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Aim: Primary haemophagocytic lymphohistiocytosis (HLH) is a rare, life-threatening,
hyperinflammatory syndrome generally occurring in early childhood. The monoclonal
antibody emapalumab binds and neutralises interferon y (IFNy). This study aimed to
determine an emapalumab dosing regimen when traditional dose-finding approaches
are not applicable, using pharmacokinetic-pharmacodynamic analyses to further clar-
ify HLH pathogenesis and confirm IFNy neutralisation as the relevant therapeutic tar-
get in pHLH.

Methods: Initial emapalumab dosing (1 mg/kg) for pHLH patients participating in a
pivotal multicentre, open-label, single-arm, phase 2/3 study was based on anticipated
IFNy levels and allometrically scaled pharmacokinetic parameters estimated in
healthy volunteers. Emapalumab dosing was adjusted based on estimated IFNy-
mediated clearance and HLH clinical and laboratory criteria. Frequent dosing and
emapalumab dose adaptation were used to account for highly variable IFNy levels
and potential target-mediated drug disposition.

Results: High inter- and intra-individual variability in IFNy production (assessed by
total IFNy levels, range: 102-10° pg/mL) was observed in pHLH patients. Administer-
ing emapalumab reduced IFNy activity, resulting in significant improvements in clini-
cal and laboratory parameters and a reduced risk of adverse events, mainly related to
pHLH. Modelled outcomes supported dose titration starting from 1 mg/kg, with pos-
sible increases to 3, 6 or 10 mg/kg based on re-evaluation of parameters of disease
activity every 3 days.

Conclusions: The variable and unanticipated extremely high IFNy concentrations in
patients with pHLH are reflected in parameters of disease activity. Improved out-
comes can be achieved by neutralising IFNy using frequent emapalumab dosing and

dose adaptation guided by clinical and laboratory observations.
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1 | INTRODUCTION
Primary haemophagocytic lymphohistiocytosis (HLH) is a rare, life-
threatening syndrome characterised by immune dysregulation and
hyperinflammation, primarily affecting infants and young children.
Treatment aims to suppress hyperinflammation, allowing patients to
undergo allogeneic haematopoietic stem cell transplantation (HSCT),
the only curative therapy currently available.2™

Treatment has traditionally involved immunochemotherapy with
glucocorticoids and etoposide (with or without ciclosporin A), which
can be associated with severe myelotoxicity.*> Despite continuous
attempts to optimise primary HLH treatment, survival has not signifi-
cantly improved (51% survival probability reported by the HLH-94
study),*® particularly in patients with refractory, recurrent or progres-
sive HLH or intolerance to conventional therapy.”

IFNy plays a critical pathogenic role in primary HLH; neutralising
IFNy improved survival and/or reduced HLH signs and symptoms in

mouse models®*°

and high circulating levels of IFNy are seen in
patients with primary HLH.1%'2 C-X-C motif chemokine ligand 9
(CXCL9) is a chemokine induced almost exclusively by IFNy in immune
cells typically involved in hyperinflammation characteristic of HLH.1®
CXCL9 has been proposed as a biomarker of IFNy activity and its neu-
tralisation during anti-IFNy therapies.®'*5 Assessing the therapeutic
potential and pharmacological parameters of a novel anti-IFNy treat-
ment is complicated by the rarity of HLH and the severity of the
patients' condition requiring a specific methodological approach.

No efficacy or safety data were available from patients with
inflammatory disease administered emapalumab, a fully human IgG1
anti-IFNy monoclonal antibody binding free and receptor-bound IFNy,
when this study was conducted.'® Therefore, in consideration of the
severity of HLH, ensuring a neutralising dose of emapalumab from the
first administration was of paramount importance in the context of
highly variable IFNy production and an unknown degree of
target-mediated drug disposition (TMDD). This study describes (i) the
innovative approach used to determine a dosing regimen for
emapalumab in acutely ill infants and children with potentially lethal
conditions, wherein a traditional dose-finding approach was not
applicable, and (ii) the contribution of IFNy-related pharmacokinetic
(PK)-pharmacodynamic (PD) analyses to the understanding of the
pathogenesis of HLH and its treatment.

