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Abstract

Background and Objective Thyroid eye disease (TED) is characterized by inflammation/expansion of orbital tissues, prop-
tosis, and diplopia. Teprotumumab is the first US Food and Drug Administration-approved therapy for TED, administered as
an initial intravenous infusion of 10 mg/kg followed by 20 mg/kg every 3 weeks for an additional seven infusions. The objec-
tive of this article is to discuss the pharmacokinetics and exposure-response profile for teprotumumab in patients with TED.
Methods A population pharmacokinetic analysis was performed to characterize pharmacokinetics and select dosing in
patients with TED. Exposure-response was evaluated for efficacy (proptosis response, clinical activity score categorical
response, and diplopia response) and safety (hyperglycemia, muscle spasms, and hearing impairment) parameters.

Results Teprotumumab pharmacokinetics was linear in patients with TED, with low systemic clearance (0.334 L/day), low
volume of distribution (3.9 and 4.2 L for the central and peripheral compartment, respectively), and a long elimination half-
life (19.9 days). The approved dosing regimen provided > 20 pg/mL for > 90% insulin-like growth factor 1 receptor saturation
throughout the dosing interval. Model-predicted mean (+ standard deviation) steady-state area under the concentration-time
curve, peak, and trough concentrations in patients with TED were 131 (£ 30.9) mgeh/mL, 643 (+ 130) ug/mL, and 157 (=
50.6) ug/mL, respectively. Female patients had a 15% higher steady-state peak concentration but a similar steady-state area
under the concentration-time curve vs male patients. No other covariates affected teprotumumab pharmacokinetics. No
meaningful correlations between teprotumumab exposures and efficacy or safety parameters were observed.

Conclusions Teprotumumab pharmacokinetics was well characterized in patients with TED, and generally consistent with
other IgG1 antibodies. Efficacy was consistent across the exposure range with a well-tolerated safety profile supporting the

current dose regimen for patients with TED.
Key Points

The approved teprotumumab dose regimen for patients
with thyroid eye disease was supported by consistent
efficacy across exposure ranges with a well-tolerated
safety profile.

Teprotumumab pharmacokinetics in patients with thy-
roid eye disease was well characterized and generally
consistent with other IgG1 antibodies.
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1 Introduction

Thyroid eye disease (TED), also known as thyroid-associ-
ated ophthalmopathy, Graves’ ophthalmopathy, or Graves’
orbitopathy, is a debilitating and painful autoimmune disease
that can lead to serious facial appearance and visual-related
changes and at times lead to blindness. Although the cause
of thyroid eye disease is not fully understood [1], insulin-
like growth factor 1 receptor (IGF-1R) overexpression and
activation within orbital fibroblasts and B and T cells are
thought to play a central pathogenic role [2—4]. A com-
plex formed by the IGF-IR and thyrotropin receptor drives
intracellular signaling, leading to hyaluronan accumulation,
adipogenesis, and immune infiltration, resulting in inflam-
mation, edema, and expansion of extraocular muscle and
adipose tissue [5-8].

Teprotumumab, a fully human monoclonal antibody,
binds specifically to IGF-1R with resultant cellular inter-
nalization and blockade of signaling mediated by IGF-1R,
thereby blocking pathologic immune responses in TED.
Teprotumumab has previously demonstrated statistically
and clinically meaningful improvements in multiple out-
comes of the disease in two randomized, placebo-con-
trolled, double-masked, phase II and III trials [9, 10] and
is now the first FDA-approved therapy for TED [11] (mar-
keted as TEPEZZA [teprotumumab-trbw] for injection).
The approved regimen for TED is an initial intravenous
(IV) infusion of 10 mg/kg followed by 20 mg/kg every 3
weeks for an additional seven infusions. This regimen was
selected to maintain pharmacologically active exposures and
a greater than 90% saturation of IGF-1R during the dosing
interval to achieve efficacy balanced with a well-tolerated
safety profile for this vision-threatening disease.

As an IGF-1R inhibitor, teprotumumab (formerly known
as RG1507) was initially evaluated in multiple oncology
indications at doses from 1 to 27 mg/kg (e.g., clinicaltri-
als.gov number: NCT00400361, NCT00642941) prior to
its development in TED. The maximum tolerated dose of
teprotumumab was not achieved at the highest doses evalu-
ated (27 mg/kg every 3 weeks [q3w] (data on file) and 9 mg/
kg weekly [qw] [12]). The pharmacokinetic (PK), pharma-
codynamic, and safety data of teprotumumab in oncology
patients informed the development of teprotumumab for
TED. Specifically, teprotumumab showed dose-dependent
clearance (CL) decreasing from a mean of 812 mL/day at 1
mg/kg to 418 mL/day at 16 mg/kg [13], suggesting a satura-
ble elimination pathway. An initial population PK model was
built with these data to characterize the nonlinear pharma-
cokinetics of teprotumumab at this dose range and identify
a concentration that saturates greater than 90% of target-
mediated drug disposition, implying a greater than 90% satu-
ration of IGF-1R [14]. This concentration was also set as the
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target trough concentration when selecting an expected safe
therapeutic dose regimen of teprotumumab in TED. Addi-
tionally, it was found that total IGF-1 levels increased in a
dose-dependent manner upon teprotumumab treatment [12],
confirming target engagement at the doses of teprotumumab
evaluated in oncology patients.

