
Vol.:(0123456789)

Clinical Pharmacokinetics (2022) 61:155–165 
https://doi.org/10.1007/s40262-021-01092-0

REVIEW ARTICLE

Pharmacokinetic/Pharmacodynamic Considerations of Alternate 
Dosing Strategies of Tocilizumab in COVID‑19

Elizabeth Leung1,2,3  · Ryan L. Crass4  · Sarah C. J. Jorgensen5,6 · Sumit Raybardhan7 · Bradley J. Langford8 · 
W. Justin Moore9 · Nathaniel J. Rhodes9,10,11 

Accepted: 9 November 2021 / Published online: 11 December 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
Tocilizumab is one of few treatments that have been shown to improve mortality in patients with coronavirus disease 2019 
(COVID-19), but increased demand has led to relative global shortages. Recently, it has been suggested that lower doses, or 
fixed doses, of tocilizumab could be a potential solution to conserve the limited global supply while conferring equivalent 
therapeutic benefit to the dosing regimens studied in major trials. The relationship between tocilizumab dose, exposure, and 
response in COVID-19 has not been adequately characterized. There are a number of pharmacokinetic (PK) parameters that 
likely differ between patients with severe COVID-19 and patients in whom tocilizumab was studied during the US FDA 
approval process. Likewise, it is unclear whether a threshold exposure is necessary for tocilizumab efficacy. The safety and 
efficacy of fixed versus weight-based dosing of tocilizumab has been evaluated outside of COVID-19, but it is uncertain 
if these observations are generalizable to severe or critical COVID-19. In the current review, we consider the potential 
advantages and limitations of alternative tocilizumab dosing strategies. Leveraging PK models and simulation analyses, we 
demonstrate that a fixed single dose of tocilizumab 400 mg is unlikely to produce PK exposures equivalent to those achieved 
in the REMAP-CAP trial, although weight-stratified dosing appears to produce more uniform exposure distribution. Data 
from current and future trials could provide PK/pharmacodynamic insight to better inform dosing strategies at the bedside. 
Ultimately, rational dosing strategies that balance available limited supply with patient needs are required.
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1 Introduction

Tocilizumab, a monoclonal antibody that inhibits interleu-
kin (IL)-6 signaling by binding to soluble and membrane-
bound IL-6 receptors (IL-6R), has been shown to improve 
mortality in patients with severe or critical coronavirus dis-
ease 2019 (COVID-19) [1, 2]. It is currently recommended 

by a number of international, national, and local consen-
sus guidelines for the treatment of severely and critically 
ill COVID-19 patients, driven largely by the results of two 
major platform randomized controlled trials in COVID-19 
[3, 4]. Tocilizumab dosing strategies in these trials included 
banded, weight-based dosing (e.g., 400 mg if 41–65 kg, 
600 mg if 66–90 kg, 800 mg if > 90 kg), and weight-based 
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Key Points 

Studies demonstrating a clinical benefit of tocilizumab 
in specific subsets of patients with coronavirus disease 
2019 (COVID-19) used dosing regimens extrapolated 
from other approved indications for the drug. Herein, 
we review pharmacokinetic and pharmacodynamic (PK/
PD) data from tocilizumab across indications to inform 
rational posology in severe COVID-19.

Current population PK models for tocilizumab suggest 
that exposure increases non-linearly with increasing 
body size. Exposure matching to predicted exposures 
from REMAP-CAP suggests that an alternate weight-
banded strategy may provide sufficient drug exposure 
for the treatment of severe COVID-19; however clinical 
validation is required.

Medication supply is generally not considered when 
determining dosing for evaluation in clinical trials, which 
can pose an issue when medication supply fluctuates 
unpredictably or is extremely costly, especially during a 
global pandemic. Future studies, especially those using 
flexible adaptive platform methodology, should incorpo-
rate rational dosing strategies and collect relevant PK/PD 
data to ensure ‘socially optimal’ dosing of therapeutics.

to evaluate whether alternative dosing strategies for toci-
lizumab are likely to yield PK exposures that are substan-
tially similar to those achieved in clinical trials conducted 
in COVID-19 patients.

1.1  Overview of Tocilizumab Pharmacokinetics (PK)

The relationship between tocilizumab dose, exposure, and 
response in COVID-19 has not been adequately character-
ized. Weight-based dosing of tocilizumab in COVID-19 
was adopted empirically based on experience in treating 
patients with rheumatological diseases and cytokine release 
syndrome (CRS) associated with chimeric antigen receptor 
T-cell (CAR T-cell) therapy. However, the PK properties of 
monoclonal antibodies leave open the possibility that fixed 
dosing may reduce interpatient variability in exposure. Such 
an approach could hypothetically facilitate the use of fixed 
doses without compromising efficacy or safety.

