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Abstract
Type I interferons contribute to the pathogenesis of several autoimmune disor-
ders, including systemic lupus erythematosus (SLE), systemic sclerosis, cutaneous 
lupus erythematosus, and myositis. Anifrolumab is a monoclonal antibody that 
binds to subunit 1 of the type I interferon receptor (IFNAR1). Results of phase IIb 
and phase III trials led to the approval of intravenous anifrolumab 300 mg every 
4 weeks (Q4W) alongside standard therapy in patients with moderate-to-severe 
SLE. Here, we built a population physiology-based pharmacokinetic (PBPK) 
model of anifrolumab by utilizing the physiochemical properties of anifrolumab, 
binding kinetics to the Fc gamma neonatal receptor, and target-mediated drug 
disposition properties. A novel relative transcriptomics approach was employed 
to determine IFNAR1 expression in tissues (blood, skin, gastrointestinal tract, 
lungs, and muscle) using mRNA abundances from bioinformatic databases. The 
IFNAR1 expression and PBPK model were validated by testing their ability to 
predict clinical pharmacokinetics over a large dose range from different clinical 
scenarios after subcutaneous and intravenous anifrolumab dosing. The validated 
PBPK model predicted high unbound local concentrations of anifrolumab in 
blood, skin, gastrointestinal tract, lungs, and muscle, which exceeded its IFNAR1 
dissociation equilibrium constant values. The model also predicted high IFNAR1 
occupancy with subcutaneous and intravenous anifrolumab dosing. The model 
predicted more sustained IFNAR1 occupancy ≥90% with subcutaneous anifrol-
umab 120 mg once-weekly dosing vs. intravenous 300 mg Q4W dosing. The re-
sults informed the dosing of phase III studies of anifrolumab in new indications 
and present a novel approach to PBPK modeling coupled with relative transcrip-
tomics in simulating pharmacokinetics of therapeutic monoclonal antibodies.
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INTRODUCTION

Type I interferons (IFNs) play an important role in the 
pathogenesis of several autoimmune disorders including 
systemic lupus erythematous (SLE), systemic sclerosis 
(SSc), and myositis.1–4 There is strong evidence of elevated 
type I IFN signaling and gene signature (IFNGS) expres-
sion in these autoimmune diseases,1–5 and type I IFN in-
hibition is an established treatment modality for patients 
with SLE.6,7 Currently, there is an unmet need for addi-
tional disease-modifying therapies capable of halting or re-
versing the immune dysregulation in SSc and myositis.2,8

Anifrolumab (SAPHNELO® AstraZeneca, Södertälje, 
Sweden) is a fully human IgG1κ monoclonal antibody 
(mAb) that binds with high specificity and affinity to 
the type I IFN-α receptor (IFNAR1) subunit 1, leading to 
IFNAR1 internalization and inhibition of downstream 
IFNAR1-mediated signaling.6 IFNAR1-blockade with an-
ifrolumab inhibits IFN-responsive gene expression and 
downstream inflammatory and immunological processes 
that contribute to autoimmune disease pathologies.5

Intravenous (IV) anifrolumab is approved for patients 
with moderate-to-severe SLE receiving standard ther-
apy, based on the results of three randomized, placebo-
controlled trials.6,9–11 Pharmacokinetic, efficacy, and 
safety data in patients with SLE from the phase IIb MUSE 
trial supported the optimal anifrolumab dosage of 300 mg 
every 4 weeks (Q4W) for the phase III TULIP trials.9,12 In 
TULIP-1 and TULIP-2, anifrolumab IV 300 mg alongside 

standard therapy was associated with clinically meaning-
ful improvements in disease activity.6,10,11 A population-
based pharmacokinetic model based on data from five 
clinical trials of anifrolumab IV Q4W exhibited nonlinear 
pharmacokinetics, time-varying linear clearance, and sus-
tained concentrations supporting this dosing in patients 
with SLE.13 Studies investigating subcutaneous (SC) an-
ifrolumab administration are ongoing.14–17

Pharmacokinetics, safety, and tolerability of IV and 
SC anifrolumab were compared in a phase I randomized, 
placebo-controlled trial in healthy adults.18 Anifrolumab 
300 mg SC exposure was 87% of IV administration, and SC 
dosing was well tolerated.18 Emerging evidence in patients 
with SLE indicates that patients would like both IV and SC 
administration options, further supporting research into 
SC administration.19,20

