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A B S T R A C T

In critically ill patients infected with SARS-CoV-2, early leukocyte recruitment to the respiratory
system was found to be orchestrated by leukocyte trafficking molecules accompanied by massive
secretion of proinflammatory cytokines and hypercoagulability. Our study aimed to explore the
interplay between leukocyte activation and pulmonary endothelium in different disease stages of
fatal COVID-19. Our study comprised 10 COVID-19 postmortem lung specimens and 20 control
lung samples (5 acute respiratory distress syndrome, 2 viral pneumonia, 3 bacterial pneumonia,
and 10 normal), which were stained for antigens representing the different steps of leukocyte
migration: E-selectin, P-selectin, PSGL-1, ICAM1, VCAM1, and CD11b. Image analysis software
QuPath was used for quantification of positive leukocytes (PSGL-1 and CD11b) and endothelium
(E-selectin, P-selectin, ICAM1, VCAM1). Expression of IL-6 and IL-1b was quantified by RT-qPCR.
Expression of P-selectin and PSGL-1 was strongly increased in the COVID-19 cohort compared with
all control groups (COVID-19:Controls, 17:23, P < .0001; COVID-19:Controls, 2:75, P < .0001,
respectively). Importantly, P-selectin was found in endothelial cells and associated with aggregates
of activated platelets adherent to the endothelial surface in COVID-19 cases. In addition, PSGL-1
staining disclosed positive perivascular leukocyte cuffs, reflecting capillaritis. Moreover, CD11b
showed a strongly increased positivity in COVID-19 compared with all controls (COVID-19:Controls,
2:89; P¼ .0002), indicating a proinflammatory immunemicroenvironment. Of note, CD11b exhibited
distinct staining patterns at different stages of COVID-19 disease. Only in cases with very short
disease course, high levels of IL-1b and IL-6 mRNA were observed in lung tissue. The striking
upregulation of PSGL-1 and P-selectin reflects the activation of this receptoreligand pair in
COVID-19, increasing the efficiency of initial leukocyte recruitment, thus promoting tissue damage
and immunothrombosis. Our results show that endothelial activation and unbalanced leukocyte
migration play a central role in COVID-19 involving the P-selectinePSGL-1 axis.

© 2023 United States & Canadian Academy of Pathology. Published by Elsevier Inc. All rights reserved.
Introduction
The emergence of SARS-CoV-2 virus and the outbreak of a
global pandemic presented unprecedented medical and economic
challenges.1 Key pathological features observed in fatal COVID-19
ology. Published by Elsevier Inc. All rights reserved.
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Table 1
Clinical data of the patients

Case Age (y) Sex Days from
admission
until death

Days in
ICU

Comorbidities Clinical cause of death Stage

COVID-19-1 78 F 1 (home care) d Cardiac pacemaker, obesity Pneumonia Vascular

COVID-19-2 50 M 9 8 Bronchial asthma, peripheral
pulmonary emphysema

Ventricular fibrillation Vascular

COVID-19-3 59 M 12 8 Arterial hypertension, intrinsic
bronchial asthma

ARDS, multiorgan failure Vascular

COVID-19-4 56 M 20 12 Arterial hypertension Multiorgan failure with progressive
liver dystrophy

Epithelial

COVID-19-5 61 M 18 10 Arterial hypertension ARDS, multiorgan failure Epithelial

COVID-19-6 58 M 21 8 Diabetes type 2, obesity ARDS Epithelial

COVID-19-7 72 M 19 12 NST EMI in 3-vessel disease Multiorgan failure, acute liver
dystrophy

Fibrotic

COVID-19-8 78 M 8 4 Coronary artery disease,
cardiomegaly, atherosclerosis

ARDS, multiorgan failure, liver
hemophagocytosis

Fibrotic

COVID-19-9 74 M 32 15 Coronary artery disease, pulmonary
valve stenosis

Multiorgan failure with progressive
liver dystrophy

Fibrotic

COVID-19-10 86 F 11 9 Arterial hypertension ARDS with progressive organization,
pulmonary aspergillosis

Fibrotic

ARDS, acute respiratory distress syndrome; F, female; M, male; NST EMI, non-ST-elevation myocardial infarction.

