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Background: Antibody Drug Conjugates
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Humanized mAb
construct (IgG1, IgG2,
IgG4)
Selective for tumor
antigens.
Ab-Ag complexes
efficiently internalized

Cleavable:
Cleaved based on
differential extra- and
intracellular properties.
e.g. Enzymatic, Acid-
labile, Disulphide
Non-Cleavable:
Proteolytic Degradation
inside a cell
e.g. SMCC linker.

Microtubule Inhibitors:
e.g. Maytansines (DM1)

Auristatins (MMAE)
DNA Damaging Agents:
e.g. Duocarmycins (DC1)

Calcheamicin

𝑫𝑫𝑫𝑫𝑫𝑫

mAb Linker Drug

~ 75 Antibody Drug Conjugates are in clinical trial

Rostami et al. 2014



Background: Bystander Effect of ADCs
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Ag (+)
Cells

Ag (-)
Cells

ADC binds to Ag (+) Cells ADC Internalization into 
endosomes

Fusion with lysosomes 
followed by linker 

cleavage and drug release

Release of drug in 
extracellular space / Killing 

of Ag (+) cells

Diffusion of drug into 
bystanding Ag (–) cells 

Killing of Ag (–) cells 
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Presentation Notes
In a heterogenous tumorADC goes to Ag+ cells and gets internalized followed by degradation in lysosome and. Part of the released drug kills Ag+ cells and part diffuses into Ag- cells and kill those cells. So we end up seeing much higher efficacy in a heterogenous tumor.



Our Motivation: Tumor Heterogeneity

4Seol et al. Modern Pathology 2012

Intratumoral heterogeneity in HER2 expression leads to poor disease free survival rate 

TMA Core 1
HER2 3+

TMA Core 3
HER2 1+

TMA Core 2
HER2 2+

• Clinical significance of developing 
ADCs demonstrating bystander 

effect

Heterogeneous Tumor

• Tumor Heterogeneity leads to 
higher relapse of disease. 

Why are we studying Bystander Effect ?

Homogeneous Tumor

Trastuzumab 
Therapy

Presenter
Presentation Notes
Our Main motivation is tumor heterogeneityBiopsy results from 1 breast cancer patient at three different sites. Tremendoes heterogeneity.Targeted therapies alone like transtuzumab show less survival when u have heterogeneity as compared to homogenous tumors.So we believe that ADCs designed to show Bystander effect can lead to much better efficacy in heterogeneous tumors



Our Hypothesis: Bystander Effect
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Quantitatively characterizing ADC disposition at
a cellular level will help us understand
Bystander Effect in vivo. Once validated, our
PK-PD model can then:-
I. Identify Prominent Pathways/Parameters in 

the system to maximize Bystander Effect  
II. Identify novel dosing regimens to maximize 

bystander effect.
III. Inform target selection and ADC design for 

future ADCs.

Presenter
Presentation Notes
So our hypothesis is that If we can understand and mathematically characterize Bystander effect on the cellular level, we can explain the in vivo Bystander effect much more efficiently. Once validated, our model can then identify prominent pathways and sensitive parameters to maximize Bystander EffectWe can come up with different dosing regimens which can maximize Bystander effectModel can also inform in target selection and novel ADC design.



Tool ADC: Trastuzumab-vc-MMAE
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Trastuzumab [Herceptin®]
• Humanized anti-HER2 mAb
• MW. 148 Kda
• Indicated for HER2-positive metastatic breast Cancer

Monomethyl Auristatin E
• Synthetic Derivative of Auristatins (Marine life)
• Microtubule Inhibitor
• Highly potent: IC50 values of 1-10 pM

Valine-Citrulline Linker
• Cleaved by Cathepsin B in lysosomes
• Cathepsin B highly expressed in cancer cells
• Self-immolative spacer is attached rendering free 

MMAE release

Presenter
Presentation Notes
SO the tool ADC which we used is Trastuzumab-vc-MMAE with an average DAR of 4. Trastuzumab binds to HER2 (HERCEPTIN)MMAE which is lipophilic microtubulule inhibitor (Binds to tubulin and inhibits the growth)And VC linker which gets cleaved within the cell by Cathepsin B .Here is the structure of the ADC, so cathepsin B cleaves the molecule here, and free mmae is released which can cause Bystander effect.We synthesized and characterized this ADC within our lab. 



