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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) elicits an interferon (IFN) deficiency state, which
aggravates the type I interferon deficiency and slow IFN responses, which associate with e.g. aging and obesity.
Additionally, SARS-CoV-2 may also elicit a cytokine storm, which accounts for disease progression and ulti-
mately the urgent need of ventilator support. Based upon several reports, it has been argued that early treatment
with IFN-alpha2 or IFN-beta, preferentially in the early disease stage, may prohibit disease progression. Simi-
larly, preliminary studies have shown that JAK1/2 inhibitor treatment with ruxolitinib or baricitinib may
decrease mortality by dampening the deadly cytokine storm, which - in addition to the virus itself - also con-
tributes to multi-organ thrombosis and multi-organ failure. Herein, we describe the rationale for treatment with
IFNs (alpha2 or beta) and ruxolitinib emphasizing the urgent need to explore these agents in the treatment of
SARS-CoV-2 — both as monotherapies and in combination. In this context, we take advantage of several safety
and efficacy studies in patients with the chronic myeloproliferative blood cancers (essential thrombocythemia,
polycythemia vera and myelofibrosis) (MPNs), in whom IFN-alpha2 and ruxolitinib have been used successfully
for the last 10 (ruxolitinib) to 30 years (IFN) as monotherapies and most recently in combination as well. In the
context of these agents being highly immunomodulating (IFN boosting immune cells and JAK1/2 inhibitors
being highly immunosuppressive and anti-inflammatory), we also discuss if statins and hydroxyurea, both agents
possessing anti-inflammatory, antithrombotic and antiviral potentials, might be inexpensive agents to be
repurposed in the treatment of SARS-CoV-2.

1. Introduction

syndrome, type II diabetes mellitus and other inflammation-mediated
comorbidities [1-3]. In addition to the above risk factors, virus strain

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection emerged in Wuhan, China 2019 [1,2]. Since then, SARS-CoV-2
has spread rapidly across the globe to become as the most devastating
pandemic in more than a century. The clinical spectrum of COVID-19
ranges from asymptomatic carriers, upper respiratory tract disease to
severe COVID-19 pneumonia, requiring mechanical ventilation [1-3]. In
severely afflicted patients in need of ventilator support, the mortality
rate is high - in particular in elderly patients and in patients with a severe
comorbidity burden, including cardiovascular diseases, metabolic
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and virus load have been shown to be determinant for the severity of the
COVID-19 infection. The mortality rate in the COVID-19 infection is
significantly higher than the latest influenza pandemic with the influ-
enza virus HIN1 in 2009 [4]. Importantly, the most influential patho-
genic factor determinant for the high mortality rate is an overwhelming
hyperimmune response elicited by the SARS-CoV-2, giving rise to an
immense cytokine storm - a hyperinflammation syndrome — that may
ultimately culminate in acute refractory respiratory syndrome and fatal
multi-organ failure [5-9]. Autopsy studies have unraveled that the
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COVID-19 infection is also associated with a massive thromboembolic
disease burden [10-24], which not only involves the pulmonary vessels
but diffusely and markedly impacts the vascular system due to micro-
thrombotic angiopathy and endothelial dysfunction, the latter being
described as “endothelialitis” [12].

Several clinical trials are currently investigating the best drugs to be
used in the treatment of the COVID-19 infection. Most clinical trials
include various anti-virus agents, either as monotherapy or in combi-
nation [25,26]. One of these anti-virus agents — remdesevir —-was
recently reported to reduce time to recovery but without a significant
reduction in mortality [27-31]. Indeed, one study concluded that
remdesivir was not associated with statistically significant clinical
benefits [29], and a critical reappraisal of the use of remdesevir in
COVID-19 afflicted patients concluded that it is far too premature to
identify remdesivir as a life-saving intervention during the COVID-19
pandemic [32]. Based upon the preliminary results reported and
without in-depth analysis of the safety profile, remdesevir was given a
conditional marketing authorization in the EU on 3 July 2020 and was
licensed by FDA on 22 October 2020 for the treatment of the COVID-19
infection with the recommendation to be used as early as possible during
the COVID-19 infection [30,31].

In midst November 2020, WHO advised remdesevir not to be used in
the treatment of hospitalized patients with COVID-19 infection due to a
lack of evidence that remdesivir improves significant outcomes such as
reduced mortality, need for mechanical ventilation, and time to clinical
improvement [33]. Based on an analysis of 82 trials, the Copenhagen
Trial Unit, Rigshospitalet Denmark, has concluded that remdesevir
might benefit COVID-19 patients, but the certainty of evidence was low
[34].

Surprisingly, only a few studies have investigated the potential role
of the oldest anti-virus agent —interferon (IFN) - in the treatment of
patients with the COVID-19 infection [35-37], mainly using inhaled
IFN-beta [38-54]. Since the initial results of remdesevir as a useful drug
in reducing mortality in COVID-19 afflicted patients [27-30] do not hold
true after in depth analysis of all remedesvir trials and the drug is today
not being recommended by WHO, there is an urgent need to investigate
other drugs with the potential to dampen the cytokine storm [1-3,7-9].

In this context, a Janus Kinase (JAK) 1/2 inhibitor was suggested as a
candidate drug, since it efficiently blocks the JAK- STAT (Signal
Transduction and Transcription)) pathway and thereby the production
and release of several potent inflammatory cytokines from different
hyperactivated immune cells [5-9]. Therefore, several studies were
subsequently launched, investigating the role of JAK1/2 inhibitor
treatment - either as monotherapy or in various combinations - in the
treatment of patients with the COVID-19 infection [25,26,55-62]. These
studies are based upon the mechanisms underlying the
anti-inflammatory and immunosuppressive activity of the oldest
JAK1/2 inhibitor, ruxolitinib, [63-69] and the immense hyper-
inflammation state which may be elicited by the COVID-19 virus [7-9,
70-93]. The urgent need to intensify investigations of JAK1/2 inhibitors
in the treatment of severely COVID-19 afflicted patients has most
recently been put in perspective as the efficacy of the other drug for
treatment of severe COVID-19 — dexamethasone — [94] only associates
with low to very low evidence after in depth analysis by among others
WHO and The Copenhagen Trial Unit [33,34]. The excessive cytokine
storm in severely afflicted patients with respiratory failure may not only
associate with virus-induced hemophagocytosis [4,7-9] but also in
several patients may contribute significantly to the pronounced throm-
bogenic state and the thrombotic microangiopathy [10-24]. Therefore,
targeting the cytokine storm by potent JAK1/2 inhibition [7-9,26,
55-62] may likely also reduce the risk of life-threatening thromboem-
bolic disease burden by dampening inflammation-mediated in vivo
leukocyte, platelet and endothelial activation and activation of the
coagulation system as well. Furthermore, since not only platelets and
endothelial cells are involved in COVID-19 induced thrombogenesis and
the diffuse thrombotic microangiopathy, but also neutrophils and
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neutrophil extracellular trap formation (NETosis) are of paramount
importance as well [95-101], targeting the myeloid compartment and
NETosis might be equally important. In this context, IFN-alpha2 or
IFN-beta might be highly efficacious, dampening the inflammasome
[102] and NETosis [103] together with a JAK1/2 inhibitor, which also
impairs NET formation [104], and at the same time IFN potently
inhibiting virus replication [36-54]. Based upon experimental, clinical,
molecular and immunological studies, we herein describe the rationales
and perspectives for treating the COVID-19 infection with IFN-alpha2 or
IFN-beta in the early COVID-19 disease phase, and a JAK1/2 inhibitor in
the later disease stage, either as monotherapies or in combination
(IFN + JAK1/2 inhibitor). In addition, we describe inexpensive old
drugs to be repurposed in the treatment of the COVID-19 infection —
statins and hydroxyurea —due to their anti-inflammatory, antith-
rombotic and antiviral capabilities.

2. Rationale for treatment of COVID-19 patients with a JAK1/2
inhibitor

2.1. Does treatment with a JAK1/2 inhibitor have the potential to improve
clinical outcome in the severely afflicted patient with coronavirus
infection?

Several lines of evidence support the rationale for the use of JAK1/2
inhibition to extinguish the fire in COVID-19 pneumonia.

1. As alluded to above, acute respiratory failure [1,2] is among others
explained by virus-mediated severe hyperinflammation in the lungs as
part of a hyperinflammatory cytokine storm syndrome [7-9].

2. JAK1/2 inhibition with ruxolitinib has been successfully used for
the last 10 years in the treatment of the chronic blood cancers -
myelofibrosis and polycythemia vera (MPNs) [105]. Chronic inflam-
mation is an important driving force for development and progression of
these blood cancers, which accordingly have been described as “A
Human Inflammation Model “[106-108]. Within hours/days, rux-
olitinib alleviates inflammation-mediated symptoms and large spleens
are being reduced within weeks to months. Several patients also suffer
inflammatory connective tissue diseases, which are also markedly
improved by treatment with ruxolitinib [109]. The highly beneficial
effects of ruxolitinib treatment in MPN-patients are due to a rapid
decline in elevated circulating inflammatory cytokines, which have been
shown to impact prognosis and add important information in predicting
prognosis in MPNs [110,111].

