1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Pharm Sci. Author manuscript; available in PMC 2020 July 01.

-, HHS Public Access
«

Published in final edited form as:
J Pharm Sci. 2019 July ; 108(7): 2465-2475. doi:10.1016/j.xphs.2019.01.034.

A ‘Dual’ Cell-Level Systems PK-PD Model to Characterize the
Bystander Effect of ADC

Aman P. Singh! and Dhaval K. Shahl*

1Department of Pharmaceutical Sciences, School of Pharmacy and Pharmaceutical Sciences,
The State University of New York at Buffalo, 455 Kapoor Hall, Buffalo, New York, 14214-8033,
USA.

Abstract

Here we have developed a cell-level systems PK-PD model to characterize the bystander effect of
ADCs. Cytotoxicity data generated following incubation of Trastuzumab-vc-MMAE in cocultures
of high HER2 expressing N87 and low HER2 expressing GFP-MCF7 cells were used to build the
model. Single cell PK model for ADC was used to characterize the PK of Trastuzumab-vc-MMAE
and released MMAE in N87 and GFP-MCF7 cells. The two cell-level PK models were
mechanistically integrated to mimic the coculture condition. MMAE induced intracellular
occupancy of tubulin was used to drive the efficacy of ADC, and improvement in the tubulin
occupancy of GFP-MCFT7 cells in the presence of N87 cells was used to drive the bystander effect
of Trastuzumab-vc-MMAE. The ‘dual’ cell-level PK-PD model was able to capture the observed
data reasonably well. It was found that similar and high occupancy of tubulin by MMAE was
required to achieve the cytotoxic effect in each cell line. In addition, estimated model parameters
suggested that ~60% improvement in the tubulin occupancy was required to attain half of the
maximum bystander killing effect by the ADC. The presented model provides foundation for in
vivo systems PK-PD model to characterize and predict the bystander effect of ADCs.

Keywords

Antibody-drug conjugates; bystander effect; cellular disposition; single-cell PK-PD model,
Trastuzumabvc-MMAE; microtubule inhibitors

Introduction

To overcome the dose-limiting toxicities and narrow therapeutic index associated with the
conventional chemotherapy (1), cancer treatment has advanced towards targeted
immunotherapies that can achieve tumor selectivity (2). Antibody-Drug Conjugates (ADCs)
are one of those targeted immunotherapies that leverages the targeting potential of a
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monoclonal antibody (mAb) to deliver highly potent cytotoxic agents (payloads) to antigen-
rich tumor cells (3), with the goal of achieving a wider therapeutic index (4). The last decade
has witnessed an exponential growth in the clinical pipeline of ADCs (5, 6), with more than
70 molecules currently in the development (7). With the recent approvals of Besponsa®
(Inotuzumab Ozogamicin) (8) and Mylotarg® (Gemtuzumab Ozogamicin) (9), there are now
four FDA-approved ADCs in the market. While proven to be successful, the overall
therapeutic potential of ADCs has been continuously challenged by dose-limiting toxicities
(10), poor tumor penetration (11), and translation failures. Our long term goal is to develop
mechanistic pharmacokinetic-pharmacodynamic (PK-PD) models that can address the
critical questions pertaining to the efficacy and toxicity of ADCs, and ultimately facilitate
their successful preclinical-to-clinical translation (12-16).

Cellular processing of ADCs is very important for their pharmacological effect. Upon
binding to antigen-overexpressing tumor cells, ADC molecules are internalized and
eventually degraded in the endosomal/lysosomal space. Based on the chemistry of the linker,
the drug molecules are released in endosome/lysosome, and binds to the intracellular target
(e.g. tubulin or DNA) to exert cell-cytotoxicity. The released drug molecules can also efflux
out of the antigen expressing cells and diffuse into the nearby (i.e. bystanding) cells to exert
their cytotoxicity. This additional mechanism for ADC efficacy is known as the ‘bystander
effect’, and it is a desirable attribute to improve the overall efficacy of ADC in a
heterogeneous tumor environment (17). In fact, bystander effect has been experimentally
validated in both in-vitro and in-vivo settings (18-23). Both, ADC-specific (e.g. presence of
a cleavable linker) and system-specific (e.g. antigen expression profile) parameters, can
contribute towards the bystander effect. However, there is a lack of quantitative framework
that can help in understanding how these parameters interact with each other, and how to
manipulate them to attain an optimal and sustained bystander effect.

In the past we have used trastuzumab-vc-MMAE as a tool ADC, and in-vitro coculture
system containing high HER2 (Ag-high, N87) and low HER2 (Ag-low, GFP-MCF7)
expressing cells, to generate experimental data that can help in building a quantitative
framework for the bystander effect (17). In fact, we have used this data to develop an
empirical PK/PD model that can characterize the bystander killing of Ag-low cells in the
presence of increasing percentage of Ag-high cells in a coculture. However, while building
the empirical model it became obvious that a more comprehensive understanding of the
cellular disposition of ADC and the released drug is required to develop a robust PK/PD
model that can effectively predict the bystander effect of ADCs in vitro and in vivo.

