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SUMMARY
Data suggest that interleukin (IL)-6 blockade could reduce mortality in severe COVID-19, yet IL-6 is only
modestly elevated in most patients. Chen et al. describe the role of soluble interleukin-6 receptor (sIL-6R)
in IL-6 trans-signaling and how understanding the IL-6:sIL-6R axis might help define and treat COVID-19
cytokine storm syndrome.
The comprehensive immunological study

of 85 Australian patients with coronavirus

disease of 2019 (COVID-19) by Dr. Kout-

sakos and colleagues provides a fresh

perspective on the immune dysregulation

caused by severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2).1

Their cohort included patients with a

broad spectrum of severities, including

12 critically ill, 20 ward, 1 discharged,

and 52 ambulatory patients with a mix of

acute and chronic phase samples. In this

commentary, we elaborate on their find-

ings regarding the soluble interleukin

(IL)-6 receptor and how further explora-

tion of the complex checks and balances

involved in IL-6 signaling may be key to

diagnosing and treating COVID-19 immu-

nopathology.

COVID-19 is associated with remark-

ably heterogeneous presentations and

outcomes in humans. The majority of

those infected are asymptomatic or have

mild ambulatory disease, but approxi-

mately 2%–10% develop severe disease

leading to hospitalization and 25%–30%

of hospitalized patients will require inten-

sive care.2 Surges of severe and critical

patients have overwhelmed health care

systems in many countries. Some risk

factors for critical illness are older age,

male gender, and co-morbid conditions,

yet a substantial proportion of severe
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cases are driven by a maladaptive, patho-

logical immune response known as

COVID-19 cytokine storm (COVID-CSS)

which can afflict young, otherwise healthy

adults.3 Early in the pandemic, numerous

studies reported an association between

elevated inflammatory cytokine levels,

particularly IL-6, and poor outcomes,

including respiratory failure and death.

The typical immune response to a viral

illness such as influenza is a short incuba-

tion time followed by a vigorous type I/III

interferon response (IFN), resulting in

physiological elevation of inflammatory

cytokines that facilitates viral clearance.

However, COVID-19 has an unusually

long latency period of 2–14 days, after

which a defective type I/III IFN response

unleashes persistent, maladaptive hyper-

cytokinemia.2

Early reports describing COVID-CSS

generated great enthusiasm for immuno-

modulatory therapies, including cortico-

steroids, blockade of specific cytokines

(e.g., IL-1, IL-6, TNF), interferon therapy,

and modulation of intra-cellular pathways

(e.g., JAK inhibition). In studies of prog-

nostic biomarkers, IL-6 and C-reactive

protein (which is produced by hepato-

cytes in response to IL-6) consistently

emerged as the most sensitive and spe-

cific for predicting adverse outcomes

such as respiratory failure and death.3 Au-
Cell Reports Medicine 2, 100
ticle under the CC BY-NC-ND license (http://cr
topsy studies also pointed toward cyto-

kine storm as a major contributor to

COVID-related morbidity and mortality.

While some patients died with a high viral

load evident in their tissues, others had

profound inflammation in lungs, heart,

brain, and other organs but little to no ev-

idence of SARS-CoV-2, suggesting that

these patients died with pathologic hy-

per-immune activation despite effective

viral clearance.4

In June 2020, the RECOVERY dexa-

methasone study provided the first evi-

dence in favor of immunomodulation in

severe COVID-19, showing that cortico-

steroids reduce mortality in hospitalized

patients. In contrast, early randomized

controlled trials (RCTs) of IL-6 blockade,

reported in the autumn of 2020, were

largely disappointing. These initial studies

of tocilizumab primarily examined pa-

tients with moderate disease, most of

whom did not receive corticosteroids,

and demonstrated little or no improve-

ment in endpoints such as progression

to critical illness or death. However, in

early 2021, the large, pragmatic REMAP-

CAP and RECOVERY trials demonstrated

that IL-6 inhibition improves mortality

and other key outcomes in a broad range

of hospitalized patients. REMAP-CAP

examined IL-6 blockade with tocilizumab

(n = 353) or sarilumab (n = 48) in patients
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eativecommons.org/licenses/by-nc-nd/4.0/).