Development of PK-PD model for Bystander Effect
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Quantification of Bystander Effect In Vitro

Develop a Coculture system of Ag+ and Ag- Cells 

Development of a Single-Cell PK model for ADC

Perform Cellular Disposition Studies in Ag+ and Ag- Cells 

Development of In Vitro PK-PD model for 
Bystander Effect

Linking Intracellular Concentrations to drive Cytotoxicity

Development of In Vivo Tumor PK-PD model for 
Xenografts bearing Ag+ and Ag- Cells

Perform Tumor PK and Tumor Growth Inhibition (TGI) Studies

Development of In Vivo Tumor PK-PD model to 
Characterize Bystander Effect 

Perform TGI Studies in Heterogeneous Tumor Model with Ag+ and Ag-

Aim 1

Aim 2

Aim 3

Aim 4

Aim 5

Presenter
Presentation Notes
Quantify Bystander effect In vitro using Coculture of Ag+ and Ag- cells.Understand the cellular disposition of ADC in both Ag+ cells and Ag- cells.Then combine the cell PK with in vitro PD to make a in vitro Bystander effect model.Translate the whole information to in vivo system and make PK and PD model for each xenograft mouse model.And then combine the model to predict in vivo bystander effect in a heterogenous mouse model with both cells growing together.



Development of PK-PD model for Bystander Effect
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Quantification of Bystander Effect In Vitro

Develop a Coculture system of Ag+ and Ag- Cells 

Development of a Single-Cell PK model for ADC

Perform Cellular Disposition Studies in Ag+ and Ag- Cells 

Development of In Vitro PK-PD model for 
Bystander Effect

Linking Intracellular Concentrations to drive Cytotoxicity

Development of In Vivo Tumor PK-PD model for 
Xenografts bearing Ag+ and Ag- Cells

Perform Tumor PK and Tumor Growth Inhibition (TGI) Studies

Development of In Vivo Tumor PK-PD model to 
Characterize Bystander Effect 

Perform TGI Studies in Heterogeneous Tumor Model with Ag+ and Ag-

Aim 1

Aim 2

Aim 3

Aim 4

Aim 5

Singh et al. JPKPD 2016

Presenter
Presentation Notes
So the first step is to quantify bystander effect in a Coculture of Ag+ and Ag- cells. 



Cell Lines with Different HER2 Expression

HER2 High (3+) NCI-N87 Cell line (ATCC®)
• Adherent, patchy epithelial cells obtained 

from human gastric carcinoma
• Over expression of HER2/neu protein 
• Doubling  time ~55 h.

HER2 Low (0/1+) GFP-MCF7 Cell line (Cell Biolabs®)

• Adherent, epithelial cells 
obtained from human 
mammary gland

• Low expression of 
HER2/neu protein

• Doubling  time ~35 hrs.
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Fluorescence microscopy 
image at excitation/emission 
wavelength of 485/535 nm

y = 24934e0.3933x

Doubling time ~ 35-40 h
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y = 0.1041e0.2689x

Doubling time ~55-60 h
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We chose two cell lines.High Expressing HER2 N87 cells which are relatively slow growingAnd Low expressing MCF7 cells which are much more aggressive. The good thing about low expressing cell lines is that it has GFP label attached on it. So we can quantify FL. Hence, when we mix them together, we can quantify this population
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So the first step was to get individual viability profiles in vitro . On the left, we have MCF7 cells or low expressing cells. Where when treated with different concentrations of ADC, only the higher two concentrations were effective. On the right we have N87 cells/HER2 high cells where all the concentrations above 0.13 nM were completely killing the cells. . Hence we chose a concentration of 100 nM at which we knew no MCF7 cells will be killed but all the N87 cells will be killed and then we mixed the two cell lines together in the next experiment
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Quantification of Bystander Effect In Vitro

0% 10% 25% 50% 75% 90%

Treatment 
100 nM

Control

N87:MCF7  Cells ( total ~10K cells)

Read Fluorescence to quantitate MCF7 cells in a coculture. 
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Cocultures with MCF7 and N87 Cell Line

