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ABSTRACT	
In the absence of definitive anti-viral therapy, there is considerable interest in mitigating against severe inflammatory reactions in coronavirus disease-2019 (COVID-19) pneumonia to
improve survival. These reactions are sometimes termed cytokine storm. PDE4 inhibitors (PDE4i) have anti-inflammatory
properties with approved indications in inflammatory skin and
joint diseases as well as chronic obstructive pulmonary disease. Furthermore, multiple animal models demonstrate strong
anti-inflammatory effects of PDE4i in respiratory models of viral and bacterial infection and also after chemically mediated
lung injury. The rationale for PDE4i use in COVID-19 patients
comes from the multimodal mechanism of action with cytokine,
chemokine, and other key pathway inhibition all achieved with
an excellent safety profile. The authors highlight how PDE4i
could be an overlooked treatment from the rheumatologic and
respiratory armamentarium, which has potential beneficial
immune-modulation for treating severe COVID-19 pneumonia
associated with cytokine storms. The proposed use of PDE4i is
also supported by age-related immune changes in inflammation
severity in PDE4i modifiable pathways in primate coronavirus
disease. Over-exuberant anti-viral immune responses in older
patients with COVID-19 may pose a substantial risk to patient
survival and mitigation against such hyper-inflammation with
PDE4i, especially with anti-viral agents, is a strategy that need
to be pursed, especially in older patients.
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S

