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ABSTRACT

Monoclonal antibodies (mAbs) deliver great benefits to patients with chronic and/or severe diseases
thanks to their strong specificity to the therapeutic target. As a result of this specificity, non-human
primates (NHP) are often the only preclinical species in which therapeutic antibodies cross-react with the
target. Here, we highlight the value and limitations that NHP studies bring to the design of safe and
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efficient early clinical trials. Indeed, data generated in NHPs are integrated with in vitro information to
predict the concentration/effect relationship in human, and therefore the doses to be tested in first-in-
human trials. The similarities and differences in the systems defining the pharmacokinetics and pharma-
codynamics (PKPD) of mAbs in NHP and human define the nature and the potential of the preclinical
investigations performed in NHPs. Examples have been collated where the use of NHP was either pivotal
to the design of the first-in-human trial or, inversely, led to the termination of a project prior to clinical
development. The potential impact of immunogenicity on the results generated in NHPs is discussed.
Strategies to optimize the use of NHPs for PKPD purposes include the addition of PD endpoints in safety
assessment studies and the potential re-use of NHPs after non-terminal studies or cassette dosing several
therapeutic agents of interest. Efforts are also made to reduce the use of NHPs in the industry through the
use of in vitro systems, alternative in vivo models, and in silico approaches. In the case of prediction of
ocular PK, the body of evidence gathered over the last two decades renders the use of NHPs obsolete.
Expert perspectives, advantages, and pitfalls with these alternative approaches are shared in this review.
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Introduction

There has been particular interest in non-human primate
(NHP) use in biologics development since it was recognized
that they may be the only cross reactive and pharmacologically
relevant species for nonclinical assessment of many of these
protein constructs. Therefore, an increase in the development
of biologics has led to an increase in the use of NHPs, mainly
the cynomolgus macaque in both safety and pharmacokinetic/
pharmacodynamic (PKPD) assessment. On the other hand,
there is an industry-wide push to reduce NHP use for ethical,
logistical, and availability reasons. There are several initiatives
and guidances that demonstrate this drive to reduce NHP use,
including but not limited to the NC3Rs (National Center for
the Replacement, Refinement, and Reduction of Animals in
Research), which, in collaboration with up to 30 organizations
from the pharmaceutical/biotechnology companies, contract
research organizations (CROs) and regulatory agencies, have
already facilitated cross-company data-sharing initiatives to
minimize the increased use in NHPs. These evidence-based
approaches have fed into regulatory addendums, e.g., ICH S6
(R1) and ICH M3 (R2) and continue to support the field in

using appropriate study designs to answer the scientific ques-
tions at hand."

Here, we examine the value of NHP for PKPD assessment of
biologics and evaluate the applicability of alternative methods.
The value of NHP for the preclinical safety evaluation of
biotherapeutics has been previously described by Brennan
et al. and is outside of the scope of this review.” We focus
primarily on monoclonal antibodies (mAb), as they are the
most common biologics in development and on the market,
but it is worth noting that the principles we describe are also
applicable to engineered formats such as multi-specifics or Fc-
fusion proteins.*

While PKPD is applied along the entirety of the drug dis-
covery and development process, it plays a particularly valuable
role in biotherapeutic drug development at the stage where
strong evidence has been obtained that a candidate molecule,
or a small number of candidates molecules, may be considered
sufficiently safe and efficacious in humans based on preclinical
data to merit advancement to investigation in human trials.
A number of key decisions face the drug development team at
this point, including: 1) selection of the best candidate
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molecule, 2) prediction of the safe and efficacious exposure
range in humans, and 3) determination of the optimal dose,
route, and regimen required to achieve that therapeutic win-
dow. Important and relevant data essential to informing these
decisions can come from in vitro and in vivo pharmacology,
efficacy, and safety studies, and are often integrated using
PKPD modeling to provide a quantitative and integrated ana-
lysis from which one can make comparisons between mole-
cules, determine the safe and effective concentration range for
the drug of interest, and guide optimal dosing in humans.

Data from NHPs can provide an invaluable contribution to
the decisions described above. While it is rare in biotherapeutic
drug development that all the information guiding these deci-
sions comes only from NHPs, it is common that the best source
of some of the essential information can be obtained only in
studies with NHPs and, frequently the NHP is the only relevant
nonclinical species from which in vivo data can be obtained.
However, use of NHPs should not be the default, but rather
justified by proper rational and science-based decision-making
that should both support their ethical use and better inform the
safety of clinical studies.” There are multiple approaches to
reduce the NHP use in PKPD development of biologics by
using alternative in vivo as well as in vitro models, optimizing
study designs and use of physiologically based pharmacoki-
netic (PBPK) modeling to improve human prediction.

In the next sections, the utility of NHPs for PKPD purposes
and their translational relevance are explained. Case examples
are given for successful use of NHP for PKPD assessment, as
well as its limitations. Case examples of alternative models and
approaches to reduce the number of NHP are discussed to
demonstrate the further path forward. A summary of the case
examples presented below can be found in Table 1.

Relevance of NHP in PKPD understanding of mAbs

Utility of NHP PKPD studies in drug discovery and
development

The relationship between drug concentration and response is
the foundation of pharmacology and a critical element of the
development of therapeutic molecules, regardless of their

Table 1. Summary of the examples.

composition. During the drug development process, building
and refining the exposure-response relationship in various
assay and model systems, with tool and candidate drug mole-
cules, provides support in choosing suitable drug targets, dis-
covering and screening candidate molecules, and building the
evidence needed to inform the optimal dose and dose regimen
for studies in animals and humans. Failure to understand
concentration-response relationships in relevant test systems,
including NHPs, can have catastrophic consequences as evi-
denced by the TGN1412 program where gaps in this knowl-
edge were a contributing factor to the tragic events that
occurred during a clinical trial.’ In this case, quantitative and
biological differences between NHP and human in the expo-
sure-response relationships were not taken into consideration
when interpreting the results of toxicology studies, and PKPD-
driven predictions of pharmacologic effects in human were not
used, both of which may have led to a maximum recom-
mended starting dose (MRSD) that would have allowed for
safe dosing in humans. The evolution of exposure-response,
built on literature data and the iterative generation of relevant
data derived from multiple species, and test systems, incorpor-
ating multiple and diverse endpoints, presents challenges and
opportunities to drug development strategy. The inherent
complexity of this data provides a unique opportunity for
application of PKPD principles and methods to enable holistic
and quantitative integration of the available data, enabling
a deeper understanding of pharmacologic systems, facilitating
hypothesis generation and testing, and allowing rational pre-
dictions of novel outcomes.

It is essential that trials in human are conducted in a safe
and efficient manner. To achieve this goal requires careful
selection of biotherapeutic doses and dose regimens that
avoid untoward effects while minimizing the exposure of
patients to ineffective levels of a new biotherapeutic.
Therefore, it is incumbent on drug developers to design trials
that allow the most efficient generation of clinical data to
facilitate the development of the drug candidate, and the use
of optimized doses and dosing regimens is a critical component
of this strategy. These principles apply during all stages of
clinical development but may be most challenging when initi-
ally taking a new candidate drug into humans due to the lack of

Value of NHP in PKPD understanding of mAbs

Determination of FIH dose with pivotal PKPD data from cynomolgus monkeys (Lulizumab)

Successful translation of PKPD and MRSD determination (Rozanolixizumab)
Value of NHP for predicting PKPD in mAbs with half-life extension

Discontinuation of the development of a compound or preventing the discontinuation of a compound using NHPs (QBP359)

Challenges to overcome when using NHP for PKPD purposes

Successful use of allometric scaling to predict the human PK of a TNFR-Fc fusion protein despite immunogenicity (Lenercept)

PKPD assessment in cynomolgus monkey is feasible despite marked anti-drug antibody response in this species (Obinutuzumab)

Pharmacokinetics and immunogenicity investigation in non-naive cynomolgus monkeys: a human anti-interleukin-17 monoclonal antibody example
An example where NHP did not successfully predict nonspecific clearance in humans (MNRP1685A)

Efforts to optimize the use of NHPs

Leveraging toxicology studies to reduce NHP use for PKPD evaluation (Rozanolixizumab)

Strategic re-use of NHPs

Use of ADA-positive monkeys from PKPD studies to generate reagents for immunogenicity assays

Cassette dosing as a way of reducing primate usage
Efforts to replace and minimize the use of NHP
Development of in silico, in vitro and in vivo methods to replace NHPs

Physiologically based pharmacokinetic modeling as an approach to minimize NHP use

Leveraging existing data to reduce NHP use in ocular drug development




human data to guide dosing. Regulators, investigators, and
drug developers pay keen attention to the MRSD in humans,
the dose escalation scheme and maximum dose in Phase 1
trials. A number of relevant regulatory guidance documents
outline some general principles for drug developers to consider
when determining the optimal dosing in early human trials."*~
" To emphasize the importance, the 2017 EMA guidance
explicitly states that “Careful dosing selection of an investiga-
tional medicinal product is a vital element to safeguard subjects
participating in first in human (FIH) and early clinical trials.”

NHPs can play an important role in the translational strat-
egy for determining the MRSD, dose escalation scheme and
maximum dose in early clinical trials. The determination of the
MRSD can be approached in a number of ways, for example by
selecting an MRSD that is expected to provide an exposure in
humans that is a fraction of the exposure deemed tolerable
(e.g., no observed adverse effect level (NOAEL), or highest
non-severely toxic dose (HNSTD)) in nonclinical safety
studies."®™® The human equivalent dose (HED) can be deter-
mined from toxicology studies run in NHPs. Calculation of the
HED will vary depending on the nature of the biologics, its
target, and its intended use. Alternatively, drug developers can
apply a more pharmacologically based approach to the MRSD
by integrating information from in vitro, ex vivo, and in vivo
studies in animal and human test systems that allows the
estimation of a drug exposure (e.g., minimal anticipated bio-
logical effect level (MABEL); pharmacologically active dose
(PAD)) that is expected to provide an acceptable pharmacolo-
gic effect in humans. These concepts have been discussed in
various other articles.'>'"'>!>'* As described below, the phy-
siologic similarities between humans and NHPs can make drug
effect and other PD data from the NHP a critical part of an
integrated approach to determining the safe and effective expo-
sure of a candidate drug in humans.

