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ABSTRACT

Optimising the delivery of antiangiogenic drugs requires the development of drug-disease
models of vascular tumour growth that incorporate histological data indicative of cyto-
static action. In this study, we formulated a model to analyse the dynamics of tumour pro-
gression in nude mice xenografted with HT29 or HCT116 colorectal cancer cells. In 30 mice,
tumour size was periodically measured, and percentages of hypoxic and necrotic tissue
were assessed using immunohistochemistry techniques on tumour samples after euthana-
sia. The simultaneous analysis of histological data together with longitudinal tumour size
data prompted the development of a semi-mechanistic model integrating random effects
of parameters. In this model, the peripheral non-hypoxic tissue proliferates according to
a generalised-logistic equation where the maximal tumour size is represented by a variable
called ‘carrying capacity’. The ratio of the whole tumour size to the carrying capacity was
used to define the hypoxic stress. As this stress increases, non-hypoxic tissue turns hyp-
oxic. Hypoxic tissue does not stop proliferating, but hypoxia constitutes a transient stage
before the tissue becomes necrotic. As the tumour grows, the carrying capacity increases
owing to the process of angiogenesis. The model is shown to correctly predict tumour
growth dynamics as well as percentages of necrotic and hypoxic tissues within the tumour.
We show how the model can be used as a theoretical tool to investigate the effects of anti-
angiogenic treatments on tumour growth. This model provides a tool to analyse tumour
size data in combination with histological biomarkers such as the percentages of hypoxic
and necrotic tissue and is shown to be useful for gaining insight into the effects of antian-
giogenic drugs on tumour growth and composition.

© 2010 Elsevier Ltd. All rights reserved.

* Corresponding author: Tel.: +33 4 72 72 84 17; fax: +33 4 72 72 84 80.
E-mail address: benjamin.ribba@inrialpes.fr (B. Ribba).
J Present address: Merck Serono, 9 ch des Mines, CH1202 Geneva, Switzerland.
0959-8049/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ejca.2010.10.003


http://dx.doi.org/10.1016/j.ejca.2010.10.003
mailto:benjamin.ribba@inrialpes.fr
http://dx.doi.org/10.1016/j.ejca.2010.10.003
http://dx.doi.org/10.1016/j.ejca.2010.10.003
http://dx.doi.org/10.1016/j.ejca.2010.10.003
www.sciencedirect.com
http://www.ejconline.com

480 EUROPEAN JOURNAL OF CANGER 47 (2011) 479-490

1. Introduction

Cancer therapy research has recently moved towards the
development and use of targeted drugs that act on specific
processes involved in neoplastic progression. Angiogenesis
is a critical process in tumour development, disease progres-
sion and metastatic spread,’ and the last 10 years have seen
the development of an increasing number of antiangiogenic
agents.? In clinical trials, however, monotherapy with anti-
angiogenic agents has not yet been shown to increase
patient survival. Treatment combining such drugs with con-
ventional cytotoxic therapy has yielded beneficial effects,
but the mechanisms of these effects are still poorly
understood.

One difficulty in antiangiogenic drug development is the
proper evaluation of drug efficacy. Reliance on the conven-
tional end-point of tumour volume is problematic, since anti-
angiogenic drugs are cytostatic in action and do not directly
induce tumour shrinkage.® Biological markers (biomarkers)
from immunohistochemical analysis are currently used in
preclinical studies, but no such biomarkers have been vali-
dated for clinical antiangiogenic therapy. Furthermore,
because biomarkers are often measured at a single time point
for all experimental subjects, the information they provide is
incomplete.

Mathematical models that characterise and quantify the
dynamics of tumour progression and response to anticancer
treatments can provide valuable insights for cytostatic drug
development. Models that integrate tumour size alone have
been well established. A standard and robust model, namely
the modified Gompertz model, has been proposed to predict
tumour growth inhibition in mice treated with chemothera-
peutic compounds.*> Additional studies have focused on
the translation of these modelling results in mice to gain clin-
ical insights into optimal drug delivery.®° The development of
simple phenomenological models, based on rich clinical data
sets, has led to significant recent achievements. In particular,
models linking tumour size in patients to survival have been
proposed.”®

Numerous biomathematical and biophysical models have
been developed to better understand the complex mecha-
nisms involved in the process of angiogenesis, its role in
tumour growth and the consequences of its inhibition.>™?
However, due to their complexity and the large number of
parameters they integrate, these theoretical models are often
limited in terms of applications. Hahnfeldt and coworkers
have proposed a simple extension of the classical Gompertz
model to take into account the process of angiogenesis.”® In
their model, the tumour limiting size, or ‘carrying capacity’,
is the result of competition between pro- and anti-angiogenic
molecules. This model has been successfully fitted to volume
data for Lewis lung carcinoma subcutaneously xenografted in
mice either treated or not with different antiangiogenic
compounds.