The PK/pharmacodynamic characteristics of tepro-
tumumab in patients with TED have not been previously
reported. Here, we report the PK characteristics and immu-
nogenicity of teprotumumab, how the teprotumumab dose
regimen was selected for clinical evaluation, and the sup-
porting evidence that examined the relationship between
teprotumumab exposures, efficacy, and safety in patients
with TED.

2 Methods
2.1 Studies

Pharmacokinetic data from three studies were used to inform
the approved teprotumumab dosing regimen for patients
with TED. The first study was an open-label, multi-center,
sequential-group, phase I dose-escalation study of teprotu-
mumab in adults with advanced solid tumors, non-Hodgkin
lymphoma, or Hodgkin lymphoma (clinicaltrials.gov num-
ber: NCT00400361) [12, 13]. Two IV dosing schedules
along with dose escalations (1, 3,9, and 16 mg/kg q3w; 1, 3,
and 9 mg/kg qw) were evaluated using drug material derived
from the SP2/0 cell line. Chinese hamster ovary (CHO) cell-
derived teprotumumab, the same cell line used to produce
the approved teprotumumab, was also evaluated at 3, 6, and
9 mg/kg qw and at 16 mg/kg q3w. Pharmacokinetic samples
were collected prior to dosing and at 15, 60, and 90 min and
6,24, 48, and 72 h following completion of the first infusion
and the week 7 infusion (regardless of dosing schedule q3w
or qw). Additionally, PK samples were collected at cycle 1
days 8 and 15, prior to dose on cycle 2, cycle 3 day 8, and
cycle 4 day 1 for the q3w cohorts; and prior to dosing on
weeks 2, 3, 4, 8, and 10 for the qw cohorts.

The second study was a double-masked, randomized
(1:1), placebo-controlled phase II study of teprotumumab
in adult patients with active, moderate-to-severe thyroid
eye disease (clinicaltrials.gov number: NCT01868997) [9].
Forty-three patients were randomized to teprotumumab
and scheduled to receive IV infusions over 60-90 min at
a dose of 10 mg/kg on day 1, followed by seven doses at
20 mg/kg q3w starting from week 3. During the double-
masked treatment period, teprotumumab was administered
on day 1, weeks 3, 6,9, 12, 15, 18, and 21. A final visit was
performed at week 24. Following completion of the dou-
ble-masked treatment period, subjects entered a 48-week
follow-up period with no additional treatment during the
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first 3 months, unless determined to be medically necessary.
Serum PK samples were collected pre- and post-infusion at
weeks 0, 3, and 9, as well as at weeks 1, 4, and 24. Serum
samples for anti-drug antibody (ADA) evaluation were col-
lected prior to dosing at weeks 0, 3, 9, 24, 36, and 72.

The third study was a randomized (1:1 ratio; stratified
by tobacco use status), double-masked, placebo-controlled,
parallel-group phase III study in adult subjects with active,
moderate-to-severe TED (clinical trials.gov number:
NCT03461211) [10]. Forty-one patients with TED were
randomized to teprotumumab and received eight infusions
of teprotumumab (10 mg/kg for the first infusion and 20 mg/
kg for the remaining seven infusions). The study comprised
a 24-week double-masked treatment period (teprotumumab
dosing on day 1, week 3, 6,9, 12, 15, 18 and 21), followed
by a 48-week follow-up period without further teprotu-
mumab treatment for subjects who were proptosis respond-
ers and subjects who were non-responders but chose not to
enroll in an open-label extension study. Only PK and ADA
data from the double-masked treatment period were included
in the analysis reported here. Pharmacokinetic samples were
collected prior to and at the end of the infusions on day 1,
week 3 and week 9 of the treatment period; as well as at
weeks 1, 4, and 24. Anti-drug antibody samples were col-
lected prior to dosing on weeks 0, 3, 9, and 24.

The trials were approved by institutional review boards of
participating institutions and performed in accordance with
the Declaration of Helsinki. Written informed consent was
obtained from participants.

2.2 Bioanalytical Assay Methods

Validated bioanalytical assays were used to measure the
serum concentrations of teprotumumab. An enzyme-linked
immunosorbent assay method using streptavidin-coated
plates incubated with biotinylated recombinant human IGF
receptor was used to assay the serum PK samples from
the phase I oncology study. The assay working range was
25-1000 ng/mL. The inter- and intra-assay precision range
was 6.2-7.8% and 1.6-14.2%, respectively. The inter- and
intra-assay accuracy range was — 6.8% to 1.3% and — 11%
to 8.6%, respectively.

An enzyme-linked immunosorbent assay method using
plates coated with the human IGF-1R (Sino Biologial Inc.
Cat.# 10164-HO8H) was utilized to assay PK samples from
the phase II study. The calibration range was 76.3—1280 ng/
mL. The inter- and intra-assay accuracy ranged from — 6.1
to 1.9% and — 16.9 to 16.7%, respectively. The inter- and
intra-assay precision ranges were 3.9-8.7% and 0-12.3%,
respectively.

An electrochemiluminescence assay was used to test
phase III study serum PK samples. The range of quantifica-
tion was from 10 to 4000 ng/mL. The inter- and intra-assay

precision ranges were 9.7-14.1% and 10.1-25.1%, respec-
tively. The inter- and intra-assay accuracy ranges were
—2.8% 10 2.6% and — 4.6% to 11.2%, respectively.
Validated electrochemiluminescence assay methods were
used to detect the presence of ADAs in human serum in the
phase II and III studies. For the Phase II study ADA assay,
the drug tolerance level was 3.906 ng/mL at low quality
control (250 ng/mL) and 250 pug/mL at high quality control
(4000 ng/mL). The maximum drug tolerance at the tested
antibody levels was 400 pg/mL for the phase III ADA assay.

