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Applying Modeling and Simulations for 
Rational Dose Selection of Novel Toll- Like  
Receptor 7/8 Inhibitor Enpatoran for 
Indications of High Medical Need
Lena Klopp- Schulze1,*, Jamie V. Shaw2, Jennifer Q. Dong2, Akash Khandelwal1, Cristina Vazquez- Mateo3 
and Kosalaram Goteti2

Dual toll- like receptor (TLR) 7 and TLR8 inhibitor enpatoran is under investigation as a treatment for lupus and 
coronavirus disease 2019 (COVID- 19) pneumonia. Population pharmacokinetic/pharmacodynamic (PopPK/PD) 
model- based simulations, using PK and PD (inhibition of ex vivo- stimulated interleukin- 6 (IL- 6) and interferon- α 
(IFN- α) secretion) data from a phase I study of enpatoran in healthy participants, were leveraged to inform dose 
selection for lupus and repurposed for accelerated development in COVID- 19. A two- compartment PK model was 
linked to sigmoidal maximum effect (Emax) models with proportional decrease from baseline characterizing the PD 
responses across the investigated single and multiple doses, up to 200 mg daily for 14 days (n = 72). Concentrations 
that maintain 50/60/90% inhibition (IC50/60/90) of cytokine secretion (IL- 6/IFN- α) over 24 hours were estimated and 
stochastic simulations performed to assess target coverage under different dosing regimens. Simulations suggested 
investigating 25, 50, and 100 mg enpatoran twice daily (b.i.d.) to explore the anticipated therapeutic dose range for 
lupus. With 25 mg b.i.d., > 50% of subjects are expected to achieve 60% inhibition of IL- 6. With 100 mg b.i.d., most 
subjects are expected to maintain almost complete target coverage for 24 hours (> 80% subjects IC90,IL- 6 = 15.5 ng/
mL; > 60% subjects IC90,IFN- α = 22.1 ng/mL). For COVID- 19, 50 and 100 mg enpatoran b.i.d. were recommended; 
50 mg b.i.d. provides shorter IFN- α inhibition (median time above IC90 = 13 hours/day), which may be beneficial to 
avoid interference with the antiviral immune response. Utilization of PopPK/PD models initially developed for lupus 
enabled informed dose selection for the accelerated development of enpatoran in COVID- 19.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Enpatoran is a novel, highly selective and potent inhibitor of 
toll- like receptors 7 and 8, which has demonstrated efficacy in 
mouse models of lupus, was well- tolerated in the phase I study 
in healthy participants and has the potential to be an effective 
disease- modifying therapy for patients with lupus.
WHAT QUESTION DID THIS STUDY ADDRESS?
 Through modeling and simulation, this study informed 
dose selection for early clinical trials of enpatoran in indications 
of high unmet medical needs.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 This work provides a quantitative description of the pharma-
cokinetics (PKs) and PK/pharmacodynamic (PD) relationship 

of enpatoran using population modeling. Model- based simu-
lations, combined with preclinical efficacy and clinical safety 
data, supported investigation of a twice daily dosing regimen 
in patients with systemic or cutaneous lupus erythematosus 
(NCT04647708) and coronavirus disease 2019 (COVID- 19) 
pneumonia (NCT04448756).
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 The study demonstrates how early population PK and PD 
models can be repurposed to support accelerated clinical devel-
opment of a novel compound to treat COVID- 19 pneumonia.
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Enpatoran is a novel, highly selective and potent dual inhibitor of 
toll- like receptor (TLR)7 and TLR8, which is being developed as 
an oral therapy for the treatment of autoimmune diseases, includ-
ing systemic and cutaneous lupus erythematosus (SLE/CLE).1,2 
The in vitro and in vivo properties of enpatoran suggest that it has 
the potential to be an effective disease- modifying therapy, poten-
tially inhibiting the pathologic activity of ribonucleic acid (RNA)- 
containing immune complexes and reducing disease progression 
in patients suffering from SLE, CLE, and other autoimmune dis-
eases. Abundant data in blood and skin biopsies of patients with 
SLE and CLE have shown how increased cytokine levels (includ-
ing interferon (IFN), interlekin- 6 (IL- 6), and TNFα) and expres-
sion of the type I IFN gene signature, all downstream effects of 
activating TLR7 and TLR8, correlate with disease activity and 
play a central role in disease pathogenesis.3,4

