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Introduction

Coronavirus disease 2019 (COVID-19) infec-
tion is characterized by distinct stages: the first 
one with dominant replication of the virus, and 
the second one with dominant immunological 
inflammatory response of the host [1]. COVID-19 
can evolve into a systemic severe inflammatory 
response characterized by cytokine storm and 
acute respiratory distress syndrome. Cytokine 
storm refers to a set of clinical conditions caused 
by excessive immune reactions and has been rec-
ognized as a leading cause of severe COVID-19, 
multiple organ dysfunction syndrome and adverse 
clinical outcomes [2–6]. Various laboratory markers 
have been linked with COVID-19-related excessive 
inflammatory response caused by cytokine release 
syndrome. Among cytokines, interleukin (IL)-6, 
IL-8, and tumor necrosis factor alpha (TNF-a) 
are regarded as the most relevant triggers of the 
hyperinflammatory reaction during COVID-19 
[7–9]. Furthermore, microvascular and macro-
vascular thrombosis are observed complications 
in COVID-19 which in turn may be the target 

of therapeutic strategies to significant influence 
disease-related sequelae and mortality [5–7]. 

Proprotein convertase subtilisin/kexin type 9 
(PCSK9) is an enzyme that plays a crucial role in 
the homeostasis of low-density lipoprotein (LDL) 
receptors (LDLR), however, it also promotes in-
flammatory response [10]. Experimental and clini-
cal data suggest that in addition to improvement in 
lipid profile and clinical outcomes in patients with 
cardiovascular diseases, PCSK9 inhibitors also 
exert an anti-inflammatory effect that might be re-
lated to interference on the IL-6 pathway [10–15].

Herein, is a discussion of the rationale for the 
use of PCSK9 inhibitors in the treatment during 
the hyperinflammatory stage of COVID-19 and 
present a design of the ongoing study in testing 
this hypothesis (NCT04941105).

PCSK9 and inflammation/thrombosis

PCSK9 is a protein that is expressed in the 
liver, intestine, and kidneys, while circulating 
PCSK9 originates exclusively from hepatocytes 
[16, 17]. The physiological role of PCSK9 is to 
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mediate the LDLR degradation and thus to regulate 
the LDL cholesterol (LDL-C) homeostasis [18]. 
Moreover, PCSK9 has also been shown to have 
a pro-inflammatory effect [12, 19, 20]. Overex-
pression of PCSK9 in macrophages increases the 
expression of IL-1b and TNF-a, and decreases the 
anti-inflammatory markers Arg1 and IL-10 [21]. 
PCSK9 can act as trigger of inflammatory response 
as it causes increased expression of Lectin-like oxi-
dized LDL receptor-1 (LOX-1) enhancing oxidized 
LDL (ox-LDL) uptake and amplifying the inflam-
matory response [10]. This pivotal interaction links 
cholesterol accumulation and chronic inflammatory 
process of atherosclerosis. Further data suggest 
that the nuclear factor kappa B (NF-kB) signal-
ing pathway plays a key role in PCSK9-mediated 
vascular inflammation and thrombosis [20–22]. In 
fact, PCSK9 inhibition by using small interfering 
RNA (siRNA) has shown to suppress expression of 
LOX-1 and secretion of pro-inflammatory cytokines 
in macrophages by inhibiting NF-kB translocation 
into the nucleus [22–26].