Physiology-based pharmacokinetic (PBPK) modeling 
offers a comprehensive understanding of how drug com-
pounds distribute, metabolize, and interact within the 
human body and may support dose selection and trial de-
sign of studies for new indications.21 Previous whole-body 
human PBPK modeling of intravenous IFN-α describing 
pharmacokinetics and subsequent IFN-α–IFNAR occu-
pancy in the liver provided a framework for future model-
based study design.22 Here, we present population PBPK 
modeling of IV and SC anifrolumab to compare routes 
of administration and support dose selection and design 
of anifrolumab phase III studies for new indications, in-
cluding lupus nephritis, cutaneous lupus erythematosus, 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Previous studies have validated anifrolumab 300 mg intravenous (IV) every 
4 weeks (Q4W) as the optimal dose for patients with SLE.
WHAT QUESTION DID THIS STUDY ADDRESS?
Can a population physiology-based pharmacokinetic (PBPK) model be coupled 
with a relative transcriptomics approach to predict local anifrolumab tissue con-
centrations and receptor occupancy, to guide dose selection for phase III anifrol-
umab studies in new indications?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Anifrolumab 300 mg IV Q4W offers high local anifrolumab concentrations in tar-
get tissues and high receptor occupancy. Anifrolumab 120 mg administered sub-
cutaneously every week is equivalent to 300 mg IV Q4W in achieving high local 
anifrolumab concentrations and high receptor occupancy; SC has lower variabil-
ity in the unbound anifrolumab concentration across the dosing interval than IV.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
We provide a novel modeling approach to target expression optimization and ap-
plication in clinical development. The anifrolumab PBPK model may inform dos-
ing of phase III anifrolumab trials for new indications.
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myositis, and SSc.14–16,23 We use a novel relative tran-
scriptomics approach for predicting IFNAR1 expression 
in blood, skin, lung, gastrointestinal tract, and muscle 
tissues.

METHODS

The PBPK modeling strategy was informed by three clini-
cal trials of healthy populations and/or patients with SSc or 
SLE (n = 49).18,24,25 Trial designs, populations, and anifrol-
umab dosages are summarized in Table S1 (Appendix S1: 
Section 1.0).18,24,25

The Simcyp population-based simulator (Certara UK 
Ltd., Sheffield, UK; Version 21)26 was used for anifrolumab 
PBPK modeling, using default Simcyp parameter values 
to create a virtual healthy volunteer population (demo-
graphic, anatomical, and physiological parameters, in-
cluding organ volumes and respective blood flows). Mean 
and distribution of demographic covariates (e.g., age, sex, 
body weight, body surface area, organ weight, and tissue 
composition) were generated using a correlated Monte 
Carlo approach under predefined study designs within 
Simcyp. The construction and validation of the Simcyp 
Biologics module were previously published.27,28

PBPK model structure

A whole body, fully mechanistic PBPK model was utilized 
to predict anifrolumab distribution after IV or SC admin-
istration by incorporating passive diffusion, convective 
transport, and transcytosis through vascular epithelial 
cells by Fc gamma neonatal receptor (FcRn; Appendix S1: 
Section 1.1). The full PBPK distribution model employed 
time-based differential equations to simulate anifrol-
umab concentrations in various organs: blood, adipose 
tissue, bone, brain, gut, heart, kidney, liver, lung, mus-
cle, pancreas, skin, and spleen.29 Elimination was mod-
eled to incorporate linear clearance due to non-specific 
catabolic pathways, and specific clearance resulting from 
anifrolumab–IFNAR1 binding followed by internaliza-
tion and subsequent lysosomal degradation (Appendix S1: 
Section 1.1).

PBPK modeling strategy

The anifrolumab PBPK modeling strategy was divided 
into construction, validation, and application (Figure 1). 
The following sections describe the methodologies within 
each step.

F I G U R E  1   Schematic diagram to 
show PBPK modeling strategy. AUC, 
area under the serum concentration–
time curve; Cmax, maximum observed 
concentration in serum; Fa, fraction of 
drug absorbed; FcRn, Fc gamma neonatal 
receptor; GIT, gastrointestinal tract; 
IFNAR1, type I interferon receptor; IV, 
intravenous; Ka, first-order absorption 
rate constant; Kd, equilibrium dissociation 
constant; Kdeg, receptor degradation rate 
constant; Koff, dissociation constant; 
Kon, association constant; Ksyn, receptor 
synthesis rate constant; MW, molecule 
weight; PK, pharmacokinetics; Q4W, 
every 4 weeks; QW, once a week; SC, 
subcutaneous; TMDD, target-mediated 
drug disposition.