TLR7/8 are mediators of the immune response to single- 
stranded RNA (ssRNA) viruses and recent studies have shown 
that TLR7 is essential for type I IFN immunity against severe 
acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) in the 
respiratory tract.5 However, the dysregulated release of cytokines, 
known as cytokine storm, can trigger an excessive inflammatory 
and immune response, leading to the life- threatening complication 
of acute respiratory distress syndrome in severe cases of coronavirus 
disease 2019 (COVID- 19).6,7 Although not fully understood, it 
is postulated that one potential mechanism of cytokine storm de-
velopment is via activation of the inflammation regulator nuclear 
factor- kappa B (NF- κB) following interaction of SARS- CoV- 2 
and pattern recognition receptors6 (such as TLR7/8). Therefore, 
inhibition of TLR7/8 has the potential to prevent hyperinflam-
mation and progression to cytokine storm in severe COVID- 19.7 
In response to the global pandemic, a phase II trial of enpatoran in 
patients hospitalized with COVID- 19 pneumonia was conducted.

Enpatoran was shown to be highly selective and potent against 
TLR7/8 in a range of in vitro and in vivo assays, blocking both 
synthetic and endogenous TLR7/8 ligands in vitro, including 
RNA oligonucleotides derived from Alu transposable elements.1 
Enpatoran was efficacious in both the BXSB- Yaa and IFN- α- 
accelerated NZB/W mouse models of lupus, suppressing disease 
development at doses of ≥ 1 mg/kg.1

To assess the extent and duration of target engagement required 
for efficacy, pharmacokinetic (PK) and pharmacodynamic (PD) 
experiments were performed in mice. Activation of TLR7 and 
TLR8 leads to type I IFN regulatory factor-  and NF- kB- dependent 
signaling, resulting in the secretion of pro- inflammatory cyto-
kines including IFN- α and IL- 6. These cytokines were used as 
PD biomarkers to quantify the inhibitory activity of enpatoran 
on TLR7/8 (Figure 1). As TLR7/8 are not active under normal 
healthy conditions, the TLR7/8 agonist R848 (resiquimod)8,9 was 
used to stimulate the production of IL- 6 and IFN- α ex vivo. The 
lowest efficacious dose in mice of 1  mg/kg enpatoran was asso-
ciated with at least 60% inhibition of IL- 6 secretion throughout 
24 hours.

A phase I, randomized, double- blind, placebo- controlled, first- 
in- human, single and multiple ascending dose clinical study that as-
sessed the safety, tolerability, PKs, and PDs of enpatoran in healthy 
participants was completed (NCT03676322).2 During the study, 

preliminary population PK (PopPK) and PK/PD (PopPK/PD) 
models were developed from emerging enpatoran PK and PD data 
and updated in real- time to evaluate safety margins and guide dosing 
regimen adaptations during the study. Moreover, by integrating the 
PK and PD data across the investigated subjects and dose levels, the 
models captured and derived informative PK and PD characteristics 
of enpatoran in humans to support further clinical development.

In this work, we present the model- derived PK and PD charac-
teristics of enpatoran in humans and describe how the developed 

Figure 1 Activation of the TLR7/8 pathway by ssRNA viruses  
(such as SARS- CoV- 2), RNA- containing immune complexes, or the 
dual TLR7/8 agonist R848 is blocked by enpatoran. Downstream 
cytokines IL- 6 and IFN- α were used in PD assessments to indirectly 
assess TLR7/8 occupancy by enpatoran. CR, complement receptor; 
DC, dendritic cell; FcR, Fc receptor; IFN, interferon; IRF7, interferon 
regulatory factor 7; IRAK1/4, interleukin receptor- associated kinases 
1 and 4; IL- 6, interleukin- 6; mDCs, MYD88, myeloid differentiation 
primary response 88; NETosis, neutrophil extracellular trap death; 
NF-κB, nuclear factor-kappa B; PD, pharmacodynamic; ROS, reactive 
oxygen species; SARS- CoV- 2, severe acute respiratory syndrome- 
coronavirus 2; ssRNA, single- stranded RNA; TLR7/8, toll- like receptor 
7/8; TNFα, tumor necrosis factor alpha. [Colour figure can be viewed 
at wileyonlinelibrary.com]
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PopPK and PopPK/PD models were further leveraged to guide 
rapid and informed dose selection for clinical trials in lupus and 
COVID- 19 pneumonia.