3. In several COVID-19 patients, this cytokine storm is also associ-
ated with secondary hemophagocytic lymphohistocytosis syndrome
(HLS) - a severe hyperinflammatory syndrome which unfortunately in
several patients is characterized by a fulminant and fatal hyper-
cytokinaemia, low blood cell counts due to hemophagocytosis and
multiorgan failure [4,112-116]. Murine models of HLS have confirmed
the importance of inflammatory cytokines for the development of HLS
[117], and the efficacy of JAK1/2 inhibition for its immediate resolution
[118-123]. Importantly, several clinical studies have shown ruxolitinib
to be highly efficacious in HLS [124-130], being most recently
confirmed in several patients in a single center study [129]. Of note, in
several of these patients, the cytokine storm was refractory to high-dose
glucocorticoids [124-129], which neither previously were WHO rec-
ommended for the treatment of the acute respiratory distress syndrome
(ARDS) nor imminent multi-organ failure consequent to excessive
hyperinflammation in intensive-care patients [131,132].

4. Several single arm studies have already shown that JAK1/2 in-
hibitor treatment - either as monotherapy or in various combinations —
may benefit patients with the COVID-19 infection [25,26,55-62]. As
addressed above, the rationales for these studies are based upon the
mechanisms underlying the anti-inflammatory and immunosuppressive
effects of ruxolitinib [63-69], and the immense hyperinflammation state
which is elicited by the COVID-19 virus [7-9,70-93].

5. Baricitinib - another JAK1/2 inhibitor - is being used for patients
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with rheumatoid arthritis and in addition to dampening inflammation,
this agent may also affect cellular viral entry in COVID-19 [6]. Most
recently, a large randomised trial has demonstrated combination ther-
apy, baricitinib and remdesevir, to be superior to remdesevir alone in
reducing recovery time and accelerating clinical improvement among
patients with COVID-19, in particular among those receiving high-flow
oxygen or noninvasive ventilation [133].

6. JAK 1/2 inhibition is being used in several other chronic inflam-
matory diseases, in which they often are highly efficaceous in control-
ling disease activity [134].

7. Severe graft-versus-host disease (GVHD) has been shown to
respond favourably to ruxolitinib, even in patients otherwise refractory
to high-dose steroids [135], being attributed to its highly potent
immunosuppressive and anti-inflammatory capabilities. Accordingly,
ruxolitinib is today FDA approved for the treatment of GVHD. Highly
intriguing, a COVID-19 infection in an allogeneic hematopoietic stem
cell transplant patient was attenuated on ruxolitinib treatment [57].

8. As alluded to above, most recent studies have shown that NETosis
is deeply involved in thrombogenesis and organ damage in COVID-19
afflicted patients [95-101]. Ruxolitinib inhibits NET formation in pa-
tients with MPN [104] and may likely do so in patients with COVID-19
as well.

9. By inhibiting B-cells, ruxolitinib may decrease the production of
autoantibodies against IFN and thereby prohibit the aggravation of the
IFN deficiency state, which is also being elicited by the COVID-19 virus
itself [136]. The rationales for treatment of COVID-19 with JAK1/2
inhibitors are summarized in Table 1.

3. Rationale for treatment of the COVID-19 infection with
Interferon-alpha2 or beta

Type [ IFNs-alpha2/beta are potent antiviral agents, which have both
direct inhibitory effects on viral replication and also support and
enhance the immune response to improve clearance of the virus infec-
tion [35-37]. Treatment of hospitalized SARS-CoV patients with

Table 1
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IFN-alpha2 during the SARS-CoV outbreak in Toronto in 2003 showed
an accelerated resolution of lung abnormalities [137]. Several rationales
and studies support the contention that IFN-alpha2a/2b or IFN-beta may
also impact the clinical course of the COVID-19 infection [41-53].

1 SARS-CoV-2 was found to be more susceptible to type I interferons
than SARS-CoV [41].

2. In an uncontrolled, exploratory study of patients moderately
afflicted by COVID-19, Zhou et al. showed that nebulized IFN-alpha2b
therapy shortened duration of viral shedding and reduced markers of
acute inflammation such as CRP and interleukin (IL) IL-6, which
correlated with the shortened virus shedding [49]. The importance of
IFN-mediated reduction in virus shedding was underscored in the
context of dampening population spread [49]. In addition, this impor-
tant first study of IFN-alpha2 in COVID-19 afflicted patients highlighted
that the concurrent reduction in inflammatory markers, including IL-6,
might also influence the detrimental impact of this cytokine upon
prognosis [49] but also emphasized that targeting the cause (SAR-
S-CoV-2) by IFN-alpha2b might be a more rational approach than tar-
geting the symptoms by blocking the IL-6 receptor, using e.g tocilizumab
or sarilumab [49].

3. A multicenter study of the safety and efficacy of early intervention
with IFN showed that early IFN therapy was associated with favourable
responses in COVID-19 patients [48].

4. In a prospective randomised trial adding IFN-beta by injection to
the anti-virus agents lopinavir-ritonavir, and ribavirin in patients with
mild or moderate disease at the time of enrolment displayed superiorty
in the IFN-arm in regard to a significant reduction in duration of virus
shedding and significant differences in outcomes as well. It is important
to note that IFN-beta was given in the combination group only to pa-
tients who were enrolled less than 7 days after onset of symptoms [45,
46].

5. Nebulized IFN-beta inhalation therapy was associated with
decreased mortality in Chinese COVID-19 patients and has also
demonstrated safety and efficacy in other studies with a rapid viral
clearance in concert with clinical improvement [138,139]. The

Rationales for Treatment with a JAK1/2 Inhibitor in Patients with COVID-19.

Biology Marker Impact | Comments

Virus Replication 1?

Baricitinib may impair virus entry into cells

Type I-IFN Deficiency ¥

JAK1/2 inhibition may decrease production of autoantibodies
against IFN, which is recorded in 10-12 % of elderly people with
COVID-19; JAK1/2 inhibition may restore IFN-signaling by
abolishing inflammation-mediated degradation of the IFN-receptor

development of HLS

Hyperinflammation @ JAK1/2 inhibition dampens the cytokine storm, elicted by COVID-
19 and thereby may likely prohibit ARDS and multi-organ failure

Thrombosis Risk { By a reduction of thrombosis-promoting inflammatory cytokines and
inhibition of NETosis, JAK1/2 inhibition may likely reduce the risk
of thrombosis

HLS [

Mouse Models Several mouse models have documented JAK1/2 inhibition

(ruxolitinib) to resolve HLS by blocking key cytokines for the

Clinical Studies

Several single-arm studies have reported the safety and efficacy of
Jak1/2 inhibition (ruxolitinib) in the treatment of HLS

Clinical Improvement |4
COVID-19

trial.

Safety and efficacy with resolution of symptoms have been
documented in an increasing number of studies during JAK1/2
inhibitor treatment of severely afflicted COVID-19 patients; most
lately baricitinib has added significant benefit in a large randomised

Chronic blood cancers
(myelofibrosis and PV)

1 During the last 10 years, JAK1/2 inhibitor treatment (ruxolitinib) has
been used successfully in the treatment of myelofibrosis and most
lately polycythemia vera (PV). These chronic blood cancers and
their thrombotic complications are among others driven by chronic
inflammation (MPNs a “Human Inflammation Model”)

T Ruxolitinib is licensed for the treatment of GVHD with proven

arthritis

GVHD efficacy also in patients who are refractory to high-dose
glucocorticoids
Rheumatoid arthritis 4 Baricitinib is licensed for the treatment of refractory rheumatoid

Abbreviations: IFN = Interferon; HLS = Hemophagocytic Lymphohistiocytosis Syndrome; GVHD = Graft Versus Host Disease.
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rationales for using nebulized IFN-beta inhalation therapy have recently
been reviewed [139].

6. IFN may also impact regression of lung fibrosis after COVID-19
[140], and SARS-CoV-2 has been shown not to elicit a significant in-
duction of types I, II, or III interferons in ex-vivo infected human lung
tissues as compared with 2003 SARS-CoV [141]. Indeed, SARS-CoV-2
seems to have developed a distinct machinery, which is able to shut
down host IFN production, which subsequently has been convincingly
demonstrated in several studies [142-144]. Thus, Blanco-Melo et al.
showed that SARS-CoV-2 induced only a very weak type 1 and III IFN
response, which was juxtaposed to a cytokine storm with highly elevated
serum IL-6 and TNF-a levels [142]. Similarly, in a comprehensive study
of inflammatory and immunological signatures in COVID-19 patients,
Hadjadj et al. reported low IFN-alpha2 plasma levels [144]. Low
IFN-alpha2 levels preceded clinical deterioration, and distinct patterns
of circulating IFN-alpha2 characterized each disease grade. Further-
more, IFN activity in serum of severe or critical ill patients was also
lower than that of mild-to-moderate ill patients [144]. In all three
studies, serum IFN-beta concentrations were undetectable as well
[131-133]. Since type I IFN deficiency is associated with hyper-
inflammation driven by NF-kB and lower viral clearance, their results
definitely support the contention that the early use of IFN - likely in
combination with targeted anti-inflammatory therapies, which will be
addressed below - may overcome SARS-CoV-2 infection by preventing
rapid virus spreading and the subsequent damaging cytokine storm [42,
145]. This may also hold true for patients with severe infection, since the
most severe cases of COVID-19 were featured by impaired IFN-alpha2
production and higher virus loads [142,143].