Model Construction
Physiochemical properties
FcRn binding
TMDD and non-specific clearance

Step 1

Step 2

Step 3

Model Validation
Testing model predictions by comparisons 
of observed versus predicted

• Plasma concentration profiles
• PK metrics (Cmax/AUC)

Clinical data tested for validation
IV single dose PK - NCT00930683 (MI-CP180)
IV repeat dose PK - NCT00930683 (MI-CP180)
SC single dose PK - NCT02601625 (D3461C00006)
IV single dose PK - NCT01559090 (D3461C00002)

Model Application
Dose recommendation: Simulation of 
concentrations and receptor occupancy in 
lungs, GIT, muscles and skin at proposed 
dose 300 mg IV Q4W
Equivalent SC dosing: Comparison of 
receptor occupancy between 300 mg IV 
Q4W and 120 mg SC QW dosage

MW was used to estimate molecular radius and 
extravasation by diffusion (small pores) and convection 
(large pores) through blood capillaries. FcRn binding Kd 
was used to model receptor-mediated transport across 
the endothelial membrane. Clearance was modeled 
using non-specific clearance and TMDD. Non-specific 
clearance was optimized using IV data in healthy and 
patient population by modeling. TMDD was optimized 
by using in vitro IFNAR1 binding (Kon and Koff) and 
receptor dynamics (Ksyn and Kdeg). IFNAR1 expression 
was optimized using relative transcriptomics approach. 
Clinical PK after SC dosing was used to estimate first 
order absorption rate constant (Ka) and fraction drug 
absorbed (Fa)
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Model construction

The model development process used pharmacokinetics 
data from two phase I studies: anifrolumab 3 mg IV single 
dose (SD) data of four patients with SSc (NCT00930683)24; 
anifrolumab 300 mg IV and 300 mg SC data of 12 healthy 
volunteers (NCT02601625)18 (Appendix S1: Section 1.0, 
Table S1). The anifrolumab PBPK model was developed 
through the “middle out” approach using the physi-
ochemical properties of anifrolumab, FcRn binding, and 
TMDD properties (Appendix S1: Section 1.1, Table S2).

Molecular weight is an important input parameter in de-
termining protein distribution30 and was used to estimate 
molecular radius and extravasation by diffusion (small 
pores) and convection (large pores) through blood capil-
laries. The Simcyp platform PBPK model is optimized for 
endogenous IgG.28 This in-built structural PBPK model was 
used with most parameters fixed based on the behavior of 
endogenous IgG. Anifrolumab in vitro values of FcRn Kd and 
clinical data were used to parameterize the TMDD aspects 
of the model and predict the compound pharmacokinetics 
in a population. Population pharmacokinetics modeling 
of anifrolumab showed that non-specific first-order cata-
bolic clearance by the reticuloendothelial system (CLRES) 
was 31% lower in IFNGS-low vs. IFNGS-high patients.12 
Patients with SLE with high IFNGS presented faster clear-
ance of the first-order elimination pathway than those with 
low IFNGS, likely due to increased proteolytic catabolism 
owing to severe inflammation. Therefore, non-specific CLcat 
was optimized by sensitivity analyses to match the observed 
clinical anifrolumab pharmacokinetics (Appendix  S1: 
Sections 2.1–2.2, Tables S3–S6 and Figures S1–S4). In vitro 
binding parameters that encompassed the association and 
dissociation rate constants, coupled with receptor dynamics 
involving synthesis rate and degradation kinetics constant, 
were employed to enhance TMDD model precision.

IFNAR1 receptor abundance in tissues was extrapolated 
using a relative transcriptomics approach, which has been 
successfully applied to quantify the expression of drug-
metabolizing enzymes and transporters to model the phar-
macokinetics of small-molecule drugs.31 In this approach, 
tissue-specific mRNA expression is used as a surrogate for 
protein abundance and activity, which is integrated into 
PBPK models. IFNAR1 abundance in the liver was previ-
ously reported.22 IFNAR1 abundance in other tissues was 
extrapolated from liver abundance using the following 
formula:

where TIFNAR1 is the IFNAR1 expression on tissue deter-
mined using relative transcriptomics. The IFNAR1 liver 