Subsequently, a detailed cellular disposition study was conducted using T-ve-MMAE in N87
and GFPMCEF?7 cell-lines (14). Multiple analytes were measured and quantitatively
integrated to develop a novel single-cell PK model for ADC. Here, we have presented an
application of the cellular PK model for characterizing the bystander effect of ADCs. A
‘dual’ cell-level PK-PD model is developed, which can characterize the exchange of released
drug molecules between Ag-high and Ag-low cells, and uses intracellular occupancy of the
pharmacological target (i.e. tubulin) by released drug molecules (i.e. MMAE) to drive the
cytotoxicity and bystander effect of the ADC.
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Materials and Methods

Cell lines and tool ADC:

The two HER2-expressing cells used for the present investigation included GFP-MCF7 cells
(breast cancer cells stably transfected with green fluorescent protein (GFP)) and NCI-N87
cells (human gastric carcinoma cells). GFP-MCF7 cells are reported to have a low
expression of HER2 receptors (HER2 0/+1) whereas N87 cells overexpress HER2 receptors
(HER2 3+), making them suitable Ag-low and Ag-high cell lines respectively. Trastuzumab-
vc-MMAE, a tool ADC, was synthesized and characterized in-house. Vc-MMAE drug-
linker was conjugated to humanized anti-HER?2 antibody trastuzumab (Herceptin®,
Genentech) using a random conjugation method. This method results in a heterogeneous
formulation of ADC with an average drug: antibody ratio (DAR) of ~4.5. Detailed cell
culture conditions and T-vc-MMAE synthesis and characterization procedures have been
published before (14, 17).

In-vitro experiments to investigate T-vc-MMAE mediated direct cytotoxicity and bystander

killing:

Simulations

Effect of T-vc-MMAE on the viability of GFP-MCF7 (Ag-low) and N87 (Ag-high) cells was
first investigated individually, where growth of each cell line was monitored following
incubation with a range of T-vc-MMAE concentrations (0.1 pM - 1uM). Based on these
experiments a threshold T-vc-MMAE concentration (100 nM) was identified, which enabled
complete Killing (>1Cgqq) of N87 (Ag-high) cells and minimal killing (<IC50) of GFP-MCF7
(Ag-low) cells. Subsequently, coculture experiments were conducted to quantify the
bystander killing of GFP-MCF7 (Ag-low) cells by T-ve-MMAE (at the threshold
concentration) in the presence of varying percentage of N87 (Ag-high) cells. Detailed
methodology of these experiments has been published before (17).

of intracellular target occupancy following T-vc-MMAE exposure:

Simulations of tubulin occupancy in GFP-MCF7 and N87

monocultures: Previously published single-cell PK model for T-ve-MMAE (Fig. 1A) (14)
was used to simulate the time course of percentage of tubulin molecules occupied with the
released MMAE molecules inside the cell. All drug and system-specific parameters were
fixed to the values used in the published model (14), and tubulin occupancy was explored at
a range of T-vce-MMAE concentrations (0.1 pM - 1uM). The simulated tubulin occupancies
for each cell-type were compared with the observed in vitro cytotoxicity data obtained at the
same ADC concentrations (17), where simulated profiles associated with efficacious
concentrations were color-matched to enable comparison.

Simulations of tubulin occupancy in GFP-MCF7 and N87 cocultures: To mimic
the coculture conditions, two cell-level PK models (specific to each cell line) were
mechanistically integrated to develop a “dual’ cell-level PK model (Fig. 2A), which enables
the disposition of T-vc-MMAE and released MMAE molecule in and across each cell type.
All the equations associated with a “dual’ cell-level PK model are described below, and the
list of state-variables and parameter values used in the equations is provided in Table-1 and
Table-2 respectively. Mechanistic processes associated with the cellular disposition of ADCs
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were kept the same as our previous publications (12-16). Briefly, two distinct population of
tumor cells were assumed which were growing at their respective growth rates in the media

space. The ADC molecules incubated in the media were allowed to distribute simultaneously

ADC

in both the cell-types using drug-specific binding (k7 ™ and KADC) and internalization

1ADC
(K

i ) processes. Once internalized in a cell, the ADC molecules were assumed to

catabolize (KADC) leading to release of unconjugated drug molecules (MMAE ) in the

cytoplasmic space. In addition, non-specific deconjugation of ADC molecules in the media

( ﬁfgc) was also incorporated, resulting in the generation of unconjugated drug molecules

directly in the media, which could influx into either cancer cell-type. Once inside the cell,
unconjugated drug molecules were either assumed to interact with the intracellular target
(i.e. tubulin) to form the bound drug molecules (MMAEZ), or efflux out of the tumor cells. In
order to conserve the mass-balance within the system, it was also assumed that with each

cell-division, the intracellular content (either intact ADC or released drug) is distributed
equally among the two daughter cells, resulting in a dilution rate equal to the growth rate

(K;) of each cell line.