evere coronavirus disease-2019 (COVID-19) infections are
characterized by pneumonia, lymphopenia, functional exhaustion of lymphocytes, and a prominent cytokine storm that is
also termed as a macrophage activation syndrome-like state [1].
Prior to the COVID-19 pandemic, it was known that other corona viruses, including severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), Middle Eastern respiratory syndrome
CoV (MERS-CoV), and even fatal influenza H7N9 virus infection, were often associated with severe pulmonary inflammation with systemic hypercytokinemia [2-5]. There is also some
evidence that the severe inflammatory reactions that may accompany viral infection may be secondary to the viral load and
thus immune responses may ultimately be beneficial and not
harmful [6,7]. Accordingly, cytokine blockade in COVID-19
cases with active infection and both type-1 interferon pathway
suppression, in addition to lymphopenia, is completely different
for cytokine antagonism in settings such as CAR-T cell therapy
or adult-onset Still's disease related macrophage activation syndrome (MAS) [8].
Unlike COVID-19 pneumonia, the latter two scenarios may
occur in the setting of complete immunocompetence or even
immune system gain of function, so cytokine blocking strategies
are reasonable. However, the same strategies might be harmful
in some COVID-19 cases due to relative immunodeficiency [8].
The situation is further complicated by our inability to currently
evaluate active infection and viral loads that might be useful in
directing anti-cytokine strategies [9].
Since the outset of the COVID-19 pandemic, at least 10 drugs,
including anti-cytokine therapy and DMARDs approved for the
therapy of the rheumatic diseases, have been suggested as potential targets to reduce COVID-19-related mortality [10,11].
A major problem with severe COVID-19 pneumonia is virally
induced lymphopenia and the blunted type 1 interferon responses
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[12,13]. With the exception of hydroxychloroquine, all of the pro- factor being gastrointestinal intolerance. This treatment could
posed anti-rheumatic agents are associated with an increased risk be of particular value in relatively forgotten COVID-19 hotspots
of infections, especially respiratory infections, in patients who including residential care facilities. Given the emerging data
otherwise have normal pulmonary homeostasis. Given hydroxy- showing that antiviral agents, especially remdesivir, reduces
chloroquine’s proven efficacy in diseases such as lupus, where time to recovery but not mortality in COVID-19 pneumonia, it
interferon signatures are high prior to therapy, additional blunting would seem advisable to use PDE4i as an add-on therapy rather
of interferon responses in COVID-19 disease may be undesirable. than in isolation.
Many immunomodulatory or immunosuppressive therapies
have been proposed to treat the hyperinflammation associated
with COVID-19 pneumonia [14]. We have highlighted how the Rationale for PDE4 inhibitors
severe inflammation in COVID-19 pneumonia is not typical of The PDE4 enzymes are the main cyclic adenosine monoMAS that is seen in rheumatology, hematology, or immunology phosphate (cAMP) degrading enzymes. The principle mechbut represents a pulmonary MAS-like state [8]. We have also anism of PDE4i is to increase intracellular levels of cAMP.
drawn attention to how such inflammation driven immunothrom- cAMP is a key intracellular second messenger, and its effects
bosis may drive a pulmonary microvascular coagulopathy and are transduced by two ubiquitously expressed intracellular
that this represents an overlooked lung-based hyper-inflammato- cAMP receptors: protein kinase A and exchange protein diry infection related state that is distinct from any rheumatological rectly activated by cAMP [17,18]. cAMP is able to inhibit
entity such as MAS [15].
activation of the NF-kβ pathway, and thus the production of
There has been an emphasis on the use of targeting single inflammatory mediators [17]. PDE4 is present in a range of
cytokines or multiple cytokine pathways with drugs that can cells including, lymphocytes, monocyte/macrophages, granuincrease the risk of infection in healthy people, not to mention locytes, fibroblasts, and epithelial cells. Accordingly, PDE4i
the implications of such therapy
have the ability to attenuate, but
PDE4 inhibitors are small molecule
in COVID-19-induced type-1
not completely block, various
inhibitors used to treat a range
interferon pathway abrogation,
key inflammatory mediators
lymphopenia, or lung damage
including tumor necrosis factor
of inflammatory diseases, including
and the recognized development
(TNF), interleukin-12 (IL-12),
psoriasis, psoriatic arthritis, and
of secondary superinfections.
IL-17, and several chemokines
chronic obstructive pulmonary disease
With failed type-1 interferon
[19]. The most common PDE4i
responses it is likely that a second wave of pro-inflammatory are apremilast (psoriasis and psoriatic arthritis) and those used
cytokines rather than one specific molecule drives the severe for the management of COPD (cilomilast and roflumilast). The
inflammatory cascade in older patients. Therefore, an argument rationale for the potential use of PDE4i for treating COVID-19
for strategies that target several inflammatory pathways without can be divided between in vivo/in vitro evidence and knowlcompletely abrogating anti-viral-interferon strategies with ther- edge gained from PDE4i use in psoriasis and COPD.
apies with good safety profile is needed. The phosphodiesterase
4 inhibitors (PDE4i) apremilast is a rheumatology therapy that
may meet these requirements. In parallel therapy developments, Lessons from the clinic including pulmonary pathology
PDE4i are also approved in respiratory medicine for chronic with PDE4i
obstructive pulmonary disease (COPD) with roflumilast being When considering the potential benefit of PDE4i for COVID-19
available with this agent representing a second available agent infection, it is important to evaluate what is known about fPthat could be repurposed [16].
DE4i in the context of lung inflammation and indeed PDE4i lead
Since PDE4i mitigate against pulmonary, joint, and skin to improvements in the spirometry and exacerbations of COPD
inflammation, we suggest harnessing this proven role in the patients. The exact mechanisms behind PDE4i in improving
lung arena to mitigate against the severity of COVID-19-re- symptoms is unknown in COPD, but PDE4i does reduce the
lated pneumonitis with associated immunothrombosis in older amount of pulmonary infiltrating neutrophils and lymphocytes
patients. Presumably, the slow onset of action compared to an- [20,21]. Roflumilast use is not associated with an increase in
ti-cytokine blockers in the face of a severe viral pneumonia may upper respiratory tract infection or (URTI) influenza [16]. Simibe a principle reason for lack of interest in these agents. Never- larly, apremilast is not associated with an increase in viral UTRI
theless, the idea of early use and prophylaxis against viral pneu- when used for psoriasis or psoriatic arthritis [22]. Like many
monia evolution in at risk groups is worthy of consideration, other viral infections, COVID-19 neutralizes type-1 interferon
especially given the safety and a comparative strong therapeu- responses and apart from partial attenuation of interferon-β sigtic rationale compared to some other agents. Also, these agents naling in the in vitro setting there is no obvious mechanistic
could be used at higher doses, the most common dose limiting downside of PDE4i [23].
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in acute and chronic lung inflammation. Regarding the lung, numerous animal models support the beneficial effect of PDE4i in
respiratory inflammation. Although no animal model regarding
The pathology of COVID-19 pneumonia includes prominent COVID-19 or the related SARS exists for PDE4i, positive efT cell, myeloid, and neutrophilic infiltration of alveoli and fects in other respiratory viral models such as influenza have been
interstitium [24,25]. The most severe COVID-19 cases have demonstrated following PDE4i, which is summarized in Table 1.
elevation in many of the cytokines known to be inhibited by
A strength of PDE4i for COVID-19 may be with its ability
PDE4i, such as TNF and IL-1β [1]. Emergent single cell RNA to control neutrophil-mediated responses. In rat model of corosequences from bronchoalveolar lavage fluid show activat- navirus infection, neutrophils were required to mediate disease
ed macrophages with expression of several chemokines, all [21]. Neutrophils are major players in the immunopathology of
COPD. Treatment of COPD patients
of signal via G protein-coupled reInhibitors have shown promise,
with either cilomilast or roflumilast
ceptors (GPCRs) with cAMP as the
reduced the number of lymphocytes
second messenger [26]. Of considin animal models, of bacterial/
and neutrophils recruited to the lung
erable importance is that coronavirus
viral respiratory infection and
in addition to important chemokines
inflammation is more severe in older
of pulmonary injury models
associated with neutrophil recruitment,
people and also in older monkeys in
experimental settings [27]. Among the most up-regulated mol- such as IL-8 [20,21]. Studies have also shown that PDE4i is
ecules in this model is IL-8 and tissue factor, which likely play a able to prevent neutrophil migration/chemotaxis into lungs and
also adherence to the endothelium [28]. Apremilast has shown
major role in COVID-19- related immunothrombosis.
positive evidence for treating neutrophilic dermatoses such as
SAPHO and hidradenitis suppurativa, in addition to psoriasis in
The in vivo and in vitro case to support PDE4 inhibition which there is prominent neutrophilic inflammation. Macrophage
in COVID-19
infiltration has also been reported in lungs of COVID-19 patients.
Since the advent of the original PDE4i rolipram in the1990s nu- PDE4i has well-documented anti-inflammatory effects on alveomerous in vivo and in vitro studies have been conducted on PDE4i lar macrophages, attenuating cytokine secretion [29].

