

Bowtie2 Langmead and Salzberg62 https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml; RRID:SCR_016368

Gene Set Enrichment Analysis Subramanian et al.63; Mootha et al.64 https://www.gsea-msigdb.org/gsea/index.jsp;

RRID:SCR_003199

DESeq2 Love et al.65 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html; RRID:SCR_015687
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jacqueline W.

Mays (jacqueline.mays@nih.gov).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Bulk RNA-seq data have been deposited at the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus

(GEO) and will be made publicly available as of the date of publication under the accession number GSE232226. Microscopy data re-

ported in this paper will be shared by the lead contact upon request.
� This paper does not report original code. All codes were used in this study in alignment with recommendations made by authors of R

packages in their respective user guide, which can be accessed at the key resources table.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients

Human cohorts

Patients seen in the dermatology department at the University of Wisconsin-Madison with clinical diagnosis of pernio with onset during the

pandemic were enrolled in this non-interventional observational study fromApril 2020 to January 2022. Both sexeswere included and children

and adults with PAP or as healthy volunteers were enrolled, as detailed in Table 1. Controls were matched by age, sex and geography. Sub-

jects includedwhite non-Hispanic and Hispanic, and Asian individuals. The study was approved by the Institutional Review Boards at both the

University of Wisconsin-Madison and Lausanne University Hospital. Study design is outlined in Figure 1A. Inclusion criteria included a clinical

diagnosis of pernio during the pandemic period. Exclusion criterion included a history of lupus or interferonopathy. Patients with a history of

idiopathic pernio were not excluded due to suspicion for shared genetic susceptibility and the possibility that other coronaviruses could have

served as pernio triggers in affected patients. In theWisconsin cohort, blood collection was performed at presentation and/or between 4 and

8 weeks post-pernio onset. A subset of patients consented to skin biopsy of affected tissue at presentation. A single board-certified derma-

topathologist scored the degree of inflammation in all samples (absent or mild superficial inflammation was characterized as ‘‘low inflamma-

tion,’’ and moderate or severe superficial and deep lymphocytic inflammation was characterized as = high inflammation). De-identified

archival cases for use as controls were selected from the pathology libraries at the University of Wisconsin and the HUV University Hospital

and University of Lausanne (UNIL), Lausanne, Switzerland. In both cohorts, nasopharyngeal PCR and SARS-CoV-2 IgG nucleocapsid antibody

testing (ARUP) were performed for clinical care at presentation. In the Wisconsin cohort (n = 54) with peripheral blood only, total antibody

ELISA to spike (Thermo- Fisher Scientific, Waltham, MA) was used to profile the adaptive immune response compared to age-, geographi-

cally- and sex-matched controls, who were enrolled sequentially at the start of the pandemic. (Figure S1).
METHOD DETAILS

Activation induced marker (AIM) assay

AIM assays, which are based on TCR-dependent upregulation of cell surface proteins OX40, CD69, and CD137 following peptide stimulation

by spike peptides,66 were used as a proxy for virus-specific T-cells. Cryopreserved cells were thawed and washed twice in warm R10

(RPMI +10% heat-inactivated fetal bovine serum). Thawed cells were rested in two mL of R10 and 50 U/mL benzonase for 2 h at 37�C and

5% CO2. After rest, samples were split into four aliquots of one to two million cells in AIM-V media and incubated for 18–24 h with or without

stimulation in the presence of CD154-BV421 (TRAP1, BD Biosciences). Cells were stimulated with one of two commercially available overlap-

ping 15mer peptide pools derived from residues 1 to 604 (S1) and 604 to 1,273 (S2) of SARS-CoV-2 spike protein (1 mg/mL/peptide, JPT), or

with Concanavalin A (10 mg/mL) as a positive control. As a negative control, cells were incubated with AIM-V + 0.33% DMSO. Following in-

cubation, cells were washed with FACS Buffer (1% PBS +0.5% FBS) and stained with CD3-BUV805 (UCHT1, BD Biosciences), CD4-BUV395

