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Abstract: Patients with COVID-19 have coagulation and platelet disorders, with platelet’s alterations and
thrombocytopenia representing negative prognostic parameters, being associated with severe forms of the
disease, and increase lethality. Methods: Aim of this study was to study expression of platelet glycoprotein Illa
(CD61), playing a critical role in platelet aggregation, together with TRL-2 as a marker of innate immune
activation Results: a total of 25 patients were investigated, with the majority (24/25, 96%) having co-morbidities
and dying from a fatal form of SARS-CoV-2(+) infection (COVID-19 +), with 13 men and 12 females ranging in
age from 45 to 80 years. When compared to a control group of SARS CoV-2 (-) negative lungs (COVID-19 -),
TLR-2 expression was up-regulated in a subset of patients with deadly COVID-19 fatal lung illness. The
proportion of Spike-1 (+) patients found by PCR and ISH correlates to the proportion of Spike-S1 positive cases
as detected by digital pathology examination. Furthermore, CD61 expression was considerably higher in the
lungs of dead patients. In conclusion, we demonstrate that innate immune prolonged hyperactivation is related
to platelet/megakaryocytes over-expression in the lung. Conclusions: microthrombosis in deadly COVID-19+
lung disease is associated with an increase in the number of CD61+ platelets and megakaryocytes in the
pulmonary interstitium as well as their functional activation; this phenomenon is associated with increased
expression of innate immunity TLR2+ cells, which binds the SARS-CoV-2 E protein, and significantly with the
persistence of the Spike-51 viral sequence.

Keywords: TRLs; TRL-2,SARS-CoV-2; lethal COVID-19; lung disease; ARDS; CD61; micro-thrombosis;
megakaryocites
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1. Introduction

Platelets are among the first cells to respond to an infection, monitor the integrity of the
endothelium, initiate the inflammatory-immune and tissue repair process leading to sterilization of
the infectious focus[1]. Patients with COVID-19 have coagulation and platelet disorders, and
although they have an average higher platelet count than subjects with forms of Acute distress
Respiratiry Sindrome (ARDS) not associated with SARS-CoV-2[2], in the subgroups that develop
thrombocytopenia, the latter represents a negative prognostic parameter being associated with severe
forms of the disease and an increase in lethality [3-4].

The innate immune response is a key issue to act as the first line of defense against many viral
infection[5]. The key innate immune sensing receptors are germ line-encoded pattern-
recognitionreceptors (PRRs), which mediate the initial sensing of infection by recognition of
PAMPs(pathogen-associated molecular patterns), upon microbial invasion of the host[6]PRRs belong
to different families, including Toll-like-receptors (TLRs).

TLRs are used by immune cells to recognize pathogens. There are some studies have shown that
platelets express a variety of receptors, some of which are involvedin platelet activation, platelet—
leucocyte reciprocal activation, immunopathology,and platelet-dependent antimicrobial activity,
including the TLR family [7-8]

Innate immunity is primarily mediated by macrophages and neutrophils. These immune cells
distinguish between pathogen and self by utilizing signals from TLRs. Stimulation of TLRs results in
nuclear factor kappa-light-chain-enhancer of activated B cells (NF«kB) and Mitaogen-activated protein
kinase (MAPK) pathway activation, leading to the production of proinflammatory cytokines [9].

TLR2 and TLR4 are the main receptors associated with platelet production/function
andinflammation in the TLR family [10].

The specific role of TLR-2 in the mechanisms of microvascular thrombosis observed during
severe cases of COVID-19 disease. All three components of Virchow’s triad (endothelial injury, stasis
and a hypercoagulable state)as recently reviewed by Wadowski PP et al [11].

After sensing of the SARS-CoV-2 spike protein, TLR-2 dimerizes with TLR-1 or TLR6- and
activates the proinflammatory NF-kB pathway [12].

Studies from hyperlipidemia have shown that TLR2 pathway promotes platelet hyper-activation
and thrombosis [13].