Table 2
Antibodies used for immunohistochemistry

Antibody Company Catalog code Dilution

E-selectin (CD62E) Abcam ab18981 1:400

P-selectin (CD62P) Invitrogen MA5-16567 1:100

PSGL-1 Abcam ab110096 1:400

CD11b Abcam ab133357 1:2000

VCAM-1 Abcam ab134047 1:250

ICAM-1 Novocastra NCL-CD54-307 1:15
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were pulmonary complications, a prominent prothrombotic state,
and a failure of the immune response.2e4 Accumulating evidence
suggests that SARS-CoV-2 can directly affect endothelial cells with
the consequent immune response accompanied by massive
secretion of proinflammatory cytokines resulting in dysregulation
of the endothelium, leukocyte activation, neutrophil extracellular
trap (NET) generation, and platelet consumption.5e7 These path-
ways can induce a prothrombotic state, namely immuno-
thrombosis, which can lead to severe thrombotic complications.8,9

Therefore, there is an urgent clinical need to further elucidate
the interplay between pulmonary endothelia and the inflamma-
tory compartment in fatal COVID-19. Understanding these path-
ogenic mechanisms offers important opportunities to adapt
therapeutic approaches attenuating inflammation, endothelial
damage, thrombosis, and systemic microangiopathy. The inter-
action between the leukocytes and the endothelium comprises a
well-defined and regulated multistep cascade involving consec-
utive steps of adhesive interactions and migratory events for
leukocytes.10

This process comprises 4 consecutive steps: slow rolling,
adhesion strengthening, intraluminal crawling, and finally trans-
cellular migration through the endothelium.10,11 The initial rolling
is mediated by L-selectin (CD62L) expressed on leukocytes and E-
selectin and P-selectin (CD62P) stored in the a-granules of plate-
lets and in the endothelial cells. Upon activation, P-selectin is
translocated to the cell membrane, and overexpression indicates
activation of endothelium and platelets. The main ligand for these
selectins is P-selectin glycoprotein ligand (PSGL)-1 (CD162)
expressed both on neutrophils and certain endothelial cells.
Subsequently, firm adhesion is mediated through macrophage
antigen-1 (Mac-1/CD11b) expressed on neutrophils and macro-
phages and its ligand intercellular adhesion molecule (ICAM)-1
expressed on the vascular endothelium.12 The third step, intra-
vascular crawling, involves CD11b and other b2-integrins.13 Before
the final step, the transendothelial migration, vascular cell adhe-
sion molecules (VCAM)-1 and ICAM-1 form the so-called docking
structures on endothelial cells.14 Severe cases of COVID-19 are
characterized by elevated levels of P-selectin, a biomarker of
endothelial degranulation and platelet activation.15 However, ac-
cording to existing literature, only the soluble form of P-selectin
(sP-selectin) in sera15e18 or P-selectin on the mRNA level19 have
2

been studied so far. Thus, in our study, we aimed to visualize the
expression of this marker and other antigens relevant for leuko-
cyte activation and extravasation in lung tissue by immunohis-
tochemistry (IHC) in COVID-19 in comparison to other
inflammatory lung disorders.

PSGL-1 was primarily regarded as an adhesion molecule that
binds P-selectin on activated endothelium,20 and is now pro-
gressively recognized as an important regulator of many facets of
immune responses by myeloid cells and T cells in settings of ho-
meostasis and inflammation.21 PSGL-1 is broadly expressed on
most immune cells, including neutrophils, monocytes, dendritic
cells (DCs), and lymphocytes, and mediates interactions with P-
selectin and E-selectin present in activated endothelium.

CD11b is a b-integrin involved in neutrophil adhesion, diape-
desis, and phagocytosis and is stored in primary and secondary
intracellular granules within unstimulated neutrophils and mac-
rophages.22 In addition to its role as an adhesion molecule, CD11b
is used as a marker of neutrophil activation. Its activation is linked
to several neutrophil functions, such as the oxidative burst,
phagocytosis, and release of proteolytic enzymes.23 CD11b is
normally expressed at very low levels on neutrophils and becomes
elevated when neutrophils encounter pathogens or their
products.24e26

In this study, we examined the expression of adhesion mole-
cules by IHC on endothelium and leukocytes in COVID-19
postmortem lung specimens in different stages of the disease
(early-stage capillaritis, exudative, and proliferative phase). We
compared the results with a control group comprising acute res-
piratory distress syndrome [ARDS] of other causes, pneumonia,
and normal lung specimens.



