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Background: Coronavirus disease 2019 (COVID-19) is
commonly associated with skin manifestations, and may also
exacerbate existing skin diseases, yet the relationship between
COVID-19 and skin diseases remains unclear.
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Objective: By investigating this relationship through a
multiomics approach, we sought to ascertain whether
patients with skin conditions are more susceptible to
COVID-19.

Methods: We conducted an epidemiological study and then
compared gene expression across 9 different inflammatory skin
conditions and severe acute respiratory syndrome coronavirus
2-infected bronchial epithelial cell lines, and then performed a
genome-wide association study transdisease meta-analysis
between COVID-19 susceptibility and 2 skin diseases (psoriasis
and atopic dermatitis).

Results: Skin conditions, including psoriasis and atopic
dermatitis, increase the risk of COVID-19 (odds ratio, 1.55; P =
1.4 x 10~%) but decrease the risk of mechanical ventilation
(odds ratio, 0.22; P = 8.5 x 10~°). We observed significant
overlap in gene expression between the infected normal
bronchial epithelial cells and inflammatory skin diseases, such
as psoriasis and atopic dermatitis. For genes that are commonly
induced in both the severe acute respiratory syndrome
coronavirus 2 infection and skin diseases, there are 4 S100
family members located in the epidermal differentiation
complex, and we also identified the “IL-17 signaling pathway”
(P = 4.9 x 10~77) as one of the most significantly enriched
pathways. Furthermore, a shared genome-wide significant locus
in the epidermal differentiation complex was identified between
psoriasis and severe acute respiratory syndrome coronavirus 2
infection, with the lead marker being a significant expression
quantitative trait locus for S100A12 (P = 3.3 X 10_7).
Conclusions: Together our findings suggest association between
inflammatory skin conditions and higher risk of COVID-19, but
with less severe course, and highlight shared components
involved in anti-COVID-19 immune response. (J Allergy Clin
Immunol 2021;147:857-69.)

Key words: COVID-19, SARS-CoV-2, skin conditions, psoriasis,
atopic dermatitis, epidemiology, genetics, gene expression

Coronavirus disease 2019 (COVID-19) is an emerging and
rapidly growing pandemic, with more than 23 million confirmed
cases worldwide as of August 23, 2020, including 5.6 million
cases and more than 170,000 deaths in the United States alone.
COVID-19 is caused by infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which has an estimated
basic reproduction number between 1.4 and 6.49.” The Centers
for Disease Control and Prevention (CDC) report that symptoms
can appear 2 to 14 days after exposure, and may include cough,
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Abbreviations used
ACE2: Angiotensin-converting enzyme 2
ASSET: Association analysis based on SubSET's
BMI: Body mass index
CDC: Centers for Disease Control and Prevention
COPD: Chronic obstructive pulmonary disease
COVID-19: Coronavirus disease 2019
FC: Fold change
FDR: False detection rate
GTEXx: Genotype-Tissue Expression project
hBO: Human bronchial organoids
HISAT?2: Hierarchical Indexing for Spliced Alignment of Tran-
scripts 2
NHBE: Normal bronchial epithelial cells
OR: Odds ratio
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2
SLE: Systemic lupus erythematosus
TDMA: Transdisease meta-analysis

fever, chills, muscle pain, shortness of breath, sore throat, and new
loss of taste or smell." Cutaneous manifestations have also
been described, > with prevalence between 7.8% and 20.4%.7°
A detailed study of 375 COVID-19 skin-affected patients in
Spain'® found maculopapular rashes to be the most common
manifestation (47% of skin-affected patients). Other manifesta-
tions include pseudo-chilblains, urticarial lesions, and vesicular
eruptions. '’ Histopathology reports describe lymphocyte infiltra-
tion''"'® (including of CD4/CD8 T cells' ') with or without ev-
idence of vasculitis,'”' colocalization of SARS-CoV-2 spike
proteins with signs of complement activation,'” and antibodies
for SARS-CoV-2 in the upper dermis and epithelial cells of ec-
crine glands.”>??

It is currently unclear whether patients with inflammatory skin
conditions are at greater risk of COVID-19 than the general
population.”** Although no skin conditions are included on the
CDC list of COVID-19 risk factors,>° many of the diseases listed
by the CDC as risk factors have been found to co-occur more
frequently with skin diseases,”’ " for example, type 2 diabetes
and psoriasis,3 ! cardiovascular diseases and eczema,3 2 or chronic
kidney disease and lupus.”” Notably, patients suffering from in-
flammatory skin conditions can have different susceptibility to
infection, potentially due to their defective skin barrier or sys-
temic impact on the immune system.”” For instance, patients
with psoriasis are more susceptible to pneumonia®> and serious
infections in general,3 3% while skin and systemic infections are
also more common in patients suffering from atopic derma-
titis.””" Staphylococcus aureus skin colonization,"' subclinical
Chlamydophila psittaci infection of PBMCs,* and skin/hair
colonization with B-papillomaviruses* have all been found to
occur more frequently among patients with psoriasis than among
the general population, while other infections, including strepto-
coccal pharyngitis** and periodontitis,”” are associated with trig-
gering or exacerbating psoriasis. Preliminary case reports from
Turkey and the United States suggest that COVID-19 risk may
be higher in patients with psoriasis,® and that it may exacerbate
or trigger psoriasis.””*® One epidemiological study grouped pso-
riasis with systemic lupus erythematosus (SLE) and rheumatoid
arthritis,”” and found that together they had an elevated rate of
COVID-19 in-hospital death (1.19 adjusted hazard ratio).
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Many skin conditions have dysregulated immune responses,
and thus could potentially alter the risk of COVID-19 suscepti-
bility and manifestation through their interaction with host
immunology, either directly or through various immunosuppres-
sant treatments.’’ Although previous work has illustrated the
binding of SARS-CoV-2 to angiotensin-converting enzyme 2
(ACE2), a cell entry receptor, in lung epithelia,”’ ACE2 is also
present in skin,’” particularly in the epidermal layer,”>>* and
thus could act as a reservoir for indirect transmission.””°
SARS-CoV-2 has at least 10 times higher binding affinity with
ACE2 compared with severe acute respiratory syndrome corona-
virus 1,”" but it induces less interferon response in the early stages
of infection, thus allowing accumulation of the viral load®” and
making it difficult to detect and clear. Elderly patients and those
with imbalanced immune systems can particularly have a delayed
response on the viral infection,”® and if the virus is not cleared
quickly this may lead to a sudden immune overreaction,”® which
could be further exacerbated in patients with preexisting immune-
mediated diseases.

The mechanisms linking COVID-19 with skin conditions
remain unclear. Registries are being established to record the
details of cases with psoriasis®”®* as well as other dermatologic
and inflammatory conditions, yet because these registries
only include cases, they cannot be used to test for prevalence.
We therefore performed an epidemiological study of the link be-
tween psoriasis and COVID-19 in a large hospital-wide health
system, and investigated the relationship further through genomic
analysis.

63,64

METHODS
Epidemiology

We conducted an epidemiological study of 435,019 patients in Michigan
Medicine who had at least 1 health system encounter between January 1, 2019,
and June 20, 2020, with recorded race, age, sex, body mass index (BMI), and
socioeconomic status (for use as covariates). There were 1115 (0.26%)
patients identified as having COVID-19, from a detected, presumptive positive
or positive SARS-CoV-2 laboratory test result or a diagnosis code of U07.1 or
U07.2 tested elsewhere, of which 150 (13.5%) required mechanical ventilation
between March 1 and June 20, 2020 (see Table El in this article’s Online Re-
pository at www.jacionline.org). A total of 24 different disease conditions
were considered in the comorbidity association analysis, including COVID-
19 risk factors reported by the CDC?® (chronic kidney disease, chronic
obstructive pulmonary disease [COPD], coronary artery disease, and type 2
diabetes), inflammatory diseases (such as rheumatoid arthritis, SLE, and mul-
tiple sclerosis), and skin conditions (including psoriasis, atopic dermatitis, and
cutaneous lupus).

Data on patients with COVID-19, their medical conditions, and covariates
were extracted using the University of Michigan’s DataDirect.®> A patient was
determined as having a condition if they have at least 1 International Classi-

fication of Diseases, Ninth Revision or International Classification of Dis-

eases, Tenth Revision code for the condition (Table El). Covariates were
extracted using the various views available through DataDirect. In particular,
social disadvantage was extracted using a DataDirect filter designed to esti-
mate disadvantage by comparing census tract location to data from the
2013-2017 American Community Survey. The mean of 4 different indicators
(pthfam: proportion of families female headed; ppubas: proportion of house-
holds with public assistance income; punemp: proportion 16+ unemployed;
ppov: proportion of people with income below poverty level) is taken and
the population was divided into 4 quartiles. The highest quartile (Disadvan-
tage 3) included 60,299 individuals from our study. Obesity was graded into
3 categories, following the same procedure as a recent large-scale epidemio-
logical study.”’
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The risk of COVID-19 among all patients and mechanical ventilation
among patients with COVID-19 was modeled using logistic regression and
correcting for multiple testing (false detection rate [FDR] < 0.05), condition-
ing on all the covariates and applying each of the 24 comorbidities 1 at a time.
For the risk of COVID-19 among all patients, we used the following model:
COVID-19 ~ Race + Age + Obese + Social Disadvantage + Comorbidity.
For the risk of requiring mechanical ventilation among patients with COVID-
19, we used the following model: Ventilation ~ Race + Age + Obese +
Social Disadvantage + Comorbidity. To ensure a sufficient sample size for
accurate risk factor estimation, we included only those traits that have more
than 5 cases, and otherwise aggregated the traits together.

Transcriptome

Expression data for SARS-CoV-2-infected human bronchial epithelial
cells were extracted from 2 previous studies: normal bronchial epithelial cells
(NHBE) and 2 lung cancer epithelial cell lines (A549 and Calu-3) were RNA-
sequenced with and without SARS-CoV-2 infection™; in a separate study,*®
human bronchial organoids (hBO) were prepared from normal bronchial
epithelial cells and RNA-sequenced with and without SARS-CoV-2 infection.
We compared the differentially expressed genes from these studies with those
from 8 skin conditions: acne®’ (6 lesional and 6 control, microarray), alopecia
areata® (60 lesional and 36 control, microarray), atopic dermatitis® (21 le-
sional and 38 control, RNA-seq), burn injurym (57 lesional and 63 control, mi-
croarray), discoid lupus’' (7 lesional and 3 control, microarray), hidradenitis
suppurativa’” (22 lesional and 10 control), nonneoplastic nevi’® (18 lesional
and 7 control, microarray), psoriasis(’g (28 lesional and 38 control, RNA-
seq), and rosacea’” (19 lesional and 10 control, microarray); we also included
a nonskin inflammatory disease, rheumatoid arthritis” (10 cases and 10 con-
trol from synovial tissue), for comparison. Details of each study are provided
in Table E2 in this article’s Online Repository at www.jacionline.org.

Genes were considered to be significantly upregulated in the cases if they
have FDR less than or equal to 0.05 and log,fold change (FC) greater than or
equal to 1 in the differential expression analysis when compared with the con-
trols. Kyoto Encyclopedia of Genes and Genomes Pathway enrichment was
performed on the upregulated genes from each data set using a web-based
pathway analysis tool Enrichr.”® Pathways were compared between data
sets, using Association analysis based on SubSETs (ASSET)"’ to detect the
most significant subset, and also the data sets belonging to each significant
pathway. To avoid biasing the results toward any 1 data set, we adopted an
equally weighted analysis, supplying the same sample size to ASSET for
each data set.

Genetics

Psoriasis genetic meta-analysis was used from our previous study’® and
COVID-19 susceptibility genetic meta-analysis summary statistics were ex-
tracted from the Host Genetics Initiative,”” a continuously expanding meta-
analysis of COVID-19 susceptibility, which at the time of our analysis (release
2, May 2020) included 1,678 COVID-19 cases and 674,635 controls. As with
pathway analysis, transdisease meta-analysis (TDMA) was performed using
an equally weighted combination of the effect sizes (Bpsy rop = %)
and variances (Vpsyv12p = W), to avoid biasing the results toward
the disease with the largest sample size (psoriasis). Loci were considered sig-
nificant if the lead marker from TDMA is genome-wide significant (P <
5 X 107 in TDMA, as well as suggestive significant in both psoriasis and
COVID-19 (P <1 X 10™%) and more significant in TDMA than in either
disease.