To provide information relevant to antiangiogenic drug
therapy, models of tumour dynamics must incorporate, in
addition to tumour size, biomarkers that reflect the action
of cytostatic agents. The increasing availability of computa-
tional resources has enabled researchers to extend simple

tumour growth models into complex and validated drug-dis-
ease models. Bueno and colleagues™ proposed a semi-mech-
anistic model of the tumour growth inhibitory effect of an
anticancer compound integrating molecular biomarkers from
the TGF-p pathway. Gorelik and coworkers® used immuno-
histochemical data assessed through xenograft biopsies to re-
fine the evaluation of a mechanistic vascular tumour growth
model.’® New studies aimed at modelling the dynamics of
angiogenesis molecular markers such as circulating vascular
endothelial growth factor (VEGF) under antiangiogenic treat-
ments are in preparation.’’

In the present paper, we used longitudinal and histolog-
ical data collected from mice injected with human colorec-
tal carcinoma cells. We formulated a model of vascular
tumour growth combining these two types of data. The
model, formulated as a system of ordinary differential
equations, contains four variables describing the evolution
of non-hypoxic, hypoxic and necrotic tissue. A fourth unob-
served variable regulates tumour growth owing to the pro-
cess of tumour angiogenesis. We validated the model with
observations of tumour size and percentages of necrotic
and hypoxic tissue within the tumour, considered as histo-
logical biomarkers. An application of the model is demon-
strated by simulating the efficacy of an antiangiogenic
treatment.

2. Materials and methods

2.1. Cell culture

HT29 and HCT116 human colorectal adenocarcinoma cells
were grown in advance in a rich environment (Dulbecco’s
Modified Eagle’s Medium) containing foetal calf serum (10%),
penicillin and streptomycin (1%).

2.2. Animals

Female athymic nude mice, 6-8 weeks of age (n = 30; average
weight 20 g), were obtained from Harlan, Gannat, France.
Mice were maintained in cages with filter paper covers, steril-
ised food and bedding and acidified water. All animal experi-
ments were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals (NIH publication #85-23, re-
vised 1985).

2.3.  In vivo tumour growth experiments

About 6x10° cells in 100 uL of phosphate-buffered saline
were injected into the right flank of each mouse; 15 mice were
injected with HT29 cells, and 15 were injected with HCT116
cells. We examined and collected data from each mouse once
every 2-3 days for up to 7 weeks.

2.4. Tumour size data collection

At each observation, we used a slide calliper to measure the
diameter of each tumour that was visible to the eye. Two per-
pendicular diameter measurements (denoted L for the largest
and I for the smallest) were taken for each mouse. The
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measure of tumour size we chose to analyse was the mean
tumour diameter (1) rather than the commonly used
approximation of tumour volume through the ellipsoid for-
mula % . The following considerations motivated our
choice: (i) diameters are actually measured, whereas volume
calculations manipulate diameter data, compounding the
influence of errors of measurement. (ii) The actual shape of
each tumour is not similar to an ellipsoid. In particular, the
third dimension (height) is generally much smaller than the
two others (see for example Fig. 1C for a typical view of tu-
mour shape 35d after cell injection). (iii) Recent studies
aimed at modelling tumour growth in clinical settings and
predicting survival in clinical trials use tumour diameter as
tumour size data.”®'® Finally, even if the common way to
analyse tumour growth in xenografted mice involves the
use of the approximated volume, there is no clear reason to
believe that the use of the mean diameter could not be a reli-
able parameter for describing the tumour growth dynamics in
terms of tumour size.
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2.5. Euthanasia and tumour dissection

Two or three mice from each group (HT29 or HCT116) were
euthanised each week by intraperitoneal pentobarbital injec-
tion. Tumours were dissected and halved. One half was fixed
in buffered formalin at a concentration of 10%, and the other
was frozen in liquid nitrogen. It is important to mention that
selection of animals for euthanasia was not random. There
was a tendency to select the mice with the largest tumours
to be euthanised first.

2.6.  Immunohistochemistry

The tumour-half fixed in formalin was embedded in paraffin.
Immunohistochemistry (IHC) analysis was carried out on 10-
pm-thick slices using the Ventana Discovery automated
system.

To identify hypoxic tissue, we used the antibody anti-CA IX
(Carbonic Anhydrase IX). CA IX is a stable protein from the
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Fig. 1 - Tumour growth. (A) Plots of individual tumour growth (mean of two perpendicular diameters) in 15 mice injected with
HT29 versus time after cell implantation. (B) Plots of individual tumour growth (mean of two perpendicular diameters) in 15
mice injected with HCT116 versus time after cell implantation. (C) Typical view of a tumour 35 days after a subcutaneous

injection of 6 million HT29 (human colorectal adenocarcinoma) cells. (D) Mean tumour growth curves for each group: HT29

