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This is the problem
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The impact of growing prices
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M&S in the medical industry: drugs

• In drugs design, computer models are used routinely in 
lead optimisation (molecular dynamics) and in dose-
response studies (PKPD, PBPK), usually to inform 
experimental studies
•Binding affinity simulation (MD) is growing in drug 

discovery 
• There is a growing demand for the so-called Quantitative 

Systems Pharmacology (QSP) model to link drug design to 
clinical outcomes
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M&S in the medical industry: device

•Computer modelling & simulation is routinely used in the 
design of medical devices (Biophysics & physiology models)
• FDA has opened a pathway for producing regulatory 

evidence of safety and efficacy using M&S (VV-40)
• There is a growing interest in using M&S to refine, reduce 

and to some extent replace:
• In Vitro and ex vivo experimentation (cost, time to market)
• Animal experimentation (ethical issues)
• Human experimentation (both)
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In Silico Trials

• In Silico Trials are a sub-class of QSP models 
•where  cohorts of subject-specific models capable of 

predicting the response of individuals to the treatment 
with a new medical product 
• are used to refine, reduce, and partially replace in vivo/ex 

vivo, animal, or human experimentation
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In Silico Trials = “The use of 
individualised computer simulation 
in the development or regulatory 
evaluation of a medicinal product 
or medical device/intervention"

http://www.vph-institute.org/documents.html 

2015: Avicenna roadmap

http://www.vph-institute.org/documents.html
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What is preventing a wider adoption?

• Seven years after the publication of the Avicenna roadmap 
on In Silico Trials the adoption of modelling and simulation 
in the assessment of medical products is still spotty
•While for some classes of products the use of In Silico 

methodologies produce regulatory evidence is becoming 
normal, for others this is still impossible
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The immune system is a complex distributed system that
constitutes the defense mechanism of higher level organisms
to pathogens.
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• The Immune System is a complex adaptive system.

• Complex adaptive system (CAS): An ensemble of (inhomogeneous and)
adaptive particles with the following characteristics:
• Particles can interact each other and with the outside environment
• The collective behavior cannot be simply inferred from the behavior of

its elements.
• The alteration of only one agent or one interaction reverberates on the

whole system.
• Other CAS examples: the brain, social systems, insects swarms, crowds.
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• CAS are characterized by a global organization, which emerges from the interacting constitutive
particles.

• An Emergent Property of a CAS is a property of the system as a whole which does not exist at the
individual level.

(Some) Emergent properties of the IS:

• The ability to distinguish any substance (typically called antigen) and determine whether it is self or
nonself.

• The ability to memorize most previously encountered antigens, which enables it to mount a more
effective reaction in any future encounters.

• Homeostasis!

So, the IS is a a very complex adaptive system!
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Agent-based
models (ABMs)

• A generalization of the concept of Cellular Automata initially proposed by
Alan Turing.

• ABMs represents the physical reality through a large number of autonomous
discrete particles (called Agents) that move in space, interact and change their
internal state according to a set of rules.

• ABMs are capable of re-creating macro-level phenomena by the actions and
interactions of microlevel individual agents (emergence).

Cellular Systems
Molecular Systems/Pathways Agent-based Modeling
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UISS
CrOSSBAR

The Universal Immune System Simulator Framework (UISS) is 
a multi-scale (at cellular and molecular level), multi-
compartment, polyclonal, agent based simulator of the 
immune system dynamics.
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• The two branches of the immune response to an 
offending antigen/cancer cell: humoral response, 
mediated by the production of antibodies, and the cellular 
response, mediated by the action of activated cytotoxic T 
lymphocytes. 

• UISS implements both and enables the representation of 
various pathogens as virus and bacteria. Cancer cells are 
represented as well.

• In UISS we considered both cellular and molecular 
entities.

UISS: the big picture
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Immune System Modelling and Simulation

254

Fig ure 24. The three anatomical compartments modelled are the thymus, the bone 
marrow and a portion of a generic secondary organ (the picture of the human body is 
adapted from [98]).

