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Abstract

Aim: To assess the potential of interleukin-6 (IL-6) signaling blockade in the lung to treat SARS-CoV-2 infection via model-

based simulation by exploring soluble IL-6 receptor (sIL-6R) sequestration by tocilizumab (TCZ) and IL-6 sequestration by

siltuximab (SIL). Methods: Literature values of IL-6, the IL-6 antagonist SIL, sIL-6R, the IL-6R antagonist TCZ, and their

respective binding constants were used to develop a model to predict the impact of treatment on IL-6 signaling. Models were used

to generate simulated bronchoalveolar lavage (BAL) concentrations for normal subjects, subjects at risk of developing acute

respiratory distress syndrome (ARDS), and subjects with ARDS were simulated under four conditions: without treatment,

treatment with TCZ, treatment with SIL, and treatment with TCZ + SIL. Results: With TCZ intervention, IL-6 levels are

unaffected and sIL-6R is reduced somewhat below the Normal case. IL-6:sIL-6R complex only slightly decreased relative to the

no-intervention case. With SIL intervention, sIL-6R levels are unaffected and IL-6 is greatly reduced below the Normal case.

IL-6:sIL-6R complex is greatly decreased relative to the no-intervention case. With TCZ + SIL intervention, IL-6 and sIL-6R

levels are reduced below the Normal case and achieve suppression equivalent to monotherapy results for their respective targets.

IL-6:sIL-6R complex reduction is predicted to be greater than monotherapy. This reflects sequestration of both components

of the complex and the nonlinear binding equilibrium. Conclusion: Co-administration of both IL-6 and IL-6R sequestering

products such as SIL and TCZ may be necessary to effectively treat COVID-19 patients who have or are at risk of developing

ARDS.

Introduction

To date, the most serious symptoms from COVID-19 are pulmonary complications. An overwhelming number
of patients with COVID-19 present with pneumonia and acute respiratory failure. Acute respiratory distress
syndrome (ARDS) involves accumulation of pro- and anti-inflammatory cytokines in the lung parenchyma
that is associated with severe injury to lung epithelium and endothelium [1]. Common risk factors for the
development of ARDS relevant to COVID-19 infection include pneumonia, pulmonary vasculitis, and non-
pulmonary sepsis [2]. Progression to ARDS is characterized by chest imaging (positive for bilateral opacities
not fully explained by pleural effusions), respiratory failure not fully explained by cardiac failure or fluid
overload, and oxygen requirement. In the Berlin definition [2], ARDS is characterized as mild, moderate, or
severe according to the extent of hypoxemia.

Cytokine expression shifts in patients with ARDS and those at risk for ARDS. Changes in interleukin-6
(IL-6) and IL-8, for example, have been used to predict clinical outcome (mortality) in ARDS patients
[3]. IL-6 plays multiple roles in the immune response. IL-6 signaling mediates effects in the vascular wall
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such as vascular permeability, activation of the endothelium, recruitment of immune cells, and endothelial
dysfunction. The result is often vascular hypertrophy and fibrosis [4]. In one study, individual cytokines
increased in patients before and after the onset of ARDS, yet greater increases occurred in cognate receptors
and/or antagonists, so that the molar ratios of agonists to antagonists declined dramatically at the onset
of ARDS and remained low for at least 7 days. In this study, IL-6 increased an average 400-fold (mean
peak 1230 pg mL-1) over normal in 53 patients on the first day of ARDS, while sIL-6R increased only 2-3
fold. IL-6 steadily declined in these patients from Day 1-21 of ARDS, but remained elevated compared with
normal levels. Importantly, the molar ratios of IL-6 and its cognate receptor sIL-6R (a specific agonist)
increased more than 10-fold in patients at risk for ARDS and approximately 100-fold in patients with ARDS
[5]. In another study, plasma IL-6 levels > 400 pg mL-1 on any day in the first week of ARDS was associated
with a low likelihood of survival [6]. In a third study, serum IL-6 and IL-8 levels on day 1 were significantly
higher in all the ARDS patients as compared to healthy controls. As compared to survivors, the IL-6 and
IL-8 levels were significantly higher in non-survivors measured on day 1. By using acute physiology and
chronic health evaluation (APACHE) II score, IL-6, and IL-8, the receiver operating characteristic curve was
plotted, and the provided predictable accuracy of mortality (outcome) was 94% [3].