(circles) and HCT116 (diamonds).
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cell membrane whose transcription is induced by HIF-1a (hy-
poxia inducible factor) in response to hypoxic stress.’® THC
staining using anti-CA IX resulted in colouration of cell mem-
branes expressing the protein. Using a microscope imaging
station, we delineated the contour of the coloured area and
estimated the corresponding surface area using HistoLab
software (MicroVision Systems, Evry, France). However, this
surface encompasses not only the hypoxic tissue but also
the necrotic tissue located in the central part of the tumour.
Staining the same slice with haematoxylin allowed us to
delineate the contour of the necrotic tissue. Indeed, with this
staining, significant morphological differences between the
necrotic tissue and the viable tissue became apparent. Finally,
we delineated the contour of the whole tumour slice to esti-
mate the entire surface area. Fig. 2C shows a tumour slice
in which non-hypoxic, hypoxic and necrotic areas are high-
lighted with distinct colours.

To qualitatively assess the location of proliferating cells
within the tumour, we used IHC staining against the Ki67 pro-
tein. This resulted in a brown colouration of cells undergoing
their proliferation cycles.

2.7. Modelling technique
2.7.1. Mixed-effects models

The formulated vascular tumour growth model belongs to the
category of mixed-effect models. Mixed-effects or population
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models take into account different levels of variability among
individuals.?® In their general form, such models can be writ-
ten as follows:
Vi =f (X i) + (X, d)ey, L<IKN 1<j<my
where N is the number of individuals, n; the number of obser-
vations for individual i, x the regression variable (e.g. time)
and y the observations. The term f is the structural model.
Our mathematical model for tumour growth is expressed as
systems of ordinary differential equations (ODE) relying on
the expression of a variation in the analysed measurement
(e.g. tumour size) in an infinitesimal time step.
The residual error is g(xy, ¢;)e;, Where & ~ N(0,¢%). In the
following, we will consider constant error models g(x;, ¢;) = 1.
The individual parameters (¢;) can be defined as follows:

i=1,...,N,

¢y =h(p+n;), n;~N(0,Q),

where u is a p-vector of fixed population parameters (i.e. h(y)
is the median value across individuals for each of the p
parameters), u; is a p-vector of random effects, Q is the pxp
variance-covariance matrix of the random effects and h is
some predefined transformation. Here, we assume that the
individual parameters are log-normally distributed (i.e.
h(u) = e*). We assume potential correlations between the ran-
dom effects (@ is a full matrix).
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Fig. 2 - Changes in tumour biology over time. (A) Percentage of necrotic tissue. (B) Percentage of hypoxic tissue. (C) A typical
view of a tumour slice after IHC staining with both anti-CA IX to reveal the hypoxic tissue (green area) and haematoxylin to
highlight the necrotic tissue (pink area). The full tumour contour is delineated by using a microscope imaging station. This
enables localisation of the non-hypoxic tissue area (in yellow). The three areas are automatically calculated by the software
HistoLab. (D) Typical view of a tumour sample marked with Ki67 resulting in brown colouration of cells undergoing the

proliferation cycle. We performed this test to verify that the hypoxic tissue (green area) was likely to be a proliferating tissue.
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The unknown set of parameters in the model is then:
0= (1,2,0%).

The likelihood function related to this problem can be written
as follows:

N
L(e.y) = [T,y
i=1
with
Li(0.y;) = / p(y; i, 0)d = C / o |Q| e m S e gy

For our model, we extended the general formulation to multi-
response models, as we analysed several variables: tumour
size as well as histological biomarkers (necrotic and hypoxic
tissue).

In this case, the global likelihood function is the unbal-
anced sum of all likelihood functions written for each
observation.

If f is non-linear with respect to the random effects, the
likelihood function cannot be easily computed and maxi-
mised. Several methods can help solve this problem. The most
intuitive is analysing the data from each individual separately,
but this requires a large number of observations per individual.
Arecent novel approach, however, is the SAEM algorithm (Sto-
chastic Approximation of the EM algorithm), which can be
used to calculate the maximum likelihood, without any
approximation of the likelihood function, and to estimate pop-
ulation () and individual (¢;) parameters.?* We used Monolix
2.4 to solve this issue and estimate the model parameters.

2.7.2.  Matching the model outputs with the histological data
The model we developed includes three variables: the non-
hypoxic proliferative tissue (P), hypoxic tissue (Q) and necrotic
tissue (N) expressed in millimetres. The sum of the three vari-
ables (P+Q+ N =P’ was directly matched to the measured
mean tumour diameters. The model variables were combined
to calculate the percentages of hypoxic tissue (& x 100) and
necrotic tissue (* x 100). However, as the percentages of ne-
crotic and hypoxic tissue were previously quantified as sur-
face areas, a modification of those data was applied to
match the model outputs. The percentage of necrotic tissue
was calculated by taking the square root of the ratio of the ne-
crotic area to the whole tumour area and then multiplied by
100. This value was then directly compared to J x 100.

