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Abstract

Antibody-drug conjugates (ADCs) are designed to target antigen expressing (Ag+) cells in a
tumor. Once processed by the Ag+ cells, ADCs can release cytotoxic drug molecules that can
diffuse out of Ag+ cells into the neighboring antigen-negative (Ag-) cells to induce their
cytotoxicity. This additional efficacy of ADCs on Ag- cells in the presence of Ag+ cells is known
as the “bystander effect'. Although the importance of this phenomena is widely acknowledged for
effective Killing of a heterogeneous tumor, the rate and extent of the bystander killing in a
heterogeneous system is not quantitatively understood yet. Thus, the objectives of this manuscript
were to: 1) synthesize and characterize a tool ADC Trastuzumab-vc-MMAE that is capable of
exhibiting bystander effect, 2) quantify the time course of the bystander effect for the tool ADC
using in vitro co-culture systems created using mixture of various HER2-expressing cell lines, and
3) develop a pharmacodynamic (PD) model that is capable of characterizing the bystander effect
of ADCs. Co-culture studies conducted using GFP labelled MCF7 cells as Ag— cells and N87,
BT474, and SKBR3 as Ag+ cells revealed that the bystander effect of ADC increases with
increasing fraction of Ag+ cells in a co-culture system, and with increased expression level of
target on Ag+ cells. A notable lag time after ADC incubation was also observed prior to
significant bystander killing of Ag— cells. Based on our results we hypothesize that there may be
other determinants apart from the antigen expression level that can also influence the ability of Ag
+ cells to demonstrate the bystander effect in a co-culture system. The co-culture analysis also
suggested that the bystander effect of the ADC can dissipate over the period of time as the
population of Ag+ cells declines. A novel PD model was developed to mathematically characterize
the bystander effect of ADCs by combining two different cell distribution models to represent the
population of Ag+ and Ag- cells in a co-culture system. This PD model can be integrated with the
systems PK model for ADCs in the future to generate a quantitative framework that is capable of
supporting the discovery and development of novel ADCs with optimal bystander killing
capabilities.
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INTRODUCTION

Antibody-drug Conjugates (ADCs) are promising therapeutic agents designed to selectively
target and kill cancerous cells [1]. There are more than 55 ADCs in the clinic right now for
the treatment of various oncology indications [2]. A typical ADC consists of monoclonal
antibody (mAb) and cytotoxic drug molecules conjugated via chemical linker that is
designed to release the drug specifically inside the target expressing cells. The exact number
of drug molecules attached on mAb differs between different ADC molecules, and the
average number of drug molecules attached on antibody is known as the average Drug-to-
Antibody Ratio (DAR) [3]. ADCs act via binding to the targeted antigen on the surface of a
cancer cells, which leads to ADC internalization via receptor mediated endocytosis. Once
inside the cells the ADC molecules degrade and releases the pharmacologically active drug
in the cytoplasm, which leads to the cytotoxicity. This ability to delivery potent anticancer
drug molecules specifically inside the tumor cells is believed to provide ADCs a superior
therapeutic index compared to traditional non-targeted chemotherapeutic agents [4].

In the past 5 years, two ADCs have been approved by FDA. Brentuximab vedotin (SGN-35),
an anti-CD30-vc-MMAE conjugate (Adcetris®, Seattle Genetics) for the treatment of
Hodgkin's lymphoma (HL) and Anaplastic large cell lymphoma (ALCL) [5], and ado-
trastuzumab-emtansine (T-DM1), an anti-HER2-smcc-DM1 conjugate (Kadcylla®,
Genentech) for the treatment of trastuzumab-refractory metastatic breast cancer [6]. Both the
ADCs are designed via random conjugation and employs drug molecules (i.e. MMAE and
DM1) that are potent microtubule inhibitors [7] [8]. However, the chemical nature of the
linkers used in SGN-35 and T-DML1 are very distinct. T-DM1 is designed with a non-
cleavable SMCC linker that becomes part of the released drug when the ADC gets
metabolized via lysosomal degradation. T-DM1 releases several DM1 containing catabolites
intracellularly that are attached with linker and amino acid residues, of which lysine-mcc-
DML is the predominant catabolite that is highly charged and demonstrates very low cell
permeability [9]. On the contrary, SGN-35 is designed with a cleavable valine-citrulline
linker which gets cleaved by intracellular cathepsin B enzyme in endosomes/lysosomes,
releasing the unmodified drug molecule MMAE in the cytoplasm. The released MMAE is
shown to be relatively more permeable across the cell membrane, and thus capable of
diffusing into the neighboring cells to cause additional cell killing. This phenomena has been
termed as the “bystander effect' of ADCs [10,11].

Figure 1 illustrates the bystander effect of ADCs in a heterogeneous population of antigen-
positive (Ag+) and antigen-negative (Ag-) cells in the tumor. Majority of ADC molecules
bind to Ag+ cells followed by internalization into endosomes and trafficking to lysosomes
where ADC is metabolized. Free cytotoxic drug molecules are released in the cytoplasm
where they can either bind to the target or can exit (via active or passive routes) out of the

J Pharmacokinet Pharmacodyn. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al. Page 3

cell and diffuse into neighboring Ag- cells, where they can exert the cytotoxic effect. This
enhanced killing of neighboring Ag- cells can eventually lead to a higher overall efficacy of
the ADC, and has been proposed to be of clinical significance for tumors demonstrating
heterogeneity in target expression or heterogeneous distribution of ADCs in the tumor
[10,12]. In fact, increased prevalence of intratumoral heterogeneity has huge implications for
antibody therapeutics that generally targets a specific antigen expressed only on a sub-
population of cells in the tumor [13]. For example, for molecules targeting HER2 antigen it
has been reported that increased intratumoral heterogeneity leads to increased chances of
tumor relapse with a monotherapy and decreased disease-free survival rates [14]. Thus, an
ability to demonstrate significant bystander effect can be an important virtue of successful
ADC:s. It has been reported that the choice of an optimal drug-linker combination is an
important determinant of bystander effect, and highly permeable toxins (e.g. MMAE or
DM4) conjugated with cleavable linkers (e.g. disulphide or valine-citrulline) have been
indicated to exhibit successful bystander killing [10,15-19]. Consequently, majority of the
current ADCs in the clinical trials employ ve-MMAE or similar linker-payload
combinations capable of releasing the free drug molecules inside the cells that can render the
bystander effect [1,2]. Despite the consensus on the importance of the bystander effect,
however, a quantitative understanding about the time-course and extent of bystander effect
of ADCs in a heterogeneous system with different ratios of Ag+ and Ag- cells is lacking. In
this manuscript, we have tried to further understand this phenomena using in vitro
experiments and mathematical modeling.