Important studies in current literature have demonstrated that Pathogen Recognition by TLR-2
activates weibel-palade body exocytosis from endothelial cells [14]and from alpha granules in
platelets/megakaryocytes [15-16]. Furthermore, vWF has a central role in microthrombosis formation
during COVID-19 [17].

Megakaryocytes have TLRs, Tumor Necrosis Factor receptors (TNFR1 and 2), receptors for IL-
1p and IL-6. All these receptors are involved in the activation of the pathway of NF-kB. NF-kB induces
both inflammatory and thrombotic response [18].

Platelets have many TLRs on their cell membrane, including TLR-4. Binding of microorganism
(virus, bacteria, fungi, ecc) to TLR-4 induces platelets activation and release of their granule content
(many factors involved in different processes)[18].

In this study we have analyzed the immunohistochemical expression of TLR2 and CD61 in the
specimens derived from autopsy procedures of patients died from critical SARS-CoV-2 infection, in
order to potentially associate innate immune hyperinflammation with monocyte-macrophage up-
regulation and microthrombosis mechanism.

2. Materials and Methods

Ethics Approval. The study was conducted according to the guide-lines of the Declaration of
Helsinki and approved by the Attorney’s Office of Naples, protocol number p.p. 509568/020/44, dated
May 15, 2020.

Clinicopathological data of selected patients.The group of patients that constituited our study has
already been presented in our previous paper, in which we have investigated the role of Toll-Like
receptor-4 in macrophage imbalance in lethal COVID 19 lung disease [19]. The characteristics of this
group are summarized in the table 1.
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Table 1. Patients and controlsA series of 25 patients with someone comorbidities (Chronic nephropathy,
Hypertension, cardiac hypertrophy, Obesity, diabetes mellitus, Obstructive chronic broncho-pneumopathy)
who died from a lethal form of Sars-CoV2 infection were studied. 13 males and 12 females, age between 45 and

80 years.
Age <50 Age>50
Female COVID-19 cases 1 11
Female Control cases 0 2
Male Covid-19 cases 2 11
Male Control cases 1 10

Autopsy cases were been collected between June 2020 and July 2021 at time of wild-type SARS-
CoV-2 with early onset of Epsilon and Alpha variants[20] .

Patients deceased in a mean interval between diagnosis and death of 62.52 days (minimum of 20
days, maximum 120 days).

Autopsy protocol. Deceased patients underwent autopsy, through help of a ventilation system
with six complete air changes/h (ACH) in a pressure-negative environment, with air exhausted
through HEPA filters [Biosafety Level 3 (BSL3)], according to the University of Padova autopsy
protocol[21-22].

Specimens of lung tissue from 25 patients deceased for SARS-CoV2 were been used as
representative cases of COVID-19 lethal ARDS.

Methods. Immunohistochemical analysis has been performed on formalin-fixed paraffin
embedded specimens derived from autopsy procedures (COVID-19-® cohort), and from routine lung
surgical operations (COVID-19-0) cohort). Single immunostaining has been performed using specific
monoclonal antibodies against CD61 (clone 2F2) and TLR-2 (rabit policlonal), revealed by standard
linked-streptavidin-biotin immunoperoxidase technique (LSAB), developed by 5'diaminobenzidine
and/or alkaline phosphatase methods (Tuable 2).

Table 2. Antibody used and experimental conditions.

ANTIBODY CLONE METHOD
TLR2 rabbit policlonal LSAB-HRP/AP, Ventana
Benchmark® XT autostainer
CD61 22 LSAB-HRP/AP, Ventana

Benchmark® XT autostainer

Evaluation was been performed by two blinded observers analyzing standard High Power Field
(HPF) area, with 20X magnification, measuring 45508.61 um?2. At least eight HPFs were been
evaluated for a mean total area of 1160000 um?2. Antibodies used and experimental conditions have
been reported in table 3.

The percentage of positive immunostained cells was been evaluated by digital pathology
analyses using cellSens Dimension and Image-Pro Premier Offline (MediaCybernetics, Version 9.1.4
Build 5638) software.