Due to their large size and hydrophilicity, monoclonal 
antibodies reside almost exclusively within plasma and 
extracellular fluid [14], and these fluid compartments fre-
quently do not scale linearly with incremental increases 
in total body weight [15–18]. Monoclonal antibodies are 
eliminated via two pathways. First, after administration, they 
undergo proteolytic catabolism, which is associated with 
linear clearance (CL). The second pathway involves target 
engagement (e.g., IL-6R and tocilizumab) on both soluble 
and membrane-bound targets, followed by internalization 
and intracellular degradation. This process is complex and is 
associated with non-linear CL [14] and depends on the rela-
tive expression of the target (e.g., IL-6R, sIL-6R). Therefore, 
this mechanism can be influenced by patient-specific factors 
such as disease type and severity [14, 19, 20]. Notably, the 
linear portion of tocilizumab CL appears to scale with body 
weight [14], but this relationship is imperfect [18, 21].

As a result, weight-based dosing of monoclonal antibod-
ies, which linearly proportionalizes the dose to total body 
weight (as opposed to weight-banded or allometric dose 
scaling), may result in relative underexposure in low body-
weight patients and relative overexposure in obese patients 
compared with patients with mid-range body weights [18, 
22]. In order to balance the need for appropriate dosing in 
severe COVID-19, the limited supply of tocilizumab avail-
able in some areas, and the potential risk of over- or under-
exposure within different body-weight strata, a formal com-
parison of weight-based and alternative dosing strategies is 
needed.

1.2  Current Knowledge of Tocilizumab Exposure–
Response for Efficacy

There are no PK/PD targets for tocilizumab with respect 
to its use in chronic or acute inflammatory conditions 

dosing (e.g., 8 mg/kg up to 800 mg) [3–7]. However, in the 
absence of exposure–response data to guide dose selection 
for patients with COVID-19, the optimal tocilizumab dosing 
strategy in this population remains unclear.

Recently, increased demand coupled with limited pro-
duction capacity has led to a relative global tocilizumab 
shortage [8]. Various jurisdictions have had to balance high 
demand with limited supply [9–12]. Unfortunately, this 
has disproportionately impacted areas of the world already 
struggling with a large burden of cases. In light of the cur-
rent tocilizumab shortage, some jurisdictions have imple-
mented lower, fixed doses of tocilizumab as a rationing strat-
egy with the hope that this will not compromise the observed 
benefit [8–10, 13].

In this article, we review the pharmacokinetics (PK) 
and pharmacodynamics (PD) of tocilizumab and enumer-
ate potential advantages and limitations of a fixed-dose 
approach for the treatment of COVID-19. We consider 
direct clinical experience as well as extrapolated evidence in 
other patient populations and conditions. We also consider 
whether fixed dosing is likely to produce less interpatient 
variability in exposures across the body-weight distribu-
tion of adult patients compared with weight-based dosing. 
Finally, we present the results of model-based simulations 
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(e.g., rheumatoid arthritis [RA], CRS) or for patients with 
COVID-19. Without a defined target concentration (e.g., 
maximum concentration [Cmax]) or exposure (e.g., area 
under the curve [AUC]), it is challenging to design disease-
specific, let alone patient-specific, dosing regimens. To date, 
it remains unclear whether an exposure threshold exists for 
tocilizumab in order to confer the benefits observed in ran-
domized trials conducted in patients with COVID-19. As a 
result, individualized response monitoring (i.e., trending) 
of clinical response, and cautious interpretation of easily 
obtainable biomarkers (e.g., IL-6 and C-reactive protein 
[CRP]), has become the norm in the clinical setting. The 
only exposure–response analysis reported to date is provided 
in a study by Moes et al. [23]. The investigators predicted 
individual tocilizumab exposure in 29 patients with severe 
COVID-19 and computed mean (standard deviation [SD]) 
exposure based on CRP relapse status (post-dose increase in 
CRP) and survival. They found no differences in exposure 
between patients with or without CRP relapse or survivors 
and non-survivors. Tocilizumab exposure was > 1 μg/mL 
for at least 15 days in all patients studied. These results must 
be considered exploratory given the limited sample size and 
single-dose administration (i.e., all patients received an 8 
mg/kg dose).

1.3  Current Knowledge of Tocilizumab Exposure–
Response for Safety

Tocilizumab globally inhibits IL-6R (including both mem-
brane-bound and soluble forms), causing inhibition of poten-
tial protective effects of IL-6 and resulting in decreased 
serum concentrations of acute-phase proteins, including 
CRP [13, 24]. While this anti-inflammatory effect can be 
beneficial in the setting of chronic inflammatory conditions 
such as RA, global IL-6 inhibition carries the risk of inhib-
iting an appropriate response to acute infection as well as 
cell growth and differentiation. Accordingly, adverse events 
associated with tocilizumab include bacterial infection, 
intestinal perforation, and pancreatitis [25]. 

