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COVID-19: Pathophysiology of Acute Disease 2

Interleukin-6: obstacles to targeting a complex cytokine in

critical illness

Oliver ] McElvaney, Gerard F Curley, Stefan Rose-John, Noel G McElvaney

Circulating concentrations of the pleiotropic cytokine interleukin-6 (IL-6) are known to be increased in pro-
inflammatory critical care syndromes, such as sepsis and acute respiratory distress syndrome. Elevations in serum
IL-6 concentrations in patients with severe COVID-19 have led to renewed interest in the cytokine as a therapeutic
target. However, although the pro-inflammatory properties of IL-6 are widely known, the cytokine also has a series of
important physiological and anti-inflammatory functions. An adequate understanding of the complex processes by
which IL-6 signalling occurs is crucial for the correct interpretation of IL-6 concentrations in the blood or lung, the
use of IL-6 as a critical care biomarker, or the design of effective anti-IL-6 strategies. Here, we outline the role of IL-6
in health and disease, explain the different types of IL-6 signalling and their contribution to the net biological effect of
the cytokine, describe the approaches to IL-6 inhibition that are currently available, and discuss implications for the
future use of treatments such as tocilizumab in the critical care setting.

Introduction

The molecule now known as interleukin-6 (IL-6) was
initially named B-cell stimulating factor, having first
been discovered in the mid-1980s by Hirano and
colleagues' as a product of T cells that appeared to
stimulate B cells and enhance antibody production. IL-6
has since emerged as a master regulator of inflammation
and one of the few truly pleiomorphic cytokines,
alongside IL-1 and tumour necrosis factor (INF).

The three-dimensional structure of the cytokine
consists of a four-helix bundle linked by loops and an
additional mini-helix. IL-6 is secreted by a wide range of
cell types under the conditions of infection, inflammation,
or neoplastic disease.”” The gene expression of this
cytokine is controlled by activating nuclear factors such
as nuclear factor (NF)-kB,** NF-IL6, and hypoxia-
inducible factor-1a.* The stimuli driving the transcription
and release of IL-6 are variable, and include the
engagement of Tolllike receptors by bacterial
lipopolysaccharides,’ changes in cellular metabolism,”
pro-inflammatory cytokines such as TNF and IL-1,"* and
viral infection.”

Elevations in IL-6 have been identified in critical
illnesses such as sepsis, acute respiratory distress
syndrome (ARDS), and, most recently COVID-19,
prompting consideration of the use of therapies designed
to inhibit the biological effects of the cytokine. Although
the pro-inflammatory effects of IL-6 are well recognised,
there are many instances in which it functions as an anti-
inflammatory or protective molecule. IL-6 is essential for
innate and adaptive immunity, is required for efficient
pathogen clearance, and has an important physiological
role in humans, regulating the acute-phase response,
haematopoiesis, metabolic rate, lipid homoeostasis, and
neural development (figure 1).? It would seem reasonable,
therefore, that any attempt to target the pathological
effects of IL-6-mediated inflammation should aim to
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avoid the unintentional concomitant abolition of its anti-
inflammatory and pro-resolution effects. To achieve this
balance—and to properly interpret IL-6 concentrations in
the blood or lung as biomarkers of disease status—an
adequate understanding of IL-6 signalling is crucial.

IL-6 signalling

The soluble receptor

Three principles are central to understanding IL-6
signalling. The first is that, for signal transduction to
occur, IL-6 must first bind the IL-6 receptor (IL-6R), after
which the resultant complex must associate with a second
protein called glycoprotein 130 (gp130).** The second
principle is that IL-6R is a membrane-bound receptor
expressed by only a few cell types, most notably
hepatocytes and some leucocytes such as macrophages
and T-cell subsets, whereas gp130 is expressed by all cell
types.” ™ Finally, IL-6 has an affinity for IL-6R but not for
gp130,* which means that IL-6 will not bind gp130 directly
and must instead be part of a complex with IL-6R to do so.

In healthy states, these principles mean that there are
essentially two categories of cells: those that express both
IL-6R and gp130 and are naturally IL-6-responsive, and
those that express gp130 but not IL-6R and therefore
cannot respond to the cytokine. IL-6 signalling via its
membrane-bound cognate receptor is termed classical
signalling (figure 2).

However, in pro-inflammatory states, the framework
shifts. Cleavage of IL-6R from the cell surface, and to a
minor extent alternative splicing, generates a soluble
form, sIL-6R. The key enzyme that undertakes this
cleavage event is disintegrin and metalloprotease
domain-containing protein 17 (ADAM-17), which is
activated in response to inflammation and infection.”
Crucially, sIL-6R retains the ability to bind its ligand
IL-6. Moreover, the IL-6—sIL-6R complex that ensues is
capable of binding gp130. Under these circumstances,
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Key messages

IL-6 is best known for its pro-inflammatory effects. However, this pleiomorphic cytokine
also has anti-inflammatory, pro-resolution, and regenerative properties, is important for
pathogen clearance, and triggers the release of acute-phase proteins via the liver.

