
Attack of the Clones: 
Understanding the kinetics of resistance 
to cancer treatment
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Treatment failure is a barrier to cure or at least long term 
disease control in cancer patients.

The evolution of drug resistant cancer cells is a 
predominant cause.

How can we understand this quantitatively?
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Introduction



What do we know about drug resistance in the clinic?
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By the end of the 1970s there was evidence of clonal selection

Science

Cancer Research 38:2651-2660. 1978 Cancer Research 40:4295-4300. 1980
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TracerX trial: C21st Tracking clonal evolution in NSCLC
Nature 545: 446. 2017

Longitudinal and multisite 
biopsies coupled with 
bioinformatic techniques 
unveiled the  clonal evolution 
that results in heterogeneous 
tumour populations



TracerX: patient clusters of evolutionary history
Vol 15. 2018

Suggests there are subgroups of patients with common treatment options
Anticipating this before treatment is key
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Resistance kinetics observed in Circulating tumour DNA
Colorectal cancer LUAD
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CPT:PSP review on resistance models. Models reflecting 
tumour heterogeneity

Common motif is delineation between drug Sensitive and Resistant Cells
Various assumptions on whether resistance pre-exists treatment
Incorporation of both mechanisms + reversal of resistant phenotype to sensitive raises question of 
parameter identifiability



Application: early or late onset resistance for EGFRi?

9

• Tested 2 models that describe baseline “de novo” resistant fraction vs on treatment mutation.



Application: early or late onset resistance for EGFRi?
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• Tested 2 models that describe baseline “de novo” resistant fraction vs on treatment mutation.
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Can we distinguish between these two models?



Early onset “de novo” resistance kinetics observed 
observedobserved
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Iressa data described by “de novo” model: 
within patient variability< between patient except for fraction resistant

We see early “de novo” resistance and provides evidence that pre-clinical clone mixing approach 
is valid. 

Hitesh Mistry, University of Manchester working with QCP
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Early onset “de novo” resistance kinetics observed
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Gefitinib data described by “de novo” model

Individual lesion size modelled: within patient variability< between patient except for fraction resistant

We see early “de novo” resistance and provides evidence that pre-clinical clone mixing approach 
is valid for investigating resistance.
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Resistance kinetics to 
EGFRi in mouse models

Resistant

Sensitive

• Again: Baseline resistance better explanation
• Resistant cells have reduced proliferation rate
• Lower dose gives greater disease control
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The impact of doubling time on resistance fraction

Probability of resistance at diagnosis 
independent of law of growth kinetics

It is dependent on underlying balance of 
proliferation (L) vs death (D)

There is literature evidence that human 
tumours have significant  cell death 
(D/L~0.9) whereas in animal models it is 
lower (D/L~0.5) 

Consequences for resistance 
development in animal models vs clinic?

Model



The linkage between resistance and PFS



• Relationship between growing fraction and PFS exists – appears non-linear (KM-
plots)

• Modelled relationship: acknowledge interval censored, data-descriptive approach, 
final model log-normal, used Emax model for functional relationship for covariate

– Plot shows median, 2.5th and 97.5th PFS times as a function of growing fraction, black 
circles progressed patients, green circles patients right-censored

High RF

Low RF

4th quartile

PFS is relative to nadir 
so no surprise not a 
strong relationship

Can the poor PFS 
patients be spotted 
after first 2 visits?

Relationship with 
Nadir

Returning to EGFRi: Unclear relationship between tumour 
shrinkage and PFS 
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A simple model explanation of why initial shrinkage and 
PFS are disconnected

This simple model has appeared several times in the literature. 
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PFS is time to nadir (t’) + time to 20% increase

In the next few slides we will look at the relationship between these parameters
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Response kinetics defined by:
1. Baseline
2. Resistant fraction
3. Rate of shrinkage of drug 
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4. Rate of regrowth of drug resistant 

fraction Time

Tu
m

ou
r S

iz
e

PFS

t’ regrowth



PFS is not always sensitive to resistant fraction
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Log decrease in RF



Time to progression post nadir is defined by kg
By nadir the tumour has been “purified” and now the resistant 
fraction is 

𝑅𝐹′ ൌ
𝑘ௗ

𝑘  𝑘ௗ

After this point the tumour the tumour will 
grow as:
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Progression at 20% increase from nadir
Progression is a function of 1/ kg
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Time to nadir and rate of tumour kill: Biphasic relationship

Reducing tumour kill rate could increase time to nadir without impacting best 
response significantly. 
Observed via simulation by Millennium Pharmaceuticals Researchers



Linking Initial Response to OS
FDA NSCLC model with different outgrowth (resistance) rates
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• Tumour reduction at 8 weeks 
shown to be predictive of OS

• Prentice criteria: Many of 
these studies do not show OS 
effect differences are fully 
account for by tumour 
response. i.e. show treatment 
not a covariate

• Why do these treatments 
show different progression 
growth rates?

Placebo



Key points:
PFS on target lesions as defined by RECIST 1.1 is time to nadir+time to 20% 
regrowth

PFS in a population will be increased by targeting more mutations because 
of an increased % objective response rate: Responders have PFS

PFS and OS in a patient will be increased by leaving slower growing 
disease: post nadir time ~1/kg
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Resistance in nonclinical cancer models
Scope for understanding the clinical issues?



25

Competition assays: ALK inhibitor example

Mathematical model 
where exponential 
growth rate is 
dependent on the 
presence of other 
clones.

Results suggest 
proliferation (fitness) 
of drug resistant cells 
is altered in the 
presence of drug 
sensitive cells

Nature Ecology and Evolution 3: 450. 2019

• Growth rate determined using 
fluorescent protein expression

• Density of drug sensitive parental 
cell line (opacity of point) alters the 
growth rate of resistant cells
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Competition assays in vitro and in vivo in vivo

Similar interactions observed for EGFR, 
BRAF and ALK inhibitors
-Resistant cells grow more rapidly in the 
presence of Sensitive cells and drug

Nature 520: 368. 2015



27

Model Application: In vitro profiling – In vivo extrapolation
In vitro time course of cell confluence with 
model fits super-imposed. Schematic of tumour growth model

• The mathematical model 
of xenografted tumour 
growth comprises 2 
physical compartments: a 
proliferating shell and a 
quiescent, hypoxic, core

• As the tumour grows the 
hypoxic region expands, 
thus the rate of growth 
reduces

• Intrinsic proliferation rates 
were set to those 
estimated from the in vitro 
experiments above

a) PC9 is sensitive to both drugs and grows most rapidly
b) PC9vanR is resistant to Gefitinib
c) The addition of C797S mutation renders the cells 

resistant to both drugs but also slow growth
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In vivo experiment: treatment dependent tumour growth 
kinetics and clonal expansion captured by model PC9s dominate 

untreated tumours 
due greatest 
proliferation as 
predicted by in vitro



Challenges for the future: Modelling multiple lines of 
therapy



Can we integrate clinical efficacy data from multiple lines of 
treatment to infer evolution in tumours?
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Drug development starts in late line then moves to earlier patient populations
Such modelling would help decision making in which populations are appropriate



Conclusions

Understanding resistance kinetics will enable
• Optimisation of therapy
• Connection of early efficacy indicators to OS
• Predict the performance of treatments in earlier 

patient populations

Nonclinical assays and models exist to do this as 
well as Clinical data analysis
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