To retrieve the percentage of hypoxic tissue, we first ap-
plied a square root to the ratio of hypoxic area to the whole
tumour area. As the hypoxic area encompassed the necrotic
core, we then removed the percentage of necrotic tissue pre-
viously calculated, and finally multiplied by 100. The remain-
ing value was directly compared to & x 100.

2.8. Model building and diagnosis

The log-likelihood (LLH) value (actually -2 x LLH) is generally
used to select the best model from among multiple models.
However, as a model with more parameters will generally pro-
duce a better fit as it has more degrees of freedom, a penalty
term can be introduced into the likelihood function to ac-
count for the number of parameters. Examples of criterion

functions that include such penalty terms are the Akaike
information criterion (AIC):

AIC = -2 xLLH+2 x n,

where n is the number of free parameters to be estimated,
and the Bayesian information criterion (BIC):

BIC = —2 x LLH + log(k),

where k is the sample size.

Selection between models was based on the three criterion
functions, i.e. -2 x LLH, AIC and BIC values, as well as good-
ness of fit, residual plots and precision of parameter esti-
mates as relative standard errors.

We calculated ¢-shrinkage and #-shrinkage to analyse the
degree of shrinkage of individual predictions towards the
observations.?” In case of low shrinkage (<20%), individual
predictions were considered reliable for model diagnostics.

Simulation-based diagnostics were assessed through vi-
sual predictive check, which is based on a graphical compar-
ison between the observed data and the simulated data (using
population parameters and both inter-individual and residual
variability).??

3. Results

3.1.  Presentation of data

Fig. 1A and B shows the changes in individual tumour diam-
eter (mean of two perpendicular diameters) over time in
two groups of mice (HT29 and HCT116 xenograft mice). There
was large variability among individual animals, in particular
among HCT116 xenograft mice (Fig. 1B). However, there was
no significant difference in tumour growth between the two
groups. We thus analysed all data taken together and consid-
ered the cell line as a potential categorical model covariate.
Fig. 2A and B presents the percentage of necrotic and hyp-
oxic tissues in HT29 and HCT116 tumours assessed with the
previously described method after euthanasia. The percent-
age of hypoxic tissue was significantly higher in HT29 tu-
mours than in HCT116 tumours (p < 0.001 for the mean over
all time points - calculated with a Wilcoxon test 2%). The oppo-
site trend was observed for the necrotic tissue percentage, but
this difference was not significant. Fig. 2C shows the colour-
ation of a tumour slice stained with both anti-CA IX and hae-
matoxylin to reveal the hypoxic and necrotic tissues,
respectively. As noted above, the percentages of hypoxic and
necrotic tissues were assessed from these images using a
microscope imaging station equipped with the software His-
toLab. Finally, Fig. 2D shows the overlapping of a part of tu-
mour slice marked as in 2C and the same area marked with
Ki67. Immunostaining with Ki67 reveals the cells progressing
through the cell cycle (nuclei of proliferating cells are col-
oured in brown). These types of images were produced to ana-
lyse the proliferation activity of cells in the hypoxic tissue.

3.2 Model of vascular tumour growth

We developed a model in which the tumour spheroid is com-
posed of non-hypoxic, hypoxic and necrotic cells. The model
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is composed of four ordinary differential equations (ODE), and
the derivatives of our variables are expressed as balances be-
tween production and elimination terms, as in classical com-
partment models. The model is written without taking into
account any spatiality dimensions of the tumour. The vari-
ables refer to quantities of tissue of different types (non-hyp-
oxic, hypoxic and necrotic), expressed in millimetres. This is
equivalent to the assumption that converting the information
of the actual three-dimensional tumour (whose variables
would be expressed in mm?®) to information in a single dimen-
sion (mm) does not have a major influence on the analysis of
the system dynamics.

We ran the estimation procedure for three types of outputs
(tumour diameter, percentage of necrotic tissue and percent-
age of hypoxic tissue) using Monolix software ¥

The basic assumption underlying the model structure can
be summarised as follows: proliferative non-hypoxic tissue (P)
proliferates according to a generalised-logistic equation,
where the maximal size is a variable of the model called car-
rying capacity (K). A fraction of proliferative tissue becomes
hypoxic (Q). Hypoxic tissue does proliferate and degrades into
necrotic tissue (N). As the tumour size grows, the carrying
capacity increases to account for the process of angiogenesis.

Slightly different model structures were tested and com-
pared to the basic structure. In particular, the addition of a
constant rate of transfer from the proliferative compartment
directly to the necrotic compartment did not improve the fits
(resulting in a BIC increase of 39 points), nor did addition of a
constant rate of elimination from the necrotic tissue com-
partment (BIC increase of 42 points). The latter may seem
counterintuitive, since it is likely that cell loss is present
and is relevant to tumour growth. In models integrating this
degradation term, the parameter was estimated at a small va-
lue (around 5 x 10~*) with a high standard error (i.e. the esti-
mated value is not significantly different from 0). The
problem was partially solved by fixing the mean value of this
parameter (to a small value) and by only estimating its vari-
ability. However, this again resulted in poorer fit (a BIC in-
crease of 39 points compared with the basic model
structure). In conclusion, a degradation term from the necro-
tic compartment was not taken into account in the final mod-
el structure. We could, however, find an explanation for these
results. In the particular case of subcutaneous xenografts, the
necrotic tissue seems wholly trapped in the central core of the
tumour as shown Fig. 1C. In other words, even if necrotic tis-
sue degrades, it has no way to escape the necrotic core.