Converting the drug exposures derived from the approaches
above into an accompanying dose in humans that can be used
as the MRSD is dependent on a robust estimate of the PK of the
candidate drug in humans. These human PK estimates under-
pin not only the determination of the MRSD but also allow the
determination of the optimal incremental doses during escala-
tion and an estimate of the maximum acceptable dose to be
tested in the FIH trial.

Physiological relevance of NHP for the translation of PK
and PD to human

Selection of an appropriate animal species to evaluate the
PKPD of mAbs for the prediction of human PKPD should be
based on the similarity of relevant characteristics between the
animal model and humans.'®> Hence, understanding the main
PK determinants for mAbs is important in determining the
relevance of the animal model. Several reviews have described
the PK of mAbs, and it is generally characterized by slow
clearance, long half-life (t;,;), and limited tissue
distribution."”™"” Clearance pathways for mAbs can be cate-
gorized as specific and nonspecific. The specific pathway is
target-dependent and involves binding of the mAb to its target
antigen. In these circumstances, the PK of mAbs is dependent
on the binding interactions between the mAb and its target
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antigen, as well as on the target antigen characteristics such as
whether it is soluble or membrane bound, its expression levels,
and turnover rate. The nonspecific pathway involves cellular
uptake of the mAb by pinocytosis and is mainly influenced by
interaction of the Fc region on the mAb with the neonatal Fc
receptor (FcRn, Brambell receptor), which recycles it back to
the cell surface and systemic circulation.'® *° Other nonspecific
pathways that may affect clearance of mAbs to varying extents
depending on glycosylation characteristics of mAbs such as via
mannose receptors.

Cynomolgus monkey is typically the preferred species to
evaluate the PK of mAbs due to its similarity to humans in
both the specific and nonspecific pathways involved in mAb
PK. For the specific pathway, which is highly dependent on the
binding of the mAb to its target and the physiologic behavior of
the target such as target turnover, cynomolgus monkeys have
a high genetic similarity with humans, generally leading to
greater target antigen sequence homology and similar tissue
cross-reactivity profiles. However, it should be noted that differ-
ences between healthy monkeys used in PK studies and human
patients, such as varying target expression levels and general
health status, that could affect mAb PK may still be quite large.
Cynomolgus monkey is also a favorable species to evaluate
nonspecific clearance mainly due to the similarity in binding
affinity of human IgG to cynomolgus monkey and human FcRn.
Murine FcRn appears to have a much higher affinity to human
IgG than human FcRn, making rodents not as relevant as mon-
keys in determining the nonspecific PK of mAbs.”" ** To cir-
cumvent this issue of differential FcRn binding in rodents, many
groups are exploring the use of human FcRn transgenic mice to
evaluate the nonspecific PK of mAbs, as discussed below.?>?°
An additional route of clearance of IgGs is through their inter-
action with receptors recognizing the level of glycosylation of
proteins.”® *” Limited data are available on the interspecies
differences in expression and activity of these receptors.*®

Several approaches are being used to predict nonspecific
clearance in humans. Scaling from cynomolgus monkeys to
humans using a single species simplified allometric approach
with fixed allometric exponents for clearance and volume of
distribution appears to provide the best predictions and is
recommended by multiple groups.”>*> While prediction of
nonspecific or linear clearance is very accurate using cyno-
molgus monkeys, the prediction of target-mediated clearance
is still challenging due to differences in target antigen char-
acteristics across species, such as target density, expression
profiles, target turnover kinetics, and affinity to the target.
However, even in this situation, cynomolgus monkeys have
been used with varying levels of success in predicting human
PK.>*"%° The interaction of IgGs with Fcy receptors can also
lead to target-mediated drug disposition (TMDD). In that
context, it is worth bearing in mind the differences in expres-
sion and activity of this system between human and NHPs.”®
>’ For prediction of other PK parameters after subcutaneous
(SC) dosing, such as rate of absorption and bioavailability,
cynomolgus monkey does not appear to be a good model,
possibly due to factors such as differences in physiology of
hypodermis and the lymphatic system. Other animal models
such as minipigs have been evaluated for evaluation of bioa-
vailability after SC dosing with varying success.”® ** Although
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Table 2. Considerations for the use of NHPs for PKPD purposes.

Antibody-specific characteristics
Cross-reactivity between species
Differences in affinity
Differences in epitope
Interaction with clearance pathways such as FcRn
Risk of interference of immunogenicity in results interpretation

System-specific characteristics
Expression profile (location, soluble/membrane-bound)
Expression level
Turnover rate
Differences in downstream biology
Relevance of healthy NHPs to the targeted patient population

the need for NHP studies for PKPD purposes needs to be
made on a case-by-case basis, key aspects to consider are
summarized in Table 2.

Value of NHP in understanding PKPD of mAbs

In this section, we present case studies of lulizumab and roza-
nolixizumab which illustrate the value of NHP to increase PKPD
understanding to support the design of FIH studies. The value of
NHPs to assess half-life extension strategies is also discussed.
Finally, this section shows how knowledge gathered in NHPs led
to the discontinuation of a research program prior to starting
clinical development, thus saving volunteers and patients being
exposed to an ineffective therapeutic.

Lulizumab a pegylated monovalent anti-human CD28
domain antibody antagonist: determination of FIH dose
with pivotal PKPD data from cynomolgus monkeys

Targeting the CD28 pathway has been considered high risk
since 2006, when TeGenero’s CD28 superagonist mAb
(TGN1412) caused severe cytokine release syndrome resulting
in long-term damage in 6 healthy volunteers during a Phase 1
clinical trial.*> * Using a pharmacologically based method to
establish the FIH starting dose, such as the MABEL approach,
is recommended for targets that likely lead to a biological
cascade or cytokine release with an amplification.” As an
antagonist, lack of agonism or costimulatory activity and inhi-
biting CD28-mediated T-cell proliferation and cytokine pro-
duction, lulizumab pegol was not anticipated to cause any
amplified cytokine release.*> However, given the inherent risk
of targeting CD28, a MABEL approach was conservatively
adopted to select the FIH starting dose.*” The challenges asso-
ciated with the MABEL approach included: 1) assessing poten-
tial differences of sensitivity for the mode of action (preferably
under physiological relevant conditions) between human and
animals; 2) identifying a relevant animal model to establish
in vitro to in vivo correlation in target engagement (e.g., dis-
sociation constant (Kd), receptor occupancy (RO), and con-
centration leading to 50% of maximum effect (EC50)); and 3)
identifying a translational PD marker for functional activities.
This example illustrates how the NHP PKPD data, including
systemic exposure, extent of RO, PD activities, and duration of
effect, played a critical role in the FIH dose selection.

To assess differences in binding affinity and occupancy
between human and monkey model, a comprehensive panel of
in vitro or ex vivo assays, including Kd from Biacore assays,
EC50 for RO in whole blood cells, and EC50 of a functional effect
(inhibiting T cell proliferation in in vitro dendritic cell-driven
mixed lymphocyte reaction (MLR) assays) were performed with
lulizumab or a similar anti-hCD28 domain antibody that only
differed from lulizumab by two additional amino acids at the
N terminus.*> The comparable binding affinity and RO along
with the inhibitory effect were observed between human and
monkey. Interestingly, this finding is consistent with the 100%
identical extracellular domain of the CD28 receptor found in
both species.**

Moreover, using an integrated PKPD modeling approach
with the data from a PKPD study conducted in monkeys, Yang
et al. demonstrated: 1) a strong correlation between in vivo RO
EC50 and immunosuppressive activities assessed through the
T cell-dependent antibody response (TDAR) to keyhole limpet
hemocyanin (KLH) in monkeys, and 2) the relevance (compar-
able values) between in vivo RO EC50 and in vitro MLR EC50.
This PKPD relationship established in NHPs laid the ground-
work in defining MABEL and selecting a subsequent FIH dose.
Since no significant immunosuppression was observed in mon-
keys at an average in vivo RO of <30% over approximately
28 days, the MABEL was defined as a target in vivo RO <10% at
predicted maximum concentration (Cmax) in humans. In vivo
RO EC10 is not yet available until clinical trials are conducted.
Therefore, based on the established relevance between in vivo
RO and in vitro MLR EC50, the latter at 10% (MLR EC10) was
used to calculate a MABEL dose of 0.01 mg.*’

PKPD results and the safety profile of lulizumab were
reported in healthy volunteers following single- or multiple-
dose administration.** The strong RO/PD correlation between
in vivo RO and TDAR demonstrated in monkeys was able to be
recapitulated in humans. Moreover, the extent and duration of
the RO as well as the corresponding immunosuppression were
comparable in both species. Overall, these results in humans
further confirmed the close correlation between target engage-
ment and the proof-of-mechanism marker (i.e., the inhibition
of KLH-induced TDAR); hitherto the suitability of using the
monkey model to inform study design and dose selection for
future drug candidates with similar mode of action has been
soundly established.

Looking back, could lulizumab have been developed solely
based on a rodent model or an alternative non-rodent species
other than NHPs? The answer is probably not due to the lack of
cross-reactivity between lulizumab and CD28 from other spe-
cies. Although Yang et al. were able to establish a similar
correlation between RO and the suppression of KLH-induced
TDAR in mice as auxiliary evidence to support their final
decision, a mouse surrogate had to be used in such study.*
Given the high risk associated with targeting the CD28 path-
way, the technical challenges, and limitations associated with
using surrogates made this option unsuitable. Although una-
vailable at the time of lulizumab development, the recently
emerged humanized CD28 immune checkpoint knock-in or
conditional knock-out mouse model may serve as an alterna-
tive to study the correlation between target engagement and
the proof-of-mechanism marker. The utility of humanized



immune checkpoint models can potentially reduce NHP use in
future PKPD development of biologics with similar mode of
action.