2.3 Population PK analysis

To select the teprotumumab dose for phase II evaluation in
TED, an initial population PK analysis was performed on PK
data from the phase I oncology study using the SP2/0 mate-
rial. In total, 816 PK data points from 60 subjects receiving
IV teprotumumab from 1 to 16 mg/kg were included in the
analysis. A similar population PK analysis was performed
utilizing all PK data from the phase I study to compare
teprotumumab pharmacokinetics using the SP2/0 material
and CHO material. The covariate effect was not evaluated
in the analysis. Model parameter estimation and evaluation
were implemented with NONMEM (version 6; ICON, Col-
lege Park, MD, USA).

A final population PK analysis to support teprotumumab
registration was performed utilizing pooled PK data using
CHO-derived teprotumumab from the phase I oncology
study and the phase II and III studies in TED. The robust
PK data collected from doses 3 to 16 mg/kg in the phase I
oncology study (CHO-derived material only) were included
to inform the model structure and adequately characterize
the pharmacokinetics of teprotumumab as only sparse PK
samples were collected in the phase II and phase III TED
studies. In total, 462 concentration data points from 36 sub-
jects in the phase I oncology study and 598 samples from 83
subjects from the phase II and III studies in active TED were
analyzed using nonlinear mixed-effect modeling. Observa-
tions below the lower limit of quantitation were omitted,
as only 8.8% of data points were below the lower limit of
quantitation and the censored-data likelihood method (M3
method in NONMEM) was not required [15].

Clinically relevant covariates were evaluated for their
potential impact on teprotumumab pharmacokinetics,
including baseline demographic covariates (age, weight
[actual body weight], sex, race, ethnicity, and smoking sta-
tus) and hepatic and renal function-related covariates (bili-
rubin, alanine aminotransferase, aspartate aminotransferase,
and creatinine CL) [16] (Table 1).

Log-transformed teprotumumab concentration data were
used in the population PK analysis. The best structural
population PK model (final base model) was selected first
after comparison of various structural models. A diagonal
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Table 1 Baseline population characteristics in the final population pharmacokinetic dataset

Continuous covariates (unit) Median [min, max] N Categorical covariates (group) N

Age (years) 52 [18, 80] 119 Race (white/Asian/black/other) 103/3/10/3
Weight (kg) 74.8 [45.8, 169] 119 Sex (male/female) 47/72
Bilirubin (umol/L) 8 [2.74, 24.3] 116 Smoking status (missing/non-user/user) 36/63/20
AST (U/L) 21 [11,221] 118 Ethnicity (missing/non-Hispanic/Hispanic) 2/113/4
ALT (U/L) 20 [7, 174] 119 Disease (oncology/TED) 36/83
Creatinine (mmol/L) 0.814 [0.441, 1.8] 119

Creatinine clearance (mL/min) 104 [41.6, 278] 119

ALT alanine aminotransferase, AST aspartate aminotransferase, max maximum, min minimum, TED thyroid eye disease

Q matrix was implemented to estimate random effects in
the base PK model. Covariates were then tested for their
impact on the model parameters from the base model. A
step-wise forward addition and backward deletion model
selection strategy was used, and linear as well as non-linear
relationships between the explanatory covariates and model
parameters were evaluated. Model selection was done based
on a log likelihood ratio test at an acceptance p value of 0.01
(forward addition) or 0.001 (backward elimination).

Robustness of the final population PK model was assessed
using the diagnostic goodness-of-fit plots, prediction-cor-
rected visual predictive check [17], numerical predictive
check [18], and non-parametric bootstrap [19, 20]. Shrink-
age was also assessed for the between-subject random effects
(n) and the residual random effect (¢) of the final model.

Model parameter estimation and evaluation were imple-
mented with NONMEM 7 (version 7.3.0, ICON) with Intel
(R) Fortran Compiler (version 10.1.021), Perl Speaks NON-
MEM (version 3.2.12, Uppsala University, Uppsala, Swe-
den), and R 3.3.1. Population PK estimation was performed
using the first-order conditional estimation with interaction
method in NONMEM.

The model-predicted exposure metrics at steady state
(steady-state area under the concentration—time curve [AUC
ss)» Peak [Cpy o, and trough [C i, ] concentrations) were
computed using the Bayesian post-hoc PK parameters fol-
lowing administration of teprotumumab and merged into the
efficacy and safety datasets for exposure-response analysis.
Additionally, a lower dose (10 mg/kg q3w) and less frequent
dosing (20 mg/kg every 4 weeks [q4w]) were simulated in
comparison to the approved teprotumumab regimen. These
analyses were implemented with R3.5.1.

2.4 Exposure-Response Analysis

The exposure-response relationships for both efficacy and
safety endpoints were explored based on the data from the
phase II and phase III studies in patients with TED. The
total number of teprotumumab-treated patients included in
the analysis was 83.