Finally, the removal of the proliferation term in the hyp-
oxic tissue did provide results comparable to those of the ba-
sic structure (BIC decrease of 7 points but AIC increase of 4
points). However, using the Ki67 staining, we found strong
evidence to support the fact that hypoxic cells did proliferate,
as shown in Fig. 2B. Due to this evidence, we maintained a
proliferative term in the hypoxic tissue.

We then adjusted the model structure by attempting a
modulation of transfer coefficients from tissue compart-
ments. Hypoxic stress was used as the modulator term and
was represented by the ratio between the full tumour size

¥ http://www.monolix.org

and the carrying capacity (as in the growth limitation of the
logistic growth term). The log-likelihood (-2 x LLH) was used
to compare the models, as the number of parameters was un-
changed. Only the modulation of the transfer coefficient from
non-hypoxic to hypoxic tissue resulted in a reduction of the
objective function (-2 x LLH decrease of 13 points).

The resulting model is as follows:

& — JpP(1 —s*) — kpgPs*, P(t=0) =Py

9 — RepqPs™ + 1qQ(1 - 5*) —knQ, Q(t=0)=0
& _knQ, N(t=0)=0

%—lt(: bP", K(t=0)=K,

PP=P+Q+N and s=%&

)

where P* denotes the total number of cells in the tumour and s
the hypoxic stress regulating the logistic growth of the non-
hypoxic and hypoxic tissues and modulating the transfer be-
tween these two types of tissue. The exponent «, which re-
flects the effect of the hypoxic stress on the variables’
evolution, was not estimated. It was fixed to a low value
(= 0.1) for which the logistic proliferation term is equivalent
to a Gompertz law, classically used to model tumour growth.
Since cells were grown in a rich medium prior to their injec-
tion, we assumed that cells were neither hypoxic nor necrotic
at the time of xenograft (t = 0). Fig. 3 shows a schematic illus-
tration of the model as well as an illustration of its simulation
and the evolution of the model variables.

Inter-animal variability in the model parameters (Po, Ko, /p,
kpq, 2q, kan, b) Was assumed to be log-normally distributed,
and mouse-specific estimates are given as follows, e.g. for Py:

Po
POi = Poeq!

where Py is the typical value for the population (mean value)
and /° is an inter-animal random effect that follows a normal
distribution with mean 0 and variance 3 .

Finally, the cell line was evaluated as a categorical covari-
ate. We tested the inclusion of this covariate on all the param-
eters following a stepwise-backward method.”* As a result,
the cell line was successfully integrated in the transfer coeffi-
cient from hypoxic to necrotic compartments (kqn) and in the
parameter linking the increase in carrying capacity to the
whole tumour size (b).

In consequence, the parameters kqy and b each have two
mean values according to the cell line (HT29 or HCT116). This
can be written as follows:

HCT116 __ 1 HT29 f, HCT116 _ 1,HT29
kv =kgy €@ andb =b""eh.

The mean growth rate for the non-hypoxic layer of the tu-
mour spheroid was estimated at 1.24 per day, which corre-
sponds to a cell cycle mean duration of less than 24h,
which seems biologically consistent. Interestingly, the growth
rate of the hypoxic tissue was found to be slightly higher (1.43
per day). It is clear from Fig. 2D that density of cells marked
with Ki67 in the hypoxic tissue (green area) is not substan-
tially lower than in the non-hypoxic tissue (yellow area).
However, there is no rational reason to think that prolifera-
tion in the hypoxic tissue would be higher than in the
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non-hypoxic tissue. We may try to explain this paradoxical
finding by attributing it to the selection bias for mouse eutha-
nasia. Indeed, because the animals with the most aggressive
tumours were euthanised first, as time progressed, the
remaining animals tended to be characterised by slower
growing tumours. Consequently, while the necrotic tissue
percentage is likely to gradually increase as tumours grow,
there is potentially, in our dataset, an overestimation of the
necrotic tissue percentages at the latest time points (animals
euthanised latest). As in the model, necrosis is only generated
from hypoxic tissue; this may imply an overestimation of the
proliferation parameter in this compartment.