(RPA-T4, BD Biosciences), CD8-BUV496 (RPA-T8, BD Biosciences), OX40-PE (ACT35, Biolegend), CD137-APC (4B4-1, Biolegend), CD69-

PE-Cy7 (FN50, Biolegend), CD14-A700 (M2E2, Biolegend), CD19-A700 (HIB19, Biolgend), and Near-IR live/dead (Thermo Fischer). Stained

cells were washed and fixed with 2% PFA. Data were acquired on FACS Symphony and analyzed in FlowJo v10.8 Software (BD Life Sciences).

Each samplewas gated for singlets and lymphocytes based on forward and side scatter followedby live/deadgating. Live CD3+CD14�CD19�

populations were selected and separated into CD4+ and CD8+ populations. Cells were considered activated (AIM positive in the readout) if

they were CD137+OX40+ or CD137+CD69+ for CD4+ and CD8+ populations, respectively.66 The limit of detection was calculated to be

0.0001% based on the average total number of CD3+CD14�CD19� cells across samples. Activation marker expression in stimulated condi-

tions were corrected for baseline expression by subtracting the percentage of AIM+ cells in unstimulated condition from the paired
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stimulated condition. Differences in the percentages of AIM+CD4+ and AIM+CD8+ cells between the PAP andControl groups were evaluated

using two-tailed T-tests with a significance level of 0.05. Statistical and visualization were done in GraphPad Prism 9.3.1.

Tissue analysis

Affected human skin biopsy specimens were formalin-fixed, paraffin-embedded (FFPE) and sectioned prior to histopathologic diagnosis of

pernio. Sections were subsequently deparaffinized and rehydrated with a decreasing graded ethanol series. Heat-induced antigen retrieval

was done in a pressure pot in either citrate buffer (10 mM, pH 6.0) or Tris–EDTA buffer (10 mM/1mM, pH 9.0) with 20 min of cooling. For HLA,

CD3 and IFNg staining, slides were blocked with 5% normal donkey serum in PBS for 30 min, followed by incubation of primary antibodies

(STARMethods) in PBS_0.1% BSA overnight. Slides were then rinsed in PBS and incubated with appropriated secondary antibodies (Jackson

ImmunoResearch, West Grove, PA) for 30 min at RT in the dark.

The tyramide signal amplification (TSA)-system was employed for CD303, CD3 and MXA staining, as described previously.67 Briefly,

endogenous peroxidase (HRP) activity was blocked with Bloxall (Vector Labs, Burlingame, CA) and tissue sections incubated overnight

with primary antibodies (Table S3). Fluorescence detection was achieved with HRP-polymer secondary antibodies and tyramide- Alexa Fluor

405, Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 594 or Alexa Fluor 647 (Thermo Fisher Scientific). Negative technical controls in which the

primary antibody is omitted were included in both traditional and tyramide-based immunofluorescence. Finally, nuclei were counterstained

with either Atto 465-p (4 mM)67 or 40,6-diamidine-2-phenylindole (1:200; DAPI; Invitrogen) for 5 min at RT, and coverslips were mounted with

Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA).

Tissue sections were scanned using either a Nikon A1R confocal microscope (fitted with a Plan Fluor 403/1.30 oil objective) using the NIS

Elements imaging software (Nikon Instruments Inc., Melville, NY) or a Leica SP8 confocal microscope (fitted with an HC APOCS2 403/1.30 oil

objective) using the Leica Application Suite X (LAS X) software (Leica, Wetzlar, Germany). Images acquired from both Nikon and Leica micro-

scopes were visualized.To avoid any bias in quantification, evaluable imageswith discrete/reliable staining were blinded to group and and

quantified using Fiji Is Just ImageJ (Fiji; version 2.0.0). The requirement of evaluable staining in the clinical samples for inclusion in the dataset

resulted in the variable number of patients per group in IHC panels, which are detailed as a range in Figure 3.