As noted above, type I IFN production may not only be reduced or
exhausted in the severely afflicted patients [142,143] but indeed being
an early event, elicited by the SARS-CoV-2 itself, since recent cellular
and animal studies have shown that SARS-CoV-2 inhibits type I and III
IFN induction [146].

7. IFN beta decreases virus-induced lung fibrosis in a mouse model,
which might improve outcomes of COVID-19 patients severely afflicted
by ARDS [140,141].

8. Most recently, novel genetic mechanisms of critical illness in
COVID-19 have been unravelled in an extensive genome-wide associa-
tion study (GWAS) in 2244 critically ill UK COVID-19 patients [147].
Highly intriguing, increased expression of the interferon receptor sub-
unit IFNAR2, which is critical for an adequate response to viral in-
fections was found to reduce the risk of severe COVID-19, implying
IFNAR2 to have a protective role against severe COVID-19. It was
concluded that IFN treatment of COVID-19 patients may reduce the risk
of critical illness [147]. The critical role of IFNAR2 in the context of
protecting against severe COVID-19 is substantiated by the reported
associations between loss-of function mutations in IFNAR2 and severe
virus diseases [148,149], including severe COVID-19 [150].

9. “High-risk profile” patients for serious disease and mortality from
COVID-19, e.g. the elderly and obese patients [151] have been shown to
have impaired IFN-responses [152,153]. Thus, elderly people and obese
patients may in particular benefit from early treatment with IFN. The
concept of an association between a type I IFN deficiency state and
susceptibility to COVID-19 infection and seriousness of the disease is
supported by the mild courses of the COVID-19 in most children, who
have a much more robust type I IFN response than the elderly [154].

10. IFN has been shown to normoregulate or significantly down-
regulate upregulated thromboinflammatory genes, including PAD4 in
patients with MPNs [103]. Normo- or downregulation of thromboin-
flammatory genes by IFN may likely decrease NETosis formation in
patients with COVID-19 infection as well and accordingly the increased
risk of thrombosis. Since oxidative stress is also closely associated with
thrombogenesis by several mechanisms [155], it is important to note
that [FN-alpha2 has been shown to significantly downregulate upregu-
lated oxidative stress genes and upregulate downregulated
anti-oxidative defence genes in patients with MPNs [156].
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11. In a mouse model of arthritis, IFN-alpha2 decreased the pro-
duction of several cytokines, including IL-6, IL-12, and tumor necrosis
factor alpha (TNF-a)) and increased the serum levels of the anti-
inflammatory cytokine transforming growth factor beta (TGF-p) after
antigen stimulation [157]. IFN-alpha2 also elicited an early
macrophage-derived production of TGF-p combined with a later in-
crease in CD4 + T cells producing TGF-p [157]. Interestingly, in the
early phase after immmunisation, presence of IFN-alpha2 inhibited
production of IL-12 and TNF-a whereas IFN-y, including macrophages
producing IFN-y was inhibited at later times [157]. The inhibitory effect
of type I IFNs on Thl immunity (IL-12, TNF-a, IL-1f, and IFN-y
signaling) has also been recorded in monocytes [158]. Taken into ac-
count the prominent role of the monocyte-macrophage system in the
development of tissue damage during the COVID-19 infection
[159-163], the observations of the impact of IFN-alpha2 upon cytokine
levels additionally support the early administration of IFN-alpha2 in
COVID-19 afflicted patients, thereby likely decreasing elevated levels of
several highly important cytokines (IL-1, IL-6, IL-12, TNF-a, and IFN-y)
which are considered of utmost importance for the development of the
cytokine storm and ultimately multi-organ failure. The early inhibition
of Th1l-promoting cytokines, especially IL-12, by IFN-alpha2 may also be
timely and of utmost importance when considering that IFN-alpha2
might lower the increased number of T-helper cells (CD4+) during the
COVID-19 infection and thereby also decreasing the production of the
Th1 cytokine IFN-y. Importantly, IFN-alpha2 has been shown to induce a
marked increase in circulating CD4(+4-)CD25(+)Foxp3(+) T cells (Tregs)
[164]. TGF-p is an important mediator for development of both Tregs
[165] and their immunosuppressive capacity. Of note, TGF-f, in contrast
to all other analyzed cytokines, was significantly increased in mice
treated with IFN-alpha2 [157]. Highly interesting, type I IFN also
negatively regulates CD8 + T cell responses through IL-10-producing
CD4 + T regulatory cells [166].

12. Type I IFNs exert a variety of effects on monocytes, including
rapid differentiation of monocytes into activated dendritic cells, which —
together with IFN-induced activation of NK-cells — is considered of
utmost importance for the rapid development of a robust antiviral
response [167-169]. Based upon the above observations, we hypothe-
size that the administration of IFN-alpha2 or IFN-beta in COVID-19
patients induces a tolerogenic state by a concert of actions, including
inhibition of virus replication, inhibition of proinflammatory cytokines,
especially early IL-6 production, early enhancement of TGF-p-producing
macrophages, resulting in fewer IFN-y- and IL-17-producing CD4 + T
cells and at a later stage development of TGF-p-producing CD4 + T cells.
Rationales for therapy with IFN-alpha2 or beta in patients with
COVID-19 are summarized in Table 2.

4. Rationale for combination therapy with interferon and JAK1/
2 inhibitor in COVID-19

Since several experimental and clinical studies have demonstrated
both IFNs (-alpha2 or -beta) and JAK1/2 inhibitor therapy to inhibit
several disease-promoting mechanisms in patients with COVID-19 as
summarized in all the above mentioned rationales for monotherapy with
IFNs and JAK1/2 inhibitors, it is tempting to speculate whether a
combination of these agents might indeed be superior to single agent
therapies. In the context of combination therapy with an activator of
antiviral immunity (IFN) and an inhibitor of antiviral signaling (JAK/
STAT inhibitor) one may wonder, whether JAK/STAT inhibition might
not impair the efficacy of IFN. However, our clinical trials in MPN-
patients have shown that these two agents actually act in synergy,
implying an enhanced efficacy of this combination therapy. As
addressed below, these highly interesting and encouraging findings may
be explained by several mechanisms, including the fact that e.g rux-
olitinib has a half-life of only a few hours leaving an open window of
several hours per day for IFN-signalling. Other mechanisms might be
that JAK/STAT inhibition dampens inflammation, which has been
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Table 2
Rationales for Treatment with Interferon-alpha2 and Interferon-beta in Patients with COVID-19.

Biomarker Impact | Comments

Viral replication IFN-alpha2 and IFN-beta are highly potent antivirus agents

Type 1 IFN Deficiency J IFNs restore the IFN-deficiency state, thereby impairing virus
replication and virus shedding

Immune Response t IFNs potently boost virtually all immune cells (e.g. dendritic
cells, B-cells, T-cells, NK-cells), thereby impairing virus
replication and virus shedding

Hyperinflammation 1 Early | By impairment of virus replication, IFNs alleviate the primary
trigger and driver of the cytokine storm; this holds true in the

T Late ? | early disease stage. If administered in the cytokine storm,

IFNs may “fuel the fire” and aggravate clinical deterioration,
although this issue is controversial

Thrombosis Risk 1? IFN-alpha2 normo- or downregulates upregulated
thromboinflammatory genes, including PAD4 which mediates
NETosis

HLS ND

Mouse models ND

Clinical Studies ND

Clinical Improvement

COVID-19 4 Several studies have reported clinical improvement during
treatment with either IFN-alpha2 or IFN-beta

Chronic blood cancers T Excellent safety and efficacy profiles: IFN-alpha2 normalizes

(ET, PV and elevated cell counts within weeks, being explained by several

myelofibrosis) (MPNs) mechanisms, including directly targeting the malignant stem
cell (in COVID-19 targeting SARS-CoV-2) in concert with
boosting of immune cells and upregulation of downregulated
(inflammation-mediated ?) HLA-genes

Hepatitis B and C f Excellent safety and efficacy profiles: For decades IFN-
alpha2a/alpha2b have been one of the standard treatments in
hepatitis B and C

Multiple sclerosis T Excellent safety and efficacy profiles: For decades IFN-beta
has been one of the standard treatments for MS

Abbreviations: IFN = Interferon; HLS = Hemophagocytic Lymphohistiocytosis Syndrome; ND = No Data; ET = Essential Thrombocythemia; PV

= Polycythemia vera.

