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Coronavirus disease 2019 (COVID-19) has caused significant devastation globally. Despite the development of
several vaccines, with uncertainty around global uptake and vaccine efficacy, the need for effective therapeutic
agents remains. Increased levels of cytokines including tumour necrosis factor are significant in the pathogenesis
of COVID-19 and associated with poor outcomes including ventilator requirement and mortality. Repurposing
tumour necrosis factor blocker therapy used in conditions such as rheumatoid arthritis and inflammatory bowel
disease seems promising, with early feasibility data showing a reduction in circulation of pro-inflammatory
cytokines and encouraging the evaluation of such interventions in preventing disease progression and clinical

deterioration in patients with COVID-19. Here, we examine the biological activities of tumour necrosis factor
inhibitors indicative of their potential in COVID-19 and briefly outline the randomised control trials assessing
their benefit-risk profile in COVID-19 therapy.

1. Introduction

Coronavirus disease 2019 (COVID-19) is defined as a clinical syn-
drome caused by infection by an RNA virus, a beta-coronavirus, named
Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2). The
virus was originally identified in Wuhan, China and has since spread
across the world, with the COVID-19 pandemic being officially accepted
by the World Health Organisation on March 11, 2020. This disease re-
sults in a clinical picture of fever, dry cough, shortness of breath,
myalgia and fatigue and radiological signs of pneumonitis which can
progress to acute respiratory distress syndrome (ARDS). SARS-CoV-2
binds to angiotensin converting enzyme-2 (ACE-2) receptors to enter
host cells, and then replicates within the host cells to form new virions.
The host cell then disintegrates due to the cytopathic effect of the virus
and the virus spreads to other cells. Virus antigens activate both the
innate and adaptive immune systems resulting in production of vast
amounts of pro-inflammatory chemokines and cytokines [1]. In some
patients, hyperactivation of the inflammatory cascade results in a
‘cytokine storm’ and excessive thrombosis which can lead to multi-organ
failure and ultimately death [2,3].

One of the key cytokines identified as being fundamental in the
cytokine storm is Tumour Necrosis Factor (or sometimes referred to as
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Tumour Necrosis Factor-alpha, TNF-a). Produced mainly by monocytes
and macrophages but also by B-cells, T-cells and fibroblasts, TNF in-
teracts through two receptors namely, TNF receptor 1 (TNFR1) and TNF
receptor 2 (TNFR2), to initiate signal transduction pathways leading to
numerous cellular processes including cellular differentiation, prolifer-
ation, migration, cell death and cell survival. In response to TNF,
vascular endothelial cells undergo several changes to increase leukocyte
adhesion, transendothelial migration, vascular permeability and
encourage thrombosis [4]. Excessive production of TNF along with other
pro-inflammatory cytokines such as Interleukin-1 (IL-1), Interleukin-6
(IL-6) contributes to the pathological processes associated with rheu-
matoid arthritis [5], inflammatory bowel disease [6], psoriasis [7] and
sepsis. Since the approval of infliximab [8], the first monoclonal anti-
body against TNF for rheumatoid arthritis (RA), TNF inhibitors
including adalimumab, certolizumab, golimumab and the fusion protein
etanercept are increasingly utilised as therapy for rheumatoid arthritis
(RA), inflammatory bowel disease (IBD) and other inflammatory con-
ditions (Table 1). As patents have expired on some of the originator
products, numerous biosimilars of key block-buster drugs adalimumab,
infliximab and etanercept have become available. As uptake of bio-
similar products increases globally, maintaining standards for these
products is paramount for their effectiveness, safety and sustainability.
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Undoubtedly, the availability of WHO international standards (IS)
[9-11] which have an important role in assessment of bioactivity [12]
will help towards achieving this objective (Table 1).

With the current pandemic causing devastation throughout the
world, there is an urgent need for effective therapies that reduce mor-
tality and limit COVID-19-related damage. Consequently, there is an
unprecedented global effort in development of vaccines and other
therapeutic interventions including specific anti-SARS-CoV-2 anti-viral
drugs, monoclonal antibodies and other novel inhibitors. However, the
lengthy process associated with new drug development has made
repurposing of current therapeutics (e.g., interferon-alpha/beta, IFN-
a/p, monoclonal antibodies, signalling cascade inhibitors, protease in-
hibitors, others) an excellent choice for the management of COVID-19
[13-16] with numerous clinical trials underway. Furthermore, despite
the recent approval and ongoing development of vaccines for COVID-19,
the need for therapeutic agents remains, particularly for patients who
cannot be vaccinated for clinical reasons (e.g., immunosuppressed). The
potential for repurposing biological medicines for COVID-19 has already
been highlighted with recent results from the REM-CAP trial which
targeted severely ill patients showing that the IL-6 receptor antagonists
tocilizumab and sarilumab reduced mortality to 27.3% and 22.2%
respectively compared with 35.8% seen with standard care in intensive
care units [17]. The more recent and larger RECOVERY trial, found
tocilizumab significantly reduced deaths (29% vs 33%) by 28 days [18].
In this context, we aim to review our understanding of TNF biology and
signalling and its blockage in conditions such as rheumatoid arthritis
and inflammatory bowel disease and examine the potential role for TNF
inhibitors in COVID-19 therapy.

2. TNF biology and signalling

Initially synthesised as a transmembrane protein of 26 kDa, which
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undergoes proteolytic cleavage by TNF-a-converting enzyme (TACE,
also called ADAM17) to release the soluble TNF protein of 17 kDa, TNF
exerts its action by binding to and activating two different receptors;
TNFR1 and TNFR2 [19]. TNFR1 signalling is activated by both soluble
(sTNF) and transmembrane TNF (tmTNF) whereas TNFR2 signalling is
activated primarily by tmTNF. Soluble or tmTNF binding to TNFR1 leads
to recruitment of TNFR1-associated death domain protein (TRADD) to
form complex TNFR1-complex I. Downstream signalling induces
inflammation, tissue degeneration, cell survival and is responsible for
immune defence against pathogens. Alternative signalling via TNFR1
through complex Ila and IIb leads to apoptosis while signalling via Ilc
induces necroptosis [20-22]. TNFR2 recruitment of TNFR-associated
factor 2 (TRAF 2) also triggers formation of complex I butTNFR2
engagement primarily mediates homeostatic activities of tissue regen-
eration, cell survival and proliferation but can also initiate inflammation
and immune defence.