RESULTS

Epidemiology of COVID-19 in Michigan Medicine
Confirming previous research,*’ we found blacks to be at a sub-

stantially higher risk of COVID-19 than whites (odds ratio [OR],

4.86; P = 4.1 X 10~%), with other ethnic groups also having

significantly elevated risk compared with whites (Table I). We
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observed an increased risk with age and obesity: OR, 21.04,
P =16 x 10" for age 80 years or more compared with the
youngest group; OR, 2.06, P = 6.2 X 10~ '° for BMI greater
than or equal to 40 kg/m” (ie, “Obese 3”) compared with nonob-
ese. Social disadvantage was significant only for the highest
compared with the lowest quartile (OR, 1.67; P = 2.3 X 1078).
Chronic kidney disease (OR, 1.96; P = 5.3 X 10~ "), type 2 dia-
betes (OR, 1.77; P = 7.8 X 10716), coronary artery disease (OR,
1.56; P = 2.3 X 10~7), and COPD (OR, 1.40; P = 8.4 X 10~
were all significant risk factors as per the CDC’s guidance. Inter-
estingly, we further confirmed 3 comorbidities indicated as hav-
ing limited information by the CDC: type 1 diabetes (OR, 1.55;
P=904X 1074), hypertension (OR, 1.39; P = 5.1 X 1076),
and asthma (OR, 1.24; P = 2.3 X 1073); some of these findings
are consistent with results from a recent study using the Univer-
sity of Michigan Michigan Medicine data.*”

Several skin conditions, including burn injury (OR, 1.59; P =
.011), acne (OR, 1.53; P = 5.9 X 1079), psoriasis (OR, 1.48; P =
.022), and atopic dermatitis (OR, 1.48; P = .020), were signifi-
cantly associated with an increased risk of COVID-19, condition-
ing on all covariates and testing comorbidities 1 at a time, using
FDR less than or equal to 0.05 to correct for multiple testing
and declare statistical significance. Interestingly, cutaneous lupus
(including discoid lupus and subacute cutaneous lupus erythema-
tosus) was nominally significant (OR, 1.67; P = .038), whereas
SLE had substantially lower effect size and was not significant
(OR, 1.19; P = .372). Significantly, we found having at least 1
of the skin conditions (including the skin conditions above as
well as alopecia areata, cutaneous lupus, hidradenitis suppurativa,
rosacea, and nonneoplastic nevi) to be a significant risk factor for
COVID-19 (OR, 1.55, P =14 X 10_9), as is having an inflam-
matory skin disease (ie, excluding burn injury and nonneoplastic
nevi) (OR, 1.59; P = 2.1 X 10~ °). The use of disinfectant and per-
sonal protective equipment (including gloves and masks) may
exacerbate certain preexisting skin conditions, such as acne®"*?
and atopic dermatitis.*> We therefore repeated the model with
the same covariates, but only included cases with diagnoses
from encounters before 2020, and found comparable effect size
for acne (OR, 1.45), atopic dermatitis (OR, 1.43), burn injury
(OR, 1.59), and psoriasis (OR, 1.41), indicating that individuals
with preexisting skin conditions have elevated risk for COVID-
19. We also applied Cox proportional hazard regression on the
risk of patients with a diagnosis of burn injury, acne, atopic
dermatitis, or psoriasis before 2020 contracting COVID-19. The
regression was significant for these diseases (P = 2.3 X 10~2';
hazard ratio, 1.78), whereas for rheumatoid arthritis by compari-
son it was not significant (P = .23; hazard ratio, 1.18).

Previous researchers® have considered whether immunosup-
pressive treatments such as biologics used for certain skin dis-
eases (such as psoriasis) may increase the risk of COVID-19 by
modulating immune response. We tested the effect of 31 immuno-
suppressant agents (see Table E3 in this article’s Online Reposi-
tory at www.jacionline.org), using the same logistic model and
covariates, but the result was not significant, neither was being
prescribed a biologic from a subset used to treat psoriasis. Non—
COVID-19 respiratory tract infections have previously been
observed to occur more frequently in patients with psoriasis on
IL-17 inhibitors (brodalumab, which targets IL-17RA; ixekizu-
mab and secukinumab, which target IL-17 directly).85 Analysis
of patients treated with these drugs came close to achieving nom-
inal significance (OR, 3.13; P = .050), providing some limited
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TABLE I. Logistic regression for risk of COVID-19 infection
Covariates N OR P value Traits N OR P value
Black 422 4.86 (4.18-5.66) 4.1 X 10°°*  Myasthenia gravis 5 2.02 (0.83-4.90) 120
Asian 54 1.70 (1.28-2.26) 2.5 X 10*  Chronic kidney disease 224 1.96 (1.67-2.29) 53 x 10"
Other race 52 1.77 (1.33-2.36) 9.9 X 1075  Type 2 diabetes 345 177 (1.54-2.04) 7.8 X 1076
Age 18-39 y 257 8.42 (5.53-12.83) 32 X 1073  Sjogren syndrome 21 1.77 (1.14-2.75) .010
Age 40-59 y 423  14.17 (9.35-21.48) 8.4 x 1073 Alopecia areata 7 1.71 (0.81-3.62) .161
Age 60-79 y 333 13.20 (8.68-20.05) 1.3 X 107**  Cutaneous lupus 17 1.67 (1.03-2.72) .038
Age 80+ 78 21.04 (13.28-33.33) 1.6 X 10 *®  Primary biliary cirrhosis 5 1.62 (0.67-3.93) 284
Male 507 1.15 (1.02-1.30) .021 Burn injury 31 1.59 (1.11-2.28) 011
Obese 1 (BMI 30-34.9 kg/m?) 235 1.26 (1.08-1.48) 33 X 1072 Coronary artery disease 193 1.56 (1.32-1.85) 2.3 X 1077
Hidradenitis suppurativa 17 1.56 (0.96-2.54) .074
Obese 2 (BMI 35-39.9 kg/m?) 171 1.75 (1.47-2.09) 4.5 x 107 Any skin condition* 251 155 (1.35-1.79) 1.4 x 10°°
Type 1 diabetes 62 1.55 (1.20-2.01) 94 x 10*
Obese 3 (BMI >40 kg/m?) 167  2.06 (1.72-2.46) 62X 107"  Acne 105  1.53 (1.24-1.88) 5.9 X 10°°
Atopic dermatitis 38 1.48 (1.06-2.06) .020
Disadvantage 1 227 1.05 (0.88-1.25) 599 Psoriasis 36 1.48 (1.06-2.07) 022
Disadvantage 2 216 1.17 (0.97-1.40) .093 Inflammatory bowel disease 101  1.44 (1.18-1.77) 47 x 1074
Disadvantage 3 376 1.67 (1.40-2.00) 23X 10°%  COPD 121 1.40 (1.15-1.70) 84 x 10°*
Hypertension 596 1.39 (1.21-1.60) 51 x10°¢
Rosacea 35 1.35 (0.96-1.89) .088
Celiac disease 8 1.32 (0.66-2.66) 435
Multiple sclerosis 9 0.77 (0.40-1.50) 447
Asthma 265 1.24 (1.08-1.43) 23 x 1073
Rheumatoid arthritis 38 0.81 (0.59-1.13) 219
Systemic lupus 27 1.19 (0.81-1.76) 372
Nonneoplastic nevi 23 1.10 (0.72-1.66) .670
Other inflammatory diseaset 84 0.95 (0.75-1.19) .630

ICD-9, International Classification of Diseases, Ninth Revision; ICD-10, International Classification of Diseases, Tenth Revision.
N refers to either (a) the number of patients with COVID-19 or (b) the number of COVID-19 cases requiring ventilation (for more details, see Table E1).
Bold indicates results significant after adjusting for multiple tests (FDR < 0.05). Covariates are evaluated together, without any traits, and then traits are evaluated 1 at a time,

conditioning on the covariates. The P values shown are the original unadjusted values.

*Patients are indicated as having “Any Skin Condition” if they have ICD-9/ICD-10 codes for at least 1 of the following conditions: acne, alopecia areata, atopic dermatitis, burn

injury, cutaneous lupus, hidradenitis suppurativa, nonneoplastic nevi, psoriasis, rosacea.

fPatients are indicated as having “Other Inflammatory Disease” if they have ICD-9/ICD-10 codes for at least 1 of the following conditions: celiac disease, multiple sclerosis,
myasthenia gravis, primary biliary cirrhosis, rheumatoid arthritis, Sjogren syndrome, systemic lupus.

support to the hypothesis of IL-17 involvement. However, condi-
tioning on the IL-17 inhibitors (in addition to the existing covari-
ates) did not have a substantial impact on the effect size for
psoriasis (OR, 1.42-1.48) or skin disease in general (same OR,
1.55), suggesting that biologic treatments alone are not sufficient
to explain this effect.

To further investigate the role of skin conditions and other
diseases with respect to COVID-19, we tested the impact of each
comorbidity on the risk of requiring mechanical ventilation
among patients with COVID-19 (Table II). Because of the
reduced sample size, we merged together some of the covariates
to increase their impact. Blacks were not at a significantly higher
risk of requiring ventilation, but people who are older (age >60
years; OR, 2.45; P = 2.0 X 10_6), obese (BMI > 35kg/m2; OR,
1.68;P=9.2 X 1073), or in the highest quartile for social disad-
vantage (OR, 2.15; P =5.2 X 10_4) were at increased risk. Inter-
estingly, although the risk of COVID-19 infection between sexes
was only marginally significant (OR, 1.15; P =.021), males were
at a substantially higher risk of requiring ventilation (OR, 2.99;
P=16X107%.

Of all the comorbidities tested, having a skin condition had the
greatest effect size, reducing the risk of requiring mechanical
ventilation for all skin conditions (OR, 0.22; P = 8.5 X 1075) and
for inflammatory skin diseases in particular (OR, 0.16; P =
1.1 X 10_4). In contrast, the other comorbidities that remained
significant after multiple testing correction—type 2 diabetes

(OR, 3.53; P = 3.7 X 10~ '°), hypertension (OR, 2.95; P =
95 X 10_6), chronic kidney disease (OR, 2.35; P

3.2 X 1075), and coronary artery disease (OR, 1.72; P =.013)—
all increased the risk of requiring mechanical ventilation. Interest-
ingly, the “Other Inflammatory Disease” category (composed of
diseases with fewer than 5 cases of ventilation) also had an OR
below 1, although it was not significant. We tested whether
the lack of significance may be due to insufficient power by
combining it with the other immune-mediated diseases that fell
shy of significance (asthma, COPD, inflammatory bowel disease,
and type 1 diabetes), but the combination of inflammatory dis-
eases still had no significant impact on the risk of ventilation
(OR, 1.06; P = .772), even though it included almost twice as
many COVID-19 samples as “Any Skin Condition” (460
compared with 251), suggesting the observation is not due to
lack of power.

Because some of the comorbidities of skin diseases are known
risk factors of COVID-19, we included all the comorbidities apart
from skin diseases that were associated with a significant risk of
COVID-19 (chronic kidney disease, type 2 diabetes, Sjogren
syndrome, coronary artery disease, type 1 diabetes, inflammatory
bowel disease, COPD, hypertension, and asthma) as covariates, in
addition to the covariates we have already been using. Having a
skin disease was still significantly associated with increased risk
of COVID-19 (OR, 1.45; P = 4.1 X 10”7) among the general
population and decreased risk of requiring ventilation (OR,



J ALLERGY CLIN IMMUNOL
VOLUME 147, NUMBER 3

PATRICK ET AL 861

TABLE Il. Logistic regression for risk of requiring mechanical ventilation

Covariates N OR P value Traits N OR P value
Black 81 1.48 (0.96-2.28) .079 Any skin condition* 0.22 (0.11-0.47) 8.5 % 10°°
Age 60+ y 83 245 (1.69-3.55) 2.0 X 10°°  Type 2 diabetes 96  3.53(2.38-524) 3.7 x 101
Male 100 299 (2.05-4.38) 1.6 X 10°®  Hypertension 123 2.95(1.83-476) 9.5 X 10°°
Obese 2/3 (BMI >35 kg/m?) 57 1.68 (1.14-2.49) 9.2 x 1073 Chronic kidney disease 64 2.35 (1.57-3.52) 32%x10°°
Other inflammatory disease 5 0.45 (0.17-1.15) .094
Disadvantage 3 80 2.15 (1.39-3.30) 52x10°* Coronary artery disease 50 1.72 (1.12-2.65) 013
COPD 26 1.37 (0.82-2.30) 230
Type 1 diabetes 12 1.35 (0.68-2.69) .394
Asthma 32 1.12 (0.71-1.74) .628
Inflammatory bowel disease 13 0.91 (0.48-1.74) 777

ICD-9, International Classification of Diseases, Ninth Revision; ICD-10, International Classification of Diseases, Tenth Revision.
N refers to either (a) the number of patients with COVID-19 or (b) the number of COVID-19 cases requiring ventilation (for more details, see Table E1).
Bold indicates results significant after adjusting for multiple tests (FDR < 0.05). Covariates are evaluated together, without any traits, and then traits are evaluated 1 at a time,

conditioning on the covariates. The P values shown are the original unadjusted values.

