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Vascular Correlates of COVID-19 Stage

Most adults infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) develop minimal symptoms.'
However, following an approximately 8-day interval, a
subset of individuals with mild to moderate symptoms
advance to severe/critical coronavirus disease 2019
(COVID-19)."® Progressive respiratory failure with
development of acute respiratory distress syndrome (ARDS)
and acute kidney injury (AKI) characterize the highest risk
for mortality.” > Autopsy-based studies document a strong
correlation of organ dysfunction and death with systemic
microvascular injury and thrombosis.”® '’ These lesions
occur in the context of complement activation and a
proinflammatory state.”'' Deep immune profiling suggests
an “immunologic signature” linked to disease trajectory,
with interferon type I (IFN-I) a prominent component.'*"”
Impaired  IFN-I  antiviral  responses, including
down-regulation of the IFN-I—driven antiviral gene MXI
(myxovirus resistance 1), which encodes MxA (myxovirus
resistance A), is associated with SARS-CoV-2 persis-
tence.'” In contrast, up-regulation of MxA characterizes the
limited disease progression seen in SARS-CoV-2—infected
non-human primates.'”

Indeed, IFN-I is a significant driver of pathology in a
mouse model of SARS-CoV-2 infection,'® and SARS-CoV-
1—induced respiratory failure in mice is mitigated by
knockout of complement C3, despite equivalent viral loads
in the lungs of wild-type and mutant mice.'” These pre-
clinical models, along with transcriptomic studies of pe-
ripheral blood mononuclear cells and pulmonary tissue at
autopsy, suggest primacy for similar postinfection events in
the pathophysiology of advancing COVID-19. However,
there is no direct, tissue-based premortem evidence for
correlation of complement and IFN-I antiviral and regula-
tory signals with COVID-19 clinical stage or progression.
We hypothesized that interrogation of the microvasculature
from an easily accessible tissue, deltoid skin, would exhibit
differential regulation of IFN-I—driven antiviral versus
proinflammatory pathways, that this distinction is directly
linked to SARS-CoV-2 expression, and that it will correlate
with the presence of microvascular thrombi, all linked to
COVID-19 clinical stage.

Materials and Methods
Study Design and Patients

This investigator-initiated, prospective case series involved
a single institution. All individuals in the COVID-19
cohorts had skin and/or plasma samples collected between
April 1, 2020, and December 31, 2020. Subjects were not
randomly selected but referred to our group by treating
physicians for evaluation of a severe/critical COVID-19
case with or without cutaneous lesions, or a mild or
moderate COVID-19 case with cutaneous lesions. Clinical
definitions of COVID-19 stage were adapted by the CDC
from Guan et al.'"® The severe/critical cases represent the

The American Journal of Pathology m ajp.amjpathol.org

first 15 SARS-CoV-2—infected patients (Cases 1 to 15) for
which Hematology in-patient consult services at Weill
Cornell Medicine (WCM) were approached by each
patient’s treating physician to consider recommendation of
additional diagnostic procedures in the setting of deterio-
rating clinical status. An additional patient with critical
COVID-19 (Case A) was referred within the same time
frame but was distinct from this case series as the patient’s
admission RT-PCR assay result for SARS-CoV-2 was
negative but the patient was found to be COVID-19 positive
1 day later. (The patient is included for purposes of certain
assays because, apart from most of our other cases, multiple
premortem skin samples were available.) All patients with
severe/critical COVID-19, including Case A, were in an
intensive care unit setting when skin biopsies were reques-
ted. Specifically, based on a report from our group regarding
microthrombi accompanied by complement deposition in
the normal-appearing skin (n = 3) or lung (n = 2) of five
patients with severe/critical COVID-19,” and a study by
another group showing similar complement deposition in
the renal microvasculature of patients with severe/critical
COVID-19," the treating physician requested skin biopsies
to seek evidence for possible complement activation in
tissue, in consideration of initiating anticomplement ther-
apy. Deposition of complement membrane attack complex
C5b-9 had previously been documented by our group in the
normal-appearing deltoid skin of patients with thrombotic
microangiopathies linked to dysregulation of complement
activation apart from COVID-19.7%%!

Clinical, laboratory, and pathologic characteristics of our
three patient groups are summarized in Tables 1—4. All
patients with severe and critical COVID-19 (Tables 1 and 2)
had an admission respiratory tract sample positive for
SARS-CoV-2 according to RT-PCR. “Severe” COVID-19
involved tachypnea plus hypoxemia (oxygen <92% in
ambient air) not requiring mechanical ventilation, as repre-
sented by Cases 8 and 12. “Critical” patients, those
requiring invasive mechanical ventilation, characterized the
remaining 13 cases; 85% (11 of 13) of the critical cases also
had an AKI (Table 1), defined as an increase in serum
creatinine by >0.3 mg/dL within 48 hours, or an increase in
serum creatinine levels to >1.5 times baseline within 7
days. All received hydroxychloroquine, 600 mg every 12
hours for 1 day, followed by 400 mg every 12 hours for 4
days. Cases 5, 6, 8, and 9 also received the SARS-CoV-2
antiviral drug remdesivir, 5 mg/kg intravenously daily for
10 days, and cases 3, 5, 6, 9, 11, and 14 received at least one
dose of the anti—IL-6 receptor antibody tocilizumab, 400
mg or 800 mg, based on body weight. Glucocorticoids were
used at variable intervals in all severe/critical patients, along
with a variety of prophylactic or therapeutic anticoagulation
regimens. Cases 5, 6, and 9 received the anti-C5
complement antibody eculizumab after their biopsy. Their
outcomes have been reported elsewhere.”