reported to impair IFN-signalling by degradation of the IFN-receptor
(please, see below). Indeed, we believe that the avenue is already
open for pilot studies combining IFN and JAK1/2 inhibitor treatment in
well-designed trials, thereby prohibiting virus replication and virus
shedding (IFNs) in concert with a massive boosting of virtually all im-
mune cells (IFNs) and concurrently dampening the hyperinflammation
(IFNs and JAK1/2 inhibition), which may ultimatively elicit the life-
threatening cytokine storm. Importantly, inflammation is associated
with impaired efficacy of IFN-alpha2 [170]. All effects of IFN-alpha2
and beta are elicited through interaction with the type I IFN receptors
which  consists of IFNAR1 and IFNAR2 chains, and
inflammation-mediated downregulation of IFNARI1 is associated with
refractoriness to IFN [171]. In this context, it is important to note that
the inflammatory cytokines interleukin 1-a (IL1-a) and TNF-a, which are
elevated in COVID-19 patients in the hyperinflammatory stage, stimu-
late IFNAR1 degradation and accordingly attenuate IFN-alpha2
signaling [170]. Similarly, unresponsiveness to IFN-alpha2 in hepatitis
patients may be explained by oxidative stress, impairing IFN-alpha2
signaling [172]. As noted previously, COVID-19 afflicted patients
display increased levels of several inflammatory cytokines, including
IL1-a and TNF-a, the highest levels being reported in patients with
imminent respiratory failure. Thus, in this perspective, treating
COVID-19 patients with IFN-alpha2 at the earliest disease-stage
possible, when the inflammatory state is less pronounced, seems to be
a more rational approach than initiating IFN-alpha2 later when the in-
flammatory load is increasing and therefore the efficacy of IFN is
declining and potentially harmful. The early intervention with IFN has
recently been supported by mathematical modelling studies of the
COVID-19 infection, showing that the earlier IFN is instituted the better
the treatment response (92). These model simulation studies also sup-
port the concept that anti-inflammatory or antiviral treatments
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combined with IFN are effective in reducing the duration of the viral
plateau phase and in diminishing the time to recovery (92).

The rationales of studies on combination therapy with JAK1/2 in-
hibitor and IFN (COMBI) are also encouraged by Danish safety and ef-
ficacy studies of COMBI in patients with myelofibrosis and polycythemia
vera, displaying highly encouraging results with rapid resolution of
inflammation-mediated MPN symptoms and improvement in disease
activity of other inflammatory diseases in MPN-patients as well [173].
These studies have demonstrated IFN-alpha2 and ruxolitinib to exert
synergistic effects, implying reduced dosages of both IFN and ruxolitinib
to obtain normalization of elevated leukocyte and platelet counts.
Accordingly, we envisage COMBI in COVID-19 to be disease modifying
in terms of shortening of virus shedding, shortening of time with
symptoms, reduction in symptom score and severity and ultimately in
reducing the risk of complications, including thromboses, and risk of
disease progression towards terminal multi-organ failure. Rationales for
combination therapy with IFN-alpha2 or beta and JAK1/2 inhibitor
(COMBYI) in patients with COVID-19 are summarized in Table 3.

5. Urgent questions on the role of treatment with interferon-
alpha2, JAK1/2 inhibitor, statins and hydroxyurea and factors of
potential importance for the phenotype of the COVID-19
infection in individual patients

5.1. Does interferon-alpha2 protect against COVID-19 infection?

Interferon-alpha2 has been used for decades in the treatment of
hepatitis B and C [174]. In addition, it has been used previously in the
treatment of HIV-infection [174]. As addressed above, several studies
have been performed or are ongoing, investigating the safety and effi-
cacy of IFN in the treatment of infection with COVID-19, either as
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Table 3

Rationales for Combination Therapy with Interferon-alpha2 or beta and JAK1/2 inhibitor (COMBI) in Patients with COVID-19.
Biology Marker Impact | Comments
Virus Replication 1? COMBI may be more efficacious than monotherapies with IFNs or

JAK1/2 inhibitors since JAK inhibition a) dampens inflammation
which impairs JAK-STAT signaling by IFNs b) restores the IFN-
receptor which is being degraded by inflammation

Type I-IFN Deficiency

COMBI delivers IFN, thereby restoring the IFN-deficiency state and
JAK1/2 inhibition — in addition to the above effects - impairs
production of autoantibodies against IFN, recorded in 10-12 % of
elderly with the COVID-19 infection

Hyperinflammation

COMBI inhibits virus replication (IFN), and concurrently dampens
the cytokine storm (JAK1/2 inhibitor but likely IFN as well when
being used together with JAK 1/2-inhibition)

Thrombosis Risk

COMBI delivers IFN, which normo- or downregulates upregulated
thromboinflammatory genes, including PAD4 which is involved in
NETosis and accordingly thrombosis; by JAK1/2 inhibitor mediated
reduction of thrombosis-promoting inflammatory cytokines and
inhibition of NETosis, JAK1/2 inhibition may likely reduce the risk
of thrombosis as well

HLS

12

Mouse Models

The efficacy of COMBI in comparison to JAK1/2 inhibition alone
needs to be explored in a mouse SARS-CoV-2 HLS mouse model

Clinical Improvement

COVID-19

COMBI may likely improve the outcome of the COVID-19 infection
by early intervention with virus replication (IFN) and virus shedding
(IFN), upregulation of downregulated HLA-genes (inflammation-
mediated down-regulation ?), boosting of immune cells and thereby
also impairing virus replication and virus entry into cells. By these

mechanisms in concert with potent reduction in inflammatory
cytokines, COMBI may likely prohibit disease progression by
exhausting the fire before the fulminant cytokine storm arises with
ensuing multi-organ failure

Chronic blood cancers
(myelofibrosis and PV)

dosage of both agents

1 COMBI has been shown to be a highly efficacious combination
therapy in MPNs with rapid normalization of elevated cell counts
(days instead of weeks) in concert with reduction in the JAK2V617F
allelic burden; these studies have shown that these agents — IFN and
Ruxolitinib — exert synergistic effects allowing reduction in the

monotherapy or in combination with other anti-viral agents [45-54,
139,142-144]. During the last 30 years, IFN-alpha2 has been used in the
treatment of patients with MPNs [106]. Within weeks to months,
IFN-alpha2 normalizes elevated blood cell counts. The mechanisms of
action of IFN-alpha2 in MPNs are likely — among others - attributed to a
potent enhancement and boosting of virtually all immune cells (den-
dritic cells, NK-cells, T cells and B-cells as well). It is a clinical experience
that MPN-patients being treated with IFN-alpha2 more rarely are
afflicted by infections, including viral infections, but no larger studies
have explored this potential effect of [FN-alpha2. From current registry
studies on all Danish IFN-alpha2 treated patients (estimated to be
approximately 1000 patients) with collection of data on the frequency of
COVID-19 infection, the severity of the COVID-19 infection in terms of
the need of hospitalization and need of mechanical ventilation, we
envisage to provide highly important information on the frequency of
COVID-19 infection in IFN-alpha2 treated patients and whether treat-
ment with IFN-alpha2 might actually protect against COVID-19 infec-
tion and reduce the risk of serious or critical disease.

5.2. Does JAK1/2 inhibitor treatment protect against development of a
life-threatening cytokine storm in COVID-19 afflicted patients?

Taking into account the reduction of inflammatory cytokines in MPN
patients being treated with ruxolitinib and in patients with rheumatoid
arthritis on treatment with baricitinib, it is tempting to speculate
whether these patients may actually be protected against severe COVID-
19 infection — an issue, which has most recently been addressed in pa-
tients with MPNs [175]. Since ruxolitinib impairs cellular immunity by
depressing virtually all immune cells, one might anticipate
ruxolitinib-treated MPN patients to be prone to a more severe course of
the COVID-19 infection. Therefore, the COVID-19 Treatment Guidelines
Panel does not recommend the use of JAK1/2 inhibitors for COVID-19
except in clinical trials, arguing that the broad immunosuppressive ef-
fects might exaggerate the COVID-19 infection [176]. In regard to MPN,
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the guidelines for treating COVID-19 infection among others note that
ruxolitinib may predispose the patients to severe COVID-19 infection
[177]. For reasons given above, we believe that ruxolitinib may actually
benefit MPN-patients with COVID-19 infection, reducing their risk of
developing a cytokine storm and accordingly severe and critical disease
[178]. Furthermore, by dampening the hyperinflammatory state in
MPN-patients, ruxolitinib may also reduce the increased risk of throm-
boembolism, elicited by the COVID-19 infection per se [10-24] and
adding to the inherent risk of thrombosis associated with MPN. There-
fore, we do not recommend discontinuation of ruxolitinib in COVID-19
afflicted patients with MPN, since the COVID-19 infection and the
concurrent hyperinflammatory state may be deleterious and more easily
elicit a withdrawal syndrome with rapid clinical deterioration and a
high mortality rate [179]. Most recently, this clinical dilemma has also
been described in an elderly female patient with myelofibrosis, being
treated with ruxolitinib and developing severe illness when ruxolitinib
was discontinued and immediately improved when ruxolitinib was
restarted. Intriguingly, adding IFN-alpha2 cleared the virus infection
[180].