METHODS
Clinical data used to develop the PopPK and PopPK/PD 
models
PopPK and PopPK/PD models were developed using data from the 
phase I healthy participant study (NCT03676322)2 by applying nonlin-
ear mixed effects modeling methods.10

The final dataset included 72 healthy participants who received ei-
ther a single dose (range: 1– 200 mg) or multiple daily doses (range: 9– 
200 mg) of enpatoran for 14 days, contributing a total of 1,223 PK and 
814 PD (IL- 6 and IFN- α) measurements. PK and PD sample collections 
are described in the Supplementary Materials S1. The population con-
sisted of 72 White adults, 2 of whom were women, with a geometric mean 
age of 32 (range: 20– 45) years and geometric mean body mass index of  
25 (range: 20– 29) kg/m2. The study was performed in accordance with 
international guidelines, including the Declaration of Helsinki and 
Council for International Organization of Medical Sciences International 
Ethical Guidelines, and was approved by the Ethics Committee of the 
Bavarian Chamber of Physicians, Munich, Germany.2 All participants gave 
informed consent.2

The lower limits of quantification (LLOQ) of the PK, IL- 6, and IFN- α 
assays were 20 pg/mL, 14 ng/mL, and 0.66 pg/mL, respectively. Nine per-
cent of PK measurements were below the LLOQ. Because most of these 
samples were late postdose samples (e.g., 120 hours postdose), their impact 
on PK model estimates and future PK predictions were considered negligi-
ble and they were excluded from the analysis. Stimulated and unstimulated 
(negative control) cytokine values that were below the LLOQ were set to 
half of the LLOQ. For the PD model analyses, normalized cytokine values 
were used (derived by subtracting the negative control from the stimulated 
values).

Model development and evaluation
Several structural and statistical PK models were investigated: one-  
to three- compartments, exploring including/excluding absorption 
lag time and random- effects terms with or without correlations. 
Enpatoran PK was best described with a two- compartment PopPK 
model with first order absorption including an absorption lag time and 
first order elimination processes. The choice of a two- compartment 
model over a one- compartment model was guided by improved model 
performance with respect to statistical and graphical criteria (model 
convergence, reduction in objective function value, and goodness- of- 
fit plots), which allowed representation of relevant exposure metrics 
(e.g., maximum and minimum concentrations of enpatoran). The 
model was further refined by considering correlations (i.e., covari-
ances, also referred to as off- diagonal elements of the OMEGA ma-
trix) between the random- effects terms (interindividual variability 
(variance) (IIV)) among apparent oral clearance (CL/F), peripheral 
volume of distribution, and intercompartmental f low, which may be 
partly attributed to variability in bioavailability (F) after oral absorp-
tion. Moreover, performing simulations with a model that considers 
the variance- covariance matrix of random effects allows the sampling 
of more realistic individual parameters sets, as compared with assum-
ing that no correlations exist. The structural PK parameter estimates 
were in line with the parameters derived using noncompartmental 
analysis.2

For both PD biomarkers (ex vivo- stimulated IL- 6 and IFN- α), the 
developed PopPK model was linked to a direct response PopPD model 
by integrating individual PK and PD data from single and multiple dos-
ing cohorts into the model. A direct response modeling approach was 
applied as the TLR7/8- dependent PD response was stimulated ex vivo, 
and prior graphical explorations of the PK/PD relationship displayed no 

hysteresis loop. Specifically, model- predicted enpatoran concentrations 
from individual PK parameter estimates were used to drive the respective 
PD biomarker effect and modeled applying an inhibitory direct response 
sigmoidal Emax model with proportional decrease from baseline and com-
bined residual error model. Several structural and statistical PD submodels 
were initially explored: inhibitory Emax models with and without baseline 
or Hill factor, unfixed/fixed maximum inhibition (IMAX) parameter, in-
cluding IIVs with and without estimating correlations, investigating pro-
portional and combined additive and proportional residual error models. 
IL- 6 and IFN- α release was completely inhibited at high enpatoran con-
centrations and thus, the IMAX was set to 1 (i.e., 100%) in both models. 
IIV on IMAX was negligible (<  5%) and therefore excluded. IC60 and 
IC90 (60% and 90% inhibitory concentrations) values were derived for 
both cytokines based on estimated IC50 and Hill factors, both > 1.5, using 
the re- arranged Emax model equation:

Model evaluations were based on goodness- of- fit plots and visual pre-
dictive checks (nreplicates = 1,000),11 as well as statistical criteria (e.g., preci-
sion of parameter estimates).