concentration (LIFNAR1) was 0.242 nM based on work by 
Kalra22 (see Appendix  S1: Section  2.4 for methodological 
details). The mRNA transcript data, normalized IFNAR1 
expression in tissue (nTPMT), and normalized IFNAR1 ex-
pression in the liver (nTPML) were accessed online from the 
Human Protein Atlas transcriptomics database32,33 on April 
12, 2022 (Appendix S1: Section 2.3, Table S7 and Figure S5). 
Currently, there is a lack of quantitative data on the impact 
of autoimmune disease (e.g., SLE, SSc) pathophysiology on 
IFNAR1 abundance. However, in  vitro and preclinical re-
ports have shown that IFNAR1 expression is downregulated 
in cirrhotic liver tissues34 or significantly upregulated in 
human peripheral blood T cells from patients with colorec-
tal cancer.35 Ultraviolet treatment has been shown to trigger 
ubiquitination and downregulation of IFNAR1 expression 
roughly twofold in human and mouse keratinocytes and 
skin tissues, alleviating psoriatic inflammation,36 while free 
soluble IFNAR1 receptors were upregulated up to 10–25-
fold in circulation in patients with various adenocarcino-
mas.37 Due to uncertainty about the impact of autoimmune 
disease pathophysiology on IFNAR1 abundance, sensitivity 
analysis to assess the impact of optimized IFNAR1 abun-
dance on receptor occupancy and local tissue concentra-
tions was performed by increasing or decreasing IFNAR1 
tissue abundance in steps of 1-, 2- and 5-fold after 300 mg IV 
dosing in patients with SSc and SLE.

The Rmax in tissues was kept dynamic in the model and 
used to calculate the synthesis rate constant (Ksyn) using the 
following formula38 (Appendix S1: Section 2.4, Table S8):

The fraction of drug absorbed (Fa) and first-order ab-
sorption rate constant (Ka) were optimized by a sensitiv-
ity analysis to match the observed clinical anifrolumab 
pharmacokinetics after 300 mg single SC dosing from the 
phase I healthy volunteer trial (Appendix S1: Section 2.5, 
Figures S6–S8 and Table S9). The optimized values of Fa 
and Ka (0.80 and 0.014 1/h) are similar to those estimated 
using internal unpublished population pharmacokinetics 
modeling analysis (0.82 and 0.011 1/h, respectively).

Model validation

Model validation utilized clinical scenarios including 0.1, 
0.3, 1, 10, 20 mg/kg IV SD, or 5 mg/kg IV every week (QW) 
in 22 patients with SSc (phase I trial; NCT00930683),24 
600 mg SC SD in six healthy volunteers (phase I trial; 
NCT02601625),18 and 300 mg IV SD in five patients 
with SLE (phase II trial; NCT01559090)25 (Appendix S1: 
Sections 1.0 and 3.0, Table S1). The comparison between 

TIFNAR1 =
nTPMT

nTPML
× LIFNAR1

Rmax =
Ksyn

Kdeg
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anifrolumab simulated and observed serum concentration 
profiles, as well as pharmacokinetic parameters (Cmax and 
AUC), were used to determine the PBPK model credibility.

Metrics were applied to observed and predicted pharma-
cokinetic parameters to assess the PBPK model's predictive 
power. Geometric mean fold error (GMFE), an indicator 
of prediction bias, was used to compare observed and pre-
dicted pharmacokinetic values using the following formula:

GMFE values range from 0 to infinity. Model predic-
tions were considered satisfactory if GMFE ≥0.8–≤1.25, 
acceptable if GMFE ≥0.5–<0.8 or GMFE >1.25–≤2, and 
poor if GMFE <0.5 or GMFE >2.

Absolute average fold error (AAFE) measures the spread 
of the predictions by converting negative log fold errors to 
positive values before averaging using the following formula:

AAFE values range from 1 to infinity. A prediction was 
considered satisfactory if AAFE ≤1.25, acceptable if AAFE 
>1.25–≤2, and poor if AAFE >2.

Percent prediction error (%PPE) and mean absolute 
prediction error (MAPE) were calculated as follows to de-
termine model accuracy and precision, respectively:

Lower %PPE and MAPE values indicated better 
prediction.

Model application

The validated model was applied to predict local anifrol-
umab concentrations and receptor occupancy in skin, 
lung, gastrointestinal tract (GIT), and muscles using 
300 mg Q4W IV dosing to support new indications. In ad-
dition, anifrolumab 300 mg IV Q4W was compared with 
120 mg SC QW in 10 patients with SSc to assess local con-
centrations in target tissues and receptor occupancy.

Clinical trial simulation designs

In the simulations for model development and validation, 
age, weight, height, and sex were matched with the 

demographic information reported in the corresponding 
clinical studies.18,24,25 Dosing regimens were consistent 
with the actual trial design (Appendix S1: Sections 1.0 and 
4.0, Tables S1 and S10).