In situ hybridization (RNAscope)

Ultra-sensitive single-molecule fluorescence RNA-in-situ hybridization was performed on FFPE sections using RNAscope technology68 using

the RNAscope 2.5 HD reagent kit (Cat. No. 322360) according to manufacturer’s protocol. The probe v-nCoV2019-S (ACD Biotech, Hayward,

CA; Cat. No. 848561) was used to detect positive-sense SARS-CoV-2 RNA from the S gene encoding spike protein. Negative control probe for

the DapB gene of B. subtilis strain SMY (Cat. No. 310043) and positive control probe for peptidylprolyl isomerase B (cyclophilin B, PPIB) (Cat.

No. 313901) were also used. Images were acquired in brightfield using a NanoZoomer S60 Digital slide scanner (Hamamatsu Photonics, Ha-

mamatsu City, Japan). For this assay, positive staining is indicated by red punctate dots present in the nucleus and/or cytoplasm.

Hamster model

Male adult 6–7 week old Syrian Golden Hamsters (Mesocricetus auratus) were obtained from Charles River Laboratory. Hamsters were trans-

ferred to CDC/USDA-approved Biosafety Level 3 (BSL-3) facilities at Icahn School of Medicine at Mount Sinai (ISMMS) or New York University

Langone (NYUL) and allowed to acclimate for at least 7 days prior to experimentation. Hamsters were anesthetized with ketamine/xylazine,

and either PBS (Gibco) (100 mL) or 1000 plaque-forming units (pfu) of SARS-CoV-2 (NR-52281) (Biodefense and Emerging Infections Research

Resources Repository, BEI Resources) (100 mL) were intranasally administered or intravenously administered via retro-orbital injection. In this

longitudinal study, mock-treated or SARS-CoV-2 intranasally infected hamsters were sacrificed at various time points 1-30-day following infec-

tion per an Institutional Animal Care and Use Committee-approved protocol. On various days post-infection (dpi) as described in the text,

hamsters were euthanized by intraperitoneal injection of pentobarbital and were intracardially perfused with 60 mL PBS. Lungs were har-

vested directly from exposed thoracic cavity per standard anatomical dissection techniques. Toes were excised from feet of euthanized ham-

sters and thus included skin, nail, muscle, and bone tissue. Tissueswere harvested directly into Trizol (ThermoFisher Scientific), PBS (Gibco), or

Radio-Immunoprecipitation Assay (RIPA) buffer (Thermo Fisher Scientific) in LysingMatrix A homogenization tubes (MP Biomedicals) and ho-

mogenized for 40 s at 6 m/s for 2 cycles in a FastPrep 24 5G bead grinder and lysis system (MP Biomedicals) for RNA isolation, plaque assay, or

western blot analysis respectively.

Viruses and plaque assays

SARS-CoV-2 isolate USA-WA1/2020 (NR-52281) (Biodefense and Emerging Infections Research Resources Repository, BEI Resources) was

propagated in Vero-E6 cells (American Type Culture Collection, ATCC) grown in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco)

that was supplemented with 2% fetal bovine serum (FBS), 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Lonza Biosci-

ence) and 1% penicillin/streptomycin (Thermo Fisher Scientific). Supernatant from these cultures was harvested and centrifuged with Amicon

Ultra-15 Centrifugal filter unit (Sigma-Aldrich) to form virus stocks. Stocks were sequenced to ensure that furin cleavage site was maintained.

Viral titers were quantified by plaque assay in Vero-E6 cells cultured in DMEM with 2% FBS, 1 mM HEPES, and 0.7% OXOID agar (Thermo

Fisher Scientific). Assays were fixed in 4% paraformaldehyde (PFA) (Thermo Fisher Scientific) for 24 h, and plaques were visualized by crystal

violet (Sigma-Aldrich) staining. All viral stocks used in this study were passage 3 or 4 SARS-CoV-2. All cells used for virus creation and plaque
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assay in this study were routinely tested formycoplasmapresence usingMycoAlert MycoplasmaDetection Kit (Lonza). For plaque assay of toe

homogenate, toe and lung tissues homogenized in PBS were directly added to cell cultures in lieu of viral stocks, and protocol was otherwise

kept the same as mentioned previously.