A\ Adis

Key efficacy endpoints included proptosis response
(defined as a reduction in proptosis of >2 mm in the study
eye) at week 24; clinical activity score (CAS) categorical
response (defined as a CAS of 0 or 1, indicating no or mini-
mal inflammation, respectively) at week 24; and diplopia
response (defined as a reduction in diplopia of > 1 grade
from baseline) in subjects who had diplopia at baseline.
For the week 24 diplopia responder rate, 66 teprotumumab-
treated subjects with baseline diplopia were included. Key
safety variables assessed included hyperglycemia, muscle
spasm, and hearing impairment. All efficacy endpoints and
safety variables were binary responses (yes/no).

The model-predicted steady-state exposures of tepro-
tumumab (AUC, C .« and Cy;, o) were used for the
exposure-response analysis. Specifically, scatterplots of
teprotumumab exposures stratified by endpoint values were
generated, the probability of response was calculated across
sets of patients binned by teprotumumab exposure quantiles,
and last, logistic regression models were developed for
all efficacy endpoints, and safety variables. An exposure-
response analysis was performed with R 3.5.1.

3 Results
3.1 Dose Selection for Thyroid Eye Disease

The initial population PK analysis was performed on tepro-
tumumab PK data from 60 oncology patients, aged 18-81
years, of whom 21 were women, with a weight range from
48.5 to 126.1 kg. A two-compartment model with a paral-
lel elimination process (linear and nonlinear CL) from the
central compartment best described the PK data. The linear
(or nonspecific) CL (estimated to be 0.34 L/day) is medi-
ated by interaction between the Fc region of the monoclonal
antibody and Fc receptors, and the nonlinear (or specific)
CL is mediated by the specific interaction between the Fab
region of the monoclonal antibody and its antigenic targets
[21] (i.e., target-mediated disposition). The nonlinear CL
was described by a Michaelis—Menten process characterized
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by a maximum metabolic rate (V,,,,) of 3.02 mg/day and
a Michaelis—Menten constant of 1.5 pg/mL. Based on this
model, 20 ug/mL was selected as the target trough concen-
tration required to maintain a greater than 90% saturation of
target-mediated drug disposition, which implies a greater
than 90% saturation of IGF-1R. The population parameter
estimates were 3.3 L for the volume of central compart-
ment (V,), 0.70 L/h for the intercompartment CL (Q), and
3.5 L for the volume of peripheral compartment (V). The
between-subject variability was estimated as 38% on CL,
20% on V., and 59% on V,,. The residual (unexplained) vari-
ability was 17%.

A further population analysis with the same PK model
using pooled PK data from SP2/0 and CHO material in the
phase I oncology study indicated that CHO-derived tepro-
tumumab exhibited a modest decrease in exposure (~ 30%)
compared with the SP2/0-derived teprotumumab. As such,
the teprotumumab dose regimen (an initial dose of 10 mg/kg
followed by 20 mg/kg q3w) was chosen to maintain the tar-
get trough concentration of 20 ug/mL over the dosing inter-
val in patients with TED using the CHO-derived material.

3.2 Demographics and Baseline Characteristics
for Final Population PK Analysis

Baseline demographic and laboratory parameters that were
evaluated as potential covariates on teprotumumab pharm-
cokinetics from 36 oncology patients and 83 patients with
active TED from the phase II and III studies are summa-
rized in Table 1. The median age was 52 years (range: 18—80
years) and the median weight was 74.8 kg (range 45.8-169
kg). There were more female subjects (72 female vs 47 male)
and majority of the population was white.

Table 2 Population PK parameters of teprotumumab and bootstrap results

3.3 Final Population PK Results

Serum pharmacokinetics of teprotumumab (CHO derived)
in oncology and patients with TED (dose range 3-20 mg/kg)
can be adequately described by a two-compartment model
with first-order elimination from the central compartment
and redistribution from the peripheral compartment. A
summary of key population PK parameters is presented in
Table 2. The model-estimated typical PK parameters were
0.334 L/day for CL, 3.94 L for V_, 0.859 L/day for Q, and
4.21 L for Vp. Inter-individual variability on CL, V, Q, and
Vp were 43.0%, 27.7%, 47.8%, and 25.4%, respectively. The
geometric mean elimination half-life was 19.9 days (26.2%
coefficient of variation) in patients with TED.

Sex was identified as a statistically significant covari-
ate on teprotumumab pharmacokinetics: with female sub-
jects having lower V, than male subjects (3.25 L and 3.94
L, respectively). The sensitivity analysis in patients with
TED after repeated doses of teprotumumab showed that
the covariate effect of sex on teprotumumab V resulted in
similar AUC, 14.5% higher C,,,,, , and 4.91% lower C,;,
in female compared with male patients, and these modest
differences are not considered to be clinically meaningful.
Other covariates, including baseline age, body weight, eth-
nicity, race, bilirubin, aspartate aminotransferase, alanine
aminotransferase, creatinine CL, and smoking status did not
show a statistically significant impact on the pharmacokinet-
ics of teprotumumab.