Table 3
Statistical analysis of the difference between COVID-19 group and controls

Cases Mean (%) SE P value

E-selectin

COVID-19 1,07 ±0.28

ARDS 1,88 ±0.22 .2524

Pneumonia 2,46 ±0.34 .0159a

Neoplasia 1,52 ±0.34 .7551

Normal 0,84 ±0.41 .9652

P-selectin

COVID-19 6,55 ±0.50

ARDS 0,28 ±0.14 <.0001c

Pneumonia 0,26 ±0.06 <.0001c

Neoplasia 0,60 ±0.24 <.0001c

Normal 0,58 ±0.15 <.0001c

PSGL-1

COVID-19 77,25 ±5.65

ARDS 20,92 ±4.14 <.0001c

Pneumonia 45,36 ±8.11 .002b

Neoplasia 27,50 ±5.25 <.0001c

Normal 18,48 ±3.72 <.0001c

ICAM-1

COVID-19 1,18 ±0.56

ARDS 4,04 ±1.15 .0555

Pneumonia 3,44 ±1.02 .1687

Neoplasia 1,82 ±1.03 .9524

Normal 2,54 ±0.47 .5958

VCAM-1

COVID-19 2,17 ±1.02

ARDS 6,40 ±2.14 .3627

Pneumonia 17,10 ±3.93 <.0001c

Neoplasia 5,30 ±1.22 .6281

Normal 5,68 ±1.65 .5307

CD11b

Normal 6,82 ±0.89 <.0001c

COVID-19 46,76 ±5.38

ARDS 27,38 ±6.70 .0359a

Pneumonia 17,62 ±4.51 .0011b

Neoplasia 12,76 ±2.05 .0002c

ARDS, acute respiratory distress syndrome.
a P<0.05.
b P<0.005.
c P<0.001.
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Dysregulated IL-1b and IL-6 responses have been implicated in
the pathogenesis of severe COVID-19.27,28 Endothelial cells are a
target of these cytokines, and they regulate several aspects of
vascular homeostasis and cellular inflammation. Based on our
previous limited data, we also aimed to determine the expression
of these cytokines byRT-qPCR in our COVID-19 cohort and controls.
Materials and Methods

Patients

The COVID-19 group comprises postmortem lung samples of
patients whose primary cause of death was considered SARS-CoV-
2 (n¼ 10) infection as determined in a complete autopsy. All cases
occurred during the first wave of the pandemic in spring 2020,
thus representing an uninitiated cohort homogeneously infected
with the alpha variant of SARS-CoV-2. According to histologic
patterns, the COVID-19 cohort was divided into 3 subgroups: (1) a
vascular stage with edema, incipient epithelial damage, and
endothelialitis, generally characterizing the early phase of
3

infection; (2) an epithelial stage of fully developed exudative
diffuse alveolar damage (DAD); and (3) the organizing/fibrotic
stage of DAD (Table 1).2,29,30 Testing for COVID-19 had been per-
formed on nasopharyngeal swabs taken during intensive care unit
(ICU) hospitalization, and positivity was confirmed on FFPE tissue
by qRT-PCR. Significant levels of SARS-CoV-2 RNA were detected
in the lungs of all patients. The clinical data of 10 cases were ob-
tained from medical records during hospitalization in the ICU at
Tübingen University Hospital (Tübingen, Germany) (Table 1). The
control group (n ¼ 20) was composed of postmortem (5 ARDS, 2
viral pneumonia, and 3 bacterial pneumonia) and surgical lung
samples (5 samples of normal lung from lung cancer resection
specimens and 5 normal lung specimens from bullectomy due to
spontaneous pneumothorax).
Tissue Macroarray

Representative lung blocks of the control group were selected
after reviewing all original glass slides from the surgical resection
specimens. Recut hematoxylin and eosinestained sections were
annotated for tissue macroarray (TMA) construction. Areas with
themost pronounced changes were chosen. Two 6mm cores from
eachblockwere targeted, providing double samplingof all 20 cases
with a total of 40 cores.
Immunohistochemistry