Six mild or moderate cases of COVID-19 were referred to
our Dermatology outpatient clinic because of a skin rash in
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Table 1  Patients with Severe/Critical COVID-19: Comorbidities and Clinical Laboratory Results
Co-morbidities/ p-dimer, Fibrinogen, AST, ANC, CK LDH,
Code Sex Age, y Outcome thrombotic complications  AKI/dialysis ng/mL  mg/dL u/L /mm®> U/L  U/L
1 Male 73 Died Class I obesity, HTN +/No 40,134 983 658 12.6 1157 893
2 Female 66 Died None/ischemic stroke +/Yes 12,528 638 105 26.5 313 1768
3 Female 36 Hospitalized Fibrosing mediastinitis, - 9307 971 58 34.1 401 432
>10 wk history of hemophagocytic
lymphohistiocytosis
4 Male 70 Hospitalized DM2, HTN, HLD +/No 1026 518 49 13.7 113 616
>10 wk
5 F 40 Discharged  Overweight - 1196 699 161 12.7 478 663
6 M 28 Died Class IIT obesity/DVT +/No 12,184 528 40 21.3 912 891
7 M 52 Discharged  Class I obesity, sickle cell +/Yes 3084 ND 20 14.5 40 600
anemia, pulmonary
hypertension/DVT
9 M 62 Hospitalized Class I obesity, atrial +/Yes 16,585 908 204 22.4 381 475
>10 wk fibrillation/circuit
thrombi
10 F 30 Died Class I obesity, DM2, +/No 4105 313 401 21.2 895 1282
pulmonary atresia/
circuit thrombi
11 M 72 Died Class I obesity, prostate +/No 3192 ND 124 14.7 203 600
cancer
13 M 43 Hospitalized Class I obesity/DVT +/Yes 4740 693 1474 173 70 3199
>10 wk
14 M 71 Died Overweight, HTN, +/No 7975 ND 72 16.0 1286 505
ulcerative colitis
15 F 79 Died HTN, HLD, hypothyroidism +/No 15,500 610 >6000 10.4 ND >4200
A M 86 Died Non-Hodgkin lymphoma,  +/No ND 311 264 0.3 ND 2751
sepsis
8 F 33 Discharged  Class II obesity 505 638 86 9.1 508 791
12 F 73 Discharged  Class I obesity, DM2, HTN, 18,572 829 56 9.9 308 512

HLD, atrial fibrillation

Cases 8 and 12 are classified as clinically severe, and the other 13 cases as clinically critical, per CDC guidelines. Case A was also a critical coronavirus disease
2019 (COVID-19) patient. Laboratory values represent peak values. p-dimer, normal range (nl.) 0 to 229 ng/mL; fibrinogen, nl. 180 to 400 mg/dL. Obesity:
overweight, body mass index (BMI) >25 kg/m? but <30 kg/m?; class I obesity, BMI >30 kg/m? but <35 kg/m?; class II obesity, BMI >35 kg/m? but <40 kg/

m?; and class III obesity, BMI >40 kg/m?.

F, female; M, male; +, presence of acute kidney injury (AKI); —, absence of AKI; ANC, absolute neutrophil count; AST, aspartate transaminase (nl. <34 U/L);
CK, creatine kinase (nl. 34 to 145 U/L); DM2, type 2 diabetes; DVT, deep vein thrombosis; HLD, hyperlipidemia; HTN, hypertension; LDH, lactate dehydrogenase

(nl. 118 to 230 U/L); ND, not done.

the setting of symptoms consistent with SARS-CoV-2
infection (Table 4). “Mild” cases had one or more symp-
toms, including fever, chills, myalgia, arthralgia, headache,
fatigue, cough, sore throat, nasal congestion, nausea, emesis,
and diarrhea; “moderate” cases also had tachypnea and/or
dyspnea. The three patients with moderate cases had lesions
consistent with lymphocytic vasculitis or palpable purpura
and positive SARS-CoV-2 RT-PCR findings. The three mild
cases had acral chilblains in the absence of a positive SARS-
CoV-2 RT-PCR result but with risk factors for SARS-CoV-2
acquisition. The absence of a positive RT-PCR test result for
COVID-19 in the latter has been previously reported in in-
dividuals with respiratory symptoms, risk factors for SARS-
CoV-2 exposure, and chilblains-like lesions.””

For analysis of plasma IFN-a and SIN3A (a co-repressor
protein that enhances proinflammatory signaling linked
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to IFN—Iz4), samples from 12 of the patients with critical
COVID-19 having undergone skin biopsy, plus an addi-
tional 20 individuals with critical COVID-19 from whom
plasma but not skin biopsy samples were available, were
used (n = 32; 13 female subjects, 19 male subjects). For the
group with moderate COVID-19, two individuals providing
skin samples, plus an additional 11 individuals from whom
only plasma samples were available, were tested (n = 13;
six female subjects, seven male subjects). Control subjects
included 13 age-matched healthy female subjects and nine
healthy male subjects.