In lieu of the in vitro MLR EC10 with its relevance to
immunosuppression established in a PKPD study in cynomol-
gus monkeys, could the MABEL dose be defined merely with
the Kd from the in vitro Biacore assay? The possibility of using
the Kd from a Biacore assay to calculate in vivo RO was
discussed by Yang et al.*> The MABEL doses estimated using
Biacore Kd and MLR EC10 were 3.1 and 10 ug, respectively.
The latter was selected as the FIH starting dose because the
MLR assay was considered as a more reasonable and sensitive
way to evaluate the extent of RO and it represents a reasonable
approximation of the in vivo situation compared to artificial
environment in Biacore assay. On the other hand, a too con-
servative starting dose of 3.1 ug rendered from Biacore Kd may
negatively impact drug development timeline and unnecessa-
rily delay patient access to medicines.'" As evidence to further
verify the appropriate selection of the FIH dose based on MLR
EC10, Shi et al. reported that the dose of 10 pg led to <5% RO
in healthy volunteers in a single-ascending-dose study.**

Taken together, data from NHPs were essential to derisk the
in vitro approach and build confidence during the develop-
ment of lulizumab, given the inherent high risk of targeting
CD28 pathway and the lack of cross-reactivity in other non-
clinical species.

Rozanolixizumab an anti-FcRn mAb: successful translation
of PKPD and MRSD determination

Rozanolixizumab is a human FcRn-targeted mAb developed to
decrease the levels of circulating pathological IgGs in auto- and
allo-immnune diseases.*> * It is a high affinity antibody that
competes with endogenous IgGs for FcRn.*” It blocks the recy-
cling of endogenous IgGs, increasing their clearance and there-
fore reducing their circulating concentrations. As of late 2022, it
is being tested in Phase 2 in patients with chronic inflammatory
demyelinating polyradiculoneuropathy (NCT03861481) and in
Phase 3 in patients with generalized myasthenia gravis
(NCT04124965) and primary immune thrombocytopenia
(NCT04224688).

Whilst human FcRn-transgenic mice provided a tool for
proof of mechanism, PKPD relationship, dosing regimen, and
safety were assessed in cynomolgus monkeys due to the con-
served FcRn system between human and primates. Indeed,
whilst the cross-reactivity between human FcRn and rodent
IgG is poor, human, and cynomolgus monkey IgG4 bind
comparably to FcRn.** * In addition, rozanolixizumab exhi-
bits similar affinity toward cynomolgus monkey and human
FcRn whilst it does not bind the rodent receptor.*”
Cynomolgus monkeys initially received a single intravenous
(IV) administration of rozanolixizumab at 5, 10, and 30 mg/kg.
Free PK was assessed. Circulating concentrations of endogen-
ous IgG were used as a marker of PD effect, while albumin
concentrations were monitored as a sign of exaggerated phar-
macology since FcRn also recycles albumin. As expected,
a strong TMDD effect was observed on the PK of rozanolix-
izumab due to the impact of FcRn binding. Levels of endogen-
ous IgG decreased by 49, 63, and 69% from baseline following
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single IV administration at 5, 10, and 30 mg/kg, respectively.
These data were integrated with the affinity and transcytosis
in vitro measurements in a semi-mechanistic PKPD model to
predict the decrease in circulating IgG in cynomolgus
monkey.”’>* PK and IgG measurements following frequent
(30 mg/kg IV loading dose, followed by daily 5 mg/kg IV
doses) and infrequent dosing (30 mg/kg IV every 60 days)
were used to validate the initial PKPD model.”> Both dosing
regimens led to a decrease of 75% of IgG from baseline. Safety
assessment in cynomolgus monkeys showed that rozanolixizu-
mab was safe when dosed at 150 mg/kg IV every 3 days.”* Such
doses led to a decrease in IgG of 85% from baseline, with only
small changes in albumin concentrations. As a result, doses for
the FIH trial in healthy volunteers (NCT03859219) were
defined to cover decreases in IgG ranging from 10 to 50%
from baseline. The PK of rozanolixizumab in human was
predicted based on allometric scaling of the cynomolgus mon-
key data. The PD component of the semi-mechanistic PKPD
model was translated between cynomolgus monkey and
human to include the differences in in vitro binding and
FcRn expression between the two species. Doses of 1, 4, and
7 mg/kg administered to healthy volunteers led to decreases in
circulating IgG of 14.5, 33.4 and 47.6% following IV dosing and
16.8, 25.9, 43.4% following SC dosing, respectively.”* Although
the level of IgG suppression observed at 1 mg/kg was higher
than expected, this example highlights the benefit of using
cynomolgus monkeys to predict results in human for biological
systems that are well conserved between the two species. In this
case, although the human FcRn-transgenic mice were a helpful
tool to establish a proof of mechanism, quantitative translation
was complex due to the incomplete understanding of the
dynamics and abundance of FcRn in this model. As a result,
cynomolgus monkey played a critical role in designing
a concise Phase 1 trial, limiting exposition of healthy volun-
teers and expediting clinical development for the benefit of
patients.

Value of NHP for predicting PKPD in mAbs with half-life
extension

Several strategies have been explored to increase the half-life of
antibodies and Fc-fusion proteins using the FcRn-mediated
recycling pathway.> While antibodies already have a long half-
life due to their binding to FcRn, antibody engineering
approaches have been devised to further extend their half-life
with the aim of decreasing dosing frequency in the clinic. One
promising approach to increase half-life of antibodies is engi-
neering of the Fc region to increase affinity to FcRn. Both
cynomolgus monkey and human FcRn have similar binding
affinity to human IgG, making cynomolgus monkey an ideal
species to evaluate the effects of changing binding to FcRn on
antibody PK and predict human PK." Several studies have
shown that increasing FcRn binding of mAbs by engineering
Fc variants with increased binding to human FcRn at pH 6.0
can increase their half-life in cynomolgus monkeys.”® >’ In one
notable example, Dall’Acqua et al. introduced a triple mutation
M252Y/S254T/T256E (YTE) into the Fc portion on MEDI-524,
a humanized anti-respiratory syncytial virus mAb.** This
mutation resulted in a 10-fold increase in binding of MEDI-
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524 to both human and cynomolgus monkey FcRn at pH 6.0,
while efficiently releasing it at pH 7.4. This increase in FcRn
binding at pH 6.0 resulted in a 4-fold increase in systemic half-
life of the altered MEDI-524-YTE antibody in cynomolgus
monkeys compared to the parent MEDI-524 antibody.
A subsequent study in humans using the same YTE mutation
for motavizumab-YTE showed lower clearance (71 to 86%) and
2-to 4-fold longer systemic half-life than the parent
motavizumab.”® This was the first study of an Fc-modified
mAb in humans, showing that motavizumab-YTE exhibited
an extended half-life of up to 100 days. This PK extension was
similar to that seen in monkeys for the YTE mutation and
showed the value of using monkeys to evaluate half-life exten-
sion strategies when modulating binding to FcRn. Recently, the
use of human FcRn transgenic mice has been investigated to
rank half-life extension strategies, suggesting that this rodent
model could be used to predict PK in NHP in preparation for
safety assessment studies.”

Discontinuation of the development of a compound or
preventing the discontinuation of a compound using NHPs

During drug development, it is often necessary to determine
whether a target is “druggable”. The druggability of a target can
be related to a number of characteristics, including tissue dis-
tribution or location, and expression and turnover. Drug tar-
gets with high levels of expression and/or turnover, particularly
in non-target tissues can pose challenges due to the high
amounts of drug required to sustain sufficient levels of occu-
pancy to drive the desired pharmacologic effects. An excellent
example of this is CCL21, a soluble chemokine believed to play
a role in modulating inflammation. QBP359 is a human IgG1
mAD that binds specifically to human CCL21 and cross-reacts
with cynomolgus monkey, but not with mouse CCL21.°> ¢!
The similarity in binding of QBP359 between NHP and
humans, and the physiologic similarities between these species,
made the NHP a suitable system to explore the PKPD of this
novel biotherapeutic for the purposes of estimating human
efficacious dose. In a dose-range finding NHP toxicology
study, the elimination rate of QBP359 was found to be rapid
compared to a typical IgG and decreased as the dose increased,
suggesting that CCL21 occupancy was not achieved at the low
dose used in that study (10 mg/kg weekly). This raised ques-
tions about the ability of QBP359 to sufficiently suppress
CCL21 concentrations at manageable doses. Subsequent PK
and biodistribution studies in the NHP were conducted to
enable a more complete assessment of the PK of QBP359 and
the dynamics of CCL21 turnover, and information on the
tissue localization of CCL21.

Integration of the information using a semi-mechanistic
PKPD model confirmed the high turnover rate of CCL21 and
indicated that binding of QBP359 with CCL21 accelerated the
elimination of the QBP359. The PKPD model was used, with
the incorporation of some human-specific parameters (e.g.,
allometrically scaled free QBP359 PK, CCL21 concentrations
and turnover in humans) to predict the dose and dose regimen
that would be required in humans to maintain >90% neutrali-
zation of CCL21. These simulations determined that doses of

>50 mg/kg/week would be required to achieve this goal, thus
making this target undruggable with QBP359.

The data derived from NHPs in this program allowed the
developers to make a clear decision to discontinue the project,
thus minimizing further use of animals and resources, and
avoiding the exposure of humans to an ineffective treatment.

Challenges to overcome when using NHP for PKPD
purposes

Immunogenicity can complicate use of NHP data, but can
often be managed to still derive valuable information
from such studies

General considerations on immunogenicity

It is generally accepted that immunogenicity of therapeutic
proteins in animals (NHPs and other species) is not predictive
of the immunogenicity in human.®® In a nonclinical PKPD or
safety study, important concerns are that anti-drug antibodies
(ADA) (e.g., clearing and neutralizing antibodies) in NHP may
affect PK and PD of the dosed therapeutic proteins and inter-
fere with the PKPD assessment.’®> Since human therapeutic
proteins are foreign antigens to NHPs, non-rodents, and
rodents, administration of human therapeutic proteins will
challenge the animal immune system and may elicit formation
of anti-drug antibodies.** °> For example, in a study by Thway
et al., Sprague Dawley rats were administered a humanized
mAb at 50 mg/kg weekly for 4 doses.®® Rats developed ADA
as expected. The concentration of the drug was measured by
three bioanalytical methods that were either prone or not
prone to interference by ADA. The presence of ADA in sam-
ples led to discrepant concentrations depending on the meth-
ods used. In another example, when albiglutide was
administered to monkeys or mice, anti-albiglutide antibodies
were detected in both species.®” In the monkey study, ADA was
detected in in 2/10 and 6/10 monkeys given 15 or 50 mg/kg/
week. In the mouse SC postnatal development study, ADA
were detected in 6/8, 6/8, and 5/8 in the low-dose, middle-
dose, and high-dose lactating dams, respectively, assessed Day
21 postpartum. These examples indicate that the development
of ADA response against human therapeutic proteins by ani-
mals is not limited to NHPs but also can occur in other animal
species. It is worth mentioning that, although ADA can occur
in any species, in NHP one can measure, PK, PD, and ADA
serially in the same animal, which may not be feasible in
rodents due to the blood volume limitation.