PCSK9 during infection

Experimental data have shown that that height-
ened inflammation mediated by IL-6, may represent 
the biochemical link between HIV/HCV coinfection 
and elevated PCSK9 levels. This relationship may 
be bidirectional (PCSK9 regulating levels of IL-6) 
because healthy individuals with PCSK9 loss of 
function mutations have less IL-6 in response to 
lipopolysaccharide-induced inflammation [7, 27]. 
Dwivedi et al. [14] found that overexpression of 
PCSK9 was associated with increased liver and 
kidney pathology, plasma IL-6, alanine aminotrans-
ferase, and thrombin–antithrombin complexes 
concentrations during sepsis, whereas PCSK9 
knockout mice exhibited reduced bacterial loads, 
lung and liver pathology, myeloperoxidase activity, 
plasma IL-10, and cell-free DNA (a procoagulant 
molecule released mainly by activated neutrophils) 
in a murine model of sepsis. Moreover, dyspnea, 
cyanosis, and overall grimace scores (severity 
of pain assessment) were higher in septic mice 
overexpressing PCSK9. Furthermore, lower ex-
pression of inflammation in PCSK9 knockout mice 
was confirmed by retained core body temperature 
during sepsis [14]. Results of this comprehensive 
experiment strongly suggest the strong impact of 
PCSK9 expression also on systemic, but not only 
local, inflammation and coagulation. These obser-
vations were in line with other data [27], which 
demonstrated that human PCSK9 loss-of-function 

genetic variants were associated with improved 
survival in septic shock patients and a decrease 
in systemic inflammatory cytokine response both 
in septic shock patients and in healthy volunteers 
after lipopolysaccharides (pathogenic lipid moieties 
from Gram-negative bacteria cell walls) adminis-
tration. Moreover, a positive correlation between 
plasma levels of PCSK9 and TNF-a, in a population 
of overall healthy subjects further supports the 
impact of PCSK9 on the systemic inflammatory 
response [28]. 

PCSK9 inhibition and inflammation

PCSK9 inhibition is associated with reduced 
monocyte recruitment and attenuated ox-LDL- 
-induced expression of pro-inflammatory chemo-
kine synthesis and secretion. Anti-PCSK9 antibod-
ies alirocumab and evolocumab have been shown 
to decrease LDL-C level and reduce cardiovascular 
events in multiple clinical studies [29–36]. An 
experimental study in a mice model confirmed 
cholesterol lowering effect of PCSK9 inhibition 
and atherosclerosis development prevention also 
shows a reduction of inflammatory markers in 
mononuclear cells (IL-6, TNF-a mRNA) and in 
serum (CXCL-1, -10, -13, complement factor C5a) 
[16]. Furthermore, reduction of macrophage plaque 
infiltration and inflammation was found. These 
effects were associated with increased number of 
circulating endothelial progenitor cells and circulat-
ing angiogenic cells that are considered markers of 
endothelial and vascular health and are associated 
with positive clinical outcomes [15]. Addition-
ally, reduced PCSK9 function is associated with 
increased pathogen lipid clearance via the LDLR, 
a decreased inflammatory response, and improved 
outcome in septic shock [27].

Interleukin-6 in COVID-19  
cytokine storm

Infection with severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) has been 
classified into three clinical stages, regarding the 
severity and prognosis. Stage I is defined by mild 
unspecified symptoms of infection, such as myalgia, 
dry cough, headache, and subfebrile temperature, 
without any laboratory and radiological abnormali-
ties. Stage II is characterized by cough, high fever, 
dyspnea, abnormal thoracic imaging, lymphopenia, 
and increased levels of inflammatory markers. This 
stage is further divided according to the presence 
(IIb) or absence (IIa) of hypoxemia. Stage III dis-
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plays clinical manifestations of a severe systemic 
inflammatory syndrome, culminating in severe 
respiratory failure with an unfavorable prognosis 
[37, 38]. The increased levels of a large array of 
pro-inflammatory cytokines has been recognized as 
crucial in the pathophysiology of severe COVID-19 
[8, 39]. 

Hyper-inflammatory response, also referred 
to as “cytokine storm” is an immune dysregula-
tion which can lead to multiorgan failure and death 
through systemic inflammation. Various therapies, 
pathogens, cancers, autoimmune conditions, and 
monogenic disorders can trigger the immune 
hyperactivation related to unrestrained cytokine 
release [40]. Generally, the cytokine pattern de-
pends on the underlying cause. The list of potential 
symptoms of cytokine storm significantly overlap 
with symptoms of COVID-19, and include high 
grade fever, fatigue, cough, headache, diarrhea, 
arthralgia, myalgia, disseminated intravascular co-
agulation dyspnea, hypoxemia, hypotension, vaso-
dilatory shock, acute respiratory distress syndrome 
and multiple organ dysfunction syndrome [40, 41].