Ten virtual trials were simulated for each of the three 
trials in Table  S1 (Appendix  S1: Section  1.0) to predict 
population variability, such that each simulated trial con-
tained the same number of subjects as the actual study. 
Three virtual populations were generated from the Simcyp 
population library, each adapted to include IFNAR1 ex-
pression (Appendix  S1: Section  2.4, Table  S8) and opti-
mized CLcat (Appendix S1: Sections 2.1–2.2). The different 
population models (healthy, patient, and Japanese patient 
populations) used to simulate clinical trials are listed in 
Appendix S1: Section 4.0 (Table S11). Randomization in 
the selection of virtual individuals was set in the Simcyp 
Simulation Toolbox, by keeping default settings to “Fixed 
Seed Random Distribution” and keeping the seed variable 
for fixed seed to “1.” Table S10 (Appendix S1: Section 4.0) 
shows the simulation designs used in model development, 
validation, and application.

RESULTS

Model validation

The anifrolumab PBPK model predicted pharmacokinetic 
parameters (Cmax and AUC) over a dose range of 0.1–
20 mg/kg with single or repeat IV dosing in patients with 
SSc, single SC dosing in healthy volunteers, and single IV 
dosing in patients with SLE. The model also compared 
predicted Cmax and AUC values with observed pharma-
cokinetic parameters from clinical trials. The model-
predicted and observed geometric mean Cmax and AUC 
values are shown in Table 1. For example, in patients with 
SSc administered anifrolumab 5 mg/kg IV QW, predicted 
Cmax was 202 μg/mL, and observed Cmax was 133 μg/mL. 
In patients with SLE administered anifrolumab 300 mg IV 
SD, predicted Cmax was 103 μg/mL and observed Cmax was 
75.1 μg/mL. In healthy volunteers administered anifrol-
umab 600 mg SC SD, predicted Cmax was 60.8 μg/mL and 
observed Cmax was 60.5 μg/mL.

%PPE for Cmax and AUC for each dose level ranged 
from −6% to 52% for Cmax and −14% to 21% for AUC 
(Table 1). High %PPE for Cmax may be related to the sen-
sitivity of point estimates to sampling times and the spar-
sity of sampling in the clinical studies (5 mg/kg weekly 
IV QW). The bias and precision in the prediction ability 
of the anifrolumab PBPK model were also determined by 
calculating the GMFE, AAFE, and MAPE for eight differ-
ent clinical scenarios (0.1 mg/kg IV SD, 0.3 mg/kg IV SD, 
1 mg/kg IV SD, 10 mg/kg IV SD, 20 mg/kg IV SD, 5 mg/kg 

GMFE = 10
1
n

∑
log

Predi
Obsi

AAFE = 10
1
n

∑����
log

Predi
Obsi

����

PPE(%) =

(
Predi −Obsi

Obsi

)
× 100

MAPE(%) =
1

n

n∑

i=1

|PPEi|
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IV QW, 300 mg IV SD, 600 mg SC SD). Values for GMFE 
(Cmax: 1.14, AUC: 0.99), AAFE (Cmax: 1.16, AUC: 1.11), 
and MAPE (Cmax: 17.4%, AUC: 10.3%), all fell within “sat-
isfactory” or “acceptable” ranges, suggesting the model 
predicted observed values sufficiently.

Simulated serum concentration–time profiles over-
laid on observed anifrolumab concentrations after IV or 
SC dosing over a large dose range were generally similar 
(Appendix S1: Section 5.0, Figures S9–S12).

Sensitivity analyses were used to predict the impact of 
changes in IFNAR1 abundance after anifrolumab 300 mg 
IV SD and the subsequent impact on mean anifrolumab 
serum concentration profile (simulations of n = 100 sub-
jects). A significant impact on mean anifrolumab serum 
concentrations was observed when IFNAR1 abundance 
was increased or decreased by 2- to 5-fold (Appendix S1: 
Section 5.0, Figure S13).

To predict the impact of variations in IFNAR1 abun-
dance in different tissues (lungs, GIT, muscles, and skin), 

a sensitivity analysis of IFNAR1 abundance variation on 
mean local anifrolumab concentration profile and mean 
IFNAR1 occupancy (simulations of n = 100 subjects) after 
300 mg IV SD was conducted across these tissues. As in 
blood, IFNAR1 variation (increase or decrease by 2- to 
5-fold) was predicted to significantly impact mean an-
ifrolumab concentrations and IFNAR1 occupancy in the 
lungs, GIT, muscle, and skin (Appendix  S1: Section  5.0, 
Figures S14 and S15).