RNA extraction and quantitative reverse transcription polymerase chain reaction

RNA was isolated from homogenized samples by standard TRIzol (Thermo Fischer Scientific) and phenol-choloroform extraction (Thermo

Fischer Scientific). One microgram of total extracted RNA from each sample was converted to cDNA using the SuperScript III reverse tran-

scriptase (Thermo Fischer Scientific) and oligo(dT) primers (Thermo Fischer Scientific). Quantitative reverse transcription polymerase chain

reaction (qRT-PCR) was performed using the KAPA SYBR Fast qPCR Master Mix kit (KAPA Biosystems) on the Thermo Fischer Quantstudio

7 Instrument (Thermo Fischer Scientific). Delta-delta cycle threshold (DDCt) or inverted raw Ct values were used to visualize expression of

genes and viral transcripts in infected hamsters relative to mock-infected controls as stated in the main text.

RNA sequencing and analysis

RNA isolated from harvested hamster tissues was submitted to the New York University Biotechnology Center for NovaSeq 6000 sequencing

at a depth of 10million reads per sample. Libraries were prepped using Illumina TruSeq StrandedmRNA kits (Illumina). Sample-deconvoluted

FASTQ files were uploaded to BaseSpace (Illumina) using the command line interface. There, files were aligned to theMesocricetus auratus

MesAur1.0 reference genomes using the BaseSpace ‘‘RNA-SeqAlignment’’ application. Salmon files from this analysis were downloaded, and

comparative differential expression analysis was performed using DESeq2. All genes with a P-adjusted value (padj) of less than 0.1 were

considered ‘‘Differentially Expressed Genes’’. Output from differential expression analysis was used to run Gene Set Enrichment Analysis

(GSEA) (MacOS Java Application v4.1.0) (made available by the Broad Institute and the University of California) looking for enrichment of Mo-

lecular Signatures Database curated gene set C5 with a gene ranking factor of -log10(p-value)*sign(log2FoldChange). Viral SARS-CoV-2 tran-

scripts were quantified by aligning reads to the SARS-CoV-2 genome using Bowtie2. All sequencing output was visualized using GraphPad

Prism (v9) or the ggplot2 package in R (The R Foundation).

Western blot

All western blots were carried out using standard procedures. Briefly, harvested hamster toes were homogenized in RIPA buffer. Lysate was

centrifuged atmaximum speed in a benchtop centrifuge, and cleared supernatant was isolated into a new tube. 50 mg of lysate was incubated

at 95�C for 10 min in Laemmli sample buffer (Bio-Rad) prior to being run on an SDS-PAGE gel (Bio-Rad) and transferred to a nitrocellulose

membrane. Skim milk was used to block membranes for 1 h prior to overnight incubation with primary antibody (1:5000) (anti-SARS-CoV-

2 N Protein 1 g/mL, clone 1C7C7) (Millipore Sigma) in 1% milk in Tris-buffered saline with 0.1% Tween (TBST) at 4�C. Blots were incubated

in secondary HRP-conjugated antibodies in 1% milk in TBST prior to being developed using FEMTO ECL (Thermo Fisher Scientific) reagent

and imaged on a Chemiluminescence digital imager (Bio-Rad Laboratories). 5 mg of cellular lysate from SARS-CoV-2-infected Vero-E6 cells

(multiplicity of infection of 1) at 24 h post-infection collected in RIPA buffer was used as a positive control and processed identically alongside

hamster toe tissue homogenates.