Routine histologic stains were performed on formalin-fixed
and paraffin-embedded samples following standard protocols.
Immunohistochemistry was performed on an automated immu-
nostainer (Ventana Benchmark Ultra, Roche Diagnostics). Anti-
body details are included in Table 2.
Image Data Acquisition

All immune-stained slides were scanned using a Ventana DP
200 digital scanner at 40� magnification. Expression of adhesion
molecules was recorded and evaluated using QuPath software
(version 0.3.0) open-source software for digital pathology image
analysis.31 Detailed information is given in the Supplementary
Material.
SARS-Cov-2 RNA and IL-1b and IL-6 mRNA Detection

For RNA isolation, native tissue samples obtained during au-
topsy were placed in 500 mL peqGOLD TriFast RNA/DNA/Protein
Isolation Reagent (peqLab Biotechnologie Erlangen). Tissue sam-
ples were mechanically shredded. After adding chloroform and
incubating the samples for 10 minutes at room temperature, the
samples were centrifuged, and the aqueous supernatant con-
taining the RNA was precipitated by adding 250 mL isopropanol.
The RNA precipitate was washed with 75% ethanol and dried. The
pellet was resuspended in 25 mL RNase-free water.

Real-time quantitative PCR was performed using the Gene-
FinderCOVID-19PlusRealAmpKit assay (ELITechGroup) according
to themanufacturer's suggestions. RT-qPCRwas carried out using a
Rotor-Gene-Q (Qiagen) applying FAM fluorophore for the RdRp
gene and JOE (ABI)fluorophore for theN gene. A positive test result
was defined as a cycle threshold (Ct) �40 for individual targets.



Figure 1.
P-selectin expression in pulmonary vessels. (A) Upregulation of P-selectin in COVID-19 (red circle) compared with controls (gray circles). The difference between comparison
group (COVID-19) and controls is represented by the distance between the circles. (B) Statistically significant difference between COVID-19 group and controls according to a
Dunnett test. (C) Lower P-selectin expression in a pneumonia case. Inset shows a weaker, finely punctuated P-selectin intensity of platelets in the same case. (D, E) P-selectin
positivity on the luminal surface of endothelial cells in COVID-19. (F) P-selectin positivity on endothelial cells and platelet aggregates in a COVID-19 case. Original magnification,
100� (CeF); 200� (insets, C, D).
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Quantitative RT-PCR for 200 ng of RNAwas used to perform one-
stepquantitative real-time reverse-transcriptionPCR (TaqManRNA-
to-CT 1-Step Kit, Applied Biosystems,) at the appropriate annealing
temperature for 40 cycles on a 7300 Real-Time PCR System (Applied
Biosystems). Data analysis was performed as relative quantification
in relation to the expression of the housekeeping gene
hypoxanthine-guanine phosphoribosyltransferase as internal stan-
dard. Specific primers and probes were purchased from MWG
Biotech. Primers were as follows: hIL1b-fwd GCACGAT

GCACCTGTACGAT, hIL1b-rev AGACATCACCAAG CTTTTTTGCT,
hIL1b-probe ACTGAAC TGCACGCTCCGGGACTC, hIL6-fwd GGTA-

CATCCTCGACGGCATCT, hIL6-rev GTGCCTC TTTGCTGCTTTCAC,
hIL6-probe TGTTACTCTTGTTACATGTCTCCTTTCTCAGGGCT.
In Situ Hybridization

To detect SARS-CoV-2 RNA (plus strand RNA), 4-mmethick lung
tissue sections, including negative and positive controls, were
hybridized using specific probes for SARS-CoV-2 (Advanced Cell
Diagnostics, ACD) followed by the RNAscope 2.5 HD Detection Kit
Red from ACD according to the manufacturer’s protocol.
Statistical Analysis

All data are expressed as mean ± SD. Data sets were normally
distributed, with similar variances between compared groups. All
statistical analysis for adhesion molecules was performed using
JMP software (SAS Institute) and was conducted using 1-way
4

analysis of variance analyses to compare 2 or more groups. The
Dunnett post hocmultiple comparison test was used to determine
statistical significance when analysis of variance results were
significant. The nonparametric ManneWhitney U-test was used to
evaluate differences in cytokine levels and was conducted using
GraphPad Prism (v8.4.3, GraphPad Software). The P values <.05
were considered significant. Significance was indicated as follows:
*P< .05, **P< .005, and ***P< .001. Error bars represent the SEM.
Results