Here we have synthesized and characterized a HER2 targeting ADC, trastuzumab-vc-
MMAE (T-vc-MMAE) with an average DAR of ~4.0, which is capable of releasing the
attached drug MMAE in a pure form inside the cell. This tool ADC is used to investigate the
time course of bystander killing of Ag— cells in an in vitro co-culture system containing
different Ag+ cells with varying degree of antigen expression level. Finally, an in vitro
pharmacodynamic (PD) model was developed to quantitatively characterize the bystander
effect of ADCs by combining two different cell distribution models that could represent the
population of Ag+ and Ag- cells with differential sensitivity to T-vc-MMAE.

MATERIALS AND METHODS

Synthesis and Characterization of Trastuzumab-vc-MMAE

Preparation of T-ve-MMAE—5 mg/mL of trastuzumab (Herceptin®, Genentech) in
Dulbecco's phosphate-buffered saline (DPBS, without Ca2* and Mg?*) was partially reduced
by incubating with ~2.5 molar equivalents of tris(2-carboxyethyl) phosphine (TCEP) for 2 hr
at 37°C. Following the reduction the concentration of free thiol groups per antibody was
measured using Ellman's reagent (DTNB, 5, 5-dithiobis (2-nitrobenzoic acid)). Around 8
molar equivalents of maleimidocaproyl-Val-Cit-MMAE (vc-MMAE) was added to the
reduced antibody and incubated at 25°C for 2 hr. At the end of the reaction the excess linker-
payload (vc-MMAE) was separated from the conjugated antibody using Sephadex G-25
column (GE®, Life Sciences). The purified T-vc-MMAE was concentrated and stored at 4°C
for further use. Average DAR for the ADC was calculated using the ratio of UV absorbance
(R) measured at 248 and 280 nm wavelengths, according to the following equation.
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Where, € refers to extinction coefficients specific to drug (€5 =1.59 x 104@ -cm and

L L
280 3 . 248 4
€, =1.5x10 —MOZ -cm) and ant|body (EmAb79'43 x 10 —Mol -cm and

633%:2-3 X 105% - cm) respectively.
Hydrophobic Interaction Chromatography (HIC)—Average DAR value for T-vc-
MMAE was confirmed by performing HIC analysis using an HPLC system (Agilent
Technologies®) coupled to a UV detector set at the room temperature. A TSKButyl-NPR
2.1 x 4.6 mm column (Tosoh® bioscience) was used with the mobile phase-A consisting of
1.5 M ammonium sulfate in 25 mM potassium phosphate (pH 7.0), and mobile phase-B
consisting of a mixture of 25 mM potassium phosphate and 25% isopropanol (pH 7.0).
Separation was obtained with a linear gradient of 0-100% for mobile phase B over 12 min at
a flow rate of 0.8 mL/min. T-vc-MMAE was injected at the concentration of 2 mg/ml (in
PBS) and the data was analyzed by integrating the absorbance peak areas (A214 nm) for
different DAR species at 214 nm. Average DAR calculated using the following equation:

8
Z n- ADARn
DARz"Z(;i

nZ::OADAun (2)

Where, n refers to the individual DAR value and Apar,, refers to the peak area for the
respective DAR species in a sample.

Size Exclusion Chromatography (SEC)—Potential of any aggregate formation while
synthesizing T-vc-MMAE was assessed by performing a SEC on an HPLC system (Agilent
Technologies®). Samples (30 pg each) of trastuzumab and T-vc-MMAE were analyzed
using Superdex 200 Increase 10/300 GL column (GE®, Life Sciences) at room temperature.
Samples were eluted at a flow rate of 0.35 ml/min with 0.2M Sodium Phosphate buffer as
the mobile phase and the elution was monitored at 280 nm.

Evaluation of Antibody and ADC Binding to HER2 using Flow Cytometer—
Binding properties of T-vc-MMAE were compared with the naked trastuzumab using HER2
expressing BT474 cells (ATCC®). Cell suspensions of ~0.2 million cells in PBS (with 0.5%
BSA) were incubated with 10pg/mL of either trastuzumab or T-ve-MMAE for 1h at 4°C.
Cells were washed three times with ice cold PBS followed by incubation with FITC-labeled
anti-human 1gG for 30 mins. After one more washing step, cells were finally resuspended in
PBS (with 0.5% BSA) and analyzed using BD FACS Scan flow cytometer with Cell Quest
software.
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Cell Lines

MCFT7 cells, stably transfected to express the green fluorescent protein (GFP), were acquired
from Cell Biolabs Inc., and are referred to as GFP-MCF7 cells (see Supplementary Figure
S1B for the microscopic image). These cells have minimal expression of HER2 and are used
as Ag- cells for all the co-culture experiments. GFP-MCF7 cells were grown in DMEM
(high glucose) supplemented with 10% fetal bovine serum (FBS), 0.1 mM MEM Non-
essential Amino Acids (NEAA), 2mM L-glutamine and 1% Penicillin-Streptomycin (Life
technologies®). N87, BT-474, SKBR3, MDA-MB-453, and unlabeled MCF7 cells were
obtained from ATCC and were grown in the recommended cell culture medium
supplemented with heat-inactivated 10% v/w fetal bovine serum (FBS; Gibco- Life
Technologies) and 10ug/mL of Gentamycin (Sigma, St. Louis, MO) at 37°C in a humidified
incubator containing 5% CO».