*Patients are indicated as having “Any Skin Condition” if they have ICD-9/ICD-10 codes for at least 1 of the following conditions: acne, alopecia areata, atopic dermatitis, burn

injury, cutaneous lupus, hidradenitis suppurativa, nonneoplastic nevi, psoriasis, rosacea.

TPatients are indicated as having “Other Inflammatory Disease” if they have ICD-9/ICD-10 codes for at least 1 of the following conditions: celiac disease, multiple sclerosis,
myasthenia gravis, primary biliary cirrhosis, rheumatoid arthritis, Sjogren syndrome, systemic lupus.

021;P =69 X107 among patients with COVID-19. Notably,
many of the comorbidities became nonsignificant when included
in the model together (only type 2 diabetes and chronic kidney
disease were significantly associated with COVID-19, and only
type 2 diabetes and hypertension were significantly associated
with ventilation), suggesting many of the comorbidities share
a common basis (eg, metabolic syndrome or autoimmunity),
whereas having a skin disease is an independent risk factor.

Previous research indicates that sore throat occurs more
frequently in patients with psoriasis than in controls,” and by ex-
tending our epidemiological study, we revealed sore throat
(tonsillitis or pharyngitis) to be significantly associated with the
risk of psoriasis (OR, 1.64; P = 1.3 X 10~ %), Interestingly, his-
tory of sore throat was also associated with increased risk of
COVID-19 (OR, 1.60; P = 3.7 X 10 ') and decreased risk of
requiring mechanical ventilation (OR, 0.38; P = 2.7 X 107?).
However, including it as an additional covariate did not substan-
tially impact the risk of COVID-19 from psoriasis (OR, 1.43), nor
skin conditions in general (OR, 1.43); neither was the effect of
sore throat substantially reduced by conditioning on psoriasis
(OR, 1.59) or skin conditions (OR, 1.47). Similarly, the effect
of skin conditions on the risk of requiring ventilation was not sub-
stantially reduced by conditioning on sore throat (OR, 0.26), and
conditioning on skin conditions did not substantially impact the
effect of sore throat (OR, 0.47); taken together, these findings sug-
gest that sore throat and skin conditions are independent risk fac-
tors for COVID-19.

Gene expression

To evaluate the potential shared mechanisms between skin
conditions and COVID-19 infection, we collected transcriptomic
expression data from 9 different skin conditions, as well as 4
different SARS-CoV-2-infected bronchial epithelial cell lines
(Methods). Fig 1, A, presents the overlap of upregulated genes
(log, FC > 1, FDR < 0.05) between the skin conditions and
SARS-CoV-2-infected cells, using Fisher exact test to calculate
the enrichment log ORs, and showing the total number of overlap-
ped genes for each pair. Fig E1 in this article’s Online Repository
at www.jacionline.org presents the same plot including SARS-
Cov-2-infected bronchial epithelial cancer cell lines (A549 and

Calu3) and a nonskin inflammatory disease (rheumatoid arthritis)
for comparison. Interestingly, the infected noncancer (hBO and
NHBE) epithelial cell lines clustered more closely with the in-
flammatory skin conditions (except hidradenitis suppurativa),
than did the infected cancer (A549 and Calu-3) cell lines, and
they had higher overlap with skin diseases than rheumatoid
arthritis. In particular, NHBE showed strong overlap with psoria-
sis (OR, 53.72, P = 1.4 X 10~%7), atopic dermatitis (OR, 60.13;
P =15 X 107°%), acne (OR, 64.72; P = 4.9 X 10~**), discoid
lupus (OR, 34.58; P = 7.1 X 10™*"), and rosacea (OR, 44.07;
P=12x10"%).

We investigated the overlap between these 5 skin conditions
and the SARS-CoV-2-infected NHBE, including all 94 genes
upregulated in NHBE and at least 1 skin condition (Fig 1, B).
A total of 14 genes were upregulated in all 5 skin conditions:
S100A7/8/9/12 are located in the epidermal differentiation com-
plex, which regulates the epidermal barrier protecting against
infection,"® and have antiviral activities®’; ST00A 12 activates nu-
clear factor kappa B through RAGE, which may also be involved
in COVID-19 immune responsesxx; KRTG6B is a barrier alarmin,®’
signaling injury or infection; BCL2AI, CXCLI, and PI3 are
involved in nuclear factor kappa B signaling’’; TLR2 is essential
for viral and bacterial recognition®' " and is the target of a drug
under phase 2 trial for the prevention of COVID-19"*; IL36G,”
SERPINB4,’° and SLC6A14°" are involved in protecting against
infection; TYMP is upregulated by TNF-a, IFN-vy, and IL-17%%;
and CFB is a factor for complement activation, which was found
to be involved in microvascular injury and thrombosis of COVID-
19 cases.'” Interestingly, we also found that these genes tend to
have tissue-specific expressions when investigating their profiles
using the Genotype-Tissue Expression project (GTEx) data.””'""
Among the 14 commonly upregulated genes in NHBE and the 5
skin diseases, skin and the esophagus epithelium are among the
tissues in which 8 (S100A7/8/9, KRT6B, PI3, IL36G, SERPINB4,
and SLC6A 14) are most expressed. There are also relevant genes
upregulated in all but acne: ICAM 1 controls nuclear factor kappa
B in response to rhinovirus and influenza'®'; IFI27 is a potential
biomarker for influenza'?; IFI16 binds and detects the DNA of
herpes simplex and human cytomegalovirusm; and IL32 is
considered a master regulator for controlling against infectious
diseases.'*
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FIG 1. Overlap of upregulated genes between COVID-19-infected bronchial epithelial cells and skin
conditions. A, Heatmap of enrichment log ORs, with the number of genes overlapped in cyan and the total
number of genes for each data set next to the data set names. Bronchial epithelial cells are shown in red.
Inset: histogram and color key for enrichment log ORs. B, Circular plot of genes, overlapping NHBE, and
the 5 most enriched skin conditions, in red. C, Heatmap of the genes overlapping at least 1 of the 5 most
significant pathways from ASSET in red. HS, Hidradenitis suppurativa.
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In parallel with the investigation of individual genes, we
conducted pathway-level analysis using data from the Kyoto
Encyclopedia of Genes and Genomes.'’>'"° ASSET’’ was
applied to the summary statistics from Enrichr’® (see Fig E2 in
this article’s Online Repository at www.jacionline.org). The sub-
sets identified by ASSET for each pathway are indicated using a
cyan square. The most significant pathway overall was “Cyto-
kine-cytokine receptor interaction” (P = 7.9 X 10729, followed
by “Rheumatoid arthritis” (P = 6.3 X 10~°?), “TNF signaling
pathway” (P = 1.3 X 10 8"), “IL-17 signaling pathway” (P =
49 X 10777, and “Staphylococcus aureus infection” (P =
3.3 X 1077°). The first 4 were indicated for all SARS-CoV-2-in-
fected bronchial epithelial cell lines, as well as the 5 skin condi-
tions with high gene overlap, whereas Staphylococcus aureus
infection was indicated only for hBO, in addition to the skin con-
ditions. Interestingly, TNF signaling pathway and IL-17 signaling
pathway are specific to the 5 skin conditions, whereas the other 2
also include hidradenitis suppurativa and alopecia areata. Burn
injury and atopic nevi show little involvement in the top 20 path-
ways, whereas discoid lupus and rosacea clustered together
because of their high involvement in all the pathways.

Fig 1, C, presents the genes overlapping NHBE and the 5 skin
conditions involved in the 5 most significant pathways from
ASSET. The FC for these genes in each condition and SARS-
CoV-2—-infected bronchial epithelial cell line is provided in Fig
E3 in this article’s Online Repository at www.jacionline.org.
The pathway with the greatest number of overlapping genes
is IL-17 signaling (17 of 26 genes), followed by cytokine-
cytokine receptor interaction with 15, TNF signaling with 14,
and the rheumatoid arthritis pathway with 12. Of the genes upre-
gulated in all 5 skin conditions, CXCLI is included in every
pathway, except Staphylococcus aureus infection; IL36G is pre-
sent only in cytokine-cytokine receptor interaction and TLR2 is
present only in the rheumatoid arthritis pathway, whereas
S100A7, S100A7, and S100A9 are present only in IL-17
signaling. IL-17 is considered a key target for COVID-19 treat-
ment, being involved in cytokine storm and lung damage,'®” but
it is also central to inflammatory skin diseases, such as
psoriasis.'*®

Genetics

To investigate whether genetic susceptibility may play a role in
the relationship between skin conditions and COVID-19, we took
advantage of our recent large meta-analysis of 11,024 psoriasis
cases and 16,336 controls,”® and compared it against release 2 of
the COVID-19 Host Genetics Initiative meta-analysis (May
2020),” using TDMA (Methods). TDMA identified a signal
(Fig 2) in the epidermal differentiation complex (chromosome
1) whose lead marker, rs12564811 (previously known as
rs151224049), was suggestive significant for psoriasis (OR,
1.17; P = 14 X 107°) and COVID-19 (OR, 1.33, P =
5.8 X 1075), but genome-wide significant in TDMA (OR, 1.25;
P =27 X 10~®). The epidermal differentiation complex is a
known locus for psoriasis, and our signal is located near a more
significant psoriasis signal (rs6677595), but the 2 signals are
not in linkage disequilibrium with each other (¥ = 0.0464 in
1000 Genomes Europeans). To confirm the signals are indeed
distinct, we conditioned on the known psoriasis signal and found
that our signal became the most significant in the region (see Fig
E4 in this article’s Online Repository at www.jacionline.org).
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1s12564811 is a significant eQTL in whole blood'” for
SI00A12 (P = 3.3 X 10”"), one of the genes that was upregulated
in each of the 5 skin conditions and NHBE. It is also an eQTL for
LCEIEin GTEx-exposed skin (P = 1.0 X 10~ '") and not exposed
skin (P = 7.1 X 10710). The transcription start site for LCEIE
overlaps cgl14792160, which is a significant methylation QTL
for rs12564811 in whole blood during pregnancy (P =
1.08 X 107%%), birth (P = 4.9 X 10~'%), adolescence (P =
2.27 X 10~%%), and middle age (P =126 X 107 19).119 Further-
more, 1512564811 is an eQTL for LCE3A (P = 1.9 X 1077)
and LCE3C (P = 1.1 X 1074) in exposed skin, as well as
LCE3D (P = 3.5 X 107°) in esophagus mucosa (epithe-
lium).””'"” We applied colocalization analysis in GTEx using a
colocalization approach (fastENLOC''"), which takes advantage
of multiple imputation and precomputed signal clusters. In total,
the eQTL signals of 9 genes expressing in 14 tissue types were co-
localized with the genome-wide association study signals in the
same regions, with exposed skin having the highest number of co-
localized eQTL signals (7 of 9, including LCEE). However, none
of the colocalizations had a high regional colocalization probabil-
ity, with LCE4A being the most probable candidate (regional co-
localization probability = 0.015), indicating it may be difficult to
reach a firm conclusion with regard to the target genes. LCE3
genes have been found to have antibacterial/antimicrobial activ-
ity, and are often upregulated in inflamed tissue.''>'"* Some
of the LCE3 genes exhibit tissue-specific expression patterns
(eg, LCE3A/C/D/E are expressed only in the mucosa of the esoph-
agus, skin, and a few other tissues according to GTEXx).

DISCUSSION

We conducted a large epidemiological study of COVID-19
susceptibility (435,019 patients) and severity (indicated by
requiring mechanical ventilation), using a range of covariates
(race, age, sex, BMI, and socioeconomic status) to ensure the
robustness of our findings. Most notably, having a skin condition
or inflammatory skin disease increased the risk of being infected
with SARS-CoV-2, but decreased the risk of requiring mechanical
ventilation, whereas previously known risk factors (eg, chronic
kidney disease or coronary artery disease) increased the risk of
both. One potential explanation would be that SARS-CoV-2 can
enter through the skin,''" or that the skin can act as a reser-
voir,”>° because this could result in a different rate of disease
progression compared with transmission via the respiratory tract.
Skin conditions such as psoriasis,”5 atopic dermatitis,''® and
burn injuries''”"'"® are associated with defective epidermal bar-
rier, and because the immune system is already activated in le-
sional sites of the skin, it is possible these infected individuals
can have different immunologic rates of viral response. Indeed,
previous research has suggested that an early interferon response
or decreased viral load can result in a mild form of the disease,' "’
and thus could be associated with the lower rate of requiring
ventilation among patients with COVID-19 with skin conditions.
Notably, COVID-19 is known to affect multiple organs'*” and has
been found to replicate effectively in gut epithelia,"*' but more
work is needed to determine whether this is also true of the skin.