Normal Lung

The 5 normal lung samples showed comparable results. P-
selectin mediates the initial step of the adhesion cascade (rolling)
and is constitutively expressed at low levels by pulmonary
endothelium and platelets. P-selectin expression was almost un-
detectable in the small vessels of uninflamed lungs, indicating
nonactivated endothelium (0, 60%; 0, 58%) (Table 3). PSGL-1
expression was detected on scattered leukocytes in normal lung
tissue from bullectomy specimens showing an overall reduced
positivity compared with non-COVID-19 pneumonia cases, ARDS,
andmost of all, COVID-19 cases (18, 48%) (Table 3). Of note, PSGL-1
expression was upregulated on leukocytes in normal lung tissue
from lung resections for lung cancer (27, 50%) (Table 3) compared
with normal lung tissue from bullectomy. PSGL-1 expressing
epithelial cells (bronchopulmonary squamous metaplasia, pneu-
mocyte type II hyperplasia, and bronchial glands) and endothe-
lium were excluded from the analysis. CD11b staining revealed



Figure 2.
PSGL-1 expression on leukocytes. (A) Upregulation of PSGL-1 in COVID-19 (red circle) compared with controls (gray circles). The difference between comparison group (COVID-
19) and controls is represented by the distance between the circles. (B) Statistically significant difference between COVID-19 group and controls according to Dunnett's test. (C)
PSGL-1 expression in an acute respiratory distress syndrome control case. (D) PSGL-1 positive leukocytes coalescing to form intravascular white cell plugs in a COVID-19 patient
in the vascular stage. (E) PSGL-1 intensely positive leukocytes arranged in a capillaritis picture in a COVID-19 case. (F) PSGL-1-positive granulocytes in the epithelial stage of a
COVID-19 patient. Original magnification, 200� (CeF).
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only scattered positive interstitial leukocytes in normal controls
and was generally low (6, 82%; 12, 76%) (Table 3).
Acute Respiratory Distress Syndrome and Pneumonia

The overall positivity of P-selectin in our control group with
non-COVID inflammatory conditions was significantly lower
comparedwith the COVID-19 group, reflecting a relatively reduced
endothelial and platelet activation. Immunostaining revealed
focally P-selectinepositive platelets, which exhibited a finely
punctuated cytoplasmic positivity, implying only basal expression
in the alpha granules and thus representing quiescent thrombo-
cytes (Fig.1C, inset).Moreover, inmostof thevessels, P-selectinwas
almost undetectable (Fig. 1C), and none of the controls showed
prominent P-selectinepositive intravascular platelet aggregates
that characterized COVID-19 cases as described in COVID-19. PSGL-
1 was also lower compared with COVID-19 cases, but among con-
trols, PSGL-1 was highly expressed in the pneumonia group.
However, none of the controls showed intravascular PSGL-
1epositive leukocyte aggregates, as observed in the COVID-19
cohort. PSGL-1 expression was found mostly in the interstitial
immune cell component (Fig. 2C). CD11b showed a significantly
lower expression in the controls overall compared with COVID-19,
with the highest expression in non-COVID-19 pneumonia (Fig. 3C).
5

COVID-19

Immunohistochemical analysis of adhesionmolecules revealed
a highly significant upregulation of P-selectin, its ligand (PSGL-1),
and CD11b in the COVID-19 cohort compared with the controls.
P-selectin expressionwas found tobe extremelyupregulated in the
COVID-19 collective compared with all the control groups (COVID-
19:ARDS, 23:39, P< .0001; COVID-19:pneumonia, 25:19, P< 0001;
COVID-19:neoplasia,10:91, P< .0001; COVID-19:normal,11:29, P<
.0001) reflecting altered plateleteendotheliumeleukocyte in-
teractions (Table 3). P-selectin showed a peculiar pattern of
expression in the COVID-19 group when compared with the con-
trols. The immunoreaction showed a membranous positivity of
endothelial cells, indicating the translocation of P-selectin from
WeibelePalade bodies to the luminal surface of pulmonary
vessels (Fig. 1). Such findings are consistent with endothelial acti-
vation in COVID-19 cases.Moreover, P-selectin IHC revealed strong
membranous/cytoplasmic staining of platelet aggregates inti-
mately adhered to the luminal surface of lung blood vessels,
likely representing activated platelets in the totality of the COVID-
19 group (10/10) and thus contributing to the overall
P-selectin positivity (Fig. 1D, inset). Notably, P-selectin upregula-
tion in COVID-19 was documented in all stages of disease with the
highest peak in vascular phase (MV: 7, 37%, SE ± 0, 9), indicating
endothelial and platelet activation as the first pathophysiologic