Standard Curves to Quantify Different Cell Populations in a Co-Culture System

To quantify the cell numbers of Ag— and Ag+ cells in a co-culture system, generalized
standard curves were generated for each type of cells using 20 different experiments. Total
cell viability in a culture was assessed by performing the MTT assay [20]. 5 mg/mL solution
of MTT (3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium bromide, Alpha Aesar)
in sterile phosphate buffer saline (pH 7.4) was freshly prepared and 25uL of the solution was
added in each well of the 96-well plate containing cell standards in 100 uL of media. After
4.5 hr of incubation in the incubator, 100 pL of 10% SDS-0.01 M HCL solution was added
to each well and plates were incubated overnight to dissolve the purple formazan crystals.
UV absorbance was read at 595 nm (ODsggs) using Spectramax plate reader (Molecular
Devices, CA). A quantitative relationship between total cell number and ODsgg5 was
established, which was further used to interpolate the total number of cell based on the
measured ODggs value. Number of GFP-MCF7 cells in a culture were assessed by
measuring the extent of fluorescence (FL) at 485/535 nm (excitation/emission). A
quantitative relationship between total number of GFP-MCF7 cells and FL was established,
which was further used to interpolate the total number of GFP-MCF7 cell based on the
measured FL value.

Cytotoxicity Studies

Effect of T-vc-MMAE on N87 and GFP-MCF7 monoculture viability—Effect of T-
vc-MMAE on the viability of GFP-MCF7 (Ag- cells) and N87 cells (Ag+ cells) was
assessed in the 96 well plate format. For both the cell lines five 96-well plates were prepared
by adding approximately 10,000 cells in 100uL of fresh media per each well. Following
overnight incubation media was removed from each plate and replaced with media
containing T-vc-MMAE at nine different concentrations ranging from ~0.01pM to 1500 nM.
Each concentration was tested in six replicates. For each cell line, 1 plate was terminated at
12, 24,72, 96 and 144 hr after the drug exposure, and cell viability was measured using
MTT or fluorescent assay. Previously established standard curves were used to calculate the
number of viable cells per each well.
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Effect of T-vc-MMAE on the viability of GFP-MCF7 cells in a co-culture with
N87 cells—Two different sets of experiments were conducted to quantify the bystander
effect of T-vc-MMAE in a co-culture system containing N87 and GFP-MCF7 cells. In the
first set of experiment, different concentrations of T-vc-MMAE were studied on a single co-
culture ratio of GFP-MCF7 and N87 cells, whereas for the second set of experiments a
single concentration of T-ve-MMAE was studied in different co-culture ratios of GFP-MCF7
and N87 cells.

For the first set of experiment, GFP-MCF7 cells were seeded in two 96-well plates at a total
density of ~2500 cells/well. One plate served as control, whereas in the other plate
additional ~22,500 N87 cells/well were added, resulting in the final ratios of GFP-MCF7:
N87 cells 1:9. After overnight attachment, media was removed from all the wells and 100uL
of fresh media containing nine different concentrations of T-vc-MMAE in the range of 0.1
pM to 1000 nM was added. Each concentration was tested in replicates of six. Cell viability
of GFP-MCFT7 cells was quantified at different time points based on fluorescence.

In the second set of experiments co-cultures of GFP-MCF7 and N87 cells at six different
ratios (100:0, 90:10, 75:25, 50:50, 25:75, 10:90 and 0:100) were seeded in a single 96 well
plate, while maintaining the total cell density of ~10,000 cells/well. After overnight
attachment, media was removed and half of the wells were treated with fresh media
containing 100nM of T-vc-MMAE, whereas the rest of the wells were replaced with fresh
media alone and marked as the control group. The concentration of T-vc-MMAE is chosen
based on the first co-culture study to make sure that at this concentration the ADC does not
show significant killing of GFP-MCF7 cell by direct effect and shows maximum killing of
N87 cells. Each co-culture ratio was tested in six wells. Number of viable GFP-MCF7 cells
were quantified at different time points based on fluorescence.

Evaluation of T-vc-MMAE bystander effect in co-cultures of GFP-MCF7 cells
with other Ag+ cells—Two different sets of experiments were conducted to quantify the
bystander effect of T-vc-MMAE on GFP-MCF7 cells in a co-culture system with other
HER2+ cells. In the first set of experiments different ratios of GFP-MCF7:BT474 and GFP-
MCF7:SKBR3 cells in a co-culture system were studied at a single concentration of T-vc-
MMAE. Whereas, in the second set of experiments the bystander effect of T-vc-MMAE was
investigated at a single concentration on the co-cultures of GFP-MCF7 cells with BT474,
SKBR3, N87, MDA-MB-453, or unlabeled MCF7 cells, prepared at 50:50 ratio.

For the first set of experiments GFP-MCF7 cells were incubated with BT474 or SKBR3
cells in separate 96 well plates at six different ratios (100:0, 90:10, 75:25, 50:50, 25:75,
10:90 and 0:100), to achieve a total cell density of ~10,000 cells/well. After overnight
attachment, half of the wells in each plates were treated with media containing 500 nM of T-
vc-MMAE, whereas the rest of the wells were replaced with fresh media and used as the
control group. The concentration of T-vce-MMAE is chosen to ensure minimum direct killing
of GFP-MCF7 cell and maximum killing of Ag+ cells. All the co-culture ratios were tested
in six replicate wells. Number of viable GFP-MCF7 cells were quantified at different time
points based on fluorescence.
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For the second set of experiment a single 96 well plate was seeded with co-cultures of GFP-
MCF7 cells with BT474, SKBR3, N87, MCF7 (no label) and MDA-MB-453 at a single ratio
of 50:50 with the total cell density of ~10,000 cells/well. After overnight cell attachment,
half of the wells in the plate were treated with 100 L of media containing 100 nM T-vc-
MMAE, whereas the rest of the wells were replaced with fresh media. All the co-culture
ratios were tested in six replicate wells. Number of viable GFP-MCF7 cells were quantified
at different time points based on fluorescence.