Below are the equations associated with the growth of each cell type in the coculture:

_ i
Ké:(Lin). 1_iL (1)
DT Niytax

Ny
g = K -N (2

Above, “/” refers to the cell type, and can be N87 or MCF?7. Initial condition for equation 2
corresponds to the initial cell-seeding density in an experiment.

Equations associated with the concentration of T-vc-MMAE in the media (ADCM) and
amount of unconjugated MMAE in the media (MMAE™), following incubation of the ADC
in MCF7 and N87 coculture system, are provided below:

d(ADCM) ADC M N87 N87\ | pADC N8T\  N87T | SF
—— = {2 ADCM - (4g)¥T - ADCYY) + K)PC - ADCYYT) NV 2 (3)
ADC M MCF17 MCF1 ADC MCFT mcr1  SF
+{-K)PC- ADCY - (AghiTT — ADCY ) + KPE - ADCY T} NMETT . o
ADC M
- K4P2¢. ADC
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dMMAEM) ¢ P
—————= =Kg,.* - ADC" - DAR - MV +

{K42C- ADCY™ - DAR + KMNAE - MMAEYST} - N7 sF

dec eff f
VMCF7

ADC MCFT 7ap MMAE MCF17 MCFT7 MMAE Cell
+{K42C - ADCY T - DAR + K)YAE - MMAEY 7| - NYCTT P — kJIMAE |

N87

 MMAEM . NMCFT _ g MMAE | ZCell| 'y r0r 0 pM  \N8T
in MV
(4)

The initial condition for equation 3 is the concentration of T-vce-MMAE in the media used
for the experiment, and the initial condition for equation 4 is zero.

Equations associated with the cellular disposition of ADC, in the form of number of
molecules of a given ADC analyte in a single cell, are provided below:

d(ADC)) ., . . ‘ .
C M i i ADC ADC ADC
——— = K0 ADCY - (Ag) — ADC}) — KF - ADC), = (Kjpo” + Ky €) - ADC, (5)
- K, - ADC,,
d(apc,,) . . : .
ysoJ) _ ADC
T = K, - ADCl = K30C - ADC)y  — K}y - ADC , (6)
d(MMAE') , . .
f) _ ADC MMAE Tub
—— L5 = KO - ADC, - DAR - K)[1AF - MMAE, — K}\" - MMAE]; @
(Tub'™ — MMAEL) + K145 - MMAE], + K)MAE . Vea MMAEY i var
(Tu b) T Rofr b Tin MV SF g f

d(MMAE},)

Tub i total i Tub i i i
T =K' MMAE); - (Tub'™"' = MMAE,) - K7 - MMAE, - K|, - MMAE,, (8)

of f
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Above, “/” refers to the cell type, and can be N87 or MCF7. Initial conditions for equations
5-8 are zero.

Equation associated with the non-specific deconjugation of MMAE from T-vc-MMAE in the
media is described below:

d(DAR) ADC iR
= —Ky.C-DAR (9)

Initial condition for equation 9 is the initial DAR value of the ADC in the formulation.

Percent occupancy of tubulin by MMAE inside each cell type “/” (OCCiTub) was calculated by

dividing the number of tubulin-bound MMAE molecules with the number of total tubulin
molecules inside each cell:

i
b

Tubt()tal ] - 100 (10)

i
OCCTub = (

To facilitate the assessment of the bystander effect, the model was used to simulate
intracellular occupancy of tubulin in GFP-MCF7 (Ag-low) cells in the presence of varying
amounts of N87 (Ag-high) cells in different cocultures.

Development of a cell-level PK-PD model to link intracellular tubulin occupancy to cell

cytotoxicity:

In vitro cytotoxicity data generated following the incubation of T-ve-MMAE with GFP-
MCF7 and N87 monocultures (Figure 1B) (17) was utilized to develop an in vitro PK-PD
relationship for each cell type. The cell-level PK model for T-vc-MMAE (Figure 1A) was

used to simulate intracellular occupancy of tubulin by MMAE (OcciTub), and the tubulin

occupancy was in turn used to drive the cytotoxicity of ADC using a non-linear killing
function, since the relationship between tubulin occupancy and cell cytotoxicity was not
always linear. The cell killing was characterized using the ‘cell-distribution model’, which
shuttles growing cells into non-growing phases using transit compartments to account for the
apparent delay between ADC exposure and observed cell-death. It was assumed that the
cellular disposition of T-vc-MMAE remains active for growing or non-growing populations
of cells. To conserve the mass-balance, it was assumed that upon death of each cell the
intracellular content (i.e. intact ADC or unconjugated drug) is released back into the
extracellular (media) space. Figure 3 describes the full schematic of the cell-level PK-PD
model used for each cell line.

Equations describing the growth and killing of each cell type “/” (where “/’ refers to MCF7
or N87 cells) are provided below, along with population of cells in each transit compartment
“/” (where “/” ranges from 2 to 3):
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Growth function:

(11

Kill function:

d(N :
(dtl) = (K= Kigy) - V) (13)
d(N: : : ~
(dtZ) — Kl N - % NL O (14)
i
AN ) -1 (M= N ) 5)

dt i

The total number of cells for each cell type () can be calculated using the following
expression:

Initial condition for equation 13 corresponds to the initial cell seeding density of each cell
type in an experiment whereas, the initial conditions for equations 14 and 15 are zero.

