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Chapter 6

Discussion

Summarizing discussion

In this thesis we have studied the effector functions of cytotoxic T lymphocytes in various in vitro
and in vivo experiments, with emphasis on the role of CTLs as mediators of immunotherapies for
cancer. To study CTL effector functions, we analysed experimental data in order to derive
statistics and parameters informative about CTL function. Moreover, using these parameters, we
developed mechanistic models and studied them in order to obtain insights about the behaviour
of CTLs. In the following sections, we revisit the questions originally posed in the introduction to
this thesis.

How can the rate at which CTLs Kkill target cells be quantified and what is the rate
at which CTLs Kill tumour cells?

In chapter 2, we used stochastic models and bayesian inference to study the expected kinetics of
CTL kiling when observed under the microscope. In particular, we sought to define the
measurements required in order to accurately determine the killing rate of cells based on imaging
data. Early models treated CTL cytotoxicity as a Poisson process?, but others have suggested
that multiple hits from CTLs may be required in order to effectively lyse target cells (i.e., the
multiple-hitting hypothesis)?=. We found that the multiple hitting hypothesis was compatible with
recent unexplained observations of non-Poisson killing dynamics for CTLs in vitro®, and
established a bayesian inference procedure which could be applied to test the multiple-hitting
hypothesis. We also determined that the ability to track the contact history of CTLs with individual
target cells was a requirement for accurate assessment of multiple hitting based on imaging data.

We had data available from three different cell lines with which we could address the question of
CTL killing rate. In an in vitro assay in which CTLs killed Epstein-Barr virus transformed B cells
presenting the pp65 peptide® (chapter 2), CTLs killed with an average rate of k=8 (kills CTL* day-
1. In an in vivo setup employing EL4 lymphoma® (chapter 3), CTLs killed with an average rate of
k=4 (kills CTL? day?). In in vivo experiments using the B16F10 melanoma cell line’ (chapter 4),
CTLs killed with an average rate of k=0.75 (kills CTL* day™). These estimates for CTL killing rates
towards tumour cells are comparable to other reports in the literature. In another murine
experiment we have analysed® (not included in this thesis), CTLs were estimated to kill B cell
lymphoma cells in the bone marrow at a rate of k=4.8 (kills CTL? day'). Another study using the
B16F10 melanoma cell line reported different rates of killing depending on the site of injection®,
with k=1.24 (kills CTL* day™') when melanoma cells were injected into the liver, but k=3.18 (kills
CTL! day?) when cells were injected into the spleen. Overall, in this thesis we have studied the
killing rate of CTLs in two tumour cell lines in vivo, as well as one cell line in an vitro setting.
Moreover, we have laid out a framework for analysing the killing kinetics of CTLs in imaging data
in future.
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How important is the contribution of CTL mediated killing towards control of
tumours?

An important focus of this thesis was to assess the sufficiency of CTL killing to account for tumour
control. In chapter 3, we investigated in vivo experiments employing the EL4 lymphoma cell line
which underwent rapid regression following adoptive transfer of CTLs®. For these EL4 tumours,
conflicting reports existed in the literature regarding the mechanisms used by adoptively
transferred CTLs to eliminate the tumours. Imaging of mixed tumours, containing both patches of
antigen-positive and antigen-negative tumour, showed selective elimination of antigen-positive
regions after CTL transfer®. This result from mixed tumours suggested an important role for
contact dependent, antigen specific recognition and destruction of tumour cells by the transferred
CTLs. However, another study using the same EL4 tumour cell line showed that perforin and
FAS-L doubly deficient T cells were not significantly compromised in their ability to control the
same tumours?®. Since either perforin or FAS-L are expected to be required for contact dependent
killing, effective tumour control in the absence of both mechanisms seemed incompatible with the
imaging study using mixed tumours.

Estimates for the killing rate of CTLs were available from two photon imaging of the regressing
EL4 tumours, with a value for the killing rate of k=4 (kills CTL?* day?). Thus, we asked whether
the observed CTL killing rate was sufficient to explain the rapid tumour regression which was also
reported. To address this question we developed both an ordinary differential equation model and
a spatially explicit agent based model, to describe CTL killing inside the tumours. We found that
the observed rates of CTL killing were well below those required to explain the rapid tumour
regression evident in the data. This was true even when we simulated multiple-hitting CTLs, for
which the associated variable killing rate over time!! (chapter 2) could have implied that the
reported killing rate (k=4 kills CTL* day?) was an underestimate due to imaging being performed
at an early time point. However, the discrepancy between the measured killing rate and the killing
rate we predicted necessary to result in tumour regression was too large to be accounted for by
multiple-hitting.

