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VIR

STELLINGEN

1 Eenzogenaamde non-compartimentele
analyse van de plasmaconcentratie van veel
biofarmaceuticais ongeschikt voor het
aantonen van biosimilariteit. (dit proefschrift)

2 Adsorptie van eiwitten aan endotheel
gedurende intraveneuze toediening, gevolgd
door desorptie, kan verklaren waarom de
maximumplasmaconcentratie van sommige
biofarmaceutica geruime tijd naheteinde
van toediening optreedt. (dit proefschrift)

3 Dehuidige farmacokinetische modellen
zijn ontoereikend in hun verklaring van
de(fluctuerende) plasmaconcentratie van
biofarmaceutica. (dit proefschrift)

4 Immunostimulatie veroorzaaktdoor
biofarmaceutica is soms lastig in vitro te
voorspellen door onvoldoende kennis van
hetonderliggende mechanisme, zoals ook
het geval is bij trastuzumab. (dit proefschrift)

5 Deveelgebruikte teststrategie voor nicuwe en
bestaande geneesmiddelen, die ten doel heeft
deveiligheid van patiénten en deelnemers aan

klinisch onderzoek te waarborgen, kan (ernstige)

immunostimulatie missen, zelfs als bekende
pro-inflammatoire stoffen (bijvoorbeeld endo-
toxine of flagelline) de bron zijn. (dit proefschrift)

6 Biofarmaceuticahebben eeninherentrisico op

(somsletale)immunostimulatie; daarom moeten

derichtlijnen worden aangepast. (dit proefschrift)

Hetonbedachtzaam toepassen van farmacologi-
sche concepten diein het verleden nuttig bleken,
kan tot foutieve conclusies leiden. (dit proefschrift)

‘Regressie naar het gemiddelde’ is een bedrei-
ging voor deontwikkeling van nieuwe inzichten,
zekerindien dit fenomeen gepaard gaat meteen
inquisitie.

Onderzoek waarin het vinden van associaties
centraal staat, is geassocieerd met een hoog
risico op confounding, hetgeen kan worden
voorkomen door integratie van de resultaten
met basale wetenschap en door het uitvoeren
vaninterventieonderzoek met een goede
controlegroep.

Mensgebonden onderzoek kan nooit volledig
worden vervangen door laboratoriumonderzoek,
tenzij delaborant ook als proband fungeert.

Wetenschap draait om weten en weten om
kennis vergaren; selectieve publicatie van
observaties bevordertalleen het ego van de
auteurs.

Destelling ‘Als mensen een verband leggen
tussen het beoefenen van de voetbalsporten
geringeintelligentie, zijn ze te dom zijn om
hetspel te begrijpen.’ [J. Burggraaf, 1998, sic]
behoeft geen toelichting; immers, het getuigt
van een groot abstractievermogen als men een
verband ziet tussen het najagen van opgeblazen
luchten eenhoogleraar.
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INTRODUCTION — STICKY & DIRTY PROTEINS

INTRODUCTION

LINICAL PHARMACOLOGY FOCUSES ON

‘all aspects of the study and use of drugs

inhumans’ with the objective to treat pa-
tients rationally. Rational pharmacotherapy revolves
around two core questions: ‘How doesadrugreachits
site of action in sufficient quantities?’ (i.e. pharma-
cokinetics)and ‘How doesadrugexertan effect?’ (i.e.
pharmacodynamics), which relates both to intended
and unintended effects. Typically, answering these
question involves an integration of various areas of
knowledge onapharmaceutical, including molecular
mechanisms (sub-cellularlevel), (patho)physiology of
theintended indication(s), drugdistribution, interac-
tions, epidemiology, and individual characteristics.!

Although the execution of experiments with phar-
macologically active substancesinliving beings dates
back to ancient times, this practice became a more
scientifical character starting in the renaissance and
progressing throughout the 19th century2 Conversely,
clinical pharmacologyisarelatively youngdiscipline
with its roots in the1950s.3 At that time, the majority
of pharmaceuticals was chemically derived, meaning
that raw materials are converted to the active (drug)
substancebyaseries of chemical reactions. Itis there-
fore notsurprising that pharmacological knowledge
and theories are largely based on experience with
these so-called ‘small molecules’.

Since the 1980s biotechnologically derived drug
substances have emerged.#>5 These ‘biopharmaceu-
ticals’ (or ‘biologicals’) are produced by manipulated
organisms or living cell systems, usually via recom-
binant DNA techniques. Naturally occurring human
proteins —including coagulation factors, hormones,
enzymes, and plasma constituents — have been man-
ufactured that way, as well as tailored or specifically
developed proteins, mostly monoclonal antibodies
(MABs), which can be directed against signal pep-
tides, blocking receptors, or targeting cell types for
destruction4-8

Admittedly, drugs that could qualify as biophar-
maceuticals, such as insulin, were already in use by
the 1920s. However, these drugs were then extracted
from animal tissues, which posed additional difficul-
tiesin terms of potency and safety. Many other drugs

also have an origin in nature; for example, those de-
rived from (medicinal) plants(e.g. digitalis, morphine,
salicylicacid, cytostatics)or from microbial secretions
(e.g¢. manyantibioticsand certain oncolytics), butsuch
drugsarenowadays chemically synthesised.10-14

Biopharmaceuticalsareamong the mostcelebrated
drugs; they have offered perspective to patients with
previously incurable enzymatic or hormonal defi-
ciencies, they can specifically target cancer cells as
opposed to the whole-body cytotoxicattack by chem-
otherapeutical agents, and they can block theactivity
of signal peptides that play a role in the pathophys-
iology of — for example — rheumatological diseases.
Because of these benefits and the blockbuster state
usually associated therewith, biopharmaceuticals
are increasingly being developed, with an expected
share of 27% of the total pharmaceutical market in
2020 (73% of the top 20 product sales).15

Incontrasttosmall molecules, biopharmaceuticals
are much more complex instructure, with molecular
weights of 3.5 (calcitonin) to 150 kDa (monoclonal
antibodies), and sometimes consist of subunits (qua-
ternary structure). As a result of these differences,
biopharmaceuticals display other pharmacokinetic
properties compared with small molecules. For ex-
ample, they distribute moreslowly over the body than
smallmolecules,and are mainly eliminated viacatab-
olism into amino-acids and target-mediated path-
ways.16-19

However, the pharmacokinetics of biopharmaceu-
ticals are commonly described by models that were
suitably applied to small molecules. In the first sec-
tion of this thesis (Sticky proteins), some pharmacoki-
netic aspects of large therapeutical proteins will be
explored, especially those thatare notadequately cov-
ered by current pharmacokinetic models or theory.
The focus will be on monoclonal antibodies, which
represent thelargestclass of biopharmaceuticals,and
because of their very slow plasma clearance, MABs
are particularly useful in investigating the complex
pharmacokinetics of biopharmaceuticals.

The first chapter studies the use of a population
modellingapproachin testing pharmacokineticbio-
similarity of a monoclonal antibody. This technique



is widely used during drug development to describe
and predictdrug concentrationin thebody over time,
butin biosimilarity research a non-model approach
is still favoured. The benefit of a pharmacokinetic
model is that it can deal with the non-linear elimina-
tion pathways.

The following two chapters (2 & 3) discuss rises in
plasma concentration after the cessation of intrave-
nous administration, which have been frequently
observed for various biopharmaceuticals. These ob-
servations are not in agreement with the current un-
derstanding of how infused molecules behave. Even
theaforementioned, moresophisticated, mathemati-
cal models thatincorporate the known complex elim-
ination routes cannot account for these findings.

Apart from the higher level of complexity in phar-
macokinetics, biopharmaceuticals are associated
with othersafety hazards than small molecules. First,
asaresultof the production in (non-human) host cell
systems, other substances than the pharmaceutical
(called impurities) are introduced during manufac-
turing, some of which are harmful when adminis-
tered (e.g. endotoxin, peptidoglycans, or flagellin from
bacterial hosts) or possess unintended (‘pharma-
cological’) activity. Second, safety pharmacology
studies canbe misleading, because the target thatin-
teracts with thebiopharmaceutical or theimpurity is
exclusively expressed inhuman beings. Additionally,
the toxicity often is the result of an intricate inter-
play of multiple cell types and effector pathways
which can be difficult to simulate in the laboratory.

STICKY & DIRTY PROTEINS — INTRODUCTION

Again, the preclinical testing strategy to detect safety
concernsand preventdangerousdrugs fromentering
the clinical phases of development has not changed
much since the introduction of biopharmaceuti-
cals. The second section of this thesis (Dirty proteins)
highlights shortcomings in assessments of adverse
immunostimulation, which is a propensity of some
monoclonal antibodies, but is also encountered as a
resultofimpuritiesin the drug product.

In chapter 4, an attempt is made to reproduce the
observed clinical response following administration
of themonoclonal antibody trastuzumabinanexvivo
stimulation test, which included material from ‘re-
sponders’ and ‘non-responders’. Trastuzumab is an
interesting example, because only 40% of patients
shows signs of an inflammatory reaction2 and even
lower percentages have been reported in healthy
volunteers21-23

Chaptersdescribes thehistory ofabiopharmaceu-
tical where so-called host cell impurities, including
flagellin, induced unanticipated adverse immunos-
timulation, which resulted in a severe delay in clin-
ical development. In this case, an ex vivo simulation
test could detect cytokine release caused by the im-
purities. Thus, the question is raised why preclinical
testing failed in generatingasafety signal, especially
since all theapplicable guidelines were meticulously
followed. The next chapter (6) answers this question
and illustrates several shortcomings of the current
testing strategy based on two examples of adverse
immunostimulation caused by impurities.
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CHAPTER I

Use of population approach
non-linear mixed effects models
in the evaluation of biosimilarity

of monoclonal antibodies

J.A.A. Reijers, T. van Donge, F.M.L. Schepers, J. Burggraaf, J. Stevens

Population pharmacokinetic analyses (PPK) have been used to establish bioequivalence for
small molecules and some biopharmaceuticals. We investigated whether PPk could also be
useful in biosimilarity testing for monoclonal antibodies (MABs).

Data from a biosimilarity trial with two trastuzumab products were used to build popula-
tion pharmacokinetic models. First,a combined model was developed and similarity between
testand reference product was evaluated by performinga covariate analysis with trastuzumab
drug product (test or reference) on all model parameters. Next, two separate models were de-
veloped, one for each drug product. The model structure and parameters were compared and
evaluated for differences.

Drug productcould notbeidentified as statistically significant covariate on any parameterin
the combined model and the addition of drug product as covariate did not improve the model
fit. Asimilar structural model described both the test and reference data best. Only minor dif-
ferences were found between the estimated parameters from these separate models.

PPK can also be used to support a biosimilarity claim for a MAB. However, in contrast to the
standard non-compartmental analysis, there is less experience with a PPK approach. Here, we
describe two methods of how PPK can be incorporated in biosimilarity testing for complex
therapeutics.

URING THE PAST DECADES, MANY BIO-
D pharmaceuticals have been marketed,

mostly for use in the field of oncology
and rheumatology. Although efficacious, high costs
oftenlimit theavailability of these therapies or greatly
burden thehealth caresystem. Forexample, treatment
of arheumatological us patient with biopharmaceu-
ticals costs on average $20,000 to $30,000 annually,!
andasinglecycle of bevacizumab or other monoclonal
antibody (MAB) can cost $2,000 or more.2In 2014, the
top20inglobal medicinal productsales contained 10

biopharmaceuticals, generating revenues between 4.4
and 11.8 billion dollar each.3 Because of the growing
number of patentexpirations for the original biophar-
maceuticals, itisexpected thatresearch of biosimilars
will increase.

A first requirement for registration of the novel
compound is to establish pharmacokinetic ‘biosimi-
larity’. Although the terminology slightly differs be-
tween the regulatory agencies, all agree on the basic
conceptofbiosimilarity, whichisthat the novel (‘test’)
compound should be highly similar to its originator

13
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(‘reference’) in terms of quality, efficacy, and safety,
andthatanyremainingdifferenceshould beclinically
insignificant4-6

Notwithstanding specific criteria for biopharma-
ceuticals, often parts of guidelines for establishing
bioequivalence — not biosimilarity — between chem-
ically derived substances (‘small molecules’) are ap-
plied. These guidelines require thatsimilarity should
be demonstrated for key pharmacokinetic param-
eters, most commonly area under the concentra-
tion-time curve (Auc) and maximum concentration
(Cmax)> based on predefined acceptance limits at the
highest dose level used. According to an evaluation
by the World Health Organisation, studies proving
biosimilarity generally use the 80-125% equivalence
range due to lack of specific acceptance criteria for
biopharmaceuticals4

Although it is widely recognised that a non-com-
partmental analysis (NcA) is less appropriate when
dealing with complex pharmacokinetics, it is still
the most commonly used analytical method for
demonstrating biosimilarity. Mentré’s group has
extensively studied the use of population phar-
macokinetic techniques in bioequivalence testing
and found that it yielded similar results, with
the modelling approach leading to a better un-
derstanding of the underlying biological system,
and the NcA being a relatively easy approach that
does not require modelling and whose results can
be used in a statistical analysis. The same was
found for two biopharmaceuticals, somatropin
and epoetin-o.7—2

We investigated whether a population pharma-
cokinetic analysis (PPK) could also be useful in bioe-
quivalence testing for monoclonal antibodies (MABs),
which display complex elimination mechanisms, in-
cluding non-linear routes,and havea plasma half-life
of one to multiple weeks. Two approaches in model-
ling pharmacokinetic (Pk) data were studied. First,
we developed a combined model built on all avail-
able data for both the test and reference product,
and tested whether adding product (test/reference)
as a covariate would improve the model, indicat-
ing non-similarity. Second, we developed separate
models, one for test and one for reference product.
This approach does not assume similarity as a start-
ing point and allows comparison of the model struc-
tures and parameters. For this exercise, we chose the
humanised MAB trastuzumab, which targets the
HER2-receptor.

14

METHODS

Study population and treatment

Data were gathered in a phase 1 randomised, single
dose, parallel group bioequivalence study, preceded
by a placebo-controlled dose escalation part.l© In
thisstudy, 110 male volunteers, aged 18—45 years, who
were deemed healthy after a full medical screening,
received trastuzumab in 250 mL 0.9% NaCl as an in-
travenous infusion over 90 min. Two trastuzumab
products were administered: the biosimilar product
(test, T), codenamed FTMB (Synthon BV, Nijmegen,
The Netherlands), and the Eu-licensed product (ref-
erence, R), marketed as Herceptin®.

Studied dose levels of the test product in the dose
escalation part were 0.5 mg/kg (n=6), 1.5 mg/kg
(n=6),3 mg/kg (n=6). The bioequivalence part con-
sisted of 92 participants, who randomly received test
(n=46)or reference (n=46) product at 6 mg/kg.

Based on the trastuzumab content of the used test
and reference product vials, the actual dose levels
were determined to be 0.49, 1.48, 2.96, 5.92 mg/kg
for T,and 6.44 mg/kg forR.

Bioanalyses

Trastuzumab was quantitated in serum samples col-
lected pre-dose and at 45 min, 1.5, 2, 3, 4, 5,6, 8,and
24h,and at 2,4, 8, 14, 21, 28, 35,42, 49, and 63 days
after start of administration. A detailed description
of theassayis given by Wisman et al10 Thelower limit
of quantification (LLoQ) was 0.060 pg/mL. All pre-
dose trastuzumab concentrations <LLOQ were set to
zero prior toanalysis. Post-dose concentrations below
LLoQwerenotincluded. Aserum sample for the quan-
tification of serum HER2 extracellular domain (EcD)
was collected prior toadministration. This assay had
aLLoqQof0.50 ng/mL.

In the original clinical study protocol, the sample
at day 63 was not collected for Pk analysis and hence
notincluded in the previously reported NCA results.10
However, as this sample provided valuable insightin
the non-linear clearance of trastuzumab, it was in-
cluded in the analyses reported in this chapter.

PPK
General modelling approach
Population pharmacokinetic analysis (pPK) followed
astepwise approach. First, a general model for tras-
tuzumab, hereafter referred to as ‘combined model’,
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was developed based on all available px data for both
testand reference product,including doselevels of the
dose escalation part (0.49, 1.48, and 2.96 mg/kg). To
investigate potential biasin the Pk modelsdue toana-
lysing test and reference products simultaneously, PK
models were also developed for the test (model T) and
reference product (model R) separately and included
only data from subjects who were exposed to 6 mg/kg
testor reference product. These are hereafter referred
to as ‘separate models’. The separate models were de-
veloped in parallel in order to maintain a structur-
ally similar model for the test and reference product.
Consequently, the model was only adopted if the cor-
responding modelin the other treatmentarm was pre-
ferred overits parentas well.

Model development

Model development was performed using NoNlinear
Mixed Effects Modelling (NONMEM 7.2.0, Icon
Development Solutions, Ellicott City, Maryland,
UsA) and closely followed the FDA and EMA guide-
lines for PPK.11,12 Models were built under ADVAN 13
with tolerance (ToLr) 9 and the first-order conditional
method with interaction (FOCE-1) was used for pa-
rameter estimation. NONMEM reports an objective
function value (OFv), which is the -2 - log likelihood.
Model hypothesis testing used the likelihood ratio
test under the assumption that the difference in oFv
is y2-distributed with degrees of freedom being de-
termined by the number of additional parameters in
the more complex model. Hence, with a decrease in
OFV of>7.88 points (p <0.005), the model is preferred
over its parent model. Also, model performance was
evaluated by means of goodness-of-fit plots, using the
software package R (v3.2.2, R foundation for statisti-
cal computing, Vienna, Austria, 2015).

Several structural models with 2 or 3 compart-
ments, including combinations oflinearand non-lin-
ear clearance, were fitted to the data to determine the
beststructural model. Log-normal distribution of the
between-subject variability (1) was assumed and sev-
eral residual error (&) structures were tested (propor-
tional, additive and combined).

Potential covariate correlations, defined as a sig-
nificant Pearson’s product-moment correlation coef-
ficient(r2>0.5 with p <0.01), were tested in the model
development, in linear and exponential manners,
and incorporated based on improvement in model
performance. Explored covariates included lean
body weight (LBW),13 body weight, body surface area

(BsA),14 height, BMI, age, HER2-ECD concentration,
dose, and product.

Model evaluation and predictive performance

To evaluate the robustness and predictive perfor-
mance of the developed model, a visual predictive
check (vec) with 500 simulations was performed.1S
Prediction intervals of 95% were obtained by simulat-
ing the model results from the original data. Model
evaluation was performed by calculating the coef-
ficient of variation to derive the uncertainty in the
parameter estimates of the model, which was consid-
ered acceptable if lower than 50%. Also, shrinkage,
as defined by Karlsson and Savi¢,16 was calculated to
exclude model misspecification; shrinkageless than
30% was considered acceptable.

Individual pharmacokinetic profiles

Individual pharmacokinetic profiles were simulated
in R using the individual participant’s model param-
eter estimates. Integration was performed from the
start of administration until the time point when the
concentration in the central compartment dropped
below 0.01 pg/mL. For the simulations, the following
integration intervals were used: 1 s from administra-
tionuntil24h, 1 minuntilday 8o,and 1day thereafter.
The concentrations were stored at original sampling
times and at every 5 min. Trastuzumab concentra-
tion at the start of administration was assumed to be
Opg/mL.

Comparison to NCA

For comparison to astandard NCA, AUCs were derived
using model simulated (predicted) individual concen-
trations at the original sampling times. AUC from
administration (time o) to the time of thelast concen-
tration >LLOQ (AUC;) was calculated using the linear
trapezoidal method. Auc extrapolated to infinity
(auc,,) based on the apparent terminal elimination
rate constant was calculated as well.

Biosimilarity statistics were performed on AuC,,
and Auc; of all participants who were exposed to
6 mg/kg, comparing T to R in an unpaired t-test,
using the software package R. Aucs were natural log
(In)-transformed prior to statistical analysis. The es-
timated difference in means and the corresponding
90% confidence interval (c1) were back-transformed
to obtain the relative geometric mean ratio (GMR) of
T over R (T/R). These results were then compared to
those calculated in astandard NCA.

15
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TABLE 1.1 Demographics
PARAMETER TEST TEST TEST TEST REFERENCE
0.5mg/kg 1.5mg/kg 3.0mg/kg 6.0 mg/kg 6.0 mg/kg
(n=6) (n=6) (n=6) (n=46) (n1=46)
Age (year) 26.9 (8.9) 33.0 (9.1) 23.4 (2.3) 26.0 (7.3) 24.1 (5.8)
Height (cm) 183 (12.0) 176 (6.5) 184 (3.3) 184 (7.5) 182 (6.2)
Weight (kg) 73.1 (12.6) 73.0 (8.7) 72.0 (7.5) 79.5 (11.2) 77.1 (10.2)
BMI (kg m2) 21.7 (3.3) 23.5 (2.6) 21.2 (2.1) 23.4 (2.5) 23.2 (2.7)
LBwW (kg) 59.4 (8.4) 57.5 (5.1) 59.1 (3.8) 62.6 (6.6) 61.0 (5.6)
BSA (m?2) 1.93 (0.21) 1.89 (0.13) 1.92 (0.10) 2.01 (0.17) 1.97 (0.15)
ECD (ugL?1) 12.7 (1.8) 11.8 (2.1) 11.4 (1.5) 11.3 (1.8) 11.8 (1.8)

Mean (standard deviation) demographics per treatmentarm.

BsA:body surfacearea|EcD: HER2 extracellulardomain|LBw: lean body weight

To correct for the difference between actual (5.92
mg/kgand 6.44 mg/kg)and labelled dose (6 mg/kg),
alinear normalisation to 6 mg/kg was applied to the
individual Aucsin theNcA.In thePPK,individual pro-
files weresimulated with theactual and labelled dose.
Both corrected and uncorrected Aucs were calculated
and statistically compared.

RESULTS

Population

Pharmacokineticdatawere gathered from 110 healthy
male volunteers, whose demographics are presented
in table 1.1. In total, 1,247 serum trastuzumab con-
centrations were available for the test product (T), of
which 143 were <LLOQ (64 pre-dose). In the 6 mg/kg
test group, 60/906 observations were <LLOQ (46 pre-
dose) and in the reference product (Herceptin®),
51/912 observations (44 pre-dose).

Model development
First step: combined model

Initial exploration of the data suggested thata 2 or
3 compartment model would describe the data best.
Based on the observed non-linearkinetics, Michaelis-
Mentenkinetics wasincorporated, described in terms
of maximum rate of elimination (Vy,,,), and the con-
centration where %2V, isreached (K,,). Addition of
alinear elimination pathway, defined by elimination
rateconstant(k,), significantly improved the model fit
for both the 2 and 3 compartments models.
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Adding the third compartment accounted for a de-
layed clearance effect. The 3-compartment model,
parameterised in terms of a central (V,) and periph-
eral volumes (V, and V;) of distribution, and in-
ter-compartmental clearances (Q, and Q,), resulted
inasignificantimprovement compared to the 2-com-
partment model. This was confirmed by an improved
goodness-of-fit, especially for thelower doses of tras-
tuzumab. Thus, the 3-compartment model was con-
sidered superior over the 2-compartmental model
(figure 1.1). A combined residual error structure (&)
proved best fit for purpose.

After identification of the structural model, indi-
vidual estimates of random effects for between-sub-
jectvariability were identified for the parameters V,,
K, and k,, with final coefficient of variation values of
14.8,35.9,and 17.2%, respectively. The residual coef-
ficient of variation of the best model was 14.98%. An
omega block was required to correct for the parame-
ter correlation between K,,,and k,in the model.

Significantcorrelations were found between V,and
lean body weight (LBW), body weight, body surface
area (BsA), height, and Bm1, with correlation coeffi-
cients 0of 0.61,0.55,0.60,0.54,and 0.28, respectively.
Linear regression analysis of LBw vs. BsA resulted ina
coefficient of 1, and for LBW vs. body weight in 0.96.
Furthermore, significant correlation coefficients
were observed between BmI and &, (0.60), between
serumconcentrations HER2-EcDand k,(0.29),and be-
tweenserum concentrations HER2-EcD and K, (0.18).

Implementing LBW as a linear covariate on V,
(equation 1.s1), significantly improved the objection
function value (orv) and was added to the model.
Incorporating other weight-related covariates (body
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weight, height and BmI) separately in the model did
not resultin asignificant improvement compared to
LBW; accordingly, they were not implemented in the
model. Covariate analyses identified BMI as the one
most significantly correlated to k,. Incorporating
this covariate linearly on k&, (equation 1.s2), further
improved the model, and BM1 was thus added to the
model.Including HER2-EcD asa covariatedid notim-
prove the model fit. Interestingly, the model favours
lean body weight as a size descriptor to scale trastu-
zumab dose compared to body weight, which is used
clinically in dose calculation.

Adding trastuzumab drug product (test or refer-
ence) as a covariate to the model did not explain any
relevant variability. A maximum decrease in OFv of
only 5.80 points (p>0.01) was observed when treat-
ment was added as a covariate on K,,. Thus, drug
product as covariate did not significantly improve
model fit. All PK parameter estimates obtained with
thebest fit of the models arelisted in table1.2.

Additionally, therates of thelinear and non-linear
elimination pathway vs. trastuzumab concentration
were calculated. Atlow trastuzumab concentrations
(<10pg/mL), total elimination was almostindepend-
ent of serum drug concentration, i.e. the non-linear
elimination exceeded the linear elimination. At
high concentrations, this pathway became saturated

and the influence of non-linear elimination seemed
negligible (figure1.sz2).

Also,amore complex mechanisticmodel approach
wasapplied tocharacterisethedistributionand clear-
ance of trastuzumab: the target-mediated drug dis-
position (TMDD) model.17:18 In addition to receptor
and drug-receptor complex quantification, such
models are able to provide information on binding
affinity of the drug to the receptor. Fitting a TMDD
model to our data proved difficult due to over-param-
eterization. Asimplified approximation TMDD model
approach with a dissociation constant K419 still re-
sulted inanincorrect fitand instability of the model,
and the TMDD model approach was abandoned.

Second step: separate models

Model development of the separate models, includ-
ing only data from participants who were exposed
to 6 mg/kg, followed a similar approach as the com-
bined model to ensure the structural similarity. For
both trastuzumab products, a third compartment
could beidentified,aswellasalinearand anon-linear
route of elimination, described by Michaelis-Menten
kinetics.

For the separate models, individual estimates of
random effects for the between-subject variability
wereidentified for the parametersV,, V. ,and k,, with

V2 V1 V3
01 [0}
- -
PERIPHERAL CENTRAL PERIPHERAL
COMPARTMENT COMPARTMENT COMPARTMENT
VmaX
g
g G
2|k =
= o
p53
=]
Km
Elimination
FIGURE 1.1 Schematicrepresentation of the structural Pk model with a parallel linear and non-linear elimina-
tion pathway \ Lineareliminationisdescribed by an eliminationrate constant(k,)and non-linear eliminationis calculatedas
Vimax-C
Km+C’

where Vya¢

is the maximum rate of elimination, K,, the concentration which produces half of the V,,,,, and C the concentration. V,, V,,

andV;arethedistributionvolumes; Q,and Q, are theinter-compartmental clearances to the peripheral compartments.
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TABLE 1.2 Population pharmacokinetic parameter estimates from the full covariate model for trastuzumab

PARAMETER? COMBINED MODEL SEPARATE MODELT SEPARATE MODEL R
Fixed effects, estimate (C1)
v, (L) 3.28 (3.185-3.367) 3.59 (3.418-3.752) 3.13 (3.028-3.232)
v, (@) 1.89 (1.325-2.457) 6.82 (-5.572-19.21) 44 (28.18-59.77)
V3(L) 1.96 (1.736-2.179) 2.15 (1.858-2.443) 2.09 (1.929-2.244)
0, (Lh1) 2.91 (2.02-3.79)-1073 2.82 (1.081-4.566) 3.92 (3.58-4.25)-1073
0, (Lh1) 4.34 (3.66-5.01)-102 3.75 (2.787-4.706) 4.67 (4.12-5.21)-102
Vinax (Hgh™1) 178 (162.3-193.1) 172 (138.6-205.7) 127 (111-143.4)
K, (ugL?) 937 (759.6-1115) 995 (674.6-1316) 1440 (1189-1699)
k. (h1) 2.20 (2.02-2.38)-10%3 1.95 (1.33-2.57)-10%3 1.76 (1.62-1.9)-10%3
Random effects, estimate (cv)
Between-subject variability

w2V, 0.0217 (14.8%) 0.0270 (16.5%) 0.0122 (11.1%)

02 Vax — 0.0163 (12.8%) 0.0347 (18.8%)

w?K,, 0.121 (35.9%) — —

w2k, 0.0292 (17.2%) 0.0355 (19.0%) 0.0286 (17.0%)
Residual error

o2 proportional 0.0222 0.0207 0.0198

ozadditive 1520 3090 790

a.Explanation of parametersis givenin figure1.1.

cr: confidenceinterval|cv: coefficient of variation | o2: residual variance| w2: between-subject variance

final coefficient of variation values in model T of 16.5,
12.8,and 19%, respectively. The residual coefficient
of variation of the best model was 14.5%.In model R,
the final coefficients of variation were 11.1, 18.8, and
17%,with aresidual coefficient of variation of 14.1%.