IL-6 pathway blockade has been used to successfully treat rheumatoid arthritis and Castleman’s disease [7,
8] and to prevent cytokine release syndrome (CRS) arising from chimeric antigen receptor T-cell therapy [9,
10]. The rationale for exploring drugs that target the IL-6 pathway in the treatment of COVID-19 is based
on their utility in managing CRS. Clinically, both TCZ (which binds the IL-6 receptor and is approved by
the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for management
of CRS) and SIL (which binds IL-6) are used to control CRS [9].

In the context of the COVID-19 pandemic, several countries have issued emergency use guidelines for TCZ
in the treatment of severe COVID-19 pneumonia, and EUSA Pharma has instituted a compassionate use
program with SIL to treat patients with COVID-19 who have developed serious respiratory complications.
Additionally, there are 48 studies of TCZ and 3 studies investigating SIL for COVID-19 treatment as of June
1, 2020 (clinicaltrials.gov).

Siltuximab Clinical Experience

SIL (SYLVANT®) is an IL-6 antagonist indicated for the treatment of patients with multicentric Castleman’s
disease who are HIV negative and HHV-8 negative, approved in 2014 by the FDA. SIL is administered as
an 11 mg kg-1 IV dose given over 1 hour every 3 weeks. SIL is not approved for the treatment of CRS, but
has been administered as a single intravenous (IV) dose of 11 mg kg-1 IV for this indication. Researchers
in Belgium will compare the time to clinical improvement in adult patients with acute hypoxic respiratory
failure and systemic CRS receiving SYLVANT 11 mg kg-1 IV (COV-AID trial; NCT04330638; Treatment of
COVID-19 Patients with Anti-interleukin Drugs) versus other therapies (standard of care, anakinra, TCZ,
TCZ + anakinra, SIL + anakinra). Primary completion of the trial is estimated as September 2020, with
study completion estimated December 2020.

Tocilizumab Clinical Experience

TCZ (ACTEMRA®) is an IL-6 receptor inhibitor with several indications (rheumatoid arthritis, giant cell
arteritis, polyarticular juvenile idiopathic arthritis, systemic juvenile idiopathic arthritis, cytokine release
syndrome), approved in 2018 by the FDA. For the management of CRS, the recommended dose is 8 mg kg-1
IV over 1 hour for patients at or above 30 kg and 12 mg kg-1 for patients less than 30 kg in weight. Doses
exceeding 800 mg per infusion are not recommended in CRS patients. In the COV-AID trial (NCT04330638),
TCZ will be administered as a single IV infusion at a dose of 8 mg kg-1 with a maximum infusion of 800 mg
per injection.
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Background

IL-6 is critical for B-cell differentiation and maturation with secretion of immunoglobulins, cytotoxic T cell
differentiation, macrophage and monocyte function and production of acute phase proteins [11]. IL-6 has
both a pro- and anti-inflammatory effects [5], but its pro-inflammatory mechanisms dominate in the context
of CRS and ARDS [11]. IL-6 is elevated in plasma and bronchoalveolar lavage fluid (BALF) and is predictive
of poor outcomes in acute lung injury patients [6, 12]. Higher molar ratio of IL-6:sIL-6R is associated with
higher risk of death [3, 5]. A significant anti-inflammatory response early in ARDS may provide a key
mechanism for limiting the net inflammatory response in the lungs [5].

In contrast to other receptors and antagonists (such as tumor necrosis factor alpha (TNF-α) and interleukin-1
(IL-1)), the molar ratio of IL-6 to sIL-6R increased more than 10-fold in BALF from patients at risk for
ARDS, and was approximately 100-fold higher than in normal subjects [5].

IL-6 signaling is achieved through two signaling pathways: classic and trans [Figure 1]. In classic IL-6 sig-
naling, IL-6 first binds membrane-bound IL-6R, then the complex binds with and dimerizes the glycoprotein
130 (gp130) transmembrane protein to elicit signal transduction [13]. The transmembrane protein IL-6R is
only found on certain cell types (such as macrophages, neutrophils, some T cells, and all hepatocytes).

