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Stepping Up the Battle Against Cancer

Cancer is one of the leading causes of death. According to 
the World Health Organization, cancer caused almost one 
in six deaths in 2020 – around 10 million deaths globally. The 
word ‘cancer’ is used as an umbrella term since it is not a 
single disease but a group of diseases that can affect any 
part of the body. In general, cancer cells have a common 
feature in that they are fast-growing abnormal cells that can 
grow past their regular boundaries and metastasise (spread) 
to other areas. The location of the cancer and the level of 
progression, in turn, dictate what treatments can be used.

Immunotherapy utilises the patient’s own immune system to 
tackle the cancer. These treatments work by changing how 
the immune system cells work so they can locate and attack 
the cancerous cells. This kind of therapy has had excellent 
results, but unfortunately, some patients do not respond to 
the treatment. Being able to identify such patients could 
improve their outcomes, as alternative medicines could be 
used much earlier in the progression of the disease.

Dr Joseph Butner and Dr Zhihui Wang carry out their ground-
breaking research as part of the Institute for Data Science 
in Oncology at MD Anderson Cancer and the Mathematics 
in Medicine Program at the Houston Methodist Research 
Institute, along with the Departments of Radiation Oncology 
and Imaging Physics at the University of Texas MD Anderson 
Cancer Center. Together, they have created a mathematical 
model to help doctors determine which patients would 
benefit from immunotherapy treatment with checkpoint 
inhibitors.

Immune Checkpoint Inhibitors

Immune checkpoint inhibitors are often more simply known 
as checkpoint inhibitors. They are a type of immunotherapy 
that works by switching off the molecular mechanisms 
cancer cells use to evade detection by the immune system. 
They bring a valuable new weapon to the fight against 
cancer, and as an added benefit, they are associated 
with fewer side effects than traditional therapies like 
chemotherapy and radiation.

The immune system can usually tell the difference between 
normal, healthy body cells and cells that are foreign to the 
body, such as harmful germs. Once unwanted cells are 
identified, the immune system can attack and destroy them. 
The immune system has complex ways in which it achieves 
this, but one way is by using checkpoint proteins on T-cells, 
which are a type of immune cell. These proteins act like 
switches and are turned ‘on’ or ‘off’ in order to start or stop a 
response from the T-cells. 

Because cancer cells originate from the patient’s own cells, 
they are able to produce checkpoint proteins that cause 
them to appear to the immune system like normal, healthy 
cells. Some cancer cells take advantage of this to avoid 
being recognised by producing large amounts of the proteins 
that switch off the T-cells. Checkpoint inhibitors target these 
proteins, blocking them from switching off the T-cells so they 
can continue to do their job of destroying any cancer cells. 

Immunotherapy is very effective against certain types of 
cancers and has even shown excellent success in treating 
cancers such as late-stage melanoma, which previously 
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had been very difficult to treat and had a high mortality rate. 
Unfortunately, patients with some other forms of cancer are 
unresponsive to checkpoint inhibitors, with more than 50% 
failing to respond to this kind of treatment.

A Clinical Conundrum 

Clinicians can be faced with a difficult situation when it 
comes to checkpoint inhibitor therapy. Time is of the essence 
with cancer, and outcomes are far better with earlier 
diagnosis and treatment. If a patient is first treated with one 
or more checkpoint inhibitors but fails to have a positive 
therapeutic response, it gives the cancer an advantage 
by allowing it more time to grow and spread, and may 
rule out other treatment options in the process. Even with 
patients who do respond, this tends to happen more slowly 
compared with traditional treatment options, making it hard 
to distinguish between patients who will have a favourable 
prognosis and those who are not going to respond to 
treatment and, therefore, need alternative management. 

Importantly, several biomarkers have been identified that 
can help determine the likely effectiveness of checkpoint 
inhibitor treatment. A biomarker is a measurable quantity 
that is associated with, and therefore may be indicative of, a 
disease state or outcome, and can thus be used by doctors 
to make better clinical decisions. 

There are many known biomarkers for cancer cells; for 
example, they can be tested to see if they produce sufficiently 
large amounts of checkpoint proteins to make treatment with 
a particular checkpoint inhibitor more likely to be effective. 

For example, if the expression levels (production) of the PD-L1 
protein (programmed death ligand) are high enough, then 
the PD-L1 inhibitor pembrolizumab (a checkpoint inhibitor) 
could be administered. Nonetheless, this is not a 100% 
guarantee that it will be effective, as cancer cells can be very 
complex, and other factors often come into play. Additionally, 
proteins on cancer cells can be difficult to measure, as this 
requires invasive biopsies that are unpleasant for the patient 
and may not even be possible, depending on the location of 
the tumour.

Drs Butner and Wang have shown their model can also  
be used based on medical imaging alone, which is already 
collected in standard clinical practice and allows patients  
to avoid additional invasive procedures. 