As with the combined model, the best model fit
with the greatest reduction in OFv was obtained by
incorporating LBwW as linear covariate on V, and BMI
onk, for both separate models.

Model evaluation and
predictive performance
Combined model

Goodness-of-fit plots of the combined model (figure
1.2) showed thatall predictions lay around the line of
unity. There was one outlier in the reference group,
where one subject had a very low mid-infusion con-
centration of 0.088 pg/mL. Virtually all conditional
weighted residuals with interaction (CWRESI)lay ran-
domly scattered around zero without apparent bias.
The variability of the parameters V,, K,,, and k, on
the n7density histograms (figure1.s4) seemed normally
distributed around zero with acceptable coefficient
of variation values, indicating correct description
of the between-subject variability. Furthermore, no
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significant shrinkage was observed for parameters
for which between-subject variability was identified
(<8.04%).

The vepc proved good predictive performance
(figure 1.3) of the combined model. For the doses
>1.48 mg/kg, nosigns of bias wereapparentand most
observations lay within the 95% prediction interval.
Only for the lowest dose administered (0.49 mg/kg),
aslightly higher prediction of the population mean
was observed, especially in the lower concentration
range. However, even for this dose group, most of the
observations were within the 95% predictioninterval.

Separate models

The goodness-of-fit plots of the separate models
(figures1.51&1.52) showed that predictionslay around
the line of unity and that the cWRESI were observed
near the central line. No bias or trend in the model
prediction could be determined. The shrinkage ob-
served for the parameters for which between-subject
variability was identified (V,, Vyyay k) Was not sig-
nificant (<17.80% for model T, <15.50% for model
R). Additionally, the variability on the 7 density
plots (figures 1.55 & 1.56) seemed normally distributed
around zero.
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observed C (ugL1)

T T T 1
102 103 104 105

population predicted C (ugL1)
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102 103 104 105

individual predicted C (pg L)
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FIGURE 1.2 Goodness-of-fit plots combined model

Observed vs. population predicted concentrations (A), observed vs. individual predicted concentrations (B), conditional weighted residuals
withinteraction (CWRESI)vs. times (c), and conditional weighted residuals vs. population predictions (p) of the combined model.

The population PK parameter estimates from the full
covariate model are presented in table1.2. When com-
paring parameter estimates, most parameter distri-
butions overlapped. The parameter estimates for V,
differed between model T and model R, but were in
the same order of magnitude. However, Q, and Q, for
model T were higher compared to model R. In con-
trast to the combined model, where between-subject
variability wasidentified for V,,K,,,,and k,, in the sep-
arate models, these were found for V,, V,,,,,, and k..

Comparison to NCA

The geometric mean (GM) AUC; obtained from the
standard NcAwas 1,301 pgday mL™ for the test(T)and
1,588 pg day mL1 for the reference (R) product. The
AuC, remained virtually unchanged when the same
calculations wererepeated with simulated concentra-
tions, regardless of whether thecombined model or the
separate models were used (table 1.3). Similar results
wereobtained withregard toAuc,,. The GMratio(GMR)
T/R with all Auc methods was 81.66-82.54% with the
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lower limit (LL) of the associated 90% confidence in-
terval (c1) below the predefined equivalence bound-
ary of 80% (table 1.3). Applying a linear correction to
the NcA results caused the difference T-R in Auc; and
AUC,, to decrease (GMR T/R 89.11-89.55%, LL 90% C1
>84.66%). Further reductions wereachieved whenan
equal dosage of 6 mg/kg was simulated for both trastu-
zumab products, which affected the Aucsin the refer-
ence productarm more profoundly, and increased the
GMR with approximately 2 %-point (table1.4).

Usingtheentiresimulated profile, as opposed toonly
the simulated concentrations at the original sam-
pling times, generally resulted in a small decrease of
1-2% compared with the NcA for both Auc;and Auc,,,
with the exception of the Auc,, calculated on profiles
derived with model R, where an average increase of
1.7% was observed (tables 1.51 & 1.s2). Conversely, with
the combined model, lower Aucs were obtained com-
pared with the separate models for T only.

A B C
105 - 105 - 105 —
104 - 104 - 104 -
= 105 T 108 % 1054
2 2 2
S 107 S 102 S 107
10t - 101 101
100 100 100 -
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
t (h) t (h) t (h)
D E F
105 - 105 — 105 -
104 - 104 | 104 -
T 10°4 = 108 = 108
2 2 £
S 107 S 102 S 107
101 101 - 101
100 - 100 100 -
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
¢ (h) ¢ (h) ¢ (h)

FIGURE 1.3 Visual predictive check(vpc)

Visual predictive check (vpc) of the best combined model, conditioned per dose of test product (0.49 [a], 1.48 [B], 2.96 [c], 5.92 mg/kg [D])
or reference product (6.44 mg/kg, E). In F all doses are displayed. The circles indicate the observations for the different trastuzumab doses
administered, thelinesare the typical predicted concentrations by the model for each dose, and the grey areais the 95% prediction interval.
Thedashedlineistheassay’slowerlimitof quantification (LLoQ) for trastuzumab (0.060 pug/mL).
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TABLE 1.3 AUCcomparisonactual dose

TABLE 1.4 AUCcomparisonafterdosecorrection

GM GMR (%) GM GMR (%)
T R T/R T R T/R

AUCy AUC,

NCA 1301 1588 81.91 (77.82-86.22) NCA 1318 1479 89.11 (84.66-93.79)
Separatemodels 1300 1588 81.86 (78.08-85.82) Separatemodels 1323 1455 90.93 (86.72-95.35)
Combined model 1296 1588 81.59 (77.88-85.47) Combined model 1319 1443 91.41 (87.25-95.76)
AUC,, AUC,,

NCA 1311 1593 82.32 (78.17-86.69) NCA 1329 1484 89.55 (85.03-94.30)
Separatemodels 1313 1591 82.54 (78.70-86.57) Separatemodels 1337 1457 91.74 (87.46-96.24)
Combined model 1300 1592 81.66 (77.93-85.56) Combined model 1324 1446 91.54 (87.37-95.92)

Geometric mean (GM, pg day mL1) and GMm ratio (GMR) with the
90% confidence interval for the actual dose (5.92 mg/kg for T;
6.44 mg/kg for R) as derived by different methods per treatment
arm.

Auc: area under the concentration-time curve | AuC: AuC from ad-
ministration (time o) to the time of the last concentration >LLOQ
(lower limit of quantification)| Auc,,: AUC, extrapolated to infinity
NCA: non-compartmental analysis|R: reference|T: test

DISCUSSION

S LONG AS GENERICAL PRODUCTS ARE

beingdeveloped, controversy and scepti-

cismregarding the claims of therapeuti-
cal equality have followed marketed bioequivalent
products. Recently, Bateetal20advocated that for the
more complex pharmaceuticals, two allegedly bioe-
quivalent drug products may notbeinterchangeable,
which could haveadverse consequences. MABs are cer-
tainly among the most complex therapeutics and es-
tablishingsimilarity to the reference productcan thus
bechallenging.

Fordemonstrating pharmacokinetic biosimilarity
inahuman population, aNcAis virtually always per-
formed and its results (Auc and C,,,,) compared sta-
tistically, even thoughitis widely recognised that the
NcAislesssuitable for drugs with complex non-linear
kinetics, asis the case for MABs.

Population approach pharmacokinetic (PK) mod-
elling and simulation techniques have been suc-
cessfully applied to quantitatively describe the Pk
of MABs in humans.21-26 Such an approach has been
used in bioequivalence studies, also for biopharma-
ceuticals,? whereit was found to give indistinguisha-
ble results on the standard NcA-parameters (AUc and
Cnax)»as wasthe casein ouranalysis. However, as was
also argued by Dubois et al.,? a PK model can provide

Geometricmean (GM, pgday mL1)and Mmratio (GMR) with the 90%
confidence interval for the labelled dose (6 mg/kg) as derived by
different methods per treatment arm. For the NCcA-results, alinear
dose correction was applied; in the models, the labelled dose was
used tosimulate theindividual profiles (see main body).

Auc: area under the concentration-time curve | Auc,: Auc from ad-
ministration (time o) to the time of the last concentration >LLOQ
(lower limit of quantification) | AuC,,: AUC extrapolated to infinity
NCA: non-compartmental analysis|R: reference|T: test

valuableinsightin the biological systemsunderlying
the Pk properties. Although the standard Nca-de-
rived parameters, such as C,,,,, AUC,,, terminal half-
life, etc., may seem similar, the two drug products
could behave quite differently in terms of PK,afeature
thatgoesundetectedinaNca 2’ Furthermore, similar
plasma concentrations do not invariably mean simi-
lar concentrations at the site of action.

Here, we describe two methods of incorporating
Pk modelling in biosimilarity research. The first ap-
proach is developing a model on all available data
from both test and reference product(s) and care-
fully examining possible bias in one of the treatment
groups. Testing for (statistically) significant differ-
ences between drug products can be done for all the
model parameters via covariate analysis. Covariate
testing follows a well-established statistical distribu-
tion that can be used for statistical inference 28,29 If
no significant correlations can be identified between
the drug products and if attempts to incorporate
treatmentas covariate in the model fail to improve it,
the biosimilarity claim is supported.

The second method entails the development of
different models, one for each test and reference
product(s), which in contrast to a combined model
does not assume similarity between test and refer-
ence productas astarting point. This method allows
comparison of the model structure, that should be
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identical for biosimilar products, and of model pa-
rameters for both test and reference product.

Comparing different Pk models inevitably reveals
minor differences for which the clinical significance
needs to be discussed. For example, in model T the
optimal inter-compartmental clearances (Q, and Q,)
were estimated to be a factor 102—103 higher than
the corresponding parameters in the other models,
while thestrikingdissimilarity did notseem to affect
the descriptive properties of the overall profiles.
However, as the (fictive) second and third compart-
ment were not sampled, this finding merely reflects
amathematical solution toarather complex problem
and not necessarily a true (e.g. physiological or phar-
macological) difference. Additionally, the higher
dose administered for the reference product could
have allowed a better characterisation of the termi-
nal portion of the Pk profile (elimination parame-
ters), which also affects the estimation of remaining
parameters,suchasQ,andQ,.

This represents an important limitation of the
second method, which may be of particular relevance
when modelling Pk data from two different popula-
tions separately. Unfortunately, pharmacokinetic
biosimilarity of biopharmaceuticals is regularly in-
vestigated in trials of parallel design, because of the
longhalf-life and the potential of anti-drug antibod-
ies development, which could influence the pharma-
cokinetics39 Theoretically, all MABs share common
pharmacokinetic properties, e.g. small central volume
of distribution, norenal excretion due tolarge molec-
ularsize, metabolism intoamino-acids and peptides,
both specific (non-linear) and non-specific (linear)
cellular uptake and degradation elimination mech-
anisms.31-35 Thus, the remaining variability is prob-
ably determined by patient characteristics. When
comparing the model parameters of the separate
models, one of the most prominent differences is the
population estimate for V,, which is unlikely caused
by adifference between test and reference product.

The combined model equally well described the
data, without bias in either the test or reference
group. Adding trastuzumab drug product as covar-
iate to the model could not explain any residual var-
iability, which strongly supports the biosimilarity
claim, but also indicates that the difference in Aucs
mustbeattributed to population characteristics.

From aregulatory perspective, another limitation
of the second method is the lack of proper statisti-
cal inference testing on the model parameters. One
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might consider overlapping confidence intervals for
parameter estimates indications for biosimilarity,
but many parameters are related, so that — for exam-
ple — a low inter-compartmental clearance may be
‘compensated’ in the model by a low volume of dis-
tribution. An extension of ‘bioequivalence statistics’
has been applied to model parameters by Wilkens et
al.36 although their method suffers from the afore-
mentioned limitations as well.

Notwithstanding the limitations of PPK, it has
several benefits over a NCA. Importantly, a PPK is not
concerned with differences in administered doses.
Although the EMA allows a dose correction in the bi-
oequivalence guideline (for chemically derived prod-
ucts) if the difference exceeds 5%, the NCA assumes
linearity in its correction, which is not appropriate
for MABs, that display non-linear pharmacokinet-
ics. Other benefits of PPK include the possibility to
identify and thus correct for certain covariates, and
the relative robustness of a PPK against protocol de-
viations, with regard to timing of sample collection,
missing samples, duration of intravenous adminis-
tration, and incomplete administration.8,37

Simulations with model R revealed that the two
allowed extremes for protein content per batch (ef-
fectivedoses 5.28 mg/kgand 7.2 mg/kg) would result
in a 90% c1 for the GMR for Auc; of 146.39-147.22%
in a crossover design (7 =46). If such batch-to-batch
variations are not considered relevant, then the con-
sequences on the standard biosimilarity parameters
may alsobeargued tobeirrelevant.

With a Pk model, multiple scenarios can be sim-
ulated within these extremes, which can be used to
build the case that the test product achieves thera-
peutical drugconcentrations, similar to the reference
product, when administered according to a certain
dosing regimen. This approach also circumvents
some of the aforementioned limitations of direct
comparison of two or more models. If a biomarker or
pharmacological effect can be measured in the bio-
similarity trial and incorporated in a pharmacoki-
netic-pharmacodynamic model (pharmacodynamic
model), a relevant clinical target may be simulated
and lend further support toabiosimilarity claim.

TheNcAwill mostlikely remainagold standard in
biosimilarity research, even for the complex MABs.
Nonetheless, the model approach can serve as an el-
egant add-on. Questions that need to be addressed
before a PPK can fully substitute the NCA in demon-
strating biosimilarity relate to selection of the most
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meaningful PK or pharmacodynamic parameter from
the model, and the minimal populationsize to detect
with sufficient statistical power relevant (model)
differences.
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Previously, the benefits of modelling and simulation

havebeen proposed for proof of biosimilarity, towhich

this chapter adds similar benefits for MABs.
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SUPPLEMENT

Xi
V1,i=6p;€”’ (1.81)

Xi
kei= p;fyl’ (1.82)

Here, i is the ith individual, V, the volume of distribution, k, the
elimination rate constant, Gp the population parameter estimate,
x the covariate (respectively LBw and BMI), ¥ the median of x, and 7

theinter-individual variability.

TABLE 1.S1 AUCcomparisonactual dose
TEST REFERENCE
AUC %-change? %-changeb AUC %-change? %-changeb
AUC;
NCA 1318 (220) 1602 (220)
Separate models
Actual time 1315 (211) 100.0 (5.0) 1599 (190) 100.1 (4.5)

Continuoustime 1292 (206) 98.3 (4.9)
Combined model

1571 (188) 98.4 (4.5)

Actual time 1310 (204) 99.8 (5.4) (1.1) 1599 (193) 100.1 (4.9) 100.0 (1.5)
Continuoustime 1287 (199) 98.0 (5.2) (1.1) 1571 (191) 98.4 (5.0) 100.0 (1.5)
AUC,,
NCA 1328 (225) 1607 (224)
Separate models
Actual time 1329 (216) 100.3 (5.2) 1602 (192) 100.0 (4.5)
Continuoustime 1312 (208) 99.0 (5.0) 1630 (201) 101.7 (4.7)

Combined model
Actual time 1315 (206) 99.3 (5.7)
Continuoustime 1298 (200) 98.1 (5.3)

(3.3) 1604 (195)
(1.1) 1577 (193) 98.4 (5.0)

100.1 (4.9) 100.1 (1.5)

96.8 (1.2)

Mean (standard deviation) Aucs (pg day mL1)and mean (standard deviation) percentage change for the actual dose (test 5.92 mg/kg; refer-
ence6.44mg/kg),asderived by different methods per treatmentarm. AuCs of combined and separate modelsare compared to the NCAresult
(a); Aucs of combined model are compared to the Aucs of the separate model (b, actual time compared to actual time, continuous time to
continuous time). For comparison to astandard Nca, Auc, was calculated using model simulated (predicted) individual concentrations at
theoriginalsampling times(‘actual time’). Extrapolation toinfinity (Auc,,) was based on theapparent terminal elimination rate constant.
Additionally, the Aucs were derived by integration of the simulated concentration-time profiles (‘continuous time’); Auc, from theadminis-
tration time to thelastconcentration used in theNca, Auc,, until infinity.
Auc:areaunder the concentration-time curve|NCA: non-compartmental analysis
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TABLE 1.2 AUCcomparison after dose correction

TEST REFERENCE
AUC %-change2 %-change? AUC %-change2 %-changeb
AUC;
NCA 1335 (223) 1493 (205)
Separate models
Actual time 1338 (215) 100.5 (5.1) 1465 (176) 98.4 (4.5)
Continuoustime 1315 (210) 98.7 (5.0) 1439 (174) 96.7 (4.4)
Combined model
Actual time 1334 (208) 100.2 (5.4) 99.7 (1.1) 1453 (176) 97.7 (4.8) 99.2 (1.2)
Continuoustime 1310 (202) 98.5 (5.3) 99.7 (1.2) 1427 (174) 95.9 (4.8) 99.2 (1.3)
AUC,,
NCA 1346 (228) 1497 (209)
Separate models
Actual time 1353 (220) 100.7 (5.2) 1467 (177) 98.3 (4.5)
Continuoustime 1335 (212) 99.5 (5.0) 1493 (185) 100.0 (4.7)
Combined model
Actual time 1339 (210) 99.8 (5.8) 99.1 (3.4) 1456 (177) 97.6 (4.8) 99.2 (1.2)
Continuoustime 1322 (204) 98.6 (5.3) 99.1 (1.2) 1432 (175) 96.0 (4.8) 96.0 (1.0)

Mean (standard deviation) Aucs (pgday mL1)and mean (standard deviation) percentage change for thelabelled dose (6 mg/kg),as derived by
different methods per treatmentarm. For the NcA-results, alinear dose correction was applied; in the models, thelabelled dose was used to
simulate theindividual profiles(see main body). Aucs of combined and separate models are compared to the NcA result(a); Aucs of combined
model are compared to the AuCs of the separate model (b, actual time compared to actual time, continuous time to continuous time). For
comparison to a standard NcA, Auc; was calculated using model simulated (predicted) individual concentrations at the original sampling
times(‘actual time’). Extrapolation toinfinity (Auc,,) was based on theapparent terminal elimination rate constant. Additionally, the Aucs
were derived by integration of the simulated concentration-time profiles (‘continuous time’); Auc, from theadministration time to thelast
concentration used in theNca, Auc,, until infinity.

Auc:areaunder the concentration-time curve|NCA: non-compartmental analysis
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FIGURE 1.S1 Goodness-of-fit plots model T

Observed vs. population predicted concentrations(A), observed vs. individual predicted concentrations (B), conditional weighted residuals

with interaction (CWRESI) vs. times (C), and conditional weighted residuals vs. population predictions (p) of the separate model for the test
product.

26



CHAPTER 1 — POPULATION APPROACH MODELS IN THE EVALUATION OF BIOSIMILARITY OF MABS (SUPPLEMENT)

A B
105 —
‘;‘D :]n 104 4
=2 =2
8} &}
L] ]
i3 (5]
2 Z
2 3 1034
B 2
o o
102 -
I T T 1 I T T 1
102 103 104 105 102 103 104 105
population predicted C (ug L1) individual predicted C (ugL?)
[¢ D
3 @
5] 5]
I I
z 2
o Q
T T T 1 I T T 1
0 500 1000 1500 0 5 10 15
t (h) population predicted C (104 ug L1)

FIGURE 1.2 Goodness-of-fit plots model R

Observed vs. population predicted concentrations (A), observed vs. individual predicted concentrations (B), conditional weighted residuals

with interaction (CWRESI) vs. times (c), and conditional weighted residuals vs. population predictions (D) of the separate model for the ref-
erence product.
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Linearand non-linear clearance combined model

Thelinear clearance (A), the non-linear clearance (B), the combined linear and non-linear clearances (c), and the total clearance (p) of the
combined model.
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CHAPTER II

Potential influence of endothelial
adsorption on the delayed time
to maximum concentration
of biopharmaceuticals

J.A.A. Reijers, M.J.C. Dane, A.J. van Zonneveld, J. Burggraaf, M. Moerland

Maximum plasma concentration of biopharmaceuticals sometimes occurs long after comple-
tion of intravenous infusion. The objective of this study was to study the hypothetical adsorp-
tion of biopharmaceuticals to endothelium and infusion material, which may theoretically
explain this phenomenon.

Infusion procedures were mimicked in an artificial vessel covered with a confluent monolayer
of endothelial cells. Three monoclonal antibodies (MABs) and c1-inhibitor were studied.

Adsorption of MABs to endothelium was observed followed by release when the vessel was
subsequently perfused with buffer. Adsorption to infusion material also occurred to various
degreesand inaseemingly random fashion, with aloss of up to 15% duringa single flush of the
line, but release from the line was not seen.

Our results indicate that adsorption of biopharmaceuticals to endothelium can occur. This
observation can explain the increase in plasma concentration after completion of intravenous

administration.

ASIC PHARMACOKINETIC PRINCIPLES
B teach that for the intravenous route of

administration, the maximum plasma
concentration (C,,,) is reached at the end of the
infusion (Eox).Inother words, the time to C, .y (fax)
equals the infusion duration, with a margin of a few
minutes, as it is understood that the administered
drug requires a finite time to travel to the sampling
site. Sufficient evidence exists, however, that this may
notalwaysbe true. Table2.1 provides examples of drugs
forwhichadelayed?,,,, afterintravenousadministra-
tion has been described.

Although this list is not exhaustive, the phenom-
enon seems to be limited to (poly)peptides, in par-
ticular monoclonal antibodies (MABs), for which
differences of several hours have been reported

between t,,,, and Eol. Although noted and reported,
it appears that not much attention has been given to
this observation, letalone an explanation.

Based on thereported findings, we considered two
hypotheses to explain the findings. First, the drug
product may aggregate in the infusate because of
the relatively high concentration, which is followed
by disaggregation when diluted in plasma upon ad-
ministration, assuming that the bioassay is unable
to measure aggregates. We considered this to be un-
likely as protein aggregation is often irreversible.
Even if the aggregation were reversible, the physical
conditions in thehumanbody determining the equi-
librium would not change over time.l-3 Moreover,
it is common practice to tightly control the fraction
of drug aggregates below 5%, because of adverse
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TABLE 2.1 Drugswithadelayedt,,,,

DRUG PRODUCT eoi(h) tmax (h) Cinax/Ceor(%)  PKSAMPLES (h) REFERENCE
a1-Antitrypsin (0.25) 0.72,1.52 28
Bevacizumab 0.67 3.00 123,134 0.67,0.83,1,2,3,4,5 dataonfile
c1-inhibitor bolus 0.5,1.0 0.25,0.5,0.75,1,2 29

(0.17) 2.72,3.92 30

0.13 0.422,0.602 0.25,0.5,1,2 dataonfile
Cetuximab 1 2,7.9 2,5,8 31

1 3.00,3.63,3.75,4.00 1,4 32
Dalotuzumab 2 3.5,5 117 2,5,8 31
Glucarpidase 0.08 0.25,0.55 0.08,0.25,0.5,1,2 33
Pembrolizumab 0.5 1.2,4.0 ~0.5,6+2 34
Pertuzumab 0.5 1.8 35

0.5 5.5 36

1.5 3.2 1.75,3,5.5,9.5 37
Ramucirumab (1) 1.15b 1,1.5,2 38
Trastuzumab 1.5 1.73,2.72,4.42 1.5,3,4,6 39

1.5 3.462 113 1.5,2,3,4,6 40

1.5 1.65,3.00 1.5,3,6 41

1.5 2.0832,2.3033,2.6743, (113,124,129, 1.5,2,3,4,5,6,8 42

2.6832,3.0962

132,141)

Median, mean (a), or geometric mean (b) ¢,,,,,.. In case more than one valueis given for ¢,,,,, or C,,/Cy,, multiple (combination) treatments

ortreatmentregimens(e.g. dosinginterval or dosage)are presented in the reference, or parameters were obtained during multiple treatment
cycles,each withadifferentvalue. Bracketed numbersare notreported in the referencebutderived from the package insert.

Cinax/Cror: ratioof maximum plasma concentration (C

max) OVer concentrationatEor, based on reported averages|Eor: end of infusion, equals

infusionduration|px samples: scheduled collection times of post-dose pharmacokinetic plasmasamples| ¢, time to Cp, .

reactions, which seems incompatible with the ob-
served increases in plasma concentration after EOI
exceeding 10% (tablez.1).

Thesecond hypothesisis thatthedrugsubstanceis
bound to and released from the vessel wall, or taken
up and released by endothelial cells, particularly in
the presence of ahighlocal concentration at the infu-
sionsite. After 01, the concentration drops,and drug
substance is released from the wall or by the cells,
causingarisein plasmaconcentrationand henceade-
layed ¢,,«- Adsorption to or absorption by circulating
blood constituents may also occur, although itisless
likely to affect the plasma concentration over time,
as these components follow the same route as the in-
fused substance, travelling from ahigh concentration
(infusion site) to alow concentration (samplingsite).

Infusion lines are sometimes flushed with normal
saline in order to also administer the line content,
which is usually done to save the cost of additional
(non-administrable) drug product. If — by analogy —
bindingofabiopharmaceutical toan1v(intravenous)
lineoccursduring thefirst partof theadministration

34

procedure, and the adsorbed fraction is released
during flushing, the flushing solution contains drug
productaswell. Flushingan1vline may thusresultin
acontinuation ofadministration ofabiopharmaceu-
tical after the anticipated Eol and hence an apparent
delayint,,.

The objective of this study was to find support for
the second hypothesis by mimicking the adminis-
tration procedure on asmall scale with therapeutical
proteins. These form thelargest class of the so-called
‘biotechnology-derived products’, also commonly
known as biopharmaceuticals. Specifically, it was in-
vestigated whether biopharmaceuticals could bind
to or be taken up by endothelial cells and be subse-
quently released. In addition, potential adsorption
torvlinesduringadministration followed by desorp-
tion during flushing was studied.

Large polypeptides distribute slowly to the ex-
travascular compartment because of their size,*
which results in a relatively stable plasma concentra-
tion during and shortly after infusion. By focussing
ondrugproductsinthatcategory, theneed toconsider
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tissue distribution in the experiments was elimi-
nated. Comparison to a negative control was sought;
however, to the best of our knowledge, a MAB or other
large therapeutical protein with aknown ¢, at EoI
does not exist. To further complicate this search, the
tmaxOfintravenously administered proteinsisonlyin-
frequently reported,asis the pharmacokineticsample
densityin clinical trials.

METHODS

Biopharmaceuticals

For this experiment, threeregistered biopharmaceu-
ticals were chosen from tablez.1, namely bevacizumab
(Avastin®), trastuzumab (Herceptin®),and c1-inhib-
itor (Berinert®), and one experimental IcG1. These
drug products were reconstituted by the Pharmacy of
Leiden University Medical Center (Lumc)according to
the manufacturer’s instruction, with one exception.
For thehigher concentrations of c1-inhibitor, less dis-
solvent was used, as reconstitution in the prescribed
10 mL water for injection resulted in a concentration
of 4mg/mL. The experimental human IcG1 was only
availablediluted in 0.9% NaCl at 3.75 mg/mL.

Cell cultures (artificial vessel)

All invitro experiments were performed with human
umbilical vein endothelial cells (HUVECs), freshly
isolated (by 0.25% trypsin treatment). After isola-
tion, HUVECs were cultured inEGM2 medium (Lonza,
Basel, Switzerland) containing antibiotics and anti-
mycotics (Life Technologies, Carlsbad, California,
UsA), and used for experiments on passage 3—4. To
obtain a confluent, quiescent endothelial monolayer
that closely resembles the physiological situation,
HUVECs were grown under a constant laminar flow
of 10 dyne cm2 for 7 days using a closed perfusion
Ibidi flow system (ibiTreat 0.4 p-Slide v1 Luer, Ibidi,
Martinsried, Germany). This system is referred to as
‘artificial vessel’ (Av).

Thecellsin the Avwere exposed to varying concen-
trations of a single biopharmaceutical in HBss with
1% bovine serum albumin (BsA) (Life Technologies).
Optionally, the Av was pretreated with 15 U/mL hepa-
ranaseII1 (HPSE) (Sigma-Aldrich, St. Louis, Missouri,
usA)todegrade heparan sulphate proteoglycans from
the glycocalyx, or with increasing concentrations of

heparin, toexamine the role of heparan sulphate pro-
teoglycanson the possible binding of biopharmaceu-
ticals to the Av.

Throughout the experiments, the cell cultures
weremaintainedat37°Cand 5% CO,.All experiments
were executed at least twice in duplicate to minimise
culture variability and to confirm the validity of the
results. The tested biopharmaceutical concentrations
were based on the concentrations observed clinically
after administration of the standard intravenous
dose of 6 mg/kg for trastuzumab: 2 mg/mL (infu-
sate)and 0.2 mg/mL (C,,,)- Because the experimen-
tal IcG1 could only be provided as infusion solution
(3.75mg/mLin0.9%NaCl), thisMmABwas notincluded
inany of thecell cultureexperiments.