Cytokine storm with excessive release of 
inflammatory mediators induced by SARS-CoV-2 
is a major cause of disease severity and death. In 
recent studies conducted in adults with polymerase 
chain reaction-proven SARS-CoV-2 infection IL-6 
level was shown predict death better than age or 
C-reactive protein (CRP). Moreover, the kinetic 
quantification of IL-6 levels allowed early discrimi-
nation between survivors and non-survivors [42]. 
These findings were in line with several other 
studies showing its good correlation to disease 
severity, the risk of needing mechanical ventila-
tion, or death [43–47]. IL-6 has also been shown 
to be a prognostic marker of clinical worsening 
within 1–2 days from stage IIb to stage III. This 
pattern was not observed for CRP levels, despite 
the positive correlation between IL-6 and CRP 
[42]. Hadjadj et al. [48] showed that IL-6 was not 
detected in peripheral blood at the transcriptional 
level, contrasting with high amounts of IL-6 protein 
during the inflammatory response in COVID-19. 
Expression of IL-6-induced genes (IL6R, SOCS3, 
and STAT3) was significantly increased, reflect-
ing the activation of the IL-6 signaling pathway. 
TNF-a was only moderately up-regulated at the 
transcriptional level, whereas circulating TNF-a 
was significantly increased. Accordingly, TNF 
pathway–related genes were also up-regulated, 
including TNFSF10, which supports TNF-a having 
an important role in the induction of inflamma-
tion [43, 44, 48]. Inflammatory markers decline in 

patients who clinically improve (transition from 
phase IIb to IIa) and increase in those who experi-
ence worsening (transition from phase IIb to III).  
The critical inflammation point based on IL-6 
monitoring of the disease seems to occur around 
1 week to 10 days after the onset of symptoms 
[42]. This is in line with clinical observations in 
severe COVID-19 cases typically showing a two- 
-step disease progression, starting with a mild-to-
-moderate presentation followed by a secondary 
respiratory worsening 9 to 12 days after the first 
onset of symptoms. This biphasic evolution marked 
by a substantial increase of acute phase reactants 
in the blood suggests a dysregulated inflammatory 
host response, resulting in an imbalance between 
pro- and anti-inflammatory mediators [48].

Therefore, it was hypothesized that there is 
a narrow period of time in which immunomodula-
tory drugs may be particularly effective and that 
therapeutics guided by the IL-6 level, in which 
randomization would occur only in patients with 
levels of IL-6 above a certain cut-off, could guide 
new therapeutic strategies and further improve 
outcomes [42].

Interleukin-6 repetitively emerges in sub-
sequent reports from studies evaluating exces-
sive cytokine release in patients with COVID-19 
indicating a crucial role this cytokine plays in the 
pathophysiology of the disease. Many different cell 
types, e.g. monocytes, macrophages, fibroblasts, 
keratinocytes, astrocytes, endothelial cells, acti-
vated B cells and T cells, can secrete IL-6 upon 
appropriate stimulation [49, 50]. The main roles of 
IL-6 include regulation of cell responses of B and 
T cells and coordinates the activity of the innate 
and the adaptive immune systems [50]. 

Clinical efficacy of selective inhibition  
of IL-6 in COVID-19

Due to its central role in the cytokine storm 
during COVID-19, IL-6 signaling has been targeted 
as one of the most promising directions in the 
treatment of excessive inflammatory response 
in patients with SARS-CoV-2 infection [51]. Out 
of several anti-IL-6 pathway substances that are 
approved in various indications (Table 1), barici-
tinib, sarilumab and tocilizumab were evaluated 
in COVID-19. 