2 | METHODS
Samples for PK and PD analysis were obtained from healthy adult par-
ticipants enrolled in a randomised, double-blind, placebo-controlled,

single-centre, phase 1 study of escalating single intravenous doses of

What is already known about this subject

o Patients with primary haemophagocytic lymphohistiocytosis
(HLH), a rare, life-threatening hyperinflammatory syndrome
affecting infants and children, have high circulating levels of
interferon y (IFNy). The anti-IFNy monoclonal antibody
emapalumab binds free and receptor-bound IFNy, impeding
its biological activity. No efficacy/safety data was available
from patients when this study was conducted.

What this study adds

o |IFNy production can be extremely high and variable over
time in primary HLH patients. Its free concentration can
be estimated using concentrations of serum CXCL9,
produced almost exclusively through IFNy receptor
activation. HLH activity parameters, being affected by
IFNy, can guide emapalumab dose adaptation to achieve

IFNy neutralisation and disease control.

emapalumab (Study NI-0501-03, NCT01459562) and from paediatric
patients with primary HLH participating in a multicentre, open-label,
single-arm, phase 2/3 study (Study NI-0501-04, NCT01818492;
see study description below) and its long-term, follow-up study (Study
NI-0501-05, NCT02069899). Study NI-0501-05 included patients
from the NI-0501-04 study and patients with HLH who were not
eligible to participate in the phase 2/3 study, but had exhausted all
possible treatment options and were previously treated with
emapalumab on a compassionate use basis. Full details of all studies
are provided in Supporting Information Table S1.

All studies were conducted in accordance with the principles set
forth in the Declaration of Helsinki, the Guidelines of the International
Conference on Harmonisation (ICH) on Good Clinical Practice (GCP)
(CPMP/ICH/135/95), European Union Directive 95/46/EC and other
applicable regulatory requirements. Independent ethical committee
review and approval was obtained prior to initiating the studies and all
patients (or their legal guardians) provided written informed consent

prior to enrolment.

21 | Phase 2/3 study design

The phase 2/3 study was initially conceived as a single-arm phase

2, PK- and response-guided pilot study in patients with primary HLH
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and disease reactivation following an initial response to conventional
therapy. Eligibility criteria were later expanded to include patients
with an unsatisfactory response to, or who were intolerant of, con-
ventional therapy, and then to patients who were treatment-naive
(Supporting Information Figure S1).

PK data from healthy volunteers and nonclinical data were used
to calculate the first dose of emapalumab (1 mg/kg every 3 days)
based on its potential to neutralise expected circulating IFNy
levels.'® Subsequent emapalumab dosing could be adjusted based on
estimated IFNy-mediated clearance assessed using PK parameters,
and clinical and laboratory criteria. Peak and trough emapalumab
concentrations were used in conjunction with laboratory parameters
and clinical data to inform the degree of dose adjustment, preventing
suboptimal emapalumab dosing. Emapalumab was administered
every 3 days. Frequent emapalumab dosing and possible dose
adaptation accounted for the expected variable IFNy levels and
potential TMDD.

The richness of data obtained from the first 19 patients
treated with emapalumab during the pilot phase of the study
informed the relationship between the PK/PD of emapalumab and
its effects on objectively measurable disease parameters, enabling
decisions on dose adjustment to be made based on clinical and
laboratory parameters only. Accordingly, the set of parameters used
to guide dosing was broadened to include additional elements of
the HLH-2004 diagnostic criteria,X? as described in the protocol
amendment that allowed Study NI-0501-04 to continue as a piv-
otal phase 2/3 study (see timeline of amendments in Supporting
Information Figure S1).

If a dose increase was deemed necessary during the pivotal phase
of the study, emapalumab dosing was selected by the investigator
using a predefined algorithm up to 6 mg/kg (or higher, if appropriate;
see Supporting Information Table S2). The dose of emapalumab was
to be decreased if the clinical and laboratory criteria set for a given
dose were no longer applicable. For the entire duration of the study
each subsequent dose could only be administered if no specific safety
concerns emerged for a given patient and in the presence of a
favourable benefit:risk profile, as assessed by the treating physician.
Treatment duration was up to 8 weeks, with possible shortening to a
minimum of 4 weeks or extension up to HSCT if an appropriate donor

was not identified at the end of week 8.