Pathology of COVID-19-induced severe pulmonary
inflammation and PDE4

Table 1. Summary of pulmonary animal models with PDE4i.
Animal model

Key findings

Reference*

Mice infected with Influenza H1N1 virus

PDE4i reduced lung inflammation
PDE4i Reduced mortality

Sharma et al, 2013, Emerging microbes and
infections

Guinea-pigs were inoculated with
parainfluenza type 3

PDE4i reduced airway inflammation
PDE4i lowered number of infiltrating
monocytes and neutrophils

Toward et al, 2005, International
immunopharmacology

Chlorine-induced lung injury of mice

PDE4i inhibited chlorine-induced pulmonary
edema

Chang et al, 2012, Toxicology and applied
pharmacology

Murine acute lung injury model-LPS and
Zymosan treated mouse model

PDE4i protects against lung injury

Miolta et al, 1998, American journal of
respiratory cell and molecular biology

Rats infected with LPS

PDE4i reduced alveolar hemorrhage

Turner et al, 1993, Circulatory shock

Murine LPS model

PDE4i reduced neutrophil migration to the lung

Ariga et al, 2004, Journal of Immunology

Ferret LPS model

PDE4i reduced lung neutrophilia

Schafer et al, 2014, Cellular signaling

Guinea pig model LPS induced lung
neutrophilia

PDE4i inhibited 63% neutrophil infiltration

Toward and Broadley, 2001, Journal of
Pharmacology and Experimental Therapeutics

Bleomycin induced lung inflammation in rats
and mice

PDE4i ameliorated pulmonary inflammation
and fibrosis

Pan et al, 2009, Respirology Cortijo et al, 2009,
British Journal of pharmacology

Rat model of hyperoxia-induced lung injury

PDE4i reduced inflammation
PDE4i prolonged survival

de Visser et al, 2008, European Respiratory
Journal

Mouse model of Streptococcus pneumonia

PDE4i reduced lung injury
PDE4i reduced neutrophil recruitment

Tavares et al, 2016, American Journal of
Respiratory Cell and Molecular Biology

*References are not included in the Reference section
LPS = lipopolysaccharide, PDE4i =phosphodiesterase 4 inhibitor