No definitive exposure–toxicity relationship exists for 
tocilizumab. In the initial US FDA review, patients receiv-
ing tocilizumab who weighed > 100 kg were more likely to 
experience any infection (41–50%) and serious infections 
(1.4–4.5%) compared with those who weighed < 60 kg 
(32–38% and 1.3–2.7%, respectively). However, the trend 
towards greater adverse events (including infections) in the 
> 100 kg group was similar between patients who received 
tocilizumab plus a disease-modifying antirheumatic drug 
(DMARD) compared with those who received a DMARD 
plus placebo [21]. In healthy volunteers, the highest safe and 
tolerable dose of tocilizumab that did not adversely impact 
neutrophil counts was 20 mg/kg [26]. The highest Cmax 
associated with the maximum tolerated dose (28 mg/kg) 

in healthy volunteers was 649 μg/mL [26], which is higher 
than would typically be experienced with a single 8 mg/kg 
dose. Given the likely increased CL in critically ill patients 
with COVID-19, it is unlikely that this exposure would be 
achieved with a single 8 mg/kg dose. A systematic review 
and meta-analysis of long-term use in RA patients suggested 
a possible link with higher doses of tocilizumab (8 mg/kg) 
to secondary infections, which was less evident in patients 
receiving lower doses (4 mg/kg) [21, 27], but this observa-
tion requires further clinical correlation.

1.4  Evaluation of Tocilizumab Population PK 
in Approved Indications

Tocilizumab was initially approved by the US FDA Center 
for Drug Evaluation and Research (CDER) for the treat-
ment of RA in 2010 and has since been approved in over 
75 countries for RA and related conditions. The approved 
intravenous dose is 4 mg/kg every 4 weeks, which can be 
increased to 8 mg/kg based on clinical response [28]. Frey 
et al. [29] performed a population PK analysis using pooled 
data from four phase III clinical trials in RA, and identified 
a two-compartment structural model with parallel linear 
and non-linear (Michaelis–Menten) elimination. The non-
linear portion of tocilizumab CL following administration 
is concentration-dependent. Accordingly, the half-life varies 
based on the dose administered. The non-linear portion of 
CL is believed to reflect target-mediated drug disposition 
after binding to the IL-6R [14, 29]. Of note, the expression 
of IL-6 and sIL-6R is likely altered by a variety of patient-
specific factors, including increased receptor expression in 
critical illness [30]. In the initial population PK analysis sub-
mitted to the FDA, body surface area (BSA) was identified 
as a significant covariate of total CL, with CL predicted to 
increase non-linearly with BSA [21]. Because the relation-
ship between tocilizumab exposure and body size is non-
linear, predicted tocilizumab exposures were not matched 
across the body weight distribution with weight-based dos-
ing (e.g., 8 mg/kg) [21]. Exposure with a fixed 560 mg dose 
was predicted to be more consistent across the body weight 
range than a dose of 8 mg/kg; however, fixed dosing results 
in slightly lower exposures at high body weight compared 
with more normal body weights. Ultimately, the weight-
based dosing studied in tocilizumab clinical development 
was retained despite inadequate exposure matching across 
the weight range, due to the absence of a clear safety signal 
and a lower clinical response rate for high body weight RA 
patients, despite higher relative exposures [21].

Subsequently, a fixed-dose subcutaneous dosing regimen 
was studied and approved for RA in 2013. The approved 
subcutaneous dose was 162 mg every 1–2 weeks, with 
weekly dosing recommended initially in patients weigh-
ing ≥ 100 kg [31]. A second population PK model was 
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developed using data from two phase III trials wherein both 
intravenous and subcutaneous dosing were evaluated [31]. 
This model was identical in terms of compartmental struc-
tural and parallel linear and non-linear elimination with the 
exception that an absorption parameter (ka) was added to 
accommodate for the subcutaneous route [31]. In contrast to 
the first model, this population PK model scaled all CL (e.g., 
systemic and intercompartmental) and volume (e.g., cen-
tral and peripheral) parameters to total body weight. Given 
the marginal decrease in exposures (higher CL) observed 
in patients with higher body weights, a weekly subcutane-
ous fixed dose (rather than every 2 weeks) was selected for 
this body-weight subgroup. Saturation of non-linear CL was 
observed with an 8 mg/kg intravenous dose administered 
every 4 weeks and with a fixed dose of 162 mg subcutane-
ously administered every week, suggesting that fixed dos-
ing is possible, as long as concentrations remain above the 
saturation threshold for non-linear CL [31].