Due to the homogeneity of the healthy participant study population 
(see demographics above), explorations of covariate submodels will be 
assessed at a later stage with data integrated across studies (larger sam-
ple size and covariate distribution). Because the developed population 
models captured both the typical PK/PD behavior as well as the dis-
tribution/range of individual behaviors, they fulfill their purpose for 
subsequent simulations to compare several dosing scenarios at the pop-
ulation level.

Dose selection criteria and simulations
To determine the dosing regimens for clinical studies, stochastic simu-
lations (1,000 simulated subjects) were performed using the developed 
models considering interindividual and residual unexplained variability. 
For both indications, the percentage of simulated subjects with mini-
mum concentrations at steady- state (Cmin,ss) above IC50 and IC90 of ex 
vivo- stimulated IL- 6 and IFN- α release, and maximum concentrations 
at steady- state (Cmax,ss) were evaluated. The highest dose evaluated in the 
simulations was 200 mg daily, corresponding to the highest dose used in 
clinical studies to date.

Preclinical data in mouse models of lupus showed that enpatoran ex-
posure at the minimally efficacious dose (1  mg/kg) was associated with 
60% inhibition of IL- 6 release over 24 hours.1 Based on this, 60% inhi-
bition of ex vivo- stimulated IL- 6 secretion at Cmin,ss in > 50% of human 
subjects over 24 hours was set as the minimum target for PD modulation 
and formed the basis for the lowest recommended dose in lupus clinical 
trials. Therefore, IC60 coverage was also assessed for lupus.

No preclinical data for in vivo efficacy of enpatoran treatment in 
SARS- CoV- 2 infection models were available to guide indication- specific 
dose selection for COVID- 19. However, it was hypothesized that strong 
TLR7/8 inhibition (i.e., achieving IC90) would be required for at least a 
couple of hours per day to prevent patients with COVID- 19 pneumonia 
developing an aggressive hyperinflammation. The optimum dose should 
inhibit NF- κB- driven cytokine production (e.g., IL- 6) while allowing an 
antiviral immune response (e.g., IFN) sufficient to combat the infection. 
Therefore, simulations were performed for both IL- 6 and IFN- α, and IC90 
and IC50 were assessed.

Software
Model parameter estimations (first- order conditional estimation method 
with interaction algorithm) and simulations were performed using 
NONMEM (version 7.3.0; ICON Development Solutions, Ellicott 
City, MD, USA) and organized by Perl- speaks- NONMEM (PsN version 

ICx = IC50 ∗
x% inhibition

(100% − x% inhibiton)

(

1

Hill factor

)
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4.4.8; Uppsala University, Uppsala, Sweden). For organization of runs 
and run reporting, Pirana software (version 2.9.2; Pirana Software & 
Consulting, Denekamp, The Netherlands) was used. Pre-  and post-
processing modeling and simulation activities, exploratory analysis, 
and graphical model diagnostics were carried out in R (version 3.5.1; R 
Foundation for Statistical Computing, Vienna, Austria) using RStudio 
(version 1.0.153; RStudio Inc., Boston, MA, USA).

RESULTS
Developed models and PK and PD properties
The PK of enpatoran was best described with a two- compartment 
PopPK model with first order absorption, including an absorption 
lag time and first order elimination processes (Table S1). PK pa-
rameters were estimated with appropriate precision with the most 
relevant PK parameter CL/F and its IIV being estimated with 
high precision (relative standard error 3.3% and 16.5%, respec-
tively). Variability in CL/F across subjects was 27.5% coefficient of 
variation (CV). In general, the PopPK model appeared to perform 
well, capturing the typical behavior and the variability across sub-
jects and cohorts, as apparent from the diagnostic plots (top row of 
Figure 2, and Figures S1– S6).