Quantification of the bystander effect—A novel parameter, “¢ 5" coined as the
Bystander Effect Coefficient was proposed to quantify the extent of bystander effect by the
ADC with increasing fraction of Ag+ cells in a co-culture system. The parameter ¢ gz can be
calculated as follows:

Group AUEC Untreated Control AUEC Treatment
v - AUEC Unireated Control x 100 (3)

%Ag+ _ n%Ag+ _ p0%Ag+
BOE _[))O /j ’ (4)

In equation-3, AUEC refers to the “area under the effect curve' for cell number vs. time
profiles of Ag- cells in any experiment. The expression, /4 calculates the percentage
decrease in the AUEC (or decrease in cell viability) for an ADC treatment group compared
to the untreated control group in any experiment. Since ADC treatment can also have some
effect on the viability of Ag— cells in a monoculture system, this effect was corrected using
the equation-4. This step essentially subtracts the observed percentage decrease in AUEC of
Ag- cells when treated with the ADC in a monoculture system from the observed
percentage decrease in AUEC of Ag-— cells when treated with the same concentration of

ADC in a co-culture system. Thus, the parameter go?;f‘g* provides accurate estimation of the

bystander effect of the ADC at any given ratio of Ag— and Ag+ cells irrespective of the ADC
concentration used for treatment.

Mathematical Modeling of the Bystander Effect

Datasets from the cytotoxicity studies conducted on GFP-MCF7 and N87 cells were utilized
for building the mathematical model to characterize the in vitro bystander effect of T-vc-
MMAE. First, the cytotoxic effect of T-ve-MMAE on GFP-MCF7 and N87 monocultures
was characterized individually using a PD model, and later the individual models for GFP-
MCF7 and N87 cells were combined in a semi-mechanistic manner to develop a PD model
that can characterize the bystander effect of the ADC in co-culture system.

Cytotoxicity of T-ve-MMAE in GFP-MCF7 and N87 monoculture systems was
characterized using similar PD models, as shown Figure 2A and 2B. Growth profile of each

cell line (Kfe”) was characterized using a saturable growth equation, which is a function of
the cell doubling time (D7) and upper limit of cell count per each well (Céelly.y) (see
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equation-5). Cytotoxic effect of T-vc-MMAE on each cell line (/1) was characterized

using a non-linear equation, which is a function of the maximal killing rate (Kmax_,¢y), a
sigmoidicity factor (€%, and the concentration of T-vc-MMAE responsible for 50% of

maximum cell killing (1C") (see equation-6). It was assumed that upon exposure to T-vc-
MMAE, a proportion of the proliferating cells transit through a cascade of non-proliferating

transduction steps (TCCE”) before they are eliminated from the system. Thus, total number of
viable cells at a particular time were assumed to the sum of proliferating as well as non-
proliferating cells (7C€/. This PD model is also referred to as the cell distribution model
[21,22]. The proposed PD model was fitted individually to the cytotoxicity data from GFP-
MCF7 and N87 cells to obtain cell line specific parameter estimates. A general scheme of

model equations associated with this model are listed below:

Cell _
K% =

Ln?2 { B chf”}
DT CGHMM_ (5)

Cell

Cell

e

K1 Cell __ KmaxCe” i ADCm vitro
kill —

,Y(Jell

Cell
105%6”7 +A D Cm vitro (6)

dCelly _ Cell Cell T
ﬁ_{@ — K1) - Celly;1C=Cells (0) @
dCellj 1) 1
ra— (Celt; = Celljy) s1C=0 ©

4
TCOU=N" Cell,
i=1 )

Above, "/ signifies the cell distribution compartment number, usually ranging from 1 to 3.
“cell0)' represents the initial cell seeding density, and * 7CC®# represents the total number of
viable cells at a given time.

The bystander effect of T-vc-MMAE on Ag- cells was quantitatively characterized by fitting
the observed cytotoxicity data from GFP-MCF7 and N87 co-culture studies using the model
structure showed in Figure 2C. The bystander effect PD model was developed by combining
the individual cell line PD models using an additional Killing function (Killgg), which was
assumed to be driven by fraction of Ag+ (N87) cells present in a co-culture system. This
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killing function provides additional killing to Ag- cells, and goes through a series of
transduction steps (tgg) to mimic the observed delay in the bystander effect of T-vc-MMAE
on GFP-MCF7 cells. In order to develop the bystander effect PD model, all the parameters
associated with the individual cell line PD model were fixed, and only the two parameters
associated with bystander effect (i.e. Kggtgg) were estimated. Equations associated with
the proliferation of N87 and GFP-MCF7 cells in a co-culture system are as described below:

—=(K — K15, - N8T7q; 1C= -T_ Cells (0
dt ( g kill ) 15 100 ells (0) (10)
dMCF7 % N87
AMCFT, _ (K0P — K1MGPT - BEG)-MCFT;: 10= (1 L )-T- Cell (0)
dt 100 (11)

4
TCNY=Y N8,
i=1 (12)

4
TCMOFT=N"MCFT;
i=1 (13)

Above, cell line specific growth (K" and & )"“*") and killing (5 1257 and K 1277
functions are identical to as described in equation-5 and 6. 7_Ce/(0) and % A87 refer to the
initial total cell seeding density and percentage of N87 cells in a co-culture system,
respectively. Equations associated with the cellular distribution phase that occurs following

T-ve-MMAE exposure to N87 or GFP-MCF7 cells were similar to as shown in equation-8.

Equations related to the bystander killing and its associated transduction steps are as listed
below:

) T0N87
Kill =K g, - <T0N87+T0MCF7> (14)

dBE; 1
——=—— (Kill,, — BE1); 1C=0
. Ty (15)
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dBE 1
e G ) N S (BEk_BE(/ngl)) : I1C=0
dt Top (16)

Above, K refer to the number of bystander killing compartment ('BE' in Figure 2C), which
ranges from 1 to 5.

All the model fittings were performed using maximum likelihood (ML) estimation method
in ADAPT-5 software [23] (BMSR, CA) with a following variance model:

Var (t) :(O'z‘ntercept +Uslope Y (t))Q (17)

Where, "o jnsercept refers to the additive error to the data and "o gpe refers to the proportional
error to the model output.