Development of ADA responses in NHPs and other animal
species can affect PK and safety studies in multiple aspects,
including altering the exposure of the drug (decreasing expo-
sure by clearing ADA or increasing exposure by sustaining
ADA) and neutralizing the pharmacological actions of drugs
by preventing it from binding to its target(s).**””" Additionally,
the presence of ADAs may interfere with the PK assay used for
concentration measurements of therapeutic proteins, thus
making it difficult to accurately quantify drug exposure and
PK.°® When the bioanalytical assay measures total drug con-
centrations using polyclonal antibodies or anti-Fc reagent as
the capture reagent, the impact by ADA on the total concen-
trations is likely to be minimal. However, part of the measured



total drug may be neutralized and rendered pharmacologically
inactive. To assess the impact of ADA on drug exposure,
a bioanalytical assay that measures the active (or free) drug
concentration may be more appropriate. In the free assay,
a drug target or blocking anti-idiotypical antibody is used as
the capture reagent. Therefore, only drug that is not neutra-
lized by ADA will be measured.”

When ADA response develops in NHPs and other animal
species, the PK scientist should review and interpret the PK,
ADA, and PD data together to assess the impact of the ADA on
PK and PD. When the PD biomarker reflects the pharmacolo-
gical action of the drug and is robust and sensitive to changes
in the exposure of the biologically active drug, the first step is to
correlate ADA status with PD activities (see example related to
the testing of anti-IL17 mAbs in non-naive NHPs below). If
ADA does not affect PD significantly, the exposure from these
ADA-positive animals should be included in the mean PK
parameter calculation. On the other hand, if PD activities are
significantly altered in some ADA-positive animals along with
altered drug exposure, these animals likely need to be excluded
from the mean PK parameter calculation. In the absence of PD
data, the impact of ADA can be assessed in terms of altering
active drug concentrations or lack thereof.”> The active drug
exposure in both ADA-positive and ADA-negative animals is
compared side-by-side. If ADA does not significantly alter
active drug exposure (as measured by the “free” bioanalytical
assay) in any animals, the impact of ADA on the study is
considered minimal and all animals can be included in the
mean PK parameter calculation.”* However, if ADA alter the
drug exposure substantially in some animals in a dose group, it
may be appropriate to exclude these ADA-positive animals
from the calculation of mean PK parameters. In some cases,
the majority or all the treated animals may be ADA positive
and have significantly altered drug exposure, which will create
challenges in defining the PKPD relationship. These situations
will need to be handled on a case-by-case basis. The mitigation
strategies include evaluation of drug exposure and PK para-
meters based on data from the early part of the study where
there are sufficient animals whose drug exposure has not been
altered significantly (see lenercept and obinutuzumab exam-
ples below) and evaluation of the drug exposure from high-
dose group where the impact of ADA on drug exposure may be
smaller than from the low dose and/or middle-dose groups.

Lenercept: Successful use of allometric scaling to predict the

human PK of a TNFR-Fc fusion protein despite imnmunogenicity
Lenercept is an Fc-fusion protein consisting of the extracellular
domain of two human p55 tumor necrosis factor receptors
fused to the Fc portion of human IgG1.”” The PK of lenercept
was characterized in several animal species, including cynomol-
gus monkeys, to support planning of toxicity and pharmacology
studies, as well as for predicting the PK in humans by allometric
scaling. Lenercept was found to be immunogenic in all animal
species tested. In monkeys, the immune response was evident
from an accelerated clearance of lenercept starting at 10 days
post-dose in all four animals tested and was confirmed by
appearance of ADA in plasma samples collected 19 days after
dosing. In the PK non-compartmental analysis (NCA), the
period of accelerated clearance was disregarded, as the ADA-
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mediated accelerated clearance does not reflect the disposition
kinetics of the drug itself. This meant that the PK could be
followed only over 10 days, which results in an uncertainty in
the PK parameters assessed by NCA. This uncertainty is con-
sidered acceptable, as the PK could be characterized over about
two half-lives. Despite these shortcomings, the obtained PK
parameters in cynomolgus monkey are predictive for humans.
Using state-of-the-art scaling procedures from monkeys to
humans with an allometric exponent of 0.85 for clearance, the
lenercept clearance of 12 mL/day/kg in monkey results in
a projected human clearance of 7.6 mL/day/kg, calculated for
a 70 kg subject.”® This value is in excellent agreement with the
observed value of 6.8 mL/day/kg.”

PKPD assessment of the anti-CD20 antibody obinutuzumab
in cynomolgus monkey is feasible despite marked anti-drug
antibody response in this species

Following single IV administration of the anti-CD20 antibody
obinutuzumab to cynomolgus monkeys at two different dose
levels (1 and 10 mg/kg, n = 2/dose level), a marked immunogeni-
city against obinutuzumab was observed.”” Three of 4 monkeys
showed accelerated clearance of obinutuzumab approximately
10 days after dosing. It is of note that TMDD and accelerated
clearance due to an immune response may lead to a similar shape
of serum concentration-time profiles with an accelerated clear-
ance following a log-linear elimination phase. In the present case,
the immune response could be identified as root cause, since: 1)
one animal without ADA formation showed a continued log-
linear elimination phase, and 2) the onset of rapid clearance
occurred at very different serum levels in the different dose
groups. Similar to the lenercept case, the PK of obinutuzumab
was analyzed using NCA by neglecting the phase of accelerated
clearance. The obtained PK data translate well to humans. For the
PKPD assessment of obinutuzumab with B-cell depletion as PD
endpoint, the accelerated clearance was included in a PK model as
an additional time-dependent, linear clearance process, which
was up to ~30-fold more rapid than the regular clearance of
obinutuzumab. The PK model was included in an indirect-
response PKPD model to describe loss and re-population of
B cells. The PKPD model predicted a re-population of B cells
when obinutuzumab serum levels drop below 0.02 pug/mL. The
accelerated clearance shortened the time to loss of PD response,
i.e., start of B cell re-population, and thus the duration of phar-
macologic effect. Overall, these data show that with appropriate
inclusion of the additional immune-mediated clearance pathway
in the PKPD model, the PKPD of obinutuzumab in cynomolgus
monkeys was well characterized despite a marked anti-drug anti-
body response. The marked immunogenicity of obinutuzumab in
monkeys is not predictive for humans. In the clinic, obinutuzu-
mab showed very low immunogenicity.

PK and immunogenicity investigation in non-naive
cynomolgus monkeys: a human anti-interleukin-17 mAb
example

A strategy for screening NHPs for preexisting antibodies to
a to-be-tested biotherapeutic was applied in a study of the PK
of a human anti-IL17 antibody.”® A group of 32 male cyno-
molgus monkeys that had been used once previously for
a single-dose PKPD study with a human IgGl mAb were
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screened for ADA against a human anti-IL17 IgGl mAb.
Screening was conducted approx. 2 months prior to use in
the anti-IL17 PK study and approximately 3 months after the
last mAb dosing. Animals were separated into two groups
(n = 17, negative; n = 14, positive) depending on their ADA
status at screening and were further divided into treatment
groups receiving a single dose of 1, 3, or 10 mg/kg of anti-
IL17 mAD IV, or 3 mg/kg SC. Serum sampling was implemen-
ted for 50 days following dosing and analyzed for concentra-
tions of free anti-IL17 mAb. Screening and confirmatory ADA
were measured, as were ADA titers, predose and at the end of
study. PK analysis was conducted using anti-IL17 mAb
concentrations.

In the assessment of preexisting ADA approximately 44% of
animals had preexisting cross-reactive antibodies to anti-IL17
mAD and there appeared to be no correlation between the
presence of ADA and the type of mAb the animal had pre-
viously received. The authors tested the specificity of the pre-
existing ADA against anti-IL17 mAb and found that this varied
widely between animals.

There were some instances of a change in ADA status
between screening and pre-dose testing (approximately 20-
30%) with a nearly equal number switching from negative to
positive as from positive to negative. Following anti-IL17 mAb
dosing none of the animals that tested negative at both screen-
ing and pre-dose were found to test positive. In the animals
that tested positive at screening, 57% remained positive at pre-
dose and after anti-IL17A dosing. Approximately 20% became
negative at screening (and remained negative) and 20% were
positive pre-dose but negative after dosing. In the animals
classified as positive at pre-dose, titers increased in approxi-
mately 70% of those animals.

The mean PK of anti-IL17 mAb in the ADA-negative group
(among animals that were ADA-negative throughout) was con-
sistent with previous data in naive animals. Animals that tested
negative before the dosing remained negative at the end, with no
individual animals showing PK evidence of ADA. In the animals
with preexisting ADA, accelerated clearance was observed in
approximately 57% of those animals and was concordant with
them also testing positive at the end of the study. The remaining
animals tested negative at the end of the study, despite testing
positive at screening and, in some cases, also pre-dose.

This study provides supportive evidence that screening for
cross-reactive antibodies can be a useful strategy for selecting
animals that may be suitable for dosing with biotherapeutics for
the purposes of evaluating PKPD. The observation that animals
can change ADA status over time in the absence of dosing, and
that this can affect PK, suggests that testing more than once may be
needed to select animals for further use.

While this study provides a great deal of valuable knowl-
edge, much remains to be done before we can fully understand
the risks of re-dosing animals and to also develop strategies to
minimize these risks. This study did not evaluate animals that
had been dosed with an IgG1 more than once (either multiple
IgGls, or multiple doses of the same IgG1) prior to testing with
the anti-IL17 mAb, nor did it assess whether animals could be
dosed more than once with a new test article after having been
previously dosed with a biotherapeutic. Additionally, similar
studies with biotherapeutics other than human IgGls will be

required, including studies looking at the implications of
sequential dosing with dissimilar biotherapeutics.