Model diagnostic assessments confirm that the final pop-
ulation PK model adequately described the teprotumumab
PK data and was robust. Goodness-of-fit plots showed a
good agreement between the predicted concentrations and
the observed concentrations; and no apparent bias in the

Parameter description

Final population PK model
Median (2.5th-97.5th percentile)

Bootstrap estimates®
Median (2.5th-97.5" percentile)

Central clearance, CL(L/day)
Central volume, V, (L)
Inter-compartmental clearance, Q (L/day)
Peripheral volume, Vo L)
Influence of sex on V,

IIV on CL (%)

IIV on V, (%)

1IV on Q (%)

v Vv, (%)

Covariance between CL and V,
Residual error (%)

0.334 (0.324-0.345)

3.94 (3.65-4.26)
0.859 (0.85-0.869)

421 (4.14-4.27)

—0.191 (= 0.246 to — 0.136)
43.0 (36.0-49.0)
27.7 (23.3-31.5)
47.8 (37.5-56.3)
25.4 (12.1-33.8)

0.0763 (0.0472-0.105)

18.0 (15.4-20.2)

0.334 (0.304-0.362)
3.94 (3.67-4.26)

0.852 (0.641-1.17)
4.23 (3.89-4.69)

—0.190 (- 0.284 to — 0.0968)
42.7 (36.5-48.7)
27.6 (23.4-31.4)
47.3 (27.8-61.0)
24.6 (10.5-33.6)
0.0759 (0.0467-0.106)

18.0 (15.7-20.4)

11V inter-individual variability, PK pharmacokinetic

#Based on results from 1000 bootstrap runs
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residuals plots over time and across predicted concentra-
tion, with only a very small portion of data points showing
conditional weighted residuals (ICWRESI) greater than 2
(Fig. 1 of the Electronic Supplementary Material [ESM]).

Bootstrap results confirm that the final population PK
model was stable with good precision of parameter estima-
tion. As shown in Table 2, median values of bootstrapping
were very similar to the parameter estimates of the final
model and the 2.5th-97.5th percentile ranges of the final
model estimates and of the bootstrapping results overlapped.

Both prediction-corrected visual predictive check plots
(Fig. 2 of the ESM) and numerical predictive check results
suggest that the model adequately describes the central
tendency and variability of teprotumumab concentrations.
Specifically, 47.7%, 22%, and 4.06% of the observations
were above the 50th, 75th, and 95th percentile of the model
predictions, respectively. Furthermore, 52.3%, 25.8%, and
6.79% of the observations were below the 50th, 25th, and 5th
percentile of the model predictions, respectively.

The magnitude of shrinkage was considered small enough
for CL and V, (<10%), thus the final population PK model
generated reliable Bayesian estimations for CL and V, and
was robust to describe the relationship between CL/V, and
the related covariates. Volume of peripheral compartment
and Q had greater n-shrinkage of higher than 40% in the
final model, suggesting that PK data might be insufficient to
adequately characterize the inter-subject variability of those
parameters in the final model.

3.4 Simulated Teprotumumab Exposures in Patients
with TED

After an initial dose of 10 mg/kg followed by seven repeated
doses of 20 mg/kg q3w, population PK model-predicted
exposures of teprotumumab in patients with TED are as fol-
lows: mean (+ standard deviation) values for AUC;, Cy 1y 50
and C;, s are 131 (+ 30.9) mgeh/mL, 643 (+ 130) pg/mL,
and 157 (£ 50.6) ug/mL, respectively. The predicted mini-
mum trough concentration of teprotumumab is 21.9 ug/mL
after the first infusion and 65.7 pg/mL at steady state, con-
firming that trough concentrations were consistently above
20 pg/mL, the concentration predicted to be associated with
greater than 90% IGF-1R saturation, in all patients.

3.5 Exposure-Response Analysis Results

Overall, there were no meaningful correlations between
teprotumumab exposures and key clinical efficacy endpoints
(proptosis, diplopia, and CAS responses) or safety variables
(hyperglycemia, muscle spasms, and hearing impairment),
supporting the selected teprotumumab regimen (an initial
infusion of 10 mg/kg followed by 20 mg/kg q3w for a total
of eight infusions) as appropriate for the treatment of TED.
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Because of the lack of a meaningful exposure-response rela-
tionship between teprotumumab exposures and the efficacy
and safety endpoints evaluated, no further covariate (e.g.,
weight, age, sex, or smoking status) analysis on exposure-
response relationships were performed.

3.6 Proptosis Response

The scatter plots in Fig. 1a depict the distribution of expo-
sures in teprotumumab-treated subjects with or without
proptosis responses at week 24. The median AUC, and
Cnax.ss Of teprotumumab were comparable between respond-
ers and non-responders, and the median C,;, ; was slightly
lower for non-responders. There were considerable overlaps
in the ranges of AUC, C and C;, (s between the two
response groups.

The lowest quartile of C,;, ; from the approved tepro-
tumumab regimen, while highly efficacious, was associated
with a slightly lower numeric proptosis response (66.7%),
about 13-19% lower compared with the higher three quar-
tiles (80-85.7%) (Table 3). Further logistic regression mod-
els for the proptosis response rate with AUC, C, ., s OF
Cininss Suggested no significant correlation between proptosis
response and AUC or C,,,, . (data not shown), but a statisti-
cally significant association between proptosis responder rate
and C_;, < (p-value of 0.037 for slope, Fig. 2). However, the
difference in the observed proptosis responder rate over the
Chnin.ss quartiles was less than 20%, and the observed propto-
sis responder rate for the lowest C,;, (s quartile group (66.7%)
was still substantially higher than the placebo group (14.9%).