IL-6 signalling

IL-6 binds the IL-6R, after which the IL-6-1L-6R complex must associate with a second
protein, gp130, before signal transduction can occur; gp130 is present in all cells
Signalling via membrane-bound IL-6R is termed classical signalling; only the few cell
types that express IL-6R, most notably hepatocytes and macrophages, can respond to
IL-6 under normal circumstances

In trans-signalling, ADAM-17-mediated cleavage of IL-6R during acute inflammation
generates a soluble receptor that readily binds IL-6 away from the cell surface; the
resultant IL-6-sIL-6R complex can bind cellular gp130, enabling cells that do not
express IL-6R to become responsive to IL-6

Anti-inflammatory and antibacterial activities of IL-6 are mediated by classical
signalling, whereas pro-inflammatory effects are mediated by trans-signalling

Strategies for blocking IL-6

Monoclonal antibodies against IL-6R, such as tocilizumab, do not discriminate
between classical signalling and trans-signalling, but instead block both

Potential pharmacological alternatives are in development to selectively inhibit trans-
signalling or modulate the JAK-STAT pathway through which IL-6 signals

Interpreting IL-6 measurements

The net biological effect of IL-6 is established by multiple factors beyond its absolute
concentration; understanding of the balance of these factors is crucial for the accurate
interpretation of serum IL-6 measurements

Attempts to compare diseases or syndromes on the basis of isolated IL-6
measurements are limited by differences in assay type used, timing of sampling,
sample processing, and concomitant pharmacotherapy, all of which influence the IL-6
concentration detected

Implications for future studies

Clinical trials of interventions should target specific phenotypes and be informed by
mechanistic studies

Treatment focused on changing absolute concentrations of cytokines such as IL-6
might represent a double-edged sword; therapeutic approaches that address
underlying cause of cytokine elevations are more likely to be beneficial

This approach might also lead to the development of new therapies for critical care
syndromes, as opposed to the repurposing of pre-existing therapies designed for other
conditions

ADAM-17=disintegrin and metalloprotease domain-containing protein 17. gp130=glycoprotein 130. IL-6=interleukin-6.
IL-6R=interleukin-6 receptor. JAK=Janus kinase. sIL-6R=soluble interleukin-6 receptor. STAT=signal transducer and activator of
transcription.
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since gpl130 is ubiquitously expressed, IL-6 can bind
cells that are otherwise unresponsive to the cytokine
and induce signalling. This process, termed trans-
signalling (figure 2),” explains why epithelial cells,
smooth muscle cells, and endothelial cells have a
pronounced and rapid response to IL-6 in critical illness,
and identifies ADAM-17 as a potential therapeutic
target.

ADAM-17 orchestrates many signalling pathways other
than those pertaining to IL-6. In cancer, its proteolytic
effects provide a supply of previously membrane-bound

ligands for the epidermal growth factor receptor; it also
drives autoimmunity by cleaving the transmembrane
protein TNF to make it systemically available.

There is one further non-classical means by which IL-6
signalling can occur. This method, known as trans-
presentation, involves the antigen-specific interaction of a
dendritic cell (which produces the IL-6 signal) and a T cell
(which receives it), resulting in the commitment of the
T cell to a highly tissue-destructive phenotype (figure 2).22*

As a rule, the anti-inflammatory, pro-resolution, and
anti-bacterial activities of IL-6 are mediated by classical
signalling, whereas the pro-inflammatory activities of
IL-6 are mediated by trans-signalling, and at times by
trans-presentation.””'

The buffer in the blood

The next key concept regarding the in vivo biology of IL-6
is that of the buffer in the blood. IL-6 binds to the IL-6R
with a medium to high affinity on the order of 1 nM.
However, the affinity of the IL-6-IL-6R complex for
gp130, be it membrane-bound or soluble, is substantially
higher, at approximately 10 pM or 100 times more than
that of IL-6 for its cognate receptor. Consequently, when
all three components are present, IL-6 will preferentially
bind IL-6R and the IL-6-IL-6R complex will then bind
gp130. Notably, soluble forms of gp130 (sgp130) also
exist, generated by alternative RNA splicing.? Therefore,
although the interaction between the IL-6-sIL-6R
complex and membrane-bound gpl130 forms the basis
for trans-signalling and its attendant hazards, the
interaction of sgp130 with this complex presents an
opportunity to neutralise its effects.

The serum concentrations of IL-6 found in healthy
individuals are low, around 1-5 pg/mL. These amounts
are only slightly more than the lower limit of detection
for most commercially available assays. Curiously,
circulating concentrations of sIL-6R are much higher,
approximately 40-75 ng/mL, with sgp130 even higher
again, at 250400 ng/mL. The molecular weight of IL-6 is
20 kDa, sIL-6R is 55 kDa, and sgp130 is 100 kDa. On the
basis of the circulating concentrations of these proteins, a
3-5-times molar excess of sgpl30 over sIL-6R is
sometimes inferred, but since sgpl30 exists
predominantly as a dimer in vivo, the true excess is closer
to 2 times. Therefore, it is apparent that the capacity
provided by this buffering system is limited and is
determined by the sIL-6R concentration.”” Conventional
dendritic cells are a major source of circulating sIL-6R
and set the in-solution persistence of IL-6, thereby
regulating its signalling systemically.”

The buffer offers a reasonable amount of protection
from acute or chronic low-level elevations in IL-6 and
sIL-6R, but in the acute phase of some inflammatory
states, such as meningococcal sepsis or cytokine release
syndrome, the buffer is overwhelmed. This is not due to
increases in IL-6—which can reach even microgram
concentrations—per se, but rather a parallel surge in
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sIL-6R, which increases as much as 10 times in these
conditions and easily exceeds the more modest increases
in sgp130.