mailto:lchen2@bccancer.bc.ca
https://doi.org/10.1016/j.xcrm.2021.100269
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2021.100269&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. IL-6 classic and trans-signaling and blockade
Classic signaling via membrane-bound IL-6 receptor is restricted to immune
cells (macrophages, lymphocytes, dendritic cells), hepatocytes, and gut
epithelium. Other organs, such as lungs, myocardium, and nervous system,
require soluble IL-6 receptor to initiate trans-signaling. The trans-signaling
system is buffered by soluble glycoprotein 130, which binds and inhibits the
IL-6:sIL-6R complex with picomolar affinity. Conventional dendritic cells
overcome this buffering system by secreting sIL-6R directly as well as facili-
tating cleavage of mIL-6R to produce sIL-6R via the membrane-bound
sheddase ADAM17. Siltuximab (antibody against IL-6), sarilumab, and tocili-
zumab (antibodies against IL-6:IL-6R) block both classic and trans-signaling.
Olamkicept (sgp130Fc) specifically blocks trans-signaling. The intracellular
TYK2/JAK1/JAK2/JAK3 system leads to upregulation of IL-6 target genes and
is inhibited by Jak inhibitors such as baricitinib, ruxolitinib, and tofacitinib. The
inhibition of TYK-2 (*) is relatively weak relative to JAK inhibition by these
molecules.
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on high flow oxygen or me-

chanical ventilation.5 In-hospi-

tal mortality was reduced

from 35.8% to 28%. The

RECOVERY trial was released

to a pre-print server on

February 11, 2021. In this

study, tocilizumab reduced

28-day mortality in hospital-

ized patients (n = 2,022) with

hypoxemia (SaO2 < 92%)

and C-reactive protein >

75 mg/L from 33.1% to

29.5%. Concomitant cortico-

steroids were given to

88% of patients in REMAP-

CAP and 92% of patients in

RECOVERY, and the benefit

of IL-6 blockade with steroids

was at least additive, if not

synergistic. A Cochrane living

systematic review of the first

10 RCTs of IL-6 blockade

confirmed a high certainty of

improvement in mortality by

day 28, relative risk 0.89

(95% confidence interval [CI]

0.82–0.97); however, there

was uncertainty as to whether

IL-6 blockade improves other

endpoints such as improve-

ment by day 28 and pro-

gression to WHO Clinical

Progression Score of 7 (i.e.,

mechanical ventilation ± other

organ support or death).6

Taken together, these recent

reports suggest that the nega-

tive results from earlier trials

were most likely due to lack

of concomitant steroid ther-

apy, small sample sizes, and

low event rates in less severely
ill patients. The positive impact of cortico-

steroids and IL-6 blockade is even more

important in the context of negative re-

sults from the antiviral domains of large in-

ternational trials.

Despite impressive prognostic and

therapeutic discoveries related to

COVID-CSS, the concept of pathological

immune activation has received consid-

erable criticism. Opponents of the cyto-

kine storm concept have argued that

the IL-6 elevation in COVID is relatively

modest compared to conditions such

as sepsis, acute respiratory distress

syndrome (ARDS), and chimeric antigen
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receptor T cell-associated cytokine

release syndrome (CAR-T CRS). For

example, a pooled analysis of nearly

1,000 COVID-19 patients reported a

mean IL-6 level of only 36.7 pg/mL in se-

vere or critical COVID-19 compared to

983.6 pg/mL in sepsis, 460 pg/mL in

non-COVID ARDS, and 3,110.5 pg/mL

in CAR-T CRS.7 While this analysis pro-

vides an important frame of reference,

the clear efficacy of IL-6 blockade in se-

vere COVID-19 suggests that compari-

son with other inflammatory conditions

that respond to IL-6 blockade is more

appropriate.
021
COVID-CSS is distinct from

other cytokine storm syn-

dromes such as hemophago-

cytic lymphohistiocytosis

(HLH) and CAR-T CRS. In

the Temple cytokine storm

study, most COVID-CSS pa-

tients did not meet diagnostic

criteria for HLH such as HLH-

2004 and the HScore.8 Pa-

tients with COVID-CSS had

an average IL-6 of 93 pg/mL

(±162 standard deviation)

compared to 35 pg/mL (±35)

in COVID patients without

CSS. The serum IL-6 levels

of patients with severe

COVID-19 are in fact similar

to IL-6 levels observed in in-

flammatory diseases that are

approved indications for IL-6

blockade. In rheumatoid

arthritis (RA), giant cell arter-

itis (GCA), and Castleman

disease (CD), median serum

IL-6 levels are typically in the

20–200 pg/mL range. Further,

although levels of serum IL-6

in CAR-T CRS are often an

order of magnitude higher

than in RA and CD, the dose

of tocilizumab used is the

same (8 mg/kg up to 800 mg

IV). Thus, markedly elevated

serum IL-6 levels are clearly

not a pre-requisite for

response to IL-6 blockade,

and similar doses of IL-6

blockade are sufficient to

treat patients with widely

varying baseline IL-6 levels.