An example where NHP did not successfully predict
nonspecific clearance in humans

As discussed above, cynomolgus monkey is typically the pre-
ferred species to evaluate the PK of protein therapeutics due to
the similarity to humans in terms of both target sequence
homology which affects target-mediated clearance pathways, as
well as FcRn-binding affinity which affects nonspecific clearance
pathways of mAbs. These similarities have allowed the use of
only monkeys as a single species to successfully predict human
PK.'> % Despite these similarities, there is an interesting case
study showing divergence in PK behaviors between the monkey
and human. Xin et al. described the development of
MNRP1685A, a human mAb against neuropilin-1 (NRP1),
where the PK in monkeys underestimated the nonspecific clear-
ance in humans.”” The PK of MNRP1685A was evaluated in
mouse, rat, monkey, and humans following IV administration
across a wide dose range. MNP1685A bound to its target, NRP1,
in all species tested and showed non-linear PK in all species
consistent with widespread expression of this target. Due to the
observed PK non-linearity, a two-compartment model with par-
allel linear (to describe the nonspecific) and non-linear clearance
(to describe the target-mediated specific clearance) could ade-
quately describe the data. The model derived nonspecific clear-
ance of MNP1685A in monkey (3.22 mL/day/kg) was within the
expected range for a typical antibody, but it was much higher
than expected in mouse (60.3 mL/day/kg), rat (19.4 mL/day/kg)
and human (8.53 mL/day/kg).”” The nonspecific clearance in
humans was 4-fold higher than that predicted from monkey
based on the usual allometric measures. The authors postulated
that this unexpected species difference in nonspecific clearance
to possible off-target binding in mouse, rat and human, but not
in monkey. This is a rare example where using monkey data to
predict human nonspecific clearance was misleading, likely due
to differences in off-target binding. Some learning from this
example suggests that when off-target clearance is suspected in
preclinical species, the preclinical PK data may not be as infor-
mative to predict human PK. Interestingly, the specific or target-
mediated clearance parameter values (Vmax and Km) in
humans were close to the predicted values from the monkey
PK. This was surprising as the scaling of target-mediated clear-
ance of mAbs is typically more challenging due to the variability
associated with target characteristics. A few other studies have
shown species differences in off-target binding, such as anti-
FGFR (off-target binding to mouse complement component 3)
and anti-amyloid beta (off-target binding to fibrinogen in cyno-
molgus monkey), but these molecules do not have correspond-
ing human data to draw similar conclusions.®> ®'

Efforts to optimize the use of NHPs

Leveraging toxicology studies to reduce NHP use for PKPD
evaluation

One approach that can be applied to reduce the number of
NHPs used in preclinical development is to gather PKPD data



from safety assessment studies. NHPs tend to be the species of
choice for toxicology studies for the same reasons that they are
frequently chosen for PKPD investigations.” In the case of
targets for which the dynamics are already well understood
or that present limited risk in terms of clinical efficacy, such as
soluble cytokines or membrane targets where clinical data
already exist on specific mode of action, safety studies can be
used as the sole source of PKPD information. For more com-
plex targets, safety assessment investigations can be comple-
mentary to PKPD studies because they allow for the
investigation of a wide range of therapeutic and supra-
therapeutic doses. Due to the high doses tested in toxicology
studies, the maximum expected effect on biomarkers can be
measured. In addition, mechanistic or empirical models devel-
oped in PKPD experiments can be validated and/or refined
with the independent dataset generated in toxicology studies.
This is exemplified in the preclinical development of rozano-
lixizumab, an anti-FcRn mAb, already discussed above.
Following single dose IV administrations to cynomolgus mon-
keys at potential therapeutic doses (5, 10 and 30 mg/kg), levels
of endogenous IgG were reduced by 69% compared to baseline.
When rozanolixizumab was dosed to cynomolgus monkeys at
150 mg/kg every 3 days via IV or SC administrations for
13 weeks in a toxicology study, endogenous IgG levels were
further reduced by ~85% of baseline levels. The fact that both
routes of administration led to similar PD effects despite the IV
routes reaching exposures (AUC) 1.7-fold greater than the SC
route indicates that these doses led to the maximum possible
effect in this biological system.*” This observation was sup-
ported by reports of FcRn deficiency in human also leading to
up to 85% decrease in endogenous IgG.*” FcRn-deficient mice,
which are impaired in their ability to recycle IgG and thus have
accelerated IgG clearance, also show a > 85% decrease in IgGs
compared to wild-type mice.*> The extension of the effect
range investigated in cynomolgus monkeys ensured the valid-
ity of the mechanistic model developed to predict the effect of
rozanolixizumab in human. An alternative approach to per-
forming separate PKPD and safety assessment studies is to
include a low therapeutic dose level in the safety assessment
study or to include a single low dose as a run in for these
toxicology studies (with some risk for loss of exposure due to
immunogenicity in cases where immunogenicity is not
known). In this case, a full PKPD model can be built including
data over a wide range of therapeutic and supra-therapeutic
doses.

Finally, safety assessment studies present a valuable oppor-
tunity to assess the turnover of soluble targets such as cytokines
if that has not been done in dedicated PKPD studies previously.
Indeed, cytokines tend to have much shorter half-lives in the
systemic circulation than mAbs.**  As a result, the target
cytokine (free + bound to antibody) accumulates in the sys-
temic circulation.®> Applying a simple model to the total target
and antibody concentrations allows PKPD scientists to esti-
mate the turnover of the targeted cytokine.** *® This in turn
helps in the design of early clinical trials by indicating the
frequency of dosing required to effectively neutralize the target.
Estimation of the turnover of cytokines can be done in toxicol-
ogy studies as effectively as in dedicated PKPD studies since the
maximum accumulation of total target is dependent on the
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target turnover but not on the amount of drug in the systemic
circulation. Measurement of total target can also be required in
toxicology studies proving the engagement of the target by the
antibody tested. Thus, assessing target turnover in toxicology
studies does not necessarily require any additional resources.
The main hurdle to measuring total target in toxicology studies
is the need for assays that are drug tolerant. The model assumes
that the rate of synthesis of the cytokine remains constant over
time following administration of the drug. This assumption
can easily be tested in longer term safety assessment studies.
Whether target turnover is measured in PKPD or toxicological
studies, one of the key challenges remains the measurement of
baseline level of cytokines in healthy animals.

One of the key parameters that drives the need for dedi-
cated PKPD studies is often the timing of the safety assess-
ment studies. Toxicology studies by definition need to
investigate supra-therapeutic doses whilst one of the aims of
PKPD studies is to explore the therapeutic range to be tested
in early clinical development. As such, a level of PKPD under-
standing and a preliminary prediction of the maximum expo-
sure to be tested in early clinical development is required to
ensure that the toxicology studies are designed appropriately
to support the first trials in human. The need for PKPD and/
or toxicology studies will depend on the need for an early
derisking of the target and the mechanism of action of the
therapeutics. PKPD and safety assessment colleagues should
cooperate effectively to maximize the information gathered
from every study involving NHPs.

Strategic re-use of NHPs

There is a strong rationale for re-using NHPs in PKPD and
toxicology studies. First and foremost, ethical concerns moti-
vate all researchers to reduce animal use, in particular the use
of NHPs. The availability of NHPs, and more acutely, certain
types of NHPs (e.g., disease models, sexually mature) can be
highly limited, which can affect the ability to conduct the right
experiment at the right time and lead to delays in bringing new
therapies to patients. Using non-naive animals could reduce
the use of NHPs. However, there are some physiological and
operational considerations that currently limit our ability to
reuse NHPs for biotherapeutic studies.

While immunogenicity within a study can complicate
study conduct and interpretation, it also has implications
for the continued use of animals for further study.** *” In
particular, animals (including NHPs) can develop immuno-
genicity against structural elements of human biotherapeutics
that are foreign to the NHP, but common to many biother-
apeutic test articles (e.g., IgG Fc, light chain, and heavy
chain, endogenous proteins either as therapeutics or as com-
ponents of fusion proteins; see the human anti-IL17 anti-
body example). This immunogenicity can manifest itself
upon NHP re-use as anti-drug antibodies against the test
article or as other forms of immunological response (e.g.,
hypersensitivity reactions) that can compromise study con-
duct and interpretation. For these reasons, most investigators
prefer to use naive NHPs for PKPD and toxicology studies
to mitigate the risks outlined above. In addition, the non-
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terminal nature of PKPD studies means that a population of
biotherapeutic treatment-experienced NHPs can grow and
pose ethical and operational difficulties for NHP users.

Strategies for screening and selecting other animals that
may be suitable for biotherapeutic retreatment are still under-
going development. It is important not to underestimate the
difficulty associated with developing and implementing such
a strategy. The immunogenic response in each animal can
differ in epitope(s), strength, and durability. The presence of
a positive ADA response may not indicate that the animal is
not suitable for treatment with a related, or even unrelated,
biotherapeutic. The absence of measurable ADA that could
cross-react with a biotherapeutic of interest may not indicate
whether an animal will generate ADA to a different biother-
apeutic upon dosing.

Beyond these scientific aspects, there are other practical
matters that also need to be considered. There are costs asso-
ciated with holding animals during a washout period, particu-
larly if this extends for several months after prior treatment.
Before re-use, it will be important to know what
biotherapeutic(s) (e.g., IgG, endogenous protein) the animals
were previously administered; testing strategies will need to be
in place to confirm that drug and pharmacologic washout is
sufficient and ADA testing for the to-be-dosed test article will
need to be conducted. This will pose challenges to sponsors
and CROs eager to use non-naive animals for additional
biotherapeutic studies.

Despite these challenges, investigators are looking at ways to
allow NHP re-use, as is described in the human anti-IL17
antibody example. In addition, Hey et al. describe a decision
tree used to determine if NHPs previously dosed with
a biotherapeutic can be reused.*® Animals that have been
treated with an immunomodulatory drug have exhibited irre-
versible pathological or immunological changes, or have mea-
surable drug concentrations or pharmacologic effects
persisting from a previous study are excluded from re-use.
A three-month washout is considered standard but may be
adjusted accordingly depending on the circumstances. Non-
naive animals are excluded from GLP toxicology studies due to
existing uncertainties about potential residual effects of pre-
vious treatment. Animals that pass the above criteria can be
included in small molecule, non-terminal studies (e.g., PK,
PKPD, safety pharmacology) without further screening. If the
intended use is for evaluation of biotherapeutics, then animals
are further screened using a generic ADA assay. If they are
found to be negative, they can be used for non-terminal
biotherapeutic studies, including those evaluating PK, PKPD,
mechanistic, tolerability (including local tolerance), and also
for some terminal non-GLP toxicology studies (e.g., dose range
finding studies).