Results

Synthesis and Characterization of Trastuzumab-vc-MMAE

Figure 3A provides the HIC profiles for the T-ve-MMAE ADC and unconjugated
trastuzumab. Based on this profile and the UV absorbance ratio method (equation-1 and 2),
the average DAR for the T-ve-MMAE ADC was found to be ~4. SEC profiles for T-vc-
MMAE ADC and unconjugated trastuzumab are shown in Figure 3B, which suggest the
absence of any aggregation in the T-ve-MMAE formulation. Figure 3C provides the data
from the flow cytometry experiment, which shows that the binding of T-vc-MMAE and
trastuzumab was identical to the HER2 expressing cells. Thus, the data from Figure 3
collectively proves that we were able to successfully produce the T-ve-MMAE ADC.

Standard Curves to Quantify Different Cell Populations in a Co-Culture System

Figure 4A shows 20 different standard curves for "OD vs. total cell number' relationships
generated at different days superimposed over each other, along with the model fitted line
generated using the following function:

ODjsgs5 - 101, 411.5

No. of total cells=
/ (5.86 — ODsg5)  (18)

Equation 18 was used to calculate the total cell numbers per well for the rest of the
experiments based on the observed OD values.

Figure 4B shows 20 different standard curves for "FL vs. cell number' relationships
generated at different days superimposed over each other, along with the model fitted line
generated using the following function:
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FL
No. FP_MCF7 cells=——
o.of G CF7 cells 521 (19)

Equation 19 was used to calculate the number of GFP-MCF7 cells per well for the rest of the
experiments based on the observed FL values.

Cytotoxicity Studies

Effect of T-vc-MMAE on N87 and GFP-MCF7 monoculture viability—Figure 5A
and 5B shows the effect of T-vc-MMAE on the viability of GFP-MCF7 and N87 cells at
nine different concentrations. As shown in Figure 5A, T-ve-MMAE was not efficacious
against GFP-MCF7 cells at most of the concentrations. Only the highest two concentrations
of T-vc-MMAE tested (>100 nM) were able to induce cytotoxicity in the low HER2
expressing GFP-MCF7 cells, which can be either due to the entry of the ADC inside the
cells via small number of HER2 receptors present on the cell surface or via non-specific
pinocytosis of the ADC inside the cells at these high concentrations. In general, the
cytotoxic effect of the ADC on GFP-MCEF7 cells was also delayed by several hours after the
incubation of the ADC. To assess the toxicity of ADC components on GFP-MCF7 cells
additional cytotoxicity experiment was conducted, where the GFP-MCF7 cells were
incubated with different concentrations of Trastuzumab, Trastuzumab-vc-MMAE, and free
MMAE for 96 h (see Supplementary Figure S3). Naked trastuzumab, which would serve as
the unconjugated antibody control, showed no efficacy at any concentration, whereas the
free MMAE (unconjugated drug control) showed significantly higher efficacy at all
concentrations greater than 1 pM. As shown in Figure 5B, T-ve-MMAE ADC caused rapid
killing of high HER2 expressing N87 cells at all concentrations above 0.1 nM (i.e. at
concentrations 1000 times less than efficacious concentrations in GFP-MCF7 cells).

Effect of T-vc-MMAE on the viability of GFP-MCF7 cells in a co-culture with
N87 cells—Figure 6A and 6B shows the cytotoxicity of T-vc-MMAE on GFP-MCF7 cells
at nine different concentrations in the absence or presence of 9-fold excess N87 cells. As
shown in Figure 6A, the efficacy of T-vc-MMAE on GFP-MCF7 cells was limited to the
highest two concentrations and started after couple of days of ADC incubation, which is
similar to the results shown in Figure 5A. However, in the co-culture system when 9-fold
higher N87 cells were present (Figure 6B), the cytotoxicity of the ADC on GFP-MCF7 cells
at the highest two concentrations was further delayed, and later in the study all the
concentrations at or above 1nM started showing cytotoxicity.

Based on the above mentioned results, a treatment concentration of 100 nM was chosen for
T-ve-MMAE to further investigate the extent of the bystander effect by the ADC on different
ratios of GFP-MCF7 and N87 cells in a co-culture. The concentration of 100 nM was chosen
for T-vc-MMAE because it was below the 1Cgq of the ADC in GFP-MCF7 cells and much
higher than the ICqy of the ADC (i.e. very cytotoxic) for N87 cells. As shown in Figure 7, at
100 nM concentration T-vc-MMAE was not efficacious in GFP-MCF7 cells (shown in 0%
N87 panel), whereas the efficacy of 100 nM ADC for GFP-MCF7 cells increased with
increasing fraction of N87 cells in the co-culture system. From the Figure 7 it also seemed
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like there was an apparent differences in the growth profiles of GFP-MCF7 cells between
different co-culture ratios, however it was just an artifact of the different initial seeding
densities of GFP-MCF7 cells. A simple exponential growth function with the same growth
rate and different initial cell numbers was able to recapitulate the observed seemingly
different growth profiles in different co-culture ratios very well (see Supplementary Figure
S2). The value of Bystander Effect Coefficient (¢ gg) was found to be 9%, 16%, 30%, 49%
and 57% for the co-cultures containing 10%, 25%, 50%, 75% and 90% of N87 cells.

Using an additional cytotoxicity study with 50:50 co-culture of GFP-MCF7 and N87 cells,
we have shown that when T-vc-MMAE concentration is 2100 nM there is a complete Killing
of N87 cells (See Supplementary Figure S4). This result supports the notion that the
bystander effect in Ag— GFP-MCF7 cells was not observed at the expense of reduced
efficacy of Ag+ N87 cells.