5.3. Does interferon-alpha2 treatment of the COVID-19 infected patient
have the potential to prohibit hospitalization?

Based upon the promising results from several trials on the safety and
efficacy of IFN-treatment in COVID-19 afflicted patients, it is tempting to
speculate whether patients, already being treated with IFN might have a
reduced risk of developing severe COVID-19 infection. As previously
addressed, this information will be retrieved from current registry
studies of the clinical outcome of COVID-19 infection in patients being
treated with IFN (class examples: MPN, multiple sclerosis, hepatitis B or
C). If so, this observation will further support the urgent need for pro-
spective trials on the safety and efficacy of pegylated IFN (either alpha2
or beta) in reducing the symptom burden and time to recovery from
COVID-19 infection. In this context, the need of hospitalization might
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also be reduced. The beneficial impact of a favorable outcome of such an
IFN-intervention in the early stage of COVID-19 will not only be
measurable at the individual level but also at the socioeconomic level in
terms of a huge reduction in costs for hospitalisations and when
considering that patients may more rapidly recover and return to the
labour market. Taking into account that treatment with pegylated IFNs
e.g IFN-alpha2a (Pegasys), IFN-alpha2b (Besremi) or IFN-beta-1a (Ple-
gridy) (two injections with one week’s interval (Pegasys) or with two
weeks intervals (Besremi and Plegridy) is likely sufficient to boost im-
mune cells and restore the temporary immunodeficiency state induced
by the COVID-19 infection) accounts about 2000 DKK (example: Pegasys
90 ug per week) equivalent to approximately 290 USD and the devas-
tating consequences of the COVID-19 pandemic, we believe such trials to
be highly relevant and timely and to have a cost-effectiveness profile
that calls for their urgent launching. Such an out-patient IFN- schedule is
also much more cost-effective than remdesevir, which requires adher-
ence to hospital due to daily intravenous injections for approximately 10
days. Furthermore, early treatment with IFN might also reduce the risk
of debilitating long-term consequences of COVID-19, including e.g
mental diseases, chronic fibrosing lung disease, chronic heart failure or
chronic kidney disease [181].

5.4. Does statin treatment improve the outcome of the COVID-19
infection?

Statins are not only cholesterol-lowering agents but possess a broad
range of so-called pleiotrophic effects, which include potent anti-
inflammatory and anti-thrombotic capabilities. Accordingly, several
studies and reviews have focused upon the potential of statins as an
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adjuvant to current therapies of the COVID-19 infection, which has most
recently been extensively reviewed [182,183].

The potential beneficial effects of statins in COVID-19 patients not
only include anti-inflammatory and anti-thrombotic effects by blocking
several molecular mechanisms, including NF-xB and NLRP3 inflamma-
somes, and thereby calming the cytokine storm in critical COVID-19
patients. Statins may also modulate virus entry, acting on the SARS-
CoV-2 receptors, ACE2 and CD147, and/or lipid rafts engagement
[183]. Importantly, statins may also decrease the risk of thrombosis by
modulating coagulation and fibrinolytic pathways. Thus, statins
enhance the fibrinolytic activity within the vessel wall as reflected by
the findings of reduced levels of plasminogen activator inhibitor-I
(PAI-I) and increased levels of tissue plasminogen activator (t-PA)
within smooth muscle and endothelial cells. Additionally, statins have
been shown to inhibit tissue factor expression by monocytes and mac-
rophages. Statins also strongly enhance endothelial anticoagulant and
fibrinolytic properties by increasing thrombomodulin expression and
function in human endothelial cells [183]. All these statin effects may
counteract the COVID-19 associated thrombogenic state by the com-
bined effects of impaired virus entry into cells, inhibition of thrombo-
genic activated blood cells (leukocytes, monocytes, thrombocytes) and
endothelial cells (decreasing COVID-19 induced “endothelialithis*?)
and enhancing anticoagulant and fibrinolytic properties of the inflamed
endothelium (182,183). Since statins also enhance the efficacy of IFN
and JAK1/2 inhibition with ruxolitinib, the avenue is opened for well
-designed studies of treating COVID-19 patients with a combination of
these agents — very similar to the rationales for treating the “inflam-
matory“ myeloid neoplasias — MPNs - with these repurposed
anti-inflammatory agents in a combinatorial approach [106]. Rationales

Table 4
Rationales for Treatment with Statins in Patients with COVID-19.
Biology Marker Impact | Comments
Virus Replication and ‘? Statin may modulate virus replication and virus entry into cells, the

Entry into Cells

latter mechanism by acting on the SARS-CoV-2 receptors, ACE2
and CD147, and/or by engagement of lipid rafts (Figure 1)

Type I-IFN Deficiency ¥

Statin therapy has been shown to improve response to IFN-alpha2
and ribavirin in chronic hepatitis C; thereby, statin treatment may
also improve the type I IFN deficiency state, enhancing the efficacy
of remnant IFN upon virus replication, virus entry into cells and
ultimately virus shedding

Hyperinflammation {

By their anti-inflammatory properties, statins may dampen
hyperinflammation by blocking several molecular mechanisms,
including NF-kB and NLRP3 inflammasomes. Thereby, statins
might limit the “cytokine storm” in severe COVID-19 patients and
accordingly prohibit ARDS and multiorgan failure

Thrombosis Risk {

risk of thrombosis

By a reduction of thrombosis-promoting inflammatory cytokines,
dampening of the coagulation response and dampening of leukocyte
-, platelet - and endothelial activation, statins may likely reduce the

HLS

12

Mouse Models ND

By several mechanisms, including a reduction in inflammatory
cytokines, dampening of leukocyte-, platelet and endothelial

activation, statins may likely improve the outcome of HLS in a
mouse model — a hypothesis which calls for exploratory studies

Clinical Studies

Urgent need to be explored in well-designed clinical studies

t?

Clinical Improvement

COVID-19

Several authorities have advocated the use of statins in the treatment
of COVID-19. The time is not to wait on the “randomised study*
since we have an obligation to institute this treatment in all patients
based upon all their beneficial effects in diseases predisposing to a
severe course of COVID-19 due to their potent anti-inflammatory
effects, taking into account that hyperinflammation and
virus/inflammation-mediated thrombosis are the major killers in this
devasting disease. Statin use has been shown to lower disease
severity in COVID-19 infection.

t?
Chronic blood cancers
(myelofibrosis and PV)

A most recent study has shown that the efficacy of IFN is impaired
by smoking which is a highly potent inflammation stimulus.
Preliminary data indicate that treatment with a statin may reduce the
need of phlebotomies in PV patients likely being explained by their
anti-proliferative potential which may also benefit patients with
COVID-19, in whom myeloid proliferation (leukocytosis and
monocytosis) are indicators of an inferior outcome

1?

GVHD reaction GVHD

In some studies, statins have been shown to benefit patients with
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for the potential benefits of statins in patients with COVID-19 are
summarized in Table 4. Repurposing the old drugs — IFN (-alpha2 or
beta) and statins — with a JAK1/2 inhibitor for the treatment of
COVID-19 infection is illustrated in Fig. 1.

5.5. Does hydroxyurea treatment improve the outcome of a COVID-19
infection?

Hydroxyurea is a nonalkylating antineoplastic and antiviral hy-
droxylated urea analog, which for several decades has been used for a
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variety of hematological, oncological and infectious diseases. Today, it is
primarily being used in the treatment of MPNs and sickle-cell anemia
(SCA). Hydroxyurea inhibits ribonucleotide phosphatase reductase in
proliferating cells and lowers within a few days elevated cell counts
[184]. In addition, hydroxyurea also potently lowers elevated levels of
inflammatory cytokines in another “inflammation model” for throm-
bosis development—SCA— which shares several thrombosis promoting
mechanisms with the COVID-19 infection and MPNs, including in vivo
activation of leukocytes and platelets and in vivo activation of endo-
thelial cells as well [185].
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Fig. 1. Repurposing old drugs — interferon (-alpha2 or beta) and statins — with a JAK1/2 inhibitor for the treatment of COVID-19 infection. The old drugs,
interferon and statins, are safe and cost-effective in the treatment of COVID-19 as compared to remdesevir, which requires hospitalization and daily injections for 8-
10 days. Combination therapy with interferon (alpha2) and JAK1/2 inhibitor (ruxolitinib) has been shown to exhibit synergistic effects in the treatment of the
Philadelphia-negative myeloproliferative neoplasms (essential thrombocythemia, polycythemia vera and myelofibrosis). By early administration of these agents, it is
envisaged that virus replication is immediately blocked and concurrent incipient inflammation exhausted by JAK1/2 inhibition. Thereby the vicious virus-induced
inflammation circle is interrupted. Statins are potent anti-inflammatory agents, which enhance JAK-STAT- signaling and accordingly the efficacy of interferon.
Statins also enhance the efficacy of JAK1/2 inhibitor (ruxolitinib) (Modified from Vincenzo Castiglione et al. Statins in COVID-19 infection. European Heart Journal -