The largest randomized clinical trial evaluat-
ing barcitinib, a Janus kinase (JAK) inhibitor, in  
a treatment of COVID-19 included 1033 patients. 
Barcitinib used together with remdesivir led to 
shorter time to recovery (7 vs. 8 days) and acceler-
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ated improvement in clinical status (10 vs. 18 days) 
compared with patients receiving remdesivir alone. 
The 28-day mortality was numerically lower in the 
combined treatment group, but without reaching 
the statistical significance (5.1% vs. 7.8%, hazard 
ratio [HR] 0.65; 95% confidence interval [CI] 0.39–
–1.09) [52]. Meta-analyses of the efficacy of JAK 
inhibitors in COVID-19 suggest their impact on 
the reduced risk of mortality (odds ratio [OR] 0.51, 
95% CI 0.28–0.93, p = 0.02), with higher relative 
risk reduction observed with barcitinib compared 
with ruxolitinib, as well as clinical improvement 
(OR 1.76, 95% CI 1.05–2.95, p = 0.032) [53, 54]. 
The main limitation of available data on barcitinib 
in COVID-19 is a lack of large, uniformly reported 
randomized studies. 

Sarilumab is a monoclonal antibody that tar-
gets the IL-6 receptor (IL-6R). In a study by Les-
cure et al. [55] sarilumab compared with placebo did 
not reduce time to improvement or survival rate at 
28 days in hospitalized patients with SARS-CoV-2 
infection who required supplemental oxygen. On 
the other hand, in the REMAP-CAP study blockade 
of IL-6R by sarilumab or tocilizumab compared with 
placebo resulted in improved in-hospital survival 
in critically ill COVID-19 patients (78%, 72%, and 
64%, respectively) [56]. However, clinical applica-
tion of these results remains limited due to the fact 
that the sarilumab arm included only 48 patients.

Much more data is available on the use of 
tocilizumab for the treatment of patients with  
SARS-CoV-2 infection. Numerous trials with this 
IL-6R antagonist have been conducted so far, and 
meta-analyses of these heterogeneous studies 
indicate that use of tocilizumab is associated with 
decreased risk of death, but does not demonstrate 
benefits for surrogate endpoints including inten-
sive care unit admission, invasive mechanical 
ventilation or secondary infections [57, 58].

PCSK9 and thrombosis

COVID-19 patients are at heightened risk of 
thrombosis [2–5]. PCSK9 might be implicated in 
the increased thrombotic risk during the more 
advanced stages of COVID-19. 

Several mechanisms support this hypothesis. 
A recent investigation found that PCSK9 directly 
causes platelet aggregation by activating the CD36 
downstream signalling pathways [14]. Increased 
plasma PCSK9 levels lead to elevated LDL and, 
subsequently, ox-LDL levels. The ox-LDL binds 
to the lecithin-like ox-LDL receptor (LOX-1) 
and CD36 on platelets and activates cytosolic 
phospholipase A2 (cPLA2). CD36 binds various 
ligands, leading to different effects. In particular, 
cPLA2 releases arachidonic acid from membrane 
phospholipids that is subsequently converted to 
thromboxane (Tx) A2 by cyclooxygenase (COX)-1/ 
/thromboxane synthase activity. TxA2 acts syner-
gistically with downstream signalling generated 
by the binding of platelet agonists (adenosine di-
phosphate, collagen, and thrombin) to respective 
receptors to activate glycoprotein (GP) IIb/IIIa  
receptors. Activated GP IIb/IIIa receptors from ad-
jacent platelets bind to fibrinogen forming platelet 
aggregation [23]. Increased plasma PCSK9 is as-
sociated with increased platelet activation in acute 
coronary syndrome [35]. 