Monoclonal CD61 antibody stained mature megakaryocytes, with a medium size of 50 um in
bone marrow and 20 pm in lung interstitial tissue, together with pre-megakaryocytes and pro-
megakaryocytes with a mean size of 10 pm, and mature platelets with a medium size of 2,65 um.
Different nuclear sizes for pro-megakaryocytes, pre-megakaryocytes and mature megakaryocytes
has been evaluated and reported as large sized multi-lobated and polyploid nuclei of medullary
megakaryocytes and small sized and diploid nuclei of interstitial lung megakaryocytes. Positive
control slide has been used for each immunohistochemical experiment using bone marrow samples.
A series of non-inflamed lungs and of chronic interstitial lung pneumonia have been used to match
samples of Sars-Cov-2 infected iper-inflamed lethal cases of Covid-19 pneumonia.

All the controls have pathological morbidity leading to surgical intervention for therapeutic
purpose. In details, two out eleven cases had metastasis to the lung from distant carcinomas (one
from breast cancer and one from large bowel cancer), six out 11 cases had primary lung
adenocarcinomas, one out 11 had lung hamartoma, and two out 11 had complicated lung
emphysema. This COVID-19¢ cohort, carrying slight chronic lung pneumonia, have been used to


https://doi.org/10.20944/preprints202311.0508.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 November 2023 d0i:10.20944/preprints202311.0508.v1

match samples of SARS-CoV-2® infected hyper-inflamed lethal cases of pneumonia, leading to not
resolved COVID-19 related ARDS and death, representing the COVID-19®) cohort.

In situ hybridization (ISH) method for SARS-CoV-2 detection. Briefly, ISH detection of SARS-CoV-2
was been performed using V-nCoV2019-S probe to detect viral sequences Spike (S) of SARS-CoV-2
in lung tissue using RN Ascope 2.5 high-definition detection kit (Advanced Cell Diagnostics). SARS-
CoV-2 was been detected in lung tissues of lethal COVID-19 disease by in ISH according to methods
reported in previous work of our laboratories in which we compared ISH with PCR methods [23-25]
and in current literature [32].

Statistical analyses. Data have been analyzed by SOFA Statistics 1.4.6, and SPSS 28.01.0 Data
Analysis and Statistical Software and Windows Operating Systems; Spearman's test and ANOVA
statistical analysis were been used to correlate to clinicopathological parameters. Mann-U-Whitney
testwas been used to compare non-parametrical variables (Table 3).

3. Results

3.1. Main Histopathological Findings

Megakaryocyte lies on the basement membrane of the capillary vessel and its offshoot
proplatelets are in contact with two adjacent endothelial cells (Figure 1).

Figure 1. Megakaryocyte lies on the basement membrane of the capillary vessel and its offshoot proplatelets are
in contact with two adjacent endothelial cells. The staining shows the connections between megakaryocytes and
endothelium (full arrows) and between endothelium and platelets (empty arrows); note the proplatelets (full
arrowheads) and released platelets (stars); in the lower caliber microvessels (< 10 micron) red blood cells must
stack in a narrow lumen which in cross section is lined by two endothelial cells and one megacaryocyte [bottom
of the figure]l(CD-61 immunostaining with standard LSAB-HRP, nuclear counterstainig with Gill’s type-II
Haematoxylin; further magnification of a x60 histological picture).

CD61 +interstizial megakaryocytes line the alveolar space of denuded pneumocytes in Sars Cov-
2 damaged lung.

In uninfected lung interstizial vessel there are very rare platelet, stained with CD61
marker.(Figure 2 A).

The interaction in vessels of SARS-Cov-2 patients of monocyted (CD61-) and platelets (CD61+)
is responsible for hypercoagulation, thrombosis and Disseminated Intravascular Coagulation (DIC)
a late event associated to lethality (Figure 2B and Figure 3A and B).
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Figure 2. A) CD61 in uninfected lung interstitial vessel; B) interstizial vessels knots stained with
megacaryocytes/plateler CD61 marker in Covid-19 desease. (CD-61 immunostaining with standard LSAB-HRP,
nuclear counterstainig with Gill's type-II Haematoxylin; further magnification of a x60 histological picture).