In chapters 4-5, we studied two datasets derived from the B16F10 melanoma model after adoptive
CTL transfer. The different datasets were generated by two different experimental groups, with
each group having adopted a slightly different experimental setup. In one series of experiments’
(used in chapter 4) tumours were injected and then observed by means of long (1-4 hours) three-
dimensional two-photon microscopy imaging through dorsal skinfold windows implanted into the
mice. CTLs recognised ovalbumin (OVA) expressed by the B16F10 melanoma cells. Data from
this series of experiments had the advantage that direct measurements of the killing rate of tumour
cells by CTLs could be made (k=0.75 kills CTL* day), along with measurements of the mitosis
rate of tumour cells. However, the presence of the imaging windows limited the size of tumours
that could be studied and it was unclear whether the presence of the windows influenced the
growth of the tumours or the response of the CTLs.

Complementing these data were data from other experiments!? (used in chapter 5) using the
B16F10 melanoma cell line, except with pmel-1 transgenic T cells recognising the gp100 peptide
expressed on the tumour cells. In this series of experiments, ex vivo cryosections rather than an
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imaging window was used, permitting study of larger tumours but having the disadvantage that
no direct measurements of CTL killing rate or tumour mitosis rate were available. Nevertheless,
using model fitting we were able to infer values for these parameters from the available data. In
these data, immunofluorescence imaging of the cryosections was used to quantify the number of
tumour infiltrating CTLs. Moreover, in combination with the Fucci cell cycle reporter, the ex vivo
sections allowed discrimination between tumour cells in the G1 phase of the cell cycle and tumour
cells in other (S-G2-M) phases, which made it possible to estimate the rate of tumour cell mitosis.
Since we could infer the tumour mitosis rate from the ratio of tumour cells in G1:S-G2-M phases,
we were able to make an estimate of the CTL killing rate: we did this by asking how much
additional CTL killing, in addition to the reduced mitosis, would be needed in order to explain the
volumetric progression of the tumours. By comparing the estimate of tumour cell mitosis to the
volumetric progression of the tumours, we inferred a value for the killing rate of the CTLs, i.e., k=1
kill CTL* day. Interestingly, in spite of the different antigen (gp100) recognised by CTLs in these
experiments, this killing rate estimate was consistent with the experiments where CTLs
recognised the OVA antigen (chapter 4), suggesting that the exact antigen recognised by CTLs
does not have a major impact on the rate at which they can kill target cells.

We developed ODE models to describe the data generated by each set of BL6F10 experiments.
Despite the differences in experimental settings, our analysis and modelling of each set of data
gave consistent conclusions: in each case the cytotoxic function of CTLs had only a small effect
on tumour progression. Thus our results from studying the B16F10 melanoma cell line (chapters
4-5) were consistent with those obtained in our study of the EL4 lymphoma cell line (chapter 3),
i.e. CTL killing was insufficient to account for the majority of the reduction in tumour size or
progression concomitant with the adoptive transfer of CTLs.

How important are the antiproliferative effects that CTLs exert upon tumour cells?

Since in each of the in vivo experiments studied (chapters 3-5) we found that CTL mediated killing
at the reported or inferred rates was insufficient to explain the extent of the tumour regression
reported, we asked in each case to what extent an antiproliferative effect of the transferred CTLs
could explain the data. In chapter 3, we used our spatial agent based model, but applied a
constraint that our model should also be able to describe the results from mixed EL4 tumours
where selective destruction of antigen expressing cells was observed. We found that including a
mechanism whereby CTLs secrete a soluble cytokine with antiproliferative effects on tumour cells
would allow us to simultaneously describe all the available data. Our model suggested that the
antiproliferative effect of the cytokine was quantitatively more important, due to the ability of CTLs
to control the proliferation of many tumour cells, given that the antiproliferative effect is mediated
by a soluble molecule which can diffuse away from CTLs. This would explain how double knockout
of perforin and FAS-L had little impact on tumour control, as shown experimentally in an earlier
study?®. Nevertheless, our model also explained the selective destruction of antigen expressing
cells in mixed tumours, which occurred for two reasons. Firstly, the antiproliferative effect would
affect the OVA-expressing cells more strongly than non-OVA-expressing bystander cells, due to
the selective localisation of CTLs leading to high concentrations of cytokine in areas inhabited by
antigen expressing tumour cells. Second, although the reported CTL killing rates were quite low,
they eventually led to appreciable reduction in the number of tumour cells, provided the tumour
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cells could not proliferate. Together these two effects impose a strong selection pressure on the
tumour cells, explaining the selective elimination of antigen expressing cells.