Inhibiting the biological effects of IL-6

Although specific receptors for individual ligands do
exist, most receptors—especially those involved in signal
transduction—are bound by multiple ligands, meaning
that there are fewer receptors than there are signalling
proteins. The implication of this imbalance is that
directly inhibiting a given cytokine should offer increased
precision and fewer off-target effects than the blockade of
its receptor, since the approach of direct cytokine
inhibition does not prevent other cytokines that use the
same receptor from initiating their own signalling
cascades and exerting their biological effects. As the
inhibition target moves further downstream to kinases
and transcription factors, the loss of specificity
increases.”

The difficulty with IL-6 is its substantial pleiotropy, a
characteristic that presents the unenviable task of trying to
inhibit the bad while preserving the good. This challenge
is reflected in the many different anti-IL-6 agents
developed to date, and their various mechanisms of action
(table; figure 3). Many of the anti-IL-6 therapies that are
available can only be administered orally, which represents
a limitation, since the absorption of enteral drugs is highly
variable in patients with critical illness.

Blocking IL-6R
By far the most widely studied method of inhibiting the
effects of IL-6 is the use of monoclonal antibodies, such
as tocilizumab, that are directed against the IL-6R.
Tocilizumab neutralises IL-6 activity by binding the IL-6R
at the IL-6-binding epitope.” Since the initial approval of
tocilizumab for the treatment of Castleman disease (a
rare lymphoproliferative disorder),” it has also been
licensed for use in rheumatoid arthritis, systemic
arthritis, juvenile idiopathic arthritis, adult-onset Still’s
disease, Takayasu’s arteritis, giant cell arteritis, and
chimeric antigen receptor T-cell-induced cytokine release
syndrome.>”**» Additionally, a second monoclonal
antibody, sarilumab, has received approval for the
treatment of rheumatoid arthritis and Castleman disease.

The main limitation of tocilizumab is that it does not
discriminate between classical signalling or trans-
signalling, but instead blocks all IL-6R signalling, thereby
inhibiting the aforementioned protective and reparative
functions of IL-6 mediated by classical signalling.*®* In
patients given tocilizumab, an increased incidence of
bacterial infection has been observed, as have elevated
concentrations of serum transaminases and dyslipidaemia,
pancreatitis, and intestinal perforation, particularly in
those who are also receiving corticosteroids.

Of additional concern, the effects of tocilizumab cannot
be reversed after administration, and at high serum
concentrations, it has a terminal half-life of approximately
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Figure 1: The pleiotropic effects of IL-6

IL-6, which consists of a four-helix bundle, is a master cytokine that exerts various biological effects. In addition to
driving inflammation, fever, cytokinaemia, and tumorigenesis, IL-6 regulates metabolism, bone turnover, and
haematopoiesis, and is essential for innate and adaptive immunity. In the liver, IL-6 contributes to tissue
regeneration, lipid balance, and induction of the acute-phase response. This cytokine also promotes macrophage
polarisation from the pro-inflammatory M1 state to an anti-inflammatory M2 phenotype and is required for the
proliferation of the intestinal epithelium. IL-6=interleukin-6. RANKL=receptor activator of nuclear factor-«B
ligand. VEGF=vascular endothelial growth factor.
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Figure 2: The different types of IL-6 signalling

In classical signalling, IL-6 binds the membrane-bound IL-6R to form an
IL-6-1L-6R complex, which subsequently associates with gp130 to generate
signal transduction via the JAK-STAT pathway. IL-6 can also bind to soluble
forms of the IL-6R before converging on gp130 (trans-signalling), or be trans-
presented from dendritic cells via their membrane-bound IL-6R to T cells (trans-
presentation). In general terms, classical signalling causes the physiological,
anti-inflammatory, and pro-resolution effects of IL-6, with the pathological
effects of the cytokine mediated by trans-signalling and trans-presentation.
Importantly, monoclonal antibodies against IL-6R, such as tocilizumab, do not
discriminate between these signalling types, and instead block all IL-6 signalling.
gp130=glycoprotein 130. IL-6=interleukin-6. IL-6R=interleukin-6 receptor.
JAK=Janus kinase. sIL-6R=soluble interleukin-6 receptor. STAT=signal transducer
and activator of transcription.