Interestingly, we found that having a previous diagnosis of sore
throat (tonsillitis or pharyngitis) elevated the risk of COVID-19
but decreased the risk of ventilation, and it was independent of the
effect of skin disease. This raises another interesting possibility
that the link between skin conditions and COVID-19
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FIG 2. TDMA. Regional association plots for the chromosome 1 epidermal differentiation complex locus in
psoriasis and COVID-19 (with the lead marker in purple). The locus is suggestive significant for each disease

and genome-wide significant in the TDMA.

susceptibility may also be through the oral/respiratory epithe-
lium. Clinically normal tissue (ie, noninvolved skin) of patients
with skin diseases, such as psoriasis and atopic dermatitis, has a
heightened immune state®” and can exhibit delayed barrier recov-
ery.'' Although still unstudied, it would be expected that this also

occurs in the oral mucosal and respiratory epithelium, where low-
grade inflammation may facilitate entry of the virus, but at the
same time the already heightened immune state may help accel-
erate the immune response against the virus, leading to less severe
outcomes. As with epidermal keratinocytes,”” ACE2 is also
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expressed in epithelial cells of oral mucosa, “~ ~~ serving as a po-

tential entry point for SARS-CoV-2. Of the skin diseases we
investigated, ACE2 is upregulated (FDR < 0.05, logFC > 1)
only in psoriasis and discoid lupus, yet barrier dysregulation
without upregulation could still make ACE2 more accessible.
Interestingly, SARS-CoV-2—specific T cells have been found in
a large proportion of unexposed patients,'”*'*® and this is
believed to be a result of cross-reactivity with other circulating
coronaviruses, such as the common cold. Mucosal barrier disrup-
tion facilitates  various infections (including  with
coronaviruses]27), which in turn weaken the barrier function,
potentially increasing susceptibility to COVID-19, while
providing some degree of immunity, which might help speed up
the initial interferon response, allowing COVID-19 to be more
effectively controlled.

An alternative measure of COVID-19 severity used by some
reasearchers® is mortality; however, only 4 of the 251 COVID-
19 skin condition patients (OR, 0.44; P =.133) and 3 of the 217
COVID-19 inflammatory skin disease patients (OR, 0.42; P =
.154) died between March 1 and June 20, 2020. This lack of as-
sociation may be due to the low sample size, and it is also
possible some of the deaths recorded during this period were
not related to COVID-19. Case-fatality rates are notoriously
difficult to estimate'**; for example, the United Kingdom sub-
stantially reduced its COVID-19 mortality count because it
was found patients had died of causes other than COVID-
19.'* Although we found hypertension (OR, 5.0; P =
34 X 10_3) and coronary artery disease (OR, 2.7; P =
9.8 X 10™%) to be associated with mortality among patients
with COVID-19, these conditions are known to be associated
with mortality in general.' " It therefore appears we have insuf-
ficient power for an analysis of conditions based on mortality,
and hence we believe mechanical ventilation is a more accurate
metric for COVID-19 severity. It is also worth noting the poten-
tial for ascertainment bias, because patients with more severe
COVID-19 and other diseases may be more likely to interact
with the health system.

Secondary diagnoses are included in the data from
Michigan Medicine, whereby a patient is in hospital for
something else and a skin condition gets captured too. We
believe it is important to include these diagnoses to ensure all
the patients’ conditions are taken into account. However, it is
conceivable secondary diagnoses may be less likely to be
recorded in urgent care settings, such that skin conditions
could potentially be underreported in patients with
COVID-19 on mechanical ventilation, for example. We
therefore repeated our analysis restricting to only those
patients who had at least 1 health system encounter in
2019. If the negative association between skin conditions
and requirement for ventilation was due to patients who
sought urgent care only for COVID-19, we would expect it to
disappear given the requirement for patients to also have been
seen before the pandemic. In contrast, we still observed a
strong negative association in our new analysis (OR, 0.39),
albeit with nominal significance (P = .027) due to reduced
sample size.

Furthermore, we tested the hypothesis that patients with a
recorded skin diagnosis may be more vigilant with regard to their
health, thus increasing the rate of COVID-19 testing (even if they
have no symptoms). Specifically, for patients who have received
at least 1 test for COVID-19, we evaluated the ratio of patients
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diagnosed with a skin condition (burn injury, acne, atopic
dermatitis, or psoriasis) before 2020 among patients who have
been tested positive for COVID-19, and compared that with the
ratio for patients who did not have skin conditions. The results
showed no significant direction of effect (P = .90; OR, 1.01), in
contrast to the same test applied to rheumatoid arthritis (P =
.02; OR, 0.73), suggesting that patients with skin disease are
not prone to overtesting compared with the general population.
The significant result for rheumatoid arthritis could potentially
be due to routine testing performed before surgery, for example,
joint replacement.

Through the use of TDMA, we identified a shared genome-
wide significant locus between psoriasis and COVID-19. The
location of this signal, in the epidermal differentiation complex, is
consistent with our findings from the gene expression analysis,
which showed S100 genes to be upregulated in SARS-CoV-2—
infected NHBE cells and the 5 most enriched skin diseases.
Although we were unable to replicate this locus in the phase 3
release (June 2020) of the Human Genetics Initiative, a substan-
tial difference between this and the version we used is the
inclusion of a large meta-analysis of severe COVID-19 infec-
tion."*! Our lead marker is not available in the phase 4 release
(October 2020), due to limitations on the 23andMe cohort; how-
ever, a nearby variant (rs10888505, P = 082) had P =
1.1 X 107% in COVID-19, P = 9.1 X 10~ in psoriasis, and
P=9.0 X 10~ in TDMA (which is substantially more significant
than the phase 3 result: P = 6.9 X 10~ 2 in COVID-19 and P =
8.6 X 10~ in TDMA). It is possible that the inclusion of a large
number of patients with severe COVID-19 in phase 3 may cancel
out the relationship observed (which could support our epidemi-
ologic finding that patients with skin disease are less susceptible
to severe COVID-19 infections than the general population). The
phase 4 release also revealed a genome-wide significant locus in
chromosome 14 (rs10047949: COVID-19 P = 5.9 X 1073, pso-
riasis P = 1.1 X 1077, TDMA P = 2.4 X 10~?), in proximity
to a known psoriasis locus indicated for NFKBIA.'*> We further
applied TDMA (with the phase 4 release) to summary statistics
from a genome-wide association study for atopic dermatitis,'*
revealing a different locus in chromosome 14 (rs190850598:
COVID-19 P = 3.9 X 10~ %, psoriasis P = 7.3 X 10>, TDMA
P = 1.6 X 10”7, although no loci were genome-wide significant
for this disease.

We also found cutaneous lupus to have a higher effect size
(OR, 1.67) than SLE (OR, 1.19), although it was only
nominally significant, providing further evidence for a
skin-specific effect. This did not however apply to psoriatic
arthritis, which had a higher effect size (OR, 1.88) than
psoriasis alone (OR, 1.34), yet it is important to note that
most patients with psoriatic arthritis develop skin symptoms
first before their joint inflammation,'** whereas patients with
SLE are more likely to develop fatigue, fever, and joint pain
first.'*> We also identified differentially expressed genes
involved in host defense outside the epidermal differentiation
complex (eg, TLR2) common to SARS-CoV-2-infected
NHBE cells and the skin diseases. Previous researchers have
reported that inflammation in COVID-19 does not match the
distribution of SARS-CoV-2,'*® and this suggests it is the
immune response that causes damage, rather than the direct
effect of the virus itself.

We analyzed transcriptome data (RNA-seq and microarray)
from multiple different skin diseases because our
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epidemiological evidence suggests they may all have effect on
COVID-19 susceptibility. Steps were taken to ensure compara-
bility of these results. All the RNA-seq studies were analyzed
using Differential Expression analysis for Sequence count data
2,"%7 and the microarray studies using limma'*® (through the R
programming language implemented in the Gene Expression
Omnibus of National Center for Biotechnology Information'*”).
There were minor differences in the preprocessing steps per-
formed by each RNA-seq study. For example, although most
studies used Spliced Transcripts Alignment to a Reference'*’
for the alignment and high-throughput sequencing software li-
brary'*' (or RNA Express,'*” which is comparable to high-
throughput sequencing software library) for gene expression
quantification, the COVID-19 study for hBO used Hierarchical
Indexing for Spliced Alignment of Transcripts 2'** for align-
ment and featureCounts'** for counting. By including both
hBO and NHBE as normal bronchial epithelial cell lines (with
or without infection), we were able to assess the impact of these
differences and conclude the particular pipeline used to have
minimal effect. It is also important to point out we do not
combine the data through meta- or mega-analysis. Instead, we
apply multiple testing adjustment (FDR) and separately report
the significantly upregulated genes in each study. Although
some studies may have more power to detect upregulated genes
than others due to differences in sample size, we ameliorate this
effect through pathway analysis. The enrichment of a pathway
is not affected by the total number of upregulated genes,
because it measures the relative proportion of genes in the
pathway.

IL-17 signaling was one of the most strongly enriched
pathways across the data sets we investigated. In particular,
S100 genes are targets of IL-17 signaling'**'*" and (in addi-
tion to being upregulated) were indicated by eQTL analysis
of the TDMA locus. IL-17 is believed to have a complex rela-
tionship to viral response,'*® because it can both protect
against and promote viral infections. IL-17 stimulation can
induce ACE2 expression in bronchial epithelial cells,'*’ and
ACE2 has been shown to modulate IL-17-mediated neutrophil
infiltration."”” A previous study™ suggested that IL-17 inhibi-
tors can increase the risk of respiratory tract infections, and our
epidemiological analysis indicated that IL-17-targeted bio-
logics may also increase COVID-19 risk (close to nominal sig-
nificance) with a substantial effect size. Consistent with
previous research, treatment with other biologic immunosup-
pressants was far from significant.'”"'>* For example, no sig-
nificant association with respiratory tract infections was
observed for IL-23 inhibitors,'” and in a large study of 600
COVID-19 cases with rheumatic disease (including 74 with
psoriatic arthritis), TNF inhibitors did not significantly in-
crease COVID-19 hospitalization.154

Conclusions

Overall, our study has highlighted the significant link between
skin conditions and COVID-19. By further revealing the shared
genomic components, this work will serve as an important study
to reveal individuals who are more susceptible to infection of
SARS-CoV-2, and how their preexisting conditions may affect the
course of the disease. The epidemiologic and genetic findings
require additional validation and replication, for example, to
assess the impact of including presumptive positive patients and
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confirm the rs12564811 locus. Animal models that have been
used to enable the study of SARS-CoV-2 infection, 155 quch as the
mouse-adapted version of the virus,"® could help validate the
suggested pathophysiology mechanisms, including the testing
of the hypothesis that animals with lesional skin'®’ or dysregu-
lated epithelium may experience a higher rate of SARS-CoV-2
infection.

Key messages

o Skin conditions are associated with increased COVID-19
risk.

o However, intriguingly they are associated with less severe
disease course.

o There are shared components between skin conditions
and COVID-19 immune response.

REFERENCES

1. World Health Organization. Coronavirus disease (COVID-19) weekly epidemio-
logical update (23 August 2020). 2020.

2. Liu Y, Gayle AA, Wilder-Smith A, Rocklov J. The reproductive number of
COVID-19 is higher compared to SARS coronavirus. J Travel Med 2020;27:
taaa021.

3. Sanche S, Lin YT, Xu C, Romero-Severson E, Hengartner N, Ke R. High conta-
giousness and rapid spread of severe acute respiratory syndrome coronavirus 2.
Emerg Infect Dis 2020;26:1470-7.

4. Centers for Disease Control and Prevention. Symptoms of coronavirus (COVID-
19). 2020. Available at: https://www.cdc.gov/coronavirus/2019-ncov/downloads/
COVID19-symptoms.pdf. Accessed February 3, 2021.

5. Marzano AV, Cassano N, Genovese G, Moltrasio C, Vena GA. Cutaneous mani-
festations in patients with COVID-19: a preliminary review of an emerging issue.
Br J Dermatol 2020;183:431-42.

6. Fahmy DH, El-Amawy HS, El-Samongy MA, Fouda AA, Soliman SH, El-Kady
A, et al. COVID-19 and dermatology: a comprehensive guide for dermatologists.
J Eur Acad Dermatol Venereol 2020;34:1388-94.