Signalling via TNFR1 signalling complex I: Upon engagement of TNF
with TNFR1, TNFR1 binds to intracellular TNFR1-associated death
domain protein (TRADD) resulting in recruitment of receptor-
interacting serine/ threonine-protein kinase 1 (RIPK1), TNFR-
associated factor 2 or 5 (TRAF2 or TRAF 5) and cellular inhibitor of
apoptosis protein 1 or 2 (cIAP2) to form TNFR1 signalling complex L.
cIAP1 and ciAP2 add K63-linked polyubiquitin chains to RIPK1 allowing
recruitment of the linear ubiquitin chain assembly complex (LUBAC).
This adds M1-linked linear polyubiquitin chains to RIPK1 [20]. The
K63-M1-polyubiquitinated RIPK1 then recruits transforming growth
factor-p (TGF-B)-activated kinase 1 (TAK1) and Mitogen-activated pro-
tein kinase kinase 7 (MAP3K7)-binding protein 2 and 3 (TAB2 and
TAB3) and TAKI1, which trigger downstream signalling through JUN
N-terminal kinase, P38 and IKK (inhibitor of nuclear factor-kB, NF-xB
kinase) complex [21]. Subsequently, the IKK complex activates NF-xB
signalling, allowing transcription of downstream target genes significant

Table 1
TNF inhibitors and indications [19,28,48].
Infliximab Adalimumab Golimumab Certolizumab Etanercept
Structure Chimeric Human Human PEGylated humanised Fab P75TNFR/Fc fusion protein
fragment
Ligand STNF, tmTNF STNF, tmTNF STNF, tmTNF STNF, tmTNF STNF, tmTNF, LTa3
Molecular 150 150 150 95 150
weight
(kDa)
Fully human No Yes Yes No Yes
Half-life 8-10 10-14 12+ 3 3 14
(days)
Dosing route Intravenous” Subcutaneous Subcutaneous Subcutaneous Subcutaneous
and Every 8 weeks following Every 2 weeks following initial Monthly following initial Every 2 weeks following Weekly/twice Weekly*
frequency” loading at 0, 2 and 6 loading loading initial loading
weeks
Indications Crohn’s, ulcerative Crohn’s, ulcerative colitis, Rheumatoid arthritis, Rheumatoid arthritis, Rheumatoid arthritis,
colitis, rheumatoid rheumatoid arthritis, psoriatic Psoriatic arthritis, Psoriatic arthritis, plaque psoriasis, psoriatic
arthritis, psoriatic arthritis, ankylosing spondylitis, Ankylosing spondylitis, ankylosing spondylitis, arthritis, ankylosing
arthritis, ankylosing juvenile idiopathic arthritis, plaque Ulcerative colitis, juvenile plaque psoriasis, Crohn’s spondylitis, juvenile
spondylitis, psoriasis psoriasis, hidradenitis suppurativa’, idiopathic arthritis disease* idiopathic arthritis
uveitis’
Biosimilars Yes Yes No No Yes
WHO IS® Yes 16/170 Yes 17/236 No No Yes 13/204

Product Code

# Frequency of administration can vary based on the indication.

b Subcutaneous versions of biosimilars now emerging.

¢ Dose dependent.

4 Region/country dependent.

¢ WHO International standards with defined international units are an important tool for maintaining product bioactivity and availability of safe and effective

medicines worldwide as per regulatory guidance. These ISs are available from NIBSC on the link: https://www.nibsc.org/
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in cell proliferation, inflammation, host defence and survival [21].
Indeed, over-activation of such signalling cascades can lead to devel-
opment of deleterious excessive or chronic inflammation as seen in
septic shock.

Signalling via TNFR signalling complex Ila, IIb and Ilc: Signalling via
these complexes results in distinct signalling and functional outcomes
[23-25]. Complex Ila and IIb mediate apoptosis through interactions
with pro-caspase 8 and other proteins. The procaspase 8 homodimer
generates active caspase 8, which on release from complex Ila and IIb
into the cytoplasm, results in cleavage reactions that activate further
caspases causing apoptosis [26]. Apoptosis is fundamental in epithelial
homeostasis, organogenesis, inflammation, immunity and disease
pathogenesis. Furthermore, macrophages phagocytose apoptotic cells
thus diminishing inflammatory cytokine production [21].

In contrast to complexes Ila and IIb, complex Ilc stimulates TNF-
induced necroptosis by activating the effector, mixed lineage kinase
domain-like protein (MLKL), in a RIPK3-dependent mechanism. Nec-
roptosis results in rupture of plasma membranes and release of intra-
cellular contents triggering inflammation [24]. When this occurs at
barriers such as skin and intestinal mucosa, it leads to inflammation that
can compromise barrier function. Thus, this pathway is under extensive
investigation with RIP kinases considered as potential therapeutic
targets.