The mean rate of transfer from the non-hypoxic to the
hypoxic compartment was 0.06 per day. We note, however,
that this transfer is modulated by the hypoxic stress s, and
the latter term is always <1 in the case of untreated tumours.
The cell line was successfully introduced as a categorical
covariate in the estimation of the transfer rate from hypoxic
to necrotic tissue, kqn. This parameter was estimated in the
mean at 0.07 per day for tumours xenografted with HT29
cells, while it was 0.2 per day for HCT116 tumours. In light
of these results, it is likely that resistance to hypoxic stress
is much greater in HT29 cells than in HCT116 cells. This is
consistent with our dataset, in which the percentage of hyp-
oxic tissue was significantly higher in tumours generated
from HT29 xenografts than in those generated from HCT116
xenografts (see Fig. 2B).

The cell line was also introduced as a categorical covariate
in the estimation of b, the rate of increase of the carrying
capacity. This parameter was estimated in the mean at 0.03
per day for HT29 tumours, while it was 0.05 per day for
HCT116 tumours. This suggests that HT116 tumours may
have higher angiogenic potential compared with HT29
tumours.

Table 1 presents the parameter estimates of the model as
mean values, standard deviation of random effects. Fig. 4
shows model diagnosis for the three outputs (tumour size,
necrotic tissue percentage and hypoxic tissue percentage).
In the first row, the individual predictions are represented ver-
sus the actual observations. In addition to the excellent indi-
vidual predictions of tumour size, predictions of necrotic
(r* = 0.94, p < 0.001) and hypoxic (r* = 0.84, p < 0.001) tissue per-
centages are correct. Given the inter-individual variation
regarding the latter two outputs, it would be interesting to
use a larger sample size to consolidate these findings. Visual
predictive checks for the three outputs are shown in the sec-
ond row. In these calculations, we took into account the
euthanasia procedure and the bias that this may have im-
plied. This was done by removing from the simulated popula-
tion the ‘virtual mice’ carrying the largest tumours at the
same time points and respecting the same proportions (num-
ber of mice removed versus the entire population at a given
time point) as in the real experiment. This explains why the
simulated mean growth curve tends to reach a saturation
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Table 1 - Parameters are defined in the text. IAV, inter-animal variability expressed as percentage. Coefficients of variation (%)
are shown in parentheses and are computed as the ratio between the standard error and the parameter estimate multiplied

by 100. Shrinkage is expressed as percentage and refers to y-shrinkage for structural model parameters and ¢-shrinkage for]
residual error model parameters.

Parameters Description Estimate IAV Shrinkage
Po Initial tumour size 0.32 mm (25) 99 (13) 6
Ko Initial carrying capacity 10.4 mm (9) 52 (20) 2
p Growth rate for the non-hypoxic tissue 1.24d7" (12) 62 (12) 4
kpq Transfer rate from non-hypoxic to hypoxic tissue 0.06 d* (12) 46 (35) 3
compartment
q Growth rate for the hypoxic tissue 1.434d7 (20) 65 (18) 1
kgg,zg Transfer rate from hypoxic to necrotic tissue 0.07 d* (10) 61 (14)
compartment for the HT29 cell line
Brax Covariate (cell line) on parameter kqy (exponential 1.07 (11)
formulation) -
kgf,ﬂm Transfer rate from hypoxic to necrotic tissue 0204
compartment for the HCT116 cell line -
pHT2° Rate of increase of carrying capacity for HT29 cell line 0.03d™* (30) 95 (11) 6
Po Covariate (cell line) on parameter b (exponential 0.5 (72)
formulation) -
pHeT16 Rate of increase of carrying capacity for HCT116 cell 0.05d™?
line -
a Error model parameter for the output ‘tumour size’ 0.09 (5) - 1
(exponential formulation)
ay Error model parameter for output ‘necrotic tissue 0.12 (43) - 18
percentage’ (exponential formulation)
as Error model parameter for output ‘hypoxic tissue 0.18 (41) - 8

percentage’ (exponential formulation)

size. This feature can actually be also observed in the data
(see Fig. 1D). In conclusion, the model is shown to correctly
predict the simultaneous progression over time of tumour
size and of two histological biomarkers: necrotic and hypoxic
tissue percentages.

3.3. 3 Simulation of antiangiogenic treatment

We used our model as a theoretical tool to simulate the effect
of antiangiogenic treatment. We considered two possible
antiangiogenic effects: inhibition of vasculature formation
and disruption of vasculature. Vasculature-inhibiting treat-
ment was modelled by multiplying the growth parameter of
the carrying capacity K by a constant positive factor smaller
than one during the treatment period:

0<y<1 during treatment

& — pyP*, with { .
e T =1 otherwise

Vasculature-disrupting treatment was modelled distinctly by
adding an addition term to the equation. This term is negative
during the treatment and null otherwise:

iours. In the ‘vessel inhibition’ case, the carrying capacity al-
most ceases to increase during the treatment period, while in
the ‘vasculature disruption’ case it strongly decreases due to
the negative term in the equation (Fig. 5B). These two differ-
ent behaviours result from the two previous equations. In
fact, in the ‘vessel inhibition’ case, the carrying capacity’s rate
of increase can, at best, be reduced, but it always remains po-
sitive or null. In the ‘vasculature disruption’ case, the term ¢K
can become higher than the term bP" during the treatment,
leading % to become negative and thus K to decrease.