The cohort of hospitalized patients with severe/critical
non—COVID-19 represents cases from WCM Pathology
Archives. Forty-four percent (four of nine) had ARDS
requiring prolonged mechanical ventilation, and 67% (six of
nine) had an AKI (Table 3).
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Table 2  Patients with Severe/Critical COVID-19: Inflammatory Markers and Skin Biopsy Findings
Livedo rash,  CRP, IL-6, Ferritin, (3, C4, CH50,  C5b-9+  MASP2+ MxA+
Code areas mg/dL pg/mL  ng/mL mg/dL mg/dL  HU MVEC MVEC Microthrombi ~ MVEC
1 Acral 44.2 181 6057 ND ND ND + + + -
2 Acral 21.0 ND 2418 115 27.8 ND + + + -
3 Acral >200 72 8891 137 29.6 324 + + - -
4 Forearm 12.2 63 702 87 15.7 106 + - + -
5 Multiple 5.5 ND 3169 150 37.9 0 + + + +
6 - 32.4 ND 4576 112 22.2 87 + ND + -
7 - 144.1 ND 1987 82 33.4 88 + + + -
9 Acral 29.1 428 3507 180 32.4 192 + ND + -
10 — 176.9 5 1343 82 27.3 123 + ND + -
11 - 27.4 14 4651 107 15 148 + ND + +
13 - 16.1 53 2434 122 32 158 + ND + ND
14 — 16.4 30 ND 113 43.7 162 + ND + -
15 — 11.6 ND 2858 52 2.8 ND + + + ND
8 — >200 ND 3122 ND ND ND — + + -
12 — 186.6 ND 829 152 49.8 129 — ND - -

+ and — symbols indicate the presence or absence, respectively, of a particular lesion, complement or myxovirus resistance A (MxA) staining, or micro-
thrombus. IL-6, normal range (nl.) <5 pg/mL; ferritin, nl. 10 to 291 ng/mL. Complement factors: C3, nl. 90 to 180 mg/dL; C4, nl. 12 to 36 mg/dL; CH50, nl. 60
to 144 hemolytic units (HU). Patients 8 and 12 were severe, the rest critical.

COVID-19, coronavirus disease 2019; CRP, C-reactive protein (nl. <0.9 mg/dL); ND, not done.

Microscopic and Immunohistochemistry Studies

Routine hematoxylin and eosin staining with light mi-
croscopy, and immunohistochemistry (IHC) to assess for
deposition of C5b-9 and MASP2 via a diaminobenzidine
technique, were conducted on 4-mm cutaneous punch
biopsy specimens, as described in detail by Magro
et al.”**?! SIN3A deposition was explored by using a
rabbit anti-human mSIN3A polyclonal IgG (ab3479,
1:750 dilution; Abcam, Cambridge, United Kingdom).
Staining for SARS-CoV-2 spike protein and tissue factor
(TF) expression used a rabbit polyclonal IgG (no. 3525;
ProSci, Poway, CA) or goat anti-human TF antibody
(R&D Systems, Minneapolis, MN) together with Nuance
software (Nuance Communications, Burlington, MA) to
co-localize expression of these proteins with SIN3A or
cell markers. The latter involved co-staining with anti-
—monocyte/macrophage (CD68) and anti-endothelial
cell (CD31/PECAM-1) polyclonal antibodies. Evidence
for thrombosis was sought by direct visualization and
staining for platelet microthrombi by using an anti-CD61
antibody. An Agilent reagent (M077701-5; Agilent
Technologies, Santa Clara, CA) and paraffin-embedded
tissue sections with a modified Leica protocol (Leica
Microsystems, Buffalo Grove, IL) were used for IHC;
this involved heat-mediated antigen retrieval with
Tris-EDTA buffer (pH = 9, epitope retrieval solution 2)
for 20 minutes, followed by incubation with each anti-
body for 15 minutes. Hematoxylin and eosin counter-
stain was mounted with Leica Micromount. Assessment
of MxA protein involved a Vision BioSystems Define
Kit (Vision BioSystems, Hingham, MA) and dilution of
primary antibody to 1:1600.
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C5b-9 deposition was defined as a granular and/or ho-
mogeneous pattern above background, typically endothelial
and/or subendothelial based, and affecting smaller caliber
vessels throughout the dermis and subcutaneous fat. An
evidence-based cutoff of >10 C5b-9—staining vessels was
considered positive, as reported by our group.”” C5b-9
deposits along the dermal—epidermal junction, basement
membrane zones of the eccrine coil, or within the pilar
erector muscle, dermal elastic fibers, elastic lamina of
vessels, or elastic tissue surrounding lymphatics were
considered nondiagnostic. For MASP-2 THC, any positive
staining of microvessels above background was recorded.

Circulating IFN-oe and SIN3A Levels

IFN-o and SIN3A concentrations in plasma were assessed
via ELISA [R&D Systems and BioSource (ThermoFisher
Scientific, Waltham, MA), respectively] using peripheral
blood collected in acid-citrate-dextrose vacutainer tubes.

Statistical Analysis

Comparison of differences in plasma-based biomarkers was
calculated by using a two-tailed #-test in Prism 7 software
(GraphPad, San Diego, CA). Differences in C5b-9, MASP2,
MxA, and microthrombi on tissue biopsy involved o>
analysis.