2.2 | Bioanalysis
PK samples were analysed for free emapalumab, which was quantified
in serum samples using a validated sandwich immunoassay (Gyrolab,
Gyros Protein Technologies, Uppsala, Sweden). The lower limits of
quantification (LLOQ) were 70 and 62.5 ng/mL in the healthy and
HLH populations, respectively.

PD samples were analysed for total IFNy (circulating free IFNy
IFNy), CXCL9, CXCL10 and

interleukin receptor 2 (sIL2R). All PD analyses were performed using

+ emapalumab-bound soluble

a validated electrochemiluminescence immunoassay (Meso Scale

Discovery, Meso Scale Diagnostics, LLC, Rockville, MD, USA) with
an LLOQ of 50 pg/mL for IFNy, CXCL10 and sIL2R, and 80 pg/mL
for CXCL9 relative to their respective recombinant human reference
standards. Prior to being processed, serum samples for IFNy analysis,
along with calibration and quality control samples, were incubated
with an excess of emapalumab (50 pg/mL) to push the equilibrium
towards the bound form in all samples, avoiding bias due to the dis-
sociation of the emapalumab-IFNy complex during the bioanalysis

process.

2.3 | PKandPK-PD modelling

Concentration-time profiles of emapalumab in healthy subjects
and patients with HLH (population pharmacokinetic [popPK]
models) and CXCL9 in patients with primary HLH (population
[popPK-PD]
analysed by nonlinear mixed effects modelling using NONMEM?Z°

pharmacokinetic-pharmacodynamic model)  were
with the first-order conditional estimation method and interaction.
The M3 method for handling of data below the LLOQ?! was used
for CXCL9 because concentrations in 21% of samples were below
the LLOQ.

After base model development leading to a two-compartment
model in healthy volunteers, with additional nonlinear clearance
in patients, the influence of potential covariates was examined
and incorporated in the final popPK models, as described in
Supporting Information Table S3. The popPK-PD model was an
indirect response model. The final models were qualified by evalu-
ating the agreement between observed versus predicted concentra-
tions, distribution of individual parameters and distribution of
residuals.

The predictive performance of the final models was evaluated
using visual predictive checks on observed concentration-time data.
Serum emapalumab concentrations were simulated 500 times for
the healthy population and 1000 times for the HLH population
using the dose and covariate data from patients used in the PK
and PD model development dataset. The 95% confidence intervals
for the median and 5th/95th and 2.5th/97.5th percentiles of the
simulated PK and PD data, respectively, were then compared visu-
ally to the corresponding percentiles of observed data from the
phase 2/3 study.

24 | PD-efficacy analyses

Relationships between CXCL9 (absolute concentrations or percentage
of baseline) and efficacy parameters were explored by graphical analy-
sis for individual disease activity parameters (ferritin, sIL2Ra, D-dimer,
neutrophils, platelets, fibrinogen), and by logistic regression and
receiver operating characteristic (ROC) analyses for overall clinical
response.” Any parameter with a P value <.10 was considered signifi-
cant. The relative fit for each univariate analysis was assessed using