However, these observations

do beg the question of why in-
flammatory diseases such asCOVID-CSS

and Castleman disease exhibit serum IL-6

levels that are generally lower than sepsis

and non-COVID ARDS. The role of the sol-

uble IL-6 receptor, which is an essential

agonist for IL-6 in trans-signaling, may

be key to elucidating this apparent

paradox.

IL-6 is unique among cytokines in that it

uses two signaling pathways: classic and

trans (Figure 1).9 Classic signaling is

restricted to cells with membrane-bound

IL-6 receptor (mIL-6R), co-displaying

its signaling subunit, glycoprotein 130

(gp130). These include immune cells



ll
OPEN ACCESSCommentary
(macrophages, lymphocytes), liver, and

gut epithelium. The IL-6:mIL-6R complex

associates with gp130, inducing dimer-

ization and leading to intracellular

signaling via the JAK/STAT pathway as

well as activation of the RAS-MAPK

pathway. All other tissues, including

lungs, central nervous system, and

myocardium, where COVID inflammation

is particularly exuberant, rely on trans-

signaling mediated by soluble inter-

leukin-6 receptor (sIL-6R). IL-6 has pleio-

tropic effects, and classic signaling is in

general thought to be anti-inflammatory,

while trans-signaling is pro-inflammatory.

trans-signaling is inhibited by soluble

glycoprotein 130 (sgp130), which is pre-

sent at levels of 100–200 ng/mL and binds

with picomolar affinity to the IL-6:sIL-6R

complex. While the dual signaling

pathway is unique to IL-6, the presence

of an inhibitor (sgp130) is common to

many other cytokine signaling pathways.

Most aspects of innate and adaptive

cell-mediated and humoral immunity are

subject to checks and balances; for

example, IL-18 is inhibited by IL-18-

blocking protein (IL-18 BP) and likewise

with IL-22 and IL-22BP. In pro-inflamma-

tory states, there is increased expression

of sIL-6R, with relatively constant produc-

tion of sgp130. This imbalance facilitates

IL-6 trans-signaling through IL6: sIL-6R

complexes that are formed but not

cleared. The contribution of conventional

dendritic cells (cDCs), which can secrete

sIL-6R to overcome sgp130 buffering,

and ADAM17, which cleaves membrane-

bound IL-6R into sIL-6R, to drive inflam-

matory trans-signaling has been very

recently elucidated by Yousif et al.

(Figure 1).10 The soluble IL-6 receptor pro-

duced by these cDC-mediated pathways

acts as a chaperone to circulating IL-6,

prolonging its half-life and overcoming

sgp130 inhibition to induce trans-

signaling in a wide range of cells, even

with relatively low IL-6 levels present. IL-

6-mediated inflammation is therefore a

dynamic and complex process involving

interactions between free IL-6 and both

membrane and soluble forms of IL-6R

and gp130. Thus, circulating serum IL-6

levels in isolation provide an incomplete

picture of the amount of biologically active

IL-6 in the body, which may explain the

apparent discrepancy between relatively

modest elevations in IL-6 levels in tocilizu-
mab-responsive conditions, such as

COVID-CSS, RA, and CD, versus mark-

edly elevated IL-6 levels in sepsis and

ARDS, which are not treated with IL-6

blockade.

Studies from CAR-T cell therapeutic tri-

als suggest that sIL-6R levels may serve

as a bottleneck in driving CAR-T CRS

and support evaluating the IL-6:sIL-6R ra-

tio as a parameter for CRS-mediated

toxicity. In a study of 63 patients with

RA, sIL-6R levels were a better predictor

of response to tocilizumab than IL-6.11

Patients with high sIL-6R (mean ± SD

752.7 ± 243 ng/mL) responded poorly to

tocilizumab, whereas patients with low

sIL-6R (250.5 ± 72 ng/mL) responded

well to tocilizumab irrespective of their

IL-6 levels.11 Whether sIL-6R is predictive

of response to IL-6 blockade in COVID-19

remains to be seen. In the study by Kout-

sakos et al.,1 sIL-6R was higher in ICU

versus ward patients (57.9 ng/mL ICU

versus 40.37 ng/mL ward, p = 0.002); like-

wise, ICU patients had higher IL-6 levels

than ward patients (median 28.8 pg/mL

versus 11.95 pg/mL, p = 0.025). However,

levels of sIL-6R did not correlate with IL-6

levels; some patients with very high IL-6

had low sIL-6R and vice versa. In this

study, sIL-6R was more predictive of crit-

ical illness (area under the receiver oper-

ator curve [AUROC] = 0.77, 95% CI

0.65–0.88) than IL-6 (AUROC = 0.70,

95% CI 0.57–0.63). These observations

provide impetus to further study the IL-6

trans-signaling pathway and, in particular,

the potential utility of sIL-6R and sgp130

for treatment decisions.