Study Approval

Use of archival pathology specimens and related case his-
tories was covered under WCM Institutional Review
Board—approved protocol 20-02021524. Clinical laboratory
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Table 3  Severe Disease in Non—COVID-19 Control Patients
Co-morbidities/ Fibrinogen, AST, ANC, LDH,
Code Sex Age,y Primary Diagnoses Outcome thrombotic complications mg/dL AKI/dialysis U/L /mm*® U/L
1 M 65 CMMolL, ARDS Discharged Allogeneic stem cell 310 - 154 2.9 375
transplant, AIHA, CMV
viremia, parainfluenza
pneumonia
2 F 37 HELLP syndrome Discharged C-section 176 +/No 266 16.7 513
Gestational diabetes
3 F 38 ARDS Discharged Pneumonia, seizures ND +/No 108 15.2 1574
4 F 56 AML, ARDS Died Allogeneic stem cell 391 +/Yes 88 14.3 977
transplant, cardiogenic
shock, pneumonia,
coronavirus infection
(not CoV-1,2), DVT, PE
5 F 81 IgGk multiple myeloma, Died DM2, pancreatitis, atrial 525 +/No 94 11.0 1555
ARDS fibrillation, influenza A
pneumonia
6 F 45 Angioimmunoblastic Died Allogeneic stem cell ND +/Yes 33 2.0 1549
T-cell lymphoma transplant,
Pseudomonas aeruginosa
sepsis, HHV6 viremia,
Coombs-negative
hemolytic anemia, GvHD
7 F 72 r/o TTP Discharged HTN, HLD, atrial ND - 52 5.1 ND
fibrillation/ischemic
stroke
8 M 76 Cryptogenic cirrhosis Discharged Coombs-negative ND - 87 1.6 1479
hemolytic anemia
9 M 86 Non-Hodgkin lymphoma,  Died Sepsis, Coombs-negative 311 +/No 264 0.3 2751

recurrent

hemolytic anemia

F, female; M, male; +, presence of acute kidney injury (AKI); —, absence of AKI; AIHA, autoimmune hemolytic anemia; AML, acute myelogenous leukemia;
ANC, absolute neutrophil count; ARDS, acute respiratory distress syndrome; AST, aspartate transaminase; CMMoL, chronic myelomonocytic leukemia; CMV,
cytomegalovirus; CoV-1,2, coronavirus 1,2; COVID-19, coronavirus disease 2019; DM2, type 2 diabetes mellitus; DVT, deep vein thrombosis; GvHD, graft-versus-
host disease; HELLP, hemolysis/elevated liver enzymes/low platelets; HHV6, human herpesvirus 6; HLD, hyperlipidemia; HTN, hypertension; LDH, lactate
dehydrogenase; ND, not done; PE, pulmonary embolism; r/o, rule out; TTP, thrombotic thrombocytopenic purpura.

data were obtained through the WCM COVID-19 Institu-
tional Data Repository. Case reports lacking identifiers are
considered exempt by the WCM Institutional Review
Board.

Results

Baseline Characteristics of the Study Subgroups

The severe/critical COVID-19 cohort, including Case A,
had clinical features and laboratory findings consistent with
established factors for advanced SARS-CoV-2 infection and
a heightened risk for mortality. Specifically, co-morbidities
for COVID-19 progression, including advanced age,
obesity, diabetes mellitus, malignancy, hypertension, and
atrial fibrillation, characterized 93% (14 of 15) of the severe/
critical COVID-19 cases (Tables 1 and 2), as well as 100%
(nine of nine) of the hospitalized non—COVID-19 control
cases (Table 3). Sixty percent (nine of 15) were aged >50
years in the COVID-19 group, similar to the 67% (six of
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nine) aged >50 years among the hospitalized control sub-
jects. Equity across the sexes was noted for the severe/
critical COVID-19 group, with 53% male. This is important
as there is a sexual dimorphism, at least in mice, in SIN3A
expression, with normal male mice having much higher
tissue levels than their female counterparts.z(’ Four (67%) of
the six mild/moderate cases had co-morbidities linked to
COVID-19 progression (Table 4). During a 6-month period
of observation, seven (47%) of the 15 patients with severe/
critical COVID-19 died, and an additional four patients
remained hospitalized for >10 weeks (Table 1). None of the
patients with mild or moderate disease progressed clinically
during that period.

Biochemical and hematologic laboratory values consis-
tent with disease severity, as established in large clinical
cohorts, was also similar between the severe/critical
COVID-19 cohort and the hospitalized control subjects.
Specifically, peak lactate dehydrogenase levels >550 U/L
and absolute neutrophil count >11.6 correlate with pro-
longed intensive care unit stays and mortality in
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Table 4

Patients with Mild or Moderate COVID-19: Comorbidities and Clinical Laboratory Results

CoV-2
RT-PCR/risk
Age, COVID-19 factor for

Rash, clinical ANC, b-dimer, C5b-9+

Code Sexy  stage COVID-19 Co-morbidities description /mm* ng/mL  MVEC  Microthrombi MxA-+MVEC
1 F 65 Moderate + HTN, HLD, DM2, ESRD, Vasculitic 14.7 1976  — - +
rheumatoid arthritis
2 F 72 Moderate + HTN, CAD, atrial Vasculitic 3.8 672 — - +
fibrillation, systemic
lupus erythematosus
3 F 58 Moderate + None Vasculitic ND ND - - +
F 48 Mild — HLD, CAD Toes, chilblains 2.2 ND — — +
5 M 16 Mild - None Toes, ND ND - - +
Live-in sibling chilblains
with moderate
COVID-19
6 F 65 Mild Declined; HTN, COPD Fingers, chilblains ND  ND - - +

exposure to
meat-packing
plant cases

+ and — symbols indicate the presence or absence, respectively, of a particular lesion, complement or myxovirus resistance A (MxA) staining, or

microthrombus.