Statical experiments

HUVECs from the Av were exposed to varying con-
centrations of biopharmaceuticals for 30 min under
statical conditions. This exposure could be repeated,
eachinstance with a different concentration to simu-
lateincreasingand decreasing concentrationsduring
intravenous administration. To mimic the in vivo sit-
uation following infusion, cells were washed one or
more times with HBSS containing 1% BsA.

Dynamical experiments

In the dynamical experiments, the Av was perfused
with the biopharmaceutical for a predefined period,
followed by perfusion with a lower concentration of
thesamebiopharmaceutical, mimicking thesituation
during and after administration. The experiment
was stopped at various time points and the endothe-
lial monolayer was immediately fixed and imaged.
The perfusion rate was 0.2 mL/min (effective velocity
0.2cm/s).

Stainingand imaging
HUVECSs (statical or dynamical experiments) incu-
bated with different concentrations of biopharma-
ceuticals were fixed in 4% paraformaldehyde in HBSS
for 10 min at room temperature, washed twice with
1% BSA in HBSS, and blocked with 5% normal goat
serum (Dako, Carpinteria, California, usa) in HBss for
30 min. Cultures were incubated for at least 60 min
at 4°C with 10 ug/mL TRITC-labelled wheat germ ag-
glutinin (WGA) (Sigma-Aldrich, 1:100), and Hoechst
33258 (Sigma-Aldrich, 1:5,000), diluted in HBss with
1% BsA. In the experiments with a MAB, 2 pg/mL of
an AlexaFluor® 488-coupled anti-human-IGG(H+L)
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FIGURE 2.1 Staticalexperiments

After perfusion of theartificial vein with 2 mg/mL trastuzumab or
bevacizumab, thehumanumbilical vein endothelial cells (HUVECs)
were stained with Hoechst 33258 (nucleus, blue), TRITC-labelled
wheat germ agglutinin (wGaA) binding the carbohydrate N-acetyl
galactosaminein the glycocalyx (red),and an Alexa Fluor® 488-cou-
pled anti-human-IcG goat IGG (trastuzumab/bevacizumab,
green).Overview (A)and cross-section (B) for trastuzumab (A&B)and
bevacizumab ().

Where no confluent layer of HUVECs had formed, dense staining
of the sub-cellular matrix occurred following incubation with
2 mg/mL trastuzumab (c). Effect of pretreating the HUVECs with
heparanase (HPSE) on the binding of 2 mg/mL trastuzumab (D&E)
or washing the HUVECs three times with buffer after incubation
with trastuzumab (g). The signal intensity was normalised to the
2 mg/mL trastuzumab without HPSE condition and is displayed
as mean + standard deviation (7= 2). Perfusing the HUVECs with
2 mg/mL followed by 0.2 mg/mL trastuzumab similarly reduced
the signal, but not to the level that was observed when the HUVECs
were perfused with 0.2 mg/mLonly (D).

goat IGG (Thermo Fisher, Waltham, Massachusetts,
USA, 1:500) was included in the incubation.
Conversely, in the experiments with ci-inhibitor, an
anti-human-ci-inhibitor rabbit IGG (1:25) and a sec-
ondary Alexa Fluor® 488-coupled anti-rabbit-IcG
goat IGG (Thermo Fisher) were included in the in-
cubation. After washing three times with HBSS +
1% BSA, cells were imaged using a Leica sp5 confocal
microscope.

Confocal 12-bit greyscale axial image stacks (xyz
dimensions, 0.08x0.08x0.13 um) that covered
6,724 um?2 of surface area perimage and a height of 5
to 10 umabove the endothelial cell nuclear plane were
recorded using the LAs-AFimagesoftware(Leica). The
image stacks were analysed with the public domain
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National Institutes of Health IMAGE program (http://
rsb.info.nih.gov/nih-image). Cross-sections of the
cell-layer were generated using this software. For
quantification, the area of interest was selected (to
discard staining which accumulated underneath
the cell-layer in the areas of inadequate cell-cell con-
tacts),and theaveragesignal intensity was measured
throughout the whole xyz area of the recorded image
stacks.

Infusion profiling

Infusion procedures were replicated with a stand-
ard flexible pvc 1v line (CODAN #43.4270, Santa Ana,
California, usa) with an inner diameter of 3.0 mm
that was cut to hold 10.0 mL. The line was coupled
viaits Luer-Lock adaptor to asyringe that was placed
in a calibrated syringe pump (Omnifuse, Graseby
Medical Ltd., Watford, UK).

After the lines were filled with the solution con-
taining the biopharmaceutical (‘infusate’) and al-
lowed torest for 1 h, the pump was started ata rate of
2mL/min. After the 1vline was perfused with the in-
fusateata constantrate for a predefined period (‘per-
fusion’), the1vline was flushed with 50 mL 0.9% NaCl
(Baxter BV, Utrecht, The Netherlands)at thesamerate
(“flushing’).

Thesolution comingoutofthe1vline wassampled
every 2.5 min, corresponding to one-half of the line
volume. The wash-out from the line between these
samples was collected as well.

To determine the effect of infusion rate and con-
centration on binding characteristics, the rate was
varied from 1 to 3 mL/min (only for trastuzumab)
and the concentration from 1.25 to 10 mg/mL (all
except the experimental IGG1). This covers the range
of commonly encountered infusion rates and con-
centrations for biopharmaceuticals. The dilutions
of the biopharmaceuticals in 0.9% NaCl (Fresenius
Kabi, Schelle, Belgium) were prepared by the Lumc
Pharmacy.

All experiments with unique combinations of pa-
rameters were performed atleast twice.

Drug concentration

Drug concentration in the samples from the infu-
sion profile was determined at the Central Clinical
Chemical Laboratory (cccL) of the Lumc as total pro-
tein concentration with acolorimetrical assay (Biuret
reaction) on a Cobas P8oo module (Roche, Penzberg,
Germany). This method was validated against spe-
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cific immunochemical assays for total human IGG
and ci-inhibitor, performed on a BN-Prospec neph-
elometer (Siemens, Marburg, Germany). These assays
use an antibody against the y-chain of human IcG
and antiserum to human ci-inhibitor, respectively.
Thelowerlimit of quantification (LLoQ) was 0.04 g/L.

Statistical analysis

Results are presented as mean (standard deviation,
sD) for continuous data, and as number (percent-
age) for categorical data, unless otherwise specified.
As this study consisted of multiple hypothesis-gen-
erating experiments, no formal inference test was
performed.

The cumulative wash-out from the 1v lines was
calculated as the sum of the biopharmaceutical dose
in all the collected samples up to a certain point.
The dose per sample was calculated as the product
of sample volume and biopharmaceutical concen-
tration in the sample. Samples with a concentration
<1roqQ were excluded from the calculation. To esti-
mate the theoretical wash-out, the calculation was
repeated with the concentration of the excluded sam-
ples(<LLoQ) assumed to be 0.0394 g/L.

Data analysis was performed with R (v2.15.2, R
Foundation for Statistical Computing, Vienna, Aus-
tria, 2012).

RESULTS

Artificial vessel
Statical experiments

Following incubation of human umbilical cord
endothelial cells (HUVECs) with 2 mg/mL trastu-
zumab for 30 min, binding to the luminal surface
of the HUVECs was observed, colocalising with the
waGA-signal (binding the carbohydrate n-acetyl ga-
lactosamine), whereas in the control samples, the
signal of the secondary anti-human-IGG antibody
was absent (figure 2.1A&B). Translocation to the basal
sideorinternalisation by the endothelial cells was not
seen, or was negligible in relation to the apical bind-
ing, although the experiments were not specifically
designed to detect endocytosis. Where the HUVECs
had not formed a confluent monolayer, dense stain-
ing of the basal layer in a reticular pattern occurred
(figurez.1cC).
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FIGURE 2.2 Dynamical experiments

After perfusing the artificial vein with 2 mg/mL trastuzumab in
culture medium for 5 min at 0.2 mL/min, the system was flushed
with medium. At this rate, one complete flush of the entire system
takesoneminute.

At certain moments during the flushing of the artificial vein, the
experiment was interrupted and the HUVECs were stained with
Hoechst 33258 (nucleus, blue),and an AlexaFluor® 488-coupled an-
ti-human-IGG goatIGG (trastuzumab, green): relative Alexa Fluor®
488 signal intensity (mean + sD [standard deviation]) normalised
to baseline (A, 7=3), and representative cross-sections of the cell-
layer(B).

Washing the cells with buffer alone or with buffer
containingalower concentration of trastuzumab re-
duced the signal (figure 2.1D&E). Comparable results
were obtained when varying the duration of the ini-
tial incubation with trastuzumab, or when exposing
and washing under flow or statical conditions (data
notshown).

As trastuzumab was recently demonstrated to in-
teractwith heparansulphate proteoglycans,5 amajor
component of the extracellular glycocalyx, their role
in the binding of trastuzumab was investigated by
pretreating the HUVECs with heparanase (HPSE). No
difference was found compared to untreated cells
(figure2.1D&E). Inaddition, escalating concentrations
ofheparin, which binds competitively to heparansul-
phate proteoglycans, did notinterfere with the bind-
ingof trastuzumab (datanotshown).

Bevacizumab was observed to bind to the luminal
surface as well, though the pattern differed (figure
2.1B). Whereas binding of trastuzumab was charac-
terised by diffuse surface staining with dispersed
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FIGURE 2.3 Infusion profiles

Infusionlines were perfused withabiopharmaceutical (‘infusate’) for 95 minat2 mL/min followed by flushingof theline with 0.9% NaCl at
thesame rate until the protein concentration dropped <tL0Q(0.04 g/L)(A). Alternatively, the infusion line was filled with a biopharmaceu-
ticaland flushed immediately (B&c).

Concentration profiles(mean + sp [standard deviation])are displayed for the experimental IcG1(3.75 mg/mL), with or without introducing
anairbubblebetween theinfusateand the flushingsolution (B). Mean + sp cumulative wash-out for different biopharmaceuticalsatdiffer-
entconcentrationsand atdifferent perfusionrates(c). Thecirclesin Crepresentthe theoretical cumulative wash-outifitisassumed thatthe
sampleswithaconcentration<rLoqQcontained adose of [sample volume]x[0.0394 g/L].

Dataare normalised to either the concentration of the infusate or the maximum theoretical wash-out, which equals the total doseadded to
thesystem. Resultsof duplicate experimentsaresetagainst the expected wash-out profileassuminglaminaror plug flow through theinfu-
sionline. Thelinevolume(n)is the number of line volumes (10.0 mL) passing through the1vlineduring the experiment.
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clusters of greater signal intensity in varying degrees,
exposuretobevacizumab resulted in intense clusters
scattered along the surface.

Locating ci-inhibitor after incubation proved ex-
tremely difficult, as theantibody used for staining re-
sulted in a non-specificsignal on the entire cell-layer.
Hence, the question whether ci-inhibitor adsorbs to
endothelium in a similar fashion as the tested MABs
could notbeanswered.

Dynamical experiments

After perfusion of the artificial vessel with 2 mg/mL
trastuzumab for 5 min, the system was flushed with
buffer solution. Imaging of the cells during flushing
revealed a decline in apically bound trastuzumab
(figure 2.2A&B). After 5 min of flushing (equalling 5
complete flushes), the luminal signal had decreased
to approximately 50%.

Infusion profile

Replication of infusion procedures indicated an av-
erage recovery of approximately 95% of the antici-
pated doseatthe end of perfusion (similar to the Eor),
as well as after flushing the 1v line five times (figure
2.34). During the flushing of the 1v lines, the wash-
out time-course resembled the theoretical profile of
laminar flow. The wash-out profiles for bevacizumab,
trastuzumab, the experimental IGG1, and c1-inhibi-
tor were similar in shape. Introducing an air bubble
between the infusate and the flushing solution to
prevent diffusion changed the wash-out profile in
the direction of plug flow, with no measurable con-
centration after the 1v line was flushed once (figure
23B). Flushing the line for longer periods of time did
notincrease the cumulative wash-out;inall cases, the
concentration had dropped <1L0Q (0.04 g/L) after 4
linevolumeshad been extruded.

A reduced recovery was also observed when pre-
filled 1v lines were flushed immediately, without the
‘perfusion’ part of the experiment. Interestingly,
this reduction did not always occur. The cumulative
wash-out ranged roughly between 70 and 85% after
fiveflushes, in cases whereareduced outflow wasseen,
as opposed to the theoretical 95-100%, even when
the potential wash-out in samples with a concentra-
tion <LLOQ was taken into account (figure 2.3c). There
was no apparent relationship between the cumula-
tive wash-out and the tested drug product. Varying
the concentration of the infusate or the perfusion rate
had no effect on the results. From figure 2.3C, it may be

suggested thatahigher concentration orahigher per-
fusion rate results in a decreased cumulative wash-
out. However, such a relationship was not invariably
presenttoallow definite conclusions tobedrawn.

DISCUSSION

HE INITIAL EXPERIMENTS WITH THE

artificial vessel demonstrated that beva-

cizumab and trastuzumab adsorb to the
luminal surface of endothelial cells, though the
observed pattern differed, with diffuse staining
for trastuzumab and a clustered appearance for
bevacizumab. Neither the binding nor the difference
couldberelated to therespective targets of these MABs.
Trastuzumab targets a membrane receptor (HER2),
whereasbevacizumab neutralisesacirculating growth
factor (VEGF) 87 HUVECs contain VEGF-receptors, but
these are not distinctly clustered on the cell surface,
and — importantly — bevacizumab inhibits receptor
engagementby VEGF.8:° Moreover, clustering wasalso
observed for trastuzumab, albeit to alesser extent.

Although detailed sorption studies were beyond
the scope of our investigation, the binding seemed
to be concentration-dependent and easily reversi-
ble upon washing with a lower concentration, which
suggests that the two biopharmaceuticals were not
tightly bound, e.g. to areceptor. The binding of MABs
to the extracellular matrix, where the endothelial
barrier had been disrupted, further supports the
idea of non-specific binding. In contrast, the find-
ing that the apically located MAB could not be com-
pletely washed off (figure2.2B) suggests a tighter form
ofbinding, as does the observation that perfusing the
artificial vessel with 2 mg/mL followed by 0.2 mg/mL
resulted in a higher signal compared to perfusion
with 0.2 mg/mL only (figure 2.1D).

Regardless of the exact nature of the binding, the
conclusion that biopharmaceuticals can adsorb to
endothelium should not be surprising, as system-
atic reports on the binding of all kinds of proteins
to cell membranes and components of the extracel-
lular matrix date from the 1960s.19:11 For example,
binding of MABs to extracellular components cause
them to be retained upon subcutaneous administra-
tion, glycosaminoglycans help regulatelocallevels of
growth hormones and other signalling factors, and
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the cellular glycocalyx was found to be a key compo-
nent for certain protein-cell interactions.12-14

Electrostatic forces play an important role in the
adsorption of proteins. Many contact surfaces in the
body are negatively charged, including cell mem-
branes and polysaccharides. In contrast, most MABs
are basic and hence cationic at physiological pH.15
Whatisinteresting, however,isthatoneofthenatural
propertiesoftheglycocalyxis preventingnon-specific
(protein)adsorption.16 Biocompatibilityresearchhas
elucidated some of the principal aspects underlying
the interference caused by oligosaccharide (glycoca-
lyx-like) polymersintheadsorptionof proteinstoneg-
atively charged surfaces. This shows that the flexible
hydrophilic chains offer sterichindrance preventing
bindingof proteins.17:18 Such coatings greatly reduce
but do not completely prevent adsorption.19,20

Thus, thelocal fraction of adsorbed proteinis prob-
ablysmallinabsolute terms, but with a total endothe-
liumareaof4,000-7,000 m2inanadult,2! even minor
(local) adsorption to vessel walls can notably affect
plasma concentration.

Our findings lend support to the hypothesis of en-
dothelial adsorption. Figure 2.4 displays (simplisti-
cally) how endothelial adsorption can cause a delay
in t,,,4- Because of adsorption to the endothelium,
the vascular compartment should notberegarded as
awell-mixed container. Rather, a gradient exists be-
tween areas of high concentration, e.g. the tip of the
1v cannula during administration, and areas of low
concentration. Upon completion of infusion, the gra-
dient gradually levels offand adsorbed drug product
isreleased inareas wherelocal concentration had pre-
viously been high. This increases the measured con-
centration at the sampling site (figure 2.4D).

Differences in perfusion between tissues may
further delay the equilibration over the vascular
compartment. Perhaps, the prerequisites for the phe-
nomenon to occur are that the biopharmaceutical
is administered continuously over a longer period
of time (e.g. as a linear infusion) and that its plasma
clearance is relatively slow. This would theoretically
allow the build-up of a gradient, especially in lesser
perfused tissues.

Staining of ci-inhibitor was unsuccessful, and
therefore, adsorption to endothelium could not be
ascertained. However, from a theoretical viewpoint,
given the generical nature of protein-surface inter-
actions, ci-inhibitor and the other proteins listed in
tablez.1 probably behave similarly to the tested MABs.

40

It should be noted, however, that our artificial vein
is only an approximation of the in vivo situation and
does not preclude other mechanisms to contribute to
thedelay in ¢,,,,. The human vascular compartment
consists of many parallel microcirculations, each
with specialised (endothelial) cells, which adds to the
complexity of understanding and (pharmacokineti-
cally) modelling the distribution of biopharmaceuti-
cals. Moreover, the plasma concentration profiles over
time of biopharmaceuticals also show increases after
the (delayed) t,,,,, 2% Therefore, simple adsorption of
biopharmaceuticals to endothelium may only be one
of many factorsinvolved in determining plasmacon-
centration. We imagine that an experiment with ra-
dio-labelled therapeutical proteins in test animals
can be useful to study the distribution over the body
during and after intravenous infusion, and to vali-
dateour findings.

The complexity of the human vasculature is in
contrast to the highly controlled experimental con-
ditions of constant laminar flow, temperature, and
theuseofasingletypeofendothelial cells (HUVECs)in
combination with a particular buffer that contained
BSA. Theeffectof any of these covariates on the results
was notstudied.

With the exception of the relevance of the pre-
sented data to the clinical pharmacologist for de-
termining and interpreting the pharmacokinetic
profile of biopharmaceuticals, the clinical relevance
is more speculative. This would depend on the exact
adsorption site, the tissue where the biopharma-
ceutical accumulates, and whether it is pharmaco-
logically active there. In addition, the relevance is
determined by whether a biopharmaceutical exerts
an effect on the endothelium or whether the adsorp-
tion to endothelium interferes with a physiological
process.

From the wash-out profiles(figurez.3), itis seen that
the bulk delivery of drug through the 1v line is gov-
erned by convection alone, i.c. transport by the flow
ofthemedium, in thiscaselaminar flow23 There may
be ablunting effect on the net delivery caused by dif-
fusion of the drug from the infusate (high concentra-
tion) into the flushing solution (low concentration),
although with an estimated maximum diffusion co-
efficient derived from the Stokes-Einstein equation24
of 7 10-5 mmZ2 s-1 for a 105 kDa protein (c1-inhibitor)
in water at room temperature2S this effect is negli-
gible compared to the effective fluid velocity of 2.4—
7.1 mm/sinthe1vline.
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Recovery of biopharmaceuticals from the 1v line
could be incomplete, measuring up to 15% in the ex-
periments where the prefilled lines were only flushed,
which wasunrelated to thebiopharmaceutical tested.
Theonly factor thatseemingly influenced the net de-
livery was concentration, with higher concentrations
increasing thelikelihood of incomplete recovery.

Adsorption to 1v materials is a well-recognised
problem for certain drugs.26-27 Given existing evi-
dence on biocompatibility, adsorption to the 1v line
can also explain our observations. An argument
against adsorption as the cause is that the reduced
recovery was not observed in all experiments (figure
2.3C). Aggregation of the biopharmaceutical within
the 1v line is another possibility, although the used
method to determine drug concentration in the
wash-out also detects drug (protein) aggregates and
the drop in protein concentration, therefore, cannot
betheresultofaggregation.

If the line is flushed following perfusion, drug
administration continues after the theoretical Eo1
for ashort time as a result of laminar flow (figure 2.3).
However, thisonly partly explains the ‘delay’ int,,,,
as the fraction of the total dose infused during flush-
ingis very small (figure 2.34). Furthermore, increases
in plasma concentration after Eo1 have also been ob-
served when the line was not flushed, for example
with the experimental IcG1 (data on file). Wash-out
ofanyadsorbed or otherwiseretained biopharmaceu-
tical material in the 1v line during prolonged flush-
ingdid notoccur. Thus, flushingof theinfusionlines
cannot contributetoadelayint,,.

Concluding, biopharmaceuticals can adsorb to
endothelium and be subsequently released into the

FIGURE 2.4 Pharmacokineticprofile

Schematic representation of the gradient of biopharmaceuticals
over the vascular tree during intravenous administration as a
result of endothelial adsorption (a). For illustrational purposes,
extravascular distribution and elimination are set to nil. The rel-
ativeendothelial surfaceareaexposed to the biopharmaceutical in
the considered body compartments is indicated by the number of
capillary beds. After completion of administration, the gradient
slowly dissipates and the relative peak concentration moves along
thevasculature toultimately reach thesamplingsite(s).

In the traditional model, the maximum plasma concentration
(Cinax) coincides with the end of infusion (eo1)(c).

In D, the vascular tree is conceptualised as a single long vessel and
the local situation is depicted at three distinct moments in time.
During intravenous infusion, the local plasma concentration is
highattheadministration side of the vessel, favouring adsorption
tothevessel wall, thereby reducing thedistal plasma concentration
(p1). After EO1, the high local concentration at the administration
side drops sharply as a result of recirculation of the relatively low
concentration from the sampling side of the vessel. This shifts the
balance fromadsorption to desorption (p2). As the biopharmaceu-
tical is released from the vessel wall, the downstream concentra-
tion continues to rise and the relative peak concentration, where
adsorption is in equilibrium with desorption, gradually moves
alongside thevessel (D2&D3). Behind thisequilibrium, desorption
predominatesand ahead adsorption, until finally the gradient has
levelled off.

circulation, which may explain the observation that
tmax Occurs long after completion of an intravenous
administration. Flushing of the infusion lines to
completeadministration of abiopharmaceutical does

notseem to contribute to thedelayin ¢,,,,.
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CHAPTER III

Remarkable pharmacokinetics
of monoclonal antibodies: a
quest for an explanation

J.A.A. Reijers, M. Moerland, J. Burggraaf

Monoclonal antibodies (MABs) usually display slow and limited distribution with combined
linear and non-linear elimination mechanisms. While studying individual pharmacokinetic
profiles, it was noticed that MAB plasma concentration can vary abruptly over time, with one
or more increases after the time to maximum concentration, when theoretically the concen-
tration should only decline. This chapter summarises the frequency of these additional peaks,
and assesses whether normal intra-subject variability and assay variability can explain the ob-
servations. For thisanalysis,abenchmark was used which consisted of three registered (adali-
mumab, bevacizumab, and trastuzumab) and three unregistered IcG1 MABs.

Ataselected ‘normal’ intra-subject variability of 12%, atleast 70% of the study participants
(approximately 90% for certain MABs) still had atleast one additional peak, which decreased
when the ‘normal’ variability was increased. There was no difference in occurrence between the
highandlow concentration ranges. Only high sample density seemed to be associated within-
creased likelihood of detecting additional peaks. Based on the analytical variability for the ap-
pliedligand-bindingassays(5—-10%, up to 15% at thelower limit of quantification), the number
of observed increases was extremely improbable (p <0.01) for most MABs, especially for thelarge
excursions.

Therefore, the fluctuations are likely genuine. Possible explanations and the relevance for
clinical practice are discussed.

ONOCLONAL ANTIBODIES (MABS) ARE
M widelyused to treatdiseasesinalmost
all fields of medicine. They display
highlysimilar pharmacokinetics with arelatively small
volume of distribution and a long half-life. Many of
the mechanisms responsible for these properties have
been extensively studied and are excellently reviewed
elsewhere1-5
At Centre for Human Drug Disease (CHDR), mul-
tiple clinical trials with MABs are performed annu-
ally. When studying their pharmacokinetics, it was
noticed that the plasma concentration of MABs in

individuals can follow a remarkable, or even bizarre,
time-course, characterised by (large) excursions
(figure 3.1), which seems to be in disagreement with
current understanding of drug distribution and/or
elimination.

Initially, these findings were disregarded as
normal intra-subject and assay variability, also be-
cause the mean (group) pharmacokinetic profile
usually follows a predictable time-course of slow dis-
tribution combined with both linear and non-linear
elimination. However, after observing fluctuating
individual plasma concentrations for an increasing
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FIGURE 3.1 Individual pharmacokinetic profiles

Representative patterns in individual plasma drug concentrations over time for registered monoclonal antibodies: 2 mg/kg intravenous
bevacizumab (A-D), 6 mg/kg intravenous trastuzumab (E-G), 40 mg subcutaneous adalimumab (H-K). The insets depictan enlarged sec-
tion of the first partof the profile. The dashed lines mark the end of intravenousadministration.
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TABLE 3.1 Additional peak concentrations afterintravenous administration
MAB / PERIOD VARIABILITY
4% 8% 12% 16% 24% 50%
Dose<3mg/kg
Bevacizumab (n=90)
Total 88 (97.8%) 87 (96.7%) 83 (92.2%) 72 (80.0%) 65 (72.2%) 41 (45.6%)
<24h 82 (91.1%) 79 (87.8%) 68 (75.6%) 54 (60.0%) 46 (51.1%) 25 (27.8%)
>24h 73 (81.1%) 70 (77.8%) 66 (73.3%) 61 (67.8%) 56 (62.2%) 30 (33.3%)
A(n=18)
Total 18 (100%) 17 (94.4%) 16 (88.9%) 16 (88.9%) 12 (66.7%) 1 (5.6%)
<24h 18 (100%) 17 (94.4%) 16 (88.9%) 16 (88.9%) 12 (66.7%) (5.6%)
=24h 4 (22.2%) 4 (22.2%) 4 (22.2%) 4 (22.2%) 4 (22.2%) 0
B(n=33)
Total 12 (36.4%) 12 (36.4%) 7 (21.2%) 5 (15.2%) 3 (9.1%) 1 (3.0%)
<24h 8 (24.2%) 8 (24.2%) (12.1%) 2 1%) 1 (3.0%) 0
>24h (12.1%) (12.1%) 3 (9.1%) 3 1%) 2 (6.1%) 1 (3.0%)
Dose>3 mg/kg
Trastuzumab (7 =46)
Total 46 (100%) 44 (95.7%) 42 (91.3%) 37 (80.4%) 28 (60.9%) 8 (17.4%)
<24h 45 (97.8%) 42 (91.3%) 39 (84.8%) 33 (71.7%) 22 (47.8%) 3 (6.5%)
>24h 21 (45.7%) 21 (45.7%) 20 (43.5%) 20 (43.5%) 16 (34.8%) 5 (10.9%)
C(n=7)
Total 3 (42.9%) 3 (42.9%) 2 (28.6%) 1 (14.3%) 0 0
<24h 2 (28.6%) (28.6%) 2 (28.6%) 1 (14.3%) 0 0
>24h 1 (14.3%) 1 (14.3%) 0 0 0 0

Number (percentage) of subjects with at least one peak concentration other than the maximum concentration (C,,,,) beyond ‘normal’ in-
tra-subjectvariability, for which values between 4 and 50% were chosen. Values are displayed per monoclonal antibody (MAB). A separation
ismadebetween peaksoccurringwithin thefirst 24 h fromadministrationand thereafter. A, B,and Careunregistered IcG1antibodies.

number of MABs, it was considered worthwhile to
analyse individual profiles systematically, with the
objective to determine whether the fluctuations are
genuine. A benchmark was used to assess whether
the result could indeed be explained by normal in-
tra-subject and assay variability, or that other factors
mightbeinvolved.

METHODS

HARMACOKINETIC DATA WERE TAKEN
from clinical trials with MABs in healthy
volunteers. Three registered MABs (adali-
mumab [Humira®], bevacizumab [Avastin®],and tras-
tuzumab [Herceptin®]) were analysed, as well as three
unregistered products(denoted A, B,and C). Alldrugs
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wereIgGiantibodiesand wereadministered asasingle
intravenous dose, except foradalimumab, which was
administered subcutaneously. The trial participants
were healthy subjects, mainly malesaged 18—50years,
butsome trialsincluded up to 50% females.

Alltrial procedures were performed inaccordance
with the different trial protocols. Samples were col-
lected and handled following standard operating
procedures. Within each clinical trial, MAB plasma
concentration was determined in a single exter-
nal laboratory, in a single analytical run per par-
ticipant, using validated methods. Product C was
quantitated in batches of samples across multiple
subjects, resulting in more than one analytical run
per participant.