Quantifying Sensitivity to  
Checkpoint Inhibitors

Together with their collaborators, Dr Butner and Dr Wang 
created a mathematical model to quantify a patient’s 
sensitivity to checkpoint inhibitors and long-term tumour 
burden (the amount of cancer in the body predicted at 
some future time after treatment with checkpoint inhibitors). 
It focused on the time course of tumour responses to the 
treatment by taking into account a number of factors 
relating to tumour growth and the immune system, including 
intrinsic tumour growth rates, rates of immune activation, and 
tumour-immune cell interactions.

The model was tested for a total of 124 patients, two types 
of checkpoint inhibitors, and four different types of cancer. 

‘It focused on the time course of 
tumour responses to the treatment 
by taking into account a number of 
factors relating to tumour growth 
and the immune system, including 
intrinsic tumour growth rates, rates 
of immune activation, and tumour-
immune cell interactions.’ 
Dr Butner and Dr Wang
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The team reported that their mathematical model was able 
to reliably describe the immune system responses and the 
final tumour burden for all the different cancer types and drug 
treatment combinations examined. They used validation cohorts 
from previous clinical trials to help evaluate the performance 
of the model, which consisted of 177 patients in total, and their 
model was able to accurately group patients according to their 
increased or reduced long-term tumour burden. 

Dr Butner and Dr Wang were also able to use the model to derive 
quantitative measurements of the sensitivity to treatments for 
different types of cancer and drug combinations. They concluded 
their model could be used to predict responses to checkpoint 
inhibitor treatment and to quantify certain drug and cancer 
sensitivities on an individual patient basis.

Valuable Insights into Pseudo-Progression

Dr Butner and Dr Wang continued to rigorously challenge their 
model. They applied their tool retrospectively to 245 patients 
from several different clinical trials treated with the checkpoint 
inhibitors anti–CTLA-4 or anti–PD-1/PD-L1 antibodies. It was able 
to identify patients with both common and rare types of cancers 
who benefited or did not benefit from these treatments with a high 
level of accuracy.  

Medical imaging can be used to help monitor tumour progression 
and response to treatment. Pseudo-progression describes a 
situation when a tumour appears to have worsened or progressed 
(that is, grown substantially larger in a short time after the therapy 
is started) in the scans but is, in fact, improving with the treatment. 
This is thought to be due to inflammation around the tumour 

caused by the treatment whilst it does its job. This is challenging 
for clinicians because these tumours are indistinguishable from 
those that are truly growing when examined via medical imaging. 

The mathematical model also successfully identified the pseudo-
progression of tumours from true progression. The team highlights 
that this offers previously unidentified insights into the biological 
and physiological characteristics of pseudo-progression, further 
mapping response patterns of individual patients and paving the 
way for personalised cancer therapies.

Three Key Parameters

Dr Butner and Dr Wang explain that their translational 
mathematical model is dependent on three key parameters for 
describing the effectiveness of checkpoint inhibitors. These are 
tumour growth rate, tumour-immune infiltration (a function of 
the strength and health of the immune system), and immune-
therapy-mediated amplification of anti-tumour response (this 
may be thought of as the kill rate of the tumour by T-cells, which is 
caused by the checkpoint inhibitor therapy).

These are represented in the series of complex mathematical 
equations which make up the model, as the Greek letters α, Λ, 
and µ, respectively. These model parameters can be determined 
for each patient using non-invasive medical imaging or biopsy 
samples from their tumour, a procedure carried out at the start  
of treatment.

The model was calibrated using data about clinical tumour 
response from 189 patients from published clinical trials on anti-
PD-1 and anti-PD-L1 checkpoint inhibitors. The team then further 
validated their equations on an additional group of 64 patients 

from their own clinical trials. They found that the parameters Λ 
and µ (the state of the patient’s immune system and T-cell kill 
rate of cancer cells, respectively) were both significantly different 
between patients responding to treatment and those who did 
not. Most noteworthy, the model was able to classify response in 
81.4% of the patients using only tumour volume measurements 
and within two months of starting treatment when the data were 
analysed retrospectively. 

Dr Butner and Dr Wang concluded that their model can reliably 
predict clinical responses to PD-1, PD-L1, and CTLA-4 checkpoint 
inhibitors across different types of solid malignant tumours, and 
that their model parameters may offer robust biomarkers of the 
efficacy of these treatments.

The Protocol and Beyond

Dr Butner and Dr Wang later published a protocol for 
mathematical prediction of solid tumour response to checkpoint 
inhibitors and patient survival, using data gathered from tumour 
imaging. Here, they described the step-by-step process for 
collecting and processing the data required for the model and 
approaches for maximising the precision. They also made the 
code to use the model freely available.

This reliable model gives clinicians valuable insights into how a 
patient’s cancer will most likely respond to checkpoint inhibitor 
treatment, the closest thing to a ‘crystal ball’ we can get. More 
importantly, those who are unlikely to respond to the treatment 
can be identified earlier than typically possible, so different 
medicines can be offered, allowing cancer therapies to be tailored 
to the individual patient. 
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