Experimental data in the CD36-knockout mice 
model demonstrated that enhancing effects of 
PCSK9 on platelet activation are mediated by a direct 
binding on CD36 platelet surface and abolished by 
administration of PCSK9i or acetylsalicylic acid [14].  
Notably, in the animal model of myocardial infarc-
tion, PCSK9-dependent platelet activation trig-
gered microvascular obstruction and promoted 
the expansion of the infarction, possibly through 
increased oxidative stress, PCSK9 also modulates 

Table 1. Approved drugs that target interleukin-6 signaling.

Compound Target Medical conditions

Baricitinib JAK-1, JAK-2 Rheumatoid arthritis, atopic dermatitis

Filgotinib JAK-1 Rheumatoid arthritis 

Ruxolitinib JAK-1, JAK-2 Myelofibrosis, polycythaemia vera

Sarilumab IL-6R Rheumatoid arthritis 

Siltuximab IL-6 Castleman disease

Tocilizumab IL-6R Rheumatoid arthritis, juvenile idiopathic arthritis, Castleman  
disease, giant cell arteritis, cytokine release syndrome

Tofacitinib JAK-1, JAK-2, JAK-3 Rheumatoid arthritis, Psoriatic arthritis, ulcerative colitis

Upadacitinib JAK-1 Rheumatoid arthritis
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thrombosis by modifying platelet steady-state, 
leukocyte recruitment and clot formation [59]. In 
particular, platelets from PCSK9 knockout mice 
showed a significant reduction of glycoprotein  
IIb/IIIa and P-selectin expression, as well as of 
circulating platelet-leukocyte aggregates compared 
to wild type mice, indicating a lower platelet activa-
tion in the former [60].

Methods

Despite the progress in vaccination campaigns 
against SARS-CoV-2, the number of new variants 
and active infections continues to grow [61]. 

PCSK9 inhibition may represent a novel thera-
peutic pathway in COVID-19 which can act on top of 
those previously included into standard therapeutic 
approaches in COVID-19. The present study was 
designed to evaluate the impact of PCSK9 inhibi-
tion on clinical outcome in patients during the 
inflammatory stage of the SARS-CoV-2 infection.

This is a phase III, multicenter, double-blind, 
randomized, investigator-initiated clinical trial 
evaluating the efficacy and safety of PCSK9 in-
hibitors in the treatment of SARS-CoV-2 infected 
patients with cytokine storm stage. Patients will 
be randomized in 1:1 ratio into one of two study 
arms: treatment group and control group. Pa-
tients assigned to the treatment group will receive  
a PCSK9 inhibitor evolocumab. Patients in the con-
trol group will receive an injection of 1 mL of 0.9% 

NaCl. In addition, all people included in the study 
will be treated in accordance with the current thera-
peutic recommendations for COVID-19 patients. All 
study participants will be followed up for 30 days. 
In addition, a safety follow-up extended to 1 year is 
planned with an additional evaluation of functioning 
in disease with the Functioning in Chronic Diseases 
Scale (FCIS) [62–65]. The primary endpoints are the 
need for intubation and all-cause death. 

As there are no previous data to determine the 
number of subjects to be enrolled into the study 
for adequate power we have started a pilot study: 
Impact of PCSK9 inhibition on clinical outcome 
in patients during the inflammatory stage of the 
COVID-19 (IMPACT-SIRIO 5); ClinicalTrials.
gov Identifier: NCT04941105. It was designed as 
the randomized, double-blind, multicenter, phase 
III study with a 30-day follow-up. The study was 
approved on October 27, 2020 by The Ethics Com-
mittee of Nicolaus Copernicus University in Torun, 
Collegium Medicum in Bydgoszcz (study approval 
reference number KB468/2020).

The plan is to enroll 60 consecutive patients 
in a 1:1 ratio to the experimental and control arm. 
In the experimental arm 140 mg of evolocumab as 
a single subcutaneous injection is administered, 
while in the control arm 1 mL of 0.9% saline solu-
tion given as a single subcutaneous injection serves 
as a comparator. All patients are treated in accord-
ance to the latest recommendations on caring for 
patients infected with SARS-CoV-2 (Fig. 1).