To determine whether intra-subject variability for
MAB plasma concentration would be related to, for
example, changes in circulating plasma volume, the
time-course of albumin plasma concentration and
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erythrocyte counts were studied. As albumin and
erythrocytesare produced atarelatively constantrate,
and under normal circumstances do not leave the in-
travascular compartment, theseanalytes were consid-
ered suitablebenchmarks.

Samples for albumin concentration and erythro-
cyte count were always collected concurrently with
samples for MAB concentration, albeit at a lesser
frequency. On the administration day, albumin
and erythrocytes were quantitated 1—5 times, de-
pending on the trial protocol. Thereafter, the ratio
of the number of these samples to the number of
pharmacokinetic samples ranged between 0.5 and
1. The mean of the individual coefficients of varia-
tion (cvs) of albumin concentration per clinical trial
(70 <n<200)varied between 3.6 and 4.4% with stand-
ard deviations (sDs) of 1.2-1.2 %-point. For erythro-
cyte count, the mean ranged between 2.7 and 3.7%
and the sps 0.75-1.2 %-point, irrespective if only
samples collected on the same day (hours apart) or
duringthefulllength of the trial (days to weeks apart)
were included in the calculation.

Hence, it appeared that a conservative reference
cv (cv,) of 4% for normal intra-subject variability
(cv,) was justified. It was subsequently investigated
whether the observed fluctuations in MAB plasma
concentration exceeded 1, 2, or 3 CVs, indicating in-
creasing unlikeliness a change in the profile could
be explained by ‘normal (physiological) variability’.
Additionally, we considered a less conservative cv, of
8%, covering approximately two cvs of the observed
variability for albumin and erythrocytes, and a very
extreme variability of 50%. By applying this strat-
egy to pharmacokinetic data for different MABs, the
number of relative maxima in the concentration-time
profile (other than the absolute maximum concentra-
tion, Cy,,,) that could not be ascribed to the chosen
intra-subject variability was counted.

Excursions beyond normal intra-subject variability
were identified based on a deviation in the exponen-
tial growth constant (1) outside the margins deter-
mined by 1-3 cvs, (4, 8, and 12%) of the conservative
variability estimate or of the less conservative cv, (8,
16,and 24%). The margins for A per observation were
derived from the formula A + cv;=B- e, where A is
the observed plasma concentration, cv, the chosen
intra-subject variability, B the plasma concentration
of the previous sample, and ¢t the difference in sample
collection time between A and B. Next, the minimum
number of unique As was determined to describe the
observations (A + cv;) per individual. A deviationin A
beyond the chosen intra-subject variability was de-
fined as the requirement of two or more unique As to
describe the rising leg of the plasma concentration
curve before a relative (local) maximum was reached
(seefiguress.1foranexample).

This approach assumes linear elimination ki-
netics, which is known not to be the case for MABs.
However, the concentration-time profile of MABs
usually approximateslinearity at the observed (high)
MAB plasma levels in healthy volunteers, where the
non-linear elimination mechanism is saturated.
Additionally, the non-linearity in elimination mani-
festsas different negative As, whereas the focus of this
analysis was on deviations from thesurroundingdata
pointsinthe A in therising parts of the concentration
profile. Therefore, this approach was considered fit
for purpose.

A separation was made between peaks occurring
within the first 24 h from intravenous administra-
tion — or 14 days from subcutaneous administration
—and thereafter. Additionally, the results of the in-
travenously administered compounds werestratified
based on dose.

To study the potential impact of assay variabil-
ity, the total number of increases between relative

TABLE 3.2 Additional peak concentrationsafter subcutaneousadministration

PERIOD VARIABILITY

4% 8% 12% 16% 24% 50%
Total 128 (98.5%) 118 (90.8%) 90 (69.2%) 72 (55.4%) 54 (41.5%) 19 (14.6%)
<14days 127 (97.7%) 116 (89.2%) 87 (66.9%) 70 (53.8%) 48 (36.9%) 15 (11.5%)
>14days 13 (10.0%) 13 (10.0%) 12 (9.2%) 11 (8.5%) 11 (8.5%) 8 (6.2%)

Number (percentage) of subjects with atleast one peak concentration other than the maximum concentration (C,,,,) beyond ‘normal’ in-
tra-subject variability after a single subcutaneous dose of 40 mg adalimumab (7 = 130). Values for normal intra-subject variability were
chosenbetween4and 50%. Aseparationis madebetween peaksoccurring within thefirst14 daysfromadministrationand thereafter.
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TABLE 3.3 Probability ofincreasesbased on assay
variability

MAB / OB- Cv,

FACTOR (k) SERVED 59  10% 15% 20% 25%

Dose<3mg/kg

Bevacizumab
1.12 228 <1093 <105 0.86 1.00 1.00
1.25 153 <1099 <1037 <10 0.97 1.00
1.5 78 <1099 <1099 <1020 0.01 0.99
2 23 <1099 <1099 <1031 <107 0.20
3 8 <1099 <1097 <1037 <1016 <106
4 3 <1099 <1059 <1023 <1011 <105
5 2 <1099 <1053 <1022 <1011 <105
A 1.12 34 <1018 <108 0.10 0.39 0.62
1.25 19 <1089 <105 0.08 0.64 0.92
1.5 10 <1079 <1014 <102 0.16 0.73
2 1 <1020 <104 0.05 0.47 0.89
3 0
4 0
5 0
B 1.12 3 0.76 1.00 1.00 1.00 1.00
1.25 1 0.06 0.99 1.00 1.00 1.00
1.5 1 <106 0.14 0.86 1.00 1.00
2 1 <1020 <104 0.04 0.38 0.82
3 1 <1052 <1012 <105 <102 0.06
4 0
5 0
Dose>3 mg/kg
Trastuzumab
1.12 75 <1029 0.02 0.90 1.00 1.00
1.25 26 <1043 0.01 1.00 1.00 1.00
1.5 5 <1031 <103 0.89 1.00 1.00
2 1 <1019 <103 0.14 0.85 1.00
3 1 <1051 <1012 <104 0.01 0.21
4 1 <1082 <1019 <108 <103 <102
5 0
C 112 3 0.07 0.76 0.94 0.97 0.99
1.25 0
1.5 0
2 0
3 0
4 0
5 0

Probability (p) of finding the observed number of increases=kin
plasmaconcentration based on theassay’s coefficientof variation
(cv,).Onlyincreasesafter completion of intravenousadministra-
tionareconsidered.
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extremes =k in the individual plasma concentra-
tion-time profiles was compared to the expected
number based on the cv of the used bioanalytical
assays (cv,). Here, k is a factor for which values were
chosen as 1.12, 1.25, 1.5, 2, 3, 4, and 5, correspond-
ing to increases between 12 and 400%. A one-tailed
binomial test was performed to determine the prob-
ability (p) of finding at least the observed number of
increases=k.Samples collected before or duringinfu-
sion were excluded. This analysis could only be per-
formed for intravenously administered MABs.

The expected number of increases =k between
two consecutive extremes was calculated using the
method by Reed etalé Thisapproachassumes thatthe
plasma concentration between two samples remains
constant, which results in an underestimation of the
observed number of increases >k, as the plasma con-
centration theoretically declines after the completion
of intravenous administration. Because the p-values
of increases =k at any cv, derived with the binomial
tests are thereby overestimated, thus favouring the
probability of increases being attributed to assay
variability, this methodological shortcoming was
accepted.

According to the regulatory guidelines for ligand-
binding assays (the type usually applied when meas-
uring MABs in plasma), the cv, should not exceed
20%, except at the lower level of quantification
(LLoQ), where it should not exceed 25% .78 Theactual
cv, for the bioanalyses applied in the clinical studies
ranged between 5 and 10%, with higher levels (up
to 15%) found at LLoQ, Therefore, p-values were ob-
tained atdifferent cvs, from 5 to 25%.

Data analysis was performed with R (v2.15.2, R
Foundation for Statistical Computing, Vienna, Aus-
tria, 2012).

RESULTS

HARMACOKINETIC OBSERVATIONS WERE
available for 130 subjects receiving adali-
mumab (mean 26.1 observations per sub-
ject), 9o subjects receiving bevacizumab (mean
26.3),and 46 subjectsreceiving trastuzumab (mean
19.8). For products A, B, and C, data were available
from respectively 18, 33, and 7 subjects, with a mean
number of observations per subject of 18.9, 15.1, and
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17.4, respectively. The samples collected during the
first seven days after administration summed 16 for
adalimumab, 15 for bevacizumab, 12 for trastuzumab,
12 for A, 10 for B, and 10 for C.

Tables 3.1 & 3.2 present the number of subjects with
additional maximabeyond increasing cv;. Thisshows
thatwith aconservative cv,of 4% virtually all subjects
hadanadditional peakin their profile. Even if the var-
iability considered normal is increased to 3 v, (12%),
atleast 70% of the study participants (approximately
90% for certain MABs) still had atleast one additional
peak, with theexception of products Band C.Itshould
be noted, however, that for both products Band C, a
sparse sampling scheme was used compared to the
other MABs, with less than five samples collected
duringthefirst24h. Thismayhavelimited thechance
toidentify short-lasting concentration changes.

Atavariability of 24%,60-70% of the subjects who
received bevacizumab, trastuzumab, or product A
showed an unexplained additional relative max-
imum, a percentage which decreased further and
became moredispersed amongthe MABsatavariabil-
ity of 50%. Foradalimumab, product Band C, the cor-
responding numbers were again lower, although the
overall pattern observed with increasing intra-sub-
jectvariability was similar for all investigated MABs.
Even when consideringan intra-subject variability of
24 or 50% as normal, which is well beyond the vari-
ability (cv,) observed for albumin and erythrocytes,
additional peaks remained.

The probability of finding a number of increases
with a certain magnitude in plasma concentra-
tion rose with increasing assay variability (table3.3).
Conversely, the probability was lower for larger ex-
cursions. Within the actual cv range for the used
ligand-binding assays (5-10%), the number of ob-
served increases was extremely improbable based on
assay variability, except for product C. Evenathigher
cvs,, which are only accepted at LLoQ (up to 15% for
the used assays), assay variability mustbe considered
unlikelyin causing the observed increases, especially
for those with alarge amplitude.

A relationship between standard demographi-
cal parameters (age, [lean] body weight, BmI) and
the number or magnitude of additional peaks could
not be detected, although it should be noted that, as
a result of the trial protocols, the populations were
highly homogeneous with regard to these parame-
ters. Also, across the different trails, demographical
variability waslimited.

DISCUSSION

N THIS CHAPTER, IT IS REPORTED THAT

MABs may show unexpected and remarkable

pharmacokineticbehaviour, withincreasesin
plasma concentrationatthe time the compoundis
cleared. Theseincreases, which are occasionally sub-
stantial and long-lasting, appear to be not explained
by takingintoaccount physiological or assay variabil-
ity. There was no differencein occurrence between the
highandlow concentration ranges. Only high sample
density seemed tobeassociated withanincreased like-
lihood of detecting additional peaks.

When observing fluctuations—especially increases
—in the concentration of a drug over time, that the-
oretically should decline steadily, there are a few ex-
planations to consider. First, pre-analytical errors
should be ruled out, such as not disconnecting and
removing the infusion material upon stop of intra-
venous administration, sample switching, apply-
ing incorrect dilutions, or calculation errors, etc.
Subsequently, the assay performance should be con-
sidered critically, including, among others, assay pre-
cision, within and between-run variability, limit of
quantification, and effects of freeze-thaw cycles.

For multiple reasons, assay variability or interfer-
ence was considered unlikely to explain our obser-
vations. First, a vast number of additional peaks was
counted (table3.3). Also, the finding that comparable
fluctuations were observed for all investigated MABs,
in each assay, both in the low and high concentra-
tion ranges, and atany moment in time after admin-
istration (figure 3.1) argues against an assay-related
explanation. Furthermore, the data points before
or after the peak often confirmed the relatively high
concentration, or suggested asteady increase toward
the maximum, respectively a decrease following the
maximum. These observations are generally not
compatible with the randomness one expects toarise
from assay variability.

Another explanation to consider is physiologi-
cal variability, as — for instance — changes in volume
status over time may alter the concentration of the
MAB in plasma, while the absolute quantity in the
body remains unchanged. Fluid shifts were recently
postulated by Van Iersel et al® as the underlying
mechanism for the postural changes in MAB concen-
tration that they had observed. Similar day-to-day
variability was seen in our study with adalimumab.
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In that clinical trial, pharmacokinetic samples were
collected 12 hours apart during the first week (figure
3.1H-K). Seemingly, the evening concentrations (0.5,
1.5,2.5,...daysafteradministration) were higher than
the morning concentrations (1, 2, 3, ... days after ad-
ministration), with a mean difference of 13.3% (sD
10.5) per participant. It should be noted, however,
that for the main part of the adalimumab trial, the
participants were ambulatory, and travelled both in
the morningand evening to theclinical unit, making
postural changes unlikely.

Additionally, the magnitude of many of the re-
maining fluctuations in plasma concentration for
the investigated MABs (figure 3.1) exceeded by far
the reported increases by Van Iersel et al.® and what
would be physiologically achievableasaresult of con-
traction of the plasmavolume. Furthermore, concur-
rent changes of equal magnitude in intravascularly
distributed endogenous substances with a relatively
constant production, such as albumin and erythro-
cytes, was not seen, which is not in keeping with the
fluid shift hypothesis. In conclusion, we argue that
the majority of the observed fluctuations in the pro-
files cannot be explained by physiological variability
orassay variability and should be considered genuine.

Now that we have demonstrated that the observed
fluctuations in MAB pharmacokinetic profiles are
likely to be genuine, a few considerations are war-
ranted. First, the occurrence of additional peaks
immediately following administration (<24 h and
<14 days for intravenous and subcutaneous admin-
istration, respectively) was usually higher than in
the period thereafter, regardless of the chosen value
for normal intra-subject variability. An explana-
tion for this phenomenon may be that the sampling
frequency is usually decreased over time, thereby
reducing the chance to identify relative extremes.
Additionally, some MABs had relatively short profiles,
and thusalimited number of data pointsafter 24 h, as
was the case for products Aand B.

Next, the question rises which physiological
mechanism may be responsible for the phenomenon
of fluctuating plasma concentration. One explana-
tion comprises the capture and subsequent release
of MABs by tissues or components, which would pre-
sumably be large quantities of MAB, given the ob-
served magnitude of the excursions, with increases
of 50% or more (table 3.3). Moreover, the MAB is pre-
sumably released quite rapidly, as the changes over

50

time in certain cases approach the infusion rate of
intravenous administration (figure 3.1). Earlier, we
demonstrated the endothelium to be a potential
candidate for dynamically binding biopharmaceu-
ticals.10 Nonetheless, there may be other locations
where MABs can be stored temporally. For example,
can MABs simply pool in the venous compartment or
inless perfused organs? Does an extravascular reser-
voir exist? Which physiological or pathophysiological
mechanismsunderlie the release (‘auto-injection’) of
the MAB into thecirculation?

Considering daily life, the redistribution of blood
flow tovariousorgansduringalimentation (gastroin-
testinal system), resting, and physical exercise (mus-
cles) may either mask or expose sites for adsorption,
absorption,and elimination, or, in contrast, flush out
pooled or adsorbed MABs in these organs. Possibly,
changes in the local milieu (e.g. pH), competition for
adsorption sites by other substances, and modifica-
tions to structural components involved in binding
or transport of MABs can mediate the release into the
circulation. Withoutdedicated research on the distri-
bution of MABs over the body, however, these options
remain speculative at best.

MABs are designed to specifically bind a particu-
lar target, and the resulting complex is internalised
and subsequently degraded by eitherimmune cells or
the target cell.1;3 Therefore, this elimination process
cannot contribute to increases in the plasma concen-
tration of a MAB. However, it is conceivable that an
abrupt decrease in the target-mediated elimination
route — for example, because of down-regulation of
the target following exposure toan abundanceof cir-
culating MABs — can acutely elevate plasma concen-
tration, provided that thereis continuous absorption
of the MAB into the plasma compartment, as with
subcutaneous administration. Other prerequisites
for this possible explanation are a relative high ab-
sorption rate and a significant contribution of the
target-mediated pathway to the total elimination
of the MAB, which does not seem to be the case based
on published values regarding absorption and elim-
ination rates.5>11 By analogy, although variations in
the absorption rate over time after subcutaneous ad-
ministration can theoretically change plasma con-
centrations of MABs, the absorption of MABs from a
subcutaneous depot into the circulation is generally
understood to be slow,2 which is not in line with the
observed rapid and large excursions.
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The neonatal Fc-receptor (FCRN, or Brambell-
receptor) requires special consideration. Binding of
a MAB to this receptor does not result in lysosomal
degradation, but returns the MAB-FCRN complex to
the cell membrane.1+4,5:12 Such recycling of MABs to
the vascular compartment may contribute to fluctu-
ations in plasma concentration, as MABs can be tem-
porarily sequestered from the circulation.!3 However,
researchsuggests the transportation ofimmunoglob-
ulinsby FcRNis quite rapid.14 Another function of the
FcRNistranscytosis of immunoglobulins, including
MABs. Accordingto currentunderstanding, distribu-
tion of MABs to tissues is slow and limited 1-3,5 which
suggests this process cannot explain our observa-
tions. Furthermore,albuminisalsoasubstrate of the
FcRN,!12 and comparable fluctuations in its concen-
tration have not been documented. Nonetheless, in-
volvement of the FCRN cannotbe ruled out, although
itwould beinteresting to know which factors, in that

case, can trigger abrupt changes in FCRN-mediated

transcellular transportrate of MABs.

An important question to be answered is what the
clinicalrelevance of fluctuationsin plasmaconcentra-
tionovertimecouldbe. Assumingthatplasmaconcen-

tration is a key determinant to achieve therapeutic

al

concentrations at the site of action, measuring and
understanding variations in plasma concentrations
over time are probably pivotal. Therefore, we hope to
initiateabroad discussion within thefield on possible
explanations for the observed phenomena, as well as
how toincrease more fundamental knowledge of the

pharmacokinetics of MABs.

In conclusion, the plasma concentration of MABs

canvaryabruptly and to a great extent, which cann

ot

be explained by normal physiological or assay vari-
ability. Future studies are required to elucidate this
phenomenon and to determine its relevance for clin-

ical practice.
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FIGURE 3.51 Exampleindividual pharmacokinetic
profile

Example individual pharmacokinetic profile on linear scale (a)
and logarithmic scale (B). The margins of the exponential growth
constant, A, are displayed in ¢ and are based on the formula
A+cv;=B-eM, where A is the observed plasma concentration, cv;
the chosen intra-subject variability, B the plasma concentration of
the previous sample, and ¢ the difference in sample collection time
betweenA and B. Atacv;of 8% (dark grey area), nosingle A can de-
scribe both the relative maximum at day 14 and the surrounding
curve (black dashed line). However,atacv;0f 50% (light grey area),
acommon A canbe found (grey dashed line). Hence, the additional
peakiscountedatacv;of 8%butnotatacv;of50%.
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CHAPTER IV

Characterisation
of immunostimulation
by trastuzumab in responders
and non-responders

J.A.A. Reijers, M.]J.C. Dane, K.E. Malone, J. Burggraaf, M. Moerland

Itis often difficult to predict thelikelihood of immunostimulation by monoclonal antibodies
and identify who is at risk based on preclinical results. We explored the feasibility of an ex vivo
cytokine release assay to detect trastuzumab-induced immunostimulation by correlating in
yivo and ex vivo results. Also, the effect of trastuzumab on human umbilical vein endothelial
cells (HUVECs) was studied.

Healthy male volunteers were selected from a previous clinical trial in which they had been
exposed to trastuzumab. Five donors had experienced fever (responders) and six had not
(non-responders). Additionally, ten male donors were selected from a healthy, trastuzum-
ab-naive population. Heparinised whole blood samples were collected and incubated for 24 h
with 0.2 mg/mL trastuzumab. HUVECs were grown under a constant laminar flow for 7 days,
followed by incubation with 2 mg/mL trastuzumab alone or in combination with TNF-a.

Trastuzumab induced a very mild 1L-6 response in the supernatant of the cell cultures, which
was more pronounced in the responders. A correlation was detected between the in vivo max-
imum body temperature (T}, ,,) and the IL-6 response with Pearson’s r=0.83 (95% confidence
interval: 0.45—0.95), p=0.0017. Virtually no TNF-a response was observed, although a linear
relationship to T,,,,, wassuggested in responders: r=1.00(0.93-1.00), p = 0.0004. No increased
conversion of c5 to csa was observed. The trastuzumab-naive population did not show any
cytokine or complement response. Trastuzumab did not increase E-selectin expression in
HUVECS.

Individuals who demonstrate clinical signs of trastuzumab-associated immunostimulation
show a greater ex vivo IL-6 response to trastuzumab. Both 1L-6 and TNF-a responses are corre-
lated with T, ,,, yet do not explain the full clinical picture.

are known to induce an inflammatory re-
sponse during or shortly after adminis-
tration. The most common causative MABs include
rituximab (incidence 77%), alemtuzumab (>80%),
and trastuzumab (40%).! Frequently, the severity of

S OME MONOCLONAL ANTIBODIES (MABS)

the inflammatory reactions wanes with each subse-
quentinfusionand the majority of patients experiences
areactionupon thefirstadministration only. Although
theseeventsare usually only mildly discomforting to
patients and easily manageable with anti-inflamma-
toryagents, severereactionsoccurinup to 1% of treated
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patients, which can even be fatal as a result of uncon-
trolled activation of the immune system, similar to
sepsis and anaphylaxis.!

Itis often difficult to predict thelikelihood of such
reactionsand identify whoisatrisk. Over recentyears,
especially after the disastrous TGN1412 case, progress
hasbeen madeindevelopingexvivoand invitromodels
that have increased our knowledge on this topic.2-3
These models typically utilise primary human
immune cells or (human) cell lines transfected with
innate immune-receptors that are thought to play a

role. Some models incorporate other cell types, such
as endothelial cells or the complement system.3 An
EMA workgroup# recognised cytokine release assays
asavaluabletool,yetalsoidentified numerous sources
of variability, including donor selection, type of test
matrix, and read-out parameters, adding to the com-
plexity of designingand interpreting such assays.
For rituximab and alemtuzumab, which both
target lymphocytes, in vitro test systems that mimic
the clinical response are available.5:¢ Also, the T-cell
stimulation by TGN1412 can be predicted by ex vivo

TABLE 4.1 Population characteristics

PARAMETER PLACEBO TRASTUZUMAB
(n=8) all non-responders responders
(n=46) (n=37) (n=9)
Age (year) 25.3 (3.6) 24.1 (5.8) 23.2 (5.0) 27.8 (7.8)
Height (cm) 182 (7) 182 (6) 182 (6) 182 (6)
Weight (kg) 76.3 (12.6) 77.1 (10.2) 77.3 (10.2) 76.5 (10.6)
BMmI (kg m2) 23.1 (3.3) 23.2 (2.7) 23.2 (2.8) 23.2 (2.8)
t=0h
Leucocytes (109L1) 6.0 (1.8) 5.4 (1.2) 5.4 (1.1) 5.6 (1.6)
Neutrophils 3.5 (1.3) 2.8 (0.8) 2.7 (0.6) 3.1 (1.3)
Lymphocytes 1.8 (0.5) 1.9 (0.6) 1.9 (0.6) 1.8 (0.3)
Monocytes 0.50 (0.17) 0.46 (0.14) 0.46 (0.14) 0.44 (0.13)
Eosinophils 0.17 (0.13) 0.24 (0.25) 0.26 (0.27) 0.17 (0.10)
Basophils 0.03 (0.03) 0.02 (0.01) 0.02 (0.01) 0.02 (0.01)
t=24h
Leucocytes (109L1) 6.0 (1.1) 7.3 (1.3) 7.1 (1.4) 8.2 (0.7)
Neutrophils 3.4 (0.8) 5.4 (1.4) 5.1 (1.4) 6.5 (0.8)
Lymphocytes 1.9 (0.4) 1.2 (0.4) 1.2 (0.4) 1.1 (0.2)
Monocytes 0.53 (0.12) 0.43 (0.16) 0.44 (0.16) 0.39 (0.17)
Eosinophils 0.16 (0.05) 0.27 (0.30) 0.29 (0.32) 0.17 (0.12)
Basophils 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.02 (0.01)
Ratio0/24h
Leucocytes 0.99 (0.11) 1.39 (0.28) 1.36 (0.27) 1.54 (0.31)
Neutrophils 1.04 (0.17) 2.01 (0.57) 1.94 (0.55) 2.28 (0.60)
Lymphocytes 0.92 (0.09) 0.65 (0.14) 0.66 (0.15) 0.59 (0.06)
Monocytes 1.01 (0.16) 0.97 (0.29) 0.98 (0.28) 0.92 (0.36)
Eosinophils 1.04 (0.17) 1.17 (0.32) 1.21 (0.32) 1.00 (0.27)
Basophils 0.92 (0.57) 0.94 (0.45) 0.91 (0.45) 1.03 (0.48)
Tinax (°C) 36.9 (0.2) 37.6 (0.7) 37.3 (0.4) 38.8 (0.4)
Cynax (Mg ML) — 185 (34) 185 (33) 184 (39)
AuC,, (ngday mL1) — 1609 (224) 1635 (229) 1503 (174)

Dataarepresented asmean (standard deviation).
Leucocytesat24h postadministrationand corresponding ratio were notavailable for 3 placebo subjects.
AUC,:areaunder the(trastuzumab plasma)concentration-time curve extrapolated untilinfinity

Cpnax: Maximum trastuzumab plasma concentration| Ty, maximum body temperature
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models.7-8 However, farless efforts have been devoted
to trastuzumab, and some of the applied models fail
indetectingaresponse to trastuzumab.?
Weexplored the feasibility of an exvivo cytokine re-
lease assay in whole blood to detect trastuzumab-in-
duced inflammatory responses in a group of healthy
donors. The donor population was divided into a
group of individuals who had demonstrated clini-
cal signs of an inflammatory reaction induced by in
vivo trastuzumab administration (responders) and a
group of individuals who had not (non-responders).
This allowed the correlation of the outcome of an ex
vivo whole blood cytokine release with the observed
clinical response following trastuzumabadministra-
tion in the same person. Whereas the ex vivo cytokine
release assay reflects the drug response of circulat-
ing immune cells, the in vivo inflammatory response
is the result of the interaction between circulating
immune cells and other immunological organs,
such as theliver and endothelium. In cocultures, the
combination of peripheral blood mononuclear cells
(pBMcCs)and endothelial cellshasbeen shown toeither
be critical for the development of, or to enhance the
ex vivo response towards an exogenous stimulus 3,10
Therefore, wealso tested directendothelial activation
by trastuzumab in an ‘artificial vessel’ with a quies-
cent monolayer of endothelial cells grown inside that
closely resembles the physiological situation in vivo.

METHODS

Clinical results

Clinical data were collected in a randomised trial of
parallel design, in which healthy male volunteers re-
ceived a single intravenous dose of either placebo or
trastuzumab.!1 For the purpose of this analysis, par-
ticipants who received the registered form of tras-
tuzumab (Herceptin®, n=46) were compared with
participants who received placebo (1 = 8). The investi-
gated dose of trastuzumab was 6 mg/kg (6.44 mg/kg
based onactual protein content). Asubgroup analysis
was performed on responders and non-responders,
i.e. subjects who experienced fever (body tempera-
ture>38°C)or not. Adverse events that were reported
within the first 24 h after administration were ana-
lysed, as were vital signs and laboratory assessments
(haematology and clinical chemistry) during the

same period, and details on the exposure to trastu-
zumab (maximum plasma concentration and area
under the curve [Auc]).

Exvivo stimulation

For the ex vivo stimulation, healthy male volunteers
were recruited from the cohort of 46 subjects who
were previously exposed to trastuzumab (non-naive
population) and from the community (naive popu-
lation). Subjects were selected based on the severity
of the inflammatory reaction upon iz vivo exposure.
This resulted in a group size of 11 for the non-naive
population, of whom 5 had experienced fever (re-
sponders), and 6 not (non-responders). The naive
populationincluded 10 healthy male volunteers. The
ex vivo stimulation was executed two years after the
clinical trial was completed.

Heparinised whole blood samples (18 mL, BD
Vacutainer, Becton Dickinson, Breda, The Nether-
lands) were collected and incubated for 24 h at 37°C
in a humidified atmosphere with 5% CO,, before
flash-freezing the supernatant for subsequent anal-
ysis. Tested conditions were 0.2 mg/mL trastu-
zumab (Herceptin®), 2 ng/mL lipopolysaccharide
(Lps) gel extracted from E. coli serotype 0111:B4 (Sig-
ma-Aldrich, St. Louis, Missouri, UsA), and blank
(unstimulated control). The trastuzumab concen-
tration is similar to the maximum plasma concen-
tration observed after an in vivo dose of 6 mg/kg. LPS
concentration was based on the ECy, of maximum
TNF-a release and served as a positive control. Con-
ditions were made in RPMI with 25 mM HEPES and
L-glutamine (Gibco products from Life Technologies
Europe, Bleiswijk, the Netherlands). Final dilution of
wholeblood required toachieve the tested concentra-
tionswas 1%.