IL-6 carries out its signaling in other cell types via a second signaling pathway: trans signaling. This
alternative activation relies on the soluble IL-6R (sIL-6R), which is constitutively present in all tissue types
at ng mL-1 concentrations [13]. In trans signaling, IL-6 binds sIL-6R and the complex has the ability to bind
and dimerize gp130, leading to signaling. Activation of gp130 via trans-signaling is crucial for lymphocyte
trafficking into the inflamed area by controlling chemokine expression [14, 15]. IL-6 trans-signaling promotes
T-cell proliferation (for example, during colon cancer development) and is involved in regulating adhesion
molecule expression on endothelial cells [16, 17].

One additional player in trans signaling is soluble gp130 (sgp130), which is also constitutively present [18,
19, 20]. sgp130 binds the IL-6:sIL-6R complex with high affinity (˜ 10 pM). Since sgp130 can bind to the
IL-6:sIL-6R complex in the circulation, it acts as a specific inhibitor of IL-6 mediated trans signaling [21].

Taken together, sgp130 and sIL-6R serve to buffer levels of circulating IL-6 [22].

Figure 1

The complexity of IL-6 signaling gives insight into why blockade of IL-6 (via, for example, SIL) or IL-6R (via,
for example, TCZ) alone may not be sufficient to decrease IL-6-mediated signal transduction to a clinically
relevant extent in COVID-19-related ARDS.

Methods

Monoclonal Antibody Systemic Concentration

The mean peak serum concentration of SIL following the first dose of SIL 11 mg kg-1 IV in patients with
multicentric Castleman’s disease was derived from the mean steady-state maximum concentration (Cmax)
of 322 μg mL-1 divided by the accumulation ratio (1.7), or 195 μg mL-1 [23]. A dissociation equilibrium
binding constant (Kd) for SIL has been reported as 15 pM [24].

The mean peak serum concentration of TCZ following the first dose of TCZ 8 mg kg-1 in patients with
cytokine release syndrome (CRS) during chimeric antigen receptor T-cell (CAR-T) treatment is 99.5 μg
mL-1 [25]. A Kd for TCZ has been reported as 1240 pM [26].
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Monoclonal Antibody Concentration in the Lung

Biodistribution mechanisms and data for therapeutic monoclonal antibodies were taken from published
literature [27]. Specifically, distribution to the lung has been studied in the context of respiratory syncytial
virus (RSV), where anti-RSV antibodies have been developed. BALF concentrations have been quantified
in studies in cynomolgus monkeys relative to serum concentrations, and suggest extremely low BALF:Serum
concentration ratios of 0.1-0.2%.

For the purpose of these calculations, an optimistic BALF:Serum concentration ratio of 0.2% was used.
Applying this ratio to peak SIL and TCZ serum concentrations, peak BALF concentrations are then 2690
pM and 1370 pM, respectively.

IL-6 and sIL-6R Concentration in the Lung

Measurements of IL-6 and sIL-6R concentrations in normal subjects, patients at-risk for ARDS, and subjects
experiencing ARDS were obtained from the literature [5]. In this study, patients with sepsis or trauma who
were at risk for ARDS and patients with ARDS (all cause) were identified by prospective screening of all
patients admitted to the Medical and Surgical intensive care unit in a three-year period. These patients
would correspond to patients on the World Health Organization Ordinal Scale for Clinical Improvement of 3
(hospitalized with mild disease, no oxygen requirement) to 7 (hospitalized with severe disease, ventilated plus
additional organ support) [R&D Blueprint COVID-19 Therapeutic Trial Synopsis Draft Feb 18, 2020]. Vital
signs, including physiologic parameters of hypoxemia (expressed as partial pressure of oxygen (PaO2) to
fraction of expired oxygen (FIO2) ratio, tidal volume, and static lung compliance), were measured daily but
not reported. Patients were not stratified by mild, moderate or severe ARDS, and the oxygen requirements
of individual patients were not reported.