A limitation of our study in EL4 tumours (chapter 3) was lack of any direct data concerning the
proliferation rate of tumour cells. This limitation was addressed in chapters 4-5, since in both
datasets estimates of tumour cell mitosis were available. By examining hypothetical deviations in
the estimated rates of tumour cell mitosis after adoptive transfer of CTLs, we were able to make
inferences about the impact of CTL transfer on the proliferation rate of the tumour cells. After
incorporating these data into our ODE models, we saw in each case the mitosis rate of tumour
cells was substantially diminished concomitant with the presence of the CTLs. Indeed, we found
that the reduced mitosis rates after CTL transfer were quantitatively sufficient to account for the
majority of reduced volume progression. Overall, we again found that the cytotoxic function of
CTLs had a negligible effect on tumour progression when quantitatively compared with the
antiproliferative effect. Thus in all the in vivo data we studied, we reached the conclusion that an
antiproliferative effect associated with transferred CTLs is more important than any direct killing
of tumour cells by CTLs.

Since we identified a potential antiproliferative effect of CTLs as having a large effect on tumour
progression, it is important to understand the mechanisms through which such an effect occurs.
Based on reports that the CTL secreted cytokine interferon-y (IFN-y) can cause cell cycle arrest!?-
14 and also because the antiproliferative effect of IFN-y was explicitly explored and confirmed in
one of the studies we used to develop our models*? (chapter 5), it seems that the cytokine IFN-y
is an important mediator of the antiproliferative effect in the B16F10 cell line. Although IFN-y was
shown to have no effect on the proliferation of EL4 cells in vitro'?, when we simulated a similar
antiproliferative effect from IFN-y in our spatial ABM (chapter 3) we were able to describe the time
course of the EL4 lymphoma tumour size. This result suggests that there may be other means, in
addition to IFN-y mediated cell cycle arrest, by which transferred CTLs can reduce the
proliferation of tumour cells. There are plausible mechanisms by which this could occur - for
example IFN-y promotes expression of the chemokines CXCL9, CXCL10, and CXCL11, which all
have angiostatic effects'®. As another example, nitric oxide is secreted by stromal cells after
exposure to IFN-y*® and can reduce proliferation of EL4 cells in vitro. Due to the importance of
antiproliferative effects of CTLs suggested and highlighted by our models, an important focus of
future work should be to clarify and quantify these effects.

What is the effect of CTL stimulation on their in vivo functionality?

In addition to quantifying the relative importance of killing and antiproliferative effects of CTLs
towards tumour regression in the B16F10 tumours, additional data available from the studies used
in chapters 4-5 allowed us to further investigate other aspects of CTL function. In the series of
experiments where CTLs were observed through dorsal imaging windows using two photon
microscopy (chapter 4), an additional experimental condition was studied in which CTLs were
adoptively transferred in the presence of an agonist antibody targeting the costimulatory CD137
receptor’. CD137 is expressed on both innate and adaptive immune cells and stimulation of CD8*
T cells via the CD137 receptor may improve their proliferation and resistance to apoptosis’"18,
In the data we studied’, several differences had already been observed in the CD137 stimulated
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condition compared to the unstimulated condition: increased tumour cell apoptosis and reduced
tumour cell mitosis after CD137 stimulation, alterations in the apoptosis and mitosis kinetics of
the CTLs, and improved tumour control in the CD137 stimulated case. Moreover, CD137
stimulation led to increases in expression of molecules related to enhanced CTL cytolytic function,
such as the transcription factors T-bet and eomesodermin’. It was therefore suggested that
CD137 improved the in vivo killing capacity of the transferred CTLs. However, there had been no
attempt to integrate these differences into a coherent model and thus it was not clear which of the
differences in dynamics at the cellular level accounted for enhanced tumour control. Thus, we
utilised our ODE model describing the behaviour of the CTLs inside the tumour, and fit our model
separately to each condition in order to explore differences in the fitted model parameters and
resulting dynamics between the CD137-stimulated and non-CD137-stimulated CTLs. With our
modelling approach we found that enhanced antiproliferative effects of the CTLs at the site of the
tumour were likely to account for the majority of the improvement in tumour control after
stimulation with the CD137 targeted agonist antibody. Thus our overall conclusion was that
stimulation of T cells via the CD137 axis did not have an appreciable impact on their cytolytic
function in vivo. Rather, the most important impact of stimulation upon CTL function was an
improvement in their ability to prevent tumour cells from proliferating.

What is the contribution of immune checkpoint molecules towards CTL
exhaustion?