3. TNF inhibitors and mechanisms of action

Five TNF specific inhibitors were originally approved for clinical
practice. Infliximab (Remicade®), adalimumab (Humira®) and goli-
mumab (Simponi®) are full-length bivalent IgG1 monoclonal antibodies
targeting TNF. Infliximab is a chimeric antibody while adalimumab and
golimumab are fully human monoclonal antibodies. Certolizumab pegol
(Cimzia®) is a PEGylated Fab’ antibody fragment in which the Fab’
fragment was engineered with a single hinge region free-cysteine res-
idue enabling attachment of a 40 kDa PEG moiety. Consequently, the
antibodies have antigen binding capability via their Fab arms and
varying effector functions related to their structure. Infliximab, adali-
mumab and golimumab are capable of Fc-receptor binding and thus
cause complement fixation and antibody-dependent cellular cytotox-
icity, however certolizumab is a Fab fragment lacking effector functions.
Etanercept (Enbrel®) is a fusion protein of two TNFR2 receptor extra-
cellular domains and the Fc portion of portion of human IgG [27].
Etanercept is unique amongst the TNF antagonists in binding members
of the lymphotoxin (LT) family, specifically soluble LTa3 and cell sur-
face LTa2p. LTa3 exerts its biological effects through TNFR1 and TNFR2
and thus etanercept neutralises LTa3 and sTNF with a similar potency
[28]. Further details of these TNF antagonists are summarised in
Table 1.

The mechanisms by which these inhibitors exert their actions have
been extensively studied. Direct blockage of TNF-R mediated activity by
binding of TNF antagonists to their cognate ligands (STNF or tm TNF and
additionally LTa3 and LTa2p for etanercept) blocks ligand binding to
TNFR1 and TNFR2 and prevents the downstream signalling as detailed
above. All five TNF antagonists block interaction between tm TNF and
TNFR1 and TNFR2 as expressed on cells with a study by Nesbitt and
coworkers suggesting comparable abilities of certolizumab, infliximab
and adalimumab in neutralising tmTNF mediated signalling, with eta-
nercept being two-fold less potent [29]. Through direct blockage of
TNFR mediated activity, TNF antagonists significantly diminish the in-
flammatory response as shown in numerous studies of infliximab and
adalimumab therapy in different diseases. Infliximab therapy has been
shown to decrease RA synovial tissue expression of IL-6, IL-8, gran-
ulocyte macrophage colony-stimulating factor (GM-CSF), macrophage
chemoattractant protein-1 (MCP-1), IL-1p and Interleukin-18(IL-18)
[28,30]. Further studies have shown a reduction in acute-phase re-
actants e.g., C-reactive protein (CRP), serum amyloid A and fibrinogen
in infliximab-treated and adalimumab-treated RA patients [31-33].
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Similar reductions in CRP levels are observed with infliximab, adali-
mumab and certolizumab in studies with Crohn’s disease [34-36]. These
studies provide evidence of a reduction in production of
pro-inflammatory cytokines with use of TNF antagonists.

A further feature of the TNF antagonists used in clinical practice is
their capability to reduce cellularity of inflamed tissue. Significant de-
creases in plasma and T cells were observed following infliximab infu-
sion in patients with RA [37] and psoriatic arthritis [38]. Additionally,
in spondyloarthropathy patients, etanercept reduced cellular infiltration
of macrophages and T cells in peripheral joint synovitis [39]. The
reduced cellularity is most likely explained by reduced recruitment of
inflammatory cells, a process that is dependent upon endothelial cell
expression of adhesion molecules and chemokine-mediated leukocyte
migration. Supporting this, infliximab treatment in RA was shown to
decrease synovial tissue expression of key adhesion molecules, vascular
cell adhesion protein-1 (VCAM-1), intracellular adhesion molecule 1
(ICAM-1) and E-selectin [40] as well as serum concentrations of
E-selectin and ICAM-1 [41]. Similar observations were seen with
infliximab infusion in patients with psoriatic skin lesions [42]. Likewise,
a reduction in chemokines which recruit macrophages and T cells that
form granulomas is seen in the gut mucosa of Crohn’s patients following
infliximab therapy [36].

TNF antagonist binding to tmTNF can also induce a phenomenon
known as reverse signalling, which leads to apoptosis, cell activation or
cytokine suppression. It is understood that binding to tmTNF causes
phosphorylation of specific serine residues in the cytoplasmic tail of
tmTNF resulting in downstream signal transduction. The full signifi-
cance and mechanisms of reverse signalling are not known, however,
evidence has shown reverse signalling through tmTNF can induce
cytokine suppression and endotoxin resistance. Activation of macro-
phages and monocytes by endotoxin/lipopolysaccharide (LPS) through
Toll-like receptor 4 (TLR4) induces cytokines TNF, IL-1f, IL-10 and IL-
12, which are also produced at sites of inflammation by tmTNF-
bearing macrophages. Initiation of reverse-signalling pathways that
intersect with LPS-activated pathways renders these downstream sig-
nalling pathways refractory to subsequent activation by LPS, a phe-
nomenon described as ‘exhaustion’ [43], and leads to suppression of
cytokine production. The extent of cytokine suppression through reverse
signalling by TNF antagonists is variable. Infliximab inhibited
LPS-induced TNF and IL-1p production, whereas etanercept did not, in a
study with human monocyte cell lines [44]. Similarly, adalimumab and
infliximab, but not etanercept, suppressed LPS-induced Interleukin-10
(IL-10) and Interleukin-12 (IL-12) production by human monocytes
[45]. Both infliximab and etanercept were observed to inhibit release of
LPS-induced endothelial cell apoptotic factor (Death Factor X) [46].

A further noted consequence of reverse signalling by infliximab and
etanercept through tmTNF in activated T cells is induction of E-selectin
[47]. T cell expression of E-selectin allows cell adhesion at sites of
inflammation. Furthermore, infliximab, but not etanercept suppresses
proliferation of T cells by causing Go/Gj cell cycle arrest through tmTNF
reverse signalling. Being a bivalent monoclonal antibody, Infliximab can
crosslink monomeric TNF subunits and induce cell cycle arrest whereas
etanercept alone (in the absence of rheumatoid factor) cannot, but
interestingly is capable of inducing cell cycle arrest in the presence of
rheumatoid factor [47]. Indeed, these studies suggest that reverse sig-
nalling through tmTNF is an important mechanism for TNF-agonist
mediated apoptosis and cytokine suppression.