Inflammatory cytokines, 1L-6 and TNF-a, were
measured by multiplex electrochemiluminescence
using a human ultrasensitive cytokine panel (Meso
Scale Discovery, LLC, Rockville, Maryland, UsA). Csa,
a late product of complement activation, was meas-
ured by ELISA (eBioscience, Inc., San Diego, Califor-
nia, USA).

Endothelial stimulation

Human umbilical vein endothelial cells (HUVECSs)
were freshly isolated from umbilical cords by 0.25%
trypsin treatment. HUVECs were cultured in EGM2
medium (Lonza, Basel, Switzerland) containing
antibiotics and antimycotics (Life Technologies,
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FIGURE 4.1 Invivoand exvivoresponse

Maximumbody temperature(Ty,,,)is plotted against theratio of neutrophil concentrationsat 24 h postadministration over pre-dose values
for the total population exposed in vivo (A); and against the ratios of trastuzumab ex vivo stimulated 1L-6 (B) and TNF-a (c) levels over back-

ground (unstimulated level) forasubset of responders (Ty, ., >

>38°C)and non-responders.

Carlsbad, California, usa) at 37°C and 5% CO,, and
used for experiments on passage 3—4. Toobtainacon-
fluent, quiescent, endothelial monolayer that closely
resembles the physiological situation, HUVECs were
grown under a constant laminar flow of 10 dyne cm2
for 7 days using a closed perfusion Ibidi flow system
(ibiTreat 0.4 p-Slide v1 Luer, Ibidi, Martinsried, Ger-
many).

The endothelial monolayer was incubated for 5 h
with TNF-a (R&D, Abingdon, UK) or trastuzumab
in medium, or with medium only (blank control).
Tested concentrations were 10, 1,0.1 ng/mL for TNF-ot
and 2 mg/mL for trastuzumab (comparable to the
concentrationin the infusate).

After stimulation, HUVECs were fixed in 4% para-
formaldehyde in HBss for 10 min at room tempera-
ture, washed twice with 1% bovine serum albumin
(BsA) in HBSS, and blocked with 5% normal goat
serum (Dako, Carpinteria, California, UsA) in HBSS
for 30 min. Cells were permeabilised with TRITON
X-100 (Merck, Darmstadt, Germany). Cultures were
incubated for at least 60 min at 4°C with 10 pg/mL
TRITC-labelled wheat germ agglutinin (WGA) (Sig-
ma-Aldrich, 1:100), Hoechst 33258 (Sigma-Aldrich,
1:5,000), and a mouse anti-human E-selectin anti-
body (R&D, 1:100) diluted in HBSS + 1% BSA. Next, the
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cell-layer was washed three times with HBSS + 1% BSA,
counterstained withan AlexaFluor® 488-coupled an-
ti-mouse-IGG (Thermo Fisher, Waltham, Massachu-
setts, USA, 1:500), washed again, and imaged using a
Leica sps confocal microscope.

Confocal 12-bit greyscale axial image stacks (xyz
dimensions, 0.08x0.08x0.13 um) that covered
6,724 um?2 of surfacearea perimage and a height of 5
to 10 um above the endothelial cell nuclear plane were
recorded using LAS-AF image software (Leica). The
image stacks were analysed with the public domain
National Institutes of Health IMAGE program (http://
rsb.info.nih.gov/nih-image). Cross-sections of the
cell-layer were generated using this software.

Statistical analysis

Data are summarised as mean (standard deviation)
or number (percentage), unless otherwise specified.
Testing for linear relationships was done by calculat-
ing the Pearson product-moment correlation coeffi-
cient(r). P-valuesand 95% confidence intervals for the
true population value (p) were obtained under the as-
sumption of normal distribution. Because of the rela-
tively small sample size, Spearman’s rank correlation
test was also performed. Fisher transformation was
used to estimate the 95% confidence interval of the
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corresponding coefficient (r;). All analyses were per-
formed with R (v2.15.2, R Foundation for Statistical
Computing, Vienna, Austria, 2012).

FIGURE 4.2 Endothelial stimulation
After 5 h incubation with medium alone, trastuzumab, or TNF-a,
humanumbilical vein endothelial cells (HUVECs) werestained with

R E S U L T S Hoechst 33258 (nucleus, blue), TRiTC-labelled wheat germ agglu-
tinin (WGA) binding the carbohydrate N-acetyl galactosamine on
the cell surface (red), and a mouse anti-human -selectin antibody

Clinical response (green) (a). Results after HUVECs were incubated with different con-

Following trastuzumab administration, 9 (19.6%)
subjects developed fever (responders, table 4.1).
Maximum body temperature (T,,,) Was reached at
4.7 h (2.6) after the start of infusion. Seven subjects
hadaT,,,,>38.5°C,and four=39.0°C.Influenza-like
symptoms (rigors, nausea, myalgia, fatigue) were re-
ported by 5 subjects, of whom 1 without fever.

Leucocytes were observed toincreaseby 39%(28)at
24h, predominantly neutrophils(increase 101%[57]),
accompanied by a decrease in lymphocytes of 35%
(14). These changes were more prominent in subjects
with influenza-like symptoms or fever (figure 4.1).
There were no differences between both subgroupsin
the maximum plasma concentration (C,,,) and area
under the curve (Auc) for trastuzumab.

Exvivoresponse

Incubation of whole blood with 0.2 mg/mL trastu-
zumab induced a very mild 11.-6 response, but virtu-
ally noTNF-aresponse(table4.2). Theincreasein1L-6
was more pronounced in the responders than in the
non-responders, whereas this difference was much
smaller for TNF-a. The trastuzumab-naive popula-
tion did not show an IL-6 or a TNF-a response upon
stimulation. Noincreased conversion of c5 to c5awas
observed after trastuzumab treatment, compared
to the unstimulated control in any (sub)population
(table4.2).

centrations of TNF-a for 5 h in the presence or absence of trastu-
zumab (trast.); only the green Alexa Fluor® 488 signal is displayed
forclarity (B).

Astrong positive and statistically significant correla-
tion was detected between Ty, and theIL-6 response
(figure4.1, correlation coefficient, r=0.83 [0.45-0.95],
p=0.0017). Spearman’s rank correlation test gave
1;=0.91(0.59-0.98),p=0.0001. Asimilarlinearrela-
tionship wassuggested for TNF-a, though only in the
responders (figure4.1,r=1.00[0.93-1.00],p=0.0004,
ry=1); furthermore, it should be noted that the ratios
of stimulated over unstimulated (background)levels
ranged from ~0.8 to ~1.2 for the majority of subjects,
which indicates no or minimal TNF-a release upon
stimulation. A correlation wasalso observed between
the ex vivo 1L-6 and TNF-a responses: r=0.90 (0.33—
0.99),p=0.0146;7,=0.85(0.41-0.97),p=0.0341. The
changes in circulating leucocytes following in vivo
trastuzumab exposure did not correlate with any of
the exvivo responses.

Endothelial stimulation

Trastuzumab did not increase E-selectin expression
in HUVECs, whereas TNF-a dose-dependently in-
creased E-selectin expression (figure 4.2). The com-
bined stimulation (trastuzumab + TNF-a) did not
reveal an additive or potentiating effect from trastu-
zumab.

TABLE 4.2 Exvivostimulation

blank control

trastuzumab

TNF-O
0.1 ng mL1

(]

w/o trast.

Ky
17
«
I
=)

=
=)

-
B

TNF-O

1 ngmL1

TNF-O
10 ng mL1

FIGURE 4.2

RATIO NAIVE NON-NAIVE
(n=10)
all non-responders responders
(n=11) (n=6) (n=5)
1L-6 1.06 (1.40) 1.26 (1.36) 1.06 (1.23) 1.57 (1.31)
TNF-0 1.11 (1.30) 1.00 (1.27) 0.92 (1.15) 1.10 (1.37)
csa 1.03 (1.13) 1.00 (1.06) 1.02 (1.08) 0.97 (1.03)

Geometricmean (standard deviation) of ratios of stimulated 1L-6, TNF-a, and c5alevels over unstimulated (background)levels for the tras-
tuzumab-naiveand non-naive population.
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DISCUSSION

OLLOWING EXPOSURE TO TRASTUZUMAB,

approximately 20% of the healthy volun-

teers developed fever with or without ac-
companying influenza-like symptoms, which is
halfofthatcommonly reported in patients.! This
may be the result of chanceas another trial in healthy
volunteers also found a lower incidence,12 whereas a
trial in healthy Japanese males reported an incidence
of ~40% 13 Batch differences could also have caused the
disparity. Nonetheless, virtually all exposed partici-
pantsshowed anincreasein neutrophils, parallelled by
adecreaseinlymphocytes,indicatingthattrue non-re-
sponsivenessin terms of trastuzumab-induced immu-
nostimulation is probably rare.

Although the occurrence of fever was associated
with greater changes in neutrophil and lymphocyte
counts, the opposite was not true. This suggests that
more than one pathway is involved in the inflamma-
tory reaction, which contributes to phenotypical
variation. Therefore, the subgroups (with or with-
out fever, termed responders and non-responders)
were studied for differences that could explain the
observed variability in response. In both groups,
comparable exposure to trastuzumab, specifically
maximum plasma concentration (Cp,,,), was seen.
Differences in any of the baseline laboratory and
other parameters were not detected. Unfortunately,
no additional material from the clinical trial was
available to further characterise the subpopulations
or further delineate their response with biomarkers
thatmight provide mechanisticinsight,e.g. (baseline)
cytokine profiles.

Exposing a number of subjects from each sub-
group to trastuzumab ex vivo revealed a difference in
the responsiveness. The release of 1L-6 was greater in
responders than in the non-responders, which was
also true for TNF-a, albeit the difference in TNF-a re-
lease wasless pronounced. The 1L-6 response upon ex
vivo stimulation correlated with the maximum body
temperature (Ty,,,) seen clinically after trastuzumab
administration, as did the TNF-a results, but only in
theresponders. Thissuggestsboth1L-6 and TNF-otre-
leaseareinvolved in the production of fever. IL-6 cor-
related with T, in the entire population exposed to
trastuzumab én vivo, whereas TNF-a showed a linear
relationship with T, ,, only within the responders.
A relationship between changes in leucocytes and
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ex vivo IL-6 or TNF-a results could not be detected.
Thus, the release of these two cytokines from circu-
lating immune cells explains only certain aspects of
theclinical picture.

Despite its almost perfect correlation, the role for
TNF-oremains more controversial since the majority
of individuals had ratios between 0.8 and 1.2, which
is usually not considered a response to a stimulus.
However, the 24 h duration of the incubation may
have been suboptimal for detecting the peak values
ofthis cytokine. We have datademonstrating that the
measured TNF-a in the supernatant decreases with
prolonged incubation, even after 4 h (data on file).
Therefore, the presented TNF-a results could bearel-
ative response rather than an absolute figure.

Because the ex vivo study was conducted after the
in vivo study, carry-over effects cannot be excluded,
but these are unlikely to have influenced the results.
Based on available pharmacokinetic data, trastu-
zumab is completely cleared from the body two years
after administration and thus could not have inter-
fered with the ex vivo stimulation. The finding that
most inflammatory reactions occur during the first
infusion points toward the innate immune system in
mediating the response. Furthermore, the ex vivo1L-6
response correlated well with the T, observed two
years earlier, which also suggests that an individual’s
responsiveness to trastuzumab does not change over
time.

Complement activation was not observed by us
upon ex vivo stimulation in any of the populations or
subgroups. Additionally, trastuzumab did not acti-
vate endothelial cells, nor did trastuzumab potenti-
ate TNF-a-mediated endothelial activation, which is
inagreement withareportby Findlay et al14 However,
these findings do not preclude the possibility of aug-
mentation of theinitiallylimited inflammatory (1L-6
and TNF-a) response when trastuzumab engages a
particular target present on for example endothe-
lium, or the activation of endothelial cells by the cy-
tokines released from circulating immune cells.

Minor responses to trastuzumab were previously
elicited inanexvivo model usingleucocytes and autol-
ogous platelet-poor plasma on top of a HUVEC layer,8
butwere notobserved inamodel thatused peripheral
blood mononuclear cells (PBMCs) in combination with
autologousendothelial cells? Similarly, trastuzumab
immobilised onto a plastic surface induced cytokine
release from PBMcCs, whereas no reaction occurred
when PBMCs were exposed to soluble trastuzumab.14
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The method of culturing the endothelial cells in pre-
vious studies may also have influenced their results.
Cultured endothelial cells are phenotypically differ-
ent compared to in vivo endothelial cells. One of the
key factors for this difference is the absence of flow in
traditional endothelial cell culture. Since shear stress
leads to a more quiescent, less inflammatory and less
proliferative state,15-17 it thereby better mimics the
healthyinvivosituation. Culturing under flow, or per-
hapsevenunder flow in 3D cultured vessels, which are
currently under development, may thereforeimprove
these studies.

Remarkably, trastuzumab is sometimes used as a
negative control in (ex vivo) immunostimulation ex-
periments, which may be related to the small number
of donorsincluded in the published experiments. Our
datasuggest that trastuzumab is capable of eliciting
an immune response in susceptible humans and
therefore should not be used as a negative control in
immunostimulation testing.

Main strength of our study is the correlation of
known clinical responses with results from ex vivo
wholeblood stimulations within thesameindividual.
Based oninvivodata, we wereable toidentify ‘respond-
ers’and ‘non-responders’ and indeed observed differ-
ences in the reactivity of their circulating immune
cellstoexvivotrastuzumab exposure. Thisin contrast
to the naive population (7 = 10), where no response to
trastuzumab could befound, which should notbesur-
prisingwithapreselection incidence of ~20% for fever.

Unfortunately, the difference between responders
and non-responders in ex vivo 1L-6 and TNF-a release
was too small for this type of test to serve as a general
screeningassay.

For two MABs, alemtuzumab and rituximab,
the pathogenesis of the inflammatory response has
been elucidated. In both cases, different mechanism
were involved in the immunostimulation; cytokine
release (IL-6, TNF-a, and IFN-Y) following alemtu-
zumab was found to result from an interaction
with natural killer (Nk) cells via Fcy-receptors,5-18
whereas rituximab induced complement activation
and stimulated m1p-1B secretion from NK cells.6,19
Lack of knowledge on the exact mechanism of tras-
tuzumab-associated immunostimulation does not
facilitate an easy interpretation of our results or
the development of a discriminating (ex vivo) assay.
Nonetheless, by simultaneously studying in vivo
and ex vivo responses, the involved pathways may be
unravelled.

In conclusion, individuals who demonstrate clinical
signs of trastuzumab-associated immunostimula-
tion show an elevated ex vivo 1L-6 response to trastu-
zumab. Both 1L-6 and TNF-a response are correlated
with the observed in vivo maximum body temper-
ature, yet do not explain the full clinical picture. It
remains difficult to predicta clinical response in an
individual or to separate responders from non-re-
sponders based on ex vivo results.
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CHAPTER YV

MDCO-216 does not induce adverse
immunostimulation, in contrast
to its predecessor ETC-216

J.A.A. Reijers, D.G. Kallend, K.E. Malone, ].W. Jukema, P.L.]. Wijngaard, J. Burggraaf,
M. Moerland

Aim of this study was to demonstrate that Mbco-216 (human recombinant Apolipoprotein A-1
Milano) does not induce adverse immunostimulation, in contrast to its predecessor, ETC-216,
which was thought to contain host cell proteins (HcPs) that elicited an inflammatory reaction.

Datawere taken fromaclinical trial in which 24 healthy volunteers (Hv) and 24 patients with
proven stable coronary artery disease (sCAD) received a single intravenous dose of MDC0O-216,
ranging from 5 to 40 mg/kg. Additionally, whole blood from 35 HV, 35 sCAD patients, and 35 pa-
tients requiring acute coronary intervention (aCAD group) was stimulated ex vivo with MDcoO-
216 and ETC-216.

Noinflammatory reaction was observed in HvV and scAD patients following MDCO-216 treat-
ment, judging by body temperature, white cell counts, neutrophil counts, c-reactive protein,
circulating cytokines (1L-6 and TNF-a), and adverse events. In the ex vivo experiment, the ge-
ometric means (standard deviation) of the ratio of MDC0-216 stimulated 1L-6 over background
levels were 0.8 (1.9), 0.7 (1.5), 1.0 (2.0) for respectively HV, sCAD, aCAD. The corresponding
ETC-216 stimulated values were 15.8 (2.9), 9.5 (3.6), 3.8 (4.0). TNF-a results were comparable.
Because many ETC-216 stimulated samples had cytokine concentrations >ULOQ, ratios were
categorised and marginal homogeneity of the contingency table (MDCO-216 vs. ETC-216) was
assessed with the Stuart-Maxwell test. P-values were <0.0005 for all populations.

MDcCO0-216 did notinduce adverse immunostimulation in Hv and sCAD patients, in contrast
to ETC-216. Results from the ex vivo stimulation suggest the same holds true for acAD patients.

VER THE PAST DECADES, HIGH DENSITY

O lipoprotein (HDL)and Apolipoprotein A-1

(AroA-1)havebeen targeted in the pursuit

of therapies that reduce the risk of cardiovascu-

lar events. One of these therapies is APOA-1 Milano

(APOA-Ty), a naturally occurring mutant of APOA-I,

which was found to be associated with cardioprotec-
tive effects.2,3

Because of these effects, a human recombinant

APOA-1y, codenamed ETC-216, was developed by Es-

perion Therapeutics in the nineties. In vitro results
with recombinant APOA-I; demonstrated enhanced
reverse cholesterol transport,and, in animal models,
regression of atherosclerotic plaques was observed #
ETC-216 induced profound lipid changes in the in-
itial phase1study (unpublished results), resulting in
a lipid profile that closely resembled carriers of the
APOA-1; mutation. However, dose-dependent in-
creases in neutrophils, parallelling decreasesinlym-
phocytes were observed as well. This phenomenon
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wasfirstseenin malesatadoselevel of 50 mg/kg(neu-
trophilincrease>200%),and in femalesatadoselevel
of 15 mg/kg (increase ~80%).

After decreasing the infusion rate from 1.67 to
1.25 mg kg1 min for males and 0.83 mg kg1 min
for females, a dose of 100 mg/kg in males and a dose
of 50 mg/kg in females was required to induce equal
changes in neutrophils and lymphocytes (figure 5.1).
Maximum change from baseline in white blood cell
counts was observed at 4 h after the start of the infu-
sion, returning to baseline twenty hourslater.

A similar dose-dependent pattern was seen for the
adverse events reported within 24 h of administra-
tion. Following 15 mg/kg ETC-216 in healthy females,
and following 50 mg/kg ETC-216 in healthy males, re-
spectively 2/3 and 1/3 participants developed gastro-
intestinal symptoms (nausea, vomiting, diarrhoea).
Lowering the infusion rate reduced the incidence of
these events; however, at 100 mg/kg, 3/3 participants
reported gastrointestinal symptoms. These eventsoc-
curred approximately 2—4 h after infusion and were
sometimesaccompanied by systemicsymptoms, such
asdiaphoresisand changesin body temperature.

In the subsequently executed phase 11 study in pa-
tients with an acute coronary syndrome (Acs),3 it was
shown that ETc-216 doses up to 45 mg/kg were asso-

ciated with a significant regression of the atheroscle-
roticburden. Not many adverse events were reported,
although in a single patient a possible hypersensitiv-
ity reaction was noted, consisting of gastrointestinal
complaints, rash, chills,and diaphoresis.

Despite the overall promising results, clinical de-
velopment was halted after a serious adverse reac-
tion in one patient had occurred early during the
third clinical trial. When administered intravenously
within the hour after percutaneous coronary inter-
vention (PcI), a patient developed a severe reaction
duringinfusion, consisting of flushing, chills,and hy-
potension, ultimately leading to multi-organ failure.

Because theavailabledata pointed toasystemicin-
flammatory reaction, contamination of the infused
drug product was considered. Careful evaluation of
the entire manufacturing process revealed that ETc-
216 contained small quantities of residual host cell
proteins (HCPs) that elicited an immune response
(unpublished results). Importantly, these effects re-
mained undetected during preclinical development,
and became apparent only when the drug was ad-
ministered to humans, even though all appropriate
standards and guidelines had been followed.

AcomponentoftheHcpsintheETc-216 drug prod-
uct was demonstrated to be flagellin, using an assay

TABLE 5.1 Investigated populations

HV SCAD acAD
Inclusion criteria
Age(years) 18-55 45-80 =18
Body weight (kg) <110 <110 .
BMI (kg m2) 18-25 <40 —
Coronary event — requiringarevascularisation requiringanacute

procedure revascularisation procedure

Latency betweenevent — >1year immediately prior to the
and exposure revascularisation procedure
Concomitanttherapy  notallowed, except for standard of care, except standard of care

oral contraceptives for HDL-raising therapy
Exposure details
Invivo singledose MDCO-216 singledose MDCO-216 —

5-40 mg/kg(n=16)or 10-40 mg/kg(n=16)or

placebo(n=8)in2h placebo(n=8)in2h
Exvivo ETC-216 0.5 mg/mL ETC-216 0.5 mg/mL ETC-216 0.5 mg/mL

MDCO-216 0.5 mg/mL

MDCO-216 0.5 mg/mL

MDCO-216 0.5 mg/mL

Inclusioncriteriafor thedifferent populationsand details of inand exvivo exposure.
acAD: patients withacute coronaryartery disease (CAD)|Hv: healthy volunteers|scaD: patients with stable coronaryartery disease (CAD)

64



CHAPTER 5 — MDCO-216 DOES NOT INDUCE ADVERSE IMMUNOSTIMULATION, IN CONTRAST TO ITS PREDECESSOR ETC-216

based on the human toll-like receptor (TLR)5.6 Other
impurities included an oligopeptide-binding pro-
tein (OPPA), adipeptide-binding protein (DPPA), and
maltose-binding periplasmic protein (MALE).”

Due to the physical characteristics of APOA-I,;, re-
ducing these impurities proved difficult, and was ul-
timately achieved by selectively deleting the genes
encoding some of the contaminating proteins and by
other significant improvements to the downstream
manufacturing process.”® Hereafter, recombinant
APOA-T; was reintroduced as MDCO-216 by the Med-
icines Company and was tested in healthy volunteers
and in patients with stable coronary artery disease
(cAaD).10

Thischapter describes the results of ex vivostimula-
tion of whole blood samples with ETC-216 and MDcO-
216 in three populations (healthy volunteers, patients
with stable cAD, and patients with acute cAD). The
aim was to characterise the differences in cytokine
releasing potential between both drug products. To
confirm that the Hcps thatinduced an inflammatory
response were indeed successfully eliminated, the in
vivo experience with MDCo-216 was compared to the
exvivo results.

METHODS

Populations

Table 5.1 summarises the inclusion criteria of the in-
vestigated populations; these encompass both the
in vivo and ex vivo exposed populations. Data on the
in vivo experience with MDC0-216 came from a ran-
domised, double-blind phase 1 clinical trial, 10 in
which 24 healthy volunteers (Hv) and 24 patients with
stablecAD (scAD)received asingleintravenous dose of
5-40 mg/kg MDCO-216 or placebo.

All subjects enrolled in this trial were also chal-
lenged ex vivo with both ETC-216 and MDcCO-216, to-
gether with those screened for participation and
meeting the criteriaaslisted in table5.1. All trial par-
ticipants provided written informed consent.

Acute CAD (acAD) patients were recruited from pa-
tients with an acute coronary syndrome (Acs) who
presented to the department of cardiology of the
Leiden University Medical Center (Leiden, The Neth-
erlands) for a percutaneous coronary intervention

(pc1). After verbal approval, the blood sample for ex
vivo stimulation was collected alongside the routine
clinical samples. Written consent was asked atalater
stage;ifnot provided, theblood sample was destroyed
and notanalysed.

Approval was obtained from independent ethics
committees forall trialsand related procedures prior
to the start of the respective studies, in accordance
with pertaininglegal requirements.

Exvivo exposure

Ex vivo stimulations were performed at Good Bio-
marker Sciences (GBS, Leiden, The Netherlands). Hep-
arinised whole blood samples (18 mL, BD Vacutainer,
Becton Dickinson, Breda, The Netherlands) were col-
lected and incubated for 4 h at 37°C in a humidified
atmosphere with 5% CO,, before flash-freezing the
supernatant for subsequent analysis.

Tested conditions were 0.5 mg/mL ETC-216 or
MDCO-216 (The Medicines Company, Ziirich, Switzer-
land), 2 ng/mL lipopolysaccharide (Lps) gel extract-
ed from E. coli serotype 0111:B4 (Sigma-Aldrich, St.
Louis, Missouri, UsA), and blank (unstimulated con-
trol). The concentration of 0.5 mg/mL for ETC-216
and MDCO-216 correlates with the maximum plasma
concentration achieved following an in vivo dose of
20-30mg/kg.Lps concentration wasbased ontheEc,,
of maximum TNF-a release and served as a positive
control. Conditions were made in RPMI with 25 mM
HEPES and L-glutamine (Gibco products from Life
Technologies Europe, Bleiswijk, the Netherlands).
Final dilution of whole blood required to achieve the
tested concentrationswas 10%.

Ex vivo exposure of a subject to MDCO-216 always
occurred prior to any in vivo exposure (HV and sCAD).
Blood sampleswerekeptat37°Cand processed within
one hour after collection, with the exception of the
acAD population, where an interval of up to 12 h was
allowed, to increase the number of evaluable sam-
ples. Additionally, these samples from acAD patients
were keptatroom temperature, since this reduces cell
death and subsequent lack in responsiveness upon
stimulation (dataon file).

Safety assessments

Safety assessments after in vivo exposure were per-
formed at regular intervals during the follow up
period. These consisted of vital signs, 12-lead elec-
trocardiograms, physical examination, registration
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of adverse events, and routine clinical chemistry
and haematology evaluation. Safety blood samples
were collected and analysed in accordance with local
protocols.

Cytokines

TNF-a and IL-6 were quantitated in culture superna-
tantsand in plasmasamples by GBs. For supernatants,
a R&D Quantikine ELISA assay (R&D Systems, Inc.,
Minneapolis, usA) was used, and for plasma samples,
aR&D Quantikine HS ELISA assay. All samples from one
subject were assayed in one run. LPs stimulated sam-
ples were initially measured after 20-fold and 50-fold
dilution, for TNF-at and 1L-6 respectively, in the man-
ufacturer provided diluents. Other samples were ini-
tially measured undiluted. Samples were remeasured
withhigherdilutionasneeded.

TNF-aand 1L-6 values in the supernatants were ac-
ceptedifduplicates were<20% coefficientof variation
for values within the calibration range: LLoq (lower
limit of quantification) 15.6 pg/mL and 3.1 pg/mL,
and uLoqQ(upperlimitof quantification) 1,000 pg/mL
and 300 pg/mLfor TNF-aand 1L-6, respectively. TNF-o

and 1L-6 values in the plasma samples were accepted
if duplicates were <20% coefficient of variation for
values within the calibration range: LL0Q 0.5 pg/mL
and 0.16 pg/mL,and uLoQ 32 pg/mLand 10 pg/mL for
TNF-ocand IL-6, respectively.

Statistical analysis

Allavailabledatawereincluded in theanalysesunless
otherwiseindicated. Values <LLOQ or>ULOQ were re-
placed by respectively the LLOQ or ULOQ, as appro-
priate. Log-normally distributed parameters were
In-transformed prior to analysis.

Individual ratios of stimulated cytokine levels
over unstimulated (background) levels were calcu-
lated and compared statistically. In case of back-
ground levels <LLoQ or stimulated levels >UL0Q, the
corresponding ratio (respectively [stimulated]/LLoQ
or uLoQ/[unstimulated]) was regarded as the lower
margin of the interval (calculated ratio,ee] for the
purpose of categorical data analysis.

Continuousdatawere primarily analysed usingan
analysis of variance, which could includea covariance
analysis to correct for confounding factors. Contrasts

TABLE 5.2 Population characteristics

PARAMETER EXPOSED IN VIVO EXPOSED EX VIVO
HV SCAD HV SCAD acAD
(n=24) (n=24) (n=35) (n=35) (n=35)
Age (year) 26.2 (8.6) 62.8 (7.0) 24.6 (7.5) 64.0 (7.8) 64.4 (12.9)
Height (cm) 175 (8.7) 177 (6.7) 176 (8.7) 177 (6.3) 176 (10.7)
Body weight (kg) 70.0 (11.3) 85.0 (12.8) 69.8 (10.8) 86.5 (13.3) 81.4 (19.2)
BMI (kg m2) 22.5 (1.8) 27.0 (3.3) 22.3 (1.9) 274 (3.3) 26.1 (5.3)
Gender
Female (1) 14 (58%) 1 (4%) 18 (51%) 1 (3%) 11 (31%)
Male (n) 10 (42%) 23 (96%) 17 (49%) 34 (97%) 24 (69%)
Revascularisation procedure
CABG (1) — 12 (50%) — 14 (40%) 0
pcI (1) — 12 (50%) — 21 (60%) 35 (100%)
Coronary involved
Cx (n) — (25%) — 10 (29%) 15 (43%)
LAD (n) — (29%) — 8 (23%) 19 (54%)
RCA (1) — (25%) — 12 (34%) 15 (43%)
Unknown (1) —_ 10 (42%) —_ 13 (37%) 12 (34%)

Mean (standard deviation) or number (percentage) for different populations, who were exposed in vivo to MDCO-216 or who were exposed ex

vivotobothMDCO-216 and ETC-216.

aCAD: patients withacute coronary artery disease (CAD)| CABG: coronary artery bypass grafting|Cx: circumflexartery
HV: healthy volunteers|LAD: leftanterior descending artery|PCI: percutaneous coronary intervention|RcA: rightcoronary artery

sCAD: patients with stable coronaryartery disease (CAD)
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TABLE 5.3 Exvivoresults

HV SCAD acAD
(n=35) (n=35) (n=35)
1L-6
LPS 797.7 (1.9) 933.5 (2.0) 62.1 (6.5)
ETC-2162 15.8 (2.9) 9.5 (3.6) 3.8 (4.0)
MDCO-216 0.8 (1.9) 0.7 (1.5) 1.0 (2.0)
TNF-OU
LPS 117.4 (1.9) 242.0 (1.8) 46.9 (4.0)
ETC-2162 9.0 (2.8) 6.0 (3.8) 3.5 (4.0)
MDCO-216 0.8 (1.8) 0.7 (1.9) 1.0 (2.0)

Geometric mean (standard deviation) of ratios of LPS, ETC-216, and
MDCO0-216 stimulated cytokine concentration over unstimulated
(background)levels for1L-6 and TNF-a.

a.Ratios are underestimated as a result of stimulated samples
being>uLoqQ: for1r-6 in 26 (74.3%) HV, 19 (54.3%) sCAD, 16 (45.7%)
acAD; and for TNF-a in 20 (57.1%) HV, 24 (68.6%) sCAD, 6 (17.1%)
aCAD.

acAD: patients with acute coronary artery disease (CAD) | HV:
healthy volunteers | Lps: lipopolysaccharide | scAD: patients
with stable coronary artery disease (CAD) | uLoQ: upper limit of
quantification

and effects (with 95% confidence intervals) were cal-
culated asrelevantaccording to the Tukey method. If
theassumption of equal variance was not met, multi-
ple Welch’s t-tests were performed to evaluate the va-
lidity of the statistical results. Categorical data were
analysed in a logistic regression model, which could
includeacovarianceanalysis to correct for confound-
ing factors. For contingency tables, marginal homo-
geneity was tested with the Stuart-Maxwell test.

Data analysis was performed with R (v2.15.2, R
Foundation for Statistical Computing, Vienna, Aus-
tria, 2012). Results are presented as mean (standard
deviation or 95% confidence interval) for continuous
data,and asnumber (percentage) for categorical data,
unless otherwise specified.

RESULTS

Exvivo exposure

Intotal,35 Hvand 35sCAD patients, who werescreened
for participationin theMDbco-216 phase1clinical trial,
had evaluable results following ex vivo exposure and
were included in the analysis. Additionally, 38 acAD
patients signed informed consent and provided a

blood sample for ex vivo testing in the prespecified
period (October 2013 to May 2014), of whom 35 had
evaluable results and were included in the analysis.
Baseline characteristics of the different populations
arepresented in tables.z.

Table 5.3 presents the released 1L-6 upon stimu-
lation of whole blood samples with either ETc-216
or MDCO-216 in relation to background 11-6 levels.
From this table, itis seen that ETC-216 clearly elicited
a cytokine response, especially when compared to
MDCO0-216, which seemingly inhibited spontaneous
(unstimulated) cytokine release, with a geometric
mean ratio of 0.7-1.0, for respectively scAD and acAD.
Thiswasnotcaused by aninterference of MDCO-216in
the measurement of 1L-6,as was determined by meas-
uring a sample with known cytokine levels with and
without spiking of MDC0-216 just prior to analysis.

Because many ETC-216 stimulated samples had cy-
tokine concentrations >UL0Q (e.g. HV: 26 [74.3%] for
1L-6 and 20 [57.1%] for TNF-a), preventing the use
of an analysis of variance, the ratios of ETC-216 and
MDCO-216 stimulated over background levels were
categorised and marginal homogeneity of the con-
tingency table of MDCO-216 vs. ETC-216 was statisti-
cally tested with the Stuart-Maxwell test. Categories
were chosen as <0.2, [0.2,0.5), [0.5,1), [1,2), [2,5),
=5, based on the fact that virtually all >urLoq values
resulted in a ratio greater than 5. For 1L-6, the thus
obtained p-values under the null hypothesis of mar-
ginal homogeneity were <105, <105, and 0.0004 for
HYV, sCAD, and acAD, respectively; the corresponding
results for TNF-a were <105, <104, and 0.0005, in-
dicating that ETC-216 and MDCO-216 yielded statisti-
cally significantly different cytokine responses.

When comparing the different populations, ETC-
216 generally induced lower 1L-6 releasein the CAD pa-
tients than in healthy volunteers. Lower ratios in the
CcAD populations were also obtained for the MDco-216
stimulated samples, but LPs exposure resulted in a
lower ratioin theacAD population only. These differ-
ences could not be related to age, weight, Bm1, blood
pressure, (differential) leucocyte count, the severity
of the cAD based on total obstruction, the coronary
involved, or the type of revascularisation procedure.

The ex vivo results in the acAD population did not
substantially differ from those obtained in the scAD
population. However, some acute CAD patients had
considerably higher background (unstimulated)1L-6
levels,upto 2,664 pg/mL(median 37.3), compared to
a maximum of 84.4 pg/mL (median 14.1) in sCAD.
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FIGURE 5.1 Invivoresults

Absolute change (median) over timein clinical markers of inflammation is displayed for placebo and the highest dose (40 mg/kg) of MDCO-
216 inhealthy volunteers (Hv) and in patients with stable coronary artery disease (scAD): white cell counts (), neutrophil counts(B), c-reac-
tive protein(c),1L-6levels (D), body temperature (), and TNF-alevels (F). Asareference, the median profiles over timein malesin the placebo
and highest dose groups from the (unpublished) phase1ETC-216 trial are projected in the background. Of note, 75 mg/kgand 100 mg/kg of
ETC-216 were administered at half the infusion rate as was 50 mg/kg of ETC-216 (see main body). Oral temperature served as body tempera-
tureinthe ETc-216 phase1trial, whereas tympanic membrane temperature was used in the MDCO-216 phase1trial.
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A relationship could not be detected between back-
ground levels and demographics or clinical parame-
ters, such as severity of the coronary syndrome based
on total coronary obstruction as estimated during
acuteangiography.

Bioanalytical causes for this phenomenon were
not found, neither could the high background levels
be related to the interval between sample collection
and processing. Albeit true that a time-dependent
decrease in cytokine response was observed, a pro-
longed interval was not associated with higher back-
ground levels,and judging from theratios, the overall
effects of ETC-216, MDCO-216,and LPs in these samples
were consistent with the results obtained from sam-
ples that were processed immediately after collection
(datanotshown).

Statistical significance was reached for the pop-
ulation differences in MDCO-216 and LPs stimu-
lated results, based on an analysis of variance of the
In-transformed ratios over background (unstimu-
lated) cytokine levels, which included sex as covari-
ate.ForLps, thedifferencein TNF-aratiosbetween the
scAD and HV population was 206% (95% confidence
interval [c1]: 120-355,p=0.0057), between acaAD and
HV 40% (24-68, p=0.0002), and between acAD and
SCAD 19% (11-33, p <10-9). For MDCO-216, only the
difference between scAD and acAD populations was
statistically significant (1L-6: ratio 69% [95% c1: 50—
95],p=0.0170; TNF-a: ratio 67% [48—94], p=0.0169).
Other covariates were not found to have a statistically
significanteffect, norimproved the model fit.

Population differences were difficult to test sta-
tistically for the ETC-216 stimulated condition and
1L-6 results following LPs stimulation, due to many
stimulated cytokine levels being >UL0Q, Analysing
areduced dataset which only included values <uLoqQ
resulted in underpowered comparisons. Attempts to
fitamultinomial regression model after categorising
the datafailed for the same reason.

Invivo exposure

Table 5.2 lists the baseline characteristics of the pop-
ulations exposed to MDCO-216 i1 vivo. The most com-
monly used medication by stable CAD patients wasan
antithrombotic agent (96%), mainly acetylsalicylic
acid (83%). Statins were used by 92%, B-blockers by
58%, and ACE-inhibitors by 38% of the patients.

In the HV population exposed to MDCO-216, two
subjects complained of abdominal pain or disten-
sion, one (50%) in the 10 mg/kg group and one (25%)

inthe 20 mg/kggroup, whichstarted 9hafteradmin-
istration. Stable CAD patients receiving MDCO-216, re-
ported nausea once (4 h post-dose, 20 mg/kg group)
and diarrhoea once (13 h post-dose, 40 mg/kg). The
latter case was a patient who had undergone a chole-
cystectomy and since then regularly developed diar-
rhoeaafteringesting high-fat meals.

Noinflammatory reaction was observed in Hvand
SCAD patients, judging by body temperature, white
cell counts, neutrophil counts, c-reactive protein,
and circulating cytokines (figures.1).

DISCUSSION

ECOMBINANT PROTEINS REPRESENT A
powerful class of drugs that is employed
to supplement absent or insufficient
quantities of essential enzymes, hormones, and
coagulation factors. Additionally, peptides can be
designed tospecifically interact with cells or receptors
and thus interfere in the pathophysiology of certain
diseases.11-13
However, since these proteinsor peptidesareinvar-
iably expressed in allogeneic, often non-human, cell
systems, foreign materialis released into the medium
together with the protein of interest. Countless impu-
rities can trigger the immune system; especially bac-
terial based platforms, such as those using Escherichia
coli, are notorious suppliers of immunostimulatory
impurities like endotoxin (lipopolysaccharide or
LPS).14 Also, theremaining proteinsina pharmaceuti-
cal, collectively referred to ashost cell proteins (HCPs),
can potentially elicitan inflammatory reaction.15
ETC-216, expressed in E. coli, was approved forintra-
venousadministration tohumansinaccordancewith
all pertaining regulatory guidelines. Specifically, the
limulus amoebocyte lysate (LAL) test was negative,
HCP levels were <10 ppm, and each dose contained
<10ngofresidual DNA.
Nevertheless,administration of ETc-216 to healthy
volunteers induced dose-dependent neutrophilic
leucocytosis, increases in body temperature, and
gastrointestinal side effects. In CAD patients, hyper-
sensitivity-like reactions were observed as well as gas-
trointestinal side effects. In retrospect, these findings
areeasily recognised as signs and symptoms of an in-
flammatory response caused by the HCP impurities.
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After several modifications were made to the man-
ufacturing process to reduce the HcP levels, the re-
combinant APOA-T,; was reintroduced as MDCO-216.
Because it was deemed unethical to expose a human
population to a product with aknown immunostim-
ulatory propensity (ETC-216), an ex vivo whole blood
incubation assay was applied to compare differences
in cytokine response to MDCO-216 and ETC-216.

Results demonstrated that ETc-216 clearly in-
duced cytokine release, in contrast to MDCO-216. In
HV and sCAD patients, MDCO-216 even slightly inhib-
ited (spontaneous)release. This difference was statis-
tically significant for all populations, with p-values
<0.0005. The observed inhibition of approximately
30%bymDco-216isinaccordance with previous stud-
ies that have reported that HDL or HDL-like particles
display many anti-inflammatory properties.16

The absence of an inflammatory reaction was con-
firmedinaclinical trial withMDco0-216. No increases
in neutrophils were observed followingMDCO-216 in-
fusion in Hv and scAD patients. Also, the more sen-
sitive biomarkers (c-reactive protein and circulating
cytokines) did not suggest immune stimulation by
MDCO-216. Additionally, the observed gastrointes-
tinal side effects did not display a dose-relationship
as was seen for ETC-216, although it should be noted
that MDco-216 was infused at a lower rate compared
to ETC-216.

An interesting question to be asked is whether an
exvivoincubationassay can beimplemented to detect
adverse immune stimulation. Certainly, a whole
blood stimulation test can detect a myriad of pyro-
genic substances, such as LPs, porins, lipoteichoic
acid (LTA) and peptidoglycan.l7-22 Nonetheless,
many uncertainties still surround the interpreta-
tion of its result.23 Our results revealed differences
in reactivity between the three tested populations,
not only with regard to the HCP impurities in ETC-
216, butalso toLps, which highlights some of the un-
certainties. For example, LPs stimulation resulted
in higher cytokine responses in sCAD patients com-
pared to HV, and ETC-216 induced lower levels in
SCAD patients compared to Hv. After correction for
the differences in monocyte count, the statistically
significantdifferences remained. Other factors, such
as age, BMI, and blood pressure, could not explain
any of the found effects.

Comorbidities may have influenced the response,
as—forexample—hypertension was previously found
by Dorffel eral24 toincrease TNF-ocand 1i-1B secretion
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from peripheral blood monocytes after in vitro LPS
stimulation by >50%, although these patients were
untreated. The antihypertensives losartan, capto-
pril,and amlodipine dose-dependently reduced 1L-18
release induced by Lps, but not below Lps stimulated
levels in normotensive subjects.25

Other cardiovascular medications are also known
to influence the (innate) immune response. For
example, certain calcium channel blockers were
observed to interfere with both flagellin and Lps sig-
nalling.26,27 Statins and aspirin demonstrate simi-
lar anti-inflammatory properties28-30 Interestingly
however, whereas many cardiovasculardrugsinhibit
TLR4-mediated responses, with B-blockers being
a notable exception,31,32 ex vivo LPS stimulation in-
duced higher cytokinelevelsinscAD patients thanin
HV. Although effects of certain cardiovascular med-
ications and conditions on toll-like receptor signal-
ling have not been examined as extensively for TLR5
(flagellin) as for TLR4 (LPS), our results suggest that
theresponsetoflagellinand other HCP impurities can
be modified by these factors as well.

Notwithstanding the aforementioned effects,
compared to stable CAD patients, acute CAD patients
displayed higher background cytokine levels, as well
as an overall diminished responsiveness to both Lps
and ETC-216. Severity of the coronary disease, based
on total obstruction, or the coronary involved, was
not related to background cytokine levels, or any of
theobserved effects after exvivostimulation with Lps,
ETC-216, Or MDCO-216.

Acs is associated with elevated plasma levels of
pro-inflammatory cytokines, chemokines, and leu-
cocytes, which are governed at least partly by TLR4
stimulation 33,34 Conversely, stress hormones, such
as catecholamines and hydrocortisone, that have a
general immune-inhibiting mode of action, are in-
creased in parallel 35-37 This combination might ex-
plain both the high background cytokine levels and
thereduced response to ETC-216 observed in theacAD
patients. TLR4-mediated cytokine release in ACS can
also account for the observation that a subsequent
(experimental) Lps challenge did only modestly in-
creaseIL-6 and TNF-o concentrations ex vivo.

It should be stressed, however, that although (the
consequences of)aninflammatoryresponsecanbein-
fluenced by external factors, areduced responseis not
synonymous with an improved outcome, especially
in critically ill patients. This warrants a cautious ap-
proach when exposing (vulnerable) humans to an
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experimental biopharmaceutical. Furthermore, it
underlines the current limitations of an ex vivo stim-
ulation test in reliably predicting inflammatory re-
actions upon in vivo administration in the target
population, although it can be used to highlight dif-
ferences between two pharmacological products
withinapopulation.

Concluding, MDCcO-216 does not elicit an acute
immune response in healthy volunteers nor in pa-
tients with stable coronary artery disease, in con-
trast to what was previously observed with ETc-216.
Results from an ex vivo stimulation with both prod-
ucts suggest the same holds true for patients with an
acute coronary syndrome.
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CHAPTER VI

Adverse immunostimulation
caused by impurities: the dark
side of biopharmaceuticals

J.A.A. Reijers, K.E. Malone, J.J. Bajramovic, R. Verbeek, J. Burggraaf, M. Moerland

Drug safety is an important issue, especially in the experimental phases of development.
Adverse immunostimulation (A1) is sometimes encountered following treatment with biop-
harmaceuticals, which can be life-threatening if it results in a severe systemic inflammatory
reaction. Biopharmaceuticals that unexpectedly induce an inflammatory response still enter
the clinic, even while meeting all regulatory requirements. Impurities (of microbial origin)in
biopharmaceuticals are an often-overlooked cause of A1. This demonstrates that the current
guidelines for quality control and safety pharmacology testing are not flawless.

Based on two case examples, several shortcomings of the guidelinesare discussed. The most
important of thesearelack of sensitivity for impurities, lack of testing for other pyrogens than
endotoxin, and the use of insensitive animal species and biomarkers in preclinical investiga-
tions. Moreover, testing for immunotoxicity of biopharmaceuticals is explicitly not recom-
mended by the international guidelines. Publication of cases of A1 is pivotal, both to increase

awareness and to facilitate scientifical discussions on how to prevent A1in the future.

HENEVER A NEW PHARMACEUTICAL

enters theclinic,itissubjected torig-

orous testing to ensure the safety of
patients. Guidelinesand regulationsaredesigned to
maintain the high standard expected by the public.
Agenciesand inspectorsoversee the correctimplemen-
tation of these regulations and guidelines by manu-
facturersand researchers.

This is especially important when humans are ex-
posed for the first time to a new drug product. Recent
history has seen two cases where life-threatening
events occurred unexpectedly in a clinical trial. The
first is TGN1412, a T-cell superagonistic anti-cp28
monoclonal antibody, administered to six healthy
volunteers in 2006. Following drug administra-
tion, the trial participants developed multi-organ
failure resulting from what was later termed a cy-
tokine storm.! The second case is a fatality following

treatment with BIA10-2474,aFAAH-inhibitor,and al-
though it is now more than a year after the trial was
suspended, many questions into the cause remain to
beanswered.2-4Both drugs differ greatly, notonly in
structureand molecularsize, butalsoin formulation,
route of administration, intended target, and type of
associated adverse event.

TheTGN1412 caseunderlined once more the poten-
tiallylethal consequences ofasystemicinflammatory
reaction induced by a pharmaceutical and thus the
importance of studying a pharmaceutical’s immu-
nostimulatory propensity during preclinical devel-
opment. One therefore would expect that part of the
current preclinical testing strategy is directed toward
detectingactivation of theimmunesystem. However,
weknow from personal experience thatunregistered
drug products, mostly biopharmaceuticals, can un-
expectedly causeadverseimmunostimulation (A1, see
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TABLE 6.1 Productspecifications

X Y
Sterile

Sterility (membrane filtration) Sterile

Endotoxina(LAL-assay) IUkg1h1) <2.3 <0.4

rDNA? (ng) 3b 0.3¢

HCP (ppm) <10 <50

Aggregates (SE-HPLC) (%) <0.6 Not
detected

a. Resultsarebased onthehighest(single)doseadministered
tohumans.

b. Threshold technique

c. Quantitative polymerase chainreaction(q-PCR)

ucp: hostcell protein|LAL: limulusamoebocytelysate

SE-HPLC:size exclusion high-performanceliquid chromatography

(HPLC).

box6.1)whenadministered tohuman volunteers, even
while meeting all criteria set forth by the applicable
guidelines (see box6.2).

In this opinion, we will share our experience with
two such investigational medicinal products (imPs),
illustratinghow the currently employed testing strat-
egy failed in detecting A1. Despite strictadherence to
the pertaining guidelines as well as careful scientifi-
caland ethical review, ATwas only first detected when
theseimps wereadministered tohumans. These cases
are not, or only partly, in the public domain and will
bedenoted Xand Y, respectively.

CASE X

IS A RECOMBINANT HUMAN APOLIPO-

protein A-1 Milano, with a molecular

weightofroughly 55 kDaand developed
under the code name ETC-216 5 Itis expressed in the
periplasmicspace of E. coli, and was manufactured at
fully certified and accredited facilities in the us and
Western Europe. Only compendial (pharmacopoeia
grade) materials were used, and in case these were not
available, the used materials had to adhere to prede-
fined internalstandards. Sterility was confirmed by the
membranefiltration method (European Pharmacopoeia,
Ph.Eur. S paragraph 2.6.1; usPharmacopoeia, USP/ gen-
eral chapter <y1>) and all release criteria were met in
terms of physical appearance, concentration, and de-
sired activity. Details on theimpurity contentand en-
dotoxinlevels are presented in table6.1.
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Single dose toxicity of thedrugsubstance was studied
in rats and cynomolgus monkeys up to a dose more
than tenfold the highest dose ever administered to
humans (allometrically scaled). Repeated dose toxic-
ity studies were performed with the same dose levels
in rats for up to 2 weeks, and in monkeys for up to 6
weeks. Only effects that could be attributed to exag-
gerated pharmacology were observed and those were
completely reversible. Changes inbehaviour, haema-
tology, and clinical chemistry did not occur. No rele-
vant findings at autopsy were made.

Additionally, pharmacodynamic activity of the
drug, albeit a different lot, had been studied in rab-
bits and in a mouse model of atherosclerosis. In this
research, multiple animals died after repeated doses.

BOX6.1 Adverseimmunostimulation
Immunotoxicity caused by pharmaceuticals has been classi-
fied by the FDA in five groups,28 which partly overlap the patho-
physiologically orientated categories a—y of immune-related
adverse effects by Pichler4S (table 6.2). Pichler proposed a clas-
sification specifically for biopharmaceuticals, which also cat-
egorised non-immunotoxic adverse reactions (types 6 and €).
Regarding immunopathological phenomena, type o reactions
(termed ‘adverse immunostimulation’ by the FpA) and hyper-
sensitivity (type B), particularly anaphylaxis, are the most dan-
gerous, for they can quickly become lethal. Anaphylaxis and
type a reactions have in common that unbalanced propagation
of an immune reaction occurs with systemic release of various
mediators, which ultimately leads to widespread organ dysfunc-
tion#6-49 In type a reactions, these mediators are cytokines,*S
resulting in a so-called cytokine storm#8-49 The source of these
cytokines is the administration of (high doses of) cytokines or
the release of cytokines following treatment with a biopharma-
ceutical 45 This last category includes TGN1412 and other mon-
oclonal antibodies3°-52 Another, often overlooked, cause for
cytokine release is the presence of impurities or contaminants
within pharmaceuticals, typically of microbial origin, trigger-
ing an immune response.

Itshould be noted thatasubtledifference exists between the orig-
inal definition of type a reactions and adverse immunostimula-
tion (A1): in A1 high cytokine levels are not necessarily part of the
pathogenesis, and A1 can also include chronic inflammation .28
Later modifications to Pichler’s classification52-53 broadened the
definition of type acreactions toward a general pro-inflammatory
concept, thus becoming more or less synonymous with the FpA’s
definition of adverse immunostimulation. To further compli-
cate uniformity, other termsappearinliterature, e.g. (acute) infu-
sion reactions and flu-like syndromes, which may refer to type a
or type B reactions, or to both.52-55 For the sake of simplicity, the
term adverse immunostimulation (A1) will be used throughout
this chapter to describe acute, systemic, inflammatory reactions.
It can be a matter of discussion whether these reactions may be
classified asclassical type areactions.
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TABLE 6.2 Classification ofimmunopathological
phenomena caused by biopharmaceuticals

IMMUNOTOXICITY
CLASSIFICATION?28

PATHOPHYSIOLOGICAL
CLASSIFICATION45

Adverse
immunostimulation

Typea

High cytokines

Cytokineadministration
(augmented primary
pharmacology)

Cytokinerelease

TypeB

Immunogenicity
(immune response against
pharmaceutical)

Hypersensitivity (drug Hypersensitivity
allergy), including

type1v(T-cell-mediated)

Neutralising or non- Immunogenicity
neutralising anti-drug

antibodies

Typey

Immune deviation (by
pharmaceutical)

Immunosuppression, Immunosuppression

immunodeficiency

Immuneimbalance

orenhancement
Autoimmunity Autoimmunity

Exacerbation of
existingatopy

Induction of atopy

The pathophysiological classification4s includes non-immuno-
toxicadverse reactions, namely type & (cross-reactivity) and type €
(non-immunological effects). Type a reactions are considered ad-
verse immunostimulation by the FDA 28 but the terms are not syn-
onymous, asadverse immunostimulation canalsoinclude chronic
inflammation and the underlying mechanism does not require
highcytokinelevels(see box6.1).

The cause of these fatalities in mice was judged to be
the induced disease. In rabbits, anaphylaxis devel-
oped, which was considered tobearesponse to repeti-
tiveexposure toaforeign protein.

In an unpublished phase 1 single dose study in
healthy volunteers (n=28, 5 dose levels), X induced
dose-dependent increases in neutrophils, with a
maximum at 4 h post administration. Also, the in-
cidence of gastrointestinal symptoms — occurring
2—4h after infusion — rose with each dose escalation,

as did the incidence of diaphoresis and fever. In the
next phase, in patients with an acute coronary syn-
drome,8 one patient out of a group of 22 receiving
thehighestdoselevel experienced whatwasdescribed
asahypersensitivity reaction. A second (unpublished)
patient trial was quickly suspended after one patient
onactivetreatmentdeveloped aseverereactionduring
infusionleadingto multi-organ failure.

Later investigations demonstrated elevations in
circulating 1L-6 and TNF-a levels following admin-
istration of X in humans, which were traced back
to several host cell proteins (Hcps) within X, one of
which was flagellin 910 The manufacturer required
morethanadecadetoreduceoreliminate these HCPs,
butin the end X could be successfully reintroduced.
Clinical studies with the new drug product con-
firmed the absence of any cytokine response in both
healthy volunteers and patients.11,12

CASE Y

IS AMUTANT FORM OF A HUMAN PLASMA

protein, approximately 45 kDa in size.

Years earlier, the wild type protein had been
manufactured via recombinant DNA techniques and
tested extensively indozensof clinical trials. Its track
record was spotless in terms of safety, other than the
risks associated with its intended pharmacological
action. Especially, no indication of AT was noticed in
anyofthe performed trials, nor was A1anticipated based
onthemodeofaction. The missense mutation (Y)was
produced to increase the stability of the protein and
this product had been tested in many animal models
(rats, dogs, rhesus monkeys) before clinical develop-
ment commenced. None of the animals ever demon-
strated signs orsymptomsofaninflammatoryreaction,
even at toxicdoses.

E. coli was used to produce pharmacological grade
material of Yatafully certified and accredited facility
in Western Europe. All raw materials conformed to us
or EU pharmacopoeias, or were controlled by internal
specifications. Sterility was confirmed by the mem-
branefiltration method (Ph.Eur®2.6.1, Usp7 <71>)and
all release criteria were met in terms of physical ap-
pearance, concentration,and desired activity. Details
ontheimpurity contentand endotoxinlevels are pre-
sented in table6.1.
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TABLE 6.3 Overviewofcurrenttestingstrategy

CATEGORY / PARAMETER METHOD ACCEPTANCE CRITERION  GUIDELINES!
Quality control Laboratory assessments Q5D
Sterility (bioburden) Culture no growth Ph.Eur. 2.6.1, USP <71>
Endotoxin (LPS) LAL-test <5.0IUkg1h1 Ph.Eur. 2.6.14, USP <85>
(body weight)f
(Rabbit) pyrogen test <0.5°Cincreasein3 h& Ph.Eur. 2.6.8, USP<151>
Monocyte activation test Reactionless than the Ph.Eur.2.6.30
(MAT) reaction induced by
the allowed endotoxin
contaminationf
Hostcell impurities? Identified and quantitated
Residual DNA (rDNA) PCR/hybridisation <10ng/doseh/ 57, Ph.Eur. 01/2008:0784,
(strict) upperlimits, USP <1045>
asappropriate
Proteins (HCP) Immunoassay (ELISA), (strict) upper limits, 57, Ph.Eur. 01/2008:0784,
Western blot asappropriate USP <1045>
Viruse Maximal clearance Q5A, Ph.Eur.
01/2008:0784, USP <1045>
Safety pharmacology? Animal toxicology ) s6
Safety battery
Central nervous system Body temperature S7A
toxicity @
Cardiovascular toxicity Heartrate ‘;L
Respiratory toxicity Respiratory rate g'.
Immunotoxicityc 5 s8,28
=]
Standard (Differential) leucocyte §
count §
Globulinlevels %
a
Additionald Immune function (e.g. a
=}
=]

T-cell-dependent antibody
response, natural killer

cell activity, host resistance,
cell-mediated immunity)

Clinical pharmacology?

Human toxicology

J

. Optional

e a0 oo

. Onlyrequired for marketingauthorisation, not for control of differentbatches(release specification)
. Onlyrecommended for biopharmaceuticals
. Only recommended for chemically derived pharmaceuticals

. Viralinactivationor removalisusually only tested on the cell line, noton thedrugsubstance.
Notwithstanding pharmacopoeia monographs,amarginof5.01U (or endotoxin unit, Eu) perkgbody weight per hour, oradosingequiv-

alent, is usually considered acceptable for parenterally administered products, with the exception of radiopharmaceuticals and intra-
thecallyadministered products, for whichalowerlimitisset.

g. Respective European and us pharmacopoeias are not harmonised, they differ in the number of animals included in a retest, whether
maximalindividual temperature responses or summed responsesareused, and the exactacceptancecriteria.

h Alimitof10ngperdoseiscommonly suggested,38 thoughitis notabsolute25,57

i. GuidelinesincludeicHHarmonised Tripartite Guidelines (Q5A.5° Q5D 50 56,20 s7A 24 s827), European Pharmacopoeia® general texts and mono-
graphs(Ph.Eur.), usPharmacopoeia’ general chapters (Usp),and other guidelines or directives (denoted by their reference number).
ucp: hostcell protein|LAL: limulusamoebocytelysate|Lps: lipopolysaccharide (endotoxin)|PcR: polymerase chainreaction
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Toxicity wasexamined in rats and cynomolgus mon-
keysatadose more than tenfold thehighest dose ever
administered tohumans(allometrically scaled). Only
single dose toxicity studies were performed because
the product was being developed as a one-dose treat-
ment. No effects other than those expected to result
from exaggerated pharmacology were detected.

In humans, dose-dependent increases in the inci-
dence of gastrointestinal complaints and fever were
observed following treatment with Y (single dose,
n=~10). The severity of the reaction correlated with
the peak value of c-reactive protein and plasma cy-
tokine levels (1iL-6 and TNF-a). Subsequent analyses
intothecause of theevents revealed thatY caused toll-
like receptor (TLR)4-mediated activation despite a
negative LAL-test (see table 6.3). Also, using a different
method,>10% protein aggregates were detected in Y.
Morethanthreeyears were necessary to produceanew
pharmacological grade product with reduced levels
of endotoxin, protein aggregates, residual DNA (rDNA)
and host cell proteins. When this product was admin-
istered to healthy volunteers, no A1 occurred at much
higher plasmalevels than were previously reached.

THE WEAKEST LINK

HESE TWO CASES RAISE THE QUESTION

of how the causativeimpurities remained

undetected or why theirimmunostimu-
latory propensity was notrecognised atan earlier
stage, especially since the developmental histories
were not marked by carelessness. On the contrary,
the products were being manufactured by renowned
companies,and studied and tested by dedicated scien-
tists. The guidelines were meticulously followed and
morestringentthan necessaryacceptancecriteria were
applied (table6.1&6.3). Yet, despiteall this, unforeseen
A1 occurred in the clinical studies. In the following
paragraphs, the mostimportantshortcomings of the
current testingstrategy areidentified, which allowed
the culpritsof Arin Xand Y to escape detection in the
preclinical phases of development.

It’s all in the number: test sensitivity

Quality control is essentially based on using spe-
cific, validated methods of detecting unwanted

components in pharmaceuticals. However, all labora-
tory tests have their limitations and particularly the
insufficient sensitivity can be problematical. For ex-
ample, Y met theendotoxinspecification when tested
with the LAL-assay (table 6.1 & 6.3); yet, subsequent in-
vestigationsdemonstrated TLR4-mediated activation
and aspecificendotoxin EL1sA indicated actual levels
were 10—20-fold higher than previously measured.
Although thedefinitive cause of the negativeresult
intheLAL-assay remains to be elucidated, itisknown
from literature that the LAL-assay cannot detect cer-
tain endotoxins, such aslow-molecular weightendo-
toxin3 The tests for other impurities can also give
spuriously low results. Most commercially available
assays for rDNA utilise an amplification technique
which allows detection of only a selection of rDNA.14
Likewise, assays for HCP quantification, typically
ELISAs, only measure proteins against which anti-
bodies were raised during the development of the
assay and do not capture other sources of contamina-
tion.15,16 The latter was the case with X, in which a
process specific ELISA measured a HCP concentration
that was a factor 3—4 higher than the initial result
using a commercial, generical E. coli HCP ELISA.

Number and species: animal toxicology

Alresulting from impurities can remain undetected
in safety pharmacology studies as the relevant im-
munological pathway may notexistin the particular
animal species or is different from humans. Also, the
sensitivity for bacterial products, such as endotoxin,
can differ1” Especially, the relative incomparability
of thehuman and murineimmune system is notewor-
thy.18,19 However, the guidelines also call for short-
term toxicity studies in a non-rodent species in case
two pharmacologically relevant species are availa-
ble20 Commonly, a primate or dog is used for such
studies with biopharmaceuticals.21

Although the aforementioned factors may contrib-
ute to thefailure torecognise A1, asubsequent investi-
gation with X demonstrated thatitelicited a cytokine
response in cynomolgus monkeys similar to humans
with all the associated clinical features, such as fever,
tachycardia,andincreasein whiteblood cells. Thereal
issue in this case therefore seems to be that either ap-
propriately sensitive measures of A1 (e.g. circulating
cytokines)had initiallynotbeenselected or that meas-
urements had been done too infrequently to detect A1
(e.g. vital parameters, haematology results).
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BOX 6.2 Testingforadverseimmunostimulation

Before a new drug product can be studied clinically, sufficient ev-
idence needs to be supplied regarding its safety. Tests performed
to substantiate these claims fall into two main categories: qual-
ity controland safety pharmacology. Quality control encompasses
laboratoryassessments to verify thecompound’sidentity by struc-
ture, amino-acid sequence, physical and chemical properties,
receptor affinity and potency, and includes assessments for (prod-
uct-related)impuritiesand contaminants. Preclinical pharmacol-
ogystudiesaredirected toward identifyingsafetyissuesasaresult
of exaggerated intended pharmacodynamics (primary pharma-
cology) or unintended toxic effects. These studies are usually a
mixture of in vitro (animal/human cell lines) and in vivo (animal)
experiments. Clinical experiments with 1MPs are executed once
sufficient evidence has been gathered during the preclinical
phases of development that the product is safe. Asummary of the
commonlyapplied tests to detect AIby IMPs is provided in table6.3.

FIRST STEP: QUALITY CONTROL

All parenterally administered pharmaceuticals have to conform
to the requirements regarding sterility and endotoxin content,
whichare captured in the national yetharmonised pharmacopoe-
ias. Sterility is considered proven by a negative culture result of a
predefined fraction of the produced batch, usually after 14 days in
asuitable medium. For endotoxin, a margin of 5.0 IU per kg body
weight per houris internationally accepted (table6.3). The limulus
amoebocytelysate(LAr)assayisthe preferred method formeasuring
endotoxin levels and has largely replaced the rabbit pyrogen test.
Biopharmaceuticals, such as X and Y, should be specifically tested
forthe presenceofimpurities. Residual cellular components of the
manufacturingplatformarerecognisedaspotentialtriggersofthe
immunesystem, usuallyrbpNAand/orHcps. Regulatory guidelines
do not prescribe specific assays and acceptance criteria, but intro-
duceageneralconceptofusingvalidated,appropriatemethodsand
setting(strict)upperlimits, whichneed tobejustified.25 Theexact
batteryoftestsand criteriaarereviewed and approved onacase-by-
casebasisbytheregulatoryauthorities. Uponapproval,thesequality
control measuresareapplied asreleasespecification forindividual
batchesofthedrug product.

SECOND STEP: SAFETY PHARMACOLOGY

For chemically derived compounds, an initial screen for potential
immunotoxicity is mandatory, but not for biopharmaceuticals, be-
cause they are target-specific by design.29:27 Indications for poten-
tialimmunotoxicityarederived fromanimal experiments. Relevant
invivo signs to detect A1 include changes in (differential) leucocyte
counts and globulin levels. Other useful parameters in assessing
immune stimulation are part of the standard safety battery and in-
cludebodytemperature,heartrateandrespiratoryrate(table6.3).

THIRD STEP: CLINICAL PHARMACOLOGY

Specific tests for immunotoxicity in humans are not required,
unlessthereisanindication thatthedrugcandidateis potentially
immunotoxic. Testing for immunogenicity by biopharmaceuti-
calsisusuallyincluded, becauseitisaknown problemofthisdrug
class36 Standard safety markers, suchashaematology, clinical bi-
ochemistry, vitalsigns,aswellasreportsofadverseeventscanbean
indicationofar, provided thesearemeasuredsufficiently frequent.
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Behind the number: potency

Specific, quantitative tests are routinely applied in
quality control settings, as clear limits of acceptance
can be defined. While assays for tested impurities
and contaminants seemingly provide black and white
cut-offs, they are limited in predicting in vivo toxic-
ity. For example, the LAL-assay yields no informa-
tion on the biological potency of a given endotoxin,
which can differ between bacterial strains by a factor
of 10,000.22,23 Additionally, a strict cut-off for one
impurity does not take into account the potentially
synergistical effects of multiple impurities. This is
an important limitation since it is conceivable that
multiple impurities are copurified at any given time
during the production process. Both in X10and Y, it
was not a single Hcp or other bacterial product that
could be identified as cause for the Ar1; it was the re-
duction of the totalload of non-human material other
than the pharmacologically active substance which
resulted in the absence of A1 in trial volunteers upon
reintroduction into the clinic.

Blind spot

Surprisingly, testing for immunopathological ef-
fectsisnotincluded in the ‘Safety Pharmacology Core
Battery’ and also ‘routine testing’ is explicitly not
recommended by the 1cH guidelines for biopharma-
ceuticals,20:24 even though biopharmaceuticals have
aninherentrisk of A1 caused by impurities, especially
if manufactured in bacterial cell systems. Testing for
toxicities is not required if those are not reasonably
expected to occur2s For biopharmaceuticals, for ex-
ample, when thereisextensiveknowledgeand dataon
receptor distribution and function, and the biophar-
maceutical under investigation has a selectively high
affinity for thatreceptor, dedicated safety pharmacol-
ogy studies may be eliminated entirely or in part. For
biopharmaceuticals intended for end-stage cancer
treatment, even further exceptions to the require-
ments are possible.24,26 This guidance may result in
minimalsafety testingofacompound beforeentering
theclinic.

Even when dedicated immunotoxicity studies are
performed, the emphasis seems to be on long-term
immunosuppression or enhancement by evaluating
macroscopical pathology, organ weights, and his-
tology.27:28 This is at odds with the observation that
undesired inflammatory reactions are commonly
transient and do rarely manifest themselves in his-
tological changes. Case X highlights how the A1 can
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be overlooked in safety pharmacology experiments
as well as during clinical trials. A1 in clinical trials
may be easily misinterpreted as hypersensitivity or
be grouped under a non-specific term like ‘infusion
reaction’.

LESSONS FROM X AND Y

N THE AFTERMATH OF THE TGN1412 TRAG-

edy,an ExpertScientific Group made 22 rec-

ommendations to increase the safety of
participantsin (first-in-human)clinical trials 29,30
Many of these were reiterated following the more
recent BIA10-2474 trial 31,32 The proposed risk assess-
ments29,31,33 focus on establishing the likelihood of
unanticipated adverse effects of new drug substances
entering the clinic, especially for those with complex
and novel mechanisms. When applying this strategy
tocompounds Xand Y, and specifically to (the novelty
of)themode ofactionand knowledge on human expo-
sure to similar substances, it must be concluded that
both Xand Y were correctly labelled safe.

The true unsafety was caused by the uncharacter-
ised components in X and Y, by impurities, the pres-
ence of which was not disputed (table 6.1), but the
potential risk involved was underestimated. This
line of reasoning is common, as is also apparent from
the importance placed on dedicated immune toxic-
ity studies in the international guidelines. They are
explicitly not recommended for biopharmaceuti-
cals20 Furthermore, the immune system is regarded
‘of less immediate investigative concern’ because it is
an organ system, ‘the functions of which can be tran-
siently disrupted by adverse pharmacodynamic ef-
fects without causingirreversible harm’24

The outcome of the risk assessment of the unchar-
acterised components should immediately raise sev-
eral red flags. Little knowledge usually exists on the
effect of impurities in humans or animals, and safe
levels are often not available. Multiple signalling
pathways may be triggered and the impurity can act
viatheimmunesystem. All these factors should have
placed trials with X and Y in a high-risk category31
and considering the bacterial origin of the impuri-
ties an immune-mediated effect could have been an-
ticipated. The lack of emphasis on immunotoxicity
caused by biopharmaceuticalsis therefore striking.

Investigating and reducing the adverse immune
stimulatory propensity of biopharmaceuticals is
not only important for the safety of trial volunteers
and future patients, but identifying and possibly
eliminating such characteristics in an early stage of
development is also favourable from a business’ per-
spective. Each step forward increases the expenses of
goingback tothedrawingboard, as well as the finan-
cial loss associated with ultimate failure and drug
withdrawal. Discovering severe AI during clinical
studies usually results in delays of many years, case X
and Y being no exception. It may even lead to termi-
nation of the development pipeline, no matter how
promising acompound.

Case X and Y did not make the news, neither did
they lead to a public outcry, making the need for
changes less pressing, even though details of the clin-
ical trials with X and Y are known to regulatory agen-
ciesand health authoritiesaround the globe. Thelack
of publicly available data on unexpected adverse re-
actions following administration of an imp is at odds
with the Expert Scientific Group recommendations
to expedite the collection and to improve the sharing
of safety information.29 Once more, the call by the sci-
entifical community for public release of the study
results was heard in the days after the BIA 10-2474
trial;#31yetremains to be fully answered.

Unanticipated immunostimulation caused by par-
enterally administered pharmaceuticals is not lim-
ited to the experimental setting, though only a few
reports exist on recalls of drug products as a result of
microbial contamination34,35 However, AT may be
underreported, because AI can be misdiagnosed as
hypersensitivity, as occurred in a phase 11 trial with
X 38 Financial and other company interests can also
guide decisions which ultimately hide cases of A1
from publicknowledge.

Although these published examples of A1 differ
from case X and Y in type of product and the fact the
cause was a contamination instead of an impurity,
they have in common with each other that conven-
tional quality control did not generateasafetysignal.
For example, peptidoglycan, the culprit in cases of
aseptic peritonitis34 is not assayed in the standard
approach (table6.3).

Alternative assays have been implemented to pre-
dict A1 with certain pharmaceuticals. Cytokine re-
lease assays utilising human immune cells and other
cell types are most commonly used, which have
demonstrated pro-inflammatory responses upon
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stimulation with several monoclonal antibodies, in-
cluding TGN1412,rituximab, and alemtuzumab.36-40
Hostcellimpurities or microbial contamination have
also been detected with cytokine release assays.15,34
The same was true for product X, which elicited an
1L-6 and TNF-a response that was completely absent
after the production process was modified. In con-
trast, product Y induced no 1L-6 or TNF-a release in
any of the assays. Because many variables can influ-
ence the read-out in these assays and controversy
surrounds the interpretation of the results, cytokine
release assays are currently notstandardised 3741

Another strategy which has proven its usefulness
in detecting immunostimulation employs cell lines
transfected with reporter genes for specific compo-
nents of the innate immune system. Existing cell re-
porterassaysincludelibrariesof human celllines that
are transfected with pathogen patternrecognition re-
ceptors (e.g. TLR and NoD-like receptors) that are also
engineered to express a reporter enzyme (e.g. lucif-
erase, or alkaline phosphatase) in response to signal
transduction9:42-44 These assays revealed TLR5-me-
diated activation with product Xand TLR4-mediated
activation with product Y. Nevertheless, potential
synergistical effects of multiple host cell impurities
cannot be detected with this test system. The use of
reporter cell lines that endogenously express multi-
ple pattern recognition receptors (such as THP1 cells)
might prove to be useful for this aspect.

Despite the promising developments, no definitive
answer to the best preclinical testing strategy can be
given, asafail-safe one probably does not exist. Every
laboratory test has its limitations, can suffer from
interference, or produce false-negative results and

withitafalsesenseof safety. Theselimitations should
however not be used as an argument to maintain the
status quo. Undisputedly, the newer assays described
above can detect far more causes of immunostimula-
tion than the currently advised ones (table 6.3). Given
the potential outcome of missing Arduringearly drug
development, specific testing for A1should be part of
performed toxicity studies for biopharmaceuticals,
which isinsharp contrast with current guidelines.

Itmay be considered reassuring that, in retrospect,
safety pharmacology studiesin cynomolgus monkeys
could have detected the immunostimulating propen-
sity of X, provided theright biomarkers were included.
Likewise, signals of ATwere observed early in the clini-
caltrialswith Xand Y. Therefore, investigatorsshould
be on the alert for A1 when studying biopharmaceuti-
cals in animals and humans, especially if preclinical
studies indicated that an iMP may elicit an inflam-
matory response. As always, a sentinel approach and
a cautious dose escalation scheme with a prudently
low starting dose should be applied in first-in-human
trials. These measures will decrease the likelihood of
(severe) Arinlater stages, although such reactions can
probably never be completely prevented.

Moreover, Als should not be treated lightly as rare
idiosyncratic reactions that may be caused by a few
biopharmaceuticals. They can severely disrupt vital
organ systems and in many cases indicating marks
of A1 were left for the appreciating eye at some point
during development. Awareness is thus probably the
most important lesson to be learnt from case X and
caseY.Equallyimportantis the publication of cases of
AT to facilitate scientifical discussion and to improve
drugsafety.
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DISCUSSION

NSULIN WAS THE FIRST THERAPEUTICAL

protein manufactured viarecombinant DNA

techniques thatbecame commercially avail-
able in 19821 It marked the start of the biopharma-
ceutical era, which saw everincreasing marketvalues
and expanding developmental budgets.1-S More than
3oyears have passed, yet many of theapplied pharma-
cological concepts have changed little over time. An
excellentexample hereofis the field of bioequivalence
research, even though only slightly older than recom-
binanthumaninsuliné

Bioequivalence is a regulatory concept which en-
tails that a generical drug product (‘test product’) is
therapeutically equivalent to the originator (‘refer-
ence product’) and can be used interchangeably6-7
Equivalence generally has to be demonstrated sta-
tistically on four endpoints: pharmacokinetic,
pharmacodynamic, clinical, and én vitro endpoints.®
Maximum plasma concentration (C,,,,) and area
under the plasma concentration-time profile (Auc)are
historically used to establish pharmacokinetic bioe-
quivalence. Although various reports have criticised
the use of these parameters to compare ‘exposure’
between two drugs8-° C,,,, and AUC, determined in
a non-compartmental analysis (NcA),1° remain the
required parameters by regulatory agencies to allow
marketauthorisation.

With regard to biopharmaceuticals, the term bio-
similarity is used, as it understood that the biotech-
nological manufacturing process cannot create an
exact copy of the reference product. Instead of equiv-
alence, a high degree of similarity has to be demon-
strated on the aforementioned endpoints, and any
remaining difference should be clinically insignifi-
cant11-13 Biopharmaceuticals are more complex than
small molecules; their concentration-time profiles
being no exception.14-16 Even though a NcA is inad-
vertently ill-suited to cover the non-linear elimina-
tion pathways of monoclonal antibodies (MABs) and
other large biopharmaceuticals, it still remains the
gold standard in biosimilarity research.

In chapter 1, two methods are described of how a
population pharmacokinetics approach can be used
to support the pharmacokinetic biosimilarity claim,

and which can perhaps in the future even replace the
NCA. Although such a method is not new,17-19 it has
never before been applied before to a MAB. Benefits
of amodelled approach over aNcA are thata pharma-
cokinetic model can accurately describe the non-lin-
ear elimination pathways of MABs. Also, a model
is not concerned with differences in administered
doses. Thisisespeciallyimportantfor biopharmaceu-
ticals with non-linear pharmacokinetics, since the
NcAassumeslinearityinits correction. Furthermore,
apopulation pharmacokineticsapproach cancorrect
for covariates, and is relatively little affected by miss-
ing samples or deviations in sample collection times
and administration time or dose.

Moreimportantly, useofapopulation pharmacoki-
neticmodel allows for statistical testing of differences
between test and reference products via covariate
analysis. This can be done for all model parameters.
Because these parameters are related to pharmacoki-
netic properties, such as absorption and elimination
rates, the methods described in chapter 1 may circum-
vent the problems8-? identified with the NcA in estab-
lishing pharmacokinetic biosimilarity. The chapter
also discusses how model-based simulations can be
used to proof that a therapeutical concentration is
reached at the site of action with the test product,
which further supportsabiosimilarity claim.

However, a prerequisite forapplyingany modelling
approach to pharmacokinetic data is a correct under-
standing of the mechanisms governing the distribu-
tion of a pharmaceutical over the body, which is still
incomplete, as demonstrated in the chapters 2 & 3. The
developed model in chapter 1 (figure1.1) has a so-called
central compartment, towhich drugproductisadded
duringadministration and from which drug product
is cleared via alinear and a non-linear process. After
completion of intravenous infusion, the addition of
drug to the central compartment terminates imme-
diately. Since elimination continues, the maximum
concentration in this compartment is theoretically
reached at the end of infusion (Eo1), assuming a con-
stant volume. In other words, the time to C,; . (fmax)
equals the infusion duration, which is not the case for
many MABs, including trastuzumab (table2.1).
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The fact that ¢, can occur after EoI seems to have
been ignored since the first introduction of large bi-
opharmaceuticals. At best, the ‘delayed’ ¢,,,, is re-
ported without further explanation (see table 2.1), but
more frequently, this parameter is lacking from pub-
licationsand onehas to guesswhen C,, occurred. As
an example, in at least five publications29-24 on bev-
acizumab, a C,,, is reported withouta t,,,,,. In other
cases, a too sparse sampling design is chosen to allow
the phenomenon to be observed; possibly, because
Chax is expected at Eol and the slow elimination of
many biopharmaceuticals does not necessitate dense
sampling in the first hours after Eo1. Yet, the finding
of an increase in plasma concentration after intrave-
nous administration has ceased is astrong indication
thatbiopharmaceuticals do notalways follow current
pharmacokinetictheory, whichistoalargeextentstill
based on experience with small molecules.

Chapter 2z investigated two closely related, plau-
sible theories to explain the ‘delayed’ t,,,,,. The first
hypothesisis that the biopharmaceutical is bound to
and released from the vessel wall or taken up and re-
leased by endothelial cells, particularly in the pres-
enceofahighlocal concentrationattheinfusionsite.
After EOI, the concentration drops, and drug sub-
stance is released from the wall or by the cells, caus-
ingarisein plasmaconcentrationand henceadelayed
tmax- The second hypothesis only applies to cases
where infusion lines are flushed (e.g. with normal
saline)in order to also administer the line content. If
biopharmaceuticals can adsorb to the infusion line
and desorbwhen theinfusionlineisflushed,drugad-
ministrationactually continues after the anticipated
EOI; thus, causing anapparent delay int,,.

The performed studies found evidence for bind-
ing to endothelial cells. In an artificial vessel covered
with endothelial cells, the MABs trastuzumab and
bevacizumab were observed toadsorb to the luminal
surface, though the pattern differed (figure 2.1). This
adsorption seemed to be concentration-dependent
and easily reversible upon washing the cell-layer with
alower concentration. Binding of tested MABs to the
extracellular matrix was also noted. Together with
existingknowledge on interaction between proteins
and body surfaces,25:26 these observations point to
non-specificbinding. Adsorption to endothelial cells
and subsequent desorption can therefore theoreti-
callyexplainadelayed ¢,,,,.

A lower recovery than expected was sometimes
observed in experiments where administration
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procedures were mimicked with a standard infusion
lines. However, the wash-out from the infusion line
during flushing did not contain any quantifiable bio-
pharmaceutical, other than what can be predicted
based onlaminar flow. Thus, flushing of the infusion
lines cannot contributetoadelayint,,,.

Boththefindingofadsorption toendotheliumand
the possibility of drug loss during infusion are rele-
vant to the clinical pharmacologist. The concept of
dose-response requires knowledge of the drug expo-
sure at the site of action at a certain moment in time,
and thus knowledge of the exact dose administered.
Adsorption ofbiopharmaceuticals to endothelium, of
which the delayed ¢, is only one symptom, results
inanuneven distribution over the vascular compart-
ment(figurez.4).Inthatrespect, predicting the expo-
sure at the site of action becomes even more difficult
based on a limited number of plasma samples col-
lected from asingle vein.

Although the performed studies do not preclude
alternative mechanisms to be involved in causing an
increase in plasma concentration after EoI, these yet
unidentified mechanisms pose the same challenge for
theclinical pharmacologist, namely how relevant the
measured quantity atthesamplingsiteisinstudying
drug effects and the relationship between the two
(pharmacokinetic-pharmacodynamical model). In
any case, the observation that C,,,>C.., implies the
biopharmaceutical is not evenly distributed over the
vascular compartment.

Chapter 3 further adds to the complexity of the
pharmacokinetics of some biopharmaceuticals.
MABs, and perhaps biopharmaceuticals in general,
demonstrate highly variable plasma concentrations
over time within the same individual (figure 3.1), as
opposed to the stability one expects from current
theory.14-16,27,28 This feature may have gone un-
detected because the collection of multiple sam-
ples within an hour is uncustomary for supposedly
slowly distributing and eliminated drugs like MABs.
Asimplesolution would be toascribe the fluctuations
to normal (assay) variability. However, for various
reasons, such an explanation mustbe considered un-
likely, asargued in this chapter.

Adsorption to the endothelium may not only ac-
countfor thedelayint,,,,, it may alsoaccountfor the
observed fluctuations in the plasma concentration, if
oneincludes the dynamical state of the endothelium
and circulation in the equation. For example, nu-
merous physiological and pathological stimuli have



been identified that can influence the endothelium,
including the glycocalyx.29-33 Such changestotheen-
dothelium may affect the local balance between ad-
sorption and desorption with rises or falls in plasma
concentration as manifestations. Additionally, blood
flow canbeincreased or diminished tocertain organs,
depending on overall body activity, and, in tissues,
capillary beds can be opened or closed, depending
on local metabolic demands.34 Thus, the endothe-
lial surface area available for adsorption varies, as do
the haemodynamical characteristics and with it the
wash-out of adsorbed biopharmaceutical. These and
other possible explanations —as discussed in chapter
3 — are still speculative without support from dedi-
cated studies. Moreover, it remains to be established
whether the observation for certain MABs can be ex-
tended toalllarge therapeutical proteins.

If one cannot accurately predict drug concentra-
tion at the (desired) site of action in a particular pa-
tient at any moment, one cannot instigate rational
(effective) pharmacotherapy. This notion under-
mines the current quest for personalised medicine.
For many rheumatological biopharmaceuticals, it
remains challenging to accurately predict efficacy
and toxicity from animal or ex vivo models, or to cor-
relate clinical effects and pharmacokinetic parame-
ters35,36 In patient trials, usually, only a few plasma
samples are collected for determination of drug con-
centration and the investigated pharmacokinetic-
pharmacodynamic relationship is based on a single
parameter, such as through or steady-state concen-
tration. Considering that the presented dataindicate
that the plasma concentration of MABs can fluctuate
significantly within short times, a lack of correlation
between clinical effects and standardised pharma-
cokinetic parameters may be explained.

Ontheotherhand,ifoneunderstands thebasicfac-
torsthattogetherdeterminelocal drugconcentration,
onecanfullyindividualise treatments to maximise ef-
ficacy,oratleastensureadequatedrugexposureatthe
site of action. As a hypothetical case, it may — for ex-
ample —be considered that eating can be beneficial to
patients with an intestinal neoplasm, who are being
treated withaparticularmAB,asalimentationdirects
blood flow—and henceatherapeutical protein—to the
digestive tract. However, the in vivo situation is usu-
ally far more complicated than predicted by current
theory and models, a recurrent theme in this thesis.
Therefore, influencing a single factor will probably
notrevolutionise pharmacotherapy.

STICKY & DIRTY PROTEINS — DISUCSSION

VEN IF WE WERE TO FULLY UNDERSTAND
the pharmacokinetics of biopharmaceuti-
cals, clinical effects following biopharma-
ceutical treatment would sometimes be difficult
to predictupfront, especially unwanted, toxic ef-
fects37-41For example, certain MABs are also associ-
ated withinflammatory reactions, typically upon first
administration, which can be severe#2-44 These reac-
tionsareclassified as ‘adverseimmunostimulation’ or
typeareaction,although the termsare not necessarily
interchangeable(see box6.1). The occurrence ofasevere,
unopposed, systemicinflammatory reaction following
administration ofadrugis particularly troublesomeas
thesesyndromesarelife-threatening, similar tosepsis
and anaphylaxis45-48
For some MABs, the underlying mechanism of the
adverse immunostimulation (A1) has been unrav-
elled #9-51 but for others, it remains to be elucidated.
This lack of insight, combined with the fact that in-
volved immune pathways in the pathogenesis of the
A1 differ between biopharmaceuticals, does not fa-
cilitate the development of a standardised platform
which can be used to screen compounds for AL
Chapter 4 sheds light on one of the lesser under-
stood cases of A1, by employing an exvivo whole blood
incubation assay. This study compared individuals
who had shown clinical signs of an inflammatory
reaction following trastuzumab administration
with those who had not. Higher ex vivo 1L-6 release
was observed in the clinical ‘responders’ compared
to ‘non-responders’, which correlated to maximum
body temperature (figure 4.1). A similar linear corre-
lation was found between the ex vivo TNF-a response
and maximum body temperature, but only within
the ‘responders’. Nonetheless, the magnitude of the
differences was too small to serve as a screening tool
for (trastuzumab-associated) immunostimulation.
Afactor complicating theimplementation of novel
screening methods for A1 is that results vary in dif-
ferent cytokine release assays utilising living human
tissues, depending on the exact test conditions and
donors included.52-54 Together with the fact that
it is often unknown how in vitro cytokine release
translates into clinical effects, this makes the inter-
pretation of many assay results difficult, as was also
acknowledged by an EMaA workgroup.55
Not only can inflammatory reactions be induced
by the drug substance, they can also arise as a result
of (microbial) impurities or contaminantsin thedrug
product. Biopharmaceuticals are usually produced in
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cell based platforms, frequently of microbial origin.56
This process inevitably introduces foreign (non-hu-
man)substancesin thedrugproduct, substances that
can elicit an immune response. Nonetheless, stand-
ard toxicological studies are not directed at captur-
ing immune responses toward a pharmaceutical.
Surprisingly, even for biopharmaceuticals, despite
their inherent risk, dedicated immunotoxicologi-
cal studies are not required by the regulatory guide-
lines.57 Yet, by following the guidelines, potentially
dangerous immunostimulation induced by (micro-
bial)impuritiesin biopharmaceuticalscanbe missed,
asdetailed in chapterss &6.

The first case (described in chapter 5) is that of a re-
combinant human Apolipoprotein A-1 Milano, with
code name ETC-21658 After it had been administered
to healthy volunteers and patients with coronary
artery disease, ETC-216 was found to induce A1in the
third clinical trial. Duringsubsequentanalyses, it was
discovered that ETC-216 contained several immunos-
timulatory host cell proteins (HCPs), one of which was
flagellin59:60 In the second case (described in chapter
6),theArwasalready observed in thefirstclinical trial
witharecombinanthuman plasma protein. Here, the
cause was also traced back to HCPs, one of which stim-
ulated toll-like receptor (TLR)4.

In chapter 5, a study is described where an ex vivo
cytokinerelease assay was used once more to test ETC-
216. The results indicated a strong 1L-6 and TNF-a
response elicited by ETC-216, but not by the reman-
ufactured product (MDco-216). The difference was
statistically significant in all examined donor popu-
lations: healthy volunteers, and patients with stable
andacutecoronary artery disease. Invivoadministra-
tion of MDCO-216 to healthy volunteers and patients
with stable coronary artery disease confirmed the
result that the immunostimulatory HCPs were suc-
cessfully removed $1

However, the conclusion that the A1 could have
been prevented by using this assay is premature. Table
5.3 clearly shows thatthe response toastimulus varies
between different populations, and also within pop-
ulations. Comorbidities and medication use, as well
as other patient characteristics, may explain some of
the found differences. Becausesuch factors can either
increase or decrease an individual’s susceptibility
to AI, translation of ex vivo results to in vivo effects is
less than straightforward, increasing the complex-
ity of predicting A1 during the preclinical phase of
development.
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Animportantquestion tobeanswered is why the pre-
clinical safety testing had not revealed the immu-
nostimulatory propensity of ETc-216. Can other tests
than those commonly applied or required by interna-
tional guidelines predict A1, especially if caused by
impurities of microbial origin? Chapter 6 illustrates
the main shortcomings of current practice on the
basis of two case histories.

The first shortcoming relates to the sensitivity of
the used assays during quality control of the drug
substance. Endotoxin is a recognised impurity or
contaminant within biopharmaceuticals, yet the
commonly employed limulus amoebocyte lysate
(LAL) assay failed to detect its presence in one of the
cases. Assays for other HcPs only detect a selection
of all host cell proteins. Because the identity of the
found HcPs remains hidden, these tests generate re-
sults of unknown significance. Nonetheless, even if
all HcPs are characterised, for many impurities, the
clinical effect and hence a safe level is unclear, least
ofall when dealing with combinations of impurities.
Thisis thesecond shortcoming: the quantificationin-
stead of the qualification of impurities.

More sophisticated test platforms are available,
which utilise human immune cells or cells trans-
fected which immune receptors and try to mimic the
invivosituation. These platforms can detecta number
of untoward reactions that would previously not have
been discovered, such as those caused by endotoxin,
flagellin, peptidoglycan, and others. However, no
laboratory test is fail-safe, as also discussed above.
Furthermore, many of the developed test platforms,
including the applied exvivo cytokine release assay in
chapters 4 &5, are back-translations, starting from an
unanticipated clinical finding and trying to repro-
duceitinvitro. Theyarevalidated only againstknown
examples of biopharmaceuticals causing A1. Thus,
their claims to accurately predict A1 still need to be
substantiated by new test cases.

Toxicological studies inanimals may overcome the
first two shortcomings, provided the chosen species’
immune system reacts similarly to the impurities as
does the human one. Indeed, ETc-216 induced A1in
cynomolgus monkeys, but this was missed because
sensitive biomarkers (e.g. circulating cytokines) were
notincluded and the safety measurements thatcould
have suggested A1 (e.g. vital parameters, haematol-
ogy results) were done too infrequently. Moreover,
immunotoxicity is neither routinely investigated,
norisitrequired by the guidelines. Even if dedicated



immunotoxicological studies are performed, the
focus is on long-term immunosuppression or en-
hancement and not on rapidly occurring, transient
reactions that characterise most cases of A1.

Awareness of the possibility of Arisanother impor-
tantaspect for early detection and prevention of sim-
ilar cases in the future. This calls for more openness
and thesharingof safety information. Proposals tobe
implemented in the guidelines —aiming to increase
drug safety — can only occur after proper scientifical
debate.

ESPITE DECADES OF EXPERIENCE WITH

biopharmaceuticals,ourunderstanding

of many invivo pharmacokineticand ad-
verse effectsis stilllimited, although this observa-
tionshould notdeter from continuing to perform
dedicated studies with this class of drugs. On the
contrary, itshould inspire to investigate these poorly
understood aspects. Clinical trials remain essential,
for only such trials allow integration of all complex
mechanisms occurring simultaneously in different,
complex tissues and thus proof-of-concept. Where
it comes to potentially hazardous effects of biophar-

STICKY & DIRTY PROTEINS — DISUCSSION

maceuticals, such as adverse immunostimulation,
all reasonable efforts must be focussed on detecting
these before administering the product to humans.
Even then, however, human iz vivo data are required
to guide or validate preclinical research.

Sticky proteins, i.e. the dynamical binding (‘stick-
iness’) of proteins to various (bodily) surfaces, is a
concept that can theoretically explain some of the
ill-understood pharmacokinetic characteristics of
biopharmaceuticals, most notably, the delay in 7,
after intravenous infusion and the highly variable
plasma concentration over time. Dirty proteins de-
notes a concept where therapeutical proteins induce
aninflammatoryreaction(‘adverseimmunostimula-
tion’)inhumans, whoseimmunesystem perceives the
biopharmaceutical a hostile (‘dirtiness’). The active
ingredient can serve as the stimulus, as can the co-
administered contaminantsor impurities.

Although these issues with biopharmaceuticals
remain difficult to predict, because the underlying
mechanisms are not completely elucidated, knowl-
edge of these concepts —sticky & dirty proteins—appears
to be indispensable for clinical pharmacologists and
physicians primarily involved in patient care.
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SAMENVATTING

E KLINISCHE FARMACOLOGIE IS HET

vakgebied dat in brede zin de werking

van medicatie bestudeert en daarmee
tevens derationaliteit van behandelingen.Indat
kader zijn twee vragen belangrijk, namelijk ‘Hoe be-
reikteen geneesmiddel in voldoende hoeveelheden de
werkzame plaats?’ (farmacokinetiek) en ‘Hoe werkt
een geneesmiddel?’ (farmacodynamiek).

Hoewel van onderzoek met medicatie, in het bij-
zonder onderzoek in mensen, al voorbeelden uit de
oudheid bekend zijn, stamtdeklinische farmacologie
alsdisciplineuit medio twintigste eeuw. Destijds be-
stond het farmaceutische arsenaal vooral uit relatief
eenvoudige stoffen, die vrijwel altijd door een reeks
chemische reacties tot stand (kunnen) komen, de zo-
genaamde ‘kleine moleculen’, zoals paracetamol.
Vanaf 1980 zijn zogenaamde biofarmaceutica in op-
komst. Deze geneesmiddelen worden geproduceerd
door levende organismen, meestal door aanpassing
van het genetische materiaal (recombinant DNA).
Dankzij deze techniek kunnen menselijke eiwitten
worden nagemaakt en dienen als behandeling voor
patiénten met een gebrek aan bepaalde, (vaak) essen-
ti€le eiwitten. Ook kunnen eiwitten speciaal worden
ontworpen om heel doelgericht te binden aan cellen
of signaalstoffen en zodoende te interfereren in het
ziekteproces. Deze laatste groep eiwitten bestaat
veelal uit monoklonale antilichamen (MAB’s).

Juist de specificiteit van biofarmaceutica maakt
deze categorie geneesmiddelen gevierd, zij het
tegen hoge gezondheidszorgkosten, die zijn terug te
voeren op de grotere complexiteit van het productie-
en ontwikkelingsproces van therapeutische eiwitten
ten opzichte van ‘conventionele’ geneesmiddelen. De
complexere structuur van biofarmaceutica leidt ook
tot andere farmacokinetische eigenschappen dan
veel van de gangbare modellen, die waren ontwik-
keld op basis van het gedrag van kleine moleculen,
voorspellen. In het eerste deel van deze thesis (sticky
proteins, ‘kleverige eiwitten’) worden enkele bijzon-
dere, farmacokinetische eigenschappen van biofar-
maceutica verkend; eigenschappen die momenteel
onvoldoende worden gedekt of begrepen door hui-
dige theorieén.

Hoofdstuk 1 richt zich op bioequivalentieonderzoek,
biosimilariteitsonderzoek geheten als het de verge-
lijking tussen biofarmaceuticabetreft. Kernvan zulk
onderzoek is de vergelijkbaarheid van een generiek
product (het ‘testproduct’) aan te tonen ten opzichte
van het originele product (het ‘referentieproduct’)
op diverse vlakken, waaronder vergelijkbare farma-
cokinetiek. Van oudsher wordt farmacokinetische
bioequivalentie of biosimilariteit gebaseerd op twee
parameters, namelijk de maximale plasmaconcentra-
tie (Cphax) Van een geneesmiddel en het oppervlakte
onder de plasmaconcentratie-tijd-curve (‘area under
the curve’, Auc). Deze twee parameters worden be-
paald in een non-compartimentele analyse (NcA),
zoals vereist door de registratieautoriteiten, die uit-
eindelijk beslissen of het testproduct tot de (genees-
middelen)markt wordt toegelaten.

Een NCA gaat uit van lineaire kinetiek en lineaire
eliminatie van een medicament en is daarmee inhe-
rentongeschiktvoorde correcte beschrijvingvan het
farmacokinetische profiel van veel biofarmaceutica,
die vrijwel zonder uitzondering (eveneens) worden
ge€limineerd via een non-lineair proces. Eerder is
een populatie-farmacokinetische benadering (pPK)
toegepast op de vergelijking tussen een test- en refe-
rentiebiofarmaceuticum.Integenstellingtoteen Nca
kan een PPK non-lineaire processen beschrijven.

In hoofdstuk1wordtvoor heteerstde bruikbaarheid
van een PPK onderzochtvoor hetaantonen van farma-
cokinetische biosimilariteit van de grootste, thera-
peutische eiwitten, de MAB’s. In het eerste deel van
het onderzoek werd een model ontwikkeld waarin
alle plasmaconcentraties van zowel het test- als het
referentieproduct waren opgenomen. Uit de covari-
atenanalyse bleek dat geen statisch significante ver-
schillen bestonden tussen beide producten. Een
voordeel van deze methode is dat alle parameters in
een pPK-model kunnen worden getest, en daarmee
diverse (primaire) farmacokinetische eigenschap-
pen van test- en referentieproduct, zoals absorptie,
distributie en eliminatie. Daarentegen wordt mo-
menteel als standaard alleen de vergelijkbaarheid op
tweeafgeleide (secundaire) parameters, C,,,, €0 AUC,
onderzocht.
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Het tweede deel bestond uit de ontwikkeling van
twee afzonderlijke modellen, één voor het testpro-
ductenéénvoorhetreferentieproduct. Anders dan bij
hetgecombineerde model uitheteerstedeel isdeaan-
name hierbij niet dat het test- en referentieproduct
dezelfde (werkzame) stof bevatten. Hoewel de twee
afzonderlijk ontwikkelde modellen in grote mate
overeenkomst vertoonden en daarmee vodr biosimi-
lariteit pleitten, is een statische vergelijking metdeze
methode lastig. Nochtans kunnen met beide model-
len simulaties worden uitgevoerd, die bijvoorbeeld
aantonen dat ook het testproduct therapeutische
concentraties bereikt, vergelijkbaar met het referen-
tieproduct, en die derhalve de biosimilariteitshypo-
these ondersteunen.

Een belangrijke voorwaarde voor een adequaat
farmacokinetisch model is een juist begrip van de
onderliggende mechanismen. Ofschoon de model-
len in hoofdstuk 1 de non-lineaire eliminatie van een
MABkondenbeschrijven, kunnen deze modellen niet
verklaren waarom de plasmaconcentratie blijft stij-
gen nadat de (intraveneuze) toediening van een ge-
neesmiddel is geéindigd, waarna theoretisch alleen
nogeliminatie plaatsheeft. Voor meerdere biofarma-
ceuticaisdit fenomeen beschreven (tabel 2.1), waarbij
de tijd tot C,4 (fmay) Niet —zoals verwacht — gelijk is
aandeinfusieduur (¢,,,), maarenigetijd totveleuren
later optreedt. Afgezien van het rapporteren van de
‘verlate’t,,,,, is tot op heden geen onderzoek verricht
naar mogelijke oorzaken. Vaker nogontbreektin pu-
blicaties de t,,,,, van biofarmaceutica die intraveneus
worden toegediend.

Hoofdstuk 2 onderzoekt twee hypotheses die de
verlate t,,,,, kunnen verklaren. Volgens de eerste hy-
pothese binden biofarmaceutica reversibel aan vaat-
wanden of worden tijdelijk door endotheelcellen
opgenomen, afhankelijk van de lokale concentratie.
Doordat op de toedieningslocatie de geneesmiddel-
concentratie relatiefhoogis, treedtaanvankelijk bin-
ding of opname op. Nadatdeinfusieis voltooid, daalt
de lokale concentratie abrupt, waardoor desorptie
of exocytose van respectievelijk geadsorbeerd of op-
genomen biofarmaceuticum plaatsvindt. Dit heeft
tot gevolg dat de plasmaconcentratie antegraad van
de toedieningslocatie stijgt, totdat in alle vaten een
evenwicht is bereikt tussen adsorptie en pino- of en-
docytose enerzijds en desorptie en exocytose ander-
zijds (figuurz.4).

Ineenreeksexperimenten werdenendotheelcellen
blootgesteld aan wisselende concentraties van tras-
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tuzumabofbevacizumab. Concentratieafhankelijke
adsorptie van deze MAB’s aan de luminale zijde van
endotheelcellen werd inderdaad waargenomen, ter-
wijlopnamedoordecellen nietleek op te treden. Ook
bonden de onderzochte MAB’s aan de extracellulaire
matrix.Samenmetbestaand bewijsoverdeinteractie
tusseneiwittenenuiteenlopendebiologischestructu-
ren,wijzendezebevindingenopeenaspecifiekevorm
vanadsorptie,diedeeerste hypothese ondersteunen.

Detweede, onderzochte hypotheseisdatbiofarma-
ceutica kunnen adsorberen aan infuuslijnen tijdens
toediening. In sommige gevallen worden de infuus-
lijnen nagespoeld met een fysiologischezoutoplos-
sing;indienindie gevallen geadsorbeerd eiwit oplost
in de spoelvloeistof, duurt de infusie van genees-
middel voort nd de verwachte ¢;,, en veroorzaakt zo
schijnbaareen verlatet,,,. Bijhetnabootsenvan zulke
toedieningsprocedures met diverse biofarmaceutica
onder verschillende omstandigheden (infusiecon-
centratie en -snelheid) in het laboratorium werd wel
een afname van de toegediende dosis geneesmiddel
gedurende de verwachte infusieduur gezien, maar
in geen geval bevatte de spoelvloeistof een meetbare
eiwitconcentratie (figuur 2.3). Derhalve werd voor de
tweede hypothese geen bewijs gevonden.

Naast een verlate f,,,, blijkt het farmacokineti-
sche profiel van sommige biofarmaceutica meerdere
pieken te vertonen dan uitsluitend één C,,, (figuur
3.1), een fenomeen dat in hoofdstuk 3 nader wordt
beschreven. Theoretisch daalt de plasmaconcentra-
tie uitsluitend na de t,,,,, als gevolg van eliminatie,
hetgeenin tegenspraak schijnt metde waargenomen
fluctuerende concentraties over tijd van meerdere
MAB’s. Onder andere door deze fluctuaties te verge-
lijken metde (slechts minimale) tijdsafhankelijke va-
riabiliteitvan de bloedconcentraties vanalbumineen
erythrocyten — van nature voorkomende bestandde-
lendieinbelangrijke mate overeenkomsten vertonen
metMAB’s quadistributie—wordtonaannemelijk dat
de geobserveerde fluctuaties kunnen worden toege-
schreven aan ‘normale’ variabiliteit. Tevens zijn de
analysemethodes voor de bepaling van plasmacon-
centratiesvan MAB’sdermate nauwkeurigdatdekans
zeer klein is dat de (vrij grote) schommelingen in de
plasmaconcentraties het gevolg van variabiliteitin de
analysemethode zijn.

Ofschoon op de voornoemde gronden de fluctu-
erende MAB-concentratie over tijd als reéel moet
worden beschouwd, blijft iedere verklaring voor het
fenomeen vooralsnog speculatief. De in hoofdstuk 2



beschreven adsorptie aan endotheel zou ook de
fluctuaties na t,,,,, kunnen veroorzaken als men in
ogenschouw neemt dat het endotheel dynamisch
is, evenals het aan de circulatie blootgestelde endo-
theeloppervlakte. Indien deze dynamiek gepaard
gaatmetwijzigingvan debindingskarakteristieken,
zouden op deze wijze grote hoeveelheden van een
MAB kunnen vrijkomen of juist worden gebonden
metabruptestijgingen endalingen in de plasmacon-
centratie tot gevolg.

Kennis van de exacte verdeling van geneesmid-
delen over het lichaam is essentieel voor de klinisch
farmacoloog. Rationele farmacotherapie met bio-
farmaceutica kan niet worden ingesteld zonder we-
tenschap van de individuele farmacokinetiek. Zoals
uit de eerste sectie van deze thesis blijkt, is de in vivo
kinetiek van biofarmaceutica doorgaans vele malen
complexer dan wordt voorspeld door de huidige the-
orieén, zeker als deze uitsluitend zijn gebaseerd op
kleine moleculen.Inhoeverredeze afwijkingeninde
aangenomen farmacokinetiek van een biofarmaceuti-
cum leiden tot het falen van een behandeling, of tot
meer of onverwachte neveneffecten, hangtaf van de
concentratieafhankelijke effecten van het genees-
middel en de werkelijke distributie over hetlichaam.

ELFS AL WARE DE FARMACOKINETIEK

vanbiofarmaceuticavolledig bekend, blij-

ken neveneffecten van dezeklasse genees-
middelen geregeld lastig te voorspellen op basis
van preklinisch onderzoek. Bepaalde biofarmaceu-
ticazijnbijvoorbeeld geassocieerd metinflammatoire
reacties, die meestal bij deeerste toediening optreden
enernstigkunnen verlopen. De overkoepelende term
voor zulke reacties is ‘ongewenste immunostimula-
tie’ (in dit proefschrift afgekort als A1). Deze bijzon-
dere eigenschap van biofarmaceutica staat centraal
in het tweede deel van deze thesis (dirty proteins, ‘vuile
eiwitten’).

Trastuzumab is één van de MAB’s die A1 kan indu-
ceren, maar waarvan het pathofysiologische mecha-
nisme niet is opgehelderd. In hoofdstuk 4 worden de
resultaten van gezonde proefpersonen die koorts (i.c.
AT) ontwikkelden na én vivo toediening van trastuzu-
mab vergeleken metderesultaten van proefpersonen
die geen koorts kregen. De ‘respondenten’ vertoon-
denineenexvivovolbloedincubatietest met trastuzu-
mabhogere1L-6-waardendande ‘non-respondenten’,
en deze waarde correleerde met de bereikte maxi-
male lichaamstemperatuur (figuur 4.1). Een lineaire
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correlatie werd ook gevonden tussen de exvivo TNF--
waarde en de maximalelichaamstemperatuur, maar
uitsluitend in de respondenten.

Niettemin waren de verschillen in de uitslagen
tussen beide groepen klein, waardoor de gebruikte
incubatiemethode vooralsnog ongeschikt is als
screeningtest voor (trastuzumab-geassocieerde) AI.
Anderzijds is dit één van de weinige onderzoeken
waarin een relatie wordt gelegd tussen in en ex vivo
resultaten.

Niet alleen de actieve stof in het geneesmiddel,
maar ook verontreinigingen en onzuiverheden
kunnen tot een immuunrespons leiden, zeker als de
verontreinigingen of onzuiverheden van microbiéle
origine zijn. Aangezien biofarmaceutica doorgaans
in niet-humane cellijnen, zoals bacterién, worden
geproduceerd, eindigen celresten onvermijdelijk in
het eindproduct, resten die A1 kunnen veroorzaken.
Wegens het potentieel levensbedreigende karakter
van AI zou men verwachten dat hiernaar specifiek
onderzoek wordt gedaan tijdens de preklinische fase
van ontwikkeling. Echter, zelfs voor biofarmaceu-
tica,ondankshetinherentverhoogderisico op A1, ver-
eisen de richtlijnen zulke onderzoekingen niet. Dat
hierdoor A1als gevolg van (microbiéle) onzuiverheden
kan worden gemist, blijkt uit twee casus.

Hoofdstuk 5 beschrijft de eerste casus over een re-
combinant,humaan apolipoproteine A-1Milano met
decodenaam ETC-216, waarvan eerst in het derde kli-
nischeonderzoek men zich realiseerdedathet middel
Arinduceerde, alblekeninretrospectie deeerdere on-
derzoeken meerdere aanwijzingen te tonen. Tijdens
latere analyses werd duidelijk dat ETc-216 diverse
bacteriéle (rest)eiwitten bevatte, zogenaamde ‘host-
cell proteins’ (HCP’s), waarvan één flagelline was. De
tweede casus (beschreven in hoofdstuk 6) betreft een
recombinant, humaan plasmaeiwit. Bij dit biofar-
maceuticum werd de Arreeds opgemerktin heteerste
klinische onderzoek, maar net als bij de eerste casus
bleek de oorzaak gelegen in HCP’s.

In hoofdstuk 5 werd opnieuw een ex vivo volbloed-
incubatietest toegepast voor hetaantonenvaneenin-
flammatoire reactie. Hierbij bleek een sterke 1L-6-en
TNF-a-respons na stimulering met ETC-216, terwijl
het vernieuwde (opgeschoonde) product (MDco-
216) geen respons vertoonde. Dit verschil was statis-
tisch significant voor alle onderzochte populaties:
gezonde proefpersonen, en patiénten met stabiel en
acuutcoronairlijden. Nadien bevestigde een klinisch
onderzoek de afwezigheid van A1 na toediening van
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MDCO-216 aan gezonde proefpersonen en patiénten
metstabiele, coronairehartziekte,endaarmeedesuc-
cesvolle eliminatie van de oorzakelijke HCP’s.

Zorgvuldigheid dient te worden betrachtbijdein-
terpretatie van de resultaten van zo een ex vivo test,
zeker waar het de conclusie betreft dat door de toe-
passing van een ex vivo test AT had kunnen worden
voorkomen. Het uitgevoerde onderzoek toont name-
lijk ook aan dat de reactie op ETC-216 verschilt zowel
tussen als binnen populaties. Sommige verschillen
kunnen worden toegeschreven aan comorbiditeit en
gebruik van bepaalde medicamenten, maar hiermee
worden de resultaten slecht ten dele verklaard. Juist
dezeverschillen benadrukkendathetvertalenvanex
vivo uitslagen naar invivo effectenlastigblijft, evenals
de preklinische voorspelling van A1.

Hoewel hoofdstuk 5 bewijst dat de A1 als gevolg van
bepaalde HCP’s kan worden gedetecteerd in het pre-
klinische stadium, blijft de vraag onbeantwoord
waarom de in de richtlijnen voorgeschreven teststra-
tegiededestijds opgetreden Arnietheeft kunnen ver-
hinderen. Aan de hand van de twee casus illustreert
hoofdstuk 6 de belangrijkste tekortkomingen van de
huidige praktijk.

De eerste tekortkoming betreft de sensitiviteit
van de testen die worden toegepast voor de kwali-
teitsbewaking van geneesmiddelen. Endotoxine is
de enige stof waarvan de aanwezigheid altijd wordt
onderzocht; ware het niet dat de vaak gebruikte li-
mulus-amoebocyt-lysaat-test (LAL-test) bepaalde
endotoxinevarianten niet kan detecteren. Zo ook
detecteren veel testen voor HCP’s en residuaal DNA
slechts een selectie van alle aanwezige (bacteriéle)
restmateriaal. Aangezien de identiteit van bijvoor-
beeld de gevonden HcP’s in deze testen onbekend
blijft, is ook de testuitslag lastig te duiden. Immers,
vanveel (bacteri€le) producten en alle mogelijke com-
binaties daarvan is het klinische effect onduidelijk.
Hierin ligt de tweede tekortkoming: de kwantifice-
ringin plaats van kwalificering van onzuiverheden.

Nieuwere testen daarentegen trachten de in vivo si-
tuatie na te bootsen door het gebruik van menselijke
immuuncellen of -receptoren. Deze testen, zoals ook
gebruiktindehoofdstukken 4 &5, kunnen immunosti-
mulatoire stoffen opsporen die voorheen eerst in de
kliniek zouden zijn ontdekt. Geen laboratoriumon-
derzoek is echter waterdicht, nietin de minste plaats
vanwege de oneindig grotere complexiteit van een
levend organisme en alle in vivo aanwezige omge-
vingsfactoren. Bovendien is bij voorbaat niet bekend
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welke weefsels en cellen een rol spelen bij het ont-
staan van een bepaalde reactie.

Toxicologisch onderzoekin proefdierenkande ge-
volgen van de eerste twee tekortkomingen enigszins
beperken, mits het immuunsysteem van de gekozen
diersoortin gelijke matereageertop bepaalde stimuli
alshetmenselijke.In makakenleidde ETc-216 bijvoor-
beeld tot A1, maar dit werd gemist, doordat gevoelige
biomarkers (e.g. cytokines) niet werden bepaald en
doordatde metingendieinderichtingvanArhadden
kunnen wijzen met te grote intervallen werden ver-
richt. Belangrijk hierbij is dat immunotoxiciteit niet
routinematig wordt onderzocht en dat dit evenmin
wordt vereist door de richtlijnen. Daarnaast ligt de
nadruk van immunotoxicologische onderzoeken —
indien uitgevoerd — op langetermijnonderdrukking
of -versterking van het afweersysteem, terwijl de
meeste gevallen van A1 bij biofarmaceutica juist snel
optreden en kortdurend zijn.

Totslotis bekendheid methet fenomeen Arbelang-
rijk ter voorkoming van toekomstige casus. Vanuit
onwetendheid kan men ten onrechte aannemen dat
AT zeldzaam is of symptomen toeschrijven aan bij-
voorbeeld hypersensitiviteit, met alle gevolgen van
dien. Alleen door meer openheid en door het uitwis-
selen van informatie over geneesmiddelen kunnen
zinnige wijzigingen van de richtlijnen worden voor-
gesteld en bediscussieerd.

ET CENTRALE THEMA VAN DIT PROEF-

schrift is sticky proteins & dirty proteins —

‘kleverige eiwitten’ en ‘vuile eiwitten’.
DeKkleverigheid betreftdedynamischebinding van the-
rapeutischeeiwittenaandiverse(lichaams)oppervlak-
ten, waarmee theoretisch sommige slecht begrepen,
farmacokinetische eigenschappen van biofarmaceu-
tica kunnen worden verklaard, in het bijzonder de
vertraagdet,,, naintraveneuze toedieningende fluc-
tuerende plasmaconcentraties. Vuile eiwitten kunnen
eenongewenste afweerreactie teweegbrengen, indien
hetmenselijkeimmuunsysteem een biofarmaceuticum
alsvijandigbeschouwd. Hierbij kunnen zowel hetac-
tievebestanddeel als onzuiverheden of vervuilingals
stimulus dienen.

Ofschoon bepaalde eigenaardigheden van biofar-
maceutica zich lastig laten voorspellen, vooral ten
gevolgevanonvoldoendeinzichtin deonderliggende
mechanismen, lijkt kennis van beide concepten
— sticky & dirty proteins — onmisbaar voor klinisch far-
macologen en artsen.
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