16 days. Although its halflife does not necessarily
preclude the use of this drug, an inability to change
course in patients more prone to sudden fluctuation (eg,
in clinical, biochemical, haemodynamic, or ventilatory
variables) than stable outpatients receiving the therapy
for rheumatological disease might prove problematic.
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Route Target Conditions and phase of development Comment
Biologics
Clazakizumab  Intravenous IL-6 (site1)  Rheumatoid arthritis and antibody-mediated rejection (renal Multiple phase 2 COVID-19 studies recruiting, most not placebo-
transplantation; phase 2) controlled; phase 2 study in psoriatic arthritis showed no dose
effect
Sirukumab Subcutaneous IL-6 (site1)  Depression (phase 2) Phase 3 study in rheumatoid arthritis discontinued (increased rate
of respiratory tract infections); phase 2 study in lupus nephritis
discontinued
Siltuximab Intravenous IL-6 (site1)  Castleman disease (approved); multiple myeloma and amyloid light- Multiple phase 2 COVID-19 studies recruiting
chain amyloidosis (phase 2)
Olokizumab Subcutaneous IL-6 (site3)  Rheumatoid arthritis (phase 3) and COVID-19 (phase 2 and 3) Phase 2 study in Crohn’s disease discontinued because of delay in
timelines
Tocilizumab Subcutaneous IL-6R Rheumatoid arthritis, juvenile idiopathic arthritis, Castleman disease, Prospective, double-blind RCTs showed no mortality benefit in
and intravenous giant cell arteritis, cytokine release syndrome, and Takayasu's arteritis COVID-19; mixed results in open-label trials in COVID-19; high-
(approved); COVID-19 and neuromyelitis optica (phase 2) dose group of phase 2 study in systemic lupus erythematosus
stopped on safety grounds
Sarilumab Subcutaneous IL-6R Rheumatoid arthritis (approved); COVID-19 (phase 3) Unsuccessful in COVID-19 so far
Vobarilizumab ~ Subcutaneous  IL-6R Rheumatoid arthritis and systemic lupus erythematosus (phase 2) Progressing to phase 3 in rheumatoid arthritis despite missing
primary endpoint (difference in ACR20 response at week 12) in
phase 2
Olamkicept Intravenous IL-6 and Inflammatory bowel disease (phase 2) Inhibitor of trans-signalling
sIL-6R
Small-molecule inhibitors
Tofacitinib Oral JAK1, JAK2, Rheumatoid arthritis, juvenile idiopathic arthritis, ankylosing Multiple phase 2 COVID-19 studies recruiting; clinical benefit
and JAK3 spondylitis, and Crohn’s disease (approved); psoriatic arthritis, psoriasis, “might reflect inhibition of cytokines other than IL-6
alopecia areata, and ulcerative colitis (phase 3); scleroderma (phase 2)
Ruxolitinib Oral JAK1 and Myelofibrosis and polycythaemia rubra vera (approved); graft-versus-  Multiple phase 1 and 2 and one phase 3 COVID-19 studies
JAK2 host disease, polycythaemia rubra vera, vitiligo, and atopic dermatitis recruiting; clinical benefit might reflect inhibition of cytokines
(phase 3); acute myeloid leukaemia, chronic lymphocytic leukaemia, other than IL-6
essential thrombocythaemia, haemophagocytic syndrome, and
bronchiolitis obliterans syndrome (phase 2)
Baricitinib Oral JAK1 and Rheumatoid arthritis (approved); juvenile idiopathic arthritis, systemic ~ Phase 2 trials in COVID-19 completed; prospective RCT data for
JAK2 lupus erythematosus, alopecia areata, psoriaisis, and uveitis (phase 3); ~ COVID-19 not yet available
COVID-19 (phase 2 and 3); giant cell arteritis (phase 2)
Filgotinib Oral JAK1 Rheumatoid arthritis, Crohn’s disease, and ulcerative colitis (phase 3); Selective for JAK1; approval by the US Food and Drug
psoriatic arthritis, ankylosing spondylitis, lupus nephritis, and Sjogren’s  Administration for use in rheumatoid arthritis denied on safety
syndrome (phase 2) grounds
Upadacitinib Oral JAK1 Rheumatoid arthritis, juvenile rheumatoid arthritis, psoriatic arthritis, ~ Selective for JAK1
ankylosing spondylitis, Takayasu’s arteritis, giant cell arteritis, Crohn’s
disease, ulcerative colitis, and atopic dermatitis (phase 3)
Abrocitinib Oral JAK1 Atopic dermatitis (phase 3) Selective for JAK1
Decernotinib Oral JAK3 Rheumatoid arthritis (as VX-509; phase 3) Specific for JAK3

Status as of Jan 31, 2021. Phase 1 studies not listed. IL-6=interleukin-6. IL-6R=interleukin-6 receptor. RCT=randomised controlled trial. sIL-6R=soluble interleukin-6 receptor.

Table: Anti-IL-6 agents in the clinical drug development pipeline

Furthermore, the safest way to wean acutely unwell
patients from this therapy has yet to be agreed.

Blocking IL-6 directly

Early attempts to directly inhibit IL-6 involved the use
of neutralising antibodies against the cytokine.
Although these antibodies had a degree of efficacy in
multiple myeloma,” the size of the complexes that
ensued meant that they could not be adequately excreted
by the kidney, with circulating IL-6 increasing to
milligram concentrations. At this point, IL-6 began to
dissociate off the antibody.*** The severe side-effects
that ensued, which included persistent fever, fatigue,
bone pain, and hypercalcaemia, reduced the enthusiasm
for this approach.

646

IL-6 has three distinct binding sites (sites 1, 2, and 3),
each of which represents a target for monoclonal
antibodies (figure 3). IL-6 binds the IL-6R via site 1, with
the establishment of the IL-6-IL-6R complex causing
gp130 to attain a dimer conformation. IL-6 then binds
both dimerised gp130 molecules, one via site 2 and the
other via site 3.%* The same binding sites and sequence
of events apply when the soluble forms of IL-6R and
gp130 are involved.