Equations associated with the cellular disposition of ADC and the released drug for each
cell-type were kept the same as described earlier (i.e. equations 5-8). However, the
equations pertaining to the concentrations of T-vc-MMAE in the media and amounts of
unconjugated MMAE in the media for each cell type were modified to have inputs from the

intracellular content of dead cells (i.e. the last transit compartment Ni). The modified media

equations are listed below:
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d(ADC")

ADC M i i ADC i i SF
—— = {-K,PC-ADCM - (Ag), — ADC}) + K)0C - ADCy} - N'- + 17)
ADC M i i ADC i i SF ADC M1
+{—K0n - ADC -(Ag;x—ADCg)+K0ff -ADCZ}~N’-M—V—KdeC - ADC +5
-{aDCy,, +ADC) - Ny - o
d(MMAEM) ADC M A ADC I TS AD MMAE |
————L = K¢ ADCY - DAR - MV + {Kdec - ADC}, - DAR + K21 -MMAE}}
Vi
[ ADC I T AD MMAE [ | MMAE Cell
-N'-SF+ K32 - ADC),- DAR + K% - MMAE}) - N'- SF — KA - | 2
- MMAEM . N' — gMMAE Ve MMAEM . Ni+ L. {MMAE" + MMAE! } .Ni.SF
in MV 4 f b 4

(18)

Development of a ‘dual’ cell-level PK-PD model to link increased tubulin occupancy with
the bystander killing:

Once the cell-level PK-PD model was developed for each cell-type, the two models were
mechanistically integrated as described in Figure 2A to facilitate the bystander effect. The
schematic of the final ‘dual’ cell-level PK-PD model is described in Figure 4. It was
assumed that cellular disposition of T-vc-MMAE in each cell-type remains active for both
growing and non-growing population of cells. In addition, it was assumed that when a cell
dies the intracellular content (i.e. ADC or released drug) becomes part of the media space.
The model also accounted for the exchange of unconjugated drug molecules between
different growing and non-growing populations of two cell-types. As such, the presence of
higher proportion of N87 (Ag-high) cells in a coculture will lead to an increased production
of unconjugated MMAE in the media, which will then diffuse into GFP-MCF7 (Ag-low)
cells and lead to an increase in its tubulin occupancy. The dynamics of T-vc-MMAE induced
N87 (Ag-high) cell killing was described using the PK-PD relationship detailed earlier
(equations 11-15). However, a novel non-linear killing function was incorporated in the cell-
distribution model of GFP-MCF7 cells (i.e. equation 12), which utilized the ‘improvement in
tubulin occupancy’ (“A”) as a driver for bystander killing of the cells. Incorporation of this
expression facilitated isolation of the direct killing of GFP-MCF7 from the bystander killing
induced by neighboring N87 (Ag+) cells. The following expression describes “A”:
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CcC
Lub 1).100 (19)

Equation 19 calculates the percentage improvement in tubulin occupancy (OCC% iF 7) by

unconjugated MMAE in GFP-MCF7 (Ag-) cells in the presence of different cocultures with

increasing percentages of N87 (Ag+) cells. Here, (Occ(}ZZ) depicts tubulin occupancy in GFP

MCEF7 cells when there are no N87 cells within the coculture system. Whereas (OCC;/Z;M?g)

(10%, 25%, 50%, 75% or 90%) depicts tubulin occupancy in the presence of different N87
cell ratios. This expression was later used within a non-linear killing function (eq. 20), to
characterize the bystander killing of ADC and obtain parameters (Kmax and KC50) specific
to the bystander effect.

MCFT7 (%%Ag)

KMCF7 _ max

Kill ~ m

] (20)

The ‘dual’ cell-level PK-PD model was used to fit the dataset describing the bystander
killing of GFPMCF7 (Ag-low) cells in the presence of increasing % of N87 (Ag-high) cells,
following an incubation with 100 nM T-vc-MMAE (17). The model predicted cell numbers
were then overlaid with the experimentally observed values (Figure 6).

Parameter Estimation, Model Fitting, and Simulation:

The parameters associated with the cellular PK of T-vc-MMAE as well as the growth rates
of each cell line were fixed to the values previously reported by us (14, 17), while simulating
the intracellular tubulin occupancy. The model fitting and parameter estimation was
performed sequentially, where initially, the efficacy parameters associated with the in vitro

PK-PD relationships (i.e. K, KCL, WCV% s, /and %) for individual cell-type were
estimated by fitting the model to in-vitro cytotoxicity data (Figure 1B). In the subsequent
step, “dual’ cell-level PK-PD model was utilized to fit the bystander killing dataset (Figure
6) to obtain the estimates for KCéO and 7, while keeping the rest of parameters fixed to

known or prior estimated values.