Hey et al. described the use of within-animal dose escala-
tions to characterize the PK of mAbs that are thought to exhibit
TMDD.*® Typically, studies to evaluate the dose-dependent PK
of such molecules rely on testing groups of animals at different
dose levels to gain sufficient information to inform PK model-
ing that is used to identify safe and effective drug concentration
levels. The risk of immunogenicity and the protracted time
required make serial dosing of NHPs with sufficient washout
across a dose range very challenging. Using a rapid within-

subject up-titration where the low dose is predicted to be
partially pharmacologically active and the high dose achieves
100% response can provide the exposure information across
the wide range of concentrations required to meet the needs of
PK modeling and still be completed in a period (approximately
10-14 days) that reduces the risk of ADA and also meets the
timelines of drug development, all with a single cohort of
animals. Hey et al. presented an example where an up-
titration was conducted in three animals covering a 20X dose
range with 3 days between dosing. The data obtained, when
integrated with data obtained from toxicology studies, allowed
robust estimation of the PK parameters describing TMDD.

There are also strategies being explored that can reduce or
maximize the value of NHP use by using ADA-positive animals
for alternative purposes and by dosing multiple test articles
simultaneously (cassette dosing), which are discussed in the
next two sections below.

Use of ADA-positive monkeys from PKPD studies to
generate reagents for immunogenicity assays

As mentioned previously, most investigators prefer not to
reuse non-naive NHPs for PKPD and toxicology studies due
to the risks associated with immunogenicity (i.e., ADAs).
Consequently, the growing population of biotherapeutic
treatment-experienced NHPs produced from non-terminal
PKPD studies may pose ethical and operational issues. Hey
et al. has explored an ingenious approach to re-use such
biotherapeutic-treated NHPs and harvested the anti-drug
antibodies in the monkey for bioanalytical purposes.®®
Purified polyclonal antibodies specific to the respective
biotherapeutics that are derived from immunized animals
are often used as reference standard(s) in ligand-binding
assays to assess immunogenicity in nonclinical or clinical
studies (as a surrogate positive control in the latter). To
generate positive controls in ADA assays, hyper-immunized
rabbits are typically the species of choice because the rela-
tively high amount of somatic hypermutation leads to the
production of high-affinity antibodies. Although both rabbit
polyclonal antibodies and monkey polyclonal antibodies can
be used as positive control for human ADA assays, harvesting
the polyclonal antibodies that are specific to the dosed
biotherapeutic protein in monkeys offer two advantages.
First, the ADA-positive monkeys are already available for
harvesting as part of PKPD studies, which negates the dedi-
cated rabbit immunization campaign for the purpose of gen-
erating ADA-positive control, and second, monkey polyclonal
antibodies may be a closer representative of human ADA that
are reactive toward the dosed biotherapeutic protein can be
used in both bridging and non-bridging assay formats.
Instead of using naive NHPs, ADA-positive monkeys from
non-terminal PKPD studies can be further hyper-immunized
with the same test article to generate reference reagent(s) for
immunogenicity assays. In such hyperimmunization studies,
the previous dose(s) of biotherapeutic in PKPD studies serve
as initial dose(s) and subsequent doses with the same biother-
apeutic are administered repeatedly (generally through the SC
route) to those NHPs at appropriate dosing intervals for 2 to
3 months or until a robust immunogenic response against the



administered biotherapeutic is evident. Finally, serum sam-
ples are collected multiple times toward the end of treatment
and post treatment to ensure sufficient volume for use as
reference standard(s) in both preclinical and clinical studies.
The reuse of non-naive NHPs with preexisting ADAs to
produce positive controls for ADA assays can be established
as a routine practice in biotech and pharmaceutical compa-
nies to maximize the benefits from the usage of NHPs.

Cassette dosing as a way of reducing primate usage

The use of cassette dosing, i.e., concomitant dosing of several
compounds, to reduce animal numbers is well established in the
PK characterization of small molecules. For biotherapeutics, cas-
sette dosing was hampered in the past by lack of specific bioana-
Iytical assays to quantify multiple analytes in the same sample. The
availability of highly sensitive, specific liquid chromatography-
mass spectrometry (LC-MS) assays enables cassette dosing also
for biotherapeutics. If specific binding assays are available for all
cassette components, these may be used as well. Test compounds
are to be selected so that there is no PK interference between the
components of a dosing cassette. For instance, cassette dosing is
not applicable for compounds undergoing TMDD at the same
target. Nagayasu and Oziki combined cassette dosing and micro-
sampling to reduce the numbers of animals (NHPs and mice) in
PK studies.® The PK of three test mAbs (cetuximab, denosumab,
and infliximab) was studied after both cassette dosing and dosing
of the individual mAbs. Bioanalytics were performed with specific
binding assays. The PK of all three antibodies was well character-
ized. Prior to onset of accelerated clearance due to ADA formation,
plasma concentration-time curves from cassette dosing and dos-
ing of individual mAbs were virtually superimposable. These data
demonstrate that cassette dosing can be an option to reduce
primate usage. In addition, cassette dosing allows the intra-
individual PK comparison of test compounds. This may allow
a better differentiation of test compounds compared to the con-
ventional parallel group approach. Drawbacks of the cassette dos-
ing approach include the need for time-consuming bioanalytical
method development (specific binding assays or specific LC-MS
assay for all components) and potentially an increased risk of PK
alteration due to ADA formation.

Efforts to replace and minimize the use of NHP

Several efforts are underway to reduce the use of NHP consistent
with the thinking around the 3R strategy, which aims to reduce,
refine, and replace the use of animals in research. For PKPD
evaluation and screening of protein therapeutics, similar efforts
are being explored to reduce NHP use and have shown promise.
Some of the approaches and tools are outlined in the sections
below.

Development of in silico, in vitro and in vivo methods to
replace NHPs

Screening candidate molecules to select a lead molecule with
optimal PK characteristics in humans is important in ensuring
the clinical success of antibody therapeutics. Due to its proven
predictive power, PK evaluation in cynomolgus monkeys has
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been a common step in antibody selection. However, several in
silico, in vitro and in vivo tools have been developed or are
being evaluated for use for PK screening to enable reduction or
perhaps even future elimination of the use of NHP. It is worth
noting that the use of NHPs for screening purposes is already
banned in Europe.

Non-animal testing strategies can be developed through
a combination of various in vitro techniques, which comple-
ment each other, and work in concert with in silico knowledge
management and predictive modeling. This way, early on in
drug development quantitative structure-activity relationship
models, -omics, and translational database mining may serve to
inform and mature a heuristic computational model and the
simplistic understanding of the potential safety profile of the
drug. This initial model could then inform and refine in vitro
assays, which focus on the identified key concerns by using new
stem cell technologies, label-free cell assays, micro-scale sys-
tems, new safety biomarker like circulating omics, or other
alternative approaches. These data in turn will again mature
predictive modeling before studies in humans are started.”

A recent review by Dostalek et al. outlined the various tools
available to use for screening antibody candidates.”’ Some of
the promising in vitro tools being used are assays to evaluate
the nonspecific binding of antibodies to reduce the likelihood
of off-target-binding of antibodies in vivo, as off-target binding
can lead to faster clearance and possibly unintended pharma-
cology (see the section “An example where NHP did not
successfully predict non-specific clearance in humans”
above).”” These binding assays include binding to baculovirus
particles, heparin-coated plates, Chinese hamster ovary cells,
human embryonic kidney cells, and human-derived extracel-
lular matrix using ELISA or flow cytometry-based detection
methods.”’ The mechanisms of action of these assays are not
known and are likely associated with hydrophobic and electro-
static interactions between the antibody and the assay systems.
Recently, Chung et al. developed a cell-based FcRn-dependent
transcytosis assay, evaluated 53 mAbs, and showed correlation
between their transcytosis readouts and clearance in humans.”?
Kraft et al. developed a heparin chromatography tool assay and
proposed using it in combination with a FcRn chromatography
assay to allow identification of antibodies with abnormal PK by
covering the major causes for nonspecific and off-target bind-
ing of Fc-containing therapeutic proteins.”*

In silico approaches being evaluated include methods such as
sequence-based or three-dimensional structure modeling and pro-
vide some early ways to select candidates.”’ As mentioned above,
several groups are also exploring the use of human FcRn trans-
genic mice to evaluate the nonspecific PK of mAbs with some
promising results.”>~*> However, more work needs to be done to
use these in silico tools and human FcRn transgenic mice for
prediction of human clearance. One key limitation of these alter-
native approaches to predicting human PK is that they do not
typically assess the risk and magnitude of TMDD.