Evaluation of T-vc-MMAE bystander effect in co-cultures of GFP-MCF7 cells
with other Ag+ cells—Figure 8 shows the cytotoxicity of T-vc-MMAE ADC on GFP-
MCF7 cells at the concentration of 500 nM in co-culture with HER2-overexpressing BT474
or SKBR3 cells. The concentration of 500 nM was chosen based on our preliminary data to
ensure minimum direct Killing of GFP-MCF7 cells and maximum direct killing of BT474
and SKBR3 cells. As shown in the Figure 8, for both BT474 and SKBR3 co-culture systems
increasing the fraction of Ag+ cells led to increased efficacy of T-vc-MMAE for GFP-MCF7
cells. While there was a slight direct toxicity of T-vce-MMAE on GFP-MCF7 cells at the
high concentration of 500 nM, it was accounted for while calculating the Bystander Effect
Coefficient (¢ gg) for the co-culture system. The extent of bystander effect for the BT474 co-
culture system was found to be 17%, 34% and 39% for the co-culture with 50%, 75% and
90% of BT474 cells. Likewise, the extent of bystander effect for the SKBR3 co-culture
system was found to be 7%, 18%, 32%, 48% and 58% for co-cultures with 10%, 25%, 50%,
75% and 90% of SKBR3 cells.

Figure 9 shows the extent of bystander effect of T-vc-MMAE ADC on GFP-MCF7 cells, in
co-cultures with several cell lines expressing varying levels of HER2, at a single ratio of
50:50. A collection of HER2 low expressing (unlabeled MCF7 cells), moderate expressing
(MDA-MB 453) and high expressing (N87, BT474 and SKBR3) cell lines were chosen to
obtain a range of bystander effect. The ADC concentration chosen for this experiment was
100 nM to ensure minimum direct killing of GFP-MCF7 cells and maximum direct killing
of all Ag+ cells. The Bystander Effect Coefficient (¢ gg) was found to be 1% for unlabeled
MCF7 cells, 3.6% for MDA-MB 453 cells, 12% for SKBR3 cells, 16% for N87 cells, and
41% for BT474 cells. Of note, while the bystander effect increased with increasing
expression of HER2 in cell lines, the extent of bystander effect was not exactly similar
between cell lines expressing similar levels of HER2.

Mathematical Modeling of the Bystander Effect

Figure 10A and 10B shows the observed and model predicted “cell number vs. time' profiles,
obtained after incubating different concentrations of T-ve-MMAE ADC with GFP-MCF7
and N87 monoculture systems, superimposed over each other. The PD model used for each
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cell line was able to capture all the cytotoxicity profiles reasonably well. The estimated
values of model parameter along with the CV% are provided in the Table 1. The estimated
doubling time for each cell line was found to be very similar to the observed values (see
Supplementary Figure S1).

Figure 11 shows the observed and model predicted “cell number vs. time' profiles for GFP-
MCF7 cells, obtained after incubating 100 nM of T-ve-MMAE ADC with different ratios of
GFP-MCF7 and N87 cells in a co-culture system, superimposed over each other. The model
was able to effectively capture the increased efficacy of T-ve-MMAE in GFP-MCF7 cells
with increasing ratios of N87 cells. The model parameters associated with the bystander
killing (7. . Kgg tgg) Were estimated with good precision as shown in Table 1.

Discussion

There is a general consensus that bystander effect of ADCs helps in overcoming the
limitations associated with heterogeneous distribution of ADCs inside a tumor and the
heterogeneous expression of antigen in a tumor tissue. However, a quantitative
understanding about the rate and extent of bystander killing by ADCs is still missing. We
believe that availability of a mathematical model that can characterize and predict the extent
of bystander effect for an ADC based on the abundance of Ag+ cells in the tumor would be
of great help in discovering and developing novel ADCs.

Bystander effect of ADCs has been characterized by several groups. One of the earliest work
by Okeley et al. [10] showed the bystander effect of clinically approved ADC brentuximab-
vc-MMAE (SGN-35) in mixed population of CD30+ and CD30- cells. By using co-cultures
of 50:50 CD30+ and CD30- cells they showed enhanced killing of CD30- cells by SGN-35,
and also demonstrated improved overall efficacy of the ADC. Later on the importance of
linker-payload in achieving the bystander effect of ADCs was highlighted by Kovtun et al.
[15], who investigated CanAg (MUC1) targeting ADC [24]. The authors compared ADCs
synthesized using either disulphide (cleavable) or thioether (non-cleavable) linkers, and
demonstrated significant bystander effect produced by conjugates designed with only the
cleavable disulphide linker. They concluded that the non-cleavable thioether linker yields
highly charged lysine adducts of drug metabolites which are unable to diffuse out of cell
membrane, resulting in minimal bystander killing [9]. The significance of linker-design in
determining the bystander effect of ADCs is also emphasized by Van der Lee et al. [17], who
compared trastuzumab-vc-seco-DUBA (cleavable linker) with trastuzumab-smcc-DM1
(non-cleavable). The authors showed that increasing fractions of HER2+ cells in a co-culture
led to increased bystander effect, however, the extent of bystander killing was much higher
with valine-citrulline based conjugates as compared to T-DM1. Thus, all the above
mentioned and several other [16,18,19, 25] studies collectively reveal the importance of
having a cleavable linker that can yield the cytotoxic drug molecule in its pure form to
achieve the bystander effect with an ADC. However, how the relative abundance of Ag+
cells in a tumor microenvironment affect the bystander effect of an ADC is not studied in a
detailed quantitative manner yet. Here we have developed T-vc-MMAE as our tool ADC to
evaluate the bystander effect of the ADC in co-culture system with different ratios of Ag+
and Ag- cells. With the help of different cell lines expressing varying levels of HER2 we
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have investigated the rate and extent of bystander killing by T-ve-MMAE, and quantitatively
characterized it using a PD model.