Neutralising gp130

gp130 is present in all cell types, and because it functions
as a signalling receptor for many cytokines other than
IL-6,” neutralising antibodies against gp130 stand to
interfere with multiple signalling pathways.*® Results
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from in vivo animal models have not been encouraging:
mice deficient for gp130 do not survive after birth, and
gp130 ablation in cardiac myocytes is a critical event in
the onset of heart failure during biomechanical stress.”?*
No pharmacological gp130 blockers are in clinical studies
at present.

Interfering with JAK-STAT signalling

JAK1, JAK2, JAK3, and TYK2 make up the Janus kinase
(JAK) family of cytoplasmic tyrosine kinases,” with
JAK1 thought to be the dominant kinase activated by
IL-6 in vivo.®* However, the development of small
molecules capable of selectively blocking JAK1 while
preserving the other three kinases has been hampered
by the extensive amino acid sequence homology among
these kinases.”

Despite this challenge, a small number of JAK1-specific
inhibitors, including filgotinib—which displays a
30-times greater selectivity for JAK1 than JAK2,” and is
orally administered—and upadacitinib, have made it
to phase 3 clinical trials in rheumatoid arthritis and
inflammatory bowel disease.** Other agents, such as
ruxolitinib, tofacitinib, and baricitinib, competitively
inhibit JAK1 but do not have the same degree of
selectivity, and are associated with an increased risk of
viral respiratory tract infection, presumably because
of compromised interferon responses.”

The transcription factor signal transducer and activator
of transcription 3 (STAT3) is phosphorylated by JAKs
following their activation by IL-6. Once phosphorylated,
STAT3 dimerises and translocates to the nucleus, where it
binds to specific DNA tandem motifs and induces the
transcription of target genes (figure 3). The inhibition of
STAT?3 is difficult.? The protein is essential for mammalian
development, and its deletion in mice is lethal.®
Furthermore, because STAT3 is an intracellular protein, it
is impervious to antibodies, since they are unable to
permeate the cell membrane. To date, efforts to inhibit
STAT3 have focused primarily on peptides that prevent
STAT3 phosphorylation or dimerisation before its nuclear
translocation.”

Inhibiting trans-signalling

In the event that targeted inhibition of the inflammation
driven by IL-6 is required, specific inhibition of IL-6 trans-
signalling should preserve the anti-inflammatory and
antibacterial properties of the cytokine, and might therefore
represent a more beneficial and safer strategy. The sgp130Fc
protein olamkicept,” which is currently in phase 2 trials in
inflammatory bowel disease, acts to supplement the sgp130
component of the blood buffer described earlier, leaving
IL-6 signalling via membrane-bound IL-6R unaffected.”
The concept of inhibiting trans-signalling with Fc proteins
is informed by head-to-head animal studies comparing
global IL-6R blockade versus sgp130Fc, in which sgp130Fc
negated the pathological effects of IL-6 without
compromising pathogen clearance.”** Similarly, transgenic
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Figure 3: Pharmacological approaches to inhibiting the biological effects of IL-6
IL-6 can be inhibited directly at site 1, site 2, or site 3. The IL-6R can be blocked at the IL-6-binding site by the

monoclonal antibodies tocilizumab, sarilumab, and vobarilizumab. The sgp130Fc olamkicept blocks IL-6 trans-
signalling by neutralising the IL-6-sIL-6R complex before it can interact with cellular gp130. Within the cell, JAKs
can be blocked by small-molecule kinase inhibitors of variable selectivity. IL-6=interleukin-6. IL-6R=interleukin-6

receptor. JAK=Janus kinase. STAT=signal transducer and activator of transcription. Tyk=non-receptor tyrosine-

protein kinase.

mice that overexpressed sgpl30Fc were protected from
inflammation and displayed resistance to IL-6-mediated
disease.”*

IL-6 as a biomarker in critical illness

Measuring IL-6 concentrations

Measuring circulating concentrations of IL-6, and
interpreting the results, is not straightforward. The
cytokine peaks at different times in different illnesses,
making the timing of sampling especially important. In
the ProCESS sepsis trial, for example, plasma IL-6
concentrations were 400-1100 pg/mL at the first blood
draw after randomisation, but decreased to approximately
55 pg/mLat72h.*