Cardiovascular Pharmacotherapy (2020) 6, 258-259.
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Hydroxyurea reduces the thrombosis risk including the risk of SCA
crisis, which -like COVID-19 - is yet another hyperinflammatory
thrombogenic syndrome, tightly associated with exacerbation of the
chronic inflammatory state in SCA. Thus, circulating inflammatory cy-
tokines (eg, TNF-a, IL-8, IL-1p, and IL-6) are markedly elevated in SCA
and hydroxyurea significantly lowers them all. Hydroxyurea not only
affects monocyte subsets, but also the ability of the cells to produce pro-
inflammatory cytokines [186], thereby decreasing the inflammatory
state considered contributary to the increased risk of thrombosis in SCA
patients [185]. Similarly, it is intriguing to consider, if hydroxyurea
might calm the cytokine storm in critically ill COVID-19 patients by
immediate reduction in elevated inflammation-driven cell counts, which
also account for elevated inflammatory cytokines, the devasting,
life-threatening thrombogenic state and accordingly being predictors of
a grim outcome. By the immediate reduction in elevated cell counts and
impact upon neutrophils and monocytes, it is tempting to speculate,
whether hydroxyurea might also reduce NET formation in COVID-19
afflicted patients and by this mechanism reduce the risk of thrombosis
as well.

Hydroxyurea has also previously been used as an antiviral agent.
Thus, in vitro studies of HIV-infected lymphocytes have shown that
hydroxyurea inhibits viral DNA synthesis, interacts synergistically with
nucleoside reverse transcriptase inhibitors and increases the antiviral
activity of didanosine. Hydroxyurea in combination with didanosine has
been shown to produce potent and sustained viral suppression in pa-
tients with HIV infection. As in HIV-infection, hydroxyurea may also in
COVID-19 attenuate viral rebound by decreasing CD4 T cell prolifera-
tion, as well as preventing the exhaustion of CD8 T cells (for Reviews:
187,188). Indeed, the cytostatic effect of hydroxyurea on both CD4 and
CD8 T cells may also prohibit the cytokine storm by reducing COVID-19
induced immune system overactivation, thus preventing both CD8 T cell
exhaustion and CD4 T cell depletion and thereby the ultimate collapse of
the immune system in COVID-19 [189,190]. Rationales for the potential
benefits of hydroxyurea in patients with COVID-19 are summarized in

Table 5
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Table 5. Repurposing the old drugs - IFN- (alpha or beta), statins and
hydroxyurea -for the treatment of COVID-19 infection is illustrated in
Fig. 2 (Table 6).

5.6. Do the weak Type I responses in the elderly and obese predispose to
severe and critical COVID-19?

Regarding the weak type I IFN responses, induced by the the SARS-
CoV-2, they have been demonstrated to be associated with longer time
to obtain virus clearance and more severe hyperinflammation [142,
143]. Therefore, it is intriguing to consider, whether the weak type I [FN
responses are compensated by immune mechanisms, which unfortu-
nately then associate with a cytokine storm [139]. In this context, it
might be anticipated that early treatment with IFN may prohibit disease
progression by several mechanisms, including both a direct inhibition of
virus replication and thereby the virus-promoting IFN-deficiency state
but also indirectly by dampening the immune mechanisms that elicit the
ensuing hyperinflammation.

“High-risk profile” patients for serious disease and mortality from
COVID-19, e.g. the elderly and obese patients [151] have been shown to
have impaired IFN-responses [152,153]. Thus, elderly people and obese
patients may in particular benefit from early treatment with IFN. The
concept of an association between a type I IFN deficiency state and
susceptibility to COVID-19 infection and seriousness of the disease is
supported by the mild courses of the COVID-19 in most children, who
have a much more robust type I IFN response than the elderly [154].

5.7. An association between clonal hematopoiesis of indeterminate
protential (CHIP) in the elderly and risk of serious COVID-19 infection?

In the perspective of the elderly, age-related “inflammatory muta-
tions “- inflammaging and immunaging - might also add to the
increased risk of a detrimental course of the COVID-19 infection and,
indeed, other infections as well. Thus, the JAK2V617F mutation is a

Rationales for Treatment with Hydroxyurea in Patients with COVID-19.

Biology Marker Impact | Comments

Virus Replication *?

Does Hydroxyurea (HU) impair virus replication ? (Figure 1)

Type I-IFN Deficiency ¥

HU therapy may improve response to [FN-alpha2 by decreasing

elevated inflammatory cytokines, which are known to impair JAK-
STAT-signalling and degrade the IFN-receptor as well; thereby, HU
treatment may improve the type I IFN deficiency state, enhancing
the efficacy of remnant IFN upon virus replication, virus entry into
cells and ultimately virus shedding

Hyperinflammation

By its anti-inflammatory potential and reduction of inflammatory
cytokines from a subset of monocytes, HU may dampen
hyperinflammation by blocking several molecular mechanisms,
including NF-kB and NLRP3 inflammasomes. Thereby, HU might
limit the “cytokine storm” in severe COVID-19 patients and
accordingly prohibit ARDS and multiorgan failure

Thrombosis Risk

By immediate reduction in elevated thrombogenic leukocyte,
monocyte and platelet counts and induction of production of NO by
endothelial cells, HU may potently reduce the risk of thrombosis

HLS

12

Mouse Models

ND

By several mechanisms, including a reduction in inflammatory
cytokines and dampening of leukocyte-, platelet and endothelial
activation, HU may likely improve the outcome of HLS in a mouse
model — a hypothesis which calls for urgent exploratory studies

Clinical Studies

Urgent need to be explored in well-designed clinical studies

Clinical Improvement

COVID-19

[}

Abundant data (see above and in the text elsewhere) indicate that
HU may be a highly attractive and inexpensive drug to be used in
COVID-19 afflicted patients, in whom it will immediately reduce
and normalize elevated leukocyte counts, which in several studies
have been associated to be a marker of a dismal outcome.

Chronic blood cancers
(myelofibrosis and PV)

HU is the most used cytoreductive agent worldwide for the treatment
of patients with MPNs. Several studies have shown that HU is
associated with a reduced risk of thrombosis in high-risk patients for
thrombotic events.

Sickle cell anemia

HU is widely used in the treatment of patients with sickle cell
anemia, in whom it reduces the risk of thrombosis — partly due to an
immediate lowering of thrombogenic inflammatory cytokines
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Fig. 2. Repurposing old drugs — interferon (-alpha2 or beta) and statins — with hydroxyurea for the treatment of COVID-19 infection. The old drugs, interferon,
statins and hydroxyurea, are safe and cost-effective in the treatment of COVID-19 as compared to remdesevir, which requires hospitalization and daily injections for
8-10 days. Combination therapy with interferon (alpha2) and hydroxyurea targets the myeloid compartment with a rapid reduction in granulocytes and monocytes
(hydroxyurea), which may be of utmost importance in dampening lung damage and accordingly reducing the risk of ARDS being characterized by a massive influx of
neutrophils and monocytes. By early administration of these agents, it is envisaged that virus replication is immediately blocked and concurrent incipient inflam-
mation exhausted by the combined actions of these three agents. Thereby, the vicious virus-induced inflammation circle is interrupted. Statins are potent anti-
inflammatory agents, which enhance JAK-STAT- signaling and accordingly the efficacy of interferon. Statins also enhance the efficacy of JAK1/2 inhibitor (rux-
olitinib) (Modified from Vincenzo Castiglione et al. Statins in COVID-19 infection. European Heart Journal - Cardiovascular Pharmacotherapy (2020) 6, 258-259).

thrombosis promotor per se, which might aggravate the inherent risk of
thrombosis elicited by the COVID-19 infection. In addition, the
JAK2V617F mutation is a generator of reactive oxygen species (ROS)
which similarly may “fuel the fire*. Importantly, as alluded to above, the
JAK2V617F mutation also facilitates NETosis formation, which is closely
associated with the development of thrombosis. In regard to CHIP, the
JAK2V617F mutation is much more prevalent in the background
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population than previously reported with an estimate of approximately
3.2 % [191], implying a massive underdiagnosis of MPNs (550.000 US
citizens with undiagnosed MPNs and an inherent risk of serious
COVID-19 infection?). Other inflammatory mutations, which appear
with aging such as TET2, DNMT3A and ASXL1, may also be particular
risk factors for severe COVID-19 to be addressed in future studies.
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Table 6
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Similarities and Differences between Interferon alpha2, Interferon-beta, JAK 1/2 Inhibitor, Hydroxyurea and Statins in regard to Clinical, Biochemical and Immu-

nological Markers in COVID-19. Prospects for Combination Therapies.