Through Fe-dependent complement dependent cytotoxicity (CDC) or
antibody dependent cell mediated cytotoxicity (ADCC), TNF antagonists
may cause cytotoxicity of tmTNF-bearing cells [28]. In CDC, binding of
complement component 1q (C1q) to the Cy2 domain in the Fc region of
cell-bound antibodies or Fc-fusion proteins initiates complement acti-
vation by the classical pathway triggering the complement cascade
which results in formation of the membrane attack complex, subsequent
pore formation and cellular lysis. In ADCC, engagement of target cells
causes Fc receptor mediated binding of leukocytes — typically natural
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killer (NK) cells which produce cell-lysing proteins such as granzymes to
kill target cells expressing tmTNF. Studies are inconsistent and con-
flicting in showing the ability of infliximab in mediating CDC or ADCC
when binding tmTNF [28,47] but there is increasing evidence for these
mechanisms in studies from biosimilars; this is also the case with ada-
limumab [49-51]. A study of adalimumab, infliximab, etanercept and
certolizumab found that all four inhibitors bound to tmTNF, but CDC
and ADCC was mediated only by adalimumab, etanercept and inflix-
imab, all of which have IgG1 Fe [52] unlike Certolizumab which is solely
a PEGylated Fab’ fragment (lacks the Fc portion). Based on these in vitro
results, it is likely these agents are capable of inducing destruction of
TNF-producing cells in vivo. However, a further study showed that
etanercept mediated only ADCC activity and lacked both CDC activity
and reverse-signalling through tmTNF, indicating that etanercept may
be less effective than infliximab and adalimumab in elimination of
TNF-producing cells. Interestingly, since all three agents neutralise sol-
uble TNF-a and are effective in treatment of RA, it is likely that patho-
genesis of RA primarily involves soluble TNF rather than tmTNF. In
contrast, in granulomatous conditions such as Crohn’s and Wegener’s
granulomatosis, tmTNF may have a significant role as etanercept which
has limited effect on tmTNF-a is not clinically effective for these diseases
[44].

4. Role of TNF inhibitors in Rheumatoid Arthritis

RA is a chronic inflammatory autoimmune disease that causes joint
pain, swelling and stiffness as a result of progressive joint destruction. It
is characterised by chronic inflammation and infiltration of synovial
joints by haematopoietic cells including memory T cells, macrophages
and plasma cells [53]. Activation of these cells leads to release of cy-
tokines predominantly in the hyperplastic synovium resulting in carti-
lage destruction triggered by cytokine induction of destructive enzymes
(matrix metalloproteinases) [53], osteoclast differentiation and invasion
of the periosteal surface with associated bone erosion at the joint sur-
face. TNF, in particular, has been identified as playing a fundamental
role in driving inflammation and bone degradation in the disease
through activation of cytokine and chemokine expression — as an auto-
crine stimulator and paracrine inducer of pro-inflammatory cytokines
including IL-1, IL-6, IL-8 and GM-CSF - expression of endothelial cell
adhesion molecules, protection of synovium fibroblasts, promotion of
angiogenesis, suppression of regulatory T cell function and induction of
pain [54].

The introduction of biological medicines, particularly TNF in-
hibitors, has revolutionised treatment for RA, beyond the initial disease
modifying anti rheumatoid drugs (DMARDs) that were available. As
mentioned previously, TNF antagonists bind to sTNF limiting its ability
to bind to membrane bound TNF receptors and activate downstream
inflammatory pathways, thus limiting the inflammation that drives the
pathogenesis of rheumatoid arthritis. Initial evidence for the role of TNF
antagonists came from laboratory studies showing that addition of anti-
TNF antibodies to synovial cultures from patients reduced synovial
expression of pro-inflammatory cytokines including GM-CSF, IL-1, IL-6
and IL-8 [55]. It was subsequently found that virtually all animal
models of arthritis were ameliorated by anti-TNF [53]. Infliximab in
clinical trials in RA patients demonstrated reduced radiographic pro-
gression, clinical amelioration and improved disease scoring (as
measured by the Health Assessment Questionnaire for rheumatoid
arthritis)[56-58] leading to its approval. Since then, several trials have
shown adalimumab, golimumab, certolizumab and etanercept to be
efficacious in improving signs and symptoms of RA and functional status
of patients with the disease [59] such that TNF antagonists are now
routinely used world-wide to treat RA in clinical practice. In the UK,
NICE guidelines recommend these inhibitors as options for treatment of
severe RA that has not responded to conventional DMARDs[60].
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5. Role of TNF-alpha inhibitors in Inflammatory Bowel Disease

IBD describes chronic inflammatory disorders of the digestive tract
and refers mainly to two conditions: ulcerative colitis (UC) and Crohn’s
disease (CD). Ulcerative colitis is characterised by continuous chronic
inflammation throughout the colon and rectum whereas Crohn’s disease
is characterised by transmural, patchy granulomatous inflammation
anywhere in the digestive tract. Although the exact aetiology of the two
diseases remains poorly understood, their pathogenesis is thought to be
due to complex interplay between genetic and environmental factors.
Just like the synovial infiltration seen in RA, IBD patients have signifi-
cant immune cell infiltration within the gut mucosa contributing to
inflammation and extensive tissue damage. Additionally, several cyto-
kines — IL-1, IL-6, IL-8, IL-12, IL-18 and TNF are found within inflamed
intestinal mucosa and these recruit blood-borne effectors in the mucosa
through adhesion molecules and chemokines, leading to further secre-
tion of inflammatory agents and destructive enzymes which contribute
to tissue injury, mucosal permeability and fibrosis [61].