The magnitude of the IL-6 response to infection is, in
absolute terms, also variable between patients and is age-
dependent.” Furthermore, exercise, alterations to the
circadian rhythm, concomitant pharmacotherapy, and
immunometabolic comorbidities such as obesity can also
influence circulating IL-6 concentrations and IL-6
release.”* Factors relating to the processing and handling
of samples also stand to influence assay measurements.**
Delays in processing are particularly relevant, since IL-6
and other cytokines are released spontaneously from blood
cells over time or after the priming of these cells in samples
that are agitated or shaken when being transported to the
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laboratory.”® This makes the practice of processing blood
samples in batches after long periods of time in storage at
room temperature unsuitable for cytokine studies.®
Circulating immune cells are additionally susceptible to
activation by temperature shifts during sample processing,
and longer centrifugation at high speeds. Cytokine
measurements in samples that are substantially diluted in
assay buffers also stand to be affected before analysis.”
This effect is problematic, since many of the clinical lab
assays currently available have been optimised for the
concentration range observed in chronic inflammatory
diseases, rather than the concentrations present in critical
illness. Methodological differences in the measurement of
IL-6, coupled with changes in test precision as
manufacturers revise assays over time, have made
comparisons between COVID-19 studies and historical
data from ARDS and sepsis more difficult to interpret.
Ultimately, given what is known about the biology of
IL-6, to compare IL-6 concentrations between syndromes
in isolation, without consideration of the factors that
determine its biological effects, might lead to conclusions
that are somewhat misleading. There are additional
limitations to these analyses, however, that merit further
consideration. Some of the comparisons between
COVID-19 and ARDS,*® for example, focused on large
clinical COVID-19 studies™* done at the outset of the
pandemic, while omitting studies that, despite smaller
numbers, concentrated more on inflammatory mediators
than clinical characteristics. Of the COVID-19 studies
evaluated, many had incomplete data, used varying
criteria for admission to hospital or an intensive care unit
(ICU), applied arbitrary definitions of disease severity,
were retrospective, and included many patients already on
therapies known to influence cytokine concentrations.”*
That the prevailing practice in many centres at the time
was to pre-emptively intubate deteriorating patients with
COVID-19%® is also consequential. Not all of these
patients had ARDS. This fact is important, since one of
the hallmarks of ARDS is an increase in alveolar
permeability,® which amplifies the leakage of cytokines
from the lung. Furthermore, translocation of the inciting
inflammatory stimulus might also occur: patients with
ARDS who have positive blood cultures are, by definition,
more likely to have higher concentrations of circulating
cytokines, since their blood and vascular cells are exposed
directly to lipopolysaccharides and other bacterial or
fungal components; the same principle applies to patients
with sepsis. Inclusion of these individuals in comparisons
with patients who have viral pneumonia might therefore
be ill advised. It is worth noting that historical mean
serum IL-6 concentrations quoted by large ARDS
randomised control trials (RCTs) such as ALVEOLI,
ARMA, FACCT, and SAILS also vary considerably.”*”
Interpretation of these initial COVID-19 IL-6 data is
further clouded by the timing of sampling, which varied
across most studies and was undefined in others.*¥7*
In some cases, the IL-6 measurements quoted for

patients who went on to require ICU support were
obtained at their admission to hospital. As a result, it
could be speculated that the serum IL-6 values quoted
for some patients categorised as having “critical”
COVID-19 in these studies might actually apply to a
timepoint that preceded their deterioration to the point
of becoming critically unwell.

Even allowing for these factors, however, the serum
concentrations of IL-6 described by several of these early
COVID-19 studies were unusually low given the
C-reactive protein (CRP) concentrations reported in the
same patients.”* Circulating IL-6 is the primary inducer
of CRP from the liver, acting via the membrane-bound
IL-6R. This discrepancy might be partly explained by the
use of clinically based assays to measure IL-6, which are
known to be less sensitive than currently available
research-grade assays. Indeed, a series of more recent
cytokine-focused prospective studies of critically unwell
patients with COVID-19 reported substantially higher
IL-6 concentrations than those previously described
using clinical IL-6 measurements, both in absolute terms
and relative to other inflammatory airway conditions
such as ARDS or severe community-acquired
pneumonia.”'®

Interpreting IL-6 concentrations

It should be emphasised that for any cytokine, isolated
elevations after a pathogenic stimulus do not automatically
identify a patient whose clinical condition is deteriorating
and might instead be indicative of a vigorous
inflammatory response that is proportionate to the
magnitude of the insult. By corollary, the possibility that
elevated concentrations of IL-6 in critical illness are
compensatory should also be considered, with additional
upregulation of IL-6 seen in patients who go on to have a
poor outcome representing a futile attempt to overcome a
signalling pathway that is insufficiently responsive. In
polymicrobial sepsis, for example, it has been shown that
the phosphorylation of gp130 and STAT3 is decreased,
with subsequent impairment of IL-6 signal transduction
despite markedly increased serum IL-6."° Although this
decrease could be viewed as a protective adaptation, it
would also be consistent with the development of sepsis-
induced immunosuppression, an occurrence often
invoked as a mechanism of sepsis-associated mortality
and morbidity.

The cytokine storm and IL-6R blockade in
COVID-19

At the outset of the SARS-CoV-2 pandemic, the
combination of elevated concentrations of circulating
IL-6, lactate dehydrogenase, CRP, and ferritin in febrile
and critically unwell patients with COVID-19 fuelled
comparisons with cytokine release syndrome, and the
adoption of the term cytokine storm.*** Unlike cytokine
release syndrome, a cytokine storm is an undefined
descriptor that does not have a clear pathophysiology and
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does not constitute a diagnosis; it is, therefore, essentially
meaningless in the context of COVID-19.

Unfortunately, the widespread acceptance of the term
prompted the off-label use of tocilizumab and other
immunomodulators in many centres.”™ It is
understandable that in the absence of any approved
COVID-specific therapeutics, clinicians faced with an
overwhelming surge of severe cases felt compelled to
intervene. However, the use of tocilizumab in these
instances, although undoubtedly well intentioned, was
undertaken in the absence of definitive evidence of
survival benefit.