Figure 3.
CD11b expression on leukocytes. (A) Upregulation of CD11b in COVID-19 (red circle) compared with controls (gray circles). The difference between comparison group (COVID-19)
and controls is represented by distance between circles. (B) Statistically significant difference between COVID-19 group and controls according to a Dunnett test. (C) CD11b
expression in a pneumonia control case. (D) Neutrophilic capillaritis in a COVID-19 vascular stage. (E) CD11b-positive intravascular white cell plugs in the epithelial stage of a
COVID-19 patient. (F) CD11b-positive macrophages and giant cells in the fibrotic stage of a COVID-19 case. Original magnification, 200� (C, F); 100� (D, E).
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event in severe COVID-19 (Table 3; Supplementary Table S1).
In comparison with control groups, COVID-19 cases showed a
prominent upregulation of PSGL-1 in leukocytes (COVID-19:ARDS,
3:69; P < .0001; COVID-19:neoplasia, 2:81; P < .0001; COVID-
19:normal, 4:18; P < .0001; COVID-19:pneumonia, 1:7; P ¼ .0020)
(Table 3; Supplementary Table S1). Early COVID-19 cases in the
vascular stage were characterized by a strong PSGL-1 positivity
both in endothelial cells and in the intravascular leukocyte
accumulations of postcapillary venules comprising mainly
monocytes and immature granulocytes (Fig. 2D). In the
epithelial stage of COVID-19, PSGL-1 staining highlighted the
prominent alveolar granulocyte accumulations (Fig. 2F),
whereas the cases classified as late DAD in the fibrotic stage
exhibited weaker positivity, mainly of the macrophage popu-
lation. Focally, PSGL-1 disclosed cuffs of positive leukocytes
infiltrating tunica intima and media of numerous small vessels
in vascular, epithelial, and fibrotic stages, highlighting a role of
this adhesion molecule in COVID-19 capillaritis (Fig. 2E). Pa-
tients with COVID-19 showed a strong upregulation of CD11b
in leukocytes in comparison with controls (COVID-19:ARDS,
1:71; P ¼ 0.0359; COVID-19:pneumonia, 3:66; P ¼ .0011;
COVID-19:neoplasia, 3:66; P ¼ .0002; COVID-19:normal, 6:82;
P < .0001) indicating a proinflammatory immune microenvi-
ronment (Table 3; Supplementary Table S1). Furthermore,
CD11b showed a unique expression pattern in COVID-19. The
vascular and epithelial phases were dominated by CD11bþ
granulocytes and monocytes as interstitial infiltrates or at
times, in intravascular cellular plugs (Fig. 3E). In some cases,
CD11b-positive neutrophils and monocytes participated in
thrombus formation alongside with fibrin deposits. Most
6

macrophages were negative. On the other hand, the fibrotic
phase of COVID-19 was characterized by strongly CD11b-
positive macrophages and giant cells clustering in alveolar
spaces (Fig. 3F). Irrespective of disease progression, CD11b-
positive mononuclear and neutrophilic cell infiltrates were
detected within the walls of many small vessels, in partic-
ular, of postcapillary venules characterizing the histologic
picture of neutrophilic capillaritis (Fig. 3D). Although statis-
tically not significant, E-selectin, ICAM-1, and VCAM-1
showed a downregulation in patients with COVID-19
compared to patients with other pneumonia types. Detailed
information is included in the Supplementary Material.
Quantitative Reverse-Transcription Polymerase Chain Reaction

The overall comparison between cytokine mRNA levels in
COVID-19 and controls did not show any statistically significant
differences neither for IL-1b (P ¼ .7921) nor IL-6 (P ¼ .4747)
(Supplementary Fig. S3; Supplementary Table S2). However,
cytokine mRNA levels were high in the lung of cases with very
short disease course (Supplementary Table S2), whereas no sig-
nificant levels were detected in the other patients, congruent with
a decrease in serum IL-6 levels before death.32 This finding sug-
gests that the massive secretion of cytokines occurs early in dis-
ease, but it should not be considered a reliable marker of disease
severity due to its transiency. In fact, the increase of cytokine is
rapidly followed by high and durable expression of P-selectin at
tissue level in all stages of disease, representing a hallmark of
COVID-19 cases.