For the purpose of the present analysis, with respect to IL-6 and sIL-6R concentrations, normal levels, levels
in at-risk subjects on Day 1, and levels in ARDS subjects on Day 1 were extracted (median, 25th, 75th
percentiles) and analyzed as log-normal distributions. N=300 subjects were simulated from these lognormal
distributions. The degree of variability reported in Park et.al. exceed 100% for both IL-6 and sIL-6R in the
at-risk and ARDS population, so between-patient variability is an important consideration. The following
table reports summaries of virtual subject values, as well as the calculated IL-6:sIL-6R complex using the
formula [IL-6:sIL6R] = [IL-6]*[sIL-6R] Kd-1 and assuming the reported values in Park et.al. are free IL-6
and free sIL-6R (Table 1).

Notably the induction level of IL-6 and sIL-6R in ARDS relative to normal is 370-fold and 4.88-fold, respec-
tively. Given a reported Kd value for sIL-6R to IL-6 of 5500 pM, binding is not favored and the free moiety
forms predominate over the complex IL-6:sIL-6R (CR). The induced IL-6:sIL-6R complex level in ARDS
relative to normal is 1810-fold. While out-of-scope for this analysis, affinity for the IL-6:sIL-6R complex
for gp130 is in the range of 10 pM, so the predicted increase in available IL-6:sIL-6R complex should be
understood in that context.

Binding Constant Selection

A review of the literature provided estimates for binding constants for SIL:IL-6 complex and TCZ:IL-6R
complex. These values represented data across clinical and nonclinical studies, and modeling from clinical
and nonclinical species. Binding constants for use in our model were set at the median value encountered,
or 15 pM for SIL:IL-6 (Kd SC in Figure 2) and 1241 pM for TCZ:sIL-6R (Kd TR in Figure 2).

Binding Models

Figure 2

4
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where: S and T are the free concentrations of SIL and TCZ in BALF, respectively; C and R are the free
concentrations of IL-6 cytokine and sIL-6R, respectively; SC is the concentration of SIL:IL-6 complex; TR
is the concentration of TCZ:sIL-6R; CR is the concentration of sIL-6R bound to IL-6. Kd SC, Kd TR
and Kd CR are the equilibrium dissocation binding constants for SIL:IL-6, TCZ:sIL-6R and IL-6:sIL-6R,
respectively.

CR is the complex that (presumably) signals though the ubiquitously expressed gp130 receptor.

In stoichiometric form:

• S + C <– Kd SC –> SC where Kd SC=S*C SC-1
• T + R <– Kd TR –> TR where Kd TR=T*R TR-1
• C + R <– Kd CR –> CR where Kd CR=C*R CR-1

These reactions were implemented as a system of ordinary differential equations (ODEs). Initial conditions
of IL-6 (C ) and sIL-6R (R ) were given from the BALF concentration data in normal, pre-ARDS and ARDS
subjects from the above table. IL-6:sIL-6R (CR ) was calculated, as above. Binding constants are given for
SIL:IL-6 (SC ) of 15 pM, IL-6:sIL-6R (CR ) of 5500 and TCZ:sIL-6R (TR ) of 1241.

Solving the resulting equilibrium equations may be possible, but these authors opted instead to simply
simulate from the (dynamic) ordinary-differential equations out to steady-state. Off-rates were set 0.1 s-1
for each reaction, so on-rates were derived kon=koff Kd-1. Although the off-rate is much more rapid than is
typical for antibodies, the simulations were run out to steady-state so this assumption plays no role in the
simulation results. Simulations at off-rate values of 0.01 and 0.01 s-1 were performed to confirm similar results
at equilibrium (time >> koff-1.) Should an analytical solution to the equilibrium equations be derived, the
results would be expected to match these.

The model solutions for C (IL-6), R (sIL-6R) and CR (IL-6:sIL-6R complex) at binding equilibrium were
produced for each synthetic subject.

Results

The binding models were used to generate simulated BALF concentrations of IL-6, sIL-6R and the IL-6:sIL-
6R complex for normal subjects, subjects at risk of developing ARDS, and subjects with ARDS. Each model
was used to simulate concentrations from 300 virtual subjects. Complex concentrations were simulated under
four conditions: without treatment, treatment with TCZ, treatment with SIL, and treatment with TCZ +
SIL. Results are displayed in Figure 3.