Despite an effect on mortality being initially suggested
by several retrospective observational studies,'” ™"
prospective  clinical trial data have been less
convincing. ™™  Of particular interest, in two
randomised, double-blind, placebo-controlled trials
done by the drug’s manufacturer—COVACTA™ and
EMPACTA™—no significant effect on 28-day survival
was observed, with a further randomised double-blind,
placebo-controlled study of tocilizumab administered
early in the course of disease corroborating these
findings."™ A US-based trial investigating sarilumab in
COVID-19 was also stopped early," as was a Brazilian
trial studying tocilizumab in COVID-19, after an
increased number of deaths in the tocilizumab group.™

Another potential pitfall of applying monoclonals
designed for chronic diseases to acute conditions with a
more pronounced inflammatory response is that general
IL-6R blockade also inhibits the acute-phase response,
preventing the production and release of protective
endogenous antiproteases such as al-antitrypsin (AAT) by
the liver."® AAT is best known as an irreversible inhibitor of
neutrophil elastase, an omnivorous serine protease
released by activated or disintegrating neutrophils and a
recognised cause of lung tissue damage and airway
inflammation in acute pulmonary infection and ARDS.*-'#
In addition to its antiprotease effects,™ AAT is a potent
anti-inflammatory and immunomodulator.”* AAT binds
the potent neutrophil chemoattractant IL-8 to prevent
excessive neutrophil infiltration,” blocks the in vivo
biological effects of TNF,”™ regulates complement,” and
inhibits ADAM-17" Of particular relevance to critical
illness, AAT also modulates the production and activity of
several key pro-inflammatory cytokines, including the
aforementioned IL-1B, IL-6, IL-8, and TNF, 212612751 yhile
preserving the production of the anti-inflammatory and
pro-resolution cytokine IL-10."

In forecasting the potential sequelae of abolishing this
protective response via blanket inhibition of IL-6
signalling, the clinical and biochemical consequences of
abrupt cessation of AAT replacement therapy in patients
with a severe hereditary deficiency of the protein are
informative. Withdrawal of treatment in these individuals
resulted in marked increases in the concentrations of
IL-1, IL-6, IL-8, and TNF, the loss of IL-10, and increased
exacerbations, hospital admissions, and progression to
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respiratory failure.” In patients with COVID-19, an
increased ratio of IL-6 to AAT is observed in individuals
with more severe disease, and failure to normalise this
ratio is associated with poor outcome in those requiring
intubation and mechanical ventilation." In this regard,
the use of tocilizumab or sarilumab as an acute
therapeutic in the critical care setting should be
approached with caution in some individuals. Based on
the available data, clinical practice guidelines from the
US National Institutes of Health™ and the Infectious
Diseases Society of America™ have advised against the
use of tocilizumab monotherapy in COVID-19 outside of
a clinical trial setting.

This advice notwithstanding, it would be premature to
write off the use of tocilizumab entirely. The results of
the RECOVERY and REMAP-CAP trials were published
in February, 2021, shortly after we completed the
literature search for this Series paper. Although neither
study demonstrated a mortality benefit from tocilizumab
alone, both suggest a benefit from the addition of
tocilizumab to high-dose dexamethasone. Preliminary
results from the RECOVERY trial** identified a modest
reduction in 28-day mortality in patients treated with the
combination of steroid and tocilizumab versus steroid
alone. Mortality was 4-5% higher in patients who
received tocilizumab monotherapy compared with those
who did not receive tocilizumab or steroids, although
this difference was not statistically significant. Of
particular interest is the question of whether the mortality
effect of tocilizumab plus dexamethasone identified in
RECOVERY is sustained beyond 28 days, representing a
true reduction, rather than merely a delay, in mortality.

The REMAP-CAP study™ of tocilizumab or sarilumab
versus standard care in critically ill patients with
COVID-19 receiving organ support in the ICU found
improved outcomes (organ support-free days) to 21 days
and improved 90-day survival in patients receiving both
an IL-6R antagonist and high-dose steroids. Whether this
effect would have been observed had the steroid dose
been increased further, rather than supplemented with
tocilizumab, has yet to be fully determined. Further
studies that characterise the precise subgroup of patients
that is most likely to benefit from the combination of
dexamethasone and tocilizumab, as well as the optimal
time to institute such a strategy, are eagerly awaited.

It should be noted that the absence of an effect on
mortality does not necessarily mean that a drug is
ineffective. The long-term sequelae of COVID-19 have
yet to be fully determined, but worrying descriptions of
COVID-related syndromes have already begun to
emerge. IL-6 is known for its involvement in prolonged
fever, hypercoagulability, depressive disorder, and
arthralgia, for example, the incidences of which appear to
be increased during or after COVID-19."** It is possible
that, for those who survive, an effect on morbidity in
response to a reduction in the IL-6 burden might yet be
identified.
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Search strategy and selection criteria