Physiologically based PK modeling as an approach to
minimize NHP use

PBPK models have become prevalent in the development of
small molecules, mostly for prediction of drug-drug
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interactions and PK in special populations.”® In recent years,
PBPK models for therapeutic proteins, especially mAbs, have
been greatly advanced by considering specific mechanisms of
mAD absorption, distribution, and elimination at tissue and
cell levels. Since the first PBPK model of IgG published by
Covell et al. in 1986, the concepts of target-specific tissue
distribution, transcapillary convective transport, endosomal
transit, and FcRn recycling have been incorporated during
the development of a mechanistic PBPK model for mAb.”
A PBPK model consists of anatomically and physiologically
relevant tissue compartments linked together by flow of circu-
lating blood and lymph system. Each tissue compartment is
subdivided into several compartments to describe vascular to
interstitial exchange, FcRn binding and lysosomal trafficking.
PBPK models have been used in various applications, including
target identification, lead optimization, PK prediction for pre-
clinical species in pharmacological and toxicological studies,
tissue distribution, and drug interaction potential.97’ 98, 99 In
many cases, PBPK models for therapeutic proteins were devel-
oped for the purpose of human PK prediction using system-
dependent properties from human physiology and drug-
specific properties from in vitro physicochemical measure-
ment. The drug-specific parameters are found correlating to
certain drug properties, such as electrostatic interactions, gly-
cosylation, or large patches of charges within the variable
domain contributing to the variability of different mAb PK.
Glassman and Balthasar developed a PBPK model using
human PK data from 11 mAbs and estimated drug-specific
parameters using the rates of pinocytosis and convection. The
proposed model was able to predict well the clinical PK of 3
mADbs (cetuximab, dalotuzumab, trastuzumab) which were not
used in the model development.'” Hu and D’Argenio used
plasma concentration-time data from 12 mAbs following SC
and IV administration in humans to develop a PBPK model
where drug-specific parameters were estimated by establishing
regression relationship based on biophysical properties of the
patches of positive charge at complementarity-determining
regions of mAbs.'”’ The model was able to predict well
human PK of four mAbs (omalizumab, tildrakizumab, ixeki-
zumab, lanadelumab) not used in the model development.
Jones et al. developed a PBPK using PK data from mice and
humans with a mechanistic parameter from a particular
in vitro assay and species-specific FcRn affinity to accurately
provide a priori prediction of the terminal half-life for 90% of
the mAbs evaluated within a two-fold error.'** Bae et al. devel-
oped a whole-body PBPK model using PK and biodistribution
data from mice and predicted human PK of trastuzumab with
the ratio of simulated versus observed AUC and Cmax being
1.02 and 0.72, respectively.103 Taken together, these studies
have demonstrated that there is a potential to use PBPK models
for human PK prediction, which will avoid the use of NHPs
when the sole purpose is to predict human PK without TMDD
assessment.

Glassman and Balthasar developed a PBPK model using
physiological parameters and plasma data of mAbs associated
with linear PK from the literature.'** Kinetics of target binding
and turnover were added to predict non-linear mAb disposi-
tion in plasma and in tissues in monkeys. Prediction for two
mADs (2F8 and tocilizumab) was performed a priori and found

successful in predicting dose-dependencies in clearance and
the areas under plasma concentration versus time curves.
Such a model can be very useful in predicting tissue to plasma
concentration ratios and saturation of RO to support preclini-
cal and toxicological studies in NHP. Shah and Betts used
antibody biodistribution coefficient to estimate the mathema-
tical relationship between the plasma and various tissue con-
centrations and developed a PBPK model across mouse, rat,
monkey, and human species to demonstrate that predicted
concentrations were within 2-fold of the observed data.'®
Niederalt et al. developed a PBPK model by revising the pre-
vious PBPK model developed for small-molecule drugs within
the software PK-Sim.'°® Beside good human PK prediction, the
model characterized well the differences in clearance for a wild-
type mAb and a high-affinity Fc variant in monkeys. The
results demonstrated its ability to assist mAb selection and
optimization during translational research and potentially
reduce the use of NHPs for extensive drug screening and
mechanistic studies.

PBPK models for mAbs have limitations due to the avail-
ability of tissue-level information and mathematical complex-
ity of the model.'”” Some researchers proposed the minimal
PBPK models to simplify the number of compartments with
less complexity.'”®™''! Several commercially available PBPK
models have been developed in recent years, including
Simcyp, GastroPlus, and PK-Sim. All these modeling tools
have demonstrated their potentials in reducing the number of
animals, studies, and the scale of each study when using NHPs
during drug development.

Leveraging existing data to reduce NHP use in ocular drug
development

Posterior eye diseases such as age-related macular degenera-
tion, diabetic retinopathy, and diabetic macular edema are
major causes of visual impairment and blindness."'* The
underlying mechanism of these diseases is neoangiogenesis
and neovascularization. Intravitreal (IVT) administration of
anti-angiogenesis therapies is highly effective and has become
the main therapeutic intervention of these diseases."'> ''* Due
to the invasive nature of IVT injections, protein therapies with
longer ocular t% (days to weeks) are much more desirable than
small-molecule drugs. Currently marketed therapies include
ranibizumab, aflibercept, and brolucizumab, which have
human ocular half-life between 5 and 12 days.''>'">"'"
Predicting human PK, including ocular t¥%, has traditionally
been achieved using animal studies (including NHPs).''® Del
Amo and Urtti have demonstrated that the molecular weight of
protein therapeutics is considered one of the most important
factors in determining the ocular half-life in rabbits.''” Based
on this finding, it is reasonable to make the argument that
protein therapeutics with similar molecular weights are
expected to have similar ocular t% in animal species as well
as in human. This will potentially eliminate the use of animals,
including NHPs, in the prediction of ocular t% of a therapeutic
protein if its molecular weight is similar to that of an already
approved therapeutic protein (e.g., an IgG vs. bevacizumab, an
antibody-binding fragment (Fab) vs. ranibizumab). If it is
desirable to obtain some ocular t% in preclinical species for



a therapeutic protein before dosing it in humans, a preclinical
species such as rabbits is preferred over NHPs because rabbits
can predict human ocular t% as well as NHPs. In fact, rabbits
are commonly used for comparing and predicting ocular t¥2 for
therapeutic proteins,''® although rabbits may not be a cross-
reactive species for the therapeutic protein while an NHP is.
However, since the concentration of the drug in the vitreous
humor after IVT injection is significantly higher that of the
target(s), the impact of the target on PK is expected to be
negligible.

There are ample examples of using rabbits to predict human
ocular t% in literature. For example, Gadkar et al. has used
rabbits to study the key factors in the determination of ocular
and systemic PK of various antibody and antibody fragment-
based drugs.'* Igney and Fuchs also used rabbits to assess the
impact of half-life extension principle of a therapeutic protein
that binds to human serum albumin.'*' Caruso et al. per-
formed a model-based meta-analysis in humans and nonclini-
cal species (rat, rabbit, monkey, and pig) to determine
consensus values for the ocular t% of IgG antibodies and
Fabs.''” Their study has demonstrated that the ocular t%
increases with molecule size and eye size. They also derived
a formula which describes a proportional relationship between
ocular t% and the product of the hydrodynamic radius of the
macromolecule (3.0 nm for Fab and 5.0 nm for IgG) and the
square of the radius of the vitreous globe. Using this formula,
they predicted ocular t% values of aflibercept, brolucizumab,
and PEGylated Fabs in multiple species, which matched rea-
sonably well with those experimentally determined ocular t%
values. Since their results demonstrate that ocular t%s can be
predicted accurately based on molecular size (hydrodynamic
radius) and vitreous globe radius of an animal species, there
exists a good opportunity to use their predicting model and
eliminate or reduce the use of animals (including NHPs) in
ocular drug development. For a protein drug intended for
ocular diseases via IVT injection, two approaches may be
taken to predict its human ocular t}. One is to assume its
hydrodynamic radius is similar to that of an approved protein
drug with a similar molecular weight; therefore, the human
ocular t¥% can be calculated based on the formula proposed by
Caruso et al.""” The other is to conduct an ocular PK study in
rabbits to determine the ocular t%, followed by multiplying the
rabbit ocular t% with the square of the ratio between the
human and rabbit vitreous globe radii to obtain the human
ocular t% (based on the Caruso model). With either approach,
elimination or reduction of use of NHPs is achieved.

Discussion

NHP offers relevance in understanding and prediction of
PKPD of mAbs in humans because of similarity of relevant
characteristics between NHP and humans. Generally, NHP
(cynomolgus monkey) has similar specific (target mediated)
and nonspecific pathways (mostly FcRn mediated) involved in
mAb PK to those in humans. Cynomolgus monkeys share
target sequence homology and similar tissue cross-reactivity
profiles with humans as a result of a high genetic similarity
between NHP and humans. Similar binding affinity of human
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IgG to cynomolgus monkey and human FcRn also makes NHP
a relevant species to evaluate nonspecific clearance of mAbs.

The physiologic similarities between humans and NHPs
render NHPs a critical part of an integrated approach to
determining the safe and effective exposure of a candidate
drug in humans. The PKPD data obtained from NHPs are
critical in predicting the PKPD of humans, which can be
translated to critical decision-making data such as MRSD,
dose escalation scheme, and maximum dose in early clinical
trials. Some of the highlighted examples include prediction of
MRSD for lulizumab and rozanolixizumab, predicting PKPD
of mAbs with half-life extension, and deciding to discontinue
the development of a compound or preventing the disconti-
nuation of a compound. In the lulizumab example, use of
NHPs was essential during its development given the inherent
high risk of targeting CD28 pathway and the lack of cross-
reactivity in other nonclinical species. Lulizumab showed com-
parable binding affinity, RO, and inhibitory effect between
human and monkey.

This PKPD relationship established in NHPs laid the
groundwork in defining MABEL and selecting a subsequent
FIH dose.*> In the rozanolixizumab example, this human
FcRn-targeted mAb was developed to decrease the levels of
circulating pathological IgGs in auto- and allo-immune dis-
eases. It exhibits similar affinity toward cynomolgus monkey
and human FcRn.*” The PKPD of rozanolixizumab in cyno-
molgus monkeys were integrated with the affinity and transcy-
tosis in vitro measurements in a semi-mechanistic PKPD
model to predict the decrease in circulating IgG in cyno,
which was subsequently used to predict human PKPD and
played a critical role in designing a concise Phase 1 trial, limit-
ing exposition of healthy volunteers and expediting clinical
development for the benefit of patients. In the example of
predicting half-life extension, increasing half-life of mAbs
and decreasing dosing frequency in humans of antibodies
through protein engineering is often of great value. One pro-
mising approach is to increase half-life of antibodies by
increasing affinity to FcRn. Both cynomolgus monkey and
human FcRn have similar binding affinity to human IgG,
making cynomolgus monkey an ideal species to evaluate the
impact of changing binding to FcRn on antibody PK and
predict human PK, as seen in the example of the MEDI-524,
a mAb with a triple mutation M252Y/S254T/T256E into the Fc
portion.'” In the example of PKPD in deciding the fate of
further development of drug candidates, QBP359, a human
IgG1 mAb that binds specifically to human CCL21 and cross-
reacts with cynomolgus monkey, has similarity in binding
between NHP and humans CCL21. The physiologic compar-
ability between same species made the NHP a suitable system
to explore the PKPD of this novel biotherapeutic for the pur-
poses of estimating human efficacious dose. The target RO data
in the monkey and the PKPD model predicted QBP359 would
be highly unlikely to achieve required suppression of CCL21 at
manageable human doses, thus leading the discontinuation of
this program and minimizing further use of animals and other
resources.