All models were initially built and simulated in Berkeley Madonna (University of California
at Berkeley, CA) whereas data fitting was performed using maximum likelihood (ML)
estimation method of ADAPT-5 software (BMSR, CA) (24). To obtain the estimates for the

within-cell variability (WCV) in the potency parameter(cho) for each cell line, maximum

likelihood expectation maximization (MLEM) method was chosen with an assumption of
log-normal distribution in cho values. For the model fitting, following variance model

(Var(t)) was used, where ointercept refers to the additive error and osjope refers to the
proportional error associated with the model prediction (Y (t)).
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Var(t) = (Ginttercept + O-slope ’ Y(t)) (21)

Results

Simulations of intracellular target occupancy following T-vc-MMAE exposure:

Simulations of tubulin occupancy in GFP-MCF7 and N87monocultures: Figure
1B shows the simulated tubulin occupancy (OcciTub) profiles for each cell-type following

incubation with varying concentrations of T-vce-MMAE (0.1 pM - 1uM). The profiles
associated with the observed cytotoxicity of T-ve-MMAE in each cell line at the respective
ADC concentrations is also shown for comparison. Overall, there was a positive correlation
between the extent of cytotoxicity and corresponding tubulin occupancy. Model simulations
revealed that the extracellular ADC concentrations that led to complete killing of N87 (Ag-
high) cells (Fig. 1B1, profiles in red), were also able to accomplish almost complete
occupancy of intracellular tubulin. The extracellular T-vce-MMAE concentration which led to
~50% cytotoxicity in N87 cells (0.13 nM, profile in blue), was able to accomplish ~50%
tubulin occupancy. In addition, all the non-efficacious concentrations of T-vc-MMAE
(profiles in black) resulted in an insignificant occupancy of tubulin in N87 cells. While the
exposure-response relationship for T-ve-MMAE in GFP-MCF7 (Ag-low) cells was very
steep, a much gradual change in tubulin occupancy was observed following incubation with
different ADC concentrations (Figure 1B2). However, similar to N87 cells, there was a trend
towards higher cytotoxicity with higher tubulin occupancy. The two efficacious T-vce-MMAE
concentrations (0.5 and 1 uM) resulted in maximum tubulin occupancy (profiles in red).
These results suggest that different cell lines may have their unique pharmacodynamic
relationship between tubulin occupancy and cell cytotoxicity.

Simulations of tubulin occupancy in GFP-MCF7 and N87 cocultures: Figure 2B
shows the simulated tubulin occupancy (OcciTub) profiles for GFP-MCF7 (Ag-low) cells in

the presence of varying percentage of N87 (Ag-high) cells, following incubation with 100
nM T-vc-MMAE concentration. Model simulations revealed that increasing percentage of
N87 cells in a coculture led to an improvement in the intracellular tubulin occupancy by
unconjugated MMAE in GFP-MCF7 (Ag-low) cells.

Development of a cell-level PK-PD model to link intracellular tubulin occupancy to cell

cytotoxicity:
Figure 5 shows observed and model fitted ‘cell number vs. time’ profiles obtained following
incubation with different concentrations (0.1 pM - 1pM) of T-vc-MMAE in monocultures of
N87 (Fig. 5A) and GFP-MCF7 (Fig. 5B) cells. The in vitro cell-level PK-PD model was able
to characterize all the cytotoxicity data reasonably well. The estimated values of parameters
associated with ADC efficacy are provided in Table 2. All the predicted profiles were found
to be within 2-fold of the observed profiles (based on percentage predictive error
calculations). Interestingly, modeling analysis revealed that the parameters associated with
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T-vc-MMAE induced efficacy (Kfmx, cho) were very similar between GFP MCF7 (Ag-low)
and N87 (Ag-high) cells.

Development of a ‘dual’ cell-level PK-PD model to link increased tubulin occupancy with
the bystander killing:

Figure 6 shows observed and model fitted ‘cell number vs. time’ profiles of GFP-MCF7
cells in the presence of varying percentage of N87 cells, following incubation with (red
profile) or without (green profile) 100 nM T-vc-MMAE (17). While there were slight
deviations between model predictions and observed profiles at initial time points in
cocultures with high percentage of N87 cells, overall, the ‘dual’ cell-level PK-PD model was

able to predict the observed bystander effect of ADC in the coculture system reasonably well

Z’
50

will lead to 50% of the maximum bystander killing.

with a precise estimation of ‘KC%,’, which revealed that 59% increase in tubulin occupancy

Discussion

With the emergence of continuously expanding clinical pipeline, bystander effect has been
considered as an advantageous attribute of an ADC design for solid tumors (16, 25-28).
While ADCs can selectively reach solid tumors using overexpressed target antigens, its
overall efficacy can still be limited due to several other factors (28). For example, inter- and
intra-tumor heterogeneity in antigen expression levels has been shown to limit the efficacy
of many targeted therapeutics in the clinic (29). In addition, alterations in tumor
microenvironment and antigen expression profile over time can also render many patients
resistant to the targeted therapies over time (29, 30). Moreover, because of the binding-site-
barrier, there is a heterogeneous distribution of targeted molecules like monoclonal
antibodies and ADCs around perivascular regions, which limits their distribution to the
deeper portions of tumor tissues (11). It is believed that these challenges related to
heterogeneous antigen expression and ADC distribution can be overcome to a certain extent
by designing ADCs with the ‘bystander effect’ (17, 31), which can promote more
homogeneous distribution of the released drug inside solid tumor.