the Akaike information criterion.
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FIGURE 1 Schematic representation of (A) the overall PK-PD-efficacy/safety analysis strategy for emapalumab in patients with HLH and
(B) PK-PD-disease interactions between IFNy, emapalumab, CXCL9 and HLH disease activity. Note: In patients with HLH, the endogenous
production of IFNy (red) is exacerbated and leads to high circulating concentrations of free IFNy. After administration, emapalumab (blue) binds
reversibly to IFNy, reducing its free concentration, and leads to the formation of an IFNy-emapalumab complex (violet), which is in equilibrium
with the free moieties. To confirm the neutralisation of IFNy by emapalumab, the decrease in serum concentration of CXCL9 (orange), a
chemokine almost exclusively produced through the activation of the IFNy receptor, is monitored. As such, CXCL9 can be considered as a
biomarker of free IFNy activity, hence the pharmacological activity of emapalumab in neutralising IFNy. The decrease in free IFNy is expected to
improve disease status, which can be monitored by parameters such as sIL2R and ferritin (black). These parameters are included in the panel of
HLH diagnostic criteria and considered as components of response to HLH treatments. All components described above (ie, free IFNy, free
emapalumab, IFNy-emapalumab complex, CXCL9, sIL2R and ferritin) have their own intrinsic clearance and their concentrations correspond to an
equilibrium between production and elimination. Furthermore, for emapalumab, the formation of the complex with IFNy corresponds to an
additional clearance proportional to the IFNy production. This phenomenon is known as TMDD. In patients with HLH receiving emapalumab,
serum concentrations of free emapalumab (before drug administration), total IFNy (ie, free IFNy + IFNy-emapalumab complex) and CXCL9 have
been measured. When free emapalumab is in excess, total IFNy concentration at equilibrium can be considered as proportional to the IFNy
production and changes in total IFNy concentration indicate proportional changes in IFNy production. CL, clearance; CXCL9, chemokine

(C-X-C motif) ligand 9; IFNYy, interferon y; HLH, haemophagocytic lymphohistiocytosis; PD, pharmacodynamic; PK, pharmacokinetic; Pop,
population; sIL2R, soluble interleukin-2 receptor; TMDD, target mediated drug disposition
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2.5 | Exposure-safety analyses

Relationships between emapalumab exposure and safety were
analysed by logistic regression for adverse events (AEs; serious
AEs, severe AEs, AEs of infections and infusion-related reactions)
and by graphical analysis for selected parameters of renal and liver
functions (total bilirubin, alanine aminotransferase and creatinine

clearance).

2.6 | Software

The popPK and popPK-PD models were developed using NONMEM
Version 7.3.0 software (ICON plc, Dublin, Ireland). Additional analyses
were performed using R software version 3.2.3 and/or SAS software

version 9.4.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY, and are permanently archived in the Concise Guide to
PHARMACOLOGY 2021/2022.2223

3 | RESULTS

3.1 | Clinical pharmacology framework

A PK-PD-efficacy/safety framework was used to guide the clinical
development of emapalumab, based on an anticipated semimechanistic
model (Figure 1). Patients with HLH were expected to have an acti-
vated IFNy pathway. Emapalumab was expected to bind free IFNy to
form an IFNy-emapalumab complex. If free emapalumab was in excess,
and assuming concentration-independent clearance of the IFNy-
emapalumab complex, the total IFNy concentration at equilibrium
would be considered proportional to IFNy production, as the amount
of receptor-bound IFNy can be considered negligible, given the
circulating total IFNy abundance. Hence, changes in total IFNy concen-
tration indicate proportional changes in IFNy production.

Furthermore, emapalumab would be expected to reduce
IFNy-mediated biochemical activity, which could be monitored by mea-
suring serum concentrations of CXCL9.242° Accordingly, reduced IFNy
activity would also be expected to translate into observable improve-
ments in the clinical and laboratory parameters of disease activity.*”*’

However, all components of the model in Figure 1B (ie, free IFNy,
free emapalumab, IFNy-emapalumab complex and CXCL9) have their
own intrinsic clearance and their concentrations correspond to an
equilibrium between production and elimination. Of note, the forma-
tion of the IFNy-emapalumab complex results in an increased rate of

emapalumab clearance that is proportional to IFNy production.

3.2 | PKmodel development in healthy subjects

No evidence of nonlinear elimination was observed in exploratory
graphical analyses of samples collected for PK analysis from 14 healthy
subjects given emapalumab, particularly once dosing was normalised
to a 1 mg/kg dose (see Supporting Information Table S4A and
Figure S2). Therefore, a basic two-compartment model, parameterised
in terms of clearance (total clearance [CL] and inter-compartmental
clearance [Q]), volumes of distribution (central volume of distribution
[V1] and peripheral volume of distribution [V2]), was developed with
residual variability being described using an additional log-scale term
(Supporting Information Table S5). The volume of distribution and
clearance of emapalumab were low (5.85 L and 0.171 L/day, respec-
tively) and its half-life long (25 days). These findings are consistent
with the expected PK profile of a monoclonal antibody. Covariate
analysis indicated that V1 declined (5.20 — 2.65 L) with increasing
emapalumab dose (0.75 — 225 mg), suggesting a possible TMDD
effect due to emapalumab binding IFNy.