Concentrations simulated from the virtual group of subjects without ARDS and not at risk for ARDS are
represented as Normal subjects. Dashed lines capture 90% of the simulated Normal Subject with Treatment:
None cases. Observed concentrations of IL-6 and IL-6R [5] are summarized and plotted as Treatment: None.

Simulation of concentrations in at-risk subjects and subjects with ARDS following no treatment (black cir-
cles), treatment with TCZ (orange circles), SIL (blue circles) and TCZ + SIL (green circles) are summarized
and plotted (point:median, interval:5th-95th percentile for n=300 simulated subjects.)

IL-6 and IL-6:sIL-6R are greatly elevated in both simulated populations, while sIL-6R elevations are more
modest.

With TCZ intervention, IL-6 levels are unaffected and sIL-6R is reduced somewhat below the Normal case.
IL-6:sIL-6R complex only slightly decreased relative to the no-intervention case. While this is somewhat
counterintuitive, IL-6 competes with TCZ for sIL-6R and IL-6 is greatly induced in at-risk (corresponding
to a WHO Score of 3-4 [36]) and ARDS populations (corresponding to a WHO Score of 5-7 [36]). This idea
is consistent with the findings of Swaroopa et al. [3], where APACHE II score, together with Day 1 serum
IL-6 and serum-IL-8 concentrations predicted survival in ARDS patients.
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With SIL intervention, sIL-6R levels are unaffected and IL-6 is greatly reduced below the Normal case.
IL-6:sIL-6R complex is greatly decreased relative to the no-intervention case. Here, sIL-6R competes with
SIL for IL-6 and sIL-6R is only modestly induced in at-risk and ARDS populations.

With TCZ+SIL intervention, IL-6 and sIL-6R levels are reduced below the Normal case and achieve sup-
pression equivalent to monotherapy results for their respective targets. Interestingly, IL-6:sIL-6R complex
reduction is predicted to be greater than monotherapy. This reflects sequestration of both components of
the complex and the nonlinear binding equilibrium.

Discussion

Cytokine signaling through the IL-6 pathway is complex and depends on multiple factors, including cell type
and agonist or antagonist concentration in the tissue environment.

Though IL-6R is necessary for IL-6 signaling, and is a reasonable target for IL-6 signaling inhibition, the
increase in IL-6 in ARDS is 30-50 times greater than the increase in IL-6R. Near-complete receptor occupancy
of IL-6 by TCZ in the lung could be necessary to achieve a robust decrease in signal transduction. An ability
to achieve this depends on three factors: the relative concentrations of IL-6 and sIL-6; the concentrations
of antibodies such as SIL and TCZ; and the strength of the binding in each of their respective complexes
(SIL:IL-6, TCZ:sIL-6R, and sIL-6R:IL-6).

Observational data on IL-6 and sIL-6R induction in ARDS suggests IL-6 is greatly upregulated, with con-
centrations reaching 370-fold normal levels, while sIL-6R is only modestly increased, with concentrations
reaching 4.88-fold normal levels. Maximal achievable serum siltuxumab concentration exceeds TCZ con-
centration by approximately two-fold. The dissocation equilibirum concentration for SIL is two to three
orders-of-magnitude lower than TCZ, meaning that SIL is better at sequestering IL-6 than TCZ is at se-
questering sIL-6. Taking these three factors into account, results of the simulation greatly favor the use of
SIL over TCZ to inhibit IL-6 signaling. However, these results are dependent on several key assumptions:

The value for antibody penetration (BALF:serum ratio) of SIL or TCZ has not been reported. The value used
in the simulation (0.2%) represented the upper-end of reported values for unrelated monoclonal antibodies.
Clearly, having experimentally-obtained penetration values for these compounds would be ideal, but difficult
to source for repurposed drugs where the lung has not been a studied as a site of action.

The binding model introduced here is complex, yet only captures a portion of the interactions involved in
IL-6 signaling. Specifically, IL-6 binds to both sIL-6R (via the trans pathway in all cells) and membrane-
bound IL-6R (mIL-6R) (via the classic pathway on certain cells such as some immune cells). mIL-6R, and
therefore classic signaling, are not included in the model. Similarly, soluble gp130 (sgp130) (an important
IL-6 modulator in the trans pathway) was not included in the model. Signaling complex formation (IL-
6:sIL-6R:gp130 and IL-6:mIL-6R:gp130) is not accounted for directly in the model.