Tocilizumab was subsequently approved for polyarticu-
lar juvenile idiopathic arthritis (PJIA) and systemic juvenile 
idiopathic arthritis (SJIA). The approved doses of intrave-
nous tocilizumab are 10–12 mg/kg (< 30 kg) and 8 mg/
kg (≥ 30 kg) for these indications, respectively [28]. The 
population PK model supporting the dose selection for these 
pediatric patients was structurally identical to the initial RA 
model; however, height and age were included as additional 
covariates on the central distribution volume [32]. Similar 
to the initial intravenous tocilizumab population PK model, 
BSA was identified as a covariate on CL, with height and 
age identified as covariates of central volume [32]. The 8 
mg/kg regimen was evaluated in the registrational study for 
pediatric patients with SJIA; however, it was noted that low 
body weight (< 30 kg) pediatric patients had lower clinical 
response [26, 32]. Modeling was used to predict individual 
exposures with higher dosing (12 mg/kg) for the low body 
weight patients and demonstrated good concordance with 
exposures achieved in the higher body weight range. How-
ever, based on these limited data and a lack of disease simi-
larity, it is unclear whether these doses would extrapolate to 
pediatric patients with COVID-19.

The most recent tocilizumab indication, which may 
exhibit the greatest similarity to COVID-19, is for the treat-
ment of severe or life-threatening CRS secondary to CAR 
T therapy [26, 28]. FDA approval for this indication was 
based on retrospective analysis of 45 adult and pediatric 
patients receiving tocilizumab for CRS in CAR T clinical 
trials [26]. Patients received either 12 mg/kg (< 30 kg) or 8 
mg/kg (≥ 30 kg) as a single intravenous dose, which could 
be repeated. The key clinical pharmacology question in the 
FDA review of this CRS indication was the adequacy of 
the dosing regimen [26, 33]. Exposure–response analysis 

was not possible as only a single dose-level was evaluated 
and only sparse PK data were available. Accordingly, the 
FDA utilized the previously developed pediatric model to 
support dosing in SJIA and re-estimated the linear portion 
of systemic CL and central volume of distribution (Vc). All 
other PK parameters and interindividual variation estimates 
were fixed at the previously determined values [26]. The 
refined PK model required higher values for linear systemic 
CL (0.5 L/day) and the central distribution volume (1.8 L) 
to accurately predict the PK profiles of patients with severe 
or life-threatening CRS [26]. In the absence of defined expo-
sure–response for either efficacy or safety, the target expo-
sure was defined based on the highest observed Cmax (649 
mg/L) with a single 28 mg/kg dose in five healthy subjects.

1.5  Tocilizumab PK in Patients with Coronavirus 
Disease 2019 (COVID‑19)

Tocilizumab PK data in patients with COVID-19 are cur-
rently limited to a single population PK analysis [23]. Moes 
et al., conducted an open-label, single-center observational 
PK study of tocilizumab in 29 patients with severe COVID-19 
who all received a dose of 8 mg/kg to a maximum of 800 mg. 
They collected 139 leftover laboratory samples for secondary 
use over a 20-day window, which were assayed to determine 
free tocilizumab and sIL-6R concentrations. CRP and clini-
cal outcomes were also assessed. The final population model 
consisted of a single disposition compartment model with 
parallel first-order and non-linear CL. No significant covari-
ate effects were identified. The estimates for CL and volume 
of the central compartment (Vc) were 0.725 L/day and 4.34 
L, respectively. The linear CL estimate was higher than the 
estimate in adult RA patients (0.2–0.3 L/day), pediatric SJIA 
patients (0.17), and pediatric and adult patients with CAR 
T-induced CRS (0.5 L/day). Central volume was consistent 
with adult RA patients (4.5 L) but larger than pediatric SJIA 
patients (0.94 L) and pediatric and adult patients with CRS 
(1.8 L); however comparisons across disease states are limited 
by variation in the demographic characteristics (age, body 
size, etc.) of the underlying populations.

Simulations were performed to evaluate weight-based 
and fixed-dosing regimens with the conclusion that a 600 
mg fixed dose may improve exposure matching across 
body weight; however, the limited sample precluded robust 
assessment of covariate effects (e.g., body size), which limits 
the external validity of conclusions about exposure varia-
tion with body weight. It is noteworthy that CL was high 
in this cohort and most consistent with pediatric and adult 
patients with CRS; however, interindividual variation in CL 
and volume was modest and more consistent with patients 
with stable inflammatory diseases.
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1.6  How do Interleukin (IL)‑6 and IL‑6 Receptor 
Expression Compare Between COVID‑19 
and Other Inflammatory Conditions?