The relationship between enpatoran PK and longitudinal PD 
biomarker data was appropriately described by an inhibitory di-
rect response sigmoidal Emax model with proportional decrease 
from baseline and combined residual error model, with contin-
uous enpatoran concentrations directly driving the PD effect 
(Table  S2). The PopPK/PD models for IL- 6 and IFN- α ade-
quately described the underlying cytokine release data, as apparent 
from the diagnostic plots (middle and bottom row of Figure  2, 
and Figures S2– S7).

As anticipated from exploratory graphical analysis, the esti-
mated variability in PD values at baseline across subjects was large 
(50– 55% CV; Figure  S7) and decreased proportionally with 
increasing enpatoran concentrations resulting in complete inhi-
bition (100%) of cytokine release (Figure  3). The PopPK/PD 
model determined slightly lower IC50 and IC90 for IL- 6 compared 
with IFN- α. The IIV in IC50 was larger for IFN- α compared with 
IL- 6 (50% vs. 30% CV, respectively; Figure S7). Corresponding 
IC60 and IC90 values were 5.59 and 15.5  ng/mL for IL- 6, and 
8.43, and 22.1 ng/mL for IFN- α, respectively. The steepness of the 
response vs. concentration slopes, as described by the Hill factors, 

Figure 2 Visual predictive check for plasma enpatoran PK and PD profiles following multiple dosing. Observed (n = 72) and PopPK/PD model 
simulated (n = 1,000 subjects per dosing scenario) plasma concentrations of enpatoran and ex vivo- stimulated IL- 6 and IFN- α over time on 
day 14 of multiple oral dose administration (9, 25, and 200 mg q.d., and 25 mg and 50 mg b.i.d.). The b.i.d. dosing cohorts received only the 
morning dose of 25 or 50 mg on day 14. Solid colored line = simulated median value; shaded colored area = simulated 2.5– 97.5th percentiles; 
circles = observed data; solid black line = observed median value; dotted lines = observed 2.5– 97.5th percentiles. b.i.d., twice daily; IFN- α, 
interferon alpha; IL- 6, interleukin- 6; PD, pharmacodynamic; PK, pharmacokinetic; PopPK, population pharmacokinetic; PopPK/PD, population 
pharmacokinetic/pharmacodynamic; q.d., once daily. [Colour figure can be viewed at wileyonlinelibrary.com]
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were comparable for IL- 6 (1.75) and IFN- α (1.86). Based on these 
observed exposure– response relationships, slightly higher enpato-
ran concentrations were required to inhibit IFN- α release com-
pared with IL- 6.

Model- based evaluation of once daily and twice daily dosing 
scenarios
The PopPK model was used to simulate and compare q.d. and 
b.i.d. dosing regimens. This was motivated by the high ap-
parent clearance of enpatoran in humans, with an estimated 

typical CL/F of 144 L/hour. Therefore, it was hypothesized 
that TLR7/8 inhibition might not be sufficiently maintained 
throughout the day despite achieving high Cmax,ss from q.d. dos-
ing (Figure 4a).

Simulation results supported the b.i.d. over q.d. dosing regimen 
when comparing the fraction of subjects achieving IL- 6 and IFN- α 
targets at Cmin,ss (Table 1, Figure 4b). In general, IL- 6 and IFN- α 
target coverage for IC50 and IC90 was maintained for longer du-
ration over 24 hours with increasing daily dose (Figure 5, panels 
from left to right), and more frequently under b.i.d. compared to 

Figure 3 Exposure– response relationship between enpatoran plasma concentrations and ex vivo- stimulated IL- 6 (a) and IFN- α (b) release from 
72 healthy subjects across single and multiple dose cohorts of the phase I study. Solid blue slope = typical profile applying PK/PD models; 
Rugs on x- axis = distribution of enpatoran concentrations colored by dosing regimen. b.i.d., twice daily; IC, inhibitory concentration; IFN- α, 
interferon alpha; IL- 6, interleukin- 6; PD, pharmacodynamic; PK, pharmacokinetic; q.d., once daily. 
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q.d. dosing scenarios (Figure 5, top vs. bottom). For example, 86% 
and 35% of simulated subjects achieved 90% inhibition of IL- 6 
release at Cmin,ss with 100 mg b.i.d. and 200 mg q.d., respectively 
(Table 1, Figure 5a).