Median total IFNy concentrations increased from below the limit
of detection (<50 pg/mL) up to maximums of 549 and 530 pg/mL
after administration of emapalumab 1 and 3 mg/kg, respectively.
Steady-state total IFNy concentrations were generally obtained within
1 week of administering emapalumab and maintained for more than

8 weeks.

3.3 | Calculation of the first dose in patients with
primary HLH

The first dose of emapalumab to be administered to patients with
HLH was calculated based on parameters defined in Supporting Infor-
mation Table Sé. Simulations performed using anticipative models
developed using in vitro data and in vivo data from healthy volunteers
estimated that an emapalumab dose of 1 mg/kg every 3 days would
neutralise 99% of IFNy in patients with HLH and baseline IFNy
concentrations up to 1700-3400 pg/mL (Supporting Information
Figure S3). Furthermore, the simulations confirmed that a dosing
interval of 3 days would be necessary to counteract the TMDD effect
in patients with high IFNy production. However, due to the degree of
uncertainty inherent in the modelled predictions, subsequent dose
increases for individual patients were anticipated once data on mea-
sured emapalumab concentrations and observed clinical response
were available. Therefore, an emapalumab concentration and labora-
tory/clinical parameter control was implemented in the protocol of

the pilot phase 2 study.

3.4 | PopPK model development in patients
with HLH

Starting from the two-compartment PK model developed in healthy
subjects, individual concentration-time profiles in patients with HLH

(see Supporting Information Table S4B for baseline characteristics)
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TABLE 1  PK parameters of the final popPK model developed using data from patients with primary HLH participating in the NI-0501-04/-05
studies®
Parameter Description Estimate (95% Cl) RSE, %
CLL, L/h/70 kg Linear clearance 0.0116 (0.00486-0.0183) 29.7
CLNL, L/h/70 kg Nonlinear clearance (IFNy-dependent) 0.133 (0.0456-0.220) 33.5
V1, L/70 kg Central volume of distribution 4.16 (3.80-4.52) 4.4
Q, L/h/70 kg Intercompartmental clearance 0.102 (0.0495-0.155) 26.3
V2,L/70 kg Peripheral volume of distribution 5.55(3.30-7.80) 20.7
CLNL_IFNy Influence of IFNy on CLNL (power function) +0.746 (0.567-0.925) 12.3
CL_BWV_BW Allometric exponent of body weight on CLs +0.886 (0.680-1.09) 11.9
Allometric exponent of body weight on vs 1 fixed
1\ Estimate (IIV %) Shrinkage, %
OMEGAZ_CLI Variance of CL 0.240 (49.0) 4.1
OMEGA? V1 Variance of V1 0.0721 (26.9) 7.1
OMEGAZ2_V2 Variance of V2 0.766 (87.5) 54
OMEGA?_V1_V2 Correlation (V1/V2) +0.728 (-)
RSV Estimate (RSV %) Shrinkage, %
SIGMA SD of residual (additive in log domain) 0.306 (30.6) 2.4
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Note: CL = (CLL + CLNL x (total IFNy/1,000,000)*CLNL_IFNy) x (BW/70)ACL_BW with total IFNy in pg/mL and BW in kg.

Abbreviations: BW, body weight; Cl, confidence interval; CL, clearance; CLL, linear clearance; CLNL, nonlinear clearance; HLH, hemophagocytic
lymphohistiocytosis; IFNy, interferon-y; IV, interindividual variability; RSE, relative standard error; RSV, residual variability; SD, standard deviation;

V, volume of distribution.

?Model developed using 2414 measurements of emapalumab concentrations from the 33 patients with primary HLH treated in the NI-0501-04 study and
16 HLH patients who received emapalumab in compassionate use. Objective function value = —2851.507.
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were analysed to develop a popPK model that included two CL com-
ponents: slow linear CL and a target-mediated CL dependent on IFNy
production (CLNL) (Table 1). In addition, total IFNy concentration
(free + bound), an indicator of IFNy production, was incorporated into
the model as a time-varying covariate for CLNL.