R: double blind randomization. Placebo (1 mL of 0.9% saline solution) and PCSK9 inhibition (evolocumab 140 mg/die) as a single sc injection

IMPACT-SIRIO 5

Primary endpoint
Need for intubation/death

IL-6 and platelet activation 
at 3 and 7 daysPlacebo

N = 30

PCSK9 inhibition
N = 30

COVID-19
with eligibility
assessment

IL-6 and platelet activation at baseline

Days
0 5 10 15 20 25 30

1:1
R

IL-6 and platelet activation 
at 30 days

Figure 1. Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition on clinical outcome in patients; COVID-19 
— coronavirus disease 19; IL-6 — interleukin 6.
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Primary outcome measures
1.	 Need for intubation (the indications for intuba-

tion determined individually for each patient 
and clinical status) 

2.	 Death from any cause 

Primary laboratory endpoint
1.	 Change in serum IL-6 concentration from day 

0 to day 3 
2.	 Change in serum IL-6 concentration from day 

0 to day 7 

Secondary outcome measures
1.	 The time of invasive mechanical ventilation 
2.	 The time with non-invasive mechanical ven-

tilation or high-flow nasal cannula
3.	 The time with oxygen therapy 
4.	 The duration of hospitalization 
5.	 Discontinuation of oxygen therapy before 

discharge 

Inclusion criteria
1.	 Written informed consent for participation in 

the study
2.	 Male and female age ≥ 18 at the time of signing 

the informed consent
3.	 SARS-CoV-2 infection confirmed by real-time 

reverse transcription polymerase chain reaction
4.	 COVID-19 pneumonia with typical radiologi-

cal changes
5.	 PaO2/FIO2 ratio ≤ 300
6.	 COVID-19 cytokine storm with elevated se-

rum level of IL-6 > 25 pg/mL

Exclusion criteria
1.	 Use of fibrates other than fenofibrate or fenofi-

bric acid
2.	 Known active infections or other clinical con-

dition that contraindicate PCSK9 inhibitors
3.	 Known systemic hypersensitivity to PCSK9 

inhibitors
4.	 Estimated glomerular filtration rate < 30 mL/ 

/min/1.73 m2

5.	 Absolute neutrophil count < 2000/mm3

6.	 A platelet count < 50000/mm3

7.	 Creatine kinase greater than 3× upper limit 
of normal

8.	 Aspartate aminotransferase or alanine ami-
notransferase greater than 3× upper limit of 
normal

9.	 Not expected to survive for > 48 hours from 
screening

10.	 Unrelated co-morbidity with life expectancy 
< 3 months

11.	 Pregnancy
12.	 Any physical examination findings and/or his-

tory of any illness that, in the opinion of the 
study investigator, might confound the results 
of the study or pose an additional risk to the 
patient by their participation in the study

13.	 Patient being treated with other immunomodu-
lators (except for glucocorticoids)

14.	 Patient included in any other interventional 
trial

Discussion

Summing up, strong scientific evidence exists 
that PCSK9 promotes the systemic inflammatory 
response. On the other hand, PCSK9 inhibition 
has been shown to reduce IL-6 mediated inflam-
mation pathway in experimental studies. Hyper-
inflammatory response, also called a “cytokine 
storm” with excessive release of inflammatory 
mediators induced by SARS-CoV-2 is a major cause 
of COVID-19 severity and death. IL-6 has been 
shown to be the best prognostic marker of clinical 
deterioration and mortality in patients developing 
cytokine storm. It was hypothesized that there 
is a narrow time window in which IL-6-guided 
immunomodulatory therapy may be particularly 
effective. The preliminary experience with anti-
-IL-6 pathway substances application in COVID-19 
is promising. Moreover, according to available data, 
therapy with PCSK9 inhibitors is expected to re-
duce the rate of thrombotic complications due to 
the antiplatelet effect.
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