Figure 4.
SARS-CoV-2 RNA distribution and inflammatory infiltrates. (A) White cell plugs constituted mainly by neutrophils were a constant finding in the lungs of COVID-19 patients. (B)
In situ hybridization (ISH) for SARS-CoV-2 RNA highlights positive macrophages in most of the cases. (C) Vasculitis pattern in a COVID-19 lung sample. (D) ISH shows absence of
SARS-CoV-2 RNA in vessel walls and endothelial cells. However, the immune infiltrate and pneumocytes show numerous virus RNA signals. Original magnification 200�
(A, C, D); 400� (B).
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Discussion

Dysregulated leukocyte migration and a prothrombotic state
have been identified as key factors in COVID-19 pathogenesis.33,34

The present study provides new insights into the contribution of
adhesionmolecules and, inparticular, of the P-selectinePSGL-1 axis
to COVID-19 pathogenesis with the identification of a unique
expression pattern of molecules involved leukocyteeendothelium
interaction in patients with fatal outcome. We demonstrate for the
first time on tissue level that endothelial and platelet activation by
massively increased P-selectin expression both on vessels and
platelets of patients with COVID-19 is a unique feature that charac-
terizes fatal SARS-CoV-2 infection. In addition,we show that platelet
7

and endothelial activation is a constant finding in all disease stages
and shows its peak in the vascular stage, shortly after infection.
ElevatedP-selectin expressionpromotes leukocyteeendothelial and
leukocyteeplatelet adhesion35 and release of citrullinated histones
and neutrophil extracellular trap (NET) formation,36 promoting the
formation of plateleteneutrophil or plateletemonocyte aggregates
bybindingof P-selectin to its ligandPSGL-1 expressedon the surface
of leukocytes.35 Accordingly, elevated sP-selectin has been recently
described in patients with COVID-19,16e18 but the explanation of its
origin and localization in tissues has been lacking so far. Our study
supports these findings and indicates that elevated sP-selectin
may originate both from endothelial and platelet shedding. More-
over, our data highlight the key role of platelet activation in



Figure 5.
Putative mechanism of pathogenesis and dysfunctional leukocyte recruitment in COVID-19. Cytokine release in the early phase of infection. P-selectin hyperexpression indicates
endothelial and platelet activation, which leads to micro- and macrothrombosis. PSGL-1 upregulation determines the increase of the regulatory T and B cell population and T cell
exhaustion. Neutrophilic capillariitis comprising CD11b-positive cells.
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SARS-CoV-2einfectedpatients. In addition to their role inprimary
hemostasis, platelets are an integral part of the immune response
to pathogens.37 The functional interdependence and the coordi-
nated activation of both processes, designated as thromboin-
flammation, may drive adverse effects, such as thrombosis,
multiple organ failure, and death.38 Our findings further support
the hypothesis that deregulated primary coagulation in associa-
tion with inflammation may constitute a main pathogenetic
mechanism underlying SARS-CoV-2einduced pulmonary dam-
age. Several studies have demonstrated that statin use in patients
hospitalized with COVID-19 is associated with lower inpatient
mortality.39e46. The explanation for this finding could be that
statins are known as potent P-selectin inhibitors.47