Although great progress has been

made in understanding the biology and

treatment of COVID-CSS, important

questions remain. Mortality in the IL-6

treatment arms of RECOVERY and

REMAP-CAP remain high, nearly 30%,

and investigating other therapies for those

patients who fail to respond to IL-6

blockade is crucial. Both trials were prag-

matic, and there is little data available on

biomarkers beyond simple clinical and

laboratory data. Further investigation

into who benefits most, and why, is

needed. The immune response to COVID

is clearly heterogeneous, and it is quite

likely that the IL6-sIL-6R-sgp130 axis

plays a vital role in some patients,

whereas in others, it has little effect. Base-

line serum IL-6 predicted response to to-
Cell Re
cilizumab in some retrospective cohorts,

and further work is needed to determine

whether sIL-6R and sgp130 may provide

additional prognostic information. A com-

mon polymorphism in the IL-6 receptor

gene (IL6R Asp358Ala; rs2228145 A>C),

which leads to increased serum sIL-6R,

has been implicated in several inflamma-

tory diseases, including coronary artery

disease, RA, and CD, and examination

of this polymorphism in COVID-19 pa-

tients is warranted.12

Beyond corticosteroids and IL-6

blockade, other immunomodulatory ther-

apies may have a role in treatment of

COVID-CSS. A large genome-wide asso-

ciation study (GWAS) of critically ill

COVID-19 patients identified the inter-

feron receptor gene IFNAR2 and tyrosine

kinase 2 (TYK2) as potential targets for re-

purposing of licensed medications.13

TYK2 is part of the Janus kinase-signal

transducer and activator of transcription

(JAK-STAT) pathway, which is implicated

in IL-6 intracellular signaling (Figure 1).13

The JAK inhibitor baricitinib has been

added as the current backbone of the

RECOVERY immunomodulation domain,

and interferon and other JAK inhibitors

are being investigated in other trials. The

study by Koutsakos et al.1 also highlights

the prognostic value of IL-18, which was

higher in critical care versus ward patients

(700.9 pg/mL ICU versus 238.8 pg/mL

ward), although it is not clear if the

measured cytokine was free IL-18 or free

plus IL-18BP-bound IL-18. IL-18 levels in

this study were lower than in HLH/MAS,

where they are typically >1,000 pg/mL.

IL-18 is a key ‘‘helper’’ cytokine for

IFN-g and both of these cytokines are

amenable to targeted therapy.

The recognition of pathological immune

activation in a pandemic illness, in the

form of COVID cytokine storm, represents

a ‘‘threshold concept,’’ analogous to the

discovery of germ theory in the 19th

century.4 While the IL-6-sIL-6R-sgp130

trans-signaling axis does not explain all

the myriad immunopathology caused by

COVID-19, it does provide a crucial prog-

nostic and therapeutic framework, and

discoveries from COVID-CSS may be

transferable to other diseases. For

example, although critics of COVID-CSS

present ARDS and bacterial sepsis as ex-

ampleswhere IL-6 blockade is not helpful,

this may in fact be premature because
ports Medicine 2, 100269, May 18, 2021 3
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pre-clinical models show tocilizumabmay

in fact improve the vascular dysfunction

in these conditions. Further, while the

focus to date has been blockade of both

classic and trans-signaling with tocilizu-

mab and sarilumab in COVID-19, selec-

tive blockade of trans-signaling is an

area for further investigation (Figure 1).

Olamkicept, a novel inhibitor of IL-6/sIL-

6R and therefore selective inhibitor of

trans-signaling, has shown promising ac-

tivity in a phase II trial of inflammatory

bowel disease,14 as well as a murine

sepsis model.15 Thinking ahead to future

pandemic viruses, improving our ability

to identify and treat maladaptive viral

immune responses through improved

understanding of IL-6 signaling and

blockade is imperative.
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