The importance of bystander effect in improving the overall efficacy of ADCs has been
qualitatively demonstrated by several groups in both in-vitro and in-vivo settings (18, 19,
23). More recently, we have described a quantitative characterization of the bystander effect
using T-vc-MMAE as a tool ADC and cocultures of GFP-MCF7 (Ag-low) and N87 (Ag-
high) cell lines (17). One of the important findings from our work was the apparent delay in
the onset of bystander effect in the coculture system. While this delay may stem from the
time taken in cellular processing of the ADC, in the absence of cellular PK at the time,
extracellular (media) ADC concentrations were used as a forcing function to mathematically
characterize T-vc-MMAE induced direct and bystander killing. Although the developed
semi-mechanistic PD model could characterize the rate and extent of bystander killing,
successful in-vitro to in-vivo translation (13) of observed bystander effect required more
mechanistic characterization of the determinants that influence the exchange of released
unconjugated drug (MMAE) across two cell types. Based on our previously proposed
preclinical-to-clinical translation strategy (12, 15, 16), cellular disposition is the most
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integral component of a multi-scale PK-PD model, which is conserved while transitioning
across discovery, preclinical and clinical development. This prompted us to mechanistically
characterize the cellular disposition of T-vc-MMAE in GFP-MCF7 (Ag-low) and N87 (Ag-
high) cell lines (14). Subsequently, comprehensive dataset with multiple bioanalytical
measurements was generated, and a single cell-level PK model was developed to
quantitatively characterize all the data simultaneously. The model was able to capture the
relationship between extracellular T-vce-MMAE concentration and released MMAE exposure
within a single cell (14). Here we have utilized this single cell PK model to develop a more
mechanistic PK-PD relationship for the bystander effect of ADCs.

Since the mechanism-of-action of MMAE involves inhibition of cell-division by binding to
intracellular tubulin (32), occupancy to tubulin (OcciTub) was utilized as the main driver of

cell cytotoxicity. Upon simulating the intracellular tubulin occupancy (OcciTub) with varying

extracellular concentrations of T-vc MMAE (0.1 pM - 1uM), it was observed that the cell
cytotoxicity was significantly correlated with the extent of MMAE-induced tubulin
occupancy in each cell line. While we have used 65 nM concentration of total tubulin to

simulate intracellular tubulin occupancies (OCciTub) in each cell line, it is important to note

that this is an estimated value obtained via modeling of unconjugated MMAE PK in L540cy
tumor bearing xenografts. This value was deemed necessary to capture intracellular binding
of MMAE and sustained exposure of MMAE within tumors (12). While we have validated
this value via extensive in vitro and in vivo modeling and simulation work (14),
experimental validation of this tubulin concentration remains to be done. Based on the
observed correlation between cell cytotoxicity and MMAE-induced tubulin occupancy, the
cell-level PK model (14) was mechanistically integrated with the cell-distribution PD model
(17, 33) (as shown in Figure 3) to link the intracellular tubulin occupancy values with cell
killing. The model was able to characterize in-vitro cytotoxicity data obtained from
monocultures very well (Figure 5). In addition, the estimated ADC efficacy parameters

(k' .KCL,) for each cell line (i.e. MCF7 and N87) were much closer to each other when

compared with the estimates obtained using previously published empirical model (17). This
is because the empirical model uses media ADC concentrations to drive the efficacy and the
cell-level PK-PD model uses intracellular MMAE occupied tubulin concentrations to drive
the efficacy. When the ability of higher antigen expressing cells to bring more drug in a cell
compared to the low antigen expressing cells is ignored, the empirical model suggests that
the T-vce-MMAE ADC has higher potency in N87 (Ag-high) cells compared to GFP-MCF7
(Ag-low) cells. However, when the differential antigen expression is accounted for by using

the cellular PK model, it results in very similar estimations of killing rate (Kinux) and

potency (cho) values for MMAE occupied tubulin concentrations. These results suggest

that once inside the cells MMAE has the same efficacy for both the cell lines, which needs
to be proven experimentally. Nonetheless, our results are in line with what is reported by
Maass et al. (34), who demonstrated that similar number of doxorubicin molecules are
required in the intracellular space to inhibit the proliferation of different cancer cell lines.
Our results also suggest an important correlation between antigen expression levels and
ADC efficacy, which is widely presumed but not fully validated.
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Incorporation of cell-level ADC PK also allowed us to eliminate additional signal
transduction steps, which are typically incorporated within the empirical PK-PD model (35).
This is mainly because the timespan associated with the processing of ADC and attainment
of desired target occupancy may have significantly contributed towards the observed delay
in the onset of ADC mediated cell-killing. However, incorporation of cell-distribution transit
compartments (35) was still necessary to account for the remaining delay in the killing of
cells. It is important to note that while performing our modeling analysis we estimated a
minimal extent of within-cell variability (WCV). Literature reports have also suggested that
there can be notable variability in the intracellular exposure and cell cytotoxicity between
different cells due to cell-to-cell differences in drug delivery and PD responses (34, 36).
Therefore, we recommend that going forward a more stochastic approach should be favored
over the deterministic approach to translate these results in vivo. Nonetheless, the
observation that very similar and high extent of tubulin occupancy by MMAE (Table 2) is
required to achieve cytotoxic effects in each cell line still holds true.