Model application

We applied the validated PBPK model to predict unbound 
anifrolumab local concentrations in the lung, GIT, mus-
cle, and skin with 300 mg IV Q4W in patients with SLE 
and SSc (Figure  2). The mean predicted concentrations 
of unbound anifrolumab after 300 mg IV Q4W were well 
above the anifrolumab affinity value (Kd = 0.041 μg/mL) 

F I G U R E  2   The mean concentration of unbound anifrolumab after 300 mg IV Q4W dosing in the SSc and SLE patient population in 
(a) lung, (b) GIT, (c) muscles, and (d) skin; the colored solid lines represent the mean predicted anifrolumab concentration; the colored 
dotted lines and shaded area represent the 5th and 95th percentiles of the simulation (n = 100); the dotted gray line is anifrolumab affinity 
(Kd = 0.041 μg/mL) for the IFNAR1 receptor. Conc, concentration; GIT, gastrointestinal tract; IFNAR1, type I interferon receptor; IV, 
intravenous; Kd, equilibrium dissociation constant; Q4W, every four weeks; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.
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in all assessed tissues, and anifrolumab concentrations 
gradually declined between doses.

To test the equivalence of 120 mg SC QW and 300 mg 
IV Q4W dosing, we applied the PBPK model to predict 
local unbound anifrolumab concentrations in the skin, 
lung, GIT, and muscle in patients with SLE and SSc with 
120 mg SC QW (Figure  3). After 120 mg SC QW, pre-
dicted unbound anifrolumab concentrations were also 
above the Kd value for the IFNAR1 receptor, with fre-
quent small fluctuations between weekly doses. To com-
pare tissue pharmacokinetics vs. target concentrations, 
the simulated IFNAR1 receptor concentrations after 
300 mg IV Q4W and 120 mg SC QW dosing in different 
target organs are included in Appendix S1: Section 6.0 
(Figures S16 and S17).

Next, we compared the predicted unbound anifrolumab 
concentration in serum with 300 mg IV Q4W and 120 mg 
SC QW dosing in patients with SLE and SSc (Figure  4). 
Predicted unbound anifrolumab serum concentrations 

increased at an initially slower rate with SC compared with 
IV administration. However, SC administration resulted in 
more consistent concentration levels than IV administra-
tion, with frequent smaller fluctuations over time and lower 
variability assessed using 5th–95th confidence intervals.

Lastly, to assess the differences in local anifrolumab 
tissue concentration between IV and SC administration, 
we compared the predicted IFNAR1 receptor occupancy 
with 300 mg IV Q4W and 120 mg SC QW dosing in the 
lung, GIT, muscles, and skin in patients with SLE and SSc 
(Figure 5). With 300 mg IV Q4W dosing, ≥90% receptor oc-
cupancy was achieved within 3 hours and then fell below 
90% after 25 days in all assessed tissues. With 120 mg SC 
QW dosing, ≥90% receptor occupancy was achieved be-
tween 1 and 3 days and was subsequently maintained 
consistently above 90% in all assessed tissues. With both 
anifrolumab IV and SC administration, receptor occu-
pancy reached ≥90% faster in the lung and GIT than in 
skin and muscle.

F I G U R E  3   Mean concentration of unbound anifrolumab after 120 mg SC QW dosing in the SSc and SLE patient population in (a) lung, 
(b) GIT, (c) muscles, and (d) skin; the colored solid lines represent the mean predicted anifrolumab concentration; the colored dotted lines 
and shaded area represent the 5th and 95th percentiles of the simulation (n = 100); the dotted gray line is anifrolumab affinity (Kd = 0.041 μg/
mL) for the IFNAR1 receptor. Conc, concentration; GIT, gastrointestinal tract; IFNAR1, type I interferon receptor; Kd, equilibrium 
dissociation constant; QW, once a week; SC, subcutaneous; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.

Lung(a) GIT(b)

Muscles(c) Skin(d)

100

10

U
nb

ou
nd

 a
ni

fro
lu

m
ab

co
nc

 (µ
g/

m
L)

1

0.1
Kd

0.01
0 7 14 21

Time (days)
28 35 42 49 56

100

10

U
nb

ou
nd

 a
ni

fro
lu

m
ab

co
nc

 (µ
g/

m
L)

1

0.1
Kd

0.01
0 7 14 21

Time (days)
28 35 42 49 56

100

10

U
nb

ou
nd

 a
ni

fro
lu

m
ab

co
nc

 (µ
g/

m
L)

1

0.1
Kd

0.01
0 7 14 21

Time (days)
28 35 42 49 56

100

10

U
nb

ou
nd

 a
ni

fro
lu

m
ab

co
nc

 (µ
g/

m
L)