When extrapolating dosing from one disease state to another, 
a critical consideration is whether or not disease similarity 
exists between the conditions. IL-6 belongs to the glycopro-
tein 130 (gp130)-related family of cytokines, responsible 
for host inflammatory regulation as well as cell growth and 
differentiation [34]. Notably, IL-6 is distinct from other pro-
inflammatory cytokines due to the natural soluble form of 
the IL-6R (i.e., sIL-6R) which is detectable in human serum 
during periods of inflammation or infection, in addition to 
the membrane-bound IL-6R expressed on specific cells [35]. 
The majority of soluble cytokine receptors are associated 
with antagonistic functions, while the sIL-6R serves as an 
agonist function and facilitates cytokine signaling [35, 36]. 
Both membrane-bound IL-6R and sIL-6R are capable of 
participating in IL-6-mediated cell signaling, referred to as 
classical and trans-signaling, respectively [24, 25, 35–37]. 
Trans-signaling may cause cells without a membrane-bound 
IL-6R, including epithelial cells, smooth muscle cells, and 
endothelial cells, to have a proinflammatory response to 
IL-6 in critical illness [25]. Serum concentrations of IL-6 
are elevated in chronic immune-mediated inflammatory dis-
eases and have been shown to correlate with chronic disease 
activity, with IL-6 expression varying by disease condition 
[24]. IL-6 concentrations in patients with COVID-19 are 
heterogeneous [38–40] but generally similar to concentra-
tions observed in patients with RA. COVID-19 patients with 
higher IL-6 concentrations have more severe disease and 
an increased risk of mortality [30, 38, 40, 41]. This trend 
mirrors observations from critically ill patients with severe 
sepsis, where non-survivors had higher mean serum IL-6 
levels compared with survivors [42]. Of note, IL-6 levels in 
patients with acute respiratory distress syndrome (ARDS) 
and septic shock are variable and depend on the sampling 
method and observation time point within the course of ill-
ness (i.e., peaking early with acute inflammation, and then 
rapidly decreasing to undetectable levels) [25, 43, 44]. In 
contrast, IL-6 concentrations are significantly lower in 
patients with COVID-19 compared with patients with CRS 
associated with CAR T-cell therapy [13, 39, 43, 45]. Criti-
cally ill patients with COVID-19 generally present with 
elevated inflammatory markers (e.g., IL-6, sIL-6R, CRP) 
compared with those with mild to moderate illness [40, 
43–45]. Single-cell RNA-sequencing (RNA-seq) analysis 
of peripheral blood failed to identify circulating cells as the 
source of IL-6 in COVID-19 [46, 47], which supports the 
hypothesis that cells within the alveolar space rather than the 
periphery may be the source of enhanced IL-6 expression 
in COVID-19. A prospective observational trial compared 
IL-6 expression within the lung of patients with COVID-19 

pneumonia and patients with pneumonia not caused by 
COVID-19 [48]. Bulk RNA-seq analysis of flow cytometry-
sorted alveolar macrophages, collected using bronchoalveo-
lar lavage, revealed that IL-6 expression was not different 
between patients with COVID-19 pneumonia compared with 
patients with pneumonia due to other pathogens [48].

Although IL-6 concentrations have historically been 
used as a surrogate for clinical response in chronic inflam-
matory conditions, recent evidence suggests that sIL-6R 
may be a more informative marker of immune dysregula-
tion and a better predictor of tocilizumab response [30, 49]. 
Correspondingly, sIL-6R may also be a better surrogate for 
clinical response with tocilizumab in COVID-19. The pro-
posed rationale for evaluating sIL-6R response is that trans-
signaling via sIL-6R may provide a more complete picture 
of clinically relevant IL-6 activity in vivo [49]. Nishimoto 
conducted a tocilizumab PK/PD study in patients with RA 
and Castleman Disease and found that “as long as free toci-
lizumab was detectable, sIL-6R was saturated and IL-6 
signaling was completely inhibited” [24]. The threshold 
concentration for saturation was 1 μg/mL. However, even if 
sIL-6R is more predictive of tocilizumab anti-inflammatory 
response, it is much more challenging to measure clinically 
due to limited assay availability and accuracy [50].

Understanding sIL-6R response in COVID-19 is of 
interest given the observations in other inflammatory con-
ditions. Unfortunately, data comparing sIL-6R expression 
with COVID-19 severity and response are limited. Koutsa-
kos et al. [30] found that both IL-6 and sIL-6R concentra-
tions were higher in critically ill patients with COVID-19 
compared with patients who were not critically ill. They 
found that sIL-6R was marginally more accurate than IL-6 
at predicting ward versus intensive care unit (ICU) admis-
sion status (area under the receiver operating characteris-
tic curve [AUROC] 0.77 vs. 0.7) [40]. In the acute phase 
of COVID-19, both markers were elevated and exhibited 
a high degree of within-subject variability compared with 
healthy patients and those with convalescent disease [30]. 
Likewise, Moes et al. [23] measured sIL-6R response after 
tocilizumab administration and noted a rapid increase with 
a slow decline over 17 days. Based on their population PK 
model, they estimated that a threshold concentration of toci-
lizumab 5 μg/mL would be required to saturate sIL-6R (a 
value approximately fivefold higher than in non-COVID-19 
patients). However, all patients maintained concentrations 
above this threshold for over 2 weeks and no difference in 
tocilizumab PK exposure was discerned between clinical 
response groups. As a result, uncertainty remains regarding 
whether sIL-6R monitoring would be useful in evaluating 
the adequacy of tocilizumab in patients with COVID-19.