As a consequence, tumour growth only slows down in the
first case, whereas the tumour slightly regresses in the second
case (Fig. 5A). The latter effect is due to the logistic terms reg-
ulating the tissue proliferation, which become negative when
the carrying capacity (K) goes below the tumour size (P’).

Regarding the histological markers, hypoxic tissue forma-
tion is increased in both treatment cases, since this process
is mediated through the hypoxic stress %. However, as for
the non-hypoxic tissue, proliferation in the hypoxic tissue is
reduced due to hypoxia and may become negative in the ‘vas-
culature-disrupting’ case. This explains the seemingly para-
doxical observation of a stronger decrease in hypoxic tissue
percentage in the treatment cases compared with the un-
treated tumour (Fig. 5D). Finally, the percentage of necrotic tis-

&=DbP" —¢K, with {{>0 during treatmentxi =0 otherwisesue is increased in the treatment cases compared with the

{K(tO)Ko

Fig. 5 presents tumour response to 10 d of treatment (from
day 20 to day 30). The tumour growth model parameters were
set to the mean parameters previously estimated. Parameters
y and ¢ were set to arbitrary values y = 75 and ¢ =0.1 per day.
With these parameter values, we observe two distinct behav-

untreated case (Fig. 5C). The absolute size of the necrotic zone
is actually smaller in treated tumours than in untreated tu-
mours, but given that the size of treated tumours is smaller,
the percentage of necrotic tissue appears larger.

We can conclude that only the ‘vasculature-disrupting’ ef-
fect may lead to tumour regression. In both treatment cases,
the model predicts that treated tumours are characterised by
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a smaller size, a larger necrotic tissue percentage and a lower
hypoxic tissue percentage compared with untreated tumours.
It is worthwhile to emphasise that in the model, the treat-
ment does not directly cause necrotic tissue expansion.
Rather, it mainly results in a direct elimination of non-hyp-
oxic and hypoxic cells, which causes tumour size reduction,
thus modifying the fraction of necrotic and hypoxic tissue.
Direct experimental validations of the assumptions are
obviously warranted in order to turn the model into a practi-
cal tool for exploring different schedules for specific drugs.

4, Discussion

The nude mouse bearing subcutaneous human cancer cell
xenografts is a preclinical model with many advantages.
Induction and observation of tumours involve no surgical
intervention, and the characteristics of the growing tumour
are often similar to those in in vitro tumour models. The mice
develop a fairly regular spheroid tumour structure within a
few days. We analysed tumour size and IHC data obtained
from 30 mice that were xenografted with either HT29 or
HCT116 cell lines.

We built a semi-mechanistic model of spheroid growth
reproducing the main features of tumour biology: prolifera-
tion, hypoxia and angiogenesis. The model integrates three
types of tissue (non-hypoxic, hypoxic and necrotic) and is
based on the following hypothesis: as the tumour grows, hy-
poxia develops within the spheroid and drives the formation

of hypoxic tissue. Hypoxic tissues become in turn necrotic
with a constant transfer rate. Depending on the whole tu-
mour size, the carrying capacity, which also stands as the
maximal tumour size, increases as a result of the process of
angiogenesis. We carefully determined the best model struc-
ture by trying to add or remove biological components that
appeared potentially relevant to us, e.g. direct transfer from
non-hypoxic to necrotic tissue, elimination from the necrotic
tissue compartment and modulation of the transfer constant
by hypoxic stress. The final model is shown to correctly pre-
dict tumour size progression as well as the percentages of ne-
crotic and hypoxic tissues despite individual variability
among animals. Moreover, the inclusion of the cell line as a
categorical covariate led us to generate a hypothesis on the
main differences between these cell lines with respect to hy-
poxia resistance and intrinsic angiogenic potential. It was
found that HT29 tumours might be more resistant to hypoxia
compared with HCT116 tumours (rate of transfer from hyp-
oxic to necrotic tissue was drastically lower in the case of
HT29). Moreover, it was found that HCT116 tumours were
characterised by a higher angiogenic potential. Note that
the two parameter estimates (kqn and b) were not correlated.

Our model is more complex than traditional models used
to analyse tumour size. However, its formulation, based on
compartments, is rather classical in the field of pharmacoki-
netic/pharmacodynamic (PK/PD) modelling. Its main innova-
tion lies in its ability to integrate classical histological
biomarkers such as those commonly retrieved in preclinical
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Fig. 5 - Simulation of antiangiogenic effect and comparison to tumour growth behaviour without treatment. We considered
both ‘vasculature inhibition’ and ‘vasculature disruption’ effects. Simulations are performed using the mean estimated
parameters for tumour growth behaviour. We simulated a 10-d treatment starting at day 20. In each image, the plain line
with stars refers to the observed variable’s behaviour without treatment, and the dashed lines with squares and circles refer
to the same variable with ‘vasculature inhibition’ and ‘vasculature disruption’ treatments, respectively. (A) Evolution of
tumour diameter. (B) Carrying capacity. (C) Necrotic tissue percentage. (D) Hypoxic tissue percentage.

studies. Furthermore, our results show that histological char-
acteristics differ at different phases of tumour growth, sug-
gesting that researchers should retrieve histological data at
various times rather than at a single time point. It is worth-
while to note, however, that the model might be simplified
to fit only tumour size data by ‘merging’ the different tissue
compartments (P, Q and N) to one unique compartment
(equivalent to P’) and keeping as is the equation on the carry-
ing capacity (K).