Still, suppression of free IL-6 reduces IL-6:mIL-6R and IL-6:sIL-6R, and IL-6:sIL-6R is tracked in the model.
If anything, the omission of mIL-6R from the model underscores the relative importance of IL-6 suppression
relative to sIL-6R suppression. While signaling complex formation is not tracked in the model (for classic
or trans signaling), gp130 is constitutively expressed and is therefore assumed not to be a limiting factor
in IL-6 signaling. Similarly, gp130 transmembrane protein binding is not included in the model. However,
gp130 affinity for IL-6:sIL-6R is higher than IL-6 for sIL-6R, suggesting that the limiting step is the binding
of IL-6 to sIL-6R.

Finally, a review of the literature revealed a range of binding constants reported for SIL:IL-6 and TCZ:sIL-6R
(Table 2). The selection of Kd for use in the model was the median reported value (Table 2, Figure 2). The
impact of the true Kds being lower or higher is not accounted for in this work.
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Considerations for Place in Therapy

A rapid, coordinated innate immune response is the initial line of defense against viral infections. Hyper-
inflammatory responses, however, can cause immunopathology. Low pathogenic coronaviruses typically
infect the upper airways, while highly pathogenic coronaviruses infect the lower respiratory tract and can
cause severe pneumonia, sometimes leading to acute lung injury and ARDS. Disease severity of the highly
pathogenic coronaviruses SARS and MERS was influenced by factors such as initial viral titers in the airways,
age, and comorbid conditions [28].

The clinical course of SARS progressed in three stages. Robust viral replication dominated the first phase,
which lasted a few days. The second phase was associated with high fever, hypoxemia and progression
to pneumonia despite a decrease in viral load. The third phase is characterized by strong inflammatory
response, in which ˜ 20% of patients progressed to ARDS and often death [29]. MERS progresses more
rapidly, and has a higher fatality rate than SARS. Common clinical manifestations of MERS resemble those
of SARS-CoV-2 and include rapid progression to pneumonia [30, 31]. Like SARS-CoV-2, the majority of
MERS patients with shortness of breath progressed to severe pneumonia and required admission to the
ICU. Analyses of lungs from patients who died from SARS-CoV showed infection of both the airway and
alveolar epithelial cells, vascular endothelial cells, macrophages, monocytes and lymphocytes. Neutrophils
and macrophages extensively infiltrated cells [32]. The only tissue samples available for MERS is the analysis
of lung tissue from one patient, which were consistent with what was seen in SARS [33].

Virus-induced cytopathic effects and viral evasion of host immune responses are thought to play major roles
in disease severity. This argues for antiviral therapy as early as possible in treatment, with adjunctive
immunotherapy during the time when patients are at risk for ARDS and in early ARDS. This paradigm
would be similar to therapeutic interventions aimed at MERS viral load reduction, which were somewhat
beneficial when administered early (but not later in) MERS-CoV infection [30, 34, 35].

IL-6 concentrations skyrocket at the onset of ARDS (i.e. WHO Score [?] 5 [36]). Immediate treatment with
an antibody such as SIL upon hospital admission for patients with low oxygenation needs (i.e. 200 mmHg
< PaO2 to FIO2 [?]300 mmHg with positive end-expiratory pressure or continuous positive airway pressure
[?]5 cmH2O, delivered invasively or noninvasively; Corresponding to WHO Score of 4 [36]) could drive the
immune response out of hyperreactivity. SIL treatment in early ARDS (i.e. Days 1-3) would be crucial to
preventing the IL-6 onslaught that leads to lung damage.