We searched MEDLINE and PubMed for reviews, meta-analyses, clinical trials, and original
research articles on interleukin-6 (IL-6) biology, signalling, and inhibition relevant to
critical illness syndromes, published in English between Jan 1, 1986, and Jan 31, 2021,
using the terms “interleukin-6", “IL-6", “IL-6R", “beta 2-interferon/hepatocyte-
stimulating factor/interleukin 6", “BSF-2", “Janus kinase”, “JAK", “JAK/STAT", “gp130”,
"cytokines”, “cytokinemia”, “ARDS", “acute respiratory distress syndrome”, “sepsis”,
“coronavirus”, “SARS-CoV-2", “COVID-19", “COVID”, “pneumonia”, and “tocilizumab”.
Other relevant articles published between 1986 and 2021 were identified through
searches of the authors’ personal files and in Google Scholar and Springer Online Archives
Collection. Articles generated by these searches and relevant references cited therein were
reviewed. ClinicalTrials.gov and other databases were searched for ongoing trials. Peer-
reviewed papers were favoured, but key preprints were reviewed and cited in this Series
paper if no alternative was available. The final list of references was selected with the aim
of providing a broad overview of IL-6 signalling, the potential roles of IL-6 in health and
disease, and the challenges of targeting IL-6 in critical illness. Reports of findings from the
RECOVERY and REMAP-CAP studies, which were published in February, 2021, shortly after
we completed the literature search for this Series paper, were included.

When analysing data from placebo-controlled studies
of tocilizumab in COVID-19, the role of IL-6 as a CRP
inducer should be considered, since the abolition of
serum CRP caused by IL-6 blockade risks unblinding
the study. By the same token, studies evaluating
tocilizumab for COVID-19 that do not match for IL-6
concentrations at enrolment should match cohorts for
CRP, since groups with a high CRP—and, by extension,
high concentrations of circulating IL-6—might have
more to gain from an anti-IL-6 therapy. Furthermore,
the timing of studies relative to one another should be
factored in, not only because of changes in the criteria
for hospital or ICU admission during the pandemic, but
also because of the widespread adoption of steroids as
standard of care for critically unwell patients with
COVID-19. This change should be considered when
interpreting data from the tocilizumab arms of the
open-label REMAP-CAP and RECOVERY trials, for
example, where recruitment coincided with the
publication of outcome data from the steroid arm of
RECOVERY.* Although the assessment of tocilizumab
monotherapy might be unclear as a result, and despite
the inherent limitations of an open-label trial design,
the results of REMAP-CAP and the tocilizumab group
of RECOVERY nevertheless provide useful insights into
the role of tocilizumab as an adjunctive therapy to

steroids.

Implications for non-COVID-19 ARDS
Although initial COVID-19 treatment

inflammatory processes involved in critical illness.
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algorithms
might have been extrapolated from syndromes such as
ARDS and sepsis, the experience and knowledge gained
from the COVID-19 pandemic should be applied to future
studies of these syndromes in the ICU. The application of
this knowledge is needed especially for studies of

Although highly powered studies are clearly desirable,
the accurate measurement of cytokines and identification
of signalling cascades is a delicate process. It is possible
that smaller and more detailed mechanistic, cellular, and
biomarker-focused studies might yield more informative
results than larger studies that rely on banked samples
from previous RCTs. Substantial work has already been
undertaken to identify ARDS subphenotypes that might
enrich such studies.” In the event that future biomarker
studies in ARDS are still linked to clinical trials, the
inclusion of additional parallel control groups as points of
reference would improve the applicability of the data
generated.

Despite the fact that biomarkers are promising to
clinicians and researchers, they need to be interpreted in
context. In the case of IL-6, an absolute concentration of
this cytokine in isolation is largely unhelpful, given the
complex interplay between circulating concentrations of
the cytokine itself, the soluble receptor, gp130, and
ADAMS-17, and the variation in each of these contributors
between different inflammatory states and even different
people. In the COVID-19 pandemic, it has become
increasingly clear that the concept of cytokine balance is a
superior predictor of outcome than are measures of IL-6
or other cytokines alone, with a blunting or loss of anti-
inflammatory protection associated with a worse
outcome.™"

It is possible that anti-IL-6 strategies might prove to be
more effective in some inflammatory ARDS subgroups,
or in ARDS with a specific cause. However, cytokines
such as IL-6 are ultimately byproducts of an underlying
inflammatory process. To avoid falling into the trap of
treating a number rather than a person, and to better
identify the patients who stand to benefit, it is necessary
to redouble efforts to understand the mechanisms
driving this inflammation.

Conclusions and future directions

The COVID-19 pandemic has provided many clear
examples of what not to do when it comes to generating
new knowledge and integrating this into practice, from
uncontrolled case series, opinion being touted as
evidence in high-impact journals, retracted studies, and
questionable medical advice via social media. However,
the challenges encountered might have a net positive
effect on the study of critical illness syndromes such as
ARDS by providing the impetus required to properly
incorporate the concept of precision medicine into
clinical trials, so as to get the right treatment to the right
patient at the right time.

The present cornerstone of ARDS management is
meticulous supportive care, such as low tidal volume
ventilation and prone positioning in moderate-to-severe
ARDS, both of which have been shown to reduce
mortality.”* However, ARDS is a heterogeneous
syndrome with different subphenotypes that are
characterised by different clinical features, inflammatory
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cytokine profiles, physiological mechanisms, and
responses to interventions." Rather than searching for a
magic bullet, clinical trials of interventions should be
targeted at specific phenotypes using knowledge gained
from painstaking mechanistic studies.

In terms of pharmacological intervention, treatment
aimed at changing the concentration or activity of a
specific cytokine such as IL-6 might represent a double-
edged sword. Although IL-6R blockade might have a role
in some patients, therapeutic approaches that address
the underlying cause of changes in IL-6 and other
mediators more likely to bear fruit.
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