In chapter 5, we exploited the availability of gene expression data at multiple time points for the
B16F10 melanoma tumours to derive further insights about the behaviours of the tumour
infiltrating CTLs?2. Interestingly, according to the expression data, IFN-y signalling decreased
whilst CTLs were still present in the tumour, indicating a loss of function for the CTLs. By
examining the gene expression data for candidate explanations for these dynamics, we found
upregulation of several immune checkpoint molecules which suggested the development of an
exhausted CTL phenotype!®2! as a potential explanation for the loss of effector function. Thus
we included CTL exhaustion in our model, in which the effector functions of the CTLs were
reduced as the levels of the immune checkpoint transcripts increased. Our model showed that
such a mechanism of CTL exhaustion was indeed able to account for the observed CTL and
tumour dynamics. We also used our model to compare between different checkpoint molecules
to identify which might be the most important determinants of the exhausted CTL state in the
setting with B16F10 tumours. Interestingly, we found that the PD-1/PD-L1 axis alone was not
compatible with the exhausted state, since according to the transcript data these molecules were
only transiently expressed and therefore not able to explain the progressive deterioration in CTL
production of IFN-y and the progressive reduction of CTLs inside the tumour. Instead, we found
that LAG3 and TIM3 were most consistent with being determinants of CTL exhaustion in B16F10
tumours. Taken together these results suggest that immune checkpoint molecules do contribute
towards CTL exhaustion, however expression of PD-1 and its ligand PD-L1 do not appear to be
sufficient to explain the exhausted state. Other molecules such as TIM3 and LAG3 likely also play
arole and are candidates for further study.
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Perspectives

In the following sections, some limitations of the work presented in this thesis are discussed.
Suggestions are made for how some of those limitations might be addressed in future work, and
possible avenues for extending the work in this thesis are presented.

Importance of killing in other types of tumour

Since the ability of CTLs to recognise and kill antigen presenting target cells is their most well
known function, it was perhaps surprising to discover that our models predicted a negligible
contribution of CTL mediated killing of tumour cells in two different in vivo tumour cell lines studied
in this thesis (EL4 lymphoma, B16F10 melanoma). The relative importance of CTL mediated
killing versus an antiproliferative effect of CTLs upon tumour cells is likely to depend on the
characteristics of the tumour in question. For example, in slow-growing tumours one might expect
the killing of CTLs to have a large relative contribution, simply because in such tumours there is
little mitosis to suppress. This observation highlights one limitation of our studies, which is that
they were based on extremely rapidly growing experimental tumour models, with growth rates of
0.4-0.9 day? corresponding to tumour cells undergoing mitosis every 1-2 days. These are not
necessarily reflective of the tumour growth rates found in human cancer patients. A recent study
comparing growth rates in five cohorts of human cancer patients with different types of cancer??
found much lower growth rates, with doubling times ranging from 70-3050 days. Therefore,
although our findings relating to the importance of an antiproliferative effect associated with CTL
infiltration will certainly help to interpret and contextualise findings based from studies using
preclinical mouse models, it is unclear whether they will also hold true in human tumours with
much slower growth.

Due to the difficulties inherent in obtaining data from human cancer patients, it is important to find
other ways to address the question on the contribution of killing and antiproliferative effects to
tumour control, for example by using murine tumours (although it remains important to find ways
to link data from animal studies to human patients - see section below on extension to human
studies). A starting point would be to characterise the importance of an antiproliferative effect in
murine tumours with a broader spectrum of growth rates. In one experiment we have analysed
(not included in this thesis) where B cell lymphomas grew in the bone marrow of mice, the
estimated doubling time of the tumour was 14 days?; there we found that tumour eradication was
entirely consistent with the estimated killing rate of the CTLs, although we could not exclude the
possibility that cell cycle arrest may have also played a role in the control of those tumours. Future
work should therefore continue to analyse additional experimental tumours with a broad spectrum
of growth rates in order to clarify whether the relative importance of an antiproliferative effect
compared to CTL killing is indeed dependent on tumour growth rate.