$21* o0

’ v 5
L ~ & .

Figure 3. A) CD61+ platelets in lung micro-thrombus; B) Monocytes (CD61-) and platelets (CD61+) interaction in
vessels of SARS-COV-2+ PATIENT .This is responsible for hypercoagulation, thrombosis and Disseminated
Intravascular Coagulation (DIC) a late event associated to lethality(CD-61 immunostaining with standard LSAB-
HRP, nuclear counterstainig with Gill’s type-1I Haematoxylin; further magnification of a x 20 histological picture).

3.2. In Situ Hybridization (ISH).

All patients who died from a lethal form of SARS-CoV-2 infection in our cohort of COVID-19
lethal disease had ARDS due to lung tissue viral persistence demonstrated by PCR as previously
reported[23].Therefore in this study we presented the percentage of Spike-1 ¢ cases as evaluated by
ISH compared to mean values + Standard Error Means (SEM) of selected studied markers (TLR-2,
CD61) (Table 3).

Table 3. Summary of Mean + SEM of TLR2, CD61 immunoreactivity values according to COVID-19 status, and
Spike-1 ISH detection.
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Immunohistochemistry

Spike-1 (ISH)

COVID-19 Status D61 TLR2
CD6 Positive/Total, (%)

Mean + SEM Mean + SEM

Spike-1 positive
108.43 +35.22 163.33 + 38.50

12/25(48)
Positive
Spike-1 negative
3523+1746  95.54+19.66
13/25(52)
Negative 26.50 +7.41 16.33 £5.29

3.3. TLR-2 Expression was Up-Regulated in a Subgroup of Patients with Lethal COVID-19 Lung Disease.

TLR-2 was significantly higher in lungs of patients with lethal Covid-19 (Figure 4)Furthermore,
TLR-2 was up-regulated in lung macrophages in a subgroup of deceased COVID-19 patients..The
average of TLR-2stained macrophage per square area is up-regulated as compared to control cases,
however, statistically significant values are not reached, in this cohort, due to heterogeneous
variability of TLR-2 mediated hyper-inflammation in different deceased subjects. In detail, our digital
pathology based immunohistochemistry showed a mean count of TLR-2 positive macrophages of
128,08 + SEM 21,789 in COVID-19 patients, versus mean count of 16,33 + SEM 5,29 in control cases.
Nevertheless, our study showed a trend to TLR-2 up-regulation in lungs of a subgroup patients with
lethal COVID-19, when compared to the control group of SARS-CoV-2 negative lungs. In particular,
we showed a sub-group with strong TLR-2 over-expression (Figure 5).
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Figure 4. TLR-2 up-regulation in COVID-19 lethal COVID-19 lung disease (A ), as compared to uninfected lung
(B) (CD-61 immunostaining with standard LSAB-HRP, nuclear counterstainig with Gill’s type-II Haematoxylin;
further magnification of a x 20 histological picture).
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Figure 5. TLR2 (CD282) was strongly up-regulated in both Spike-positive and Spike-negative SARS-CoV-2
related autoptic lethal lungs, when compared to SARS-CoV-2 negative controls; Mann-U-Withney statistical test
(p<0,001), with further increase of the levels of expression in Spike-positive cases (p<0,0001).

3.4. Platelet Membrane Glycoprotein I1la (CD61) Was Up-Regulated in a Subgroup of Patients with Lethal
COVID-19 Lung Disease.

Expressione of CD61 showed significant up-regulation in lungs of patients with lethal Covid 19,
when compared to the control group od SARS-Cov-2 negative lungs. The subgroup of patients with
significantly high levels of CD61+ platelets and magakaryocytes, associated with a systemic pro-
thrombotic state and with the formation of tissue micro-thrombosis, corresponds to the Spike-S1
positive cases demonstrated by PCR and ISH methods.