PBMC isolation

Blood collection and PBMC separation and cryopreservation were performed via standard protocols. Peripheral blood was processed for

PBMC isolation within 1–2 h of collection. Following isolation by centrifugation, PBMCs were cryopreserved in heat-inactivated FBS-10%

DMSO with approximately 5 million cells per vial. Aliquots were slowly frozen (@ about 1�/minute) with Mr. Frosty to maintain viability,

and then the cells were stored �80 until batched assays were performed.

Activation induced marker (AIM) assay

AIM assays, which are based on TCR-dependent upregulation of cell surface proteins OX40, CD69, and CD137 following peptide stimulation

by spike peptides,66 were used as a proxy for virus-specific T-cells. Cryopreserved cells were thawed and washed twice in warm R10 (RPMI

Gibco RPMI 1640 Medium (cat: 11875093) + 10% heat-inactivated fetal bovine serum (FBS; Corning Premium Fetal Bovine Serum, cat:

MT35015CV) Thawed cells were rested in two mL of R10 and 50 U/mL benzonase (Millipore Sigma cat: E1014-5KU) for 2 h at 37�C and 5%

CO2. After rest, samples were split into four aliquots of one to two million cells in AIM-V media (ThermoFisher cat: 12055083) and incubated

for 18–24 h with or without stimulation in the presence of CD154-BV421 (TRAP1, BD Horizon BV421 Mouse Anti-Human CD154). Cells were

stimulated with one of two commercially available overlapping 15mer peptide pools derived from residues 1 to 604 (S1) and 604 to 1,273 (S2)

of SARS-CoV-2 spike protein (1 mg/mL/peptide, JPT), or with 10 mg/mLof Concanavalin A (Sigma-Aldrich cat: C0412) as a positive control. As a

negative control, cells were incubated with AIM-V + 0.33% DMSO (Sigma-Aldrich cat: D2650) Following incubation, cells were washed with

FACS Buffer (1% PBS +0.5% FBS) and stained with CD3-BUV805 (UCHT1, BD Horizon BUV805 Mouse Anti-Human CD3), CD4-BUV395 (RPA-

T4, BD Horizon BUV395 Mouse Anti-Human CD4), CD8-BUV496 (RPA-T8, BD Horizon BUV496 Mouse Anti-Human CD8), OX40-PE (ACT35,

Biolegend PE anti-human CD134 (OX40)), CD137-APC (4B4-1, Biolegend APC anti-human CD137), CD69-PE-Cy7 (FN50, Biolegend PE/

Cyanine7 anti-humanCD69Antibody), CD14-A700 (M5E2, BiolegendAlexa Fluor 700 anti-humanCD14), CD19-A700 (HIB19, BiolegendAlexa

Fluor 700 anti-human CD19), and Near-IR live/dead (ThermoFisher Near-IR live/dead cat: L34975). Stained cells were washed and fixed with
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2% paraformaldehyde (Fisher Scientific cat: sc-281692). Data were acquired on FACS Symphony (BD Biosciences, San Diego, CA). and

analyzed in FlowJo v10.8 Software (BD Life Sciences). Each sample was gated for singlets and lymphocytes based on forward and side scatter

followed by live/dead gating. Live CD3+CD14�CD19�populations were selected and separated into CD4+ and CD8+ populations. Cells were

considered activated (AIM positive in the readout) if they were CD137+OX40+ or CD137+CD69+ for CD4+ and CD8+ populations, respec-

tively 39. The limit of detection was calculated to be 0.0001% based on the average total number of CD3+CD14�CD19�cells across samples.