High inter- and intra-individual variability in IFNy production
(ranging from 10% to 10° pg/mL) was observed in patients with HLH
treated with emapalumab (Figure 2) and higher total IFNy concentra-
tions were found to result in greater CLNL for patients with a total
IFNy concentration >10% pg/mL (Figure 3). When total IFNy was in
the range of 10%-10° pg/mL, total emapalumab CL (linear + target-
from 0.0124 to 0.145L/h/70kg, with
corresponding terminal half-lives from 23.6 to 3.09 days. No other

mediated) ranged
selected covariates (age, sex, ethnicity, renal or liver parameters) had a
statistically significant effect on emapalumab PK.

Goodness-of-fit plots (Supporting Information Figure S4) and
visual predictive checks (Supporting Information Figure S5) indicated
that the popPK model was satisfactory for simulating emapalumab
concentrations over time and by total IFNy concentrations in patients
with HLH.

3.5 | PopPK-PD model development in patients
with primary HLH

To quantify emapalumab-mediated neutralisation of IFNy, the rela-
tionship between emapalumab and CXCL9 concentrations over time
was modelled using an

indirect-response model (Supporting

Information Figure Sé). Administering emapalumab was found to
reduce IFNy activity, as demonstrated by the significant decrease in
post-emapalumab CXCL9 concentrations versus baseline (Figure 4
and Supporting Information Figure S7), while total IFNy concentration
was identified as a significant explanatory variable for CXCL9 concen-
tration (Supporting Information Table S7).

The model parameters indicated that the 50% inhibitory concen-
tration (ICso) of emapalumab (approximately 25 ng/mL) was lower
than the circulating concentrations of emapalumab after multiple
administrations of 1 mg/kg doses (median trough >10 000 ng/mL),
indicating strong neutralisation (>99%) was required to achieve a PD
effect because of high circulating total IFNy levels. Furthermore, the
equilibrium half-life of CXCL9 versus the changes in emapalumab or
IFNy levels was approximately 1.2 days, indicating a slight delay in the
measured CXCL9 response.

Covariate analysis indicated that body weight, age and sex did
not have significant effects on the emapalumab-IFNy-CXCL9 relation-
ship. Dexamethasone dose was identified as a possible covariate
(Supporting Information Table S7). Increasing dexamethasone dose
tended to result in reduced CXCL9 concentrations, although the
effect became much less pronounced when dexamethasone was co-
administered with emapalumab (Supporting Information Figure S8).
The model equations for the full model are provided in the footnote
of Supporting Information Table S7.

Goodness-of-fit plots (Supporting Information Figure S9) and
visual predictive checks (Supporting Information Figure S10) indicated
that the popPK-PD model was satisfactory for simulating CXCL9

concentrations in the presence of time-varying emapalumab and total

0.25 1

HLH patients

0.20 4

0.15 A

0.10 4

0.05 1

Apparent total clearance for emapalumab, L/h/70 kg

FIGURE 3 Estimated apparent total clearance
of emapalumab versus total IFNy concentrations
in patients with primary HLH participating in
studies NI-0501-04/-05 or having received
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IFNy concentrations. Examples of individual observed versus
predicted measurements are presented in Supporting Information
Figure S11. The model was also considered appropriate for use
across a wide range of observed emapalumab and total IFNy

concentrations.

3.6 | Exposure-efficacy analysis in patients with
primary HLH

Emapalumab-induced decreases in CXCL9 were associated with
significant improvements in clinical and laboratory parameters of HLH
in most patients, which were documented within 6 days of first
administering emapalumab (Figure 5). ROC analysis also indicated that
decreases in CXCL9 were predictive of overall response at CXCL9
threshold concentrations of 787 pg/mL at week 2 and 292 pg/mL at
the end of treatment (Supporting Information Table S8).