7. Recalcati S. Cutaneous manifestations in COVID-19: a first perspective. J Eur
Acad Dermatol Venereol 2020;34:e212-3.

8. De Giorgi V, Recalcati S, Jia Z, Chong W, Ding R, Deng Y, et al. Cutaneous man-
ifestations related to coronavirus disease 2019 (COVID-19): a prospective study
from China and Italy. ] Am Acad Dermatol 2020;83:674-5.

9. Guarneri C, Venanzi Rullo E, Gallizzi R, Ceccarelli M, Cannavo SP, Nunnari G.
Diversity of clinical appearance of cutaneous manifestations in the course of
COVID-19. J Eur Acad Dermatol Venereol 2020;34:e449-50.

10. Galvan Casas C, Catala A, Carretero Herndandez G, Rodriguez-Jiménez P, Fernan-
dez-Nieto D, Rodriguez-Villa Lario A, et al. Classification of the cutaneous man-
ifestations of COVID-19: a rapid prospective nationwide consensus study in
Spain with 375 cases. Br J Dermatol 2020;183:71-7.

11. Amatore F, Macagno N, Mailhe M, Demarez B, Gaudy-Marqueste C, Grob JJ,
et al. SARS-CoV-2 infection presenting as a febrile rash. J Eur Acad Dermatol
Venereol 2020;34:e304-6.

12. Ahouach B, Harent S, Ullmer A, Martres P, Bégon E, Blum L, et al. Cutaneous
lesions in a patient with COVID-19: are they related? Br J Dermatol 2020;183:
e3l.

13. Diaz-Guimaraens B, Dominguez-Santas M, Suarez-Valle A, Pindado-Ortega C,
Selda-Enriquez G, Bea-Ardebol S, et al. Petechial skin rash associated with se-
vere acute respiratory syndrome coronavirus 2 infection. JAMA Dermatol
2020;156:820-2.

14. Sanchez A, Sohier P, Benghanem S, L’Honneur AS, Rozenberg F, Dupin N, et al.
Digitate papulosquamous eruption associated with severe acute respiratory syn-
drome coronavirus 2 infection. JAMA Dermatol 2020;156:819-20.

15. Kolivras A, Dehavay F, Delplace D, Feoli F, Meiers I, Milone L, et al. Coronavi-
rus (COVID-19) infection-induced chilblains: a case report with histopathologic
findings. JAAD Case Rep 2020;6:489-92.

16. Recalcati S, Barbagallo T, Frasin LA, Prestinari F, Cogliardi A, Provero MC,
et al. Acral cutaneous lesions in the time of COVID-19. J Eur Acad Dermatol Ve-
nereol 2020;34:e346-7.


http://refhub.elsevier.com/S0091-6749(21)00084-1/sref1
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref1
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref2
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref2
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref2
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref2
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref3
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref3
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref3
https://www.cdc.gov/coronavirus/2019-ncov/downloads/COVID19-symptoms.pdf
https://www.cdc.gov/coronavirus/2019-ncov/downloads/COVID19-symptoms.pdf
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref5
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref5
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref5
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref6
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref6
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref6
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref7
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref7
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref8
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref8
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref8
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref9
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref9
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref9
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref9
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref10
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref11
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref11
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref11
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref12
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref12
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref12
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref12
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref13
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref13
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref13
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref13
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref14
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref14
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref14
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref15
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref15
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref15
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref16
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref16
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref16

J ALLERGY CLIN IMMUNOL
VOLUME 147, NUMBER 3

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kanitakis J, Lesort C, Danset M, Jullien D. Chilblain-like acral lesions during the
COVID-19 pandemic (“COVID toes”): histologic, immunofluorescence and
immunohistochemical study of 17 cases. ] Am Acad Dermatol 2020;83:870-5.
Mahieu R, Tillard L, Le Guillou-Guillemette H, Vinatier E, Jeannin P, Croué A,
et al. No antibody response in acral cutaneous manifestations associated with
COVID-19? J Eur Acad Dermatol Venereol 2020;34:e546-8.

Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S, Harp J, et al. Complement
associated microvascular injury and thrombosis in the pathogenesis of severe
COVID-19 infection: a report of five cases. Transl Res 2020;220:1-13.

Caputo V, Schroeder J, Rongioletti F. A generalized purpuric eruption with histo-
pathologic features of leucocytoclastic vasculitis in a patient severely ill with
COVID-19. J Eur Acad Dermatol Venereol 2020;34:e579-81.

Herman A, Peeters C, Verroken A, Tromme I, Tennstedt D, Marot L, et al. Eval-
uation of chilblains as a manifestation of the COVID-19 pandemic. JAMA Der-
matol 2020;156:998-1003.

Colmenero I, Santonja C, Alonso-Riano M, Noguera-Morel L, Hernandez-Martin
A, Andina D, et al. SARS-CoV-2 endothelial infection causes COVID-19 chil-
blains: histopathological, immunohistochemical and ultraestructural study of 7
paediatric cases. Br J Dermatol 2020;183:729-37.

Santonja C, Heras F, Nufiez L, Requena L. COVID-19 chilblain-like lesion:
immunohistochemical demonstration of SARS-CoV-2 spike protein in blood
vessel endothelium and sweat gland epithelium in a PCR-negative patient. Br J
Dermatol 2020;183:778-80.

COVID-19 Information. 2020. Available at: https://www.psoriasis-association.
org.uk/psoriasis-and-treatments/covid-19-information. Accessed February 3,
2021.

COVID-19 Frequently Asked Questions. 2020. Available at: https://ifpa-pso.com/
covid-19/frequently-asked-questions/. Accessed February 3, 2021.

Evidence used to update the list of underlying medical conditions that increase a per-
son’s risk of severe illness from COVID-19. 2020. Available at: https://www.cdc.
gov/coronavirus/2019-ncov/need-extra-precautions/evidence-table.html. Ac-
cessed February 3, 2021.

Wan J, Wang S, Haynes K, Denburg MR, Shin DB, Gelfand JM. Risk of moderate
to advanced kidney disease in patients with psoriasis: population based cohort
study. BMJ 2013;347:£5961.

Kunz M, Simon JC, Saalbach A. Psoriasis: obesity and fatty acids. Front Immunol
2019;10:1807.

Li X, Kong L, Li F, Chen C, Xu R, Wang H, et al. Association between psoriasis
and chronic obstructive pulmonary disease: a systematic review and meta-anal-
ysis. PLoS One 2015;10:e0145221.

Kaiser H, Abdulla J, Henningsen KMA, Skov L, Hansen PR. Coronary artery dis-
ease assessed by computed tomography in patients with psoriasis: a systematic
review and meta-analysis. Dermatology 2019;235:478-87.

‘Wan MT, Shin DB, Hubbard RA, Noe MH, Mehta NN, Gelfand JM. Psoriasis and
the risk of diabetes: a prospective population-based cohort study. J Am Acad Der-
matol 2018;78:315-22.¢el.

Silverberg JI, Greenland P. Eczema and cardiovascular risk factors in 2 US adult
population studies. J Allergy Clin Immunol 2015;135:721-8.e6.

Mageau A, Timsit JF, Perrozziello A, Ruckly S, Dupuis C, Bouadma L, et al. The
burden of chronic kidney disease in systemic lupus erythematosus: a nationwide
epidemiologic study. Autoimmun Rev 2019;18:733-7.

Eyerich S, Eyerich K, Traidl-Hoffmann C, Biedermann T. Cutaneous barriers and skin
immunity: differentiating a connected network. Trends Immunol 2018;39:315-27.
Kao LT, Lee CZ, Liu SP, Tsai MC, Lin HC. Psoriasis and the risk of pneumonia: a
population-based study. PLoS One 2014;9:e116077.

Yiu ZZN, Parisi R, Lunt M, Warren RB, Griffiths CEM, Langan SM, et al. Risk of
hospitalization and death due to infection in people with psoriasis: a population-
based cohort study using the Clinical Practice Research Datalink. Br J Dermatol
2020;184:78-86.

Takeshita J, Shin DB, Ogdie A, Gelfand JM. Risk of serious infection, opportu-
nistic infection, and herpes zoster among patients with psoriasis in the United
Kingdom. J Invest Dermatol 2018;138:1726-35.

Wakkee M, de Vries E, van den Haak P, Nijsten T. Increased risk of infectious
disease requiring hospitalization among patients with psoriasis: a population-
based cohort. J Am Acad Dermatol 2011;65:1135-44.

Droitcourt C, Vittrup I, Kerbrat S, Egeberg A, Thyssen JP. Risk of systemic in-
fections in adults with atopic dermatitis: a nationwide cohort study. J] Am Acad
Dermatol 2020;84:290-9.

Langan SM, Abuabara K, Henrickson SE, Hoffstad O, Margolis DJ. Increased
risk of cutaneous and systemic infections in atopic dermatitis—a cohort study.
J Invest Dermatol 2017;137:1375-7.

Ng CY, Huang YH, Chu CF, Wu TC, Liu SH. Risks for Staphylococcus aureus
colonization in patients with psoriasis: a systematic review and meta-analysis.
Br J Dermatol 2017;177:967-77.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

PATRICK ET AL 867

Stinco G, Fabris M, Pasini E, Pontarini E, Patriarca MM, Piccirillo F, et al. Detec-
tion of DNA of Chlamydophila psittaci in subjects with psoriasis: a casual or a
causal link? Br J Dermatol 2012;167:926-8.

Cronin JG, Mesher D, Purdie K, Evans H, Breuer J, Harwood CA, et al. Beta-pap-
illomaviruses and psoriasis: an intra-patient comparison of human papillomavirus
carriage in skin and hair. Br J Dermatol 2008;159:113-9.

Gudjonsson JE, Thorarinsson AM, Sigurgeirsson B, Kristinsson KG, Valdimars-
son H. Streptococcal throat infections and exacerbation of chronic plaque psori-
asis: a prospective study. Br J Dermatol 2003;149:530-4.

Ungprasert P, Wijarnpreecha K, Wetter DA. Periodontitis and risk of psoriasis: a
systematic review and meta-analysis. J Eur Acad Dermatol Venereol 2017;31:
857-62.

Kutlu O, Metin A. Dermatological diseases presented before COVID-19: are pa-
tients with psoriasis and superficial fungal infections more vulnerable to the
COVID-19? Dermatol Ther 2020;33:e13509.

Ozaras R, Berk A, Ucar DH, Duman H, Kaya F, Mutlu H. Covid-19 and exacer-
bation of psoriasis. Dermatol Ther 2020;e13632.

Mathieu RJ, Cobb CBC, Telang GH, Firoz EF. New-onset pustular psoriasis in the
setting of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion causing coronavirus disease 2019 (COVID-19). JAAD Case Rep 2020;6:
1360-2.

Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al.
Factors associated with COVID-19-related death using OpenSAFELY. Nature
2020;584:430-6.

Lowes MA, Suarez-Farinas M, Krueger JG. Immunology of psoriasis. Annu Rev
Immunol 2014;32:227-55.

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, et al. Cryo-
EM structure of the 2019-nCoV spike in the prefusion conformation. Science
2020;367:1260-3.

Radzikowska U, Ding M, Tan G, Zhakparov D, Peng Y, Wawrzyniak P, et al. Dis-
tribution of ACE2, CD147, CD26 and other SARS-CoV-2 associated molecules in
tissues and immune cells in health and in asthma, COPD, obesity, hypertension,
and COVID-19 risk factors. Allergy 2020;75:2829-45.

Xue X, Mi Z, Wang Z, Pang Z, Liu H, Zhang F. High expression of ACE2 on
keratinocytes reveals skin as a potential target for SARS-CoV-2. J Invest Derma-
tol 2020;141:206-9.el.

Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue dis-
tribution of ACE2 protein, the functional receptor for SARS coronavirus. A first
step in understanding SARS pathogenesis. J Pathol 2004;203:631-7.

Elgarhy LH, Salem ML. Could injured skin be a reservoir for SARS-COV?2 virus
spread? Clin Dermatol 2020;38:762-3.

Tao J, Song Z, Yang L, Huang C, Feng A, Man X. Emergency management for
preventing and controlling nosocomial infection of the 2019 novel coronavirus:
implications for the dermatology department. Br J Dermatol 2020;182:1477-8.
Chu H, Chan JF, Wang Y, Yuen TT, Chai Y, Hou Y, et al. Comparative replication
and immune activation profiles of SARS-CoV-2 and SARS-CoV in human lungs:
an ex vivo study with implications for the pathogenesis of COVID-19. Clin Infect
Dis 2020;71:1400-9.

Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Mgller R, et al.
Imbalanced host response to SARS-CoV-2 drives development of COVID-19.
Cell 2020;181:1036-45.¢9.

Ye Q, Wang B, Mao J. The pathogenesis and treatment of the ‘cytokine storm’ in
COVID-19. J Infect 2020;80:607-13.

Mahil SK, Yiu ZZN, Mason KJ, Dand N, Coker B, Wall D, et al. Global reporting
of cases of COVID-19 in psoriasis and atopic dermatitis: an opportunity to inform
care during a pandemic. Br J Dermatol 2020;183:404-6.

Balogh EA, Heron C, Feldman SR, Huang WW. SECURE-Psoriasis: a de-
identified registry of psoriasis patients diagnosed with COVID-19.
J Dermatolog Treat 2020;31:327.

Mahil SK, Dand N, Mason KJ, Yiu ZZ, Tsakok T, Meynell F, et al. Factors asso-
ciated with adverse COVID-19 outcomes in patients with psoriasis—insights
from a global registry-based study. J Allergy Clin Immunol 2021;147:60-71.
Gianfrancesco MA, Hyrich KL, Gossec L, Strangfeld A, Carmona L, Mateus EF,
et al. Rheumatic disease and COVID-19: initial data from the COVID-19 Global
Rheumatology Alliance provider registries. Lancet Rheumatol 2020;2:250-3.
Freeman EE, McMahon DE, Hruza GJ, Irvine AD, Spuls PI, Smith CH, et al. In-
ternational collaboration and rapid harmonization across dermatologic COVID-
19 registries. ] Am Acad Dermatol 2020;83:e261-6.

University of Michigan DataDirect User Guide. 2018. Available at: https://res
earch.medicine.umich.edu/sites/default/files/resource-download/datadirect_user_
guide_2018-04-16.pdf. Accessed February 3, 2021.

Suzuki T, Itoh Y, Sakai Y, Saito A, Okuzaki D, Motooka D, et al. Generation of
human bronchial organoids for SARS-CoV-2 research. bioRxiv. 2020:
2020.05.25.115600.


http://refhub.elsevier.com/S0091-6749(21)00084-1/sref17
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref17
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref17
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref17
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref17
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref18
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref18
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref18
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref18
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref19
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref19
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref19
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref20
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref20
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref20
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref21
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref21
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref21
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref22
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref23
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref23
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref23
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref23
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref23
https://www.psoriasis-association.org.uk/psoriasis-and-treatments/covid-19-information
https://www.psoriasis-association.org.uk/psoriasis-and-treatments/covid-19-information
https://ifpa-pso.com/covid-19/frequently-asked-questions/
https://ifpa-pso.com/covid-19/frequently-asked-questions/
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/evidence-table.html
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/evidence-table.html
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref27
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref27
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref27
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref28
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref28
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref29
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref29
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref29
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref30
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref30
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref30
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref31
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref31
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref31
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref32
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref32
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref33
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref33
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref33
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref34
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref34
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref35
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref35
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref36
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref36
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref36
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref36
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref37
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref37
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref37
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref38
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref38
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref38
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref39
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref39
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref39
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref40
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref40
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref40
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref41
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref41
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref41
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref42
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref42
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref42
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref43
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref43
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref43
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref44
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref44
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref44
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref45
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref45
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref45
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref46
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref46
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref46
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref46
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref47
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref47
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref48
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref48
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref48
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref48
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref49
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref49
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref49
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref50
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref50
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref51
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref51
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref51
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref52
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref52
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref52
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref52
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref53
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref53
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref53
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref54
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref54
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref54
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref55
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref55
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref56
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref56
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref56
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref57
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref57
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref57
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref57
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref58
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref58
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref58
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref58
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref59
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref59
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref60
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref60
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref60
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref61
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref61
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref61
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref62
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref62
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref62
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref63
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref63
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref63
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref64
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref64
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref64
https://research.medicine.umich.edu/sites/default/files/resource-download/datadirect_user_guide_2018-04-16.pdf
https://research.medicine.umich.edu/sites/default/files/resource-download/datadirect_user_guide_2018-04-16.pdf
https://research.medicine.umich.edu/sites/default/files/resource-download/datadirect_user_guide_2018-04-16.pdf
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref66
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref66
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref66

868 PATRICK ET AL

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Trivedi NR, Gilliland KL, Zhao W, Liu W, Thiboutot DM. Gene array expression
profiling in acne lesions reveals marked upregulation of genes involved in inflam-
mation and matrix remodeling. J Invest Dermatol 2006;126:1071-9.

Jabbari A, Cerise JE, Chen JC, Mackay-Wiggan J, Duvic M, Price V, et al. Mo-
lecular signatures define alopecia areata subtypes and transcriptional biomarkers.
EBioMedicine 2016;7:240-7.

Tsoi LC, Rodriguez E, Degenhardt F, Baurecht H, Wehkamp U, Volks N, et al.
Atopic dermatitis is an IL-13-dominant disease with greater molecular heteroge-
neity compared to psoriasis. J Invest Dermatol 2019;139:1480-9.

Zhou B, Xu W, Herndon D, Tompkins R, Davis R, Xiao W, et al. Analysis of
factorial time-course microarrays with application to a clinical study of burn
injury. Proc Natl Acad Sci U S A 2010;107:9923-8.

Jabbari A, Sudrez-Farinas M, Fuentes-Duculan J, Gonzalez J, Cueto I, Franks AG
Jr, et al. Dominant Th1 and minimal Th17 skewing in discoid lupus revealed by
transcriptomic comparison with psoriasis. J Invest Dermatol 2014;134:87-95.
Gudjonsson JE, Tsoi LC, Ma F, Billi AC, van Straalen KR, Harms P, et al.
Contribution of plasma cells and B cells to hidradenitis suppurativa pathogenesis.
JCI Insight 2020;5:¢139930.

Talantov D, Mazumder A, Yu JX, Briggs T, Jiang Y, Backus J, et al. Novel genes
associated with malignant melanoma but not benign melanocytic lesions. Clin
Cancer Res 2005;11:7234-42.

Buhl T, Sulk M, Nowak P, Buddenkotte J, McDonald I, Aubert J, et al. Molecular
and morphological characterization of inflammatory infiltrate in rosacea reveals
activation of Th1/Th17 pathways. J Invest Dermatol 2015;135:2198-208.
Woetzel D, Huber R, Kupfer P, Pohlers D, Pfaff M, Driesch D, et al. Identification
of rheumatoid arthritis and osteoarthritis patients by transcriptome-based rule set
generation. Arthritis Res Ther 2014;16:R84.

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res 2016;44:W90-7.

Bhattacharjee S, Rajaraman P, Jacobs KB, Wheeler WA, Melin BS, Hartge P,
et al. A subset-based approach improves power and interpretation for the com-
bined analysis of genetic association studies of heterogeneous traits. Am J
Hum Genet 2012;90:821-35.

Patrick MT, Stuart PE, Raja K, Gudjonsson JE, Tejasvi T, Yang J, et al. Genetic
signature to provide robust risk assessment of psoriatic arthritis development in
psoriasis patients. Nat Commun 2018;9:4178.

The COVID-19 Host Genetics Initiative, a global initiative to elucidate the role of
host genetic factors in susceptibility and severity of the SARS-CoV-2 virus
pandemic. Eur J Hum Genet 2020;28:715-8.

Gu T, Mack JA, Salvatore M, Prabhu Sankar S, Valley TS, Singh K, et al. Char-
acteristics associated with racial/ethnic disparities in COVID-19 outcomes in an
academic health care system. JAMA Network Open 2020;3:¢2025197.

Singh M, Pawar M, Bothra A, Maheshwari A, Dubey V, Tiwari A, et al. Per-
sonal protective equipment induced facial dermatoses in healthcare workers
managing coronavirus disease 2019. J Eur Acad Dermatol Venereol 2020;34:
€378-80.

Zhang B, Zhai R, Ma L. 2019 novel coronavirus disease epidemic: skin protection
for healthcare workers must not be ignored. J Eur Acad Dermatol Venereol 2020;
34:e434-5.

Bothra A, Das S, Singh M, Pawar M, Maheswari A. Retroauricular dermatitis
with vehement use of ear loop face masks during COVID-19 pandemic. J Eur
Acad Dermatol Venereol 2020;34:e549-52.

Lebwohl M, Rivera-Oyola R, Murrell DE. Should biologics for psoriasis be inter-
rupted in the era of COVID-19? J Am Acad Dermatol 2020;82:1217-8.

Wan MT, Shin DB, Winthrop KL, Gelfand JM. The risk of respiratory tract infec-
tions and symptoms in psoriasis patients treated with interleukin 17 pathway-
inhibiting biologics: a meta-estimate of pivotal trials relevant to decision making
during the COVID-19 pandemic. J Am Acad Dermatol 2020;83:677-9.

Niehues H, Tsoi LC, van der Krieken DA, Jansen PAM, Oortveld MAW, Rodijk-
Olthuis D, et al. Psoriasis-associated late cornified envelope (LCE) proteins have
antibacterial activity. J Invest Dermatol 2017;137:2380-8.

Chessa C, Bodet C, Jousselin C, Wehbe M, Lévéque N, Garcia M. Antiviral and
immunomodulatory properties of antimicrobial peptides produced by human ker-
atinocytes. Front Microbiol 2020;11:1155.

Rojas A, Gonzalez I, Morales MA. SARS-CoV-2-mediated inflammatory
response in lungs: should we look at RAGE? Inflamm Res 2020;69:641-3.
Zhang X, Yin M, Zhang LJ. Keratin 6, 16 and 17—critical barrier alarmin mol-
ecules in skin wounds and psoriasis. Cells 2019;8:897.

Yang Y, Wu J, Wang J. A database and functional annotation of NF-kB target
genes. Int J Clin Exp Med 2016;9:7986-95.

Zhu J, Martinez J, Huang X, Yang Y. Innate immunity against vaccinia virus is
mediated by TLR2 and requires TLR-independent production of IFN-beta. Blood
2007;109:619-25.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

J ALLERGY CLIN IMMUNOL
MARCH 2021

Serensen LN, Reinert LS, Malmgaard L, Bartholdy C, Thomsen AR, Paludan SR.
TLR2 and TLRY synergistically control herpes simplex virus infection in the
brain. J Immunol 2008;181:8604-12.

Takeuchi O, Hoshino K, Akira S. Cutting edge: TLR2-deficient and MyD88-
deficient mice are highly susceptible to Staphylococcus aureus infection.
J Immunol 2000;165:5392-6.

Florindo HF, Kleiner R, Vaskovich-Koubi D, Acurcio RC, Carreira B, Yeini E,
et al. Immune-mediated approaches against COVID-19. Nat Nanotechnol 2020;
15:630-45.

Verma AH, Zafar H, Ponde NO, Hepworth OW, Sihra D, Aggor FEY, et al. IL-36
and IL-1/IL-17 drive immunity to oral candidiasis via parallel mechanisms.
J Immunol 2018;201:627-34.

Sun Y, Sheshadri N, Zong WX. SERPINB3 and B4: from biochemistry to
biology. Semin Cell Dev Biol 2017;62:170-7.

Di Paola M, Park AJ, Ahmadi S, Roach EJ, Wu YS, Struder-Kypke M, et al.
SLC6A14 is a genetic modifier of cystic fibrosis that regulates Pseudomonas aer-
uginosa attachment to human bronchial epithelial cells. mBio 2017;8.

Toyoda Y, Tabata S, Kishi J, Kuramoto T, Mitsuhashi A, Saijo A, et al. Thymidine
phosphorylase regulates the expression of CXCLI10 in rheumatoid arthritis
fibroblast-like synoviocytes. Arthritis Rheumatol 2014;66:560-8.

Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: multi-
tissue gene regulation in humans. Science 2015;348:648-60.

Aguet F, Barbeira AN, Bonazzola R, Brown A, Castel SE, Jo B, et al. The GTEx
Consortium atlas of genetic regulatory effects across human tissues. bioRxiv
2019;787903.

Othumpangat S, Noti JD, McMillen CM, Beezhold DH. ICAM-1 regulates the
survival of influenza virus in lung epithelial cells during the early stages of infec-
tion. Virology 2016;487:85-94.