Improved quantification of CTL Killing

Another avenue for future work centres on the quantification of tumour cell death in the presence
of CTLs. In chapter 2 we addressed how a requirement for multiple hits for CTLs to Kill tumour
cells might confound estimates of the CTL killing rate. This is relevant because some evidence
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suggests that melanoma cells require multiple hits for annihilation by CTLs®. Moreover, as has
been pointed out previously* and in chapter 2 of this thesis, multiple-hitting should lead to a
variable observed rate at which CTLs kill target cells, which depends on the number of hits targets
have already received. Our investigation of the requirements for quantifying the killing rate of
CTLs based on microscopy data in the presence of multiple-hitting highlighted the importance of
studying the interaction history of CTLs with tumour cells. By studying the risk of tumour cell death
as a function of time spent in contact with CTLs, one can very directly assess whether target cells’
risk of dying increases after having spent a significant time in contact with the CTL, or whether
targets instead face a constant risk of death whilst in contact with a CTL. Although in chapter 2
we focussed on characterising multiple hitting, the principle of studying target cell risk of death in
the presence of CTLs has more general applications. For example, it has been suggested that
tumour infiltrating CTLs recruit innate effector immune cells and that these play a significant role
in killing tumour cells®. In addition, cytokines secreted by CTLs may also increase the risk of
death experienced by targets not directly contacted by CTLs!%%24 These questions could be
addressed directly by looking at the risk of tumour cell death in the absence of CTL transfer, and
comparing it to the risk of death experienced by uncontacted tumour cells in tumours following
adoptive CTL transfer. If innate effectors or CTL-secreted cytokines are indeed relevant, one
should expect an increased risk of death even amongst uncontacted tumour cells following
adoptive CTL transfer, with risk of death likely varying as a function of distance to the CTLs, since
uncontacted tumour cells ought to be at enhanced risk of being killed by the innate effectors or
cytokines. Future work applying similar analysis as presented in chapter 2 of this thesis to a variety
of imaging datasets will thus be useful to better understand how the presence of CTLs influences
target cell’'s risk of death in various contexts.

Modulation of CTL effector functions

The models and approach developed in this thesis establish a quantitative baseline for several
important aspects of CTL effector function in tumours. We established dynamical equations and
estimated the rates of several important functions, such as CTL killing of tumour cells, changes
to the mitosis rate of tumour cells following adoptive CTL transfer, and also the dynamics of the
CTL populations. Although our modelling approach is clearly a simplification, in which we reduce
the complex dynamics occurring inside tumours to just a few equations, this is already a
substantial refinement on existing frequently used methods of quantifying CTL performance, like
measuring the volume progression of tumours after CTL transfer. As such, our modelling
approach is highly useful for studying the effect of different modulators of CTL function. We
studied costimulation of CTLs via the CD137 receptor, however there are a number of other
modulators which similarly stimulate the priming and activation of CTLs. For example, OX40
(CD134), CD27, and CD28 are similar to CD137 in that they are all members of the tumour
necrosis factor family of receptors, they all provide costimulatory signals to T cells, and they are
all linked to enhanced T cell functions®2?’. Thus these molecules are also candidates for future
study using similar methods as those outlined in this thesis.
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Extension to human studies

In a previous section (Importance of killing in other tumour models) we discussed the
representability of our results based on murine models and in particular whether they might be
relevant to human cancer patients. The ultimate aim of our research is to provide insights that
might inform strategies for treating human cancer patients, therefore it is important to explicitly
seek ways to link research in murine models to the human patient. Recent studies have examined
biopsies from patients undergoing immunotherapy, to identify mechanisms underlying success or
failure of treatment®, or identify biomarkers predicting which patients are likely to respond to a
particular immunotherapy 2°%°. Examples of biomarkers which have been repeatedly associated
with response to immunotherapies are the tumour mutational burden®3? cytotoxic gene
signature®334, or density of infiltrating immune cells®=¢, However, the predictive value of such
biomarkers and their applicability to different types of cancer is debated.

Mathematical and computational models such as those developed in this thesis are appropriate
tools for linking observations in murine models to human data. A prerequisite for making this
comparison is the development of mathematical and computational models which can be defined
in terms of measurements which can feasibly be made in human patients. For many of the
variables used in our models this should be feasible. For example, all our models rely on
guantification of the frequency of tumour infiltrating CTLs, which can be obtained from tumour
biopsies using immunofluorescence techniques. Given our findings that tumour infiltrating CTLs
may have a potent antiproliferative effect on tumour cells (chapters 3-5), it would also be of
interest to determine whether such antiproliferative effects occur and are important in cancer
patients receiving immunotherapy. Single cell sequencing of cell populations from human tumours
is a possible means of testing this finding®’, since cell cycle markers might reveal differences in
the proportion of tumour cells in various cell cycle stages before and after immunotherapy (in case
longitudinal samples from the same patients were available), or between immunotherapy treated
and untreated patients (in case longitudinal samples from the same patients were not available).
Future work should thus aim to validate our findings about the relevance of antiproliferative effects
of CTLs, by searching for evidence of decreased tumour cell mitosis and arrested cell cycle in
data from immunotherapy patients.
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