IL- 6 vs. IFN- α target inhibition
The simulations underlined the differential inhibitory effect of 
enpatoran on ex vivo- stimulated cytokine release. Across all dos-
ing regimens, fewer simulated subjects achieved 90% inhibition of 
IFN- α over 24 hours compared with IL- 6 (Figure 5, a vs. b). With 
100 mg b.i.d., 63% of subjects were expected to maintain 90% in-
hibition of IFN- α release over 24 hours (compared with 86% of 
subjects for IL- 6; Table 1).

Dose selection
At the lowest investigated dose of 25 mg b.i.d., IL- 6 coverage of 
IC50 was maintained in 81% of simulated subjects throughout 
the day. The minimum efficacious dose in lupus mice was associ-
ated with 60% inhibition of IL- 6 secretion throughout 24 hours. 
Similarly, with 25 mg b.i.d., 63% of subjects are expected to achieve 
enpatoran exposures sufficient to maintain IC60 of IL- 6 for the 
entire day (Table 1). Under the assumption that 60% PD target 
attainment is required for efficacy and that preclinical results are 
translatable to humans, the simulations suggested evaluation of 
25 mg b.i.d. as the minimum dose in future lupus trials.

With 50 mg b.i.d., almost all subjects (> 97%) maintained IC50 
for IL- 6 for 24 hours, whereas 29% of subjects were expected to 
maintain IC90 for IL- 6. For IFN- α with 50 mg b.i.d. dosing, 93% 
and 8% of subjects are expected to achieve IC50 and IC90, respec-
tively, for 24 hours (Table 1). With 100 mg b.i.d., almost all sub-
jects (> 99%) maintained enpatoran concentrations above IC50 of 
IL- 6 and IFN- α.

To maximize the number of subjects achieving IC60 IL- 6 cover-
age and due to uncertainties in the translation of preclinical lupus 
model results to human patients with lupus, it was proposed to in-
vestigate additional higher doses. With 50 mg and 100 mg b.i.d., 
the number of subjects maintaining IC50 for IFN- α for 24 hours 
is maximized (93% and > 99%, respectively) and almost complete 
target coverage of IL- 6 (IC90) is expected to be maintained with 
100 mg b.i.d. in 86% of subjects.

For COVID- 19, 100 and 50 mg enpatoran b.i.d. were recom-
mended; the majority of subjects are expected to achieve IC90 
for IL- 6 throughout the day with 100  mg b.i.d., whereas 50  mg 
b.i.d. provides shorter IFN- α inhibition (median time above 
IC90 = 13 hours/day), which may be beneficial to avoid interfer-
ence with the antiviral immune response.

DISCUSSION
Under normal physiologic conditions, activation of the TLR7 
and TLR8 pathways by ssRNA results in a protective antiviral re-
sponse. Although TLR7/8 have evolved as sensors of viral ssRNA, 
their aberrant activation by endogenous RNA may drive inflam-
mation and autoimmunity, and as such TLR7/8 are postulated 
to be involved in the pathogenesis of autoimmune diseases, such 
as SLE.12- 14 Additionally, TLR7/8 may play an important role in Ta
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Figure 5 Fraction of simulated subjects achieving IL- 6 (a) and IFN- α (b) targets throughout the day following continuous enpatoran q.d. and 
b.i.d. dosing. Enpatoran q.d. and b.i.d. PK profiles over 24 hours at PK steady- state were simulated (n = 1,000 per dosing scenario) using the 
PopPK model and the proportion of simulated subjects achieving IL- 6 and IFN- α inhibition was evaluated across 24 hours. The magnified panels 
show the fraction of subjects achieving IL- 6 and IFN- α targets at Cmin,ss at 24 hours. The dark green area represents the proportion of simulated 
subjects achieving at least 90% inhibition of IL- 6 or IFN- α release over time. The light green area represents the proportion of simulated subjects 
achieving between 50 and 90% inhibition of IL- 6 or IFN- α release, and the orange area represents those achieving < 50% inhibition, over time. 
b.i.d., twice daily; Cmin,ss, minimum concentration at steady state; IC50/90, 50/90% inhibitory concentrations; IFN- α, interferon alpha; IL- 6, 
interleukin- 6; PK, pharmacokinetic; PopPK, population pharmacokinetic; q.d., once daily. [Colour figure can be viewed at wileyonlinelibrary.com]
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the hyperinflammation associated with ssRNA viruses, such as 
COVID- 19.15 Therefore, enpatoran, a highly selective and potent 
TLR7/8 inhibitor, is currently under investigation for the treat-
ment of SLE/CLE and COVID- 19 pneumonia, and may repre-
sent a promising therapeutic strategy for these indications of high 
and urgent unmet medical need.