Based on available evidence, it appears that IL-6 expres-
sion in COVID-19 is more similar to that seen in patients 
with RA versus CRS; that lower IL-6 levels correspond 
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with better clinical outcomes in COVID-19; and that IL-6 
expression within the lung is similar between patients with 
COVID-19 and pneumonia due to other causes. Assuming 
IL-6 expression is an accurate marker of disease severity in 
COVID-19, one could argue that disease similarity exists 
between COVID-19 and other inflammatory conditions. 
However, IL-6 is an imperfect marker of clinical response in 
conditions such as RA [30]. Meanwhile, sIL-6R appears to 
potentially be a more precise measure of host inflammation 
versus IL-6 [30, 49]. Additionally, the pathophysiology driv-
ing IL-6 expression in COVID-19 is markedly different (acute 
viral infection) from conditions such as RA, PJIA, and SJIA 
(chronic autoimmune inflammation), and the relationship 
between tocilizumab treatment and occupancy of its target, 
IL-6R, is unknown in COVID-19. Therefore, extreme caution 
is warranted when extrapolating IL-6 and sIL-6R response to 
COVID-19. Finally, it remains unclear if a causal link exists 
between IL-6 expression and clinical response in COVID-19.

1.7  Comparison of Fixed and Weight‑Based Dosing 
Using Model‑Informed Simulations

To evaluate the extent to which a fixed dosing approach would 
yield exposures similar to those experienced by patients 
enrolled in COVID-19 clinical trials, we conducted focused 
model-informed dosing simulations. We utilized the distribu-
tion of body weight data from patients enrolled in the REMAP-
CAP trial to derive a reference range of PK exposures [3, 51]. 
The model structure and parameter estimates were taken from 
the RA population PK model including both subcutaneous and 
intravenous administration [31], with linear CL increased to 
the value estimated in patient populations with CRS follow-
ing CAR T, and used to simulate 100 trials with a sample size 
equal to the tocilizumab arm of REMAP-CAP (n = 353) [51] 
using NONMEM (version 7.4). Body weights were sampled 
from a random normal distribution (mean 90.3 kg, SD 17.1 kg) 
to reflect the median (interquartile range [IQR]) of patients 
enrolled in the tocilizumab arm of the trial [52].

From the 100 simulated trials, the median (5th, 95th per-
centiles) of individual exposure measures (i.e., AUC and day 
7 minimum concentration [Cmin]) were calculated at the trial 
level, and the median value of each of these summary statistics 
across the 100 trials was plotted to define the reference expo-
sure (blue shaded range) in Fig. 1. In a separate set of dose 
simulations, one patient per kilogram of body weight between 
41 and 160 kg was generated and administered either a fixed or 
weight-banded dose, as well as a weight-based 8 mg/kg dose. 
A total of 1000 iterations were performed, resulting in 1000 
simulated patients at each kilogram of body weight. Individual 
simulated exposure measures were calculated for each dosing 
condition for individual simulated patients, and the median and 
IQR exposure measures were calculated by binning simulated 
patients into body weight groups.

Figure 1a and b demonstrate that a fixed 400 mg dose 
results in tocilizumab exposures below those likely achieved 
in REMAP-CAP, where an 8 mg/kg dose was used. A 400 
mg fixed dose is predicted to achieve exposures below the 
5th percentile of predicted exposures from REMAP-CAP 
(8 mg/kg) in excess of 50% of patients weighing more than 
66 kg. Increasing intraindividual variation in the model (by 
a factor of four) resulted in a wider reference range (Fig. 1c 
and d) and marginally extended the weight range captured 
by 400 mg fixed dosing. Day 14 trough concentrations were 
below 5 μg/mL for all but the lowest body weight group with 
a 400 mg fixed dose. A higher 600 mg fixed dose (Fig. 1e 
and f) results in a greater proportion of simulated patients 
achieving exposure within the reference range but is still 
predicted to result in lower than reference exposure in the 
highest weight stratum, including a median predicted trough 
concentration < 5 μg/mL in this weight group.