F, female; M, male; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; CoV-2, coronavirus 2; COVID-19, coronavirus disease 2019;
DM2, type 2 diabetes mellitus; ESRD, end-stage renal disease; HLD, hyperlipidemia; HTN, hypertension; ND, not done.

COVID-19%7; these values were met by 67% (10 of 15) and
80% (12 of 15) of the severe/critical COVID-19 cases,
respectively (Table 1). Sixty-seven percent (six of nine
tested) of the non—COVID-19 hospitalized patients also had
this level of lactate dehydrogenase elevation (Table 3).
None of the mild/moderate individuals tested had such ab-
normalities (data not shown).

Clinical thrombosis was recognized in six (40%) of 15
severe/critical COVID-19 cases during their hospitalization,
three with deep vein thrombosis (Cases 6, 7, and 13), two
with continuous renal replacement therapy circuit throm-
bosis (Cases 9 and 10), and one with stroke (Case 2)
(Table 1). Organ and tissue-based abnormalities indicative
of a hypercoagulable state in COVID-19, including eleva-
tion of aspartate transaminase and creatine kinase >2 times
the upper limit of normal, were observed in 67% (10 of 15)
and 71% (10 of 14 tested) of the severe/critical COVID-19
cases, respectively (Table 1). Aspartate transaminase ele-
vations were noted in 67% (six of nine) of the hospitalized
non—COVID-19 control subjects, 22% of whom (two of
nine) had clinically recognized thrombosis, one with deep
vein thrombosis and pulmonary embolism (Case 4) and one
with stroke (Case 7) (Table 3).

Biomarkers indicative of a coagulopathy included p-
dimer and fibrinogen levels. p-dimer levels were elevated
to high in the severe/critical COVID-19 cohort, with a
mean of 10,042 ng/mL (range, 505 to 18,572 ng/mL;
normal range, 0 to 229 ng/mL) (Table 1). D-dimer in-
formation was not available for the hospitalized non-
—COVID-19 control subjects. However, fibrinogen levels
correlate with incidence of thrombosis in both COVID-
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19—related and non—COVID-19 ARDS,?” and fibrinogen
concentrations exceeded the upper limit of normal
(400 mg/dL) for 92% (11 of 12) of the severe/critical
COVID-19 cases tested (Table 1) but only 20% (one of
five tested) of the hospitalized control patients (Table 3).
Two of the six patients with mild/moderate COVID-19
had elevated bp-dimer levels, and both had moderate
symptoms (Table 4).

Biomarkers of a proinflammatory state, including C-
reactive protein, IL-6, and ferritin, were elevated in all pa-
tients with severe/critical COVID-19 who were tested
(Table 2). Levels of complement components C3 and C4
were within the normal range for most of these patients, but
total hemolytic complement levels (CH50) were elevated in
five (45%) of the 11 patients tested (Table 2). They were not
evaluated in the non—COVID-19 hospitalized group or in
the group with mild/moderate COVID-19.

Microscopic and IHC Analysis of Skin Biopsy Specimens

Livedo rashes, indicative of a systemic microvascular
thrombotic plrocess,25 were recognized in 40% (six of 15) of
the severe/critical cases (Table 2) but in none of the mild/
moderate cases or the hospitalized pre—COVID-19 control
subjects. In terms of normal-appearing deltoid skin, 87%
(13 of 15) of the severe/critical COVID-19 cases exhibited
C5b-9 deposition in the microvasculature (Figures 1A and 2
and Table 2). Case A had similar C5b-9 deposition in
normal-appearing deltoid skin. In addition, all six cases of
critical COVID-19 with visible skin lesions had C5b-9
deposition in lesional skin (data not shown), as previously
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Figure 1  Representative examples of C5b-9 deposition, platelet microthrombi, lipomembranous fat necrosis, and myxovirus resistance A (MxA) expression

in biopsy specimens of normal-appearing deltoid skin from patients with critical coronavirus disease 2019 (COVID-19). A: Granular endothelial and sub-
endothelial deposits of C5b-9 were present in venules, capillaries, and small arteries. Illustrated is granular deposition in a capillary and an arteriole. B:
Staining for the platelet marker CD61 highlights an incipient platelet thrombus in an arteriole. C: Lipomembranous fat necrosis is a cardinal hallmark of
incipient ischemic alterations within the fat. It is characterized by a fern-like alteration of the adipocyte membrane. D: Interferon-I—induced MxA expression
is absent from cutaneous arterioles of a representative patient with critical COVID-19. Lesional skin from this patient showed a similar lack of MxA expression
(not shown). E: MxA expression is prominent in lesional skin of a patient with moderate COVID-19. Original magnification: diaminobenzidine (DAB) stain,
%1000 (A, B, and D); hematoxylin and eosin stain, x1000 (C); DAB stain, x400 (E).

documented by our group for identical SARS-CoV-
2—related livedo rashes.”” None of the six mild/moderate
cases exhibited C5b-9 deposition in skin associated with
rashes (P < 0.01) (Figure 2), nor did any of the biopsy
specimens of normal-appearing deltoid skin in the nine
hospitalized non—COVID-19 control subjects (data not
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shown; P < 0.001). Similarly, MASP2 deposition on
microvasculature, in a pattern resembling that of C5b-9, was
restricted to the severe/critical COVID-19 group, present in
seven of eight cases examined (Table 2).