1

0.1
Kd

0.01
0 7 14 21

Time (days)
28 35 42 49 56

MusclesSerum

LungSerum

SkinSerum

GITSerum



      |  113ANIFROLUMAB PBPK MODELING WITH TRANSCRIPTOMICS

DISCUSSION

Blocking IFNAR1 signaling with anifrolumab is a poten-
tial therapeutic option for IFN-mediated diseases, such 
as SSc, cutaneous lupus erythematosus, and myositis,5 
for which additional disease-modifying therapies are 
needed.2,8,39 IFNAR1 distribution is widespread through-
out the human body, encompassing organs, such as the 
lung, GIT, muscle, and skin, all of which can be clinically 
affected in patients with IFN-mediated diseases.4,40,41 
There is limited modeling data for anifrolumab–IFNAR1 
physiological pharmacokinetics across different organ 
tissues as opposed to in serum. A further unmet need is 
to establish pharmacokinetic modeling for anifrolumab 
SC administration and evaluate the impact of IV and SC 
administration on anifrolumab-IFNAR1 pharmacokinet-
ics. To address these unmet needs, we developed a whole 
body, fully mechanistic anifrolumab population PBPK 
model using a relative transcriptomics approach to predict 
IFNAR1 abundance in tissues and incorporating passive 
diffusion, convective transport, and transcytosis through 
vascular epithelial cells by FcRn. The model was validated 
over a wide anifrolumab dose range (0.1 mg/kg–20 mg/
kg IV SD, 5 mg/kg IV QW, 300 mg IV SD, and 600 mg SC 
SD) and across multiple clinical scenarios and it reliably 
predicted anifrolumab pharmacokinetics in patients with 
SLE or SSc, and healthy volunteers.

Our validated PBPK model was applied to predict 
local anifrolumab concentrations and IFNAR1 occupancy 

in the skin, lung, GIT, and muscle with 300 mg IV Q4W 
(approved anifrolumab dosage in patients with SLE).6 
Unbound anifrolumab concentrations exceeded the Kd 
value for the IFNAR1 receptor with a ≥90% mean recep-
tor occupancy in lungs, GIT, skin, and muscles for up to 
28 days. In a separate study, higher anifrolumab concen-
trations (in serum) were associated with both the extent 
of IFNGS pharmacodynamic suppression and efficacy 
in patients with moderate-to-severe SLE.42 Together, our 
findings support the potential for anifrolumab to bind 
IFNAR1 and suppress IFNAR1 signaling in the lungs, 
GIT, skin, and muscles in addition to in blood. Elevated 
IFNGS in tissues (including the skin and muscle) has been 
detected in patients with IFN–driven diseases such as SSc 
and myositis43; as such, local IFNAR1 inhibition in tissues 
could have a substantial clinical impact in patients with 
IFN-driven diseases.

Patient preference for SC vs. IV administration varies 
based on individual motivators and contextual factors, 
highlighting the importance of administration options.20 
To investigate 120 mg SC QW and 300 mg IV Q4W equiv-
alence, we simulated concentration profiles and receptor 
occupancy in serum and target tissues with SC and IV dos-
ing. While SC QW dosing showed a slower rate of receptor 
occupancy in serum initially compared with IV Q4W, SC 
administration achieved a constant high receptor occu-
pancy at a steady state in the lung, GIT, muscles, and skin 
that fluctuated less than with IV. In all tissues assessed, 
receptor occupancy at a steady state decreased below 90% 
at Day 23 with IV Q4W dosing, whereas ≥90% receptor 
occupancy was achieved by Day 3 and was consistently 
maintained in all tissues with SC QW dosing. As a result 
of this difference, the 120 mg SC QW dosing was selected 
as the dosage for planned phase III trials in patients with 
other diseases (e.g., systemic sclerosis).14

This study has certain limitations. First, the impact of 
disease pathology, age, and race on IFNAR1 abundance is 
not clearly established. It was assumed there is no clinically 
relevant impact of these covariates on IFNAR1 expression. 
IFNAR1 receptor expression was optimized by a relative 
transcriptomics approach and modeling and not by experi-
mental absolute quantification of IFNAR1 abundance in tis-
sues. As the anifrolumab PBPK model adequately predicted 
the pharmacokinetics over a large dose range, it indirectly 
validated the receptor expression predicted by the relative 
transcriptomics approach and can be considered a good rep-
resentation of in vivo IFNAR1 expression. Comparison of ab-
solute IFNAR1 abundance in clinical studies to the relative 
transcriptomics estimate provided external validation: ab-
solute serum IFNAR1 abundance ranged from 0 to 0.17 nM 
(0–25 ng/mL) in clinical studies37,44 and was estimated to 
be 0.11 nM using relative transcriptomics (Appendix  S1: 
Section 2.4, Table S8). Meyer et al.31 used a similar approach 