With a lower dose or a less frequent dose, the majority of
patients will have exposures at or below the lowest quartile
Cnin.ss» Which may result in a lower proptosis response. Spe-
cifically, 10 mg/kg q3w and 20 mg/kg g4w will result in 91%
and 72% subjects, respectively, with C lower than the

min,ss
first quartile C of the teprotumumab regimen for TED.

max,ss?

min,ss

3.7 CAS and Diplopia Response

The scatter plots in Fig. 1b depict the distribution of expo-
sures in teprotumumab-treated subjects who were CAS
categorical responders or non-responders at week 24.
Similarly, Fig. 1c depicts the distribution of exposures in
teprotumumab-treated subjects with or without diplopia
responses at week 24. For both CAS and diplopia responses,
the median values of AUC, C., s> and Cip o
parable between responders and non-responders, and the
interquartile range and overall range of AUC, C,,, . and
Cininss Were also similar between the two response groups.
The probability of the CAS or diplopia responses by quan-
tiles of teprotumumab exposures (AUCy;, C s and Cpip )
showed no clear trend of correlation (Table 3). Logistic
regression of CAS or diplopia response vs AUC, C

max,ss?

were com-
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Fig. 1 Exposure-response relationship for key efficacy endpoints at
week 24. Panel a, proptosis response; panel b, clinical activity score
response; panel ¢, diplopia response. Open circles represent each
subject’s exposure; lines represent median and interquartile ranges.

and C;, i did not show a significant association between
CAS or diplopia response rate and teprotumumab exposures

(data not shown).
3.8 Exposure-Safety Analysis

The scatter plots (Fig. 3) depict the distribution of steady-
state exposures in teprotumumab-treated subjects with or
without hyperglycemia, muscle spasms, or hearing impair-
ment. The median values, the interquartile range, and the
overall range of teprotumumab exposures (AUC, C, .y
and C,;, ;) were similar between subjects with and without
hyperglycemia, muscle spasms, or hearing impairment fol-
lowing teprotumumab treatment. The probability of mus-
cle spasms or hearing impairment by quantiles of teprotu-
mumab exposures showed no exposure-response relationship
(Table 3). Further logistic regression of muscle spasms or
hearing impairment vs AUC, C, . > and C;,  confirmed
the lack of significant association between teprotumumab

AUC,, steady-state area under the concentration—time curve, C,

max,ss
steady-state peak concentration, C steady-state trough concentra-
tion

min,ss

exposures and the incidence of muscle spasms or hearing
impairment (data not shown). The probability of hypergly-
cemia showed a slightly higher incidence in the third and
fourth quantiles of AUC, but no clear difference across
quantiles of C,, i and C Nonetheless, further logis-
tic regression showed no significant association between
teprotumumab exposures (AUC,, C and C ) and

max,ss?
the incidence of hyperglycemia.

min,ss*

ss? min,ss

3.9 Immunogenicity in Subjects with TED

Overall, teprotumumab showed low immunogenicity.
Among the 83 patients with TED who received teprotu-
mumab treatment, only two subjects were confirmed ADA
positive with no detectable titer (potential false positive):
one at week 3 and another at baseline and week 72. Both
subjects had PK profiles comparable to those of ADA-
negative subjects, confirming a lack of clinically relevant
immunogenicity with teprotumumab treatment.
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Table 3 Summar.y of efficacy Endpoints Exposure % of responder (yes/no) by exposure quantiles
and safety endpoints by
exposure quantiles Ql (n=21) Q2 (n=20) Q3 (n=21) Q4 (n=21)
Proptosis response AUC 66.7 (14/7) 90 (18/2) 66.7 (14/7) 90.5 (19/2)
Croaxss 76.2 (16/5) 80 (16/4) 66.7 (14/7) 90.5 (19/2)
Chninss 66.7 (14/7) 80 (16/4) 81.0 (17/4) 85.7 (18/3)
Diplopia response AUC 57.1 (12/5) 65 (13/4) 47.6 (10/8) 52.4 (11/3)
Croaxss 47.6 (10/6) 60 (12/4) 57.1 (12/7) 57.1 (12/3)
Chninss 57.1 (12/5) 55 (11/6) 57.1 (12/5) 524 (11/4)
CAS response AUC 57.1 (12/9) 70 (14/6) 66.7 (14/7) 57.1 (12/9)
Croaxss 52.4 (11/10) 70 (14/6) 66.7 (14/7) 61.9 (13/8)
Chinss 61.9 (13/8) 55 (11/9) 76.2 (16/5) 57.1 (12/9)
Hyperglycemia AUC 4.8 (1/20) 5(1/19) 14.3 (3/18) 14.3 (3/18)
Chaxss 9.5 (2/19) 0 (0/20) 19.0 (4/17) 9.5 (2/19)
Chinss 4.8 (1/20) 10 (2/18) 9.5 (2/19) 14.3 (3/18)
Muscle spasms AUC 23.8 (5/16) 35 (7/13) 19.0 (4/17) 23.8 (5/16)
Chaxss 28.6 (6/15) 30 (6/14) 23.8 (5/16) 19.0 (4/17)
Chinss 14.3 (3/18) 35 (7/13) 23.8 (5/16) 28.6 (6/15)
Hearing impairment AUC 9.5 (2/19) 15 (3/17) 4.8 (1/20) 9.5 (2/19)
Craxss 14.3 (3/18) 15 (3/17) 0(0/21) 9.5 (2/19)
Chninss 9.5 (2/19) 10 (2/18) 14.3 (3/18) 4.8 (1/20)