Figure 25. The space is discrete. In the bi-dimensional version of C-ImmSim the grid 
is a hexagonal lattice (top, left) or square-shifted (top, right). This is equivalent to the 
triangular lattice if you look at the edges instead of the nodes (bottom-left). In the 
three-dimensional version, the space is a Cartesian lattice (bottom-right).

The three anatomical compartments modelled in
UISS are the thymus, the bone marrow and a
portion of a generic secondary organ.

Immune System Modelling and Simulation

254

Fig ure 24. The three anatomical compartments modelled are the thymus, the bone 
marrow and a portion of a generic secondary organ (the picture of the human body is 
adapted from [98]).

Figure 25. The space is discrete. In the bi-dimensional version of C-ImmSim the grid 
is a hexagonal lattice (top, left) or square-shifted (top, right). This is equivalent to the 
triangular lattice if you look at the edges instead of the nodes (bottom-left). In the 
three-dimensional version, the space is a Cartesian lattice (bottom-right).

The space is discrete. UISS grid is a hexagonal
lattice (top, left) or square-shifted (top, right). This
is equivalent to the triangular lattice if you look at
the edges instead of the nodes (bottom-left). For
specific purposes, three-dimensional version could
be implemented. In this case, the space is a
Cartesian lattice (bottom-right).
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Multiple sclerosis is a disease of the central nervous system that involves the destruction of the insulating sheath

of axons, causing severe disabilities. Since the etiology of the disease is not yet fully understood, the use of novel

techniques that may help to understand the disease, to suggest potential therapies and to test the effects of can-

didate treatments is highly advisable.

To this end we developed an agent basedmodel that demonstrated its ability to reproduce the typical oscillatory

behavior observed in the most common form of multiple sclerosis, relapsing–remitting multiple sclerosis. The

model has then been used to test the potential beneficial effects of vitamin D over the disease.

Many scientific studies underlined the importance of the blood–brain barrier and of the mechanisms that influ-

ence its permeability on the development of the disease. In the present paper we further extend our previously

developedmodelwith amechanism thatmimics the blood–brain barrier behavior. The goal of ourwork is to sug-

gest the best strategies to follow for developing new potential treatments that intervene in the blood–brain

barrier.
Results suggest that the best treatments should potentially prevent the opening of the blood–brain barrier, as

treatments that help in recovering the blood–brain barrier functionality could be less effective.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Demyelinating diseases of the central nervous system are character-

ized by lesions that are associatedwith loss ofmyelinwith relative spar-

ing of axons. There are many types of diseases that damage myelin in

concert with the destruction of axons: one of these is represented by

multiple sclerosis (MS). Autoimmunity plays an important role in the

disease outcome and the body's own immune system assaults the

myelin sheath causing injury. Numerous genetic factors including

HLA-DR15, HLA-A*02 and HLA-DRB1*1501 (Compston et al., 2005;

Ramagopalan et al., 2009) are documented to be related to MS.

Relapsing–remitting multiple sclerosis (RRMS) is the most predom-

inant form of MS, around 90% of all patients have RRMS (Sospedra and

Martin, 2005), in which disease relapse and remission happens after a

certain time period. The degree of the relapse varies frommild to severe

based on the course and history of the disease. It is also usual to have a

progressive phase of the disease and a large study showed that around

80% of cases were followed by chronic progression within 20 years

(Kremenchutzky et al., 2006). Disease progression can be observed by

different means including Expanded Disability Status Score (EDSS),

Magnetic Resonance Imaging (MRI) lesion and with other physical

test including timed 25-Foot Walk, MS Walking Scale-12.

T-cells play a major role in disease progression and it is documented

that regulatory T-cells (Treg) drop in the peripheral blood when relapse

appears. Conversely, the number of helper T-cells increases in the spinal

fluid. It is also conjectured that homeostasis of Treg and effector T cells

play a critical role in preventing autoimmunity (Fontenot and

Rudensky, 2005; Lund et al., 2008; Carneiro et al., 2007). In particular,

lack of functionality or deficiency of Treg may enable negative effects in

the peripheral tolerancemechanisms that are supposed to control activa-

tion and proliferation of effector T cells (Sakaguchi et al., 1995).