337

REVIEWS

IMAJ • VOL 22 • JUNE 2020

PDE4i are also able to directly attenuate cytokine and chemo- lymphopenia. Therefore, just giving drugs or repurposing drugs
kine secretion from a range of cells important in viral pulmonary on the basis of elevated inflammation in COVID-19 needs to
pathology, such as macrophages, T-cells, fibroblasts, and epithe- be carefully balanced with therapy of ongoing viral infection.
lial cells. These also include TNF, IL-1β, IL-12, IL-23, IL-17, In that regard, anti-viral agents are available with some emergCCL2, IL-8, GM-CSF, and RANTES [19,29-31] [Figure 1]. ing efficacy data. Allowing for this treatment, the PDE4i agents
Although PDE4i directly lower the production of numerous cy- have not been associated with exacerbations of viral infections.
tokines, PDE4i may also indirectly lower other cytokines, such
as IL-6 and IL-8, by logic that there is less TNF or IL-17 to inFigure 1. The potential role of PDE4i in COVID-19 pulmonary infection.
duce these. Both of these cytokines have been shown to be low- PDE4i reduces migration of neutrophils, monocytes, and lymphocytes
er in lung injury models following PDE4i treatment [32]. With to the inflamed lung. PDE4i reduces inflammatory cytokine and
respect to structural integrity, elevating cAMP attenuates viral chemokine production from immune cells and airway epithelial cells
induced epithelial barrier damage [33]. Thrombotic complicaMonocytes
Lymphocytes
tions are being widely reported the pathogenesis of COVID-19
Neutrophils
Airway epithelial cells
Plasmacytoid DC
infection [34], which is another area of potential benefit for
Reduced
PDE4i. Roflumilast inhibits leukocyte-platelet interactions and
neutrophil
migration
also the pro-thrombotic functions in leukocytes [35]. In a murine model, mimicking stroke, rolipram was demonstrated to be
PDE41
anti-thrombotic [36].
Regarding secretion of cytokines and chemokines, PDE4i
TNF
CCL2
have been shown to attenuate a range of important mediators
IL-1β
GM-CSF
IL-12
IFNγ
IL-23
IFN
also important in anti-viral response, which may be a potential
IL-17
Rantes
IL-6
IFNα
downside. With respect to viral induced inflammation, the most
IL-8
important of these may be type 1 interferons. Plasmacytoid dendritic cells (pDC) are known to rapidly produce interferon-α in
response to viral pathogens, including SARS [37] and have a
role in pulmonary viral defense. Apremilast was shown to par- Conclusions
tially inhibit interferon-α from pDC following stimulation [19].
Interferon -β secretion has also been shown to be attenuated by Several questions over PDE4i and COVID-19 at a mechanistic
elevating cAMP [23], while rolipram is able to reduce interfer- level still remain. Chief among these is the fast-evolving patholons-γ-inducible protein 10 (IP10) in a lung epithelial-PBMC ogy of COVID-19 and where a small oral PDE4i with a narrow
co-culture model [38].
therapeutic index and no loading dose strategy can work quickly
Of note, both severe acute respiratory syndrome coronavirus enough. Given the safety profile of PDE4 inhibitors it could repre(SARS-CoV) and SARS-CoV-2 utilize the angiotensin receptor sent a useful agent to test in carefully controlled trials for prophyconverting enzyme-2 (ACE2) for
laxis against most severe infection in
Due to their efficacy in treating
host cell entry and the serine proteolder patients including nursing home
pulmonary inflammation in
residents who have been forgotten by
ase TMPRSS2 for S protein priming
clinical trials. This class of drugs may
[39]. The angiotensin-II molecule is
chronic obstructive pulmonary
have a role in the elderly or those at
metabolized into angiontensin-1-7
disease, PDE4 inhibitors may be
risk for higher degrees of systemic inpeptide, which exerts anti-inflamconsidered for COVID-19 infection
matory via engagement of the MAS
flammation that are linked to immureceptor, which signals via GPCR and is thus potentially modifi- nothrombosis. Indeed, older age and increased mortality following
able with PDE4i [40]. Given that PDE4i regulates cAMP, a key viral infection is well recognized and the current pandemic has
second messenger with many other potential targets, there are likely crystallized a wider problem that is cases with severe and
many other potential mechanisms that could be regulated and perhaps excessive inflammation could be usefully modified.
the net impact needs assessment.

Additional considerations
Severe inflammation in COVID-19 pneumonia might reflect the
magnitude of the inflammatory reaction that is commensurate to
the ongoing viral insult in the face of blunted type 1 interferon
response and blunted adaptive immunity with viral associated
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