Impact upon IFN- IFN- | JAK-1/2 | HU | Statin | COMBI | Comments /Questions
Alpha2 | Beta | Inhibitor

Disease Initiating /

Propagating Mechanisms

Virus Entry into Cells ND ND ‘ ND ‘ Baricitinib may impair virus entry
Statins may impair virus entry and replication

Virus Replication ‘ ‘ ND ") ‘ 9 9 Does the combination of IFN + JAK1/2 inhibitor more

: ' efficaciously prohibit virus replication;

HU impairs replication of HIV and Parvo-virus B19.
Does HU impair COVID-19 replication ?
Do Statins impair virus replication ?

Type I Interferon Deficiency l ‘ ‘ 9 “7 “‘) 9 Does the combination of IFN + JAK1/2 inhibitor more

: : : : efficaciously restore IFN-deficiency ?

Does JAK1/2 inhibitor decrease the production of
autoantibodies against IFN ?

Does JAK1/2 inhibitor and/or statins and/or HU restore
the functionality of the IFN-receptor, which is impaired by
inflammation ?

Hyperinflammation ‘ ‘ ‘ ‘ ‘

‘?

Does the combination of IFN + JAK1/2 inhibitor dampen
the cytokine storm more efficaciously than monotherapies
2

Granulocytosis ‘ ‘ ‘ ‘9

‘?

Does the combination of IFN + JAK1/2 inhibitor more
efficaciously than monotherapies reduce elevated
neutrophil counts?

Does HU or statin therapy protect against progressive
COVID-19 infection due to their impact upon elevated
cell counts and inflammation-mediated in vivo activation
of leukocytes, platelets and endothelial cells ?

Monocytosis ‘ ‘ ‘ ‘q

‘?

Does the combination of IFN + JAK1/2 inhibitor more
efficaciously than monotherapies reduce elevated
monocyte counts?

Does HU or statin therapy protect against progressive
COVID-19 infection due to their impact upon elevated
monocyte counts and inflammation-mediated in vivo
activation of leukocytes, platelets and endothelial cells ?

Thrombocytosis ‘ ‘ ‘ *‘)

Does the combination of IFN + JAK1/2 inhibitor more
efficaciously than monotherapies reduce elevated platelet
counts?

Does HU or statin therapy protect against progressive
COVID-19 infection due to their impact upon elevated
platelet counts and inflammation-mediated in vivo
activation of leukocytes, platelets and endothelial cells ?

Hemophagocytosis Syndrome ND ND ND

ND *

ND

Does a combination of a statin together with a JAK1/2
inhibitor dampen the cytokine storm more efficaciously
than monotherapies ?

Thrombosis ‘

A S A

Does the combination of IFN + JAK1/2 inhibitor reduce
the risk of thrombosis more efficaciously than
monotherapies ?

NETosis ‘ ND

ND ‘ “7

Does the combination of IFN + JAK1/2 inhibitor inhibit
NETosis formation more efficaciously than monotherapies
2

Abbreviations: ND = No data.

5.8. An association between an antecedent elevated inflammatory state
and increased morbidity and mortality during the COVID-19 infection?

Not only elderly and obese people but also patients with chronic
inflammatory diseases (e.g rheumatoid arthritis, inflammatory bowel
diseases (IBD), cardiovascular diseases, type II DM, hematological and
non-hematological cancers) have an increased risk of developing serious
COVID-19 disease [192-196]. It is tempting to speculate, whether the
increased morbidity and mortality during the COVID-19 infection are
more dependent upon the antecedent inflammatory state — the fire is
already turned on -, implying an increased risk of rapid development of
an excessive and life-threatening cytokine storm, than being dependent
upon the immunodeficiency state, which may associate with the diseases
per se (e.g cancer) or consequent to immunosuppressive treatment. In
this context, cytokine inhibitors might actually protect patients against
severe COVID-19 infection. Indeed, a most recent study has shown a low
prevalence of COVID-19 seroconversion in patients with IBD being
treated with cytokine inhibitors [197]. This highly important observa-
tion may reflect that cytokine inhibitor treatment actually may at least
partially protect from SARS-CoV-2 infection [197].
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5.9. Is the monocyte the common link to explain the impact of
inflammation upon the severity of the COVID-19 infection?

As alluded to above, the monocyte-macrophage cells have a pre-
dominant role in the immunopathology of the SARS-CoV-2 infection
[198]. Thus, these cells are considered drivers of the cytokine storm, in
which IL-6 may have a particular role, since this cytokine is an essential
factor in controlling monocyte activation, differentiation of monocytes
to macrophages, and switching the differentiation of monocytes from
dendritic cells with antigen-presenting functions to inflammatory mac-
rophages [199].

The metabolic syndrome, obesity, type II diabetes mellitus and car-
diovascular diseases are classic risk factors for severity in COVID-19
patients. These conditions and diseases are all closely related to
perturbation of the monocyte compartment, implying a marked shift
towards a pro-inflammatory phenotype. This shift might contribute
greatly to the development of low-grade inflammation, which is recor-
ded in patients with the above diseases [200]. IL-6 has been highlighted
as a driver of “metabolic inflammation” [200], and elevated IL-6 levels
are significantly associated with an increased risk of severe COVID-19
infection [84].
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5.10. Does loss of function of the IL-6 receptor protect against a severe
course of COVID-19. Lessons from studies in patients with MPNs?

Chronic inflammation is considered to be a highly important driving
force for clonal evolution and disease progression in patients with MPNs
[106-108]. The concept of chronic low-grade inflammation as an in-
dependent risk factor for the JAK2V617F somatic mutation and MPN has
most recently been substantiated in a Mendelian randomization
approach in the Copenhagen General Population Study with 107,969
individuals [201]. This large study confirmed that an anti-inflammatory
loss-of-function polymorphism in the IL6R gene (marked by rs4537545)
reduces risk of JAK2V617F somatic mutation and myeloproliferative
neoplasm. Based upon these findings, it was proposed that agents
blocking the IL-6R signaling might prevent or retard progression of
MPN. Since elevated levels of inflammatory cytokines, in particular IL-6,
are driving the life-threatening cytokine storm in COVID-19 patients,
this loss-of-function polymorphism in the IL6R gene might reduce the
risk of developing a severe and potentially critical cytokine storm in
MPNs — an association which deserves to be explored in future studies.

5.11. What is the Role of the Renin-Angiotensin System (RAS) in the
Pathobiology of the COVID-19 Infection and how does Interferon-alpha2
/beta and JAK1—2 Inhibitors impact the RAS system?

Angiotensin Converting Enzyme 2 (ACE2) is the main host cell re-
ceptor for human pathogenic coronaviruses (SARS-CoV, MERS and
SARS-CoV-2) and plays an important role in the entry of the virus into
the cell, and for viral spreading and pathogenesis [202-205]. ACE2 is
widely distributed in human tissues and is considered a determinant
factor of the pathophysiology of COVID-19. Since studies have high-
lighted that IFNs might enhance expression of ACE2, it has been sug-
gested that IFN therapy could potentially exacerbate COVID-19 by
upregulating ACE2 [206]. Importantly, however, a most recent study
has shown that antiviral activity of type I, Il and III IFNs counterbalances
ACE2 inducibility and indeed restricts SARS-CoV-2 [207]. Accordingly,
ACE2 is not induced by IFN [208,209].

Human monocytes exhibit different expression of ACE type 1 and 2
[210] and are considered to be directly involved in the regulation of
vascular homeostasis, and monocytes are involved in the development
of acute coronary syndromes. Thus, SARS-CoV-2 activation of mono-
cytes and perturbation of RAS through ACE2-monocyte activation may
trigger acute coronary syndromes in predisposed COVID-19 patients
[211]. JAK1/2 inhibitor treatment impairs monocyte activation and
production of inflammatory cytokines from activated monocytes [212,
213], thereby indirectly impairing cytokine-mediated activation of
ACE2 [214]. In addition, JAK inhibitors have been shown to curb the
activation of ACE2 and IFN-stimulated transcriptomes in human airway
epithelium [215].

5.12. Is the JAK2V617F mutation associated with an increased risk of
serious COVID-19 in the younger population?

Considering the above notions on a potential association between
CHIP and risk of serious COVID-19 infection in the elderly, it is relevant
to consider, whether severe and critical COVID-19 infection in younger
people may also associate with acquisition of the JAK2V617F mutation
and perhaps a particular JAK2 46/1 haplotype, which may associate
with an exaggerated myelomonocytic response to infectious agents and
impaired defence against infection [216]. Highly intriguing, a most
recent study has provided evidence that the JAK2-mutant clone may
manifest as CHIP for a decade or more before presenting as an overt
MPN [217]. These findings are supported by another most recent study
that provides evidence for MPN to originate from driver mutation
acquisition (JAK2V617F) very early in life, even before birth, with
life-long clonal expansion and evolution [218]. Accordingly, the scien-
tific platform for this hypothesis is robust and studies on this association
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are urgently needed.
6. Discussion and perspectives

Every day patients with COVID-19 pneumonia are dying due to re-
fractory respiratory failure in the intensive care units (ICU) worldwide.
Despite launching of vaccination programmes worldwide, the scenario
with desperately ill patients fighting for their lives will continue and
many thousands will succumb. Today we know that the high mortality
rate is mainly attributed to a deadly cytokine storm, which develops
consequent to an extreme virus-induced hyperstimulation of the im-
mune system. After failure of both remdesevir and dexamethasone to
reduce mortality in COVID-19 [33,34] and accordingly no longer being
WHO-recommended, no specific and effective evidence-based treat-
ment, reducing mortality is available for patients suffering acute respi-
ratory failure due to COVID-19 pneumonia other than ventilatory
support and antibiotic treatment for complicating bacterial infections.
Taking into account that mortality in COVID-19 pneumonia is driven by
a severe hyperinflammatory state, it is time for rethinking the urgent
need to institute highly potent anti-inflammatory treatment with a
JAK1/2 inhibitor in severely afflicted patients with COVID-19 pneu-
monia [5-8], taking into account the increasing number of studies,
showing JAK1/2 inhibition with ruxolitinib to be safe and efficaceous in
these patients [26,55-69].