Additionally, treatment with an antibody such as TCZ in patients at risk of developing ARDS (i.e. WHO
Score of 3 [36]) could mediate the IL-6 signaling response synergistically. Preliminary data suggest IL-
6R blockade is most effective in critically ill patients, presumably because ARDS has progressed and IL-6
concentrations have already returned to near-normal. For example, Regeneron and Sanofi are amending their
phase 3 trial evaluating sarilumab, an IL-6R antagonist, in hospitalized patients with “severe” or “critical”
illness caused by COVID-19 to include only “critical” patients, based on preliminary results that sarilumab
provided a clinical benefit to patients requiring mechanical ventilation or high-flow oxygenation or treatment
in an intensive care unit, but no notable benefit on clinical outcomes in fpatients who required oxygen
supplementation without mechanical or high-flow oxygenation [37].

Conclusions

Antibody penetration into the lung has been studied for anti-RSV antibodies. There, BALF:serum concen-
tration ratios are reported in the range 0.1-0.2%. While it is tempting to make dose selection evaluations
based on systemic exposure alone, solely relying on this information would greatly overestimate target bind-
ing in lung BALF. Binding equilibrium is related to concentrations of each species and binding constants,
so understanding the concentration of each species at the site of action is crucial.

An important caveat of these simulations is to understand that they are made 1) based on the assumption
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that the maximal drug concentration instantaneously arrives in the BALF at a pre-defined ratio and 2)
equilibrium binding occurs instantaneously and total target concentrations do not change over time. We
would expect that unbound TCZ or SIL would constantly cycle into the BALF allowing for more sIL-6R
or IL-6, respectively, to be bound. However, TCZ or SIL concentrations would also be falling relative to
the maximal concentrations used here. Moreover, these simulations do not account for the synthesis and
turn-over rates of sIL-6R and IL-6. If IL-6 is formed and turned over more rapidly, that would tilt the
results towards TCZ’s favor. Far more complex, dynamic calculations would be required to understand the
push-pull of these effects on binding outcomes. Additionally, variability in TCZ and SIL pharmacokinetics
should be considered in more complex simulations.

We are unaware of specific BALF data from COVID-19 subjects and are relying on the translatability of
general ARDS cases to the COVID-19 context. Clearly, more specific data from this patient type would be
of greater utility and specificity. Moreover, the BALF concentration pattern changes over time, suggesting
longitudinal data would provide insight on the timing of treatment.

Care should be taken to not over-interpret these simulations to suggest that SIL should be preferred over
TCZ. To the contrary, these simulations suggest that the combined effect of these drugs is better than the
monotherapy results. In the context of so much uncertainty around target concentrations, target dynamics
and relative importance of each target’s contributions, combination therapy should be considered. Finally,
it should be noted that anti-IL-6 therapy, anti-IL-6R therapy, and combination anti-IL-6:IL-6R therapy
could have differing efficacies. The nuances of IL-6 signaling must be taken into account when discussing
antibodies that target the IL-6 signaling pathway, and we must not treat IL-6 and IL-6R targets or blockers
interchangeably.
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Figure 1:  IL-6 Classic and Trans Signaling Pathways 

(a) Classic Pathway 

 

C: IL-6; S: siltuximab; SC: IL-6:siltuximab complex; R: IL-6R; T: TCZ; TR: IL-6R:TCZ 
complex; CR: IL-6:IL-6R pre-signaling complex; CR*: IL-6:IL-6R complex bound to gp130 
(signaling complex) 

 

 

(b) Trans Pathway 

 

 

C: IL-6; S: siltuximab; SC: IL-6:siltuximab complex; R: sIL-6R; T: tocilizumab; TR: sIL-
6R:TCZ complex; CR: IL-6:sIL-6R pre-signaling complex; CR*: IL-6:sIL-6R complex bound to 
gp130 (signaling complex) 
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Figure 2:  Binding Model 

 

C: IL-6; S: siltuximab; SC: IL-6:siltuximab complex; R: sIL-6R; T: tocilizumab; TR: sIL-
6R:tocilizumab complex; CR: IL-6:sIL-6R pre-signaling complex; Kd: binding constant 
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Figure 3:  Model-Derived Simulations of Concentrations of IL-6, sIL-6R, and 
IL-6:sIL-6R Complex in Virtual Subjects with Varying ARDS Status 

  

ARDS: acute respiratory distress syndrome; BALF: bronchoalveolar lavage fluid; 
IL-6: interleukin-6; sIL-6R; soluble IL-6 receptor; SIL:siltuximab; TCZ: tocilizumab 
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