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ABSTRACT
For antibody-drug conjugates (ADCs) that carry a cytotoxic drug, doses that can be administered in preclinical
studies are typically limited by tolerability, leading to a narrow dose range that can be tested. For molecules
with non-linear pharmacokinetics (PK), this limited dose range may be insufficient to fully characterize the PK
of the ADC and limits translation to humans. Mathematical PK models are frequently used for molecule
selection during preclinical drug development and for translational predictions to guide clinical study design.
Here, we present a practical approach that uses limited PK and receptor occupancy (RO) data of the
corresponding unconjugated antibody to predict ADC PK when conjugation does not alter the non-specific
clearance or the antibody-target interaction. We used a 2-compartment model incorporating non-specific and
specific (target mediated) clearances, where the latter is a function of RO, to describe the PK of anti-CD33 ADC
with dose-limiting neutropenia in cynomolgus monkeys. We tested our model by comparing PK predictions
based on the unconjugated antibody to observed ADC PK data that was not utilized for model development.
Prospective prediction of human PK was performed by incorporating in vitro binding affinity differences
between species for varying levels of CD33 target expression. Additionally, this approach was used to predict
human PK of other previously tested anti-CD33 molecules with published clinical data. The findings showed
that, for a cytotoxic ADC with non-linear PK and limited preclinical PK data, incorporating RO in the PK model
and using data from the corresponding unconjugated antibody at higher doses allowed the identification of
parameters to characterize monkey PK and enabled human PK predictions.
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Introduction

The promise of antibody-drug conjugates (ADCs) lies in their
ability to efficiently deliver their payload (generally a cytotoxic
drug) to tumor cells while minimizing delivery to non-target sites.
ADCs are expected to enhance the anti-tumor activity of mono-
clonal antibodies and widen the therapeutic index (i.e., ratio of
doses or exposures at the maximum tolerated dose versus the effi-
cacious dose) of the cytotoxic drugs. During the development of
ADCs, mathematical pharmacokinetic (PK) models are used to
capture the relationship between dose and exposure and to inform
cross-species translation. In the preclinical space, PK models can
be used to estimate the therapeutic index of various drug candi-
dates and support candidate selection. When entering the clinic,
predictions of human PK (typically based on preclinical observa-
tions) may play a critical role in the selection of early stage clinical
doses that must balance safety of patients while minimizing the
number of subjects who receive sub-therapeutic treatments.

As clinical experience with monoclonal antibodies has grown
over the past few decades, characterization of their PK properties

in non-human primates and subsequent translation to humans
has been fairly well studied for antibodies that are predominantly
cleared by non-specific mechanisms.1-6 In the case of antibodies
that demonstrate significant target-mediated drug disposition
(TMDD), PK characterization in non-human primates requires
antibody concentration-time profiles over a wide concentration
range to capture saturation of target-mediated clearance that fre-
quently manifests in PK non-linearities. This information can
only be obtained if the test article is well tolerated in preclinical in
vivo studies over a wide dose range. Even when this is possible, a
study with multiple groups is required to evaluate different dose
levels, resulting in a higher animal usage than that needed to char-
acterize an antibody with linear PK. To predict human PK of anti-
bodies that undergo TMDD, species differences of target
expression levels and turnover as well as antibody interaction with
target need to be considered. Scale up of the target-dependent
component of antibody PK has been tackled with varying degrees
of success using TMDD7,8 and Michaelis-Menten (MM)9 non-
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linear PK models. In both cases, appropriate scale up of the
parameters that describe the PK non-linearity is critical to capture
the differences across species. For ADCs carrying cytotoxic drugs,
preclinically evaluable doses are restricted by tolerability, limiting
concentration-time measurements to a range that may not be suf-
ficient for robust characterization of the PK non-linearity. To
date, various PK modeling efforts that support the drug develop-
ment have been focused on complexities unique to ADCs, such as
capturing the PK driven by the de-conjugation processes10-12 or
integrating the complex processes occurring at cellular, tissue and
systemic levels using multi-scale models.13-15 For newer generation
ADCs, advances in conjugation technologies have reduced the
rates of payload loss by improving linker stability compared to the
first-generation ADCs.16-19 Moreover, understanding the effect of
the site of conjugation, drug loading, and drug-linker design on
ADC PK has enabled mitigation of accelerated clearance observed
with some ADCs.20-22 Mechanistic PK/pharmacodynamic (PD)23-
26 and multi-scale models13-15 have been proposed to improve
translatability from preclinical species to the clinic. However,
implementation and calibration of these multi-scale models
require a substantial amount of in vitro and in vivo data that may
not be available when human PK predictions are first required,
which is typically during early stages of drug development. Here,
we present a practical approach to predict ADC PK using limited
PK and receptor occupancy (RO) data of the corresponding
unconjugated antibody under conditions when conjugation does
not alter the antibody-target interaction or the non-specific clear-
ance of the antibody.

An anti-CD33 ADC with dose-limiting neutropenia in mon-
keys was used as a case study to illustrate our approach. CD33,
a glycoprotein expressed on most myeloid leukemia cells as
well as on normal myeloid and monocytic precursors, has been
pursued clinically as a target for drugs intended as treatments
for acute myeloid leukemia (AML).27 A non-linear 2-compart-
ment model incorporating non-specific and specific (target-
mediated) clearances, where the latter is a function of RO, was
used to describe the PK. We tested our model by comparing
PK predictions based on the unconjugated antibody (referred
to here as anti-CD33 mAb) to observed conjugated antibody
(referred to here as anti-CD33 ADC) PK data that was not uti-
lized for model development, and subsequently translated the
model to predict human PK. Additionally, we used this
approach to compare model predictions for other previously
tested anti-CD33 molecules with published clinical data.

Results

CD33 expression levels in cynomolgus monkey and human
cells

Evaluation of CD33 expression in cynomolgus monkey and
human cells showed the expected myeloid-specific expression
pattern for CD33.28 Similar levels of CD33 were observed for
both human and cynomolgus monkey mature myeloid cells
(monocytes / granulocytes) (Figure 1). It is worth noting that
the slightly lower levels of CD33 on monocytes of cynomolgus
monkey compared to human might be attributed to the small
number of animals (n D 2) evaluated by flow cytometry, as
there was a wide range of CD33 expression for human

monocytes (n D 6). Furthermore, the levels of CD33 on cyno-
molgus CD34C hematopoietic progenitor cells were equivalent
to human, which further supports this as a suitable preclinical
model for evaluating CD33 targeting therapeutics.

Cell binding of anti-CD33-mAb and anti-CD33 ADC to
monkey and human CD33

Anti-CD33 mAbs bound to human embryonic kidney (HEK) 293
cells over-expressing recombinant human- or cynomolgus-CD33
within 2-fold as determined by fluorescence-activated cell sorting

Figure 1. CD33 expression levels in monkey and human cells measured by flow
cytometry. Data corresponding to human and monkey cells are shown in full and
half-full circles, respectively. Horizontal bars show mean measured values.

Figure 2. Characterization of anti-CD33 mAb binding to stable 293 HEK cells over-
expressing recombinant human (red) and cynomolgus monkey (black) CD33. Incu-
bations performed on ice for 30 min followed by detection with a goat-anti-
human IgG-PE secondary reagent. Approximate EC50 for human and monkey are
0.60 mg/ml and 0.35 mg/ml, respectively.
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(FACS) with EC50s of 0.60 mg/ml (human CD33) and 0.35 mg/ml
(cynomolgus CD33) (Figure 2). Additionally, a competitive bind-
ing assay with Scatchard analysis using the HEK 293 stable cell
lines was conducted confirming that the affinity of the anti-CD33
mAb for human and cynomolgus CD33 are comparable (0.71 nM
and 0.32 nM, respectively, Table 1). Together, both analyses sug-
gest that the binding of the anti-CD33 mAb is similar for human
and cynomolgus CD33. The binding affinity of anti-CD33 ADC
was not measured in this study, and it is assumed to be similar to
the unconjugated anti-CD33 mAb based on our previous experi-
ence with other antibodies targeting tumor antigens conjugated at
position LC K149C on the antibody.29

Anti-CD33 mAb and anti-CD33-ADC PK in monkey studies

Serum anti-CD33mAb concentrations were measured following
single dose intravenous (IV) administration of 0.5 and 15 mg/kg
in the monkey PKPD study. Dosing solution concentrations
were measured as 64% and 86% of their nominal value for the
low and high dose groups, respectively. Therefore, actual mea-
sured doses were used in the PK and modeling analysis. Anti-

CD33 mAb exhibited non-linear PK in this dose range with
overall clearances ranging from 15.5 § 1.34 mL/day/kg at the
low-dose (0.5 mg/kg) to 8.63§ 2.39 mL/day/kg at the high-dose
(15 mg/kg). Serum concentration-time profiles in the monkey
PKPD study are shown in Figure 3a. Non-compartmental PK
parameters are reported in Table 2. The maximum concentra-
tion (Cmax) increased roughly dose proportionally from 11.5 §
0.658 mg/mL at 0.5 mg/kg to 272 § 13.4 mg/mL at 15 mg/kg.
Positive anti-drug antibody (ADA) responses were detected in 5
of 6 animals (83%). ADA did not appear to have a significant
effect on the total antibody (TAB) concentrations. TAB concen-
tration from all animals was used in the PK evaluation and
modeling analysis. Concentrations below the lower limit of
quantification (LLOQ) of the assay were treated as missing.

Limited serum toxicokinetic samples were taken during the
toxicology study following the administration of 0.1, 0.2, 0.4
and 1 mg/kg of anti-CD33-ADC to measure TAB levels. All
measured dosing solutions concentrations were within §10%
of their nominal values; therefore, nominal doses were used for
PK and modeling analysis. Doses of 0.4 or 1 mg/kg were not
well tolerated and resulted in mortalities for all animals in those
groups. Anti-CD33-ADC concentrations measured using TAB
assay are shown in Figure 4a. Missing symbols at sample time
points (10 minutes; 1, 7, 10, 12 and 14 days post-dose) indicate
that concentrations fell below the LLOQ (1 mg/mL). Minimal
deconjugation was confirmed by affinity capture measurements
(data not shown). These results are similar to those reported in
previous publications,34 which showed that the average drug-
to-antibody-ratio declined roughly 10% over the complete
duration of the study and support the use of TAB concentra-
tions for PK characterization of the anti-CD33 ADC. The TAB
concentrations of anti-CD33 ADC observed in this toxicology
study were consistent with PK observations in the monkey

Table 1. Binding affinities of anti-CD33 mAb to human and cynomolgus monkey
CD33 positive cells.

Cell Type Affinity, nM

Cynomolgus Monkey HEK- 293 0.32
Human HL-60 0.20

HEK-293 0.71
MOLM-13 0.92

HEK-293D Human embryonic kidney cells 293 (over-expressing recombinant monkey
or human CD33)

HL-60 D Human promyelocytic leukemia cells
MOLM-13 D acute monocytic leukemia cells 67

Figure 3. (a) Anti-CD33 mAb serum concentration following administration of a 0.5 mg/kg (in green) and 15 mg/kg (in blue) IV bolus of anti-CD33 mAb to cynomolgus
monkeys. Symbols and bars represent mean and standard deviation, n D 3 unless indicated otherwise; missing values were below of the LLOQ of the assay (7.8 ng/mL).
Solid lines correspond model fitted serum TAB curve using both PK and RO data sets. (b) Receptor availability/occupancy in granulocytes and monocytes following admin-
istration of a 0.5 mg/kg (in green) and 15 mg/kg (in blue) IV bolus of anti-CD33 mAb to cynomolgus monkeys. Symbols and bars represent mean and standard deviation
(n D 3). Solid lines correspond fitted RO curve using both PK and RO data sets.
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PKPD study. Non-compartmental PK parameters could not be
estimated due to the limited number of samples with measur-
able concentrations. Detectable post-baseline ADA responses
were observed in 7 of 8 animals (88%) with post-baseline evalu-
able samples. One animal in the group receiving 0.4 mg/kg of
anti-CD33 ADC only had baseline collections. ADA did not
appear to have a significant impact on TAB concentrations. All
samples with detectable TAB concentrations were included in
the comparison to model predictions.

CD33 receptor occupancy in monkey PKPD study

RO was measured in the monkey PKPD study after the admin-
istration of anti-CD33-mAb. The results showed rapid

saturation of CD33 on both monocytes and granulocytes begin-
ning as early as one day following administration of anti-CD33
mAb (Figure 3b). Higher doses of anti-CD33-mAb resulted in
more prolonged RO as observed by the increased binding by
the test-article-competing CD33 antibody. The RO for both
monocytes and granulocytes was similar.

PK-RO model development based on monkey PKPD study
with anti-CD33 mAb

Modeling based on PK and RO data
The serum TAB concentration and RO data following the
administration of 0.5 mg/kg and 15 mg/kg of unconjugated
anti-CD33 antibody in the monkey PKPD study and shown in

Table 2. Mean and standard deviation (SD) non-compartmental plasma PK parameters following administration of a 0.5 and 15 mg/kg IV bolus of anti-CD33 mAb to cyn-
omolgus monkeys.

Group Treatment CL (ml/day/kg) Cmax (mg/ml) AUCinf (day
�mg/ml) Vz (mL/kg) t1/2 (day)

1 anti-CD33 mAb 0.5 mg/kg Mean 15.5 11.5 32.5 48.8 2.20
SD 1.34 0.658 2.93 0.186 0.207

2 anti-CD33 mAb 15 mg/kg Mean 8.63 272 1740 66.2 5.69
SD 2.39 13.4 486 9.71 2.26

Cmax maximum observed serum concentration post dose.
AUCinf area under the serum concentration versus time curve from time 0 extrapolated to infinity
CL clearance (Dose/ AUCinf)
Vz volume of distribution based on the terminal phase
t1/2 terminal half-life

Figure 4. (a) Predicted and measured concentrations of TAB after administration of 0.1 mg/kg (n D 4), 0.2 mg/kg (n D 4), 0.4 mg/kg (n D 1) and 1 mg/kg (n D 1) of anti-
CD33 ADC in toxicology study in cynomolgus monkey (LLOQ D 1 mg/mL). (b) Corresponding model predicted receptor availability/occupancy for the same study.
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Figure 3 were used to calibrate the model described in equa-
tions 1-3. Both PK and RO data were well described by the pro-
posed model. Estimated model parameters with their standard
error values can be found in Table 3. Values for the non-spe-
cific clearance (CL D 4.92 mL/day/kg) and volume of central
compartment (V1 D 36.7 mL/kg) are comparable to the values
historically observed for other human IgG1 antibodies in
monkeys.1 The value of intrinsic clearance (CLINT), defined as
the ratio Vmax/KM,

35 was 372 mL/kg/day. The target-mediated
clearance for low concentrations (i.e., when C1<<KM) is thus
roughly 75-fold the non-specific clearance (CL). The estimated
KM value (0.0602 mg/mL » 0.40 nM) was comparable to the
affinity value of the anti-CD33 ADC for the monkey CD33
receptor (KD » 0.32 nM), suggesting that the target uptake
rate is primarily determined by binding and that internaliza-
tion and antibody degradation rates do not represent rate-lim-
iting steps in the overall observed target-mediated clearance.
Significant values of standard error respect to the estimated
value suggest a high degree of uncertainty, especially in those
characterizing the PK non-linearity, Vmax and KM.

Modeling utilizing only PK data
To evaluate the significance of including RO data in the model-
ing approach, calibration of the model was attempted using
only PK data; however, in this case, the model parameters were
not identifiable, most likely due to the limited number of dose
levels tested in the study. Alternatively, when the PK is not suf-
ficient to identify all parameters, some of these may be fixed if
an estimation of their values (or their potential range) is avail-
able. For, example, based on the TMDD model,36 we expect the
value of KM to be larger or equal to KD (i.e., the antibody con-
centration that results in an elimination rate equal to 50% of
Vmax must be at least equal to the concentration required to
bind 50% of the target when antibody is in excess). Based on
this, the value of KD can be used to provide a lower bound for
the range of possible values of KM. For illustration, we fixed the
value of KM to 1, 10, or 100 times the value of KD. Resulting
parameter fits are shown in Table S1 (Supplementary material).
The resulting values of non-specific clearance (5.9 – 6 mL/kg/
day) seem to be independent of the value of KM used and are
comparable to the value obtained using PK and RO data

(4.92 mL/kg/day), indicating that at high doses all model fits
result in a comparable prediction of TAB PK. However, the
estimated values of intrinsic clearance differ significantly (164,
18.6 and 3.2 mL/kg/day, for KM equal to 1, 10, 100 times KD,
respectively, versus 372 mL/kg/day using PK and RO data),
indicating that at lower doses, PK predictions for each of these
model fits will be significantly different. More importantly, for
all model fits using PK only, the standard error of the Vmax esti-
mation is very high (resulting in large standard errors with
respect to the estimated parameter values, see Table S1), indi-
cating a high degree of uncertainty in the parameter estimates.

Using PK-RO model to predict ADC PK in the monkey
toxicology study

Assuming that both unconjugated and conjugated antibody
interact with the CD33 receptor in a similar manner, we can
use our PK-RO model (developed based on anti-CD33 mAb
data from the PKPD study) to predict the corresponding ADC
PK in the toxicology study. This assumption is supported by
our prior experience with ADC constructs where conjugation
of different payloads at the same position (K149C) in the anti-
body did not appear to affect this interaction.30 Note here that
no ADC data were used in model development. As observed in
Figure 4a, the PKPD model of the unconjugated antibody does
a fair job describing this limited PK dataset of the conjugate,
and the deviations are within range of typical variability in con-
centration (see for example Figure 3). For the two lowest dose
groups, the model predicts the concentration to fall below the
limit of quantitation for samples taken at 7-days post dose and
later. For the groups receiving 0.4 mg/kg and 1 mg/kg, pre-
dicted concentrations are above the LLOQ for one and two
weeks, respectively. While serum TAB levels were detectable in
the top dose group (n D 1) up to day 12, the group receiving
0.4 mg/kg (n D 1) had undetectable serum TAB levels on day 7
and onwards. Corresponding RO predictions are shown in
Figure 4b suggesting that, even at the lowest dose (0.1 mg/kg),
a RO level of almost 90% was achieved at Cmax. A dose of 1 mg/
kg is predicted to maintain >90% RO for more than 15 days.

Model scale-up from monkey to human

For human PK predictions, parameters associated with the lin-
ear terms of the model (CL, CLD, V1 and V2) were unchanged
from monkey to human (Table 3) because the scaling factor
was equal to 1 based on prior in-house data (not shown). To
scale the parameters describing the target-mediated elimination
(Vmax and KM), differences in target expression and the anti-
body-target interaction across species were taken into account.
The magnitude of the CD33 target sink in AML patients may
be larger than that in normal monkeys either due to high recep-
tor expression of the CD33 target on patient’s blasts31 or
increased number of CD33-expressing cells.32 In addition, het-
erogeneity in levels of CD33 expression is anticipated in
patients.33-35 In the PK-RO model, the Vmax parameter repre-
sents the amount of antibody that is cleared by target when the
target is fully saturated and can be associated with the target
expression level. Based on this, a range of values for Vmax was
used to assess the impact of possible differences in antigenic

Table 3. Model parameters for the presented PK-RO model. The model was fitted
to cynomolgus monkey data using both PK and RO data sets. Scaled-up parame-
ters used for prediction for humans are also shown.

Fitted Monkey
Predicted Human

Parameter, units Value SE Value

CL, mL/kg day 4.92 0.635 4.92
CLD, mL/kg day 22.7 8.78 22.7
V1, mL/kg 36.7 1.53 36.7
V2, mL/kg 18.1 2.75 18.1
Vmax, mg/day/kg 22.4 9.7 22.4 to 224

a D log(KM) ¡1.22 0.316 ¡1.22
b KM, mg/mL 0.0602 0.0602
b CLINT ( D Vmax/KM), mL/kg day 372 372 to 3720b

aA range of values for Vmax were used to explore the effect of antigen burden vari-
ability in patients on the predicted PK profiles
bValue was calculated as a function of fitted parameters
SE D Standard Error
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burden in patients.36 As shown in Figure 1, CD33 expression
levels measured by flow cytometry appear to be comparable or
higher in human AML versus monkey monocytes, granulocytes
and normal hematopoietic stem cell (HSCs). However, circulat-
ing levels of CD33-positive cells have been reported to be a few
fold higher (< 5-fold) in patients with myeloid malignancies.32

Hence, the value for Vmax for human predictions was scaled up
using a range of 1- to 10-fold the observed value in monkeys.
The KM in humans was assumed to be equal to the monkey
value based on: 1) comparable binding affinities of anti-CD33-
ADC to human and monkey CD33, 2) the high degree of
homology across monkeys and human CD33 (87% by sequence
alignment, in house measurement by PCR) and, 3) the fact that
the estimated KM value in monkey was comparable to the bind-
ing affinity KD (concentration to drive 50% of the maximum
capacity of the target-mediated elimination rate is comparable
to the concentration required to bind 50% of the target recep-
tor), suggesting that binding of antibody to target is the rate-
limiting step.

Human PK and RO predictions

Simulations of TAB concentration and RO after doses of 0.25,
2.4 and 21 mg/kg of anti-CD33 ADC (corresponding to doses
from 17 mg to 1.5 mg for a 70 kg patient) are shown in
Figure S1 (Supplementary material). These doses were chosen
to result in approximately 10%, 50% and 90% RO at Cmax to
explore a full range of predictions from the model and to
include doses comparable to first-in-human doses administered
in the clinic for other ADCs bearing pyrrolobenzodiazepine
(PBD, a DNA binding agent) payloads.37-39 To evaluate the
impact of the uncertainty of the parameters characterizing the
PK nonlinearity on the human PK and RO predictions, we gen-
erated a multivariate normal distribution of 1000 pairs of values
for Vmax and log(KM) using the model estimations and their
covariance matrix. The predicted Cmax values for these simu-
lated doses were 6.81, 65.4 and 572 ng/mL, respectively. Since
these correspond to the estimated concentration of drug imme-
diately after administration assuming no drug binding to target
has taken place, the Cmax values increase dose proportionally
(i.e., Cmax D dose/V1) (Table 4) and do not depend on the non-
linear parameters. Note that RO predictions at Cmax are not
Vmax dependent, but the RO versus time profile is strongly
dependent on its value. In Figure S1 (Supplementary material),
predictions of the PK and RO at the estimated parameters
together with their 5th and 95th percentile of the simulated

distribution of parameters are shown. The corresponding val-
ues of AUC0-t, Cmax and RO at Cmax are in Table 4. As expected,
the simulated AUCs increased more than dose proportionally
and were highly dependent on the Vmax value used for transla-
tion. Moreover, for each Vmax chosen, the uncertainty on the
estimated parameters results in a large range (sometimes more
than an order of magnitude) of values for AUC0-t predictions,
especially for the lower dose. The uncertainty in the exposure
predictions needs to be considered during the selection of the
early clinical doses.

Comparison to prior clinical anti-CD33 molecules

Both unconjugated40,41 and conjugated antibodies42-44 targeting
CD33 have been previously studied in the clinic for treatment
of AML. Lintuzumab is an unconjugated humanized IgG1 anti-
CD33 antibody that was terminated during clinical develop-
ment because of lack of activity as a single agent and failure to
improve survival when used in combination with conventional
chemotherapy.45 The binding affinity for lintuzumab to CD33
on human promyelocytic leukemia cells (HL-60) cells has been
reported as KD D 3.9 § 1.4 nM,46 an approximately 20-times
greater KD (i.e., with poorer affinity) than that for our conju-
gated anti-CD33 ADC (KD D 0.2 nM). RO levels seven days
after the administration of lintuzumab to CD33-positive
patients with myeloid malignancies (n D 23) have been
reported.47 We used our PK-RO model to predict RO of lintu-
zumab at those time points after the administered doses. We
modified the value of KM to be 20 times that of our anti-CD33
ADC (i.e., 0.0602 ug/mL £ 20 » 1.2 ug/mL) to account for the
lower binding affinity of lintuzumab. Since the CD33 target
level is independent of the administered antibody, the same
range of Vmax values was explored, as shown as a shaded area
in Figure 5a. Reported measurements47 (Figure 5a) showed that
the measured receptor availability values fall approximately
within the predicted range when Vmax in humans is equal to 3-
to 10- times the Vmax value in monkey.

Published PK data were also available for gemtuzumab ozo-
gamicin (GO, MylotargTM) and AVE9633. GO is a humanized
IgG4k conjugate of the antibody hp67.6 with approximately
four calicheamicin (a DNA binding agent) payload molecules
in each ADC molecule. Mylotarg is currently approved for the
treatment of AML. AVE9633 is a humanized IgG1 anti-CD33
conjugate, whose development was terminated after Phase 1
due to very modest activity as a single agent.45 AVE9633 carries
an average of 3.5 molecules of DM4, a microtubule inhibitor, as

Table 4. Predicted human AUC0-t using the estimated parameters as well as the 5th and 95th percentile of the simulated distribution for doses of 0.25, 2.4 and 21 mg/kg.
The maximum concentration (Cmax) and the predicted values of RO at Cmax are also reported.

Predicted AUC0-t human, ng/mL�daya

Dose, mg/kg bVmax
c3 £ Vmax

d10 £ Vmax Predicted Cmax, ng/mL Predicted RO at Cmax, (%)

0.25 0.515 (0.214, 2.63) 0.175 (0.0611, 1.52) 0.052 (0.0169, 0. 458) 6.81 10%
2.4 8.37 (4.49, 32.4) 2.88 (1.31, 18.7) 0.871 (0.389, 5.80) 65.4 52%
21 236 (158, 544) 90.4 (52.9, 322) 29.1 (16.7, 110) 572 90%

aA range of values for Vmax were used to explore the effect of antigen burden variability in patients on the predict PK profiles
bt D 120 hours
ct D 72 hours
dt D 24 hours
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payload. Both GO and AVE9633 bind to the CD33 human
receptor with comparable or tighter affinity than anti-CD33
mAb (approximately 0.025 nM48 and 0.1 nM,49 respectively).
The reported clearance values for GO50,51 and AVE963343 as a
function of administered dose in mg/kg are shown in Figure 5b.
The shaded area corresponds to the predicted range of clear-
ance values calculated assuming Vmax in humans is 1 to 10 times
Vmax in monkeys. For GO, the data were highly variable, but
measured clearance values were closer to those predicted based
on the higher end of target capacity (10-fold Vmax relative to
monkey). For both GO and AVE9633, published clearance val-
ues in humans fall within the range predicted by our PK-RO
model. Note that while in both cases the target is CD33, the
antibodies can differ in epitope, internalization, specific and
non-specific uptake rates, and the model parameters presented
here may not apply, so the PK-RO prediction must be taken as
an exploratory comparison only.

Discussion

Non-linear PK is commonly seen with antibodies undergoing
significant TMDD, such as the unconjugated anti-CD33 mAb
and the corresponding anti-CD33-ADC. Similarly, in humans,
non-linear PK has been observed after the administration of
CD33-targeted therapies.40,41,44,52-54 Characterization of the tar-
get sink that may be driving the non-linear PK usually requires
concentration-time profiles obtained over a range of adminis-
tered doses. In the case of an ADC bearing a cytotoxic payload,
the feasible dose range for a PK study may be limited by the
drug’s overall tolerability in animals and the sensitivity of the
analytical methods. Here, we present the use of limited PK and
RO data of the unconjugated antibody to inform predictions
for the conjugated antibody PK. We used a two-compartment

model with specific and non-specific clearance from the central
compartment to capture the antibody PK. The specific elimina-
tion term can be used to capture the target-mediated compo-
nent of the clearance driven by the whole-body target sink (i.e.,
the effect of circulating target as well as of target expressed in
tissues), and the observed systemic PK reflects its overall level
of saturation. Since CD33 is expressed largely in circulation, in
this analysis, we assumed that the target-mediated uptake in tis-
sues is negligible and that the RO in circulating myeloid cells is
representative of the level of whole-body target saturation. This
may not be a valid assumption for targets that are heavily
expressed in tissues for which concentrations required to satu-
rate circulating target may be substantially lower than those
required to saturate the whole-body target capacity. The MM
approach to describe non-linear PK model has previously been
used as an approximation of the TMDD model;54 however, the
use of RO to support the PK characterization for targets present
mostly in circulation had yet not been explored.

Translation of non-linear PK from preclinical species to
human requires consideration of various differences in target
properties between species (e.g., total target expression levels,
target tissue profiles, rate of target turnover, disease state), as
well as differences in the interaction of the drug candidate with
the animal and human receptors (e.g., binding affinity, traffick-
ing of the ADC-receptor complex).55-57 Successful translation
of PKPD models relies on the selection of the appropriate
assumptions based on our best knowledge of these properties.
A key assumption in this work is that the value of the MM con-
stant (KM) is equal across species, i.e., the interactions of anti-
CD33 mAb and anti-CD33 ADC are similar with the monkey
and human receptor in terms of binding affinity, binding kinet-
ics, internalization rate and efficiency. This assumption has not
been probed in vivo for the antibodies examined here, and

Figure 5. (a) Predicted levels of receptor availability using the PK-RO model for lintuzumab for a range of Vmax values. Symbols and error bars correspond to the standard
deviations as reported in Ref. 54. (b) Comparison of predicted clearance values a function of dose when the target capacity in humans is 1-fold (solid line), 3-fold (dashed
line) and 10-fold (dotted line) the observed value of Vmax in cynomolgus monkey; symbols represent clinical data using AVE963359 and GO.57,58
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conclusions cannot be extended from our experience with other
targets because the rate of these processes depend on many fac-
tors, such as receptor-mediated endocytosis, accessory modes
of endocytosis, linker drug, cell lines.58 In general, for the MM
approximation of the TMDD model, the KM is not equivalent
to the binding affinity of the antibody receptor interaction, but
represents a combination of parameters characterizing the
drug-receptor interaction, including binding affinity, associa-
tion and dissociation kinetics, and internalization rate. The fact
that the estimated value of KM of anti-CD33-ADC (0.0602 mg/
mL � 0.40 nM) is comparable to the measured affinity to
human promyelocytic leukemia cells (HL-60) cells (0.2 nM)
and monkey CD33C cells (0.32 nM) suggests that antibody
uptake rate by target may governed by affinity and not limited
by other factors such as internalization rate.

We anticipate that AML patients may have a higher and
more variable antigen burden than that observed in normal
cynomolgus monkey.31 Hence, a range of values of target
capacity was studied, based on measured levels of expression.
The underlying assumption is that antigen expression levels are
related to maximum target capacity, Vmax, by the signal mea-
sured by FACS analysis. Here, we explored potential scenarios
where patient’s blasts have higher target load than normal cells.
Human PK predictions have been provided for cases when
Vmax in humans is equal to 3-fold or 10-fold the Vmax value
estimated for monkeys. The resulting range of exposures
(AUC) has been reported in Table 4. Here, the impact of partial
or full CD33C cells depletion (as may be expected for patients
receiving repeated doses of anti-CD33 ADC), has not been con-
sidered for the prediction of clinical PK. However, for repeated
doses or for patients who are anticipated to have depleted levels
of CD33 target in circulation, the effect of CD33 expression in
the PK of following doses would need to be considered. Dose
proportionality has been assumed for the calculation of Cmax

and receptor availability at Cmax. In monkeys, observed Cmax

(Table 4) increased roughly dose proportionally from 0.5 mg/
kg to 15 mg/kg. In humans, some anti-CD33 therapies appear
to show more than dose proportional increases in Cmax. For
example, Cmax values (1-h post administration, Cycle 1 Week
5) after the administration of lintuzumab showed more than
dose proportional increases (Cmax values were: 34.74 §
11.71 mg/mL (n D 5), 71.65 mg/mL (n D 1), 158.33 §
19.43 mg/mL (n D 3), 355.25 § 141.63 mg /mL (n D 4), after 5
weekly doses of 1.5, 2.5, 4 and 8 mg/kg, respectively47). This
can be explained by the presence of target in circulation such
that, at lower doses, a non-negligible fraction of the total drug
is bound to the target before the Cmax sample is taken. The
extent of deviation from dose-proportionality can be used to
infer the level of target expression in circulation.59 To address
this, the initial condition of the differential equation can be cor-
rected.60 account for the amount of drug that binds to target
immediately after administration. This correction may be used
to describe the non-linearity in Cmax and to correct the level of
RO at Cmax.

While our comparison with lintuzumab, GO and
AVE9633 is not rigorous due to the differences between
both conjugates and our anti-CD33 antibodies, we highlight
the use of the current industry knowledge with respect to
CD33 to benchmark our calculations. Our predicted

exposures indeed fall within the ranges reported from clini-
cal observations. Although predictions of human PK cannot
entirely be based or validated on prior experience with sim-
ilar constructs or modalities using the same target, such
information should be leveraged when possible to build
confidence around PK predictions, and confirm that the
overall approach is consistent with our current knowledge
of this target in the clinical space.

In conclusion, characterization of non-linear PK typically
requires the administration of the antibody at multiple dose
levels to examine the PK over a wide range of concentrations.
In the case of ADCs containing cytotoxic payloads, this may
not be feasible if tolerability limits preclinical dose exploration
to adequately cover the necessary concentration range. Here,
we have proposed a modeling approach that utilizes limited PK
and RO data obtained with the unconjugated antibody to pre-
dict the non-linear PK of an anti-CD33 ADC. Our translational
assumptions from monkey to human examine a range of values
of target capacity to account for antigen burden variability
expected in patients. Additionally, we provided a theoretical
estimation of the target coverage achieved at various dose lev-
els. In all, the inclusion of RO measurements and data obtained
using the unconjugated antibody reduced the number of ani-
mals required to characterize the non-linear PK and enabled
the implementation of this translational approach that could
potentially be applied to other antibodies that bind circulating
targets.

Materials and methods

CD33 expression levels in cynomolgus monkey and human
cells

The basal expression of CD33 was determined on normal and
AML-diagnosed humans and normal cynomolgus monkey
blood. Individual donor samples were evaluated by flow cytom-
etry after co-staining with CD33 antibody, clone p67.6, and
additional antibodies to identify the different blood subsets
(CD14, CD11b, CD1c, CD123, BDCA3, BDCA2, CD3, CD19,
CD56, CD34 and CD38; BD Biosciences, San Jose, CA) as pre-
viously described.61 Samples included normal human whole
blood donors (nD 6 from Genentech, Inc. South San Francisco,
CA; for phenotyping lymphocyte and myeloid subsets), normal
human bone marrow donors (n D 5 from ALLCells, Alameda,
CA; for phenotyping hematopoietic stem cells or HSCs, defined
as lineage negative, CD34 positive and CD38 negative), AML
patient bone marrow (n D 18 from patients with confirmed
AML diagnosis at the Stanford Cancer Center, Stanford, CA;
for phenotyping AML blasts, defined as CD45 low and CD34
positive), normal cynomolgus monkey whole blood (n D 2,
BioreclamationIVt, New York, NY) and normal bone marrow
donors (n D 3, Covance, Princeton, NJ).

Unconjugated and conjugated anti-CD33 antibody

The unconjugated monoclonal antibody examined here,
referred to as ‘anti-CD33 mAb’, is a human IgG1 that binds
to the CD33 receptor. Anti-CD33 mAb was generated at
Genentech, Inc. and was provided in a clear liquid form to
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be administered in in vivo monkey studies. The actual con-
centration of anti-CD33 mAb was 11.8 mg/mL in the stock
solutions. The diluent (200 mM arginine, 137 mM succinic
acid, pH 5.0) was used as the vehicle control and as the dil-
uent for unconjugated antibody. The conjugated antibody,
referred here as ‘anti-CD33 ADC’, was designed to deliver a
cytotoxic pyrrolobenzodiazepine (PBD, a DNA binding
agent) payload to CD33-positive cells. Chemical structure
and conjugation for this class of payload has been described
elsewhere.62,63 To generate anti-CD33-ADC, two payload
molecules were conjugated to each anti-CD33 mAb using
engineered cysteine residues at position LC K149C.63 The
actual concentration of anti-CD33 ADC was 6.43 mg/mL.
The same diluent used for the unconjugated antibody
(200 mM arginine, 137 mM succinic acid, pH 5.0) was used
as the vehicle control and as the diluent for dosing solution
preparation.

Cell binding of anti-CD33-ADC to human and monkey
CD33 receptor

Binding of anti-CD33-ADC to recombinant membrane-bound
human- and monkey- CD33 on HEK 293 cells was measured
by flow cytometry, as previously described by Leong et al.61

The test articles were tested in the range of 0, 0.003, 0.01, 0.03,
0.1, 0.3, 1 and 3 mg/ml and incubated for 30 minutes on ice fol-
lowed by detection with a F(ab’)2 goat-anti-human IgG (HCL)
PE secondary antibody (Jackson ImmunoResearch Laborato-
ries, West Grove, PA).

PKPD study in monkeys with anti-CD33 antibody

The PKPD study in monkeys was approved by the Institutional
Animal Care and Use Committee and conducted at Charles
River Laboratories (Reno, NV). Animals were administered
doses of 0.5 mg/kg (n D 3) or 15 mg/kg (n D 3) of anti-CD33
mAb via a single IV dose. Blood samples for TAB analysis were
taken by venipuncture and processed to collect serum at pre-
dose; 15 minutes; 4 and 12 hours; and 1, 2, 4, 7, 14, 21, 28, 35
and 42 days post-dose. Serum samples collected pre-dose and
14, 28 and 42 days post-dose were also analyzed for ADA.
Additionally, blood samples were taken for flow cytometry
analysis one week prior to the study initiation (pre-dose) and 1,
6, 21, and 42 days post-dose to measure the occupancy of the
CD33 receptor.

Toxicology study in monkey with anti-CD33 ADC

The toxicology study in monkeys was approved by the Institu-
tional Animal Care and Use Committee and conducted at
Charles River Laboratories (Reno, NV). The animals received a
single IV dose of 0.1 mg/kg (n D 4), 0.2 mg/kg (n D 4), 0.4 mg/
kg (n D 1), or 1 mg/kg (n D 1) of anti-CD33-ADC or vehicle
control (n D 5). Blood samples were taken by venipuncture
and processed to obtain serum for TAB analysis one week
before study initiation (pre-dose), 10 minutes; 1, 7, 14, and
21 days post-dose. Serum samples taken prior study initiation,
on Day 22, and 43 were also analyzed for ADA. RO analysis
was not conducted on samples collected in this study.

PK assay: Total antibody assay

Two different assays to detect TAB (which includes fully conju-
gated, partially deconjugated and fully deconjugated antibod-
ies) were used to analyze samples from the monkey PKPD
study and the toxicology study. Samples from monkey PKPD
study was analyzed with an ELISA assay using a CD33 extracel-
lular domain (ECD) generated by Genentech, Inc. as the cap-
ture reagent and a goat anti-human IgG-horseradish
peroxidase (HRP) (A80-319A, Bethyl Labratories, Inc. Mont-
gomery, TX) as the detection reagent. The assay had a mini-
mum quantitation value of 7.8 ng/mL in serum with a 1:100
minimum dilution. Samples from the monkey toxicity study
were analyzed using a liquid chromatography-mass spectrome-
try assay. Here, to measure TAB concentration, the samples
underwent affinity capture via protein-A magnetic beads. Iso-
lated ADCs were subsequently treated with denaturation,
reduction, alkylation, and trypsin digestion. A signature peptide
from the human Fc region of the ADCs was selected as the sur-
rogate to quantify the TAB concentrations in animal samples.
The LLOQ of the assay was determined to be 1 mg/mL. Details
of the method(s) can be found elsewhere.64

Antibody-drug-antibody assay

Two immunoassays were used to detect ADAs in the non-
clinical studies. Serum samples from the monkey PKPD study
were analyzed for ADA responses using an exploratory
screening ELISA by the Biochemical and Cellular Pharmacol-
ogy department at Genentech. The ADA ELISA utilized anti-
CD33 at 0.5 ug/mL as a capture reagent and biotinylated goat
anti-monkey IgG (A140-118B, Bethyl Laboratories Inc.,
Montgomery, TX, USA) at 5 ng/mL and streptavidin (SA)
conjugated to HRP at 1:10K as the detection reagents. Study
samples and control pool serum samples were diluted 50-fold.
A na€ıve pooled cynomolgus monkey serum was used as con-
trol (n D 4) and the cutoff for the assay was assigned as two
times the signal of the control serum pool. Samples with an
optical density higher than two times that of the control
serum pool signal were reported as ADA positive. Serum sam-
ples from the monkey toxicology study were analyzed by the
BioAnalytical Sciences Department at Genentech, using a
qualified generic immuno-complex ADA immunoassay in
cynomolgus monkey serum.65 In this assay, serum samples
were first incubated with the drug to form immune complexes
with potential ADA in the sample. Then the drug:ADA com-
plexes were captured with an immobilized mouse monoclonal
anti-human Fc gamma antibody (R10Z8E9, generated at Gen-
entech, South San Francisco, CA) followed by detection using
a goat anti-monkey IgG conjugated to HRP (A140-102P,
Bethyl Laboratories Inc., Montgomery, TX, USA). For each
animal, the ratios between the signal of each post-baseline
sample and the signal at baseline were calculated, with all
baseline samples being negative by definition, regardless of
signal in the assay. For each animal, post-baseline samples
with signals equal to or above 1.16 of their corresponding
baseline sample signal were reported as positive. The multipli-
cation factor of 1.16 was determined to yield a false-positive
rate of approximately 5%. The relative sensitivity using a
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human IgG-cynomolgus monkey IgG fusion was approxi-
mately 40.7 ng/mL.

PD assay: Receptor occupancy

Test articles, anti-CD33 mAb and anti-CD33 ADC, target the
CD33 surface receptor on myeloid cells. To assess the occu-
pancy of the CD33 receptor by each test article, a test article-
competing commercially available anti-CD33 monoclonal anti-
body, AC104.3E3 (109-136-088, Miltenyi, Auburn, CA), that
binds both human and monkey CD33 was used in conjunction
with CD11b labeling to determine the percentage of circulating
blood monocytes (high CD11b expression) and granulocytes
(intermediate CD11b expression) expressing unbound CD33
receptor. Total levels of CD33 are assumed to remain
unchanged throughout the duration of the study. Flow cytome-
try analysis was conducted using Beckman Coulter XL System
IITM and BD DIVA� cytometers. The isotype for AC10E4.3E3-
APC was a mIgG1-APC and appropriate isotype controls were
used for blood phenotype markers.

PKPD modeling

TAB concentrations were used to characterize the PK of anti-
CD33 mAb and anti-CD33 ADC. The serum concentration-
time data of the monkey PKPD study were fit to a nonlinear,
two-compartment model comprising specific (target-mediated)
and non-specific clearance pathways as shown in Figure 6. The
MM approximation of the full TMDD model was selected as
the simplest approach capable of capturing the system’s
dynamics and is appropriate for the desired model applications
in this manuscript. The PK model was described by the follow-
ing equations:

dC1

dt
D CLD

V1
C2 ¡ CLD

V1
C1 ¡ CL

V1
C1 ¡ Vmax

V1.KM CC1/
C1 (1)

dC2

dt
D ¡ CLD

V2
C2 C CLD

V2
C1 (2)

were CL is the clearance from the central compartment (i.e.,
the non-specific clearance pathway), CLD is distributional

clearance, V1 and V2 are the volumes of distribution of the cen-
tral compartment peripheral compartments, respectively. The
parameters of the specific clearance pathway are: maximum
target-mediated elimination rate under conditions of target sat-
uration (Vmax) and the concentration for reaching 50% of Vmax

(i.e., KM).
66,67 The last parameter, KM, was fitted using its loga-

rithmic transformation to be able to explore a significant range
of variability in the subsequent analyses. In the case of target-
mediated PK, the observed clearance reflects the level of target
saturation at a given concentration. Typically, PK models use
only systemic concentration-time profiles to estimate the tar-
get-mediated component of the overall clearance and infer the
level of target saturation. When the target is mostly expressed
in circulation, levels of target occupancy in blood are an addi-
tional measure of the saturation. Based on receptor theory,68

the amount of antibody being cleared by the target is propor-
tional to the RO that is given by:

RO %ð ÞD C1

KM CC1
£100% (3)

where RO (%) is the RO in central compartment. RO can be
measured in circulation concurrently with PK and offers addi-
tional information without increasing the number of animals
required for the study. The value of receptor availability (RA)
can be calculated as RA (%) D 100(%)- RO (%). Data obtained
from all individuals was fitted simultaneously using a pooled
approach (i.e., assuming no differences between subjects) to
estimate PK parameters (V1, V2, CL, CLD, Vmax, log.KM/)
and their standard error; a proportional and a constant weight-
ing function for PK and RO data were used, respectively
(Simbiology Matlab 2016a, Mathworks Inc., Natick, MA)

Prediction of human PKPD

Human PK and RO were described by a model with the same
mathematical structure that was developed for monkey. The
specific and distributional clearances were scaled allometrically
using a weight-based scaling exponent of 1. This was based on
historical in-house data in monkeys and humans from ADCs
conjugated using a different technology (random conjugation
resulting in a heterogeneous population of ADCs versus site
specific conjugation resulting in a homogeneous population in
the case of anti-CD33 ADC) and a different payload (MMAE,
an anti-mitotic agent versus PBD, a DNA damaging agent,
used to make anti-CD33 ADC). Because we will use our PK-
RO model to predict human PK at low doses, where we expect
the non-linear component of the ADC clearance to be domi-
nating, the choice of the scaling factor for the non-specific com-
ponent of the clearance does not appreciably affect the
predicted PK. Human PK predictions at higher doses may be
more sensitive to these values, but are in general less relevant
for the case study examined here, a cytotoxic ADC with doses
limited by tolerability. Similarly, the volumes of the central and
peripheral compartment were scaled using an exponent of 1.
The parameters of target-mediated elimination were also
scaled: KM and Vmax were assumed to be proportional to anti-
body-target affinity and levels of target expression between
monkeys and humans, respectively.

Figure 6. Model scheme used to describe PK-RO relationship in cynomolgus mon-
key and humans. The model consists of two compartments: central and peripheral.
Drug concentrations are noted by C1 and C2 in the central and peripheral compart-
ment, respectively. From the central compartment there are two main elimination
mechanisms: non-specific (accounted by a CL term) and target mediated (repre-
sented by Vmax and KM). Receptor occupancy is related to concentrations by the
Michaelis-Menten constant, KM.
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To evaluate the effect of the uncertainty of the estimated
parameters, human model predictions were conducted for vary-
ing values of Vmax and KM. A multivariate normal distribution
of 1000 values was generated based on estimated parameters
and their covariance matrix using Matlab 2016a (Mathworks
Inc., Natick, MA). The AUC predictions using the mean values,
as well as the 5th and 95th percentile were reported.

Abbreviations

ADC antibody-drug conjugate
AML acute myeloid leukemia
AUC area under the curve
Cmax maximum concentration
MM Michaelis Menten
PK pharmacokinetics
RA receptor availability
RO receptor occupancy
SD standard deviation
TAB total antibody
TMDD target-mediated drug disposition
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