Further evidence of the dysregulated leukocyte migration in
COVID-19 was the upregulation of PSGL-1 in our COVID-19 cohort.
The importance of PSGL-1eP-selectin interactions for acute
inflammation is well established,20,48,49 but recently, a further role
of PSGL-1eP-selectin for the preservation of immune homeostasis
has been demonstrated.21,50 In monocyte-derived DCs, the inter-
action between PSGL-1 and P-selectin triggers a tolerogenic
program characterized by increased TGF-b, IL-10, and indolamine
2,3-dioxygenase mRNA.51 Moreover, PSGL-1eP-selectin interac-
tion reduces class II major histocompatibility complex expression
on DCs, inducing a tolerogenic phenotype that promotes the
generation of regulatory T cells.52 Furthermore, PSGL-1 signaling
in T cells was found to control their activation by upregulating the
inhibitory receptor PD-1, and thus representing a negative regu-
lator of the T-cell response.53 PSGL-1 also offers a regulatory role
in B cells.54 In particular, it has been demonstrated that PSGL-1þ B
cells are part of the B reg population in humans expressing IL-
10.55,56 In this context, the upregulation of PSGL-1 and its ligand in
our COVID-19 group suggests an activation of regulatory path-
ways, which may be responsible for the failure and depletion of
the T- and B-cell response as previously reported.57e61

Furthermore, our analysis revealed an overexpression of
CD11b in COVID-19einfected patients compared with other
8

inflammatory states. Although CD11b can be expressed by several
leukocyte subsets, neutrophils are the most abundant expressors of
this integrin, in particular activated ones. Although neutrophils are
potent antimicrobial cells, they can contribute to host tissue damage
when hyperactivated.62 Interestingly, we found cuffs of CD11b-
positive neutrophils around small vessels in the lungs of patients
with COVID-19, constituting the picture of neutrophilic capillaritis,
especially in vascular and epithelial stages (Fig. 3D). Moreover, in
most cases, we found white cell plugs in the microvasculature, in
particular postcapillary venules, exhibiting a kind of inflammatory
leukostasis (Fig. 3E). The finding of intravascular cell plugs, simu-
lating a leukemic leukostasis, is not exclusive of the COVID-19
pneumonia cases according to our experience and published
data.63 Other viral and, most of all, bacterial infections may induce
this phenomenon in small vessels of the lungs. However, this is very
rare innoneCOVID-19pneumonia, andnoneof our controls showed
such prominent intravascular leukocyte accumulations as observed
in theCOVID-19 cases. This conditionmaycontribute to SARS-CoV-2
pathogenesis resulting in increased oxidative stress, vascular dam-
age, and hypoxia. These findings point to an aberrant neutrophil
response in severe COVID-19 and imply a central role for a
dysfunctional neutrophil recruitment and activation in disease
pathophysiology, perhaps more than a direct viral cytopathic effect
(Fig. 4). Our results concerning the role of neutrophils in COVID-19
pathophysiology are consistent with other publications.64e67

Conversely, other groups using single-cell sequencing focused on
other immune cell types for technical reasons, underestimating the
granulocytic compartment.5,68 Although early cases show high IL-6
and IL-1b mRNA levels in lung tissue, critically ill patients with
COVID-19 share the upregulation of this cytokine profilewith sepsis
and other ARDS causes. However, some features of adhesion mole-
cule expression may uniquely characterize SARS-CoV-2 infection.
Interestingly, fatal COVID-19 cases themselves are heterogeneous,
characterized by the presence of different histologic patterns in
different areas of the lung that do not always correlate with the
length of the disease. In fact, in somepatients, the progression of the
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disease was faster than others, most likely reflecting underlying
immunologic differences.30

Limitations of our study include the small sample size, the lack
of cases infected by SARS-CoV-2 variants, and our focus on fatal
COVID-19, which may not reflect the immunologic setting of the
mild and chronic disease course. However, the fact that our
COVID-19 samples belong to the first wave of the pandemic
(FebruaryeApril 2020) and are thus restricted to unvaccinated,
immunologically uninitiated patients may represent a strength of
our study.

In conclusion, our data support a disease model whereby acti-
vation of a dysfunctional P-selectinePSGL1 axis is followed by
neutrophil activation and attraction into sites of injury and the for-
mation of plateleteleukocyte aggregates, precipitating organ injury
and failure (Fig. 5). Themodel thatwe proposemay not only explain
thepulmonarypathologyof SARS-CoV-2butmayalsoapply to other
organs.69 Finally, thesefindings suggest that patientswithCOVID-19
may benefit from drugs such as P-selectin or PSGL-1 inhibitors,
which may prevent platelet-endothelium activation and immuno-
thrombosis. Such therapies have also been proposed in other septic
settings with promising results and are well tolerated.70
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