Once the cell-level PK-PD relationships were established for monocultures, the models for
each cell-type were combined mechanistically to mimic the coculture situation and
characterize the bystander effect of ADC (Figure 2). The ‘dual’ model was able to simulate
an improvement in MMAE induced intracellular tubulin occupancy of GFP-MCF7 (Ag-low)
cells in the presence of N87 (Ag-high) cells. Increased percentage of N87 cells in a
coculture led to an increase in the percentage of tubulin occupancy in GFPMCF7 cells,
suggesting the presence of mechanism driven bystander effect (17). Consequently,
percentage improvement in tubulin occupancy (“A”) was used as the main driver for
characterizing the bystander effect of ADC. Since there was a time lag observed between the
improvement in tubulin-occupancy and enhancement in bystander effect driven cytotoxicity
(compare Figures 2B and 6), transit compartments were introduced in the model (Figure 4)
to characterize the delay (35). The final dual cell-level PK-PD model was able to capture the
observed bystander effect data reasonably well (Figure 6). The estimates of the potency

parameter associated with the bystander killing (Kcéo) suggested that ~59% improvement in

the tubulin occupancy will lead to 50% of maximum bystander killing (Table 2). Although
this conclusion is specific for the underlying system (i.e. coculture of N87 and GFP-MCF7
cells), it provides an estimate for extension of the ‘dual’ cell-level PK-PD model to other
coculture/heterogeneous tumor systems, so one can a priori predict the bystander effect of
relevant ADCs. Of note, there was a slight deviation between model predicted and observed
profiles at initial time points in cocultures with high percentage of N87 cells. This may stem
from the use of semi-mechanistic transit compartment model to characterize the delay in the
PD effect, which may stem from a more complex underlying system. Furthermore,
cocultures at higher percentages of N87 cells (75% and 90%) inherently had lower
percentages of GFP-MCF7 cells, and hence our fluorescent-based analytical method
(described in (17)) could have been less sensitive at these lower numbers of GFP-MCF7
cells. As such, the discrepancy between the observed and model predicted profiles may stem
from model misspecification or experimental issues.

It is important to note that mechanistic vigilance will be required while translating results
from in vitro bystander effect data to in vivo settings. While there is a ‘well-mixed’
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population of two cell-types in the examined coculture system, within a solid tumor there is
a significant intra-tumoral heterogeneity and the composition of different cell types can
significantly vary across different regions of the tissue (29). Additionally, based on our
previous work that investigated the role of different pathways in bringing the drug inside a
cell following in-vitro and in-vivo ADC administration, (13), the extent of in-vivo bystander
effect can be dampened by diffusion of the released drug out of the tumor into the systemic
circulation (7). In fact, Khera et al. (7) have recently presented a theoretical analysis of ADC
bystander effect with similar conclusion, suggesting payloads with physicochemical
properties that allow them to be taken up by cells rapidly compared to the tumor washout
rate would demonstrate the maximum in vivo bystander effect. As such, one should develop
in vivo systems PK model by incorporating cell-level coculture models like the one
developed here to obtain realistic insight into ADC induced in vivo bystander effect.

In summary, to facilitate the development of a translational PK-PD model that can
characterize and predict ADC induced bystander effect in vivo, here we have presented the
development of a “dual’ cell-level PK-PD model that can characterize ADC induced
bystander effect in vitro. The presented model is the first attempt on characterizing the PK
and PD effects of ADC on a single cell-level and employs tubulin occupancy to drive ADC-
induced cytotoxic effect. In addition, the single-cell framework also allows the flexibility to
incorporate more than two populations and multiple cell-types (e.g. immune cells) in the
coculture, to investigate ADC induced other pharmacological effects (e.g. immunogenic
cell-death, ICD) and the interaction of ADC with other therapeutics (e.g. immune-oncology
agents). The presented cell-level models can be integrated with the tumor disposition model
of ADC (37) to characterize and predict ADC induced bystander effect in vivo.
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Figure 1.