Activation marker expression in stimulated conditions were corrected for baseline expression by subtracting the percentage of AIM+ cells in

unstimulated condition from the paired stimulated condition. Differences in the percentages of AIM+CD4+ and AIM+CD8+ cells between the

PAP and Control groups were evaluated using two-tailed T-tests with a significance level of 0.05. Statistical and visualization were done in

GraphPad Prism 9.3.1.
Immunohistochemistry

Affected human skin biopsy specimens were formalin-fixed, paraffin-embedded (FFPE) and sectioned prior to histopathologic diagnosis of

pernio. Sections were subsequently deparaffinized and rehydrated with a decreasing graded ethanol series. Heat-induced antigen retrieval

was done in a pressure pot in either citrate buffer (10 mM, pH 6.0) or Tris–EDTA buffer (10 mM/1mM, pH 9.0) with 20 min of cooling. For HLA-

DR (1:000, Zymed), CD3 (1:500, Bio-Rad) and IFNg (1:100, Abcam) staining, slides were blocked with 5% normal donkey serum in PBS for

30 min, followed by incubation of primary antibodies in PBS_0.1% BSA overnight. Slides were then rinsed in PBS and incubated with appro-

priated secondary antibodies (Jackson ImmunoResearch) for 30 min at RT in the dark.

The tyramide signal amplification (TSA)-system was employed for CD303 (1:500, Sigma-Aldrich), CD3 (1:2000, Bio-Rad) and MXA (1:500,

Abcam) staining, as described previously 76. Briefly, endogenous peroxidase (HRP) activity was blocked with Bloxall (Vector Labs) and tissue

sections incubated overnight with primary antibodies. Fluorescence detection was achieved with HRP-polymer secondary antibodies and tyr-

amide- Alexa Fluor 405, Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 594 or Alexa Fluor 647 (Thermo Fisher Scientific). Negative technical

controls in which the primary antibody is omitted were included in both traditional and tyramide-based immunofluorescence. Finally, nuclei

were counterstained with either Atto 465-p (4 mM) 76 or 40,6-diamidine-2-phenylindole (1:200; DAPI; Invitrogen) for 5 min at RT, and coverslips

were mounted with Fluoro-Gel (Electron Microscopy Sciences).

Tissue sections were scanned using either a Nikon A1R confocal microscope (fitted with a Plan Fluor 403/1.30 oil objective) using the NIS

Elements imaging software (Nikon Instruments Inc.) or a Leica SP8 confocal microscope (fitted with an HC APO CS2 403/1.30 oil objective)

using the Leica Application Suite X (LAS X) software Leica). To avoid any bias in quantification, images with discrete/reliable staining were

processed and quantified using Fiji Is Just ImageJ (Fiji; version 2.0.0), leading to variable number of patients in different IHC panels.
In situ hybridization (RNAscope)

Ultra-sensitive single-molecule fluorescence RNA-in-situ hybridization was performed on FFPE sections using RNAscope technology 77 using

the RNAscope 2.5 HD reagent kit (ACD Biotech) according to manufacturer’s protocol. The probe v-nCoV2019-S (ACD Biotech) was used to

detect positive-sense SARS-CoV-2 RNA from the S gene encoding spike protein. Negative control probe for the DapB gene of B. subtilis

strain SMY (ACDBiotech) and positive control probe for peptidylprolyl isomerase B (cyclophilin B, PPIB) (ACDBiotech) were also used. Images

were acquired in brightfield using a NanoZoomer S60 Digital slide scanner (Hamamatsu Photonics). For this assay, positive staining is indi-

cated by red punctate dots present in the nucleus and/or cytoplasm.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests as described in the results and figure legends were carried out using GraphPad Prism version 8.4.1 software. Data were gener-

ally non-normally distributed, therefore non-parametric statistics were used formost tests to address non-normal sample distribution. The n in

all tests indicates the number of unique participants. Alpha was set at 0.05 for all tests except where correction for multiple comparisons was

applied, when a smaller alpha was used, which is marked in the description of the test. Differences were considered significant at p< 0.05. For

RNA-sequencing, all differential expression analysis was conducted in DESeq2, and pathway analysis was carried out in GSEA. Statistical

thresholds for each of these tests were described previously (see ‘‘RNA sequencing and analysis’’).
ADDITIONAL RESOURCES

Additional study details for recruitment were on the UW-Madison Department of Dermatology website: https://dermatology.wisc.edu/

research/clinical-research/#Recruiting.
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