Notably, across all of these simulation conditions, the 8 
mg/kg dosing arm is predicted to result in increasing expo-
sure with increasing body weight, such that exposure is 
not matched across body weight groups. A weight-banded 
dosing approach with less frequent dose adjustments than 
RECOVERY, and using practical 200 mg dosing increments, 
is predicted to result in improved exposure matching across 
the body weight range while still achieving exposures within 
the reference range predicted for REMAP-CAP (Fig. 1g and 
h). Median day 14 trough concentrations with this dosing 
approach were > 5 μg/mL with the entire IQR above this 
threshold for all but the smallest body weight groups.

2  Discussion

The optimal tocilizumab exposure in patients with COVID-
19 is not known. We sought to identify a fixed dosing regi-
men that is predicted to achieve exposures similar to the 
weight-based dosing regimens used in REMAP-CAP with 
the aim of informing drug conservation strategies [3]. 
We were not able to predict exposures from RECOVERY 
because patient body weight distributions were not pro-
vided in that trial [4]. Our simulations suggest that patients 
weighing ≥90 kg are unlikely to achieve exposures that fall 
within the reference range based on the predicted expo-
sures within REMAP-CAP, even if a 600 mg fixed dose 
was applied. Additionally, our analysis found that a weight-
banded approach, similar to the dosing strategy employed in 
RECOVERY but with more conservative dose adjustments 
(using practical 200 mg increments and alternate weight 
bands), yielded exposures that fell within the 90% predic-
tive interval of exposures from REMAP-CAP. Our findings 
support exploration of an alternate weight-banded dosing 
strategy, but this dosing strategy will require clinical valida-
tion. We look forward to further data to inform tocilizumab 
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PK/PD in COVID-19 disease, such as from the COVACTA 
study (which is planning to collect serum concentrations of 
IL-6, sIL-6R, and CRP with weight-based doses of tocili-
zumab 8 mg/kg) [53].

On the other hand, our simulation results may not fully 
generalize to critically ill COVID-19 patients. It remains 
unclear whether the tocilizumab exposures approximated 

from the large COVID-19 platform trials are necessary, 
given the relatively low drug concentrations required to 
saturate the sIL-6R signaling pathway—a pathway that 
appears potentially more predictive of clinical outcomes 
than IL-6 alone. It is known that sIL-6R levels are signifi-
cantly higher in critically ill COVID-19 patients compared 
with non-critically ill COVID-19 patients and healthy 

Fig. 1  a Predicted Cmin for 400 mg and 8 mg/kg dosing using the 
reference model. b Predicted AUC ∞ for 400 mg and 8 mg/kg dosing 
using the reference model. c Predicted Cmin for 400 mg and 8 mg/kg 
dosing using the reference model with fourfold inflation of interindi-
vidual variability. d Predicted AUC ∞ for 400 mg and 8 mg/kg dosing 
using the reference model with fourfold inflation of interindividual 
variability. e Predicted Cmin for 600 mg and 8 mg/kg dosing using the 

reference model. f Predicted AUC ∞ for 600 mg and 8 mg/kg dosing 
using the reference model. g Predicted Cmin for weight-banded fixed 
dosing and 8 mg/kg dosing using the reference model. h Predicted 
AUC ∞ for weight-banded fixed dosing and 8 mg/kg dosing using the 
reference model. Cmin minimum concentration, AUC ∞ area under the 
concentration-time curve from time zero to infinity, IQR interquartile 
range, WT weight
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volunteers, which may lead to more rapid target-mediated 
tocilizumab CL [30]. Furthermore, protein and immuno-
globulin (Ig) G catabolism has been shown to be increased 
in critically ill patients in general. This may partly explain 
the lower exposures seen in patients with CAR T therapy-
associated CRS compared with patients with PJIA [43]. 
Systemic CL and Vd of tocilizumab are higher in critically 
ill patients with severe or life-threatening CRS than patients 
with COVID-19 [23]. Of note, albumin and total protein 
were also modifiers of tocilizumab CL in the final tocili-
zumab PK model [21]. Additionally, corticosteroids, which 
are now the standard of care in all COVID-19 patients who 
require supplemental oxygen, are associated with upregula-
tion of IL-6R (including sIL6-R) [54, 55]. Increased target 
expression could again contribute to enhanced target-medi-
ated CL and could reduce concentrations below saturation 
levels sooner. Interestingly, although IL-6 is generally 
not elevated during pregnancy, sIL-6R concentrations are 
higher in pregnant women compared with non-pregnant 
women [56]. The increase in blood volume associated with 
pregnancy may further reduce tocilizumab concentrations, 
necessitating larger doses; additional studies are needed 
in pregnant patients. Although fixed doses appear to pro-
duce more homogenous PK exposures in a small number 
of patients with COVID-19 [23], there is likely to be higher 
between-patient variability in drug exposure among criti-
cally ill patients. Of note, our simulations and those per-
formed by Moes et al. both showed increasing exposure 
with increasing body weight; however, it is unclear whether 
the resulting drug exposure is necessary for clinical efficacy 
or affects toxicity. Thus, more work is needed to understand 
the clinical PK and PK/PD of tocilizumab in COVID-19.