Early evidence for TNF in IBD pathology came from detection of
increased levels of TNF protein and mRNA levels in mucosal biopsies
from patients with CD [62]. Further to this, in vitro experiments using
specimens from patients participating in clinical trials of TNF antago-
nists found that downregulation of TNF and IFN-y production was
associated with reduced functional activity of Th1 T cells in the mucosa
of treated patients suggesting a potential mechanism of action of these
molecules in IBD [61]. A further proposed mechanism is TNF-mediated
leukocyte and T cell apoptosis that was identified to occur by 24 h after
administration of infliximab. It has been suggested that this may be
induced directly by binding of TNF antagonists to tmTNF on activated T
cells or alternatively by interrupting anti-apoptotic signalling through
TNFR2 expressed on lamina propria T cells [63]. It has additionally been
observed that TNF antagonists with an Fc region are capable of inducing
M2-type wound-healing macrophages both in vitro and in vivo that may
contribute to mucosal healing. This is supported by greater efficacy of
infliximab and adalimumab in mucosal healing in IBD as compared with
certolizumab. Additionally, it is proposed that TNF antagonist-mediated
induction of CDC and ADCC contributes to their therapeutic benefit in
IBD, however this remains to be proven in vivo [49,62].

Just like for RA, infliximab was the first biological medicine to be
used in IBD treatment, first in CD and subsequently in UC. Several trials
have demonstrated the efficacy of infliximab in induction and mainte-
nance of remission of CD and UC in patients and subsequently further
trials showed adalimumab has a similar therapeutic benefit in inducing
and maintaining remission of disease leading to their use for UC and CD
in clinical practice. Golimumab has since been shown to have efficacy in
UC and certolizumab in CD; the latter is approved for CD in US but not in
EU [64,65].

6. Potential role for TNF inhibitors in COVID-19 cytokine storm

The pathogenesis of COVID-19 has been found to have three distinct
stages (Fig. 1). Stage I (mild) involves infection and early establishment
of the disease. SARS-CoV-2 enters host cells by binding to the cell surface
receptor of ACE-2 via a trimeric spike glycoprotein [66]. Following
entry into cells, the virus is able to replicate and spread throughout the
body, infecting cells expressing ACE-2 and other receptors (e.g.
neuropilin-1). Entry of virus into the body, triggers the innate and
adaptive immune responses to aid the clearance of the virus, and in a
majority of people, the immune response clears the virus with mild to
moderate symptoms of malaise, fever and dry cough. Treatment at this
stage is primarily targeted towards symptomatic relief. Based on evi-
dence suggesting that the anti-viral agent, remdesivir could be beneficial
in reducing the duration of symptoms, minimising infectiousness and
preventing severe disease progression, remdesivir is now approved for
COVID-19 therapy (emergency authorisation by FDA/ conditional
authorisation by EMA) [67].
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Fig. 1. Stages of COVID-19 pathogenesis and therapeutic intervention.

Stage II (moderate) involves established pulmonary disease charac-
terised by viral multiplication and localised inflammation — acute lung
injury (ALI). During this stage, patients develop a characteristic viral
pneumonia with symptoms of cough, fever and hypoxia. Chest imaging
with X-rays and CT scans shows bilateral pulmonary infiltrates and in-
flammatory markers begin to become elevated. In a significant number
of COVID-19 infected patients, viral infection leading to acute lung
injury may further progress to acute respiratory distress syndrome
(ARDS), accounting for their deaths. Consequently, increasing respira-
tory support ranging from supplemental oxygen to invasive mechanical
ventilation is required. Since the RECOVERY trial showed that dexa-
methasone reduces 28-day mortality in patients receiving respiratory
support, this treatment is being used widely [68]. The benefit of dexa-
methasone became clear in patients treated more than seven days after
symptom onset, when inflammatory lung changes are evident, con-
firming that the disease at this stage is dominated by immunopatho-
logical elements rather than active viral replication.

Stage III (severe) is characterised by systemic inflammation. Viral
replication within the lungs leads to increased levels of pro-
inflammatory cytokines and chemokines (e.g. IFN-a/p, interferon-
gamma, I[FN-y and TNF) due to activation of the host immune
response. Indeed, ARDS could be considered as the hallmark immune-
mediated clinical consequence of SARS-CoV-2 [69]. Huang et al.
found that in SARS-CoV-2 patients in intensive care units (ICU), plasma
concentrations of several interleukins e.g., IL-2, IL-7, IL-10, gran-
ulocyte-colony stimulating factor (G-CSF), Interferon gamma inducible
protein-10 (IP-10), MCP-1, macrophage inflammatory protein 1-alpha
(MIP-1a), and TNF were significantly raised compared with patients
with less severe disease who did not require ICU admission [70]. Indeed,
elevated levels of these cytokines were seen previously with SARS-CoV
and MERS-CoV infections and linked to development of ARDS. High
levels of circulating pro-inflammatory cytokines result in neutrophil
recruitment to areas of inflamed lung. Activated neutrophils release
chemokines which increase leukocyte recruitment and further exacer-
bate the inflammatory response. Release of reactive oxygen species,
granule contents and neutrophil extracellular traps (NETs) results in
host epithelial and endothelial cell damage [71], whilst increasing levels

of cytokines also induce cellular apoptosis. This disrupts the alveolar
epithelial and endothelial barrier leading to increased vascular leakage
and protein-rich fluid collecting in alveoli leading to respiratory insuf-
ficiency and hypoxia [69,70,72,73]. A schematic diagram is shown in
Fig. 2. A contributory factor in the exacerbation of viral replication and
rapid progression of the immunopathological response is the deficient
synthesis of type I IFNs — possibly related to genetic mutations or the
existence of autoantibodies against IFN-a subtypes impacting IFN
function [74,75]. Reduced levels of type I IFNs are also associated with
increased susceptibility to superimposed bacterial infections, which may
lead to sepsis causing death [76].