Besides genetic factors, environmental factors are also considered to

have a significant role i.e., Epstein–Barr viral infection (Ascherio et al.,

2001; Ponsonby et al., 2005; Sundström et al., 2004) and some dietary

factors. Vitamin D and turmeric play a protective role in MS and neuro-

degeneration. Turmeric protects the brain from neurodegeneration and

vitaminD is considered one of themost important factors to preventMS

(Goodin, 2009).For the migration of monocytes, reactive oxygen species (ROS) are

crucial but they also initiate lesion development, contributing to lesion

persistence in MS by degradation and phagocytosis of myelin and in-

duction of axonal and oligodendrocyte damage (van der Goes et al.,

2001; Vladimirova et al., 1998; Hendrikis et al., 2005). To counteract

Journal of Immunological Methods 427 (2015) 6–12

☆ Availability: The java applet of the model is available through the link: http://www.

francescopappalardo.net/MS_VitaminD_BBB_Applet_NLogo/.
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Modeling the competition between lung
metastases and the immune system using agents
Marzio Pennisi1*, Francesco Pappalardo1, Ariannna Palladini2, Giordano Nicoletti3, Patrizia Nanni2, Pier-Luigi Lollini4,
Santo Motta1

From Asia Pacific Bioinformatics Network (APBioNet) Ninth International Conference on Bioinformatics
(InCoB2010)
Tokyo, Japan. 26-28 September 2010

Abstract

Background: The Triplex cell vaccine is a cancer cellular vaccine that can prevent almost completely the
mammary tumor onset in HER-2/neu transgenic mice. In a translational perspective, the activity of the Triplex
vaccine was also investigated against lung metastases showing that the vaccine is an effective treatment also for
the cure of metastases. A future human application of the Triplex vaccine should take into account several aspects
of biological behavior of the involved entities to improve the efficacy of therapeutic treatment and to try to
predict, for example, the outcomes of longer experiments in order to move faster towards clinical phase I trials. To
help to address this problem, MetastaSim, a hybrid Agent Based - ODE model for the simulation of the vaccine-
elicited immune system response against lung metastases in mice is presented. The model is used as in silico wet-
lab. As a first application MetastaSim is used to find protocols capable of maximizing the total number of
prevented metastases, minimizing the number of vaccine administrations.

Results: The model shows that it is possible to obtain “in silico” a 45% reduction in the number of vaccinations.
The analysis of the results further suggests that any optimal protocol for preventing lung metastases formation
should be composed by an initial massive vaccine dosage followed by few vaccine recalls.

Conclusions: Such a reduction may represent an important result from the point of view of translational medicine
to humans, since a downsizing of the number of vaccinations is usually advisable in order to minimize undesirable
effects. The suggested vaccination strategy also represents a notable outcome. Even if this strategy is commonly
used for many infectious diseases such as tetanus and hepatitis-B, it can be in fact considered as a relevant result
in the field of cancer-vaccines immunotherapy. These results can be then used and verified in future “in vivo”
experiments, and their outcome can be used to further improve and refine the model.

Background
The metastatic process is an extraordinary complex pro-
cess. In order to colonize a secondary site and to
become metastases cancer cells must complete a
sequential chain of steps which include the detachment
from the primary tumor, the invasion through surround-
ing tissues and basement membranes, the survival in the
circulation, lymphatics or peritoneal space and the

settlement in a distant target organ. In spite of this
intrinsic inefficiency, metastases represent one of the
major concerns in the clinical management of cancer.
The majority of cancer mortality is associated with this
disseminated disease rather than the primary tumor [1].
In most cases cancer patients with localized primary
tumors have significantly better prognoses than those
with disseminated tumors. Recent evidence shows that
metastases can be an early event [2] and that 60% to
70% of patients have already initiated the metastatic
process by the time of diagnosis. Even patients that have
no evidence of tumor dissemination at diagnosis are at
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Joint work with Prof. Lollini group, University of Bologna, Italy

UISS-MC: efficