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ABSTRACT
The objective of this work was to develop a systems
pharmacokinetics-pharmacodynamics (PK-PD) model that
can characterize in vivo bystander effect of antibody-drug
conjugate (ADC) in a heterogeneous tumor. To accomplish
this goal, a coculture xenograft tumor with 50% GFP-MCF7
(HER2-low) and 50% N87 (HER2-high) cells was developed.
The relative composition of a heterogeneous tumor for each
cell type was experimentally determined by immunohisto-
chemistry analysis. Trastuzumab-vc-MMAE (T-vc-MMAE)
was used as a tool ADC. Plasma and tumor PK of T-vc-MMAE
was analyzed in N87, GFP-MCF7, and coculture tumor–
bearing mice. In addition, tumor growth inhibition (TGI) studies
were conducted in all three xenografts at different T-vc-MMAE
dose levels. To characterize the PK of ADC in coculture
tumors, our previously published tumor distribution model
was evolved to account for different cell populations. The
evolved tumor PK model was able to a priori predict the PK of
all ADC analytes in the coculture tumors reasonably well. The
tumor PKmodel was subsequently integrated with a PDmodel
that used intracellular tubulin occupancy to drive ADC efficacy

in each cell type. The final systems PK-PD model was able to
simultaneously characterize all the TGI data reasonably well,
with a common set of parameters for MMAE-induced cyto-
toxicity. The model was later used to simulate the effect of
different dosing regimens and tumor compositions on the
bystander effect of ADC. The model simulations suggested
that dose-fractionation regimen may further improve overall
efficacy and bystander effect of ADCs by prolonging the
tubulin occupancy in each cell type.

SIGNIFICANCE STATEMENT
A PK-PD analysis is presented to understand bystander effect of
Trastuzumab-vc-MMAE ADC in antigen (Ag)-low, Ag-high, and
coculture (i.e., Ag-high + Ag-low) xenograft mice. This study also
describes a novel single cell–level systems PK-PD model to
characterize in vivo bystander effect of ADCs. The proposed
model can serve as a platform to mathematically characterize
multiple cell populations and their interactions in tumor tissues.
Our analysis also suggests that fractionated dosing regimenmay
help improve the bystander effect of ADCs.

Introduction
Antibody-drug conjugates (ADCs) are novel anticancer drug

molecules (Lambert, 2015; Mantaj et al., 2017), which are
designed to expand the therapeutic window of chemothera-
peutic agents by targeting them to antigen expressing tumor
cells viamonoclonal antibodies. At present, there are five Food
and Drug Administration–approved ADCs and.80molecules
in the clinical development (Anthony, 2018). Though these

molecules are promising, their efficacy is often limited by poor
tumor distribution (Cilliers et al., 2016) and heterogeneity in
antigen (Ag)-expressing (Ag+) cells (Seol et al., 2012). These
limitations can be overcome with the help of “bystander
effect,” which promotes more homogenous distribution of
payload within a solid tumor (Kovtun et al., 2006; Singh
et al., 2016b). Once the ADC molecules bind to Ag+ cells in
a heterogeneous tumor, they get internalized and release the
payload, a fraction of which kills the Ag+ cells, and the rest
diffuse out and kill the bystanding antigen-negative (Ag2)
cells, leading to a phenomenon known as the bystander effect
(Singh et al., 2016b). Though this phenomenon is qualita-
tively confirmed using in vitro and in vivo investigations
(Kovtun et al., 2006; Ogitani et al., 2016), the rate and extent
of bystander effect within a heterogeneous tumor is not

This work was supported by the Centre for Protein Therapeutics at
University at Buffalo. D.K.S. is supported by National Institutes of Health
National Institute of General Medical Sciences [Grant R01-GM114179] and
National Institute of Allergy and Infectious Diseases [Grant R21-AI138195].

The authors declare no conflict of interest.
https://doi.org/10.1124/jpet.119.262287.
s This article has supplemental material available at jpet.aspetjournals.org.

ABBREVIATIONS: ADC, antibody-drug conjugate; Ag, antigen; DAPI, 4’,6-Diamidino-2-Phenylindole; DAR, drug:antibody ratio; GoF, goodness
of fit; HER2, human epidermal growth factor receptor 2; IHC, immunohistochemical; MMAE, monomethyl auristatin E; PK-PD, pharmacokinetics-
pharmacodynamics; SCID, severe combined immunodeficient; TGI, tumor growth inhibition; Tmax, time taken to achieve maximum exposure; T-vc-
MMAE, Trastuzumab-vc-MMAE; vc, valine-citrulline.

184

http://jpet.aspetjournals.org/content/suppl/2020/04/09/jpet.119.262287.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

https://doi.org/10.1124/jpet.119.262287
https://orcid.org/0000-0002-1886-2624
https://doi.org/10.1124/jpet.119.262287
http://jpet.aspetjournals.org
http://jpet.aspetjournals.org/content/suppl/2020/04/09/jpet.119.262287.DC1
http://jpet.aspetjournals.org/


quantitatively determined or mathematically characterized to
date. To further enhance quantitative understanding of this
phenomenon, here we present an in vivo investigation and
development of a systems pharmacokinetic-pharmacodynamic
(PK-PD)model to characterize in vivo bystander effect of ADCs.
Development of suchmodels can be crucial for identifying drug-
and system-specific parameters that are important for accom-
plishing in vivo bystander effect (Singh et al., 2015a,b; Singh
and Shah, 2017a, 2018). In addition, thesemodels could also be
used to guide the development of next-generation ADCs (van
Geel et al., 2015), evaluate druggability of novel targets, and
facilitate preclinical-to-clinical translation of ADC efficacy.
In the past, we have presented quantitative investigation to

understand in vitro bystander effect of ADCs using anti-HER2
ADC Trastuzumab-vc-MMAE (T-vc-MMAE) as a tool com-
pound. Upon internalization, this ADC can release the
lipophilic payload MMAE in its pure form, which is capable
of partitioning into the nearby cells, and exhibit bystander
killing. Using in vitro cocultures of HER2-high N87 (Ag+) and
HER2-low GFP-MCF7 (Ag2) cells, we have investigated rate
and extent of ADC-induced bystander effect and evaluated
how the presence of different percentage of Ag+ cells affect the
bystander killing of Ag2 cells (Singh et al., 2016b). During
these investigations, we observed that there was a notable
delay between ADC exposure and the occurrence of bystander
effect, which may have stemmed from the time taken by the
cells to process the ADCs. Consequently, we further in-
vestigated cellular processing of T-vc-MMAE using in vitro
PK studies. With the help of the PK data, we were able to
develop a unique single-cell PK model for ADCs, which was
able to integrate key drug- and system-specific parameters in
a mathematical format to characterize ADC processing
within different cell lines (Singh and Shah, 2017b). We
further expanded this single-cell PK model to develop an
in vitro systems PK-PD model, which employed intracellular
occupancy of the pharmacological target (i.e., tubulin) by
MMAE to drive direct and bystander killing of cancer cells by
the ADC (Singh and Shah, 2019). This unique single-cell PK-
PD model has also been translated to in vivo scenarios
recently to characterize tumor PK of T-vc-MMAE and tumor
growth inhibition (TGI) by T-vc-MMAE in GFP-MCF7 and
N87 xenografts (Singh et al., 2019).
Here, we have expanded the application of cell-level PK-PD

model toward characterizing in vivo bystander effect for T-vc-
MMAE in a heterogeneous tumormodel developed usingGFP-
MCF7 and N87 cells. Both the cell lines were inoculated in
a mouse to develop a 50:50 coculture xenograft tumor model.
PK and PD (i.e., TGI) of T-vc-MMAE was investigated in the
coculture xenograft. To quantitatively characterize tumor PK
of ADC, our previously published tumor dispositionmodel was
evolved to account for tumor heterogeneity. The model also
accounted for interaction of T-vc-MMAE and released MMAE
with two different cell populations in the tumor and distinct
growth characteristics of each cell population. The evolved
model was able to a priori predict tumor PK of T-vc-MMAE in
the heterogeneous tumor model. Subsequently, the tumor PK
model was integrated with our previously published single-
cell PK-PD model to characterize T-vc-MMAE–induced direct
and bystander killing of cancer cells in the coculture tumor.
The final systems PK-PD model was used to evaluate the
effect of different dosing regimen and tumor composition on
the bystander effect of ADC. The presented PK-PD model

could be translated to predict the bystander effect of ADCs in
the clinic using the strategies presented by us previously
(Shah et al., 2012; Singh and Shah, 2017a).

Materials and Methods
Cell Lines

HER2-expressing cell lines NCI-N87 and GFP-transfected MCF7
were cultured using their recommended media conditions (Singh
et al., 2016b; Singh and Shah, 2017b). HER2 expression level in N87
and GFP-MCF7 cells has been reported to be ∼950,000 and ∼55,000
receptors per cell, which makes them HER2-high and HER2-low cell
lines, respectively (Singh and Shah, 2017b). Expression of GFP in
MCF7 cells enables their detection within in vitro and in vivo
coculture system (Singh et al., 2016b).

Tool ADC

The tool ADC T-vc-MMAE was synthesized and characterized in-
house. Commercially available Trastuzumab (Herceptin; Genentech)
was conjugated with valine-citrulline MMAE (drug-linker solution)
using random conjugation method, resulting in a heterogeneous
formulationwith an average drug:antibody ratio (DAR) of∼4. Detailed
protocols on synthesis and characterization of T-vc-MMAE have been
published before (Singh et al., 2016b; Singh and Shah, 2017b).

Development of N87 and GFP-MCF7 Monoculture
Xenografts

Six-week-old male severe combined immunodeficient (SCID)
(NOD.CB17-Prkdcscid/J) mice were purchased from Jackson Labora-
tory. After acclimation,micewere subcutaneously implantedwith∼10
million tumor cells (N87 or GFP-MCF7) suspended in their growth
medium. To facilitate faster growth of GFP-MCF7–bearing tumors,
mice were supplemented with 1 mg 17b-estradiol valerate (Sigma) in
50 ml pharmaceutical-grade peanut oil (Sigma) via subcutaneous
injection every 4 days (Donoghue et al., 2012). All procedures were
approved by the Institutional Animal Care and Use Committee at
State University of New York at Buffalo.

Development of N87 and GFP-MCF7 Coculture Xenografts

Because of variable growth patterns of N87 and GFP-MCF7 cells,
different ratios of two cell types were initially implanted to find out
a ratio that would yield 50:50 coculture xenograft at the time of ADC
administration. After optimization, a mixture of ∼1 million GFP-
MCF7 and ∼9 million N87 cells suspended in a similar ratio (1:9) of
their cell culture medium was used to achieve 50:50 coculture at
tumor volumes ∼350–400 mm3. To enable successful growth of GFP-
MCF7 cells, and to maintain consistency, mice were also supple-
mented with subcutaneous dosing of 17b-estradiol valerate as
mentioned before.

Immunohistochemical Analysis of Heterogeneous Tumors

Heterogeneous tumors were grown in SCID mice by inoculating ∼1
million GFP-MCF7 and ∼9 million N87 cells, as described earlier.
Once the tumors reached a volume of 350–400 mm3, mice were
sacrificed, and tumorswere surgically removed. The harvested tissues
were fixed in 4% paraformaldehyde for 24 hours and were later
transferred to 70% ethanol. The tissues were then embedded in
paraffin, and 4-mm–thick sections were cut using a microtome from
an upper, middle, and lower part of a spherical tumor. The obtained
sectionswere rinsed in PBS (PH 7.4) twice and later stained using 4’,6-
Diamidino-2-Phenylindole (DAPI) (Sigma) at a working concentration
of 1 mg/ml for 5 minutes at room temperature in the dark. The stained
slides were imaged using Zeiss AxioImager upright microscope to
measure the fluorescence emitted fromGFP label (excitation: 488 nm;
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emission: 510 nm) and DAPI (excitation: 360 nm; emission: 460 nm)
counterstain. To perform semiquantitative analysis of immunohisto-
chemical (IHC) images, the images obtained from the middle sections
of coculture tumors (n = 3) were analyzed using ImageJ software
(Schneider et al., 2012). Percentage of areas emitting fluorescence
from GFP label and DAPI counterstain were calculated. Because
DAPI will stain the nuclei of all tumor cells, the percentage of a given
section emitting blue fluorescence from DAPI will reflect the fraction
of tumor area covered with both cell types (i.e., N87 or GFP-MCF7).
However, the percentage of a given section emitting green fluores-
cence from GFP will reflect the fraction of tumor area covered with
only GFP-MCF7 cells. The ratio of these two measurements should
provide a rough estimate of the fraction of each cell-type within
a heterogeneous tumor.)

Bioanalytical Techniques to Measure Plasma and Tumor
Concentrations of ADC

Three different analytical methods were developed to measure
plasma and tumor PK of T-vc-MMAE. An enzyme-linked immu-
nosorbent assay method was used to measure total Trastuzumab
concentrations, whereas a liquid chromatography–tandem mass
spectrometry method was used to measure free MMAE concen-
trations in plasma and tumor homogenate samples. A forced
deconjugation method using papain enzyme was employed to
deconjugate the antibody-conjugated MMAE in a biologic sample,
which enabled the measurement of total MMAE in plasma and
tumor samples. Detailed methodology for the development and
validation of these analytical techniques (Singh and Shah, 2017b),
and their application for in vitro and in vivo experiments (Singh
et al., 2019), have been published before.

Plasma and Tumor Pharmacokinetic Studies

A total of 30 SCID mice were equally divided into three groups,
which were then inoculated with GFP-MCF7 (group A, n = 10), N87
cells (group B, n = 10), or 1:9 mixture of GFP-MCF7 and N87 cells
(group C, n = 10). Treatment was initiated 3–6 weeks after implan-
tation when the tumors were ∼400 mm3. Nine out of 10 animals from
each group (A, B, or C) were treated with a single dose of 10 mg/kg
T-vc-MMAE intravenously, whereas one untreated animal from each
group was sacrificed to harvest blood and tumor samples on day 0.
Treated animals were further divided into three different subgroups
(n = 3) corresponding to the 24-hour (A1, B1, C1), 72-hour (A2, B2, C2),
and 168-hour (A3, B3, C3) time points. At each time point, blood
samples were collected via cardiac puncture, and tumor tissues were
surgically removed. In addition, a blood sample was collected from one
animal in each subgroup (n = 3) at 10 minutes. Harvested blood
samples were immediately processed to separate plasma, and all
plasma and tumor samples were stored at 280°C until further
analysis.

Tumor Growth Inhibition Studies

Single-Dose Therapy of HER2-High N87 Xenografts with
T-vc-MMAE. A total of 28 SCID mice were subcutaneously inocu-
lated with N87 cells, and the treatment was initiated 4–6 weeks after
tumor implantation when the tumor volumes reached ∼400 mm3. At
day 0, mice were randomly assigned to four equal groups: control (no
treatment, n = 7), 1 mg/kg T-vc-MMAE (n = 7), 3 mg/kg T-vc-MMAE
(n = 7), and 10 mg/kg T-vc-MMAE.

Single-Dose Therapy of HER2-Low GFP-MCF7 Xenografts
with T-vc-MMAE. A total of 25 SCID mice were subcutaneously
inoculated with GFP-MCF7 cells, and the treatment was initiated
3–5 weeks after tumor implantation when the tumor volumes reached
∼400 mm3. At day 0, mice were randomly assigned to four different
groups: control (no treatment, n = 6), 3 mg/kg T-vc-MMAE (n = 7),
5 mg/kg T-vc-MMAE (n = 5), and 10 mg/kg T-vc-MMAE (n = 7).

Single-Dose Therapy of 50:50 Coculture Xenografts of N87
and GFP-MCF7 Cells with T-vc-MMAE. A total of 20 SCID mice
were subcutaneously inoculated with a mixture of GFP-MCF7 and
N87 cells (ratio 1:9), and the treatment was initiated 3–5 weeks after
tumor implantation when the tumor volumes reached ∼400 mm3. At
day 0, mice were randomly assigned to four equal groups: control (no
treatment, n = 5), 3 mg/kg T-vc-MMAE (n = 5), 5 mg/kg T-vc-MMAE
(n = 5), and 10 mg/kg T-vc-MMAE (n = 5).

Tumor volumes were calculated by measuring length (L, distance
between longest diameter) and breadth (B) of tumors using vernier caliper
and the following formula: 1

2 � L� B2. Tumor volumes were measured
twice a week until the tumor volume exceeded .2500 mm3 cutoff or the
tumorwas completely regressed for aprolongeddurationof time (∼3weeks).

Development of the Systems PK-PD Model to Characterize
In Vivo Bystander Effect of Trastuzumab-vc-MMAE

Plasma Pharmacokinetic Model for T-vc-MMAE. A previ-
ously established plasma PK model for ADCs (shown as a part of
Fig. 3) was used to build this model. Because plasma PK of ADC was
similar between N87, GFP-MCF7, and coculture xenografts, plasma
PK data from all three mouse models were pooled to estimate the
model parameters. Briefly, the biexponential PK profile of ADC is
characterized using a two-compartment model with linear catabolic
clearance (CLADC) from the central compartment. The distribution of
ADC to peripheral tissues is characterized using a distributional
clearance parameter (CLDADC). An additional first-order elimination
rate constant coined as “nonspecific deconjugation rate” (KP

dec) is
incorporated in the central compartment to characterize nonspecific
deconjugation of MMAE from the ADC. This rate also contributes
toward the first-order decline in average DAR value of the ADC. Both
elimination pathways (CLADC and KP

dec) generate free (unconjugated)
MMAE and hence become the formation rates for MMAE. The
disposition of free MMAE is also characterized using a two-
compartment model with linear systemic clearance (CLDrug) and
distributional clearance (CLDDrug) (Shah et al., 2012, 2014; Khot
et al., 2015; Singh et al., 2015b, 2016a; Singh and Shah, 2017a, 2018).

Tumor Distribution Model for T-vc-MMAE. Distribution of
T-vc-MMAE and released MMAE in solid tumors was characterized
using the tumor disposition model shown in Fig. 3. Two distinct
exchange processes (i.e., surface and vascular exchange) are incorpo-
rated to describe the mechanistic distribution of T-vc-MMAE and free
MMAE from systemic circulation to tumor extracellular space.
Because of high interstitial pressure and lack of functional lymphatic
system within the tumor microenvironment, it is assumed that the
disposition of ADC and released drug is limited to diffusive processes,
with a lack of any convective transport. Within the original work
published by Wittrup et al. (Thurber et al., 2008a,b), molecular size-
specific diffusivity and permeability parameters have been reported.
Additionally, with an assumption of a spherical tumor, size/radius of
the tumor was used to determine the rate of ADC/released drug
exchange via surface and vascular processes. At lower tumor volumes,
surface exchange predominates, and at higher tumor volumes,
vascular exchange is more predominant (Thurber et al., 2008a,b).
With changing tumor volumes because of ADC efficacy, the relative
significance of these pathways also varies.

Incorporation of Single-Cell Pharmacokinetic Model to
Account for ADC Processing by N87 and GFP-MCF7 Cells.
Once in the tumor extracellular space, the disposition of T-vc-MMAE
and released MMAE within each cell type (N87 or GFP-MCF7) was
characterized using a single-cell disposition model (Fig. 3) (Singh and
Shah, 2017b). It was assumed that there are∼108 tumor cells per gram
of tumor (Del Monte, 2009). Exchange of T-vc-MMAE and free MMAE
between each cell type and extracellular space was characterized
simultaneously. Key processes in the model include T-vc-MMAE
binding (KADC

on and KADC
off ) to HER2 receptors on the tumor cells and

internalization (KADC
int ) and intracellular degradation (KADC

deg ) of ADC in
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the endosomal/lysosomal space, which leads to the release of the free
(unconjugated) MMAE in the cytoplasm. The released MMAE within
the cytoplasmic space is assumed to either bind to intracellular
tubulin (KTub

on and KTub
off ) or exchange with the extracellular space

using influx (KDrug
in ) and efflux (KDrug

out ) processes. Once the free MMAE
is released in the tumor extracellular space, it can either distribute to
other cancer cells or diffuse out into the systemic circulation.

To conserve mass balance within the dynamic system of two
distinctly growing tumor cell populations, a dilution factor was
incorporated within the single-cell PK model for each cell type. This
dilution factor renders dilution of intracellular content (either intact
ADC or released drug) at the rate equivalent to the growth rate
(KTumor

g ) of each cell type.
Equations pertaining to the growth of each cell type (i.e., N87 or GFP-

MCF7) within the heterogeneous tumor (Tumor volumeðTVÞ;   in L) are
provided below. A 50:50 coculture composition was used as the initial
condition:

d
�
TVN87

mm3

�
dt

¼ Ln2
DTN87 ×TV

N87
mm3 Initial ConditionðICÞ ¼ 1

2
×TV0

mm3
(1)

d
�
TVMCF7

mm3

�
dt

¼ Ln2
DTMCF7 ×TV

MCF7
mm3 IC ¼ 1

2
×TV0

mm3
(2)

TVmm3 ¼ TVN87
mm3 þ TVMCF7

mm3 (3)

TVmm3 ¼ TV ×106 RTumor ¼
�
3 ×TV × 1000

4p

�1=3
: (4)

Above, TV0
mm3 corresponds to initial tumor volume of the heterogenous

tumor at the beginning of the treatment.
Equations associated with plasma pharmacokinetics and tumor

distribution of T-vc-MMAE (in amounts) and unconjugatedMMAE (in
concentrations) are provided below:

dðX1ADCÞ
dt

¼ 2
CLADC

V1ADC
×X1ADC 2

CLDADC

V1ADC
×X1ADC þ CLDADC

V2ADC

×X2ADC 2KP
dec

  ×X1ADC 2

�
X1ADC

V1ADC
2
ADCex

f

«ADC

	
×TV ×

 
2 ×PADC ×RCap

R2
Krogh

þ 6 ×DADC

R2
Tumor

! (5)

dðX2ADCÞ
dt

¼ CLDADC

V1ADC
×X1ADC 2

CLDADC

V2ADC
×X2ADC (6)

d
�
C1Drug

�
dt

¼ 2
CLDrug

V1Drug
×C1Drug 2

CLDDrug

V1Drug
×C1Drug þ CLDDrug

V1Drug
×C2Drug

  þ
�
KP

dec ×X1ADC ×DAR
�

V1Drug
þ
CLADC ×DAR ×

X1ADC

V1ADC

V1Drug

  2

�
C1Drug 2

Drugex
f

ðTV × «DrugÞ
	
×

 
2 ×PDrug ×RCap

R2
Krogh

þ 6 ×DDrug

R2
Tumor

!

(7)

d
�
C2Drug

�
dt

¼ CLDDrug

V2Drug
×C1Drug 2

CLDDrug

V2Drug
×C2Drug (8)

d
�
DAR

�
dt

¼ 2KP
dec ×DAR: (9)

Above, initial conditions for eqs. 5 and 9 are injected intravenous dose of
ADC (DoseADC) and initial average DAR of drug formulation [DARð0Þ],
respectively. Initial conditions for the rest of the equations are zero.
Equations associatedwith the concentration of T-vc-MMAEand amounts
of unconjugated MMAE in tumor extracellular space are listed below:

d
�
ADCex

f

�
dt

¼
�
X1ADC

V1ADC
2
ADCex

f

«ADC

	
×

 
2 ×PADC ×RCap

R2
Krogh

þ 6 ×DADC

R2
Tumor

!

þ
�
2KADC

on ×
ADCex

f

«ADC ×
�
AgN87

Ex 2ADCN87
b

�
þKADC

off ×ADCN87
b

	
×
NCN87 ×SF

TV

þ
�
2KADC

on ×
ADCex

f

«ADC
×
�
AgMCF7

Ex 2ADCMCF7
b

�
þKADC

off ×ADCMCF7
b

	

×
NCMCF7 ×SF

TV
2Kp

dec ×ADCex
f

(10)

d
�
Drugex

f

�
dt

¼
�
C1Drug 2

Drugex
f

ðTV × «DrugÞ
	
×TV ×

 
2 ×PDrug ×RCap

R2
Krogh

þ 6 ×DDrug

R2
Tumor

!

þKp
dec ×ADCex

f ×DAR ×TV þ
�
Kp

dec ×ADCN87
b ×DARþKDrug

out ×DrugN87
f

�
×NCN87 ×SFþ

�
Kp

dec ×ADCMCF7
b ×DARþKDrug

out ×DrugMCF7
f

�

×NCMCF7 ×SF2KDrug
in ×NCN87 ×

�
VN87

TV × «Drug

	
×Drugex

f 2KDrug
in

×NCMCF7 ×
�

VMCF7

TV × «Drug

	
×Drugex

f :

(11)

Equations associated with cellular disposition of T-vc-MMAE and
unconjugated MMAE in each cell type “i” (where “i” can be either N87
or GFP-MCF7 cell) are provided below. Concentrations are represented
in the form of number ofmolecules of each analyte per single tumor cell:

d
�
ADCi

b

�
dt

¼ KADC
on ×

ADCex
f

«ADC
×
�
AgiEx 2ADCi

b

�
2KADC

off ×ADCi
b 2

�
Kp

dec þKADC
int

�
×ADCi

b 2
Ln2
DTi ×ADCi

b

(12)

d
�
ADCi

lyso

�
dt

¼ KADC
int ×ADCi

b 2KADC
deg ×ADCi

lyso 2
Ln2
DTi ×ADCi

lyso (13)

d
�
Drugi

f

�
dt

¼ KADC
deg ×ADCi

lyso ×DAR2KDrug
out ×Drugi

f 2KTub
on ×Drugi

f

×
�
Tubi

tot 2Drugi
b

�þKTub
off ×Drugi

b þKDrug
in ×

�
Vi

TV × «Drug

	
×
�
Drugex

f

SF

	

2
Ln2
DTi ×Drugi

f

(14)

d
�
Drugi

b

�
dt

¼ KTub
on ×Drugi

f ×
�
Tubi

tot 2Drugi
b

�
2KTub

off ×Drugi
b

2
Ln2
DTi ×Drugi

b:

(15)

Above, the initial conditions for eqs. 10–15 are zero.
Calculation of Intracellular Tubulin Occupancy in Each

Cell Type. Upon integration of the tumor distributionmodelwith the
single-cell PK model, the percent occupancy of tubulin by MMAE
inside each tumor cell can be calculated by dividing the number of
tubulin-bound MMAE molecules with the number of total tubulin
molecules inside each cell type “i” (where “i” can be either N87 or GFP-
MCF7 cell). The relevant equation is provided below:

Occitub ¼
 
Drugi

b

Tubi
tot

!
×100: (16)
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Driving Direct Killing and Bystander Effect of ADC Using
Intracellular Tubulin Occupancy. TGI data generated using dif-
ferent dose levels of ADC in all threemousemodels (i.e., N87, GFP-MCF7,
and coculture) were used to develop a systems PK-PD model that could
account for direct killing and bystander effect of ADCs in vivo (Fig. 5).
First, the coculture tumor PK model was used to predict intracellular
occupancy of tubulin in each cell type. The intracellular occupancy was
then used to drive the cytotoxicity of each cell type, using a nonlinear
killing function that shuttles the growing tumor cells into nongrowing
phases, which eventually die. This model is also known as the “cell-
distribution model” (Yang et al., 2010). It was assumed that among all
different cell populations (growing or nongrowing), the processing of ADC
was active, and upon the death of each cell type, the intracellular content
(either intact T-vc-MMAEor freeMMAE) comes out and becomes the part
of extracellular space. The released intracellular content could then
redistributeback into other cells or diffuse out into the systemic circulation
via surface or vascular exchange processes (Fig. 5). The resulting
equations characterizing tumor growth dynamics of each cell type “i”
(where “i” can be either N87 or GFP-MCF7 cell) are provided below:

Growth rate:

Kgi ¼
�
Ln2
DTi

	
(17)

Killing rate:

Killi ¼
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�
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�g
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TVi
mm3 ¼ TV1

i þ TV2
i þ TV3

i þ TV4
i (23)

TVmm3 ¼ TVN87
mm3 þ TVMCF7

mm3 : (24)

The equations for concentration of T-vc-MMAE (eq. 10) and amount of
MMAE (eq. 11) in the tumor extracellular space were updated to have
inputs from intracellular content of the last transit compartment (TV4

i ) for
each cell-type (N87 or GFP-MCF7). The resulting equations are provided
below:
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Parameter Estimation, Model Fitting, and Simulations

A Priori Prediction of Tumor Pharmacokinetics of
T-vc-MMAE in the Coculture Tumor Model. Our previously
developed tumor PKmodel for N87 and GFP-MCF7 xenografts (Singh
et al., 2019) was evolved to account for heterogeneous tumor cell
population (Fig. 3). Two distinct populations of tumor cell types were
assumed, and previously published parameters (Table 1) were used to
a priori predict tumor exposure of different ADC analytes (i.e., free
MMAE, total MMAE, and total Trastuzumab). The PK was predicted
following intravenous administration of 10 mg/kg T-vc-MMAE in
a mouse bearing 50:50 coculture tumor.

Simulations of Free and Total MMAE Exposures at Differ-
ent Dose Levels in Three Mouse Models. After validation of the
tumor PK model for the heterogeneous tumor, simulations were
performed to predict free and total MMAE exposures in the hetero-
geneous tumor after intravenous dose of 0.1, 1, and 10mg/kg dose. The
predicted PK profiles in 50:50 coculture tumor were compared with
the PK profiles in N87 and GFP-MCF7 monoculture tumors.

Simulations for Intracellular Tubulin Occupancy within
Each Cell Type in a Heterogenous Tumor. Simulations for
percent tubulin occupancy in each cell type (i.e., N87 and GFP-MCF7)
of 50:50 coculture tumor were performed at 0.1–10mg/kg doses of T-vc-
MMAE. In addition, an improvement in the percentage tubulin
occupancy of GFP-MCF7 (HER2-low) cell with increasing fractions of
N87 (HER2-high) cells in a heterogeneous tumor was also simulated at
0.1–10 mg/kg doses. The improvement in percentage tubulin occupancy
of Ag2 cells is used as a driver for ADC bystander effect.

Simultaneous Fittings of TGI Data Sets from N87,
GFP-MCF, and 50:50 Coculture Xenografts.

Step 1: Individual tumor growth profiles of N87 and GFP-MCF7
xenografts from the control group were fitted to an exponential
growth model (eq. 17). Because of the observed variability in the
individual tumor growth profiles, a mean tumor doubling time
(DTN87, DTMCF7) and intersubject variability with log-normal

distribution (IIVDTN87
, IIVDTMCF7

) were estimated for each xeno-
graft (N87 and GFP-MCF7). To characterize the tumor growth of
the coculture xenografts, it was assumed that at time 0, the
composition of the heterogeneous tumor included 50:50 ratio of
both the cell types. The estimated mean doubling times associated
with N87 and GFP-MCF7 tumors were fixed to previously
obtained values, and the individual tumor growth profiles in
the control group for all three mouse models (N87, GFP-MCF7,
and coculture) were simultaneously fitted to precisely estimate
the parameters associated with intersubject variability in the
growth of N87 and GFP-MCF7 cells.
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TABLE 1
A list of literature-derived or model-estimated parameters used for the systems PK-PD model of T-vc-MMAE

Parameter Definition Value (CV %) Unit Source

Parameters associated with plasma
pharmacokinetics of T-vc-MMAE

CLADC, CLDADC Central and distributional clearances of T-vc-
MMAE

0.033 (4.8%), 0.0585
(12.6%)

l/day per
kilogram

Singh et al., 2019

V1ADC, V2ADC Central and peripheral volumes of distribution
for T-vc-MMAE

0.084 (7.3%), 0.051
(5.2%)

l/kg Estimated (Singh
et al., 2019)

CLDrug , CLDDrug Central and distributional clearances of free
MMAE

18.40, 1.84 l/day per
kilogram

Shah et al., 2012

V1Drug , V2Drug Central and peripheral volumes of distribution
for T-vc-MMAE

0.136, 0.523 l/kg Shah et al., 2012

KP
dec

Nonspecific deconjugation of MMAE from T-vc-
MMAE

0.323 (8.8%) 1/day Singh et al., 2019

Parameters associated with tumor
distribution of T-vc-MMAE

RCap Radius of the tumor blood capillary 8.0 mm Shah et al., 2012,
2014; Singh
et al., 2016a

RKrogh An average distance between two capillaries 75.0 mm Shah et al., 2012,
2014; Singh
et al., 2016a

PADC, PDrug The rates of permeability of T-vc-MMAE and
MMAE across the blood vessels respectively

334, 21,000 mm/day Shah et al., 2012,
2014; Singh
et al., 2016a

DADC, DDrug The rates of diffusion of T-vc-MMAE and
MMAE across the blood vessels respectively

0.022, 0.25 cm2/day Shah et al., 2012,
2014; Singh
et al., 2016a

«ADC, «Drug Tumor void volume for T-vc-MMAE and
MMAE

0.24, 0.44 Unitless Shah et al., 2012,
2014; Singh
et al., 2016a

RTumor Radius of a spherical tumor calculated based
on varying tumor volume (TV) where:

Dynamic cm Calculated

TVðtÞ ¼ 4
3 *p*R

3
Tumor

Parameters associated with single-
cell disposition of T-vc-MMAE

KADC
on

Second-order association rate constant
between T-vc-MMAE and HER2 receptor

0.03 1/nM per
hour

Singh and Shah,
2017b

KADC
off

First-order dissociation rate constant between
T-vc-MMAE and HER2 receptor

0.014 1/h Singh and Shah,
2017b

KADC
int

Internalization rate of HER2-ADC complex
inside the cell

0.11 1/h Singh and Shah,
2017b

KADC
deg

Intracellular degradation of T-vc-MMAE in
endosomal/lysosomal space

0.353 1/h Singh and Shah,
2017b

KTub
on

Second-order association rate constant
between cytoplasmic MMAE and
intracellular tubulin protein

0.0183 1/nM per
hour

Singh and Shah,
2017b

KTub
off

First-order dissociation rate constant between
MMAE-tubulin complex

0.545 1/h Singh and Shah,
2017b

Tubtot Total concentration of intracellular tubulin in
a single cell

65 nM Shah et al., 2012

KDrug
in

First-order influx rate of MMAE from
extracellular to intracellular space

8.33 1/h Singh and Shah,
2017b

KDrug
out

First-order efflux rate of MMAE from
intracellular to extracellular space

0.046 1/day Singh and Shah,
2017b

Agex
N87, Agex

MCF7 Model estimated HER2 receptor count on each
tumor cell in N87 and GFP-MCF7 tumors
in vivo

185,000 (2.8%),
22,400 (3.2%)

Numbers/
Cell

Singh et al., 2019

Common estimated parameters
associated with single-cell killing
in three mouse models

Kmax First-order killing rate of MMAE in each
tumor cell (either GFP-MCF7 or N87) within
three mouse models

0.41 (3.42%) 1/day Estimated

KC50 Percentage of intracellular occupancy to
tubulin by MMAE, which leads to 50% of
maximum killing

99.8 (38.3%) Percentage Estimated

t Transit time associated with MMAE induced
killing

1.44 (8.3%) Day Estimated

g Curve-fitting parameter associated with
sigmoidal tubulin occupancy-killing
relationship

4.3 (48.6%) Unitless Estimated

DTN87, DTMCF7 Doubling time of N87 and GFP-MCF7 tumor
fractions

13.61 (6.3%), 9.13
(12.4%)

Day Estimated

IIVDTN87

, IIVDTMCF7 Intersubject variability associated with
doubling times of N87 and MCF7 tumor
fractions assuming log-normal distribution

31.96% (13.12%),
29.3% (3.11%)

Percentage Estimated
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Step 2: The final systems PK-PD model for T-vc-MMAE (Fig. 5)
was used to simultaneously characterize all the TGI profiles
from all three tumor models. It was assumed that all the
variability associated with TGI profiles was stemming from the
variable in the growth. Consequently, tumor doubling times and
associated intersubject variability were fixed, and only the
common efficacy parameters (Kmax, KC50, t) pertaining to
MMAE-induced tumor cell killing were estimated.

Simulations for Tumor Growth Profiles of N87 and
GFP-MCF7 Fractions in a Heterogeneous Model. Once the full
tumor PK-PD model (Fig. 5) was validated by characterizing the entire
TGI data set, simulations were performed to comparatively evaluate
growth profiles of N87 and GFP-MCF7 fractions (within a heteroge-
neous tumor) in comparison with whole 50:50 coculture tumor after
administration of 1 and 10 mg/kg i.v. T-vc-MMAE. For these set of
simulations, common estimated efficacy parameters and the mean
doubling time parameters associated with N87 and GFP-MCF7 growth
were used without consideration of any intersubject variability.

Simulations for Model-Predicted “Bystander Effect” Fol-
lowing Single or Fractionated Dosing Regimen. Because the
mainmechanism of bystander effect is enhanced killing of antigen-low
(GFP-MCF7) cells in the presence of antigen-high (N87) cells, this
effect was investigated by performing simulations using the final PK-
PD model. Tumor growth profiles for “MCF7 fraction” of a heteroge-
neous tumor were simulated at 1–10 mg/kg doses, which were either
administered as a single dose or in a fractionated dosing regimen (four
equal doses administered every 4 days, Q4dX4). The improvement in
the efficacy against “MCF7 fraction” of a heterogeneous tumor was
analyzed to identify the dose or dosing regimen that leads to the
maximum bystander effect. These sets of simulations were performed
without any intersubject variability.

Effect of Different Fractionated Dosing Regimens on
Maximizing TGI of 50:50 Coculture Xenograft. A clinically
relevant dose of 3.6 mg/kg was selected, and its effect was evaluated
on the TGI of a heterogeneous tumor with 50:50 composition of N87 and
GFP-MCF7 cells. The selected dose (3.6mg/kg) was either administered
as a single intravenous dose or as a fractionated dose in the form of
1.2 mg/kg given Q4dX3 or 0.6 mg/kg given Q4dX6. Tumor growth
profiles for the “whole” heterogeneous tumor and its N87 and GFP-
MCF7 fractions were simulated and compared with the control profiles.

Data Analysis. Initial model development and simulation work
was performed using Berkeley Madonna (University of California at
Berkeley, CA). Model fitting to TGI profiles was accomplished using
Stochastic Approximation Expectation Maximization algorithm in
Monolix version 8 (Lixoft) (Lavielle and Mentre, 2007).

Results
IHC Analysis of the Heterogeneous Tumor

Figure 1A shows a representative fluorescent image of the
histologic section of heterogeneous tumor. The experiment was
done in triplicate, and Supplemental Fig. 1 shows the images of
all three coculture tumors. Fluorescent images of DAPI (in blue)
andGFP (ingreen)weremerged to identify the regions of interest.
It was observed that the intensity of GFP signal was highly
variable and heterogeneous. There were regions of densely
populated GFP-MCF7 cells (Fig. 1A1) and regions where DAPI
signal was predominant (Fig. 1A2), suggesting the presence of
N87 cells. It was also observed that the two cell types were not
“well mixed” and grew in clusters. Figure 1B shows the results of

Fig. 1. Imaging analysis of coculture
tumors grown using a mixture of N87
and GFP-MCF7 cells and harvested at
a volume of ∼350–400 mm3. (A) A repre-
sentative image of the middle section of
the tumor. The green signal represents
GFP-transfectedMCF7 cells, and the blue
signal from DAPI represent nucleus of all
tumor cells. (A1) A zoomed region of the
tumor populated with GFP-MCF7 cells,
which have both “green” and “blue”
signals. (A2) A zoomed region of the
tumor populated with N87 cells, which
have only “blue” signal. (B) A quantitative
analysis of the middle sections of three
tumors to calculate the percentage of GFP-
MCF7 cells within a heterogeneous tumor.
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semiquantitative analysis of the sections by ImageJ software. The
fluorescent images from DAPI and GFP were isolated, and
percentage of the tumor area emitting each fluorescence signal
was determined. It was observed that ∼80% of the total tumor
area within the section was covered with tumor cells. In addition,
it was observed that ∼43% of the tumor area was covered with
GFP-labeled MCF7 cells. As such, it was calculated that ∼53% of
the tumor cells were GFP-MCF7 cells. Based on these estimates,
a 50:50 composition of two cell typeswas assumed in the coculture
tumors for the modeling work.

Plasma and Tumor Pharmacokinetics of T-vc-MMAE

Figure 2A depicts plasma PK profiles of total trastuzumab
(Fig. 2A1), total MMAE (Fig. 2A2), and free MMAE (Fig. 2A3)

in all three tumor models using validated bioanalytical
techniques (Supplemental Figs. 16 and 17; Supplemental
Tables 1–4). As shown in the figure, there was no notable
difference between the plasma PK profiles in different tumor
models, suggesting the presence of tumor does not signifi-
cantly contribute toward systemic PK of ADC. Noncompart-
mental analysis of the plasma PK profile of T-vc-MMAE in
SCIDmice has been reported by us earlier (Singh et al., 2019).
Figure 2B depicts tumor PK of T-vc-MMAE in all three mouse
models. It was observed that the tumor exposures of total
trastuzumab (Fig. 2B1), total MMAE (Fig. 2B2), and free
MMAE (Fig. 2B3) were higher in HER2-high N87 xenografts
compared with HER2-low GFP-MCF7 xenografts. Within the
coculture tumor, it was observed that total Trastuzumab
profile was very similar to HER2-high N87 tumors. However,

Fig. 2. (A) Plasma PK of all three ADC analytes in GFP-MCF7, N87, and coculture tumor–bearing mice after 10 mg/kg i.v. dose of T-vc-MMAE. (A1)
Total Trastuzumab, (A2) total MMAE, and (A3) free MMAE. (B) Tumor PK of all three ADC analytes in GFP-MCF7, N87, and coculture tumor–bearing
mice after 10 mg/kg i.v. dose of T-vc-MMAE. (B1) total trastuzumab, (B2) total MMAE, and (B3) free MMAE. (C) Tumor growth profiles for all three
xenograft models. (C1) control, (C2) 3 mg/kg T-vc-MMAE, (C3) 5 mg/kg T-vc-MMAE, and (C4) 10 mg/kg T-vc-MMAE.
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free MMAE and total MMAE profiles initially started at the
same exposure levels as GFP-MCF7 tumors and then gradu-
ally reached to a level similar to N87 tumors, with a prolonged
Tmax (time taken to achieve maximum exposure, Cmax) in
comparison with both N87 and GFP-MCF7 tumors. Interest-
ingly, at the last time point (168 hours) the exposure of free
MMAE and total MMAE in 50:50 coculture tumors was higher
than both N87 and GFP-MCF7 tumors. This may stem from
the processing of ADCs in Ag-high cells, followed by the
release of free drug in the extracellular space, which could
then accumulate in the intact Ag-low cells.

TGI Studies

Figure 2C shows mean tumor growth profiles for N87, GFP-
MCF7, and 50:50 coculture tumors. It was observed that
although there was a considerable variability in the growth of
individual tumors, in general, N87 control tumors grew slower
compared with GFP-MCF7 and 50:50 coculture control
tumors. Because GFP-MCF7 cells are fast growing, one would
expect that they would take over the 50:50 coculture tumor
over time. Consequently, the growth of 50:50 coculture tumors

was similar (Fig. 2C1) to GFP-MCF7 tumors. Within the 3-
mg/kg treatment group, it was observed that initially the
growth inhibition for 50:50 coculture tumor was similar to
N87 tumors, and once the killing signal diminished, the
coculture tumors grew at a faster rate similar to GFP-MCF7
tumors. In the 5-mg/kg group, as well, coculture tumors
regressed faster than GFP-MCF7 tumors, but once the
killing signal was diminished, they grew similar to GFP-
MCF7 tumors. In the 10-mg/kg group (Fig. 2C4), HER2-high
N87 tumors declined much faster than coculture tumors,
which in the beginning showed a profile similar to GFP-MCF7
tumors. However, the coculture tumors eventually showed
a delayed decline at a level similar to N87 tumors before
growing back up at a rate similar to GFP-MCF7 tumors. This
observationmatches the tumor PKdata generated at 10mg/kg
dose, for which it was observed that MMAE exposure in the
coculture tumors starts at the level like GFP-MCF7 tumors,
but once the ADC is processed by N87 cells, the exposure level
goes up to N87 tumor levels. These data also accentuate the
fact that a sustained presence of high antigen-expressing cells
is required to achieve prolonged bystander effect by ADCs.

Fig. 3. (A) A schematic diagram of a systems pharmacokinetic model developed to characterize T-vc-MMAE PK in a heterogeneous tumor containing
N87 and GFP-MCF7 cells. For plasma PK, disposition of T-vc-MMAE in systemic and peripheral spaces is characterized using a two-compartment model
with linear clearance from the central compartment. Processes associated with nonspecific deconjugation of MMAE and catabolic clearance of T-vc-
MMAE contribute to the formation of free MMAE, which is also characterized using a two-compartment model with distribution to peripheral tissues
and linear clearance from the central compartment. For tumor distribution, distribution of T-vc-MMAE and free MMAE from the central compartment
to tumor extracellular space was assumed to be driven by two diffusive processes: surface and vascular exchange. Single cell disposition in two cell types:
Once in the extracellular space, T-vc-MMAE was assumed to distribute to both N87 and GFP-MCF7 cells, which have distinct growth rates. Once bound
to HER2 receptors on the cell, T-vc-MMAE can internalize into endosomal/lysosomal space of each cell. Upon enzymatic degradation and linker cleavage,
free MMAE is released in the cytoplasmic space, which can either bind to intracellular tubulin or freely exchange within the extracellular space using
influx and efflux rates. Once in tumor extracellular space, freeMMAE can either distribute to other cells or diffuse out into the systemic circulation. (B) A
priori predictions made by the tumor PK model for all three ADC analytes in the three tumor models. (B1) total MMAE, (B2) free MMAE, and (B3) total
trastuzumab.
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Development of the Systems PK-PD Model to Characterize
In Vivo Bystander Effect of ADC

Plasma Pharmacokinetic Model for T-vc-MMAE. Plasma
PK profiles of all three analytes from all three mouse models
was fitted simultaneously using our previously published
integrated plasma PK model for ADCs. The model fitted
profiles (Supplemental Fig. 3) and relevant parameter values
and estimates are provided in Table 1.
A Priori Prediction of Tumor Pharmacokinetics of

T-vc-MMAE in a Heterogeneous Tumor. In the past, we
have a combined single-cell disposition model of ADC with
a mechanistic tumor distribution model to characterize the
exposure of different T-vc-MMAE analytes in GFP-MCF7 and
N87 tumors (Singh and Shah, 2017b). All the parameters of this
model were previously known or obtained from in vitro modeling
(Singh and Shah, 2017b), and only the parameters related to the
accessibility of HER2 receptors within the tumor were estimated.
In the past, we have also presented the global sensitivity analysis
of this model. Here, we have expanded this model to account for
tumor heterogeneity. All the parameters associated with plasma
PK, tumor distribution, and cellular disposition of T-vc-MMAE
wereapriori known.Basedon the semiquantitative IHCanalysis,
composition of two cell typeswithin the heterogeneous tumorwas
assumed to be 50:50.Using themodel shown inFig. 3A, equations
described in theMaterials andMethods section, andknownmodel
parameters shown in Table 1, tumor exposure of the three T-vc-
MMAE analytes in the heterogeneous tumor was a priori
predicted. Figure 3B shows the predicted PK profiles super-
imposed over the observed data. It was found that the coculture
PK model was able to a priori predict the exposure of different
ADC analytes in the heterogeneous tumor reasonably well.
Simulation of Free and Total MMAE Exposure at

Different Dose Levels in the Three Tumor Models. The
final model was used to simulate the effect of different ADC
doses on tumor exposure of unconjugated and total MMAE.
Simulations were performed at different dose levels, ranging

from 0.1 to 10 mg/kg. The model predicted (Supplemental Fig.
4) sustained exposure and longer Tmax of free and total
MMAE in the coculture tumors, which mainly stems from the
time taken by N87 cells to process T-vc-MMAE and redistri-
bution of MMAE to bystanding cells.
Simulation of Intracellular Tubulin Occupancy for

Each Cell Type in the Heterogeneous Tumor. Figure 4A
shows simulated percentage tubulin occupancy by MMAE
(OcciTub) for N87 and GFP-MCF7 cells in the 50:50 coculture
tumor. Simulations were performed at 0.1, 1, and 10 mg/kg
doses of T-vc-MMAE. It was observed that at lower doses, the
difference in tubulin occupancy between HER2-high N87 cell
and HER2-low GFP-MCF7 cell was much higher, which is
expected, as most of the ADC molecules will gravitate toward
Ag-positive cells at this dose level. As the dose increased, both
the cells achieved very similar occupancy, whichmay be due to
the saturation of Ag-mediated pathway. These simulations
suggest that at lower doses, T-vc-MMAE may preferentially
kill N87 cells over GFP-MCF7 cells. Figure 4B shows simu-
lated tubulin occupancy for GFP-MCF7 cells with increasing
fraction of N87 cells in the coculture tumor. It was observed
that irrespective of the ADC dose, an increase in the fraction of
N87 cells led to higher tubulin occupancy for GFP-MCF7
cells, which is consistent with the bystander effect phenome-
non. Interestingly, it was observed that the improvement in
tubulin occupancy was more prominent for 1 mg/kg dose
compared with 0.1 or 10 mg/kg doses. This could be because
at lower doses, the availability of MMAEmay be limiting, and
at higher doses, tubulin may be close to saturation. As such,
these simulations suggest that there could be a bell-shaped
relationship between ADC dose and the beneficial effects of
the bystander effect.
Characterization of TGI Data Using the Systems

PK-PD Model. Figure 6 shows individual model fittings for
representative animals, whereas the fittings for all the
animals along with goodness-of-fit (GoF) plots and visual

Fig. 4. (A) Simulations for intracellular occupancy of tubulin byMMAE (OccTub) for GFP-MCF7 (profiles in green) andN87 (profiles in red) cells in the 50:50
coculture tumor after single dose of 0.1, 1, and 10mg/kg i.v. T-vc-MMAE. (B) Simulations for improvement in tubulin occupancy of GFP-MCF7 cell (OccMCF7

Tub )
after increasing percentages of N87 cell fraction within the heterogeneous tumor. Simulations were performed at 0.1, 1, and 10 mg/kg dose of T-vc-MMAE.
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predictive checks are provided in Supplemental Data
(Supplemental Figs. 5–13). The population PK-PD model was
able to simultaneously characterize all the TGI data reasonably
well, as highlighted by the GoF plots (Supplemental Figs. 10
and 11) as well as prediction-corrected visual predictive checks
(Supplemental Fig. 13). The doubling times for N87 and GFP-
MCF7 tumors were estimated with good precision and were
found to be 13.6 and 9.1 days, respectively, with ∼30% inter-
subject variability on each parameter (Table 1). The efficacy
for each cell type was driven using a killing function, which
used common PD parameters (Kmax, KC50, t) to induce
intracellular tubulin occupancy mediated cell cytotoxicity.
Model-estimated in vivo Kmax and KC50 values of 0.4 1

day

and 99.8% were very similar to in vitro estimated vales for
MMAE-induced cell killing (Kmax of 0.72 1

day and KC50 of
98.3% for N87 cells and 96.1% for GFP-MCF7 cells) (Singh and
Shah, 2019).
Simulations for Growth Profiles of N87 and

GFP-MCF7 Tumor Fractions. The final PK-PD model
was used to investigate the dynamics of N87 and GFP-
MCF7 tumor fractions within the coculture tumor, after
treatment with different doses of T-vc-MMAE. It was observed
(Supplemental Fig. 11) that in the beginning, the whole tumor
declines in parallel to a decline in N87 and GFP-MCF7
fractions of the tumor. However, when the tumor starts to
regrow, the majority of tumor fraction is composed of GFP-
MCF7 cells, which are less responsive to the ADC and shows
a faster growth pattern.
Simulations to Investigate the Effect of Fractionated

Dosing Regimen on Bystander Effect of ADC in
a Heterogeneous Tumor. These simulations were per-
formed to investigate how the rate and extent of bystander
effect changes with varying ADC dose-levels, dosing regimens,
and compositions of the heterogeneous tumors. Figure 7

provides the results from these simulations in the form of
“MCF7 fraction” tumor volume changes with time. In the
single-dose group, it was observed that an increase in percent
of N87 fraction in the heterogeneous tumor led to higher
killing of MCF7 cells, especially at the lower dose. This
observation is consistent with the expected enhancement of
ADC bystander effect with an increase in the fraction of Ag-
positive cells. When the ADC doses were fractionated, it was
observed that fractionated dosing regimen was more effica-
cious in killing 100%MCF tumors and “MCF7 fractions” in the
coculture tumors. This effect was also more prominent at
lower dose levels of ADC. These simulations suggest that
fractionated dosing regimen maybe more beneficial in achiev-
ing sustaining tubulin occupancy within Ag-negative tumor
cells. In addition, it was observed that as the percent of N87
fraction increased beyond a certain level (i.e., 50%), there was
no further improvement in the bystander killing by the ADC,
even in the presence of the fractionated dosing regimen.
Within the simulation results (Supplemental Figs. 14 and

15) for the fractionated dosing regimen in the form of “total”
tumor volume (along with each cell-type fraction) changes
with time, it was observed that in comparison with the single
dose, the fractionated dosing regimen leads to an improve-
ment in the efficacy of ADC for the heterogeneous tumor. The
majority of this improvement stemmed from enhanced killing
of N87 tumor fraction, which in turn contributed to higher
killing of GFP-MCF7 fraction of the tumor via the bystander
effect.

Discussion
A systems PK-PD model that can characterize in vivo

bystander effect of ADCs in heterogeneous solid tumors could
significantly improve the discovery and development of

Fig. 5. Schematic diagram of the full systems PK-PD model developed to characterize bystander effect of T-vc-MMAE in a heterogeneous tumor
containing N87 and GFP-MCF7 cells. The plasma and tumor pharmacokinetics, as well as disposition of T-vc-MMAE in each cell-type, is similar to
Fig. 3. Intracellular occupancy of tubulin by MMAE (OccTub) in each cell type was assumed to drive the efficacy of ADC, which was characterized by
shuttling of growing cells into nongrowing phases destined to die. It was assumed that growing and nongrowing cells contribute toward the disposition of
T-vc-MMAE and free MMAE. When the cells die, intracellular content was assumed to release in tumor extracellular space and allowed to freely
exchange with other living cells or systemic circulation.
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Fig. 6. Representative observed and
model fitted tumor growth profiles for
GFP-MCF7 (green), N87 (red), and
coculture (orange) tumors. (A) Control
group, (B) 1 mg/kg, (C) 3 mg/kg, (D)
5 mg/kg, and (E) 10 mg/kg T-vc-
MMAE. Individual fits for all animals
as well as GoF plots (Supplemental
Figs. 5–10).
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clinically successful ADCs. Toward this goal we have taken
a stepwise approach of conducting experiments and building
systems models (Supplemental Fig. 2). Current investigation
represents the final step of this process that requires in vivo
experiments in a heterogeneous tumor model. The heteroge-
neous tumor model was developed by inoculating a mixture of
GFP-MCF7 and N87 cells in the mice. Because both the cells
have different growth rates, after several attempts, a ratio of
∼1 million GFP-MCF7 and ∼9 million N87 cells was finalized
to obtain a coculture composition of 50:50 at tumor volumes
∼350–400 mm3. This coculture composition was confirmed by
semiquantitative IHC analysis (Fig. 1).
A detailed PK and TGI study was conducted on the

heterogeneous tumors using our tool ADC, T-vc-MMAE
(Fig. 2). PK-PD data generated using the heterogeneous
tumor–bearing mice were also compared with the data from
100% N87 and GFP-MCF7 tumor–bearing mice. It was
observed that there was no difference in the plasma PK of
different ADC analytes between the three tumor models. This
result suggests that presence of tumor did not significantly
affect systemic PK of ADC and confirms our previous obser-
vation that the amount of payload coming from the tumor
space does not contribute significantly toward overall sys-
temic PK of the drug (Shah et al., 2014). Tumor PK data
revealed that coculture tumors had prolonged exposure of free
and total MMAE compared with GFP-MCF7 and N87 tumors.
We hypothesize that this may stem from the fact that it takes
time for N87 (Ag+) cells to first process the ADC and release
the free MMAE in the tumor extracellular space, which
subsequently redistributes and accumulates in the bystand-
ing GFP-MCF7 (Ag2) cells.
Tumor growth data revealed that 50:50 coculture tumors

grew at a rate similar to the fast-growing GFP-MCF7
tumors, suggesting faster growing cells within a heteroge-
neous tumor will eventually take over most of the tumor in
the absence of any treatment. TGI data revealed that the
efficacy of ADC in 50:50 coculture tumors was always
higher than the GFP-MCF7 tumors, and this enhanced
efficacy persisted unless there was a regrowth following
ablation of N87 cells. This observation accentuated the
fact that killing of N87 cells was important to exert the
bystander effect in GFP-MCF7 cells (Singh et al., 2016b);
however, once the N87 cells are ablated, there won’t be any
bystander effect, and the coculture tumors will start
growing at the rate similar to GFP-MCF7 tumors. As such,
an ideal ADC and dosing regimen should lead to a parallel
decline in antigen-positive and antigen-negative cells
within a heterogeneous tumor.
To develop the systems PK-PD model for ADC, first our

previously published tumor PK model was expanded to
include two different populations of cells growing at distinct
growth rates. All the parameters associated with plasma PK,
tumor distribution, and cellular PK of ADC in each cell type
were fixed to our previously reported values. The final tumor
disposition model (Fig. 3) was able to a priori predict tumor
PK of all ADC analytes. The PK model also successfully
predicted delayed Tmax associated with the exposure of total
and free MMAE in the coculture tumors compared with N87
and GFP-MCF7 tumors (Supplemental Fig. 4). The model
was also used to simulate tubulin occupancy in different cell
types within the heterogeneous tumor at different dose levels
(Fig. 4). It was observed that the difference in tubulin

occupancy between the two cells was more pronounced at
lower doses, where N87 cells showed higher occupancy
compared with GFP-MCF7 cells. These simulations corrob-
orated TGI data, in which higher ADC efficacy was observed
for N87 tumors compared with GFP-MCF7 tumors, and also
supported our approach of utilizing tubulin occupancy by
MMAE as a driver for ADC efficacy (Singh and Shah, 2019).
The effect of heterogeneous tumor composition on tubulin
occupancy was also simulated using the PK model. It was
found that with increasing fraction of N87 cells in the tumor,
there was an increase in tubulin occupancy of GFP-MCF7
cells, which was consistent with the expectation of ADC
bystander effect. However, simulations revealed that the
extent of improvement in tubulin occupancy of GFP-MCF7
cells was dose-dependent, and there may be a bell-shaped
relationship between ADC dose and the improvement in
bystander effect following enhancement of Ag+ cell fraction
in a heterogeneous tumor. However, this hypothesis needs to
be validated using experimental data.
The heterogeneous tumor PK model was integrated with

a PDmodel to make the final systems PK-PDmodel (Fig. 5),
which used intracellular occupancy of tubulin as the driver
of ADC efficacy. The final model was able to simultaneously
characterize all the TGI data reasonably well, using
a single set of PD (Kmax, KC50, t) parameters. In addition,
the parameter estimates obtained from in vivo efficacy
studies were very similar to previously obtained parame-
ters from in vitro estimates (Singh and Shah, 2019). This
observation highlights the importance of adopting a sys-
tems approach and suggests a good correlation between
in vitro and in vivo efficacy of ADCs. The system PK-PD
model was used to investigate the effect of ADC dose and
increasing percentage of Ag+ cell fraction on the growth of
Ag2 cell fraction. It was observed that the bystander effect
of ADC was most optimal at 1–5 mg/kg doses, beyond which
the effect seemed to saturate. Additionally, it was observed
that having a certain fraction of Ag+ cells (e.g., 50%) within
the heterogeneous tumor would be enough to achieve the
maximum bystander effect of ADC. The PK-PD model was
also used to investigate the effect of fractionated dosing
regimen on the efficacy of ADC in a heterogeneous tumor
(Figs. 7 and 8). Model simulations revealed that dose
fractionation may further improve overall efficacy and
bystander effect of T-vc-MMAE, as it will prolong the
duration of tubulin occupancy in each cell type. While this
is an exciting finding, it needs to be corroborated by
experimental results, and the readers should be cautious
before generalizing it to other ADCs and tumors. Nonethe-
less, the systems PK-PD model presented here for charac-
terizing in vivo bystander effect of ADC in a heterogeneous
tumor remains generalizable.
In summary, here we have presented a novel systems PK-

PD model for ADCs that accounts for multiple populations of
tumor cells. Themodel could account for differential exposures
of ADC in each cell type and can simultaneously characterize
ADC-induced direct killing and bystander effect. Because the
modeling paradigm presented here is formulated on a single-
cell level, it could also be extended to other therapeutic
scenarios in which a molecule interacts with multiple cell
types within a tumor microenvironment (e.g., bispecifics
interacting with tumor and immune cells). Going forward,
we plan to translate this systems PK-PD to predict bystander
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Fig. 7. Simulations for the growth of
“MCF7 fraction” of a coculture tumor
with varying percentage of N87 cells.
Four different dose levels of T-vc-
MMAE were evaluated: 1, 3, 5, and
10 mg/kg, administered either as
a single dose (left panels) or fraction-
ated into four equal doses adminis-
tered every 4 days (Q4dX4, right
panels). (A1 and B1) 0% N87, (A2
and B2) 25% N87, (A3 and B3)
50% N87, (A4 and B4) 75% N87, and
(A5 and B5) 90% N87 cells.
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effect of ADCs in the clinic (Shah et al., 2012; Betts et al., 2016;
Singh and Shah, 2017a).
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