(A) Schematic of the single cell-level PK model for T-ve-MMAE ADC. (B) Comparison of
model simulated MMAE induced intracellular tubulin occupancy at various T-vc-MMAE
concentrations (in nM) with the observed cell cytotoxicity (17) at similar concentrations. B1
represents N87 cells and B2 represents GFP-MCF7 cells. Lines have been color coded to
visually segregate the groups that show different extent of cytotoxicity and % tubulin
occupancy.
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models to represent the coculture system. (B) Simulations using the ‘dual’ cell-level PK
model for intracellular occupancy of tubulin in GFP-MCF7 cells with varying percentage of

N87 cells in the coculture.
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Figure 3.
Schematic of the single cell level PK-PD model for T-vce-MMAE ADC. The model

incorporates growing (N1) and non-growing (N2-N4) populations of cells. The cellular
disposition of T-vc-MMAE was assumed to be active in all populations of cells, where
intracellular occupancy of tubulin with released unconjugated MMAE shuttles the cells from
growing to non-growing phases using transit compartments leading to cell death. Upon the
death of each cell, the intracellular content was assumed to release in the media and could
freely exchange with other cells.
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obtained using the single cell PK-PD model shown in Figure 3.
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Figure 6.
Observed and model-fitted cell-viability profiles for GFP-MCF7 cells in the presence of

varying percentage of N87 cells in the coculture. The fittings were obtained using the ‘dual’
cell-level PK-PD model shown in Figure 4. Green profiles are control profiles with no ADC,
and red profiles were generated following 100 nM T-vc-MMAE exposure.
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Table 1:

The list of state variables used in the differential equations for the model, and their definitions.

Variable Name Definition
Nlj The number of tumor cells for each cell-type in a cell-distribution phase
ADCM Concentration (nM) of T-vc-MMAE in the media space

MMAEM Amount (nMoles) of unconjugated MMAE in the media space

ADCZ Number of molecules of HER2-bound T-ve-MMAE on surface of a single cell
ADC;ySO Number of molecules of T-ve-MMAE internalized in endosomal/lysosomal space of a single cell
MMAE} Number of molecules of “free’ unconjugated MMAE in the intracellular space of a single cell
MMAE;.7 Number of molecules of ‘tubulin bound’ unconjugated MMAE in the intracellular space of a single cell
DAR Average Drug: Antibody Ratio of T-vc-MMAE at a given time
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The list of parameters utilized to build the ‘dual’ cell-level PK-PD model for ADC.

Table 2:

Page 25

Parameters Description Units Value (CV%) Source
SF Scaling factor to convert the Unitless 109 Fixed
number of molecules to _—
nanomoles 6.023 x 1023
My VN87 VMCF7 \olumes of media, single N87  pL, pL,pL 100, 3.12, 8.14 (14)
* " Cell” " Cell and MCF7 cell
D78 pTMCF7 Doubling times for N87 and h 40.1, 33.6 (14, 17)
MCEFT7 cells
TCMax TCMax Maximum achievable cell- Number 80, 500, 105,00 a7
N8T’ MCF17 count in a culture well for N87
and GFP-MCF7 cells
TubTotal Total concentration of nM 65 Previously estimated (12)
intracellular tubulin in each
cell
KTub KTub Second-order association and 1/nM/h, 1/h  0.0183, 0.545 (13,38,39)
on ' off first-order dissociation rates of
MMAE binding to tubulin
KADC KADC Second-order association and 1/nM/h, 1/h  0.03,0.014 (13, 14)
on 'off first-order dissociation rates of
T-vc-MMAE binding to HER2
ADC First-order net antibody-HER2 ~ 1/h 0.11 (13, 14)
int complex internalization rate
KADC First-order non-specific 1/h ~0 Previously estimated to a low
deg deconjugation rate of MMAE value (14)
from ADC
DAR Initial drug: antibody ratio of Unitless 45 Experimentally measured (17)
T-ve-MMAE
A N87 A MCF7 Number of HER2 receptorson  Unitless 950,000, 52,000 Determined in-house (14)
8ex 1 8ex N87 and GFP-MCF7 cells
KADC First-order rate of proteases- 1/h 0.353 (14)
deg induced intracellular ADC
degradation and MMAE
release
KMMAE KMMAE First-order influx and efflux 1/h 8.33,0.199 (14)
in * “out rate constants for MMAE from
extracellular space to
intracellular space
KN87 KMCF7 First-order killing rates 1/h 0.03 (12.3 %), 0.021 Estimated
max’ " max ofMMAE in N87and GFP- (4.1%)
MCF7 cells
KN87 KMCF7 Mean intracellular occupancy percentage  98.3 % (19.3%), 96.1% Estimated
50 ' ™50 - cell - (5.5%)
to tubulin (OccTub) required
to achieve 50% cytotoxicity
WCVN87 WCVMCF7 Within-cell variability in KCsy ~ Percentage  19.2% (31%), 17.9 % Estimated
KC50 KCS50  values associated with N87 and (10.9%)
GFP-MCF7 cells
67, {MCF7 Transit time parameter h 0.32(18%)), 5.0 (12.3%) Estimated
associated with the cell
distribution model for N87 and
GFP-MCF7 cells
yNVB7, MCF7 Curve fitting parameter that Unitless 1.1 (18.2%), 3.1(21.9%) Estimated

determines the steepness of the
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Parameters Description Units Value (CV%) Source

occupancy-response
relationship for each cell line

KCZ Percentage improvement in Percentage  59% (12.6%) Estimated

50 occupancy (“A”) that results in
50% of maximum bystander
killing
=~ Transit time parameter h 37 (41%) Estimated

associated with the delay
between bystander Killing
signal and observed bystander
effect response
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