Means and SEM were obtained by immunohistochemical expression of CD61 (clone 9C4) (Table
3,Figure 6), as evaluated by digital pathology analysis; Spike-1 "status was detected by PCR-based
methods and ISH.Immunohistochemistry showed a mean count in SARS-CoV-2 ©) controls of 26,50 +
7,41 SEM, versus mean count of 35,23 + 17,46 SEM, and 180,43 + 35,33 SEM in Spike-1 © and Spike-1
® COVID-19 deceased patients respectively. Comparisons were statistically significant as evaluated
by Mann-U-Whitney test(p<0,001).
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Figure 6. Platelet-megakaryocyte up-regulation is strongly associated with the persistence of Spike-1 in lethal
COVID-19 lung disease.Expression of CD61 showed significant up-regulation in lungs of patients with lethal
COVID-19, when compared to the control group of SARS-CoV-2 negative lungs. The subgroup of patients with
significantly high levels of CD61+ platelets and megakaryocytes, associated with a systemic pro-thrombotic state
and with the formation of tissue micro-thrombosis, corresponds to the Spike-S1 positive cases demonstrated by
PCR and ISH methods. Means and standard deviations were obtained by immunohistochemical (IHC)
expression of CD61 (glycoprotein Illa), as evaluated by digital pathology analysis; Spike positive status was
detected by PCR-based methods and In Situ Hybridization; Mann-U-Withney statistical test (p<0,001).

4. Discussion

Lethal Covid-19 lung disease is a pathological process with lack of defense mechanism induced
by the virus and a massive innate immunity with iper-inflammation e necroptosis, in some of the
cases there is a significant number of inflammatory cells, such as in exudative pneumonia, while in
other cases, there is a moderate number of inflammatory interstitial cells, joint participation of
pneumocytes, endothelium and maturating megakaryocytes [26].There are also myeloid derived cells
such as megakaryocytes, platelets and macrophages M1 (CD68+, CD61+) and a modest percentage of
lymphocytes. In the analyzed cases is shown an unstopped inflammatory process, an ineffective
macrophage M2 response and a production of cytokines by
megakaryocytes/platelets/macrophages/endothelium. In the majority of studied cases, there is an
early-intermediate diffuse alveolar damage DAD phase histologically proven, except for a reduced
number than expected showing advanced late DAD associated with advanced fibrosis[27].

Formation of fibrin-rich thrombi is a key aspect of DAD. In vivo imaging studies suggest that
Interleukine-1 (IL-1) and Tumor Necrosis Factor a (TNF-a) may mobilize von Willebrand Factor
(vWF) to the endothelial surface in inflammation, inducing thrombus formation mediated by platelet
glycoprotein GPlba-1X-V complex [28]. In vivo imaging visualizes discoid platelet aggregations
without endothelium disruption and implicates contribution of inflammatory cytokine and integrin
signaling [29].

To date there is sufficient evidence that lung megakaryocytes are directly infected with SARS-
CoV-2 virus. In the bone marrow, viral SARS-CoV-2 NProtein has been detected within
megakaryocytes, key cells in platelet production and thrombus formation [30]SARS-CoV-2 interacts
with platelets and megakaryocytes via angiotensin-converting ezyme 2 (ACE2)-independent
mechanism [31]. However, other authors report that SARS-CoV-2 interacts with platelets and
megakaryocytes via ACE2-dependent mechanisms [32].

Furthermore, platelets and megakaryocytes are activated directly by inflammatory response
indirectly through the cytokine storm [33] and indirectly by the effects on the bone marrow. In
particular by the biological effects exerted by IL-6. IL-6 upregulates the process of
megakaryocytopoiesis in bone marrow by stimulating TPO, thereby increasing the number of blood
platelets in circulation [34].

Although in the past it was thought that megakaryocytes fully mature in the bone marrow and
arrive in the lung to release platelets, today it has been discovered that pulmonary megakaryocytes
have a much more complex and articulated role, as they are responsible for the production of large
quantities of platelets which in some studies they come to be demonstrated as 50% of the entire
production of platelets and also in conditions of stress of the hematopoietic marrow they are able to
exit the lungs and colonize the hematopoietic marrow again, restore the number of platelets and
contribute to hematopoiesis multilinear[35].