While CXCL9, CXCL10 and total IFNy were found to be signifi-
cant (P < .10) prognostic factors for overall response at the end of
treatment (Supporting Information Table S9), CXCL9 appeared to be
the strongest factor, followed by total IFNy (ie, in the presence of
emapalumab) and then CXCL10. Multivariate logistic regression
analysis of all prognostic factors identified in the univariate analysis
followed by a stepwise backward deletion did not identify any multi-

variate effects.

3.7 | Exposure-safety analysis in patients with
primary HLH

Changes in total bilirubin, alanine aminotransferase and creatinine
clearance were not associated with emapalumab exposure, a finding
consistent with logistic exposure-safety regression analyses indicating
that the incidence of AEs, such as infection, the vast majority of which
were assessed as being HLH- rather than emapalumab-related, did
not increase as a function of increasing emapalumab concentrations
(Figure 6). On the contrary, the incidence of AEs decreased
with higher emapalumab concentrations (Supporting Information
Table S10).

3.8 | PK/PD/efficacy simulations in patients with
primary HLH

To support the proposed dosing of emapalumab in patients with
primary HLH, the popPK and popPK-PD models were combined, and
simulated CXCL9 concentration-time profiles compared with the
levels of CXCL9 associated with overall clinical response at week
2 and end of treatment from the ROC analysis, as well as with the
likelihood of overall response from the logistic regression analysis
(Supporting Information Figure S12). Patients with low total IFNy
were expected to achieve CXCL9 levels associated with a positive

overall response with 1 mg/kg dosing every 3 days, which was
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consistent with the proportion (approximately one-third) of patients
with HLH administered this dose achieving an overall response. Most
of these patients had low-to-moderate total IFNy concentrations.
However, the simulations also indicated that patients with high
total IFNy concentrations would require higher doses of emapalumab
to lower CXCL9 levels below the thresholds associated with overall
response, which was also consistent with observed outcomes wherein
patients who received higher doses of emapalumab - because of an
unsatisfactory response - tended to have higher total IFNy concentra-
tions at study entry (Figure 2). Accordingly, these simulations
supported proposed dose titration starting from 1 mg/kg, with possi-
ble increases to 3, 6 or up to 10 mg/kg based on re-evaluation of clini-

cal response every 3 days during the pivotal phase 2/3 study.

4 | DISCUSSION

Detailed insight into the intra- and interindividual variability of IFNy
production assessed by total IFNy indicated that the variation and
instability observed in the clinical presentation of patients with
primary HLH reflects IFNy levels, which were up to 1000 times higher
than those observed in healthy subjects. Of note, circulating IFNy may
represent only a fraction of the IFNy produced since a high proportion
potentially remains in inflamed tissues, only becoming measurable
following administration of an anti-IFNy antibody (ie, emapalumab),
which alters the balance of the tissue-circulation equilibrium towards
higher IFNy in circulation.

Biologically active free IFNy is no longer measurable following
emapalumab administration. This study shows through modelling that
CXCL9 is a reliable marker of the IFNy pathway activation, further
corroborated by the observed correlation of CXCL9 with changes in
disease activity parameters in patients with primary HLH, as

previously described in other settings.®%*°

These additional insights into the pathophysiology of HLH were
key to informing the dosing regimen for emapalumab during the
pivotal study demonstrating its efficacy and safety in patients with
primary HLH.Y” In particular, an individualised and dynamic approach
to neutralising this variable, and potentially extremely high, production
of IFNy in patients with HLH was required, especially as the degree of
IFNy neutralisation was correlated with changes in disease
parameters.

As expected, given the genetic basis of primary HLH,
emapalumab did not alter IFNy production, but neutralised its activity.
A 1 mg/kg dose was adequate in patients with low-to-moderate IFNy
levels at study entry, while dose increases up to 10 mg/kg were
generally required to neutralise IFNy in patients with higher IFNy
levels. Importantly, reducing CXCL9 levels below a threshold of
approximately 300 pg/mL was associated with overall response at the
end of treatment, regardless of IFNy levels at study entry. Although
CXCL9 may be a clinically useful biomarker, it was determined that
disease activity parameters observed in individual patients given
emapalumab’” were an appropriate method for guiding dose adapta-
tion by the treating physician because these parameters generally
reflected the PD effect of emapalumab.