These differences in complement deposition were re-
flected by three additional histopathologic findings. First,
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Pathophysiological correlates of coronavirus disease 2019 (COVID-19) disease stage. Fifteen individuals with severe (n = 2) or critical (n = 13)

COVID-19 and six individuals with mild/moderate COVID-19 were studied. C5b-9 deposition, microthrombus formation, and myxovirus resistance A (MxA)
expression differed significantly in skin biopsy specimens from patients with severe/critical versus those with mild/moderate COVID-19 (P < 0.001 for group

comparisons in all three graphs).
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Figure 3  Representative examples of tissue factor (TF) and SIN3A protein showing co-localization with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) spike protein (CoV2-S) deposition on CD31" cells of normal-appearing deltoid skin from patients with coronavirus disease 2019 (COVID-19)
acute respiratory distress syndrome versus non-COVID acute respiratory distress syndrome. As described in Materials and Methods, immunohistochemistry was
used to detect all proteins illustrated here. The different colors used to define co-localization of these IHC-labeled proteins were generated by using Nuance
software, as described in the text. A: No staining for TF is evident in biopsy specimen of normal-appearing deltoid skin from a healthy control versus abundant
staining for TF in the microvasculature of both superficial (left panel of first row) and deep cutaneous (boxed areas in right panel of first row) vessels in a
patient with critical COVID-19 (Covid-A). Using Nuance software in analysis of critical COVID-19 Case 15 (Covid-15), the TF image appears green, and the CD31
endothelial marker appears red. A merged image shows expression of TF in areas of CD31 expression, as revealed by intense yellow staining. This analysis was
repeated for TF (green) and CoV2-S protein (red), showing co-localization (yellow stain). B: Using Nuance software to analyze critical COVID-19 Case 5 (Covid-
5), the SIN3A image appears green, and the CoV2-S protein appears red. A merged image shows a significant degree of SIN3A and S protein co-localization, as
revealed by intense yellow staining. C: A deltoid skin biopsy specimen of a healthy control stained for TF (first panel) and with anti-SIN3A (green) and
anti—SARS-CoV-2 (red) reagents (second panel). No expression of TF and SARS-CoV-2 and minimal expression of SIN3A is apparent. Original magnification,
x 400 (A-C).
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Plasma levels of interferon type I (IFN-I) co-repressor protein SIN3A, but not IFN-a, correlate with coronavirus disease 2019 (COVID-19) stage.

Levels of SIN3A were assessed by using ELISA in plasma of individuals with moderate (n = 13; six female subjects, seven male subjects) or severe/critical
(n = 32; 13 female subjects, 19 male subjects) COVID-19 and compared with healthy age-matched control subjects (female subjects, n = 13; male subjects,
n = 9). Levels of IFN-a were assessed by using ELISA and plasma of individuals with moderate (n = 16) or severe/critical (n = 14) COVID-19 and compared
with healthy age-matched control subjects (female subjects, n = 6). **P < 0.01.

there was a striking incidence of microthrombi in normal-
appearing skin of the severe/critical cases [87% (13 of 15)],
including six (40%) of 15 with arteriolar thrombi (Cases 2,
4,5, 6,9, and15) versus zero of nine hospitalized control
subjects and zero of six in the lesional skin of the mild/
moderate cases (P < 0.001) (Figures 1 and 2). The micro-
thrombi varied from platelet aggregates highlighted by
CD617 deposits adherent to endothelium (Figure 1B) to
fully formed clots. Both venous and arterial microthrombi
were similarly present in the normal-appearing deltoid skin
of Case A. There was a clear association between comple-
ment C5b-9 and/or MASP2 deposits with the presence of
microthrombi in the severe/critical COVID-19 group for
100% (13 of 13) with observed microthrombi (Table 2). In
contrast, only one of the two individuals without micro-
thrombi had such deposits (Table 2), and none of six in-
dividuals with mild/moderate COVID-19, all lacking
microthrombi, had complement expression (Figure 2).
Second, lipomembranous fat necrosis, a manifestation of
local hypoxia,”® was present in five of 15 severe/critical
COVID-19 cases (33%) (Figure 1C). Such necrosis has
been recognized in association with other microthrombotic
conditions linked to tissue hypoxia. Third, there was stain-
ing for TF in the microvasculature of a patient with severe
COVID-19 that was not apparent in the healthy control
subject (Figure 3A). Co-localization of TF in areas staining
for clustered SARS-CoV-2 spike protein and CD31
(Figure 3A), but not in areas of CD68" staining (not
shown), was recognized. However, resolution of TF staining
did not permit definitive localization to a CD31" cell versus
a peri-endothelial distribution.