Clearance of SARS-CoV-2, similar to other respiratory viral in-
fections, depends greatly on the adaptive immune response, and
particularly that of T-cells [77-80]. Lymphopenia has been identified as
a significant feature of SARS-CoV-2, which is noted to be reversed when
patients recover. Some data suggests lymphopenia affects CD4* T cells,
CD8™ T cells, B cells and natural killer cells, however other data suggests
SARS-CoV-2 infection preferentially impacts CD8™ T cells [81]. In severe
disease, high levels of IL-6, IL-10 and TNF are thought to be related to T
cell depletion [77,80,82] with T cell numbers negatively associated with
serum IL-6, IL-10 and TNF concentration, with restored T cell counts and
decreased levels of IL-6, IL-10 and TNF seen with disease resolution. It
has been postulated that T cell depletion may be the critical step in
causing COVID pneumonia. Interestingly, T cell responses also dampen
the innate immune response [83,84], thus T cell death can contribute to
amplification of the inflammatory response.

Data thus indicates that release of pro-inflammatory cytokines (IFN-
o, IFN-y, IL-1p, IL-6, IL-12, IL-18, IL-33, TNF, TGF-f) and chemokines
(CXCL10, CXCL8, CXCL9, CCL2, CCL3, CCL5) leads to an excessive
systemic inflammatory response and immune dysregulation contrib-
uting to cardiopulmonary collapse that manifests clinically as shock and
leads to multi-organ failure and death in the most severe of cases
[70-72]. A further cause of death in COVID-19 patients is the significant
incidence of both pulmonary and extrapulmonary venous and arterial
thromboembolisms that are associated with the disease. The exact
pathogenesis is yet uncertain however thromboembolism is associated
with a 74% higher odds of mortality in COVID-19 patients [85].
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Fig. 2. Pathogenesis of COVID-19. SARS-CoV-2 virion binds to ACE-2 receptor gaining entry into cells. This triggers the innate and adaptive immune responses, with
cytokine release and elevated levels of acute phase reactants. Increased cytokine release contributes to T cell depletion and cytokine storm. Cytokine storm has
multiple effects including widespread activation of the coagulation cascade contributing to thrombus formation and can further lead to disseminated intravascular
coagulation; tissue injury within the lung that can progress to acute respiratory distress syndrome (ARDS); systemically increased vascular permeability and tissue
injury that can cause multi-organ failure and subsequent death. Footnote (to appear below Fig. 2): WHO international standards are available for a wide range of sub-
stances from NIBSC, https://www.nibsc.org/. These include systemic markers of inflammation (cytokines, chemokines, other biomarkers e.g., C-reactive protein, ferritin etc) for
use in assays used in measurement of these analytes. Recently available international standards and other reagents for SARS-CoV-2 and COVID-19 research include 1** WHO IS
for SARS-CoV-2 RNA for nucleic-acid amplification assays and the WHO IS for anti-SARS-COV-2 for serology assays.

Furthermore, systemic inflammation can even lead to widespread acti-
vation of the clotting cascade resulting in disseminated intravascular
coagulation (DIC). To reduce the risk of thromboembolism, patients
admitted with COVID-19 are now commenced on prophylactic heparin
[86].

Based on the above, effective therapy would hinge on using immu-
nomodulators to reduce systemic inflammation before it results in
highly severe disease and multi-organ dysfunction. Utilisation of cyto-
kine inhibitors such as tocilizumab, an IL-6 receptor antibody, anti-TNF
alpha agents and anakinra, an IL-1 receptor antagonist between stages II
and III may have considerable role in slowing disease progression [87]
(Fig. 1). Indeed, a small cohort study has recently shown IL-1 inhibition
with anakinra to be associated with a significant reduction of mortality
in hospitalized patients with COVID-19 respiratory insufficiency and
hyperinflammation [88].

Feldman and colleagues [89] have already highlighted that cyto-
kines, especially TNF, are a promising therapeutic target for COVID-19

patients since TNF is pivotal in initiating the inflammatory cascade by
coordinating cellular recruitment through chemokines and cell adhesion
molecules [90]. Indeed, evidence from animal models of sepsis and RA
patients shows blocking TNF leads to decreased levels of circulating
pro-inflammatory cytokines, IL-1, TNF and IL-6 [91,92] and more
importantly also of vascular endothelial growth factor (also known as
vascular permeability factor) suggesting a further potential benefit of
anti-TNF drugs in COVID-19 therapy particularly as these cytokines are
of relevance in capillary leakage associated with deteriorating lung
function in patients with COVID-19 [93]. Furthermore, acute phase
proteins are reduced, many within 24 h of anti-TNF treatment with
down-regulation of CRP, serum amyloid A and haptoglobin as previ-
ously mentioned. Anti-TNF administration also appears to have a sig-
nificant effect on the clotting cascade, with rapid and significant
reduction in plasma biomarkers of coagulation such as D-dimer and
pro-thrombin fragments [94], suggesting anti-TNF therapy may also
reduce COVID-19 related thromboembolic events. Such dampening of
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acute phase response and clotting cascade seems unique for anti-TNFs
and is not documented for anti-IL-6 or anti-IL-1 therapies [93,95].
Furthermore, TNF antagonists are capable of reducing the cellularity of
inflamed tissue due to reduced endothelial cell expression of adhesion
molecules [40,41]and chemokine-mediated leukocyte migration and
recruitment of inflammatory cells [41,89] that is evident in the lung
pathology in COVID-19. This is supported by studies in SARS-COV and
SARS-COV-2 infected animals and also in models of sepsis, hemopha-
gocytic lymphohistiocytosis (HLH), and cytokine shock [96,97]. Data
from SARS-COV infected mice showed that severe disease contributing
to lung immunopathology caused by accumulation of inflammatory
monocyte macrophages and associated increase in IL-1p, TNF and IL-6 is
ameliorated by depletion of inflammatory cells which, also reduce
vascular leakage or by administration of a neutralising TNF antibody;
the latter provided partial but significant protection in comparison with
control mice [96]. Karki and coworkers elegantly showed that a com-
bination of neutralising antibodies against both TNF and IFN-y (rather
than alone) protected mice from mortality caused by the synergistic
effect of TNF and IFN-y on inflammatory cell death, tissue damage in
SARS-COV-2 infected mice [97]. A similar response was also seen in
sepsis, HLH and cytokine shock reinforcing the notion that inhibiting
cytokine-mediated inflammatory cell death signalling pathway may
prove beneficial in patients with COVID-19 or other infectious and
auto-inflammatory diseases by limiting tissue damage/inflammation
[97]. Additionally, anti-TNF therapy can target NETosis or NET release,
a mechanism whereby neutrophils release sticky extracellular traps to
limit the spread of infection. Patients with COVID-19 demonstrate
higher levels of NETs than healthy patients and SARS-CoV-2 has been
shown to directly enhance the release of NETs [95,98]. NETs are pro-
thrombotic and activate platelets within the clotting cascade, and
NET-containing microthrombi have been found in the lungs of patients
with COVID-19. Anti-TNF therapy has been found to reduce NET for-
mation in vitro, in animal models and in patients with immune mediated
disease, suggesting another putative role in targeting NETosis in
COVID-19 [95]. Consequently, it is likely that anti-TNF therapy can rein
in some of the processes that occur in the inflammation-driven cascade
and have a major impact on lung pathology and patient mortality.