Fluorescence 
assay
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Here we mixed them together in different ratios of Ag+ : Ag- cells. So 50% means they are both 50:50. Then we divided into two groups which is the treatment group or the control group. Later we just measured Ag- cells in a mixture. Here is the data. So the red is the 100 nM treatment group and green is control. So what I am plotting on left is just Ag- cells in a mixture. When there were no Ag+ cells, 100 nM ADC was not effective. As we kept increasing the % of Ag+ cells, we started getting more killing of Ag- cells.There was a delay because it took time for ADC to go in Ag+ cells and then release drug which can then kill Ag- cells. 
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Semi-mechanistic Modeling of Bystander Effect
Model Fittings:
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Then to fit to propose the Bystander effect, we combine the two cell models together and fix them and introduce an additional killing rate that increases with more Ag+ cells within cell culture and introduce a delay. SO in the presence of Ag+ cells, u get more killing of Ag- cells. With that we were able to characterize the Bystander effect data and what we obtained were similar killing rates of ADC in both cell lines but very different KC50 values. 



Development of PK-PD model for Bystander Effect
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Quantification of Bystander Effect In Vitro

Develop a Coculture system of Ag+ and Ag- Cells 

Development of a Single-Cell PK model for ADC

Perform Cellular Disposition Studies in Ag+ and Ag- Cells 

Development of In Vitro PK-PD model for 
Bystander Effect

Linking Intracellular Concentrations to drive Cytotoxicity

Development of In Vivo Tumor PK-PD model for 
Xenografts bearing Ag+ and Ag- Cells

Perform Tumor PK and Tumor Growth Inhibition (TGI) Studies

Development of In Vivo Tumor PK-PD model to 
Characterize Bystander Effect 

Perform TGI Studies in Heterogeneous Tumor Model with Ag+ and Ag-

Aim 1

Aim 2

Aim 3

Aim 4

Aim 5

Singh and Shah, Drug. Metab. Disp. 2017
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But what we really wanted to make was a PK-PD model for Bystander effect.. So the next step was to develop cellular disposition of ADC in two cell lines. 



Different Analytical Methods for T-vc-MMAE
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 Heterogeneous Formulation
 Complex Pharmacokinetics

Sandwich ELISA Method for 
Total Antibody

LC-MS/MS Method for 
Unconjugated MMAE

LC-MS/MS Method + Forced 
Deconjugation using Papain Enzyme for 
Total MMAE

Presenter
Presentation Notes
Since ADC is a heterogeneous molecule, we developed three analytical techniques, Total Antibody:- measures all the AntibodyTotal MMAE:- Measure all the drugFree MMAE:- measures the released Drug. 



Single-Cell PK Model for MMAE
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Presentation Notes
So we developed a single cell model for MMAE. We call it a single cell because we assume each cell as a compartment. So u have media space and multiple cellular spaces, as many as the number of cells which are growing with time. The drug can go in and out using Kin and Kout parameters and can bind to tubulin. And then whatever comes out of one cell gets amplified by the number of cells. With that we are able to fit the data for both the cell lines reasonably well and utilize all the physiological parameters. Just estimating influx and efflux rates.Once that we characterized the disposition of MMAE, the next step was to do the disposition of T-vc-MMAE



Single-Cell PK model for T-vc-MMAE
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Parameters Description Units Value
(CV%)

Source

𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌,𝐌𝐌𝐌𝐌𝐌𝐌𝐀𝐀𝐀𝐀 Volume of the media compartment for 
MMAE and T-vc-MMAE model respectively

Milliliter 3, 10 Fixed

𝐒𝐒𝐒𝐒 Scaling factor to convert the number of 
molecules to nanoMoles

Unitless 109

6.023 × 1023
Fixed

𝐌𝐌𝐀𝐀𝐂𝐂𝐂𝐂𝐂𝐂
𝐍𝐍𝐍𝐍𝐍𝐍, 𝐌𝐌𝐀𝐀𝐂𝐂𝐂𝐂𝐂𝐂𝐌𝐌𝐀𝐀𝐒𝐒𝐍𝐍 Volume of each cell Picolitre 3.12, 8.14 Fixed