In terms of IFN-I—associated signals, IFN-I—inducible
antiviral protein MxA was present in 100% (six of six) of
the mild/moderate cases (Table 4) but only in 15% (two of
13) of normal-appearing skin biopsy samples tested, and
none of the six livedo rashes in the patients with severe/
critical COVID-19 (P < 0.001) (Figure 1, D and E,
Figure 2, and Table 2). Several reports’’>’ have
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documented the lack of MxA expression in microvessels of
normal donors and individuals without active viral in-
fections. MxA staining was observed in only one of the
eight patients tested from the hospitalized control group; this
patient (Case 4) had ARDS complicated by a non—SARS-
CoV-1,-2 infection (Table 3). In contrast, SIN3A expression
was prominent in the microvasculature of normal-appearing
deltoid skin from patients with severe/critical COVID-19
(Figure 3B) but not in similar sections from normal con-
trol subjects (Figure 3C). SIN3A co-localized with areas of
SARS-CoV-2 expression (Figure 3C).

Plasma SIN3A and IFN-a Levels

There was no statistically significant difference in SIN3A
levels between healthy female and male normal control
subjects (Figure 4). The mean level of plasma SIN3A was
136.6 ng/mL in the critical COVID-19 group (n = 32; 13
female subjects, 19 male subjects) versus 17.8 ng/mL in
healthy female control subjects (n = 13), an 8.1-fold in-
crease, and 16.2 ng/mL in healthy male control subjects
(n = 9), an 8.4-fold increase (P < 0.02 for both sexes)
(Figure 4). Patients with moderate COVID-19 (n = 13; six
female subjects, seven male subjects) had a mean SIN3A
level of 34.6 ng/mL, which was 3.9-fold lower than that in
the critical group and not statistically different from healthy
control subjects (P = 0.06) (Figure 4). In contrast, IFN-o
levels were not statistically different between healthy con-
trol subjects (mean, 20.1 pg/mL) and patients with moderate
(mean, 19.1 pg/mL) or critical (mean, 15.4 pg/mL) COVID-
19 (Figure 4).

Discussion
The clinical-pathologic associations explored in this study
using skin, a tissue that is readily accessible by simple punch

biopsy, and standard IHC techniques established three key
points. First, the study provides new evidence for both
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venous and arterial microthrombosis in the normal-appearing
skin of patients with severe/critical COVID-19, but not in the
skin of SARS-CoV-2—infected individuals with self-limited
disease of mild/moderate intensity. This included 40% of
COVID-19 patients with ARDS having arteriolar thrombi
versus none of nine critically ill pre—COVID-19 control
subjects, four of whom also had sepsis-associated ARDS. It
is consistent with the autopsy-based observation that arteri-
olar thrombi are ninefold more prevalent in the lungs of
patients with severe/critical COVID-19 versus the lungs of
those with other forms of ARDS,® and microthrombi are
fivefold more prevalent in the hearts of patients dying of
COVID-19 versus specimens from control patients, with or
without cardiac disease.’” It also supports the hypothesis,
based on autopsy of multiple organ systems in patients with
COVID-19,” that numerous microthrombi in both venous
and arterial vessels may be a unique characteristic of
COVID-19 ARDS versus other forms of ARDS and, as
shown here, is a systemic phenomenon that can be docu-
mented by biopsy of normal-appearing skin.

The demonstration of co-staining of TF with SARS-CoV-
2 spike protein in the microvasculature in association with
microthrombi provides premortem documentation of what
had been observed by our group at autopsy in the lungs of
patients with critical COVID-19.”" In the earlier study, TF
protein expression was 2.1-fold higher in COVID-19 versus
non—COVID-19 ARDS Iungs (P < 0.005) and 11-fold
(P < 0.001) higher than in control lungs, with fibrin
thrombi and thrombi positive for platelet factor 4 found in
close proximity to regions expressing TF in COVID-19
ARDS lungs. Further studies are required to determine the
precise identity of the cells staining for TF and SARS-CoV-
2 products. However, our current findings suggest that the
higher levels of TF in cells of skin microvessels could
similarly initiate thrombus formation by thrombin genera-
tion, platelet activation, and TF-mediated signaling for
inflammation,”* and thus TF could be a potential therapeutic
target for SARS-CoV-2—induced thrombosis.

Second, the study confirms our initial anecdotal observa-
tion, based on only three cases of severe/critical COVID-19,”
of the presence of terminal complement complex C5b-9 and
lectin pathway of complement MASP2 deposition in the
microvasculature of normal-appearing skin. This study in-
cludes 15 additional patients with severe/critical COVID-19
and, for the first time, appropriate control subjects. It also
documents that such complement deposition is not a feature
of skin obtained before the COVID-19 pandemic from crit-
ically ill patients with ARDS and/or AKI and co-morbidities
similar to those of patients with COVID-19.

Third, the study found a marked dichotomy in the
expression of the IFN-I—inducible protein MxA in both
normal-appearing and lesional skin of patients with severe/
critical COVID-19 versus patients with mild/moderate
COVID-19 (15% versus 100%). IFN-I may have a key
modulatory role in COVID-19 progression. MxA is up-
regulated as a first line of innate immune defense in many
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viral disorders”**® but is suppressed in advanced SARS-
CoV disease,” as the study now shows in vivo for SARS-
CoV-2 infection. Not only did patients with severe/critical
COVID-19 have a deficit in the IFN-I—associated MxA
antiviral response, but they had a parallel excess, in skin and
plasma, of SIN3A, which can perpetuate IFN-I-—linked
inflammation.”* The latter is consistent with the fact that
although plasma IFN-I levels are often low in patients with
critical COVID-19,” IFN-I—driven inflammatory pathways
may be highly elevated.”® The recent demonstration of
STAT3 up-regulation in the lungs of COVID-19 patients at
autopsy’’ is consistent with our observation of SIN3A
elevation in the cutaneous microvasculature of patients with
severe/critical COVID-19, as SIN3A is the primary sup-
pressor of major inhibitory pathways for IFN-I—driven
inflammation, acting via binding to STAT3 homodimers.”*
It offers tissue-based support for the concept of a novel
biology specific to COVID-19 within the framework of
what otherwise appears as largely identical transcriptional
signals seen in comparisons of SARS-CoV-2 infections
versus other respiratory viral infections.”® It also parallels
the finding that a major category of differentially expressed
genes in human lung cells infected with SARS-CoV-2
in vitro involves down-regulation of negative regulators of
proinflammatory cytokine biosynthesis.””