AUC,; steady-state area under the concentration—time curve, CAS clinical activity score, C,
steady-state trough concentration

peak concentration, C,

min,ss
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Fig.2 Probability of proptosis response at week 24 vs steady-state
trough concentration (C,,;, ). Probability of proptosis response: = 1
for responder; = O for non-responder. The dark blue dashed line is
the predicted probability by a linear logistic regression model. The
shaded area is the 95% prediction interval based on 1000 bootstrap
samples. The vertical light-blue dashed lines are the first quartile,
median, and third quartile C, (from left to right) following the

min,ss

4 Discussion

Thyroid eye disease is a serious, debilitating, and pain-
ful autoimmune disease and teprotumumab is the first US
Food and Drug Administration-approved therapy for this
disease. The selected dose regimen was highly efficacious

A\ Adis

teprotumumab regimen for thyroid eye disease. The open blue circles
reflect the observed events. The filled black symbols are the observed
probability of events and the error bars are SE [sqrt (P X (1 — P)/N)]
for quantiles (at 100x(1/g)th percentiles, vertical dotted lines) of
exposures (plotted at the median value within each quantile). Q3W
every 3 weeks, Q4W every 4 weeks

with regard to proptosis, clinical activity score, diplopia, and
quality of life compared with placebo, and was generally
well tolerated [10], supporting the approval of this regimen
for the treatment of TED.

As a fully human monoclonal antibody, teprotumumab
shows PK properties similar to that of other monoclonal
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Fig.3 Lack of correlation between teprotumumab exposure and
selected safety variables. a hyperglycemia; b muscle spasms; ¢ hear-
ing impairment. Open circles represent each subject’s exposure; lines

antibodies and is characterized by a limited volume of dis-
tribution, slow CL, and a prolonged half-life [22, 23]. The
initial population PK modeling using data from oncology
studies that examined doses from 1 to 16 mg/kg in oncology
patients suggested dual elimination pathways (target-medi-
ated CL plus nonspecific CL) for teprotumumab. However,
a two-compartment model with a linear CL pathway was
adequate to describe the teprotumumab PK profile using
data obtained with 3-20 mg/kg doses from both oncology
patients and patients with TED following single and multiple
IV infusions. These findings suggest that target-mediated
drug disposition was saturated at higher doses of tepro-
tumumab (3 mg/kg and above) and the pharmacokinetics
becomes linear at the clinical dose range (10-20 mg/kg) in
patients with TED.

An important factor to consider for a monoclonal anti-
body directed against a specific target is the degree of target
saturation during drug treatment [24]. The initial popula-
tion PK modeling on data from 1 to 16 mg/kg of teprotu-
mumab in the oncology study suggested the contribution
of target-mediated CL, and a Michaelis—Menten constant
of 1.5 pg/mL. Thus, 20 ug/mL was selected as the target

Yes (N=8)

No (N=75) Yes (N=8) No (N=75)

represent median and interquartile ranges. AUC,, steady-state area
under the concentration—time curve, C, steady-state peak concen-

max,ss
tration, C,,;, . steady-state trough concentration

trough concentration required to maintain a greater than
90% saturation of target-mediated drug disposition, which
implies a greater than 90% saturation of IGF-1R. This value
was also well above the pharmacologically active concen-
tration of teprotumumab where 0.15-1 pg/mL blocked
the interaction of IGF-1R and its ligand by 50% based on
in vitro evaluations. For instance, 0.15 pug/mL of teprotu-
mumab blocked IGF-1R autophosphorylation in mouse
3T3 fibroblasts overexpressing human IGF-1R by 50%; 1
pg/mL of teprotumumab reduced cell surface IGF-1R levels
in H322M lung cancer cells by 50% (data on file). A 20-mg/
kg q3w regimen following an initial dose of 10 mg/kg was
thus selected for phase II and phase III evaluations as it was
expected to maintain trough concentrations above 20 pg/
mL in the majority of patients with TED. The final popula-
tion PK analysis confirmed the selected regimen achieved
through concentrations consistently above 20 pg/mL in all
patients. This regimen was highly effective and well toler-
ated in the treatment of TED and the lack of a meaningful
exposure-response relationships for both efficacy and safety
endpoints supports the demonstrated favorable benefit-risk
profile of the TED dose regimen. It is noteworthy that 90%
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saturation of target-mediated drug disposition has been used
for dose selection of other monoclonal antibodies as well,
when direct or indirect target occupation measurement was
not feasible or not available. For example, the dose selection
of panitumumab, a monoclonal antibody against epidermal
growth factor receptor, was also based on a similar approach
[14].

Direct target engagement was not evaluated in patients
with TED, but the pharmacodynamic effect of teprotu-
mumab was evaluated by measuring total serum IGF-1 lev-
els in oncology patients during early clinical development.
Based on the mechanism of action for teprotumumab, the
total IGF-1 level is expected to rise upon treatment with
teprotumumab as the binding of IGF-1 to its receptor (IGF-
1R) is blocked. Total serum IGF-1 levels were increased
(range 100-350%) post teprotumumab treatment at all doses
and regimens tested in oncology patients (1-16 mg/kg q3w
and 1-9 mg/kg qw) [12], suggesting that teprotumumab
blocked the binding of IGF-1 to its receptor IGF-1R at the
clinical doses evaluated, confirming target engagement fol-
lowing teprotumumab treatment.