Higher doses of intravenous tocilizumab chosen for RA 
allow for extended interval dosing in the outpatient setting 
(i.e., every 4 weeks), which may not be necessary in an acute 
condition such as COVID-19. Given that sIL-6R saturation 
appears to be achieved with relatively low tocilizumab con-
centrations (1–5 μg/mL) [23, 24], it is possible that lower 
doses could be as effective as higher doses for the treatment 
of COVID-19 [13, 21]. Limited observational data suggest 
that the therapeutic effect of tocilizumab in COVID-19 is not 
compromised when using lower doses (40–200 mg) [57] or a 
fixed dose of tocilizumab (400 mg) [11, 58]. However, rand-
omized controlled trials have not yet evaluated this approach. 
Additionally, it has been suggested that the relatively lower 
IL-6 levels in COVID-19, compared with CRS, may poten-
tially support consideration of lower IL-6R antagonist doses 
in response to lower cytokine concentrations [13]. A lower 
tocilizumab dose that achieves receptor saturation, but for a 
shorter duration, could also theoretically minimize the risk 
of secondary opportunistic infections associated with pro-
longed IL-6 blockade without compromising efficacy.

Finally, due to the lack of objective targets, the adap-
tive trials conducted to date have allowed redosing of tocili-
zumab at the discretion of treating clinicians, largely based 
on clinical response [3, 4]. Given the expected half-life of 
tocilizumab ranging from 11 to 13 days, additional doses 
of this therapy based on clinical response are likely unnec-
essary in COVID-19; avoiding second doses could further 
reserve its limited supply [9, 10, 28].

3  Conclusion

In the treatment of COVID-19, it is currently unclear 
whether weight-based dosing provides advantages over a 
fixed-dosing strategy. The largest published trials to date 
establishing the benefit of tocilizumab in COVID-19 have 
used weight-based dosing and/or dose-banding strategies. 
In our study, fixed tocilizumab dosing of 400 and 600 mg 
across each body weight strata did not consistently approx-
imate the tocilizumab exposures (i.e., AUC) estimated 
from the REMAP-CAP trial showing benefit. Currently, 
a dose–exposure–response relationship for tocilizumab in 
the treatment of COVID-19 is not yet described and there 
remains uncertainty regarding the extent to which COVID-
19 may alter individual PK parameters. The use of a fixed 
dosing regimen may reduce the probability of ‘underdos-
ing’ in some patients, whereas the risk of ‘overexposure’ 
with weight-based dosing in high-weight patients is non-
trivial. To date, the clinical contribution of ‘overexposure’ 
on the risk of secondary infections is unclear, although 
higher doses have been used without affecting neutrophil 
counts [26]. Since an established PK/PD relationship for 
tocilizumab is not known, it is reasonable to use an expo-
sure matching approach in an effort to target exposures 
that have demonstrated efficacy in the target population 
[14]. Our simulations found that, in contrast to fixed dos-
ing, an alternate ‘weight-banded’ dosing approach pro-
duced the best approximation of the REMAP-CAP popu-
lation exposures. The real-world impact on outcomes of 
a fixed-dose approach in the setting of critical limitations 
in drug supply, in an attempt to treat as many patients as 
possible who would qualify for tocilizumab therapy, is yet 
to be determined.

We recommend that if jurisdictions or individual hos-
pital sites move to adopt alternate dosing approaches (a 
likely possibility in the scenario where ethical rationing of 
limited drug product is in effect), it is studied (ideally with 
real-time monitoring) to provide data on patient-centered 
outcomes and the real-world effect of a fixed dose, or lower-
dose tocilizumab therapy, in COVID-19 disease. In addition, 
the current landscape of clinical trials is rapidly evolving 
and adaptive trials have proven especially useful during this 
pandemic due to their agile and flexible design in exploring 
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repurposed therapies. Leveraging platform trial design to 
identify optimal dosing strategies, also known as ‘socially 
optimal’ dosing, will additionally enable the overall realiza-
tion of maximum clinical benefits while mitigating inequi-
ties that may arise from increasing global demand and local/
regional limitations in drug supply [59]. We highlight here 
the importance of rational dosing of medications through 
PK/PD, and strongly advocate that current and future trials 
incorporate PK/PD considerations into their trial designs 
in order to better inform optimized dosing strategies at the 
bedside.
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