The documentation of co-staining of SARS-CoV-2 spike
protein with SIN3A on the microvasculature suggests direct
activation of this pathway by the virus in vivo, but it does
not presuppose infection of endothelial cells. The ability of
SARS-CoV-2 to directly infect endothelial cells remains
controversial.*~** A recent autopsy-based study from the
NIH showed SARS-CoV-2 RNA in skin from 68% of se-
vere/critical patients, with in situ hybridization suggesting
evidence of virus replication at multiple additional extrap-
ulmonary sites, including endothelium.*” This parallels an
earlier autopsy study documenting SARS-CoV-2 protein in
multiple organs.”* However, these observations are also
consistent with in vitro systems documenting induction of
IFN-I—responsive genes and coagulation factors by isolated
SARS-CoV-2 spike and nucleocapsid proteins, in the
absence of direct infection.*”*°

This work is limited by its cross-sectional nature and
nonrandomized subject referral process. The patients with
severe/critical COVID-19 had progressed to a point at
which intervention with anticomplement therapies was
under consideration. Similarly, patients with mild/moderate
COVID-19 were referred because of a cutaneous lesion.
Before the clinical significance of these findings as action-
able correlates of disease progression can be established, a
prospective study is required using serial biopsy specimens
of normal-appearing skin.

The current study does have several strengths. Longitu-
dinal, tissue-based studies should be possible because of
our demonstration of the utility of simple punch skin bi-
opsies. They enable tissue-based premortem assessment for
microvascular thrombosis, complement deposition, and
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IFN-I—based responses at different time points. In addition,
such information may help inform treatment decisions. For
example, deposition of both MASP2 and the MASP2-
binding protein MBL has been found in lungs of patients
with COVID-19 and ARDS at autopsy, findings not seen in
HINI influenza—linked ARDS.™*" Patients with severe/
critical COVID-19 refractory to current therapeutic in-
terventions may be candidates for use of the anti-MASP2
antibody narsoplimab*® and other anticomplement agents,
including the anti-C5 agent eculizumab,22 as well as se-
lective blockade of C5a, recently shown to be a driver of
microvascular platelet aggregation in in vitro models for
COVID-19 plasma-associated vascular injury.”’ Defibrotide
is an additional possible intervention. The latter is
approved by the US Food and Drug Administration for the
treatment of veno-occlusive disease/sinusoidal obstruction
syndrome.” It has antiplatelet activity, and several studies
suggest similarities between the endotheliopathy of veno-
occlusive disease/sinusoidal obstruction syndrome and
SARS-CoV-2 infection.”'”” Cutaneous biopsy may also
permit exploration of the “long COVID” syndrome, post-
acute sequelae of SARS-CoV-2 infection, which involves
pulmonary and extrapulmonary organ systems.” For
example, in terms of chronic neurologic sequelae of SARS-
CoV-2, magnetic resonance imaging scans, cerebral blood
flow studies, and cerebrospinal fluid sampling implicate
microvascular and IFN-I abnormalities similar to those
seen at autopsy in the brain of patients with severe/critical
COVID-19"""" and in our cutaneous biopsy specimens of
patients with severe/critical COVID-19.

Conclusions

This study provides the first premortem evidence for sys-
temic venous and arteriolar microthrombosis in patients
with severe/critical COVID-19 versus those with mild/
moderate COVID-19. It confirms the original observation,
based on only three severe/critical COVID-19 cases, of
terminal complement complex C5b-9 and lectin pathway of
complement MASP2 deposition in the cutaneous micro-
vasculature, and documents that such complement
involvement is not a feature of pre—COVID-19 ARDS. It
supports the hypothesis that these microvascular changes
may be a unique characteristic of COVID-19 ARDS versus
other forms of ARDS.

These observations have clinical implications. First,
although anticoagulants were used in the pre—COVID-19
era in sepsis-associated pneumonias to reduce macrovessel
thromboembolism, most randomized trials to date have not
shown benefits of add-on or escalated antithrombotic ther-
apy over usual standard of care in hospitalized patients
critically ill with COVID-19 ARDS.” Standard antith-
rombotic agents may not be capable of reducing the
microvessel thrombosis of SARS-CoV-2 infection. Second,
the study found a marked dichotomy in the expression of
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IFN-I—inducible antiviral protein MxA versus IFN-I
proinflammatory regulator SIN3A in patients with severe/
critical COVID-19 versus those with mild/moderate
COVID-109. Increased SIN3A levels in plasma and expres-
sion in skin microvasculature were associated with the
severity of COVID-19. These results indicate that SIN3A
along with coagulation and complement pathway markers
may refine the approach to predicting COVID-19 progres-
sion and intervening in its advance.
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