𝐀𝐀𝐃𝐃𝐍𝐍𝐍𝐍𝐍𝐍, 𝐀𝐀𝐃𝐃𝐌𝐌𝐀𝐀𝐒𝐒𝐍𝐍 Doubling time associated with each cell line hr 40.1, 33.6 (Singh et al., 2016b)
𝐃𝐃𝐓𝐓𝐓𝐓𝐓𝐓𝐂𝐂𝐓𝐓𝐓𝐓𝐃𝐃𝐓𝐓𝐓𝐓𝐓𝐓𝐂𝐂 Total concentration of intracellular tubulin nM 65 (Shah et al., 2012)

𝐊𝐊𝐓𝐓𝐓𝐓
𝐃𝐃𝐓𝐓𝐓𝐓, 𝐊𝐊𝐓𝐓𝐨𝐨𝐨𝐨

𝐃𝐃𝐓𝐓𝐓𝐓 2nd order association and 1st order
dissociation rates of MMAE binding to
tubulin

1/nM/hr, 1/hr 0.0183, 0.545 (Shah et al., 2012)

𝐊𝐊𝐓𝐓𝐓𝐓
𝐌𝐌𝐀𝐀𝐀𝐀, 𝐊𝐊𝐓𝐓𝐨𝐨𝐨𝐨

𝐌𝐌𝐀𝐀𝐀𝐀 2nd order association and 1st order
dissociation rates of T-vc-MMAE binding to
HER2

1/nM/hr, 1/hr 0.03, 10.6 (Maass et al., 2016)

𝐊𝐊𝐓𝐓𝐓𝐓𝐓𝐓
𝐌𝐌𝐀𝐀𝐀𝐀 1st order net antibody-HER2 complex

internalization rate
1/hr 0.11 (Maass et al., 2016)

𝐊𝐊𝐝𝐝𝐂𝐂𝐝𝐝
𝐌𝐌𝐀𝐀𝐀𝐀 1st order non-specific deconjugation rate of

MMAE from ADC
1/hr ~ 0 Estimated to be very low

value
𝐀𝐀𝐌𝐌𝐃𝐃 Average Drug: Antibody Ratio for the

formulation of T-vc-MMAE
Unitless 4.5 Calculated using HIC

(Singh et al., 2016b)
𝐌𝐌𝐀𝐀𝐇𝐇𝐌𝐌𝐃𝐃𝐇𝐇𝐀𝐀𝐂𝐂𝐂𝐂𝐂𝐂 Number of HER2 receptors on N87 and

GFP-MCF7 cells respectively
Unitless 950,000,

52,000
In-house

Kdeg
N87, Kdeg

MCF7 1st order rate of proteases-induced
intracellular ADC degradation and MMAE
release

1/h 0.03 (Maass), 
0.353 (9%)

Estimated

𝐊𝐊𝐓𝐓𝐓𝐓
𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 1st order inflow rate constant for MMAE from

extracellular space to intracellular space for
N87 and MCF7 cells respectively.

1/h 8.33 (8.5%) Estimated

𝐊𝐊𝐓𝐓𝐓𝐓𝐓𝐓
𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 1st order efflux rate constants for MMAE

from intracellular space to extracellular
space for N87 and MCF7 cells respectively

1/h 0.199 (22%) Estimated

MMAE Modeling

Presenter
Presentation Notes
So now we can expand our Single cell model to characterize the disposition of T-vc-MMAE. So again the assumption is multiple cell compartments which are growing with time. ADC in media can bind, internalize, degrade and release MMAE which can then bind to tubulin or come out. Whatever comes out of once cell can be amplified by the number of cells. We had most of the parameters available in the literature including the Binding parameters, internalization, physiological volumes of the cells, total tubulin Binding capacity as well as HER2 receptor expression levels.  So we just ended up estimating the degradation rate for the two ADCs. 



Model Predictions for 3 Analytes of T-vc-MMAE
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With that we were able to explain all the data very well, for three analytes in media and cell space for Ag+ red and Ag- (green) cells. The dotted lines here was a slower degradation rate which worked out better for short term exposure data v/s long term exposure data where a faster degradation was beter. 
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