Background immunosuppressant therapy with dexamethasone
alone was not sufficient to overcome high IFNy production in patients
with primary HLH. In fact, the relative reduction in IFNy activity
attributed to dexamethasone when co-administered with emapalumab
was low, which is consistent with the targeted mode of action of
emapalumab being expected to be more effective at neutralising IFNy
activity than glucocorticoids. In addition, any dexamethasone-related
decrease in CXCL9 levels was less pronounced when high IFNy
inhibition had already been achieved with emapalumab, indicating that
dexamethasone doses could be lowered, as foreseen in the study
protocol, for patients with HLH administered emapalumab without

negatively impacting IFNy neutralisation.
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Of note, emapalumab is the first drug being specifically developed
for the treatment of HLH. Therefore, in contrast with therapies cur-
rently recommended for the first-line management of primary HLH,
such as etoposide and ciclosporin A (used off-label), emapalumab is
the only drug for the treatment of primary HLH for which PK or PD
data have been generated to support its recommended dosing
regimen.

This study also confirmed that the PK properties of emapalumab
are consistent with those expected of a monoclonal antibody, namely
a low volume of distribution and slow clearance. These characteristics
are consistent with observations of another anti-IFNy monoclonal
antibody, AMG-811.2¢ Interestingly, the influence of TMDD on
AMG-811 clearance has not been reported, possibly because this
could not be accurately quantified in patients with systemic lupus
erythematosus, nor could TMDD for emapalumab be quantified in PK
studies in healthy subjects due to low or undetectable IFNy levels.
However, marked TMDD was anticipated when calculating the first
emapalumab dose to be administered to patients with primary HLH
with an additional nonlinear elimination path through the binding of
emapalumab to IFNy incorporated using a Michaelis-Menten
equation. The anticipated TMDD of emapalumab, and its magnitude,
were subsequently confirmed by monitoring PK parameters after
administering each dose of emapalumab in individual patients and by
a post hoc popPK analysis.

Data from this study did not allow full incorporation of the
TMDD process into models because dose adaptation and a short dos-
ing interval (every 3 days) may have saturated the extra elimination
pathway and circumvented observation of the nonlinear elimination
phase. Parameters of the quasi-steady-state or Michaelis-Menten
approximations were not identifiable based on the emapalumab con-
centrations alone. To help, concentrations of the drug-target complex
over time could have been used. However, at an individual patient
level, changes in the target production were highly variable (up and
down) at unpredictable times. Thus, total IFNy could not be modelled
as such and used in a TMDD model. Therefore, the extra elimination
path was modelled using NLCL, the magnitude of which was directly
related to IFNy production assessed by time-varying total IFNy
concentration. At a total IFNy concentration >10 000 pg/mL, target-
mediated clearance became significant compared with linear
emapalumab clearance, justifying dose adaptation to achieve strong
IFNy neutralisation.

This study had a few limitations: the small sample size, the
requirement for allometric scaling to predict the PK characteristics of
emapalumab across a wide range of body weights as primary HLH
affects a paediatric population and the fact that a semimechanistic
TMDD model could not be implemented due to the adaptive nature
of the study design dictated by the life-threatening nature of HLH.

In conclusion, primary HLH is characterised by a variable clinical
presentation and evolution that is associated with intra- and inter-
individual variable IFNy production that can reach extremely high
levels. During the development of emapalumab, the first targeted
treatment for HLH, an innovative approach based on frequent admin-

istration, and dose adaptation based on PK and disease parameters,

was applied to identify a safe and efficacious dosing strategy in this
fragile population of infants and young children with a rapidly evolving
life-threatening disease. The data generated and analyses performed
allowed the relationship between the PK and PD properties of
emapalumab to be described at population and individual patient
levels, confirming the pathogenic role of IFNy in primary HLH, as
demonstrated by the relationship between improvements in disease
activity and IFNy neutralisation. Furthermore, CXCL9 levels represent
a reliable tool for estimating IFNy production and activity. Finally,
neutralising IFNy with the anti-IFNy antibody emapalumab offers a
personalised therapeutic option for managing a disease characterised
by a dismal prognosis.
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