Observational data has indicated the potential benefit of TNF in-
hibitors in COVID-19 patients. The COVID-19 global rheumatology
alliance registry examined the relationship between drug treatments and
COVID-19 infection in patients with rheumatic disease [99]. Data
showed TNF inhibitor use reduced the risk of hospitalisation in RA pa-
tients diagnosed with COVID-19 infection. Additionally, the use of bi-
ologics such as IL-6, IL-17, IL-23 and TNF inhibitors was not associated
with COVID-19 related deaths as compared with methotrexate mono-
therapy in patients with RA. In contrast, high doses of glucocorticoids,
sulfasalazine and rituximab were associated with higher COVID-19
related deaths in patients with rheumatic disease [100]. Similarly, an
analysis of outcomes, therapy and epidemiology of COVID-19 infection
in the global psoriasis patient registry revealed that use of biologics —
including TNF inhibitors, IL-17 inhibitors, IL-12/IL-23p40 or IL-23p19
inhibitors — reduced the risk of COVID-19-related hospitalisation
[101]. Further support comes from studying outcomes of patients with
IBD and confirmed COVID-19 in the Surveillance Epidemiology of
Coronavirus Under Research Exclusion for Inflammatory Bowel Disease
(SECURE-IBD) registry. Notably, TNF antagonist use was not signifi-
cantly associated with severe COVID-19 as defined by the composite of
ICU admission, ventilator use, and/or death, and was in fact inversely
associated with the outcome of hospitalisation of death in this registry
[102]. Despite the limitations of observational data — namely selection
bias, channelling bias and difficulties adjusting for all confounding
variables — these observational studies lend promise to the suggestion of
using TNF inhibitors for COVID-19.

Early feasibility data from a case series involving use of infliximab as
an experimental therapy in critically ill patients with confirmed COVID-
19 in the absence of chronic inflammatory disease also showed a
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reduction in pro-inflammatory cytokines over the first ten days
following administration of a single dose of infliximab 5 mg/kg between
day 0 and day 3 after admission [95]. Although a small study that needs
to be treated with caution, it is nevertheless indicative of the potential
therapeutic benefit of TNF antagonists in COVID-19.

7. Trials of TNF inhibitors in COVID-19

Table 2 highlights the different clinical trials currently underway.
The CATALYST phase 2 randomised platform trial (ISRCTN40580903) is
currently recruiting hospitalised adult patients (> 16 years) with
confirmed diagnosis of COVID-19 with reverse transcription polymerase
chain reaction (RT-PCR) in the United Kingdom. Following diagnosis,
patients are randomised into three active treatment groups; Mylotarg
(anti-CD33), namilumab (anti-GM-CSF) and infliximab (anti-TNF) or the
standard of care treatment group. Those patients randomised into the
infliximab group are given usual care plus a single dose of infliximab
5 mg/kg intravenously and actively followed up for 28 days from this
dose. The primary outcome measure is the ratio of the oxygen saturation
to fractional inspired oxygen concentration (SpO2/FiO2), and second-
ary outcomes include efficacy as measured by time to improvement to
day 7, 14 and 28, clinical observations including CRP, full blood count
(FBQC), ferritin, D-dimer, lactate dehydrogenase (LDH) and triglyceride
levels to day 14, hospital discharge/survival status at day 28 and inci-
dence of adverse events. The trial completed in May 2021 and it is ex-
pected that preliminary data will be released in the next few months.

Tufts Medical Center is currently running a small uncontrolled Phase
2 Trial of infliximab in COVID-19 (NCT04425538). 17 adult patients (>
18 years) with either laboratory confirmed infection by RT-PCR assay or
strongly suspected to be infected with SARS-CoV-2 pending confirma-
tion studies and either respiratory rate of > 30/min, blood oxygen
saturation < 93% on room air, partial pressure of arterial oxygen to
fraction of inspired oxygen ratio (PaO2/FiO2)< 300 or deteriorating
lung involvement have been included. These patients have been treated
with infliximab or the biosimilar infliximab-abda 5 mg/kg
intravenously.

Retreatment with infliximab is permitted at the discretion of the
physician at 1-3 weeks following primary therapy and based on initial
response; the usual treatment schedule is every 2 weeks although given
the uncertainty of outcomes with primary therapy, this interval is not
strict. The primary outcome is time to improvement in oxygenation
sustained for at least 48 h, with various secondary outcome measures
including mortality at 28 days, assessment of cytokine and inflammatory
profile to 48h, incidence and duration of: supplemental oxygen
administration, mechanical ventilation, vasopressor support, extracor-
poreal membrane oxygenation, fever, hospitalisation and secondary
infections to 28 days. The study was expected to be completed in
February 2021 with results expected in due course.