Recently, it’s demonstrate the presence of megakaryocytes not only in the bone marrow, but also
in the microcirculation and extravascular space of the lung, providing the 50% of the total platelets
production [35].

Infection and lung injuries are associated with the megakaryopoiesis stimulus and increase of
lung megakaryocytes.In the lungs of patients who died from COVID-19, megakaryocytes were found
in the interstitial alveolar capillaries with the presence of aspects of nuclear hyperchromasia and
atypia identified with specific immunohistochemical methods by means of staining positivity for
CD61, in association with platelets; platelets within small vessels together with fibrin networks
aggregate inflammatory cells including neutrophils and monocyte-macrophages[36].

Lung megakaryocytes in infectious pneumonia generally have an early precursor gene profile
compared to mature bone marrow megakaryocytes[37]. Cytokines such as IL-3, IL-6, IL-11, LIF,
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erythropoietin, and thrombopoietin stimulate megakaryocyte progenitor cell maturation[38], while
the chemochineas CXCL5, CXCL7,CCL5inhibit megakaryocyte progenitor cell maturation [39]. In
particular, IL-6, together with SCF, IL-3 and IL-11, is involved in the activation of endomitosis in
megakaryocytes[40] and acts in a TPO-dependent manner together with IL [interleukin]-1(, IL-3,
YRSACT, while IL-1a, CCL5 [C-C motif chemokine ligand 5], IGF [insulin-like growth factor]-1) act
in a TPO-dependent manner Independent.

Thus, we hypothesize that IL-6 upregulation in COVID-19, as well as IL-3, IL-11 upregulation,
is likely involved in the stimulation of megakaryocytes and possibly also resident megakaryocytes in
the lung. Platelets and monocytes-macrophages have both been found in the lungs of subjects who
died from COVID-19 and it is therefore important to learn more about the interactions between
platelets and monocytes-macrophages. Interleukin-6 is an important regulator of thrombopoiesis as
megakaryocytes produce IL-6 and express IL-6R on their surface[41]. In vitro and in vivo studies have
demonstrated that interleukin 6 is a potent promoter of megakaryocyte maturation[42]IL-6 is able to
increase platelet count thus demonstrating a thrombocytopoietic role; however some functions can
be exacerbated in inflammatory pathological conditions as a dysregulation of IL-6 can alter platelet
function, making the platelets themselves more sensitive to the action of thrombin and other agonist
factors on platelets. IL-6 also increases plasma fibrinogen and von Willebrand factor. These IL-6-
mediated modifications of both platelets and the coagulation phase may be decisive in the mechanism
of thrombogenesis in the course of pathological inflammation.

Thrombocytopenia has been clearly associated with mortality in patients with COVID-19 [4].

There are numerous pathogenetic mechanisms to explain thrombocytopenia in infections, which
have been reviewed by Yang M et al [4].

In our study expression of CD61 showed significant up-regulation in lungs of patients with
lethal COVID-19, when compared to the control group of SARS-CoV-2 negative lungs. The subgroup
of patients with significantly high levels of CD61+ platelets and megakaryocytes, associated with a
systemic pro-thrombotic state and with the formation of tissue micro-thrombosis, corresponds to the
Spike-S1 positive cases demonstrated by PCR and ISH methods.

Platelets have many TLRs on their cell membrane, including TLR4. Binding of microorganism
(virus, bacteria, fungi) to TLR4 induces platelets activation and release of their granule content (many
factors involved in different processes) [18]

In our previous study, we demonstrated upregulation of TLR4 in lethal SARS-Cov 2 disease [19].

In this study we demonstrated that the expression of TLR2 similarly was significantly higher in
lungs of patients with lethal COVID-19, when compared to the control group of SARS-CoV-2 negative
lungs.

5. Conclusions

Microthrombosis in deadly covid-19 lung disease is associated with an increase in the number
of platelets and megakaryocytes in the pulmonary interstitium as well as their functional activation;
it is also associated with an increase in innate immunity TLR2, which binds the Sars-Cov2 E protein,
and the persistence of the spike 1 sequence.
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