Although NHPs play a critical role in predicting human
PKPD, there are multiple challenges to overcome in the use
of these animals. First, there are rare examples where NHPs
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actually do not predict the human PK accurately as a result of
unexpected differences in off-target binding between NHP and
human, as seen in the case of MNRP1685A.”° Second, immu-
nogenicity can complicate the use of NHP data. Human or
humanized mAbs are foreign to the immune system of the
NHP and anti-drug antibodies can be formed when these
human/humanized antibodies are administered to the NHP
in PKPD and safety studies. ADA can affect the PK of the
drug and neutralize its ability to bind to the target. These
complications are generally manageable, which allows valuable
information to be derived from these studies. In the cases of
lenercept and obinutuzumab, ADA increased their clearance
and the PK could be followed only over 10 days. Although not
ideal, the monkey PK data from the first 10 days predicted the
human PX accurately in both examples. In the case of the anti-
IL17 mADb, non-naive monkeys were divided into two groups -
one with pre-dose ADA positive against the anti-IL17 mAb
and another with pre-dose ADA negative against the anti-IL 17
mAbD. Animals that tested ADA negative before the dosing
remained negative at the end, with no individual animals
showing evidence of an impact of ADA on PK. In the animals
with preexisting ADA, accelerated clearance was observed in
approximately 57% of those animals. Although more studies
similar to this one are needed before we can fully understand
the risks of re-dosing animals, it is encouraging to see that
screening of pre-dose ADA status of non-naive animals could
help guide the re-use of these animals for PKPD purposes.
The NHP is often the species of choice for PKPD and safety
assessment for therapeutic mAbs. However, every effort should
be made to adhere to the 3R principles of NHP use. Multiple
approaches have already been tested to reduce the use of NHP,
which includes leveraging toxicology studies to reduce NHP
use for PKPD evaluation, cassette dosing, PBPK modeling, and
strategic re-use. Another important approach of re-use of
NHPs is to use ADA-positive monkeys from PKPD studies to
harvest the ADA and use them as reagents for immunogenicity
assays. The replacing approach include development of in
silico, in vitro and in vivo methods to replace NHPs and use
of rabbits for human ocular PK predication. PK and PD data
from safety assessment studies can be used as either the sole
source of PKPD information or complementary to data from
dedicated PKPD studies. PKPD and safety assessment collea-
gues should cooperate effectively to maximize the information
gathered from every study involving NHPs. The more preva-
lent use of highly sensitive and specific LC-MS in bioanalysis of
therapeutic proteins has enabled cassette dosing of several
mADs together in the same animals, which has the advantage
of reducing NHP use as well as obtaining valuable PK data for
individual mAbs. PBPK modeling has also found more appli-
cations in predicting human PK of mAbs. Several commer-
cially available modeling tools have demonstrated the potential
to reduce the use of NHPs. Strategic re-use of NHPs is another
important approach to reduce the use of NHPs. As demon-
strated in the example of the re-use of non-naive NHPs for PK
study of the anti-IL17 mAb, strategic re-use of NHPs (with
appropriate testing of pre-dose ADA status to overcome poten-
tial complications) not only reduces the overall use of NHPs
but also accelerates study initiations. As mentioned previously,
most investigators prefer not to reuse non-naive NHPs for

PKPD and toxicology studies due to the risks associated with
immunogenicity (i.e., ADAs). For NHPs that developed posi-
tive ADA responses in PKPD studies, purified polyclonal anti-
bodies specific to the respective biotherapeutics that are
derived from immunized animals are often used as reference
standard(s) in ligand-binding assays to assess immunogenicity
in nonclinical or clinical studies, which is a way to maximize
the use of NHPs. Beside reducing and reusing of NHPs, repla-
cing NHPs with in silico/in vitro and in vivo tools or with lower
species has also become popular. Several in silico, in vitro and
in vivo tools have been developed to replace NHPs for PK
prediction, including in vitro tools to assess nonspecific bind-
ing of mAbs to reduce off-target binding and FcRn-dependent
transcytosis cellular assays. Rabbits are frequently used to eval-
uate the ocular PK of mAbs, typically side-by-side with already
marketed drug with known human ocular PK (reference com-
pound, e.g., bevacizumab). By comparing the rabbit ocular PK
between the mAb in development and the reference com-
pound, we can reasonably predict the ocular PK of the inves-
tigational mAb.

As described above, the value of NHPs in studying PKPD of
mAbs is based on its physiological relevance to human, which
often is not achieved in other species. Van Meer and colleagues
question the use of in vivo, and especially NHP studies in
biologics development based on the impact of ADAs on the
interpretability of the results generated.®> '** '** Although it is
a general consensus that the use of animals (including NHPs)
should be minimized, there are clear evidences that NHPs are
often necessary to predict human PKPD and safe starting doses
to ensure the safety of patients and volunteers who participate
in clinical trials of mAbs, as outlined above in the Relevance of
NHP and Value of NHP sections. At the same time, different
approaches have been implemented to reduce the use of NHPs.
Whenever feasible, lower species that can replace NHPs while
achieving the same objective to ensure human safety should be
considered.

For many years, there has been a conscious effort through-
out the pharmaceutical industry to optimize and reduce the use
of NHPs in drug discovery and development. Primarily driven
by ethical concerns, the industry is further motivated in their
efforts by additional pressure from the European Union,
a decrease in supply due to the limitations on export of
NHPs from China, and an increase in demand by novel ther-
apeutic modalities such as gene therapy.'** As a result, interest
in re-using NHPs for several studies has increased, as we
illustrated in the human anti-IL17 antibody and Strategic re-
use of NHPs sections. The re-use of animals dosed with mod-
alities that do not elicit an immunogenic response (e.g., new
chemical entities) to understand the PKPD of mAbs already
occurs. However, for the re-use of NHPs already dosed with
biologics to happen routinely, the immune status of the ani-
mals toward the new biologics to be tested needs to be under-
stood. As illustrated in the human anti-IL17 example, it is
feasible for companies that own a colony of NHPs. In that
case, the key requirement is to have an ADA assay in place to
test the animals before each experiment. For groups relying on
CROs to perform experiments in NHPs on their behalf, the
process is more complex. Indeed, a framework is needed for
companies to share information regarding the nature of the test



articles that have already been tested on the NHPs without
divulging any proprietary or confidential information. In addi-
tion, since the transfer of serum from NHPs is regulated by the
Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) regulations, appropriate ADA
tests need to be available in the country or continent where the
animals are kept to avoid potentially lengthy logistical issues.

In vitro models to predict the PK behavior of new chemical
entities have been used for years, spanning from isolated hepa-
tocytes to predict metabolic clearance in human to complex 3D
liver systems to understand the interplay between metabolism
and active transport.'*>"'*® In addition, 3D models are also
being developed to determine the distribution of small mole-
cules through the blood-brain barrier and into the brain."*” As
illustrated in the “Development of in silico, in vitro and in vivo
methods to replace NHPs” section, the field of biologics PKPD
is naturally following a similar path. In vitro assays are being
developed to predict the clearance of mAbs in human. Efforts
in this area have focused on FcRn-dependent transcytosis
assays since FcRn is a key determinant of mAb PK. Recently,
Chung et al. reported a correlation between results in their
transcytosis assay and human clearance for a set of 53 mAbs.”
It is worth nothing that previous attempts to correlate FcRn-
driven transcytosis with human clearance had not been so
successful.'*® Based on their results, this second group had
rationalized the lack of correlation by the presence of other
processes driving human PK that were not fully recapitulated
in a simple transcytosis assay.

As mentioned previously, an important aim of the studies
performed in NHPs is to develop a better understanding of the
concentration/effect relationship of candidate drugs. This aspect
is much more complex to recapitulate accurately in vitro in
a manner that can be quantitatively extrapolated to human in
isolation from data generated in animals. However, the
dynamics of specific membrane receptors can be studied very
accurately in human cells when combined with mechanistic
mathematical model. For instance, Khailaie et al. managed to
quantify the rate of synthesis, internalization, recycling, and
degradation of CTLA4, an immune checkpoint expressed on
T cells, in human cells through a set of in vitro experiments
blocking these specific cellular processes.”’ These in vitro
results can in turn be included in mathematical models describ-
ing TMDD-driven PK behavior of mAbs."** In vitro data gen-
erated in human cells combined with the appropriate
mathematical model have been successfully used to predict the
effect of T-cell redirecting anti-tumor bispecific agents.'>
Blinatumomab is a bispecific T-cell engager directed against
CD19 that aims to reduce malignant B cells in blood and bone
marrow. Jiang et al. developed a mathematical model describing
the interaction of the target cells, the biologics, and the effector
cells."”” Model parameters were estimated in in vitro incuba-
tions with varying ratios of effector and target cells over a range
of timepoints. The model effectively predicted the efficacious
concentrations of blinatumomab in both blood and bone mar-
row in patients with acute lymphoblastic leukemia.

Beyond this success, once validated such models can be
applied to optimize novel biologics against similar targets or
be applied to move toward patient-specific dose and dosing
regimen based on in vitro data generated in patient cells or
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tissues.">* This is of course beyond the realm of possibilities
available from results generated in NHPs. This review high-
lights the importance of NHP studies in drug discovery and
development due to the key PKPD information that can be
gathered from such studies. However, the use of NHPs should
be driven by a strong scientific rationale. Throughout the
industry, scientists recognize the need to limit the use of
NHPs to a minimum. Alternative in vivo models as well as
in vitro and in silico tools are being developed to reduce our
reliance on NHPs in drug development. Where NHPs cannot
be replaced yet, efforts are made to ensure that animals are used
in the most optimal way and, where possible re-used for the
investigation of several biological entities. In the future, inte-
gration of all available data from cell assays or patient informa-
tion in mathematical models is likely to supersede the power of
data generated in NHPs and provide more patient-specific
predictions which remain out of reach from most experiments
performed in animals.
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