The ACTIV-1 phase 3 randomised control trial (NCT04593940) aims
to evaluate the effectiveness of either infliximab or abatacept (a T cell
co-stimulatory blocker) or cenicriviroc (a CCR2-CCR5 dual antagonist)
in combination with remdesivir. The trial aims to recruit 2160 hospi-
talised or emergency department adult patients (> 18 years) with a
confirmed SARS-CoV-2 diagnosis and ongoing illness as defined as
radiographic infiltrates on imaging, blood oxygen saturation < 94% on
room air, requiring oxygen or ventilator support. Those randomised to
the infliximab arm will be given remdesivir plus a single dose of
infliximab 5 mg/kg intravenously. The primary outcome measure is the
number of patients that recover from COVID-19 by day 29 with sec-
ondary outcomes including number of patients that improved clinically
to 60 days, number of patient deaths by day 14, change in number of
patients hospitalised on invasive mechanical ventilation by day 29 and
number of days in hospital. The study is due to be completed in
September 2021.

The AVID-CC trial is a phase 2 randomised control trial
(ISRCTN33260034) that aims to trial adalimumab in the community for
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Table 2
Trials of TNF inhibitors in COVID-19.
Trial Design Intervention Patient Cases/Controls Status Trial Number
(Country) Cohort
CATALYST Randomised controlled Infliximab vs Nalimumab vs Mylotarg Hospitalized 60 patients per Completed ISRCTN40580903
(UK) platform study - vs Standard intervention arm 1:1 Awaiting results
prospective
Tufts (USA) Uncontrolled single arm Infliximab Hospitalized 17 cases and O controls Awaiting results NCT04425538
study
ACTIV-1 Randomised control Remdesivir + Infliximab vs Remdesivir ~ Hospitalized 2160 patients across 3 Recruiting NCT04593940
(USA) platform study + Abatacept vs Remdesivir interventions and 1
+Cenicriviroc vs Standard control arm
AVID-CC Randomised controlled Adalimumab vs standard Community 375 patients per arm 1:1 Recruiting ISRCTN33260034
(UK) study
COMBAAT Randomised controlled Adalimumab vs standard Community 1444 patients across 2 Pre-recruitment NCT04705844
(USA) study arms 1:1
Xu (China) Randomised controlled Adalimumab vs standard Severe or 30 patients per arm 1:1 Suspended ChiCTR2000030089
study critically ill

preventing progression from community infection to severe disease as
defined by severe illness, critical illness or death. The trial will recruit
750 adults (>18 years) with confirmed SARS-CoV-2 infection, CRP
>50mg/L or lymphopenia (<1.5 x 10°/L) or neutrophilia
(>7.5 x 10°/L) and oxygen saturation >93% on air, across the two arms
of the study — adalimumab and standard of care. Those randomised to
the adalimumab arm will either receive a loading dose of 80 mg or
160 mg subcutaneously and those with persistent symptoms will receive
a second adalimumab dose of 40 mg or 80 mg respectively, after 14
days. Patient follow up will continue until 120 days. The primary
outcome is the rate of progression to severe disease as defined by severe
illness, critical illness, or death from any cause in COVID-19 community
patients at 28 days. Several secondary outcome measures such as
adverse events including serious events, clinical status, admission to
secondary care, incidence of venous thromboembolism and acute kidney
injury are additionally recorded.

The COMBAAT phase 3 randomised double blind placebo controlled
trial (NCT04705844) aims to establish whether treatment with adali-
mumab is associated with a lower rate of progression to severe disease or
death in outpatients with mild-moderate COVID-19. The trial will re-
cruit 1444 patients aged between 40 and 80 years with confirmed SARS-
CoV-2 infection, COVID-related symptoms, CRP >50 mg/L or lympho-
penia (<1.5 x 109/L) or neutrophilia (>7.5 x 109/L) and oxygen satu-
ration >93% on air, across the two arms of the study — adalimumab and
placebo. The experimental arm will receive adalimumab 160 mg sub-
cutaneously. The primary outcome measures are the rate of progression
to severe disease as defined by severe illness or critical illness, or death
in outpatient subjects with COVID-19 to day 28 and the incidence of
adverse events to day 28. Secondary outcomes include clinical status
(using WHO COVID-19 ordinal scale) from first dose to day 120. The
study is expected to start in May 2021 and continue until November
2021.

Another adalimumab trial for severe COVID-19
(ChiCTR2000030089), due to recruit 30 patients in each arm and
commence in February 2020 was suspended due to the pandemic being
controlled in China.

8. Safety considerations in anti-TNF therapy

Use of anti-TNFs for the aforementioned conditions has highlighted
the potential for secondary infections due to the role of TNF in host
defence [95]. Long-term use of antagonists can result in greater risk of
infection due to increased exposure as noted in some patients with
chronic inflammatory conditions, and such risk is compounded with
concomitant chronic glucocorticoid use. Further safety consideration
arises with the possibility of reactivation of latent tuberculosis, which is
again related to exposure. In the case of anti-TNF use for COVID-19,
however, the risk of secondary infection is likely to be much lower as

inhibitors are only likely to be used in the short-term for a single dose or
at most two doses which also potentially eliminates any concerns around
immunogenicity that are now well recognised in recipients of these
products [103-105].

9. Conclusion

The need for effective therapies to reduce disease mortality and
COVID-19 related damage in patients is increasingly evident, despite the
development of vaccination strategies. Based on their mechanism of
action and their demonstrated utility in chronic inflammatory condi-
tions and early feasibility studies in COVID-19, there is a strong case for
TNF inhibitor use in COVID-19. Ongoing randomised trials with
different TNF antagonists will provide information on the effectiveness
of these therapeutic interventions along with the risks of these measures
in COVID-19 therapy. However, given that the disease varies consider-
ably among individual patients, it is likely that tailored approaches
which include combination therapies may be necessary to achieve an
optimal outcome.
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