As the first step, the cell viability of HER2 overexpressing N87 (Ag+) and HER2 low
expressing GFP-MCF7 (Ag-) monoculture cells was investigated in the presence of different
concentrations of T-vc-MMAE (Figure 5). We observed efficient killing of N87 cells

(1C2570.1 nar) and minimal killing of GFP-MCF7 cells (7C2/F7~350 n.1) at most ADC
concentrations tested. These results were expected based on the mechanism of action of
ADCs, which requires sufficient expression of the target antigen on the cell surface to induce
an efficient killing of the cell. Subsequently, the bystander effect of T-vc-MMAE on Ag-
GFP-MCF7 cells was investigated by performing co-culture studies with 9-fold higher N87
cells (Figure 6B) at a range of ADC concentrations. Interestingly, the efficacy of ADC on
GFP-MCF7 cells at the highest two concentrations was delayed by several days in the
presence of Ag+ N87 cells. This is attributed to the “antigen sink' created by the presence of
9 fold excess Ag+ cells, which would reduce the amount of free ADC available in the media
for nonspecific uptake by the Ag- cells in the beginning. As the time progresses, the free
MMAE generated by N87 cells would diffuse in the neighboring GFP-MCF7 cells, leading
to their cytotoxicity. In addition, the presence of N87 cells lead to enhanced killing of GFP-
MCFT7 cells at three different ADC concentrations (i.e. 1, 10, and 100 nM) at later time
points. This observation suggests the presence of bystander killing at these concentrations
that are otherwise nontoxic to GFP-MCF7 cells in a monoculture system.

Based on the monoculture experiments the concentration of 100 nM T-vce-MMAE was
chosen to investigate the bystander effect of ADC in a co-culture system with different ratios
of Ag+ N87 and Ag— GFP-MCEF7 cells. This concentration was expected to show minimum
direct killing on GFP-MCF7 cells and significant cytotoxicity on N87 cells

(ICHE <C<I1CHCET). 1t was observed that increasing the fraction of N87 cells in the co-
culture system resulted in increased bystander killing of GFP-MCF7 cells (Figure 7). This is
mainly because increased population of Ag+ cells in a co-culture system would lead
enhanced intracellular processing of T-vc-MMAE that could result in an increase in the
amount of MMAE available in the media for the bystander effect. Similar results were also
observed when the co-culture studies of GFP-MCF7 cells were conducted with BT474 and
SKBR3 cells at the concentration of 500 nM T-vc-MMAE (Figure 8). These datasets
collectively confirmed a positive correlation between the extent of bystander effect and the
fraction of Ag+ cells present in a co-culture system, irrespective of the Ag+ cell line used.
We further compared the observed bystander effects obtained using different Ag+ cells, by
plotting the Bystander Effect Coefficient (¢ gg) against different percentages of Ag+ cells
present in the co-culture system (Figure 12). It was observed that ‘¢ g=Vvs. % of Ag+ cells'
profiles obtained for N87 and SKBR3 co-cultures were superimposable, whereas the profile
for BT474 cells was relatively lower with the similar trend. It is reported that N87 and
SKBR3 cells express higher number of HER2 receptor compared to BT474 cells [26], thus
one can conclude that the level of antigen expression on Ag+ cells is a key determinant for
the bystander effect of an ADC in the co-culture system.
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We further evaluated the importance of antigen expression level on the bystander effect of
ADC by conducting co-culture studies of GFP-MCF7 (Ag-) cells with an array of cancer
cells with varying degree HER2 expression at a fixed ratio of 50:50 (Figure 9). It was found
that increasing level of HER2 expression led to increased extent of bystander effect,
calculated using the ¢ gz Vvalues. There was also an apparent inverse correlation between the
expression level of target and the lag time before the bystander effect becomes visible.
Additionally, among the three high HER2 expressing cell lines (N87, BT474 and SKBR3)
the calculated ¢ g values were different, suggesting that there may be other determinants
aside from antigen expression level that differentiates the ability of these cell lines to
demonstrate bystander effect in a co-culture system. This may include differences in the
intracellular biomeasures that determines the cellular PK of ADCs and their components,
like the intracellular levels of cathepsin B and other proteases, intracellular levels of binding
components (e.g. tubulin), and levels of efflux transporters (e.g. Pgp) on cell membrane. We
hypothesize that further understanding of the importance of each of these factors in
determining the bystander effect of ADCs will increase our ability to predict the bystander
effect with confidence.

We have also proposed a PD model to characterize the extent of in vitro bystander effect
produced by T-ve-MMAE on GFP-MCF7 cells in co-culture with N87 cells. The model
employed a signal transduction component to characterize the delay observed in the
induction of the bystander effect. However, in part this delay is caused by the time taken for
the ADC to be processed by Ag+ cells and the released drug to diffuse into the Ag— cells.
Thus, in order to make a fully mechanistic model for characterizing the bystander effect of
ADC, one need to integrate a systems PK model with the PD model. The PD model also
suggested that the bystander effect of the ADC in a co-culture system can dissipate over the
period of time as the population of Ag+ cells declines. Thus, for a heterogeneous tumor in
vivo, significant bystander effect could only be achieved as long as there is a high fraction of
Ag-+ cells present in the system. This also suggests that non-internalizing ADCs that bind to
extracellular matrix proteins (e.g. fibronectin) [27] inside tumor microenvironment could
have an advantage over conventional ADCs in maintaining sustained bystander effect over
time. It is also important to note that the importance of determinants for the cellular PK of
ADC and released drug changes between in vitro and in vivo situations [28], hence one need
to be careful before translating the knowledge gained from the in vitro systems to in vivo
scenarios. Nonetheless, we believe that integration of the proposed PD model with our
previously published systems PK model for ADCs [28,29] would provide a reliable
mathematical framework to interpret and predict in vivo bystander effect of ADCs.

In summary, using T-vc-MMAE as a tool ADC, and in vitro co-culture systems created by
mixing GFP-MCF7 (Ag-) cells with various Ag+ cells, here we have quantified the rate and
extent of bystander effect by the ADC and mathematically characterize it using a PD model.
It was observed that the bystander effect of the ADC increases with increase in the fraction
of Ag+ cells present in a co-culture and with increase in the antigen expression levels on Ag
+ cells. It was also observed that initiation of the bystander effect takes time, most probably
due to the time taken for processing of the ADC by Ag+ cells and diffusion of the released
drug in neighboring Ag- cells. Results from our investigation also suggested that there may
be other determinants apart from the antigen expression level that can influence the ability of
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Ag+ cells to demonstrate bystander effect in a co-culture system. We have also proposed a
novel PD model for characterizing the bystander effect of ADC in co-culture system,
integration of which with systems PK models of ADC can provide a quantitative framework
that can be used to discover and develop novel ADCs with optimal bystander killing
capabilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic narrating the mechanism of bystander effect induced by ADCs in a heterogeneous

population of antigen-positive (Ag+) and antigen-negative (Ag-) cells.
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Figure2.
Model diagrams for in vitro PD models used to characterize the cytotoxic effects of T-vc-

MMAE on: (A) GFP-MCF7 cells (B) N87 cells, and (C) co-cultures of N87 and GFP-MCF7
cells. See the text for explanation of the symbols.
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Characterization of T-ve-MMAE ADC. (A) Hydrophobic Interaction Chromatography (HIC)

analysis of trastuzumab and T-vc-MMAE ADC used for calculation of DAR. (B) Size

Exclusion Chromatography (SEC) analysis of trastuzumab and T-ve-MMAE ADC used to
assess aggregation in the formulation. (C) Flow cytometry analysis to assess the binding of
T-ve-MMAE ADC (in black) and trastuzumab (in dark grey) on HER2 expressing BT474

cells.
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Figure 4.
Standard curve profiles generated to help calculate number of viable cells per well of a 96-

well plate: (A) Observed (symbols) and model fitted (line) “optical density vs. cell number
per well' profiles generated using MTT assay. (B) Observed (symbols) and model fitted
(line) “fluorescence vs. cell number per well' profiles generated for GFP-MCF7 cells by
measuring the extent of fluorescence per well.
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®B) 100% N87 Cell Viability
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Cell viability profiles for (A) GFP-MCF7 and (B) N87 monoculture cells after treatment
with various concentrations of T-ve-MMAE ADC.

J Pharmacokinet Pharmacodyn. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Singh et al.

A)
T o MCF7 Cells
3
[
(]
°©
(§]
~
[
Q
=
o
™
0]
0 50 100 150 200 250 300 350 400
Time (h)
~&— 1000 nM —a—500 nM =0=100 nM e 10 NM
—a—10M —e—0.1 nM —t—0.01 1M —0=0.001 nM
~=—0.0001 nM ~—+—Control —e—BLQ

Figure®6.

Page 24

-
Z

o MCF7 Celis+ 9~ fold N87

GFP-MCF7 Cell Count

0 50 100 150 200 250 300 350 400

Time (h)
~&—1000 nM ——500 nM =0—100 nM —o=—10 NM
—a—1nM —e—0.10M ——0.01nM —0—0.001 nM
—&—0.0001 nM —+—Control —e—BLQ

Cell viability profiles after treatment with various concentrations of T-vc-MMAE for GFP-
MCFT7 cells in the (A) absence or (B) presence of 9-fold excess N87 cells.
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Figure7.
Cell viability profiles for GFP-MCF7 cells in co-cultures with increasing percentage of N87

cells. Black lines represent control group without ADC treatment and the gray lines
represent the group treated with 100 nM T-ve-MMAE ADC.
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Cell viability profiles for GFP-MCF7 cells in co-cultures with increasing percentage of
BT474 cells (upper two rows) and SKBR3 cells (lower two rows). Black lines represent
control group without ADC treatment and the gray lines represent the group treated with 500
nM T-vce-MMAE ADC.
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Cell viability profiles for GFP-MCF7 cells in co-cultures with 0% Ag+ cells, 50% unlabeled
MCF7 cells, 50% MDA-MB-453 cells, 50% N87 cells, 50% BT474 cells, and 50% SKBR3

cells. Black lines represent control group without ADC treatment and the gray lines
represent the group treated with 100 nM T-vc-MMAE ADC.

J Pharmacokinet Pharmacodyn. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Singh et al.

Page 28

A) Model Fittings for 100% N87 Cells B) Model fittings for 100% MCF7 Cells
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Figure 10.
Observed (symbols) and PD model predicted (lines) cell viability profiles for (A) N87 and

(B) GFP-MCF7 monoculture cells after treatment with various concentrations of T-vc-
MMAE ADC.
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Figure11.
Observed (symbols) and PD model predicted (lines) cell viability profiles for GFP-MCF7

cells in co-cultures with increasing percentage of N87 cells. Black symbol and lines
represent control group without ADC treatment and the gray symbols and lines represent the
group treated with 100 nM T-ve-MMAE ADC.
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Figure 12.
"Bystander Effect Coefficient (p g2) vs. % of Ag+ cells present in a co-culture’ relationships

observed following T-ve-MMAE ADC treatment of different co-culture ratios of GFP-
MCF7 cells with N87, SKBR3 and BT474 cells.
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A list of parameters used for the development of the bystander effect PD model and their estimated values.

Parameters Units Description Estimate (% CV)
Kmaxyg7, Kmaxycgz | 1/hr Maximum rate of T-ve-MMAE induced cell killing in the 0.023 (7.8%), 0.016 (4.1%)
respective cell lines
ICN87 ICMCF7 nM Concentrations of T-vc-MMAE that produces 50% of 0.19 (32.7%), 353.3 (55.1%)
50 ' 7+50 maximum Killing in the respective cell lines
DTng7, DTwvcr? hr Doubling times for the two cell lines 40.1 (20.1%), 33.6 (1.5 %)
N8BT MCF7 Unitless Curve fitting parameter that determines the steepness of the 1.1 (15.8 %), 2.48 (18.1%)
concentration-effect relationship for each cell line
TN87 TMCF7 hr Transit time parameter used for the cell distribution model 9.1 (34.2%), 18.9 (25.4 %)
c '°C applied to each cell line

N87 MCF7
Cellmax, Cellmax

Number of cells

Maximum achievable cell number per well for each cell line

80,500 (34.2%), 75,000
(1.86 %)

Kge

1/hr

Bystander killing constant

11.36 (15.2%)

T BE

hr

Transit time parameter used to capture the delay in the
bystander killing

35.8 (13.9%)
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