To inform the dose selection in early clinical development pro-
grams, PopPK and PopPK/PD models were successfully developed 
from phase I PK and PD data. The models generated a quantita-
tive description of the PK and PK/PD relationship of enpatoran 
and, importantly, provided a tool to compare alternative dosing 
scenarios for investigation in future clinical trials. The PopPK and 
PopPK/PD models were based on data from healthy volunteers 
that may underestimate PK and PD variability in patients. To miti-
gate this, a conservative PK/PD metric of Cmin,ss above IC90 for the 
entire day was chosen, and target attainment was based on a large 
simulated population (n = 1,000).

Enpatoran PK and PD characteristics
As reflected in the plasma PK profiles and confirmed with param-
eter estimation, enpatoran was rapidly absorbed after oral admin-
istration and displayed daily PK fluctuations with Cmax,ss/Cmin,ss 
ratios of 5.7 and 18 for b.i.d. and q.d., respectively. The initial 
steep decline, expected to reflect the competing processes of rapid 
distribution into tissues (intercompartmental flow) and elimina-
tion of enpatoran (CL/F), was followed by a less steep decline, rep-
resenting the terminal elimination phase from the body. Under 
the assumption that enpatoran is almost exclusively eliminated via 
metabolism in the liver (other routes are considered negligible) and 
a large fraction of the oral dose is systemically available (F > 85%),1 
the estimated CL/F should approximately represent the hepatic 
CL in humans. The relatively high CL/F may be attributed to en-
patoran metabolism via the aldehyde oxidase enzyme, which has 
been shown in vitro.1

Enpatoran has a relatively large volume of distribution (even if F 
is low), which is comparable to small molecules with similar physi-
cochemical properties, and hence distributes well from the circula-
tion into tissues. This is consistent with observations of enpatoran 
tissue distribution in rats based on whole body autoradiography, 
and its physicochemical properties (i.e., being lipophilic (logP: 2) 
and highly permeable (Caco- 2 permeability: 26 × 10−6 cm/s)).1

Notably, TLR7/8 activation by R848 is artificial, and the bind-
ing specificity and extent of pathogenic ligands are expected to 
vary; therefore, the IC50 under R848 stimulation should be con-
sidered with care. However, enpatoran has been shown in vitro and 
in vivo to inhibit synthetic ligands as well as natural endogenous 
RNA ligands, such as microRNA and Alu RNA,1 suggesting that 
enpatoran potently inhibits TLR7/8 irrespective of the stimula-
tory counterpart.

Simulations of dosing regimens
Based on the simulations reported here, the b.i.d. dosing regimen 
was superior to the q.d. equivalent daily dose in maximizing time 
above PD targets (Cmin,ss  >  IC), but also lowering Cmax values, 
thereby providing smaller peak- to- trough fluctuations and larger 
safety margins for Cmax (e.g., 200 mg q.d. vs. 100 mg b.i.d.). To 

date, clinical safety data support exposures up to the highest clin-
ically investigated multiple dose of 200  mg enpatoran daily for 
14 days.2

At the highest proposed dose of 100 mg b.i.d., simulations sug-
gest that most subjects are expected to achieve exposures sufficient 
for considerable and sustained inhibition of TLR7/8 throughout 
the day (> 80% of subjects IC90 for IL- 6 = 15.5 ng/mL; > 60% 
of subjects IC90 for IFN- α = 22.1 ng/mL). Therefore, enpatoran 
may represent a valuable treatment option for patients for whom 
an overactivated TLR7/8 pathway is a significant contributor to 
their disease progression and/or severity.

Despite the general challenges with adherence to daily or twice- 
daily oral drug intake, enpatoran as an oral treatment option 
with a shorter half- life may provide certain advantages compared 
with other treatments with longer half- lives, especially i.v.-  or s.c.- 
administered monoclonal antibodies: (i) the oral tablet adminis-
tration is more convenient for patients, (ii) PK steady- state and 
target exposure are achieved within a few days of treatment, and 
(iii) it is possible to make rapid dosing adjustments or withdraw 
treatment if necessary.