F I G U R E  4   Comparison of mean unbound serum 
concentration of anifrolumab after 300 mg IV Q4W and 120 mg SC 
QW dosing in the SSc and SLE patient population; the colored solid 
lines represent the mean predicted anifrolumab concentration; 
the colored dotted lines and shaded area represent the 5th and 
95th percentiles of the simulation (n = 100); the dotted gray line is 
anifrolumab affinity (Kd = 0.041 μg/mL) for the IFNAR1 receptor. 
Conc, concentration; IFNAR1, type I interferon receptor; IV, 
intravenous; Kd, equilibrium dissociation constant; Q4W, every 
4 weeks; QW, once a week; SC, subcutaneous; SLE, systemic lupus 
erythematosus; SSc, systemic sclerosis.
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for drug transporter proteins (OATP1B1, OAT3, and MRP2) to 
predict the clinical pharmacokinetics of pravastatin. Second, 
the modeling approach used a built-in structural PBPK 
model with most parameters fixed based on endogenous 
IgG behavior. Anifrolumab in vitro values of FcRn Kd, and 
clinical data were used to parameterize the TMDD aspects of 
the model and predict the compound pharmacokinetics in a 
population. Since faster IgG elimination has been reported in 
patients with SLE,45 and a study in mouse models with lupus-
like autoimmune syndromes reported several-fold increases 
in IgG clearance,46 non-specific CLcat was optimized in the 
anifrolumab PBPK model. Like population pharmacokinet-
ics modeling analysis, our PBPK analysis shows higher cata-
bolic clearance in patients vs. healthy volunteers (0.0175 L/h 
vs 0.0053 L/h). Although there is no published clinical study 
quantifying CLcat of IgG in humans, CLcat optimized for pa-
tients with autoimmune inflammation vs. healthy patients 

in our study matches the results of clinical studies for sim-
ilar IgGs in other inflammatory conditions. For example, 
Chakraborty et  al.47 reported IV canakinumab clearances 
of 0.0076 L/h in patients with cryopyrin-associated periodic 
syndromes (CAPS), 0.0083–0.0118 L/h in patients with rheu-
matoid arthritis, 0.005–0.0057 L/h in a healthy Caucasian 
population, and 0.0067–0.0073 L/h in Japanese healthy vol-
unteers. Furthermore, Wang et al.48 reported IgG antibody 
mavrilumab CLcat of 0.011 L/h in patients with rheumatoid 
arthritis.

While the pharmacokinetics–pharmacodynamics and 
pharmacokinetics–efficacy relationships are established 
for anifrolumab in patients with SLE,42,49 there is limited 
understanding of the relationship between pharmacoki-
netics, pharmacodynamics, and efficacy with the SC dose 
in other indications (e.g., SSc, myositis, and cutaneous 
lupus erythematosus). As such, further work is needed 

F I G U R E  5   Comparison of mean IFNAR1 receptor occupancy (%) of anifrolumab after 300 mg IV Q4W and 120 mg SC QW dosing in 
the SSc and SLE patient population in (a) lung, (b) GIT, (c) muscles, and (d) skin; the solid red and blue lines represent the predicted mean 
receptor occupancy (%) after IV and SC dosing, respectively (n = 100). GIT, gastrointestinal tract; IFNAR1, type I interferon receptor; IV, 
intravenous; Q4W, every 4 weeks; QW, once a week; SC, subcutaneous; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.
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to establish pharmacokinetics–efficacy relationships in 
these indications.

We developed the anifrolumab PBPK model utilizing 
data from preclinical, clinical, and published data. We val-
idated the model over a wide range of clinical scenarios, 
and uniquely, used a relative transcriptomics approach for 
predicting IFNAR1 abundance in target tissues. The vali-
dated anifrolumab PBPK model predicted high local un-
bound anifrolumab concentrations in target tissues well 
over anifrolumab affinity for IFNAR1, resulting in high 
receptor occupancy with both 300 mg IV Q4W and 120 mg 
SC QW. The validated model predicted that 120 mg SC QW 
dosing is likely to provide sustained high receptor occu-
pancy and similar or improved efficacy to the approved 
300 mg IV Q4W dosing. These results support proposed 
dosing and administration recommendations for an-
ifrolumab phase III studies for new indications, including 
in patients with SSc.
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