Tang BM, Shojaei M, Parnell GP, Huang S, Nalos M, Teoh S, et al. A novel im-
mune biomarker IFI27 discriminates between influenza and bacteria in patients
with suspected respiratory infection. Eur Respir J 2017;49:1602098.

Diner BA, Lum KK, Javitt A, Cristea IM. Interactions of the antiviral factor inter-
feron gamma-inducible protein 16 (IFI16) mediate immune signaling and herpes
simplex virus-1 immunosuppression. Mol Cell Proteomics 2015;14:2341-56.
Dos Santos JC, Damen M, Joosten LAB, Ribeiro-Dias F. Interleukin-32: an
endogenous danger signal or master regulator of intracellular pathogen infec-
tions—focus on leishmaniases. Semin Immunol 2018;38:15-23.

Kanehisa M, Sato Y, Furumichi M, Morishima K, Tanabe M. New approach for
understanding genome variations in KEGG. Nucleic Acids Res 2019;47:D590-5.
Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new per-
spectives on genomes, pathways, diseases and drugs. Nucleic Acids Res 2017;
45:D353-61.

Wiche Salinas TR, Zheng B, Routy JP, Ancuta P. Targeting the interleukin-17
pathway to prevent acute respiratory distress syndrome associated with SARS-
CoV-2 infection. Respirology 2020;25:797-9.

Blauvelt A, Chiricozzi A. The immunologic role of IL-17 in psoriasis and psori-
atic arthritis pathogenesis. Clin Rev Allergy Immunol 2018;55:379-90.

Vosa U, Claringbould A, Westra H-J, Bonder MJ, Deelen P, Zeng B, et al. Unrav-
eling the polygenic architecture of complex traits using blood eQTL metaanalysis.
bioRxiv 2018;447367.

Gaunt TR, Shihab HA, Hemani G, Min JL, Woodward G, Lyttleton O, et al. Sys-
tematic identification of genetic influences on methylation across the human life
course. Genome Biol 2016;17:61.

Pividori M, Rajagopal PS, Barbeira A, Liang Y, Melia O, Bastarache L, et al. Phe-
nomeXcan: mapping the genome to the phenome through the transcriptome. Sci
Adv 2020:6:eaba2083.

Li B, Tsoi LC, Swindell WR, Gudjonsson JE, Tejasvi T, Johnston A, et al. Tran-
scriptome analysis of psoriasis in a large case-control sample: RNA-seq provides
insights into disease mechanisms. J Invest Dermatol 2014;134:1828-38.

Tsoi LC, Rodriguez E, Stolzl D, Wehkamp U, Sun J, Gerdes S, et al. Progression
of acute-to-chronic atopic dermatitis is associated with quantitative rather than
qualitative changes in cytokine responses. J Allergy Clin Immunol 2020;145:
1406-15.

Qiannan X, Lihong C, Li Z, Hu M, Wang X, Yang Q, et al. If the link missed:
could inflammatory skin disorders with barrier dysfunction increase the risk of
COVID-19? bioRxiv. 2020:2020.06.30.181297.

Ye L, Lv C, Man G, Song S, Elias PM, Man MQ. Abnormal epidermal barrier
recovery in uninvolved skin supports the notion of an epidermal pathogenesis
of psoriasis. J Invest Dermatol 2014;134:2843-6.

Rehbinder EM, Advocaat Endre KM, Lgdrup Carlsen KC, Asarnoj A, Stensby
Bains KE, Berents TL, et al. Predicting skin barrier dysfunction and atopic derma-
titis in early infancy. J Allergy Clin Immunol Pract 2020;8:664-73.e5.

Gardien KL, Baas DC, de Vet HC, Middelkoop E. Transepidermal water loss
measured with the Tewameter TM300 in burn scars. Burns 2016:42:1455-62.


http://refhub.elsevier.com/S0091-6749(21)00084-1/sref67
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref67
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref67
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref68
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref68
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref68
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref69
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref69
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref69
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref70
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref70
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref70
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref71
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref71
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref71
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref71
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref71
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref72
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref72
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref72
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref73
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref73
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref73
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref74
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref74
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref74
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref75
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref75
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref75
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref76
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref76
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref76
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref77
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref77
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref77
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref77
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref78
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref78
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref78
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref79
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref79
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref79
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref80
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref80
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref80
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref81
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref81
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref81
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref81
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref82
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref82
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref82
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref83
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref83
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref83
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref84
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref84
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref85
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref85
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref85
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref85
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref86
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref86
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref86
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref87
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref87
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref87
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref87
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref87
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref88
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref88
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref89
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref89
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref90
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref90
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref90
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref91
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref91
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref91
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref92
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref92
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref92
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref92
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref93
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref93
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref93
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref94
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref94
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref94
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref94
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref95
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref95
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref95
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref96
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref96
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref97
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref97
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref97
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref98
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref98
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref98
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref99
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref99
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref100
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref100
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref100
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref101
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref101
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref101
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref102
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref102
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref102
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref103
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref103
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref103
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref104
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref104
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref104
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref105
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref105
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref106
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref106
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref106
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref107
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref107
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref107
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref108
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref108
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref109
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref109
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref109
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref109
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref110
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref110
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref110
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref111
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref111
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref111
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref112
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref112
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref112
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref113
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref113
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref113
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref113
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref114
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref114
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref114
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref115
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref115
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref115
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref116
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref116
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref116
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref116
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref117
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref117

J ALLERGY CLIN IMMUNOL
VOLUME 147, NUMBER 3

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Plichta JK, Droho S, Curtis BJ, Patel P, Gamelli RL, Radek KA. Local burn injury
impairs epithelial permeability and antimicrobial peptide barrier function in distal
unburned skin. Crit Care Med 2014;42:e420-31.

Park A, Iwasaki A. Type I and type III interferons—induction, signaling, evasion,
and application to combat COVID-19. Cell Host Microbe 2020;27:870-8.

Wang T, Du Z, Zhu F, Cao Z, An Y, Gao Y, et al. Comorbidities and multi-organ
injuries in the treatment of COVID-19. Lancet 2020;395:e52.

Lamers MM, Beumer J, van der Vaart J, Knoops K, Puschhof J, Breugem TI, et al.
SARS-CoV-2 productively infects human gut enterocytes. Science 2020;369:
50-4.

Xu H, Zhong L, Deng J, Peng J, Dan H, Zeng X, et al. High expression of ACE2
receptor of 2019-nCoV on the epithelial cells of oral mucosa. Int J Oral Sci 2020;
12:8.

Zhong M, Lin B-P, Gao H-B, Young AJ, Wang X-H, Liu C, et al. Significant
expression of FURIN and ACE2 on oral epithelial cells may facilitate the effi-
ciency of SARS-CoV-2 entry. bioRxiv. 2020:2020.04.18.047951.

Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al.
Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-
19 disease and unexposed individuals. Cell 2020;181:1489-501.e15.

Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al. SARS-
CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected
controls. Nature 2020;584:457-62.

Sette A, Crotty S. Pre-existing immunity to SARS-CoV-2: the knowns and un-
knowns. Nat Rev Immunol 2020;20:457-8.

Atkinson SK, Sadofsky LR, Morice AH. How does rhinovirus cause the common
cold cough? BMJ Open Respir Res 2016;3:e000118.

Rajgor DD, Lee MH, Archuleta S, Bagdasarian N, Quek SC. The
many estimates of the COVID-19 case fatality rate. Lancet Infect Dis 2020;20:
776-7.

Duncan P, Barr C, McIntyre N. Coronavirus death toll in England revised down
by more than 5,000. The Guardian; 2020.

Heron M. Deaths: leading causes for 2017. Natl Vital Stat Rep 2019;68:1-77.
Severe Covid-19 GWAS Group, Ellinghaus D, Degenhardt F, Bujanda L, Buti M,
Albillos A, Invernizzi P, et al. Genomewide association study of severe Covid-19
with respiratory failure. N Engl J Med 2020;383:1522-34.

Tsoi LC, Spain SL, Knight J, Ellinghaus E, Stuart PE, Capon F, et al. Identifica-
tion of 15 new psoriasis susceptibility loci highlights the role of innate immunity.
Nat Genet 2012:;44:1341-8.

Paternoster L, Standl M, Waage J, Baurecht H, Hotze M, Strachan DP, et al.
Multi-ancestry  genome-wide study of 21,000 and
95,000 controls identifies new risk loci for atopic dermatitis. Nat Genet 2015;
47:1449-56.

Ogdie A. The preclinical phase of PsA: a challenge for the epidemiologist. Ann
Rheum Dis 2017;76:1481-3.

Leuchten N, Milke B, Winkler-Rohlfing B, Daikh D, Dorner T, Johnson SR, et al.
Early symptoms of systemic lupus erythematosus (SLE) recalled by 339 SLE pa-
tients. Lupus 2018;27:1431-6.

Dorward DA, Russell CD, Um IH, Elshani M, Armstrong SD, Penrice-Randal R,
et al. Tissue-specific tolerance in fatal Covid-19. medRxiv. 2020:2020.07.02.
20145003.

Love MI, Huber W, Anders S. Moderated estimation of fold change and disper-
sion for RNA-seq data with DESeq2. Genome Biol 2014;15:550.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies. Nu-
cleic Acids Res 2015:;43:e47.

association cases

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

PATRICK ET AL 869

Clough E, Barrett T. The Gene Expression Omnibus Database. Methods Mol Biol
2016;1418:93-110.

Dobin A, Gingeras TR. Optimizing RNA-Seq mapping with STAR. Methods Mol
Biol 2016;1415:245-62.

Anders S, Pyl PT, Huber W. HTSeq—a Python framework to work with high-
throughput sequencing data. Bioinformatics 2015;31:166-9.

Illumina. RNA Express; 2014.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol 2019;
37:907-15.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics 2014;30:
923-30.

Monin L, Gaffen SL. Interleukin 17 family cytokines: signaling mechanisms, bio-
logical activities, and therapeutic implications. Cold Spring Harb Perspect Biol
2018;10:a028522.

Onishi RM, Gaffen SL. Interleukin-17 and its target genes: mechanisms of
interleukin-17 function in disease. Immunology 2010;129:311-21.

Hawkes JE, Yan BY, Chan TC, Krueger JG. Discovery of the IL-23/IL-17
signaling pathway and the treatment of psoriasis. J Immunol 2018;201:1605-13.
Ma WT, Yao XT, Peng Q, Chen DK. The protective and pathogenic roles of IL-17
in viral infections: friend or foe? Open Biol 2019;9:190109.

Song J, Zeng M, Wang H, Qin C, Hou HY, Sun ZY, et al. Distinct effects of
asthma and COPD comorbidity on disease expression and outcome in patients
with COVID-19 [published online ahead of print July 27, 2020]. Allergy.
https://doi.org/10.1111/all.14517.

Sodhi CP, Nguyen J, Yamaguchi Y, Werts AD, Lu P, Ladd MR, et al. A dynamic
variation of pulmonary ACE2 is required to modulate neutrophilic inflammation
in response to Pseudomonas aeruginosa lung infection in mice. J Immunol 2019;
203:3000-12.

Gisondi P, Facheris P, Dapavo P, Piaserico S, Conti A, Naldi L, et al. The impact
of the COVID-19 pandemic on patients with chronic plaque psoriasis being
treated with biological therapy: the Northern Italy experience. Br J Dermatol
2020;183:373-4.

Baniandrés-Rodriguez O, Vilar-Alejo J, Rivera R, Carrascosa JM, Daudén E, Her-
rera-Acosta E, et al. Incidence of severe COVID-19 outcomes in psoriatic patients
treated with systemic therapies during the pandemic: a Biobadaderm cohort anal-
ysis. J Am Acad Dermatol 2021;84:513-7.

Syed MN, Shin DB, Wan MT, Winthrop KL, Gelfand JM. The risk of
respiratory tract infections in psoriasis patients treated with IL-23-
pathway inhibiting biologics: a meta-estimate of pivotal trials relevant to
decision-making during the COVID-19 pandemic. J] Am Acad Dermatol 2020;
83:1523-6.

Gianfrancesco M, Hyrich KL, Al-Adely S, Carmona L, Danila MI, Gossec L,
et al. Characteristics associated with hospitalisation for COVID-19 in people
with rheumatic disease: data from the COVID-19 Global Rheumatology Alliance
physician-reported registry. Ann Rheum Dis 2020;79:859-66.