It should be acknowledged that no dose-ranging studies
of teprotumumab were conducted in TED, thus the lack of
a meaningful exposure-response relationship for key effi-
cacy and safety endpoints was concluded utilizing data from
the approved teprotumumab regimen only, where teprotu-
mumab was confirmed to be efficacious and well tolerated in
patients with TED. Despite this limitation, the lowest quar-
tile of Cy;, s> although still highly effective, was associated
with a numerically lower proptosis response, about 13—-19%
lower compared with the higher three quantiles (80-85.7%).
Therefore, with a lower dose or a less frequent dose of tepro-
tumumab, the majority of patients will have exposures at or
below the lowest quartile C,;, i from the current regimen,
which may result in a lower proptosis response.

Based on the initial population PK analysis, weight-based
dosing appeared to stabilize the exposure over body weight
ranges and weight-based dosing was evaluated in both phase
IT and III studies. In the final population PK analysis, sex but
not weight was identified as a significant covariate on the
teprotumumab PK parameter V, following the pre-specified
covariate analysis criteria. The impact of weight and sex
on pharmacokinetics could be confounded due to the cor-
relation of weight and sex, however, the impact of sex on
teprotumumab pharmacokinetics was minimal and therefore,
no further evaluation was attempted.

Smoking is an important risk factor for TED, with the
risk of TED increasing seven to eight times in smokers [25].
Thus, randomization was stratified by tobacco use status at
baseline in both phase II and phase III TED studies. The
treatment benefit of teprotumumab was observed in tobacco
users and non-users and in both the study eye and fellow eye.
Seventy percent of smokers were proptosis responders, with
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a mean reduction of 2.99 mm in the study eye [26]. These
data are similar to results attained in non-smokers. Addition-
ally, with regard to safety, tobacco use status did not suggest
any clinically relevant differences from the overall analysis
of treatment-emergent adverse events after teprotumumab
treatment. This is consistent with the population PK analy-
sis results where smoking was not a covariate impacting
teprotumumab pharmacokinetics (i.e., similar teprotumumab
exposures between tobacco users and non-users [detailed
data not shown]), which is as expected because the CL of
monoclonal antibodies is not subject to modulation of drug-
metabolizing enzymes by smoking.

It is worth noting that teprotumumab exposures in patients
with TED reported here are slightly different from the values
reported in the approved US Food and Drug Administration
label. For example, the mean (+ standard deviation) of AUC
s 18 131 (% 30.9) mgeh/mL here vs 138 (+ 34) mgeh/mL in
the label. The reason is that only phase III PK data (n = 40)
were included in the label. Some of the PK samples in the
phase II study were assayed outside of the long-term stabil-
ity range of the teprotumumab PK assay at the time the study
was conducted, thus PK data from the phase II study were
not included in the label. However, data from the phase II
study are considered reliable and appropriate for inclusion
in the overall PK analyses based on the known stability of
antibodies when stored under appropriate frozen conditions
[27]; consistent with this, the pharmacokinetics of teprotu-
mumab were similar between phase II and phase III studies
(Table 1 of the ESM). Therefore, the results reported here
(including phase II data) adequately characterize the phar-
macokinetics of teprotumumab.

Oncology data were included in the population PK analy-
sis to inform model structure as only sparse PK data were
collected in patients with TED. The observed PK data show
that patients with TED had about 35% lower CL compared
with oncology patients, for which the mechanistic reasons
are not clear. However, disease status (oncology vs TED)
was not included as a covariate in the final model for a few
reasons: the patient with TED is the target population in the
current population PK analysis; the covariates identified in
the screening covariate analysis were the same regardless of
inclusion of disease status as a covariate; data fitting for the
two TED studies were not improved by including disease
status as a covariate; and more importantly, teprotumumab
exposures in patients with TED were very similar with or
without including disease status as a covariate.

Overall, teprotumumab showed no significant immuno-
genicity and no impact on teprotumumab pharmacokinetics.
The ADA results are reliable as the phase III ADA assay had
a high drug tolerance concentration of 400 ug/mL, which is
higher than the pre-dose concentrations of teprotumumab
in the vast majority of patients with TED. Even for the few
patients who had pre-dose concentrations above 400 pug/mL,
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the long-term follow-up of ADA samples at weeks 36 and
72, when teprotumumab had been washed out, was still neg-
ative. Although the ADA assay used in the phase II study did
not have as high a drug tolerance concentration, the ADA
samples at long-term follow-up visits (weeks 36 and 72)
were also negative.

Drug—drug interactions between teprotumumab and
thyroid medications (e.g., levothyroxine, propylthioura-
cil) commonly taken by patients with TED [10] are not
expected, as teprotumumab and small-molecule drugs do
not share common or overlapping CL pathways [28]. As a
monoclonal antibody, teprotumumab is primarily cleared by
proteolytic catabolism and broken down into peptide frag-
ments as endogenous IgG1, thus is not subject to modula-
tion of drug-metabolizing enzymes. Monoclonal antibod-
ies are not expected to directly affect the hepatic, renal, or
biliary elimination of small molecules. Indirect modulation
of drug-metabolizing enzymes via cytokines by teprotu-
mumab is also unlikely. Therefore, no formal drug—drug
interaction studies have been conducted or are planned with
teprotumumab.

5 Conclusions

Teprotumumab pharmacokinetics was well characterized in
patients with TED. Teprotumumab showed a long elimina-
tion half-life, low systemic CL, and low volume of distribu-
tion, consistent with other [gG1 monoclonal antibodies. Effi-
cacy was high across the exposure range of teprotumumab,
and together with a well-tolerated safety profile, support the
approved, and currently used, dose regimen in patients with
TED.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-021-01003-3.
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