We have severel years’s experience with JAK1/2 inhibitors in the
treatment of chronic inflammatory diseases, but also in another acute
potentially lethal hyperinflammation syndrome, which is also elicited by
virus - the virus-associated HLS [4,124-129]. In this context, pre-
liminary data indicate that the cytokine storm in COVID-19 pneumonia
is no exception and may be associated with HLS. Unfortunately, this
hyperinflammatory syndrome is in several patients characterized by a
fulminant and fatal hypercytokinaemia, low blood cell counts due to
hemophagocytosis and multiorgan failure. Importantly, as stressed
above, ruxolitinib is highly efficacious in HLS and may rescue patients
from acute refractory respiratory and multiorgan failure [124-129]. The
efficacy of ruxolitinib in calming the cytokine storm has been thor-
oughly investigated in animal models of HLS [118-123], showing that
the mechanisms of action involve inhibition of among others CD8 + T
cells and important inflammatory cytokines, including IFN y [148-152],
being of utmost importance for the development of HLS [122,123]. Most
lately, NETosis has attracted great interest in the pathogenesis of organ
damage in COVID-19 afflicted patients [95-101], with NETs contrib-
uting both to ARDS and immunothrombosis in COVID-19 [101].
Accordingly, it has been argued that NETs might be a potential target in
COVID-19 [95]. In this context, it is highly intriguing that ruxolitinib
potently impairs NETosis by inhibiting the protein, PAD4, which is
required in NET formation [104]. Most recently, it has been announced
that the large randomized ruxolitinib trial, launched by Incyte/Novartis
in March 2020, has failed in displaying efficacy in severely afflicted
COVID-19 patients. In this trial, a very low ruxolitinib dose was initially
used (5 mg x 2 /day), which may explain the lack of efficacy [219]. This
dosage is far less than the dosage of ruxolitinib 20 mg x 2 /day, which is
being used as the starting dosage in patients with myelofibrosis to quell
hyperinflammation and the cytokine storm.

Type Linterferons (IFN-Is) are the oldest known anti-virus agents and
as alluded to above, the track-record of studies on the safety and efficacy
of IFN-alpha2 or IFN-beta in the treatment of virus diseases is very long,
the most important and succesful stories being in the treatment of pa-
tients with hepatitis B and C [174]. Similarly, IFNs have been used for
decades and successfully in the treatment of patients with multiple
sclerosis (IFN-beta) and several cancers, including chronic myelogenous
leukemia and MPNs [106]. Unfortunately, several viruses have devel-
oped highly effective mechanisms to avoid the antiviral activities of IFN
[220] and as noted above this holds true for SARS-CoV-2, which has
developed mechanisms to eliminate the capability of IFNs to induce
innate immunity, implying an impaired production of IFN-beta and an
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impaired IFN-I induced signaling. Taking into account that the
COVID-19 infection induces a type I IFN-deficiency state with impair-
ment of anti-virus defence mechanisms and potently induces NETosis
formation enhancing virus spreading, disease progression and
multi-organ thrombosis, respectively, there is an urgent need to revive
the oldest anti-virus agent - IFN - in the treatment of the COVID-19
infection [221-224]. Indeed, all the observations given above support
the contention that IFN treatment is a rational approach to start or
improve the antiviral response of COVID-19 patients, not only patients
in the early disease phase but also together with a JAK1/2 inhibitor in
those being severely afflicted by COVID-19, in whom Type 1 IFN defi-
ciency is prominent as well [143,224].

Despite all the anti-virus mechanisms of action of IFNs, current
knowledge on type I IFN-deficiency with inhibition of IFN-beta pro-
duction by SARS-CoV-2 in the early stage of the COVID-19 infection and
decades of experience with IFN-alpha2 and IFN-beta in the treatment of
hepatitis B and C, multiple sclerosis, chronic myelogenous leukemia and
MPNs, one may wonder why these agents have not received much more
attention in the treatment of SARS-CoV-2 and not already been world-
wide implemented in the fight against the COVID-19 pandemic.

Taking into account current knowledge on a type I IFN deficiency
state during the COVID-19 infection and our knowledge on concurrent
increased production of pro-inflammatory cytokines, the time is ripe to
launch studies combining type I IFN and a JAK1/2 Inhibitor. Similar to
IFNs, hydroxyurea and statins are old drugs — used for several decades —
as cytoreductive and cholesterol lowering agents, respectively. In the
early HIV-era, hydroxyurea was used in the treatment of HIV and
demonstrated synergistic effects with e.g nucleoside reverse transcrip-
tase inhibitors [187,188]. Based wupon its cytoreductive,
anti-inflammatory and antithrombotic capabilities, it may be a highly
efficacious agent in the treatment of COVID-19 patients with leukocy-
tosis and imminent ARDS due to a rising potentially life-threatening
cytokine storm [184-189]. In this context, the hydroxyurea-specific
myeloid targets - monocytes and macrophages — may be of particular
importance. Similarly, lipophilic statins may benefit patients with
COVID-19 consequent to their anti-inflammatory, antithrombotic and
fibrinolytic effects [182,183]. Studies are urgently needed to explore the
efficacy of these repurposing, safe and inexpensive drugs.

In conclusion, taking into account that mortality in COVID-19
pneumonia is driven by a severe hyperinflammatory state, there is an
urgent need to institute JAK1/2 inhibition in severely afflicted COVID-
19 patients [5,6,55-79]. This obligation is even more urgent since
virus-associated HLS is likely massively underdiagnosed in severe
COVID-19 pneumonia. Thus, during the severe influenza A (HIN1)
pandemic in 2009, virus-associated HLS was recorded in 36 % of criti-
cally ill patients and a major contributor to death in 89 %, contrasting a
mortality rate of 25 % in the remaining patients without virus-associated
HLS [4].

We have a huge amount of knowledge from so many lessons in the
last 5-10 years on the safety and efficacy of JAK1/2 inhibitor treatment
in several inflammatory diseases. We have an ethical obligation to
translate this knowledge into immediate action to meet the urgent need
to rescue severely afflicted patients, who otherwise will die in a cytokine
storm and several likely with undiagnosed and untreated virus-
associated HLS. The time is not to “watch and wait “for the large
randomised study in patients severely afflicted in a cytokine storm,
which we know will be calmed by JAK1/2 inhibition. This is our ethical
dilemma, which we hope to share with many other physicians caring for
these patients. We believe that saving lifes with early intervention with
IFN-alpha2 or beta in combination with JAK1/2 inhibition are superior
to obtaining the highest level of evidence in randomized trials for the
efficacy and safety of JAK1/2 inhibition in COVID-19 afflicted patients.
We have this data already from several single-arm ruxolitinib and bar-
icitinib trials emphasizing the safety and efficacy of rational immuno-
suppressive treatment that directly targets the life-threatening cytokine
storm and thereby is foreseen to rescue a large number of COVID-19
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afflicted patients.

Such early intervention may have several important perspectives.
First, several patients being in the time window just before urgent need
of ventilation may improve and thereby not neeed ventilation. Second,
the time on ventilation may likely be reduced. Third, by shortening the
time exposure for severe pulmonary hyperinflammation, we foresee that
the risk of inflammation-induced permanent lung fibrosis and other
chronic debilitating consequences of the COVID-19 infection may be
similarly markedly reduced. In addition to saving lives, the ultimate
outcome of early intervention with IFN and a JAK1/2 inhibitor will be
an increase in ventilator capacity which in several countries worldwide
will be life-safing per se with the implication that ventilators will be
available in ICU to other patient categories and elective operation pro-
grams. From a socio-economic perspective, such effforts are highly cost-
effective. In the future, the COVID-19 pandemic may have the post-
script that it was the human inflammation model which opened the
horizon for rethinking how to treat hyperinflammation syndromes with
JAK1/2 inhibitors- not only in the setting of virus-associated HLS but
also the hyperinflammation which follows other infections, including
the sepsis syndrome. Thereby, the COVID-19 infection has opened the
avenue for clinical studies on the safety and efficacy of JAK1/2 inhibtion
in the setting of hyperinflammation syndromes in the ICUs.
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