Lupus indications
For the treatment of lupus, simulations supported clinical in-
vestigation at 25, 50, and 100 mg enpatoran b.i.d. as the antic-
ipated therapeutic dose range. The fourfold dose range covers 
a wide range of Cmin,ss across three dose levels, with minimum 
overlap between the dose groups. Investigating three well- 
differentiated dose levels will enable the determination of dose– 
exposure– response relationships, supporting future safe and 
efficacious dose selection for lupus trials. Enpatoran is being 
evaluated for patients with active SLE/CLE (NCT04647708); 
it is unknown whether the same dose will be effective for differ-
ent lupus indications.

The lowest dose of 25 mg b.i.d. was selected based on efficacy 
results from a preclinical lupus disease mouse model and corre-
sponding IL- 6 target coverage. The IFN gene signature is elevated 
in patients with SLE and blood IFN- α concentration increases 
with disease activity.16,17 Therefore, as enpatoran less potently 
inhibits IFN- α compared with IL- 6 and due to the uncertain-
ties in preclinical- to- clinical translation, if supported by safety 
data, higher doses may be explored in dose- ranging studies to in-
crease the number of patients achieving 90% inhibition of IFN- α 
throughout 24 hours.

COVID- 19 pneumonia
The global COVID- 19 pandemic has highlighted the importance 
of applying clinical pharmacology and modeling approaches for 
the rapid optimization of potential treatments, including the de-
termination of the most appropriate dosage.18 In contrast to lupus, 
no preclinical disease model data were available to guide enpato-
ran dose selection for patients with COVID- 19 pneumonia. To 
prevent and/or inhibit the aggressive hyperinflammatory immune 
response (cytokine storm) observed in severe cases of COVID- 19, 
enpatoran 50 and 100 mg b.i.d. doses were recommended for in-
vestigation in the phase II ANEMONE trial (NCT04448756) 
through modeling and simulation. With b.i.d. dosing, cytokine 
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levels are expected to be largely suppressed throughout the dosing 
interval. In the acute treatment setting of COVID- 19- associated 
cytokine storm, high exposures should be achieved as soon as pos-
sible and potentially maintained for a sufficient duration to ensure 
adequate clearance of infection.

Although interferons seem to play an important role in regulat-
ing the immune defense during the first stage of viral infection, it 
is unclear whether they are protective or harmful in the inflamma-
tory stage of the disease.19- 21 Dual TLR7/8 inhibition by enpatoran 
leads to slightly differential downstream effects, reflected in rela-
tively stronger inhibition of IL- 6 release than IFN- α. Consequently, 
the selection of an appropriate enpatoran dose that allows the im-
mune system to react to foreign pathogens, as well as the timing of 
TLR7/8 immune modulatory treatment, are important consider-
ations for the successful treatment of severe COVID- 19.

The dynamic and severe nature of COVID- 19 immuno-
pathology is often complicated by a patient’s comorbidities 
(e.g., obesity, diabetes, and cardiovascular complications), co- 
medications, and organ support techniques used, and therefore 
controllable and rapid- acting treatment options are required. 
Enpatoran has a short half- life, penetrates target tissues, and is 
predicted to have a manageable drug– drug interaction profile. 
These advantageous PK properties, combined with its novel 
mode of action as a dual TLR7/8 inhibitor, suggest that enpato-
ran treatment at a critical point in COVID- 19 progression may 
have the potential to attenuate hyperinflammation and cytokine 
storm.

CONCLUSION
The dual TLR7/8 inhibitor enpatoran has the potential to 
block the pathologic activity of immune complexes in auto-
immune diseases, such as lupus, as well as the overt inflam-
matory response that leads to cytokine storm in severe cases of 
COVID- 19.2 The required magnitude of TLR7/8 inhibition 
must be fine- tuned in order to ease the progression of diseases 
driven by this pathway, while maintaining adequate levels of 
immune protection. In this study, PK and PD data from the 
phase I first- in- human study of enpatoran were used to develop 
PopPK/PD models and, together with safety data in humans 
and preclinical efficacy and PK/PD data, informed the ratio-
nal, data- driven dose selection for clinical trials in patients with 
lupus and COVID- 19 pneumonia. Early and continuous popu-
lation modeling and simulations supported the accelerated clin-
ical development of enpatoran in indications of urgent unmet 
medical need.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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