Munoz-Fontela C, Dowling WE, Funnell SGP, Gsell PS, Riveros-Balta AX, Al-
brecht RA, et al. Animal models for COVID-19. Nature 2020;586:509-15.
Dinnon KH III, Leist SR, Schifer A, Edwards CE, Martinez DR, Montgomery
SA, et al. A mouse-adapted model of SARS-CoV-2 to test COVID-19 counter-
measures. Nature 2020;586:560-6.

Swindell WR, Michaels KA, Sutter AJ, Diaconu D, Fritz Y, Xing X, et al. Imiqui-
mod has strain-dependent effects in mice and does not uniquely model human
psoriasis. Genome Med 2017;9:24.


http://refhub.elsevier.com/S0091-6749(21)00084-1/sref118
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref118
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref118
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref119
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref119
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref120
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref120
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref121
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref121
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref121
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref122
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref122
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref122
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref123
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref123
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref123
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref124
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref124
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref124
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref125
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref125
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref125
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref126
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref126
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref127
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref127
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref128
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref128
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref128
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref129
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref129
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref130
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref131
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref131
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref131
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref132
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref132
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref132
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref133
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref133
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref133
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref133
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref134
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref134
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref135
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref135
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref135
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref135
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref136
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref136
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref136
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref137
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref137
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref138
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref138
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref138
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref139
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref139
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref140
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref140
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref141
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref141
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref142
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref143
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref143
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref143
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref144
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref144
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref144
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref145
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref145
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref145
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref146
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref146
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref147
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref147
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref148
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref148
https://doi.org/10.1111/all.14517
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref150
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref150
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref150
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref150
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref151
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref151
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref151
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref151
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref152
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref153
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref153
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref153
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref153
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref153
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref154
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref154
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref154
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref154
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref155
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref155
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref155
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref156
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref156
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref156
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref156
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref157
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref157
http://refhub.elsevier.com/S0091-6749(21)00084-1/sref157

869.e1 PATRICK ET AL

20 30

Count

10

1

2 3
log(OR)

FIG E1. Heatmap of enrichment log ORs, with the number of genes overlapped in cyan, and the total
number of genes for each data set next to the data set names. Bronchial epithelial cells are shown in red, and
a nonskin inflammatory disease (rheumatoid arthritis) is included for comparison in blue. Inset: histogram
and color key for enrichment log ORs. HS, Hidradenitis suppurativa.
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Influenza A (P= 3_8x10—56)

Cytokine—cytokine receptor interaction (P = 7.9¥1°'%%)

Rheumatoid arthritis (P = 6.3%'%%)

TNF signaling pathway (P = 1_3xmm)

IL-17 signaling pathway (P = 4.9'%77)

FIG E2. Heatmap of enrichment —log10 P values from top 20 most significant pathways from analysis in
Kyoto Encyclopedia of Genes and Genomes, with expression data sets selected by ASSET for each pathway
set indicated in cyan. COVID-19-infected bronchial epithelial cells are shown in red, and the ASSET P value

for each pathway is provided next to the pathway names. HS, Hidradenitis suppurativa.
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FIG E3. Heatmap of log 2 FC from case vs control differential expression, showing genes that overlap at
least 1 of the 5 most significant pathways from ASSET. COVID-19-infected bronchial epithelial cells are
shown in red. HS, Hidradenitis suppurativa.
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tiation complex signal (rs6677595).
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TABLE E1. Summary of cohort used in our study

TABLE E1. (Continued)
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Individuals, CcoVvID, Ventilation, Individuals, COoVID, Ventilation,
Characteristic n (%) n (%) n (%) Characteristic n (%) n (%) n (%)
Race Systemic lupus (M32.%, 5,562 (1.3) 27 (0.49) 1 (3.70)
Black 42,886 (9.9) 422 (0.98) 81 (19.19) 710.0)
Asian 24,651 (5.7) 54 (0.22) 6 (11.11) Type 1 diabetes (E10.%, 10,380 (2.4) 62 (0.60) 12 (19.35)
White 347,769 (79.9) 587 (0.17) 56 (9.54) 250.[0-9][1,3])
Other 19,713 (4.5) 52 (0.26) 7 (13.46) Type 2 diabetes (E11.*, 53,106 (12.2) 345 (0.65) 96 (27.83)
Age (y) 250.[0-9][0,2])
0-17 96,323 (22.1) 24 (0.02) 2 (8.33) Total 435,019 (100.0) 1,115 (0.26) 150 (13.5)
18-39 108,391 (24.9) 257 (0.24) 14 (5.45) ICD-9, International Classification of Diseases, Ninth Revision; ICD-10, International
40-59 105,854 (24.3) 423 (0.40) 51 (12.06) Classification of Diseases, Tenth Revision. Burn injury (T[20-25,30-32].*, 94[1-6,8-9].%).
60-79 105,854 24.3) 333 (0.31) 70 21.02)  pyammatory bowel disease ICD-9/ICD-10: (K55.%, 55[5-8].%).
80+ 18,597 (4.3) 78 (0.42) 13 (16.67) Rheumatoid arthritis ICD-9/ICD-10: (M0[5,6,8].%, 714.[0-3]*, 714.81).
Sex
Female 237,863 (54.7) 608 (0.26) 50 (8.22)
Male 197,156 (45.3) 507 (0.26) 100 (19.72)
BMI
Not obese 305,030 (70.1) 542 (0.18) 61 (11.3)
Obese 1 (30-34.9 kg/mz) 69,398 (16.0) 235 (0.34) 32 (13.6)
Obese 2 (35-39.9 kg/m2) 34,272 (7.9) 171 (0.50) 27 (15.8)
Obese 3 (>40 kg/mz) 26,319 (6.1) 167 (0.63) 30 (18.0)
Socioeconomic disadvantage
Not disadvantaged 176,961 (40.7) 296 (0.17) 25 (8.45)
Disadvantage 1 (Q1-Q2) 116,265 (26.7) 227 (0.20) 25 (11.01)
Disadvantage 2 (Q2-Q3) 81,494 (18.7) 216 (0.27) 20 (9.26)
Disadvantage 3 (>Q3) 60,299 (13.9) 376 (0.62) 80 (21.3)
Comorbidity
Acne (L70.*, 706.[0,1]) 40,154 (6.9) 105 (0.35) 1 (0.95)
Alopecia areata (L63.%, 1,130 (0.3) 7 (0.62) 0 (0.00)
704.01)
Asthma (J45.%, 493.%) 79,306 (18.2) 265 (0.33) 32 (12.08)
Atopic dermatitis (L20%*, 18,360 (4.2) 38 (0.21) 1 (2.63)
691.8)
Burn injury 6,558 (1.5) 31 (0.47) 0 (0.00)
Celiac disease (K90.0, 3,373 (0.8) 8 (0.24) 0 (0.00)
579.0)
Coronary artery disease 37,105 (8.5) 193 (0.52) 50 (25.91)
(125.%, 414.%)
Chronic kidney disease 31,212 (7.2) 224 (0.72) 64 (28.57)
(N18.*, 585.%)
COPD (J4[2-4].%, 49 23,836 (5.5) 121 (0.51) 26 (21.49)
[1,2].%)
Cutaneous lupus (L93.%, 2,284 (0.5) 17 (0.74) 1 (5.88)
695.4)
Hidradenitis suppurativa 1,921 (0.4) 17 (0.88) 1 (5.88)
(L73.2, 705.83)
Hypertension (I1[0-5].%,40 132,291 (30.4) 596 (0.45) 123 (20.64)
[1-5].%)
Inflammatory bowel 26,813 (6.2) 101 (0.38) 13 (12.87)
disease
Multiple sclerosis (G35, 3,487 (0.8) 9 (0.26) 0 (0.00)
340)
Myasthenia gravis 756 (0.2) 5 (0.66) 1 (20.00)
(G70.0*, 358.0%)
Nonneoplastic nevi (I78.1, 9,685 (2.2) 23 (0.24) 4 (17.4)
448.1)
Primary biliary cirrhosis 1,033 (0.2) 5 (0.48) 0 (0.00)
(K74.3, 571.6)
Psoriasis (L40.*, 691.[0,1]) 8,720 (2.0) 36 (0.41) 2 (5.56)
Rheumatoid arthritis 13,506 (3.1) 38 (0.28) 3 (7.89)
Rosacea (L71.*%, 695.3) 11,253 (2.6) 35 (0.31) 0 (0.00)
Sjogren syndrome 3,642 (0.8) 21 (0.58) 1 (4.76)

(M35.0%, 710.2)

(Continued)
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TABLE E2. Transcriptome study samples
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Study Test Cases* Controls* Technology Pipeline

NHBE SARS-CoV-2 vs mock 3 3 RNA-seq (Illumina STAR/RNA-Express/
infected NextSeq 500) DESeq2

A549 SARS-CoV-2 vs mock 3 3 RNA-seq (Illumina STAR/RNA-Express/
infected NextSeq 500) DESeq2

Calu-3 SARS-CoV-2 vs mock 3 3 RNA-seq (Illumina STAR/RNA-Express/
infected NextSeq 500) DESeq2

hBO SARS-CoV-2 vs mock 3 3 RNA-seq (Illumina HISAT2/featureCounts/
infected NovaSeq 6000) DESeq2

Acne SARS-CoV-2 vs mock 6(29y) 6 (38y) Microarray (Affymetrix  limma (GEO2R)
infected U133A 2.0)

Alopecia areata Lesional skin vs control

Atopic dermatitis Lesional skin vs control

Burn injury Lesional skin vs control

Discoid lupus Lesional skin vs control

Hidradenitis suppurativa Lesional skin vs control

Nonneoplastic nevi Lesional skin vs control

Psoriasis Lesional skin vs control

Rosacea Lesional skin vs control

Rheumatoid arthritis Synovial tissue cases vs

control

60 (41 F, 19 M, 41 y)
21 (10F, 17 M, 34 y)
57 (12F, 45 M, 24 y)
7(F2M)
2(13F, 13 M, 42 y)
18(OF, 9M, 33 y)
28 (14 F, 14 M, 42 y)
19

10

36 (23F, 13 M, 38 y)
38(6F 4M,70y)
63 (33 F, 30 M, 21 y)
3

10(6F,4M,70y)
76 F 1 M)

38 (22 F 16 M, 33 y)
10

10

Microarray (Affymetrix
U133 Plus 2.0)

RNA-seq (Illumina HiSeq STAR/HTSeq/DESeq2
2500)

Microarray (Affymetrix
U133 Plus 2.0)

Microarray (Affymetrix
U133A 2.0)

RNA-seq (Illumina
NextSeq 500)

Microarray (Affymetrix
U133A)

RNA-seq (Illumina HiSeq STAR/HTSeq/DESeq2
2500)

Microarray (Affymetrix
U133 Plus 2.0)

Microarray (Affymetrix
U133A)

limma (GEO2R)

limma (GEO2R)
limma (GEO2R)
STAR/HTSeq/DESeq2

limma (GEO2R)

limma (GEO2R)

limma (GEO2R)

DESeq?2, Differential Expression analysis for Sequence count data 2; F, female; GEO2R, Gene Expression Omnibus into the R programming language; HISAT2, Hierarchical
Indexing for Spliced Alignment of Transcripts 2; HTSeq, high-throughput sequencing software library; M, male; STAR, Spliced Transcripts Alignment to a Reference.
*Number of samples, along with number of males, females, and average age, where available.
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TABLE E3. Biologics tested in our model

Biologic Full set Psoriasis set IL-17 set
Abatacept Yes

Adalimumab Yes Yes

Alefacept Yes

Anakinra Yes

Basiliximab Yes

Belatacept Yes

Belimumab Yes

Benralizumab Yes

Brodalumab Yes Yes
Canakinumab Yes

Certolizumab pegol Yes

Daclizumab Yes

Dupilumab Yes

Eculizumab Yes

Efalizumab Yes

Etanercept Yes Yes

Golimumab Yes

Infliximab Yes Yes

Ixekizumab Yes Yes Yes
Mepolizumab Yes

Muromonab-CD3 Yes

Natalizumab Yes

Omalizumab Yes

Reslizumab Yes

Rilonacept Yes

Rituximab Yes

Sarilumab Yes

Secukinumab Yes Yes Yes
Tocilizumab Yes

Ustekinumab Yes Yes

Vedolizumab Yes
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