Finally, our model can serve as a basic tool to analyse tu-
mour size and biomarker data for animals treated with
antiangiogenesis therapy. In particular, the model could be
further modified to include additional histological biomarkers
such as density and diameter of intratumoural microvessels,
which are traditionally used in the evaluation of antiangio-
genic treatment. It would indeed be relevant to try to correlate
the carrying capacity K with any combination of histological
biomarkers related to blood vessels. Our model simulations
predict that the two biomarkers we incorporated into the
model - the percentage of hypoxic and necrotic tissues —
might be indicative of the effect of antiangiogenic drugs. In
particular, we predicted that tumours treated with antiangio-
genic drugs may be characterised by a larger percentage of
necrotic tissue and a lower percentage of hypoxic tissue in
addition to a smaller size at the end of the treatment. Conse-
quently, the percentages of necrotic and hypoxic tissues
might be valid complementary candidates for biomarkers
used in antiangiogenesis drug development. Further develop-

ments may also include coupling the model with relevant
molecular biomarkers such as circulating VEGF and
SVEGFR2.%®

In the future, the model could be used to identify syner-
gisms between conventional chemotherapy and antiangio-
genic drugs and to investigate the effects of antiangiogenic
agents on cytotoxic drug delivery. By understanding and
monitoring the complex biological processes involved in vas-
cular tumour growth, researchers will be able to quantify the
beneficial effect of antiangiogenic drugs on chemotherapy
delivery®® and potentially streamline the delivery of these
two medicines.

Like all attempts at modelling, our work on this complex
model has limitations, some of which arise from the limited
amount of data that were available. More data (a greater num-
ber of animals, different cell lines) would be needed to consol-
idate the analysis, in particular with regard to the analysis of
histological biomarkers. As explained in the beginning of our
paper, we chose to work with tumour diameter instead of
using the classical ellipsoid approximation of tumour volume.
This choice was motivated by numerous important consider-
ations, but still, in this respect, our modelling results cannot
be directly compared to those of modelling papers dealing
with the analysis of tumour volume. As a consequence, some
reservations may also be expressed regarding the model for-
mulation itself. The model variables, which stand as quanti-
ties of tissues, are expressed in mm. From a physical point
of view, as tumour tissues are composed of cells, it would
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have been more consistent to deal with volume expressed in
mm?>. Indeed, transfer of materials between the different
types of tissues is likely to occur on three dimensions. This is-
sue could be resolved by expressing all the model variables as
volumes (mm®) and taking the cube root of the output to com-
pare to diameter observations. We note, however, that the use
of ordinary differential equations (ODEs) to model a three-
dimensional structure such as a tumour spheroid - where
spatiality is clearly responsible for the organisation of tissue
layers (necrotic at the core, proliferating at the periphery) -
yields only a crude approximation of reality; in an ODE model,
the use of volume data is not likely to provide a substantial
improvement (if any) over the more abstract size representa-
tions incorporated into our model. Models incorporating par-
tial differential equations are more suitable for addressing
spatiality issues. Complex models describing the process of
tumour angiogenesis integrate such equations,”? and such
model formulations have been successfully applied to the
modelling of brain tumours, suggesting significant applica-
tion potential in clinical settings.?” In addition, the selection
of mice for euthanasia may have introduced a statistical bias
into the study. For ethical reasons, this selection was not ran-
dom but based on objective and subjective criteria such as tu-
mour size and the general behaviour of the mice. This bias
mainly concerns the first animals selected and may thus have
influenced the dynamic interpretation of the histological
data. Tumour growth tended to be slower in the mice killed
late compared with those euthanised early. This may have
had consequences in the estimation of some model parame-
ters as discussed in the Results section. Future studies should
select animals for euthanasia at random while complying
with ethical rules.

In conclusion, this study shows the first analysis of vascu-
lar tumour growth in mice combining tumour size and histo-
logical biomarkers. The integrated model contains four major
components: non-hypoxic, hypoxic and necrotic compart-
ments composing the tumour, as well as tumour carrying
capacity, which changes according to tumour composition
and eventually antiangiogenic drug effect. We show that the
model can constitute a useful theoretical tool to investigate
the efficacy of antiangiogenic drugs on tumour growth
dynamics and composition.
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