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COVID-19: Neutrophils “unfriendly fire” imbalance proteolytic cascades triggering
clinical worsening and viral sepsis. Potential role explanation for convalescent
plasma as “fire hose”.

P.M. FORNASARI
REGENHEALTHSOLUTIONS RESEARCH UNIT, BOLOGNA, ITALY
Summary

Based on Chinese CDCP report on COVID-19, 14% of patients presented severe disease and 5%
critical conditions. The average case-fatality rate was 2.3%, but mortality was as high as 49% in
patients with critical illness. Serious life threatening thromboembolic complications have been
found in 71-4% of non-survivors and micro/macro angiopathic coagulopathy has been found, also
at autopsy, with highly increased neutrophil number, fibrinogen, concentrations of D-dimer and
FDPs and NETs, ATIII decrease and normal number of platelets. A cytokine storm and interaction
between inflammation and coagulation has been advocated as explanation of hypercoagulability.
In this paper, it’s hypothesised that SARS-CoV-2 infection of alveolar cells induces recruitment of
innate responder neutrophils, which release proteases and NETs inducing endothelial
damage/endotheliopathy and imbalance of the four major proteolytic cascades (coagulation,
complement, fibrinolysis and kallikrein) with prevalence of activators over inhibitors and
consequent thrombotic complications. Platelets adhesion to damaged endothelium and the
presence of ULVWF multimers, due to decreased ADAMTS13, contributes to the state of
hypercoagulability.

Neutrophil innate “unfriendly fire” response can be identified as the trigger of a “proteolytic storm”,
responsible for subsequent well known prothrombotic condition and “cytokine storm”.

The hypothesis explains also the pathology of recently described systemic “Kawasaki Disease like”
vasculitis cases in Covid-19 young ill patients.
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Introduction

According to the largest current report from the Chinese Center for Disease Control and Prevention
with 72 314 cases, 58 574 patients (81%) were classified as mild, 10 124 (14%) were classified as
severe, and 3616 (5%) were considered critical (respiratory failure, septic shock, and/or multiple
organ failure)!. Among 201 patients in Wuhan, Wu et al? reported that risk factors associated with
development of acute respiratory distress syndrome and death included older age, neutrophilia,
organ dysfunction, coagulopathy and elevated D-dimer levels.

As of May 19, 2020, John Hopkins Covid-19 dashboard has documented a total of 4.820.000 cases
with over 319.000 deaths worldwide.

The strategy used by SARS-CoV-2 for cellular entry is the same in all the tissues presenting dual-
positive ACE2+TMPRSS2+ cells, employing its S protein, previously primed by TMPRSS2 protease
and cathepsin B/L, binding to ACE2 receptor3. ACE2, the viral receptor, and one of its entry-
associated proteases, TMPRSS2, are expressed in nasal goblet cells, in lung goblet, multiciliated and
AT2 cells and gut epithelial enterocytes.

Dual-positive ACE2+TMPRSS2+ cells are also present in pancreatic ductal cells, bladder, testis,
prostate, kidney epithelial cells, cholangiocytes, oligodendrocytes, inhibitory enteric neurons, heart
fibroblasts/pericytes, fibroblasts and pericytes in multiple other tissues. In line with the kidney’s
role in the renin-angiotensin-aldosterone system, dual-positive cells are enriched in the proximal
tubular cells and in principal cells of the collecting duct®. Fig.1
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Respiratory tract infection, neutrophilia, proteolytic cascades and platelets activation resulting in
inflammatory endotheliopathic microangiopathy

Focusing on the areas of the respiratory tract involved and based on the cells that are likely infected,
COVID-19 can be divided into three phases that correspond to different clinical stages of the disease.
Stage 1: Asymptomatic state (Initial 1-2 days of infection): inhaled virus SARS-CoV-2 likely binds to
epithelial cells in the nasal cavity and starts replicating. The viral burden may be low.

Stage 2: Upper airway and conducting airway response (Next few days): virus propagates and
migrates down the respiratory tract along the conducting airways.

Stage 3: Alveolar phase. The disease COVID-19 is clinically manifest. About 19% of the infected
patients will progress to stage 3 disease and will develop pulmonary infiltrates. The virus infects
alveolar type Il cells. SARSCoV-2 propagates within type Il cells, large number of viral particles are
released and the cells undergo apoptosis and die.

The alveolar phase is evolving in 2 different patterns:

3a) Moderate with absent or minor endothelial leakage,

3b) Severe with alveolar collapse due to surfactant loss, fluid filling of interstitium, engulfing protein-
rich fluid with neutrophils release products like NETs, reduced gas exchange, endothelial lesion,
through which SARS-CoV-2 virus can enter into the bloodstream and induce viral sepsis.

SARS-CoV-2 nsp9 and nsp10 target NKRF to facilitate IL-8/IL-6 production, while, based on a recent
paper, low levels of IFN-I and -lll are likely produced and thus the response is imbalanced versus
activation of the adaptive immune response®.

Viral infected epithelial cells are a major source of beta and lambda interferons, chemokines
belonging to neutrophil chemotaxis, HMGB1 and the classic neutrophil chemoattractants of the
CXCL family®. SARS-Cov-2 infected lung cells also overexpressed complement activation genes,
involved in neutrophil degranulation, with deposits of terminal complement components C5b-9,
C4d and MASP2 attacking the host ECs and causing transmembrane channel formation on the
endothelium and inducing endotheliopathy, involved in ARDS like syndrome with systemic
inflammation and lung neutrophilia’. A similar pattern has been shown in purpuric skin lesions due
to a pauci-inflammatory thrombogenic vasculopathy, with co-localization of COVID-19 spike
glycoproteins and deposition of C5b-9 and C4d in both grossly involved and normally-appearing skin
and in lung inter-alveolar septa. In severe COVID-19 lung infection, a catastrophic microvascular
injury syndrome is caused by activation of complement and coagulation pathways, inducing an
associated procoagulant state’.

Platelets also play a critical role in lung innate defense response, the lung being a primary site for
platelet biogenesis: activated platelets engulf virions and secrete antiviral molecules (a-granules) to
destroy virions, HMGB1® and express surface P-selectin enabling the initial attachment of
neutrophils from the bloodstream. Fig.2
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Fig.2 a) Viral infection, b) activation of inflammatory response proteins,c) neutrophil recruitment,
d) proteolytic cascades imbalance, e) endotheliopathy and NETS formation
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The Neutrophils “friendly fire”, the NETosis and the Proteolytic Storm. Dangerous not inhibited
partnership of platelets, complement and coagulation cascades for endotheliopathy and
thrombogenesis.

The lung alveoli are thus the last defense line against SARS-Cov-2 dissemination through
bloodstream and viral sepsis and thus innate immunology is highly involved in fighting. In severe
COVID-19, neutrophils, together with other mononuclear, are the first cells of the immune system
to migrate to the infected alveoli, recruited by interferons, IL-1B° and IL-6'°, where they attack SARS-
CoV-2, but in addition to direct virus-inflicted pathologies, their exaggerated “unfriendly fire”
responses, resulting in a “proteolytic storm” and, inducing alveolarcapillary endotheliopathy,
contribute to disease severity and subsequent viral dissemination.

The mechanisms that_neutrophils undertake for host defense are phagocytosis, degranulation,
cytokine production and neutrophil extracellular traps (NETs) release, known as NETosis.

NETs are DNA structures released including histones and over 30 components of primary and
secondary granules, such as elastase, myeloperoxidase, cathepsin G, lactoferrin, pentraxin 3,
gelatinase, proteinase 3, LL37 and peptidoglycan-binding proteins.

Three models for NETosis are known to date: suicidal (NETs release and neutrophil lysis), vital
NETosis (triggered by TLRs stimuli, platelet glycoprotein Ib, complement activation, after release
neutrophils are still able to phagocytose pathogens and have a normal lifespan) and mitochondrial
DNA is released instead of nuclear DNA™L

Platelet HMGB1 protein (passively released extracellularly as a prototypical DAMP from dying cells
or stressed or activated cells present in any tissue) is the major endogenous inducers of NETs
formation. NET chromatin disrupts epithelial lining, induces platelet aggregation!? and activates
further neutrophils recruitment. NETSs, via electrostatic interactions, activate the contact pathway
of coagulation?® and, through tissue factor, the intrinsic pathway®3. NETs form a scaffold for
thrombus formation by promoting platelet adhesion and by concentrating coagulation factors
involved in clotting. Thrombus-resident neutrophils are strategic for thrombi extension by binding
factor XIl and supporting its activation through NETosis!4.

The endothelial cells damage (endotheliopathy), induced by SARS-CoV-2 virus and neutrophil
elastase, triggers the activation of two independent endothelial pathways (inflammatory and
microthrombotic), through release of inflammatory cytokines (interleukin IL-1, IL-6, tumor necrosis
factor-a, and others) and activation of the platelet and endothelial exocytosis of ULVWF, mediating
microthrombogenesis via “activation of microthrombotic pathway”. In parallel endothelial damage
inhibits ADAMTS13 biosynthesis, while Neutrophil Elastase proteolytically cleaves and significantly
decreases its plasma level’®. FXla and a-thrombin remove C-terminal domain of ADAMTS13,
blocking its ability to cleave VWF on the endothelial cell surface and increase the release of ULVWF
by endothelial cells’ resulting in persistence of ULVWF strands and causing an increase in platelet
adhesion under flow conditions?®.

This pathological chain of events has been described also for multisystemic vasculitis in Kawasaki
Disease, characterized by platelet stimulation with increase in the shedding of Pselectin,
translocating at the surface and externalized with subsequent hyperactivation and the detection of
circulating platelets—neutrophils aggregates. Neutrophils recruited by platelets Pselectin and PSGL-
1 (vascular adhesion molecules playing an important role in the inflammatory response by
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mediating the interaction of leucocytes with stimulated endothelium and platelets bound in the
vicinity of vascular injury) contribute, through Toll-like receptor 4, to NETs formation. NETs cause
platelet activation and aggregation, thus linking inflammation and thrombosis to support the
relevance of this mechanism in the pathogenesis of Kawasaki disease.

Simultaneously, serine proteases released by neutrophils and present in NETs cleave coagulation
inhibitors such as tissue factor pathway inhibitor and antithrombin?’.

On the damaged endothelial surface NETs, ULVWF multimers, platelets and activated not inhibited
clotting and complement pathways initiate thrombogenesis within the microvasculature, leading to
microthrombi enriched also by leukocytes recruited in the P-selectin dependent manner!®, The
microthrombi can become sufficiently large to be released from endothelial cells into the
circulation, resulting in embolism*°.This condition can be defined “TTP-like syndrome”.

Blood circulation action and mechanical stress (like forced ventilation) may be sufficient to
physically disrupt the fragile structure of NETs in the bloodstream, releasing NET fragments.
Mechanically disrupted NETs augment NETosis and NETosis propagates inflammatory response.
TLR inhibitors may reduce inflammation, specifically by preventing NET-induced NETosis.
Intravascular NETosis is thus responsible for initiation, dissemination and local accretion of
thrombotic events in arteries, veins and in the microvasculature, with end-organ damage in lungs,
heart, kidneys and other organs?°.

Through endothelial lesions and NETs, SARS-CoV-2 virus activates its viremic phase and in each
interested organ (see Fig.1) follows the same cellular entry strategy and catastrophic microvascular
injury syndrome, causing final MOF.
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Proteolytic cascades balance between activators and inhibitors is imbalanced in Covid-19

If NETs induce hypercoagulability, the significant increase in neutrophil numbers and the released
proteolytic enzymes (mainly elastase) contribute to a consumption of proteases inhibitors, with an
umbalance of physiologic conditions and establishment of the “proteolytic storm”?%.

The activators/inhibitors balance in proteolytic cascades is essential for homeostasis and, due to
this, in normality the inhibitor plate is largely superior to activator one.

The innate serine protease system has four major columns, coagulation, fibrinolysis, kallikrein and
complement??. These systems are strictly correlated, interconnected and their physiological
mantainance is the result of a rigorous balance. Complement directly enhances coagulation and, in
addition, inhibits anticoagulant factors, while certain coagulation enzymes activate complement
components. The interplay between complement and coagulation is crucial to understand the
clinical implications in Covid-19, in which complement-coagulation interactions contribute to the
development of life-threatening complications’.

The contact system, also named as plasma kallikrein-kinin system, consists of three serine
proteinases: coagulation factors Xll and XI, plasma prekallikrein and high molecular weight
kininogen. Once activated by NETs, this system is prothrombotic by activating intrinsic pathway and
proinflammatory by producing bioactive peptide bradykinin.

Extrinsic and intrinsic pathway of blood coagulation induce simultaneous activation of the
complement and fibrinolysis cascades, with an extensive cross talk mutually fine-tuning their
activation status?®3.

Main family of the serine protease inhibitors (SERPINs) is formed by SERPINA1 (al-antitrypsin)
protecting lung tissue from neutrophil elastase, SERPINA5 (Protein C inhibitor), SERPINC1
(antithrombin) controls coagulation proteases, SERPIND (Heparin cofactorll), SERPINE1 (plaminogen
activator inhibitor1), SERPING1 (C1 inhibitor) regulates complement, callicrein and contact phase
activation and SERPINF2 (a-2- antiplasmin) inhibits plasmin and regulates fibrinolysis. Complement
activation is inhibited also by Decay-accelerating factor (DAF) and Factor H (alternative pathway).
Alpha 2 macroglobulin acts as an antiprotease for a variety of proteases like plasmin, kallikrein and
thrombin. A delicate balance between serine proteases and their serpin inhibitors is crucial for
normal functioning of biological pathways?*.

Proteases/antiproteases balance is present also at the endothelial surface, where thrombomodulin,
forming complexes with thrombin, induces protein C activation to suppress blood coagulation, while
TNF-alpha and IL-1beta, inducing TF and PAI-1, down-regulate the expression of thrombomodulin.
Procoagulant TF upregulation with downregulation of the anticoagulant TM/Protein C system
converts the normal anticoagulant endothelium into a prothrombotic endothelium.

Lastly, NETs triggered significant platelet aggregation.

A proteases/antiproteases balance is present also at alveolar space, where SERPINA12° strongly and
specifically inhibits neutrophil elastase. When the inhibitor concentration is sufficient to block
released elastase, no lesion happens nor in alveolar epithelium nor in alveolar endothelial wall and
this corresponds with the moderate Covid-19 clinical condition.

Otherwise, if SERPINA1 is overhelmed or is absent/deficient, as in homo/eterozygous patients
(about 4% European population), imbalance results between elastase and anti-elastase activity and
free elastase causes progressive damage of both alveoli and endothelium, inducing endotheliopathy
and thrombogenic state previously described.
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The hypercoagulability, as imbalance of proteases/antiproteases cascades, the decrease of
ADAMTS13, the endotheliopathy, the increased platelet activation, the ULVWF multimers and the
NETosis together create a severe thromboembolic environment, similar to Thrombotic
Thrombocytopenic Purpura/HUS conditions?® and Acute Promyelocytic Leukemia activation of
clotting systems with secondary hyperfibrinolysis®’. Fig.3
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Fig.3. Covid-19 clinical evolution. Neutrophils are actively recruited by cytokines and platelets,
released high levels of serine proteases imbalance mainly coagulation/complement/fibrinolytic
cascades inducing a severe “proteolytic storm” with hypercoagulability (micro/macroangiopathic
endotheliopathy), endothelial lesions and inflammation, NETs formation and bloodstream diffusion
through mechanical fragmentation. Through endothelial lesions, SARS-CoV-2 can disseminate to
organs presenting dual ACE2 receptor and TMPRSS2.
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Critical SARS-CoV-2 infection: the feasible role of convalescent plasma as a first-line therapy

Convalescent Plasma (CP) use as a therapy of untreatable infectious diseases has been extensively
but anedoctically documented, including spanish Influenza A (HIN1) infections in 1915 to 1917,
severe acute respiratory syndrome (SARS) in 2003, pandemic 2009 influenza A (H1N1), avian
influenza A (H5N1) and several hemorrhagic fevers such as Ebola. Based on studies, showing
convalescent plasma antibodies can limit the virus reproduction, CP has been considered for
critically sick COVID-19 patients?®,
In SARS-CoV and MERS, CP was shown to provide NAbs binding to spikel-receptor binding protein
(S1-RBD), S1-N-terminal domain and S2, thus blocking entry and containing viral amplification.
Very recently, Cochrane Database of Systematic Reviews published a rapid review on convalescent
plasma or hyperimmune immunoglobulin for people with COVID-193?, including eight anedoctical
studies from China and South Corea (uncontrolled studies, 7 case series and 1 prospectively
registered single-arm intervention study) describing 32 critically ill participants.
Other 47 ongoing studies (21 randomised) evaluating CP and one ongoing study evaluating
hyperimmune immunoglobulin were identified.
For the primary outcomes, the included studies reported that all participants were alive at the end
of follow, thus concluding that plasma therapy is safe and improves patient outcome, but there are
significant limitations to each of these studies, due to small number of treated patients and absence
of a control group. Two studies reported adverse events that were potentially grade 3 and grade 4,
of which one was serious.
Fortunately, more extensive studies are now in the pipeline to provide robust evidence either for or
against the use of convalescent plasma. Worldwide there are over 66 clinical trials, as reported by
Clinical Trials.gov, actively recruiting COVID-19 patients to study the effect of convalescent plasma.
In many studies plasma from non-infected patients is used as the placebo arm of the trial, to ensure
that any benefits identified are indeed specific for SARS-CoV-2 antibodies3.
To better understand the potential role of CP in Covid-19 treatment, it’s important to highlight the
following:

1) CPis a “scarce resource” and thus should be reserved to critically ill patients,

2) CPisn’t a “single active principle” product, but contains a multiplicity of active ingredients,

3) Human plasma is the defined first-line therapy in diseases like TTP, presenting with clinical

and pathological features similar to Covid-19,
4) Based on the objects of the trials, the timing, the quantity, the frequency, the haematological
and clinical parameters monitoring and the side effects need to be evaluated and defined,
5) Human non-convalescent plasma must be used as placebo in the control arm.

This paper supports the hypothesis that the worsening of Covid-19 clinical symptoms is due to the
catastrophic “unfriendly fire” of recruited neutrophils, with overhelming and imbalancing of serine
proteolytic cascades activator proteases over inhibitors, serious endotheliopathy, NETosis, ULVWF
release, hypercoagulability and diffuse micro/macrothrombi formation.

This condition in the paper has been described as “proteolytic storm”, which advances and
sustains/is sustained by the well known “cytokine storm”as shown in Fig.3.

Following this hypothesis, CP doesn’t supply only NAbs, but also supplies:
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1) Other antibodies able to mediate/neutralize pathways such as complement activation,
antibody-dependent cellular cytotoxicity and/or phagocytosis?®3°, limiting immune
complexes formation and cytokine release such as IL-1B and TNFa,

2) SERPIN family serine proteases inhibitors of the four interconnected proteolytic cascades
(clotting, complement, fibrinolysis and kallikrein),

3) ADAMTS13 metalloprotease, which cleaves ULVWF, reducing hypercoagulability and
thrombogenicity34,

4) SERPINA1 inhibiting neutrophil elastase deleterious effects, mainly at alveolarcapillary
level?>,

5) SERPING1 counteracting platelet activation action on clotting and complement cascade®®
and Pselectin/HGMB1 expression®18,

6) Other inhibitors like the generic Alfa2 Macroglobulin and Thrombomodulin,

7) CP NAbs boost a much stronger immune response of newly dendritic cells inf-cDC23®.

In conclusion, CP can be considered a very effective “fire extinguisher” for neutrophils “unfriendly
fire” and its consequences of “proteolytic storm”, hypercoagulability, thrombosis and sepsis with
MOF, but the absence of clinical trials, with human plasma as placebo in control arm, doesn’t allow
to exclude that human nonconvalescent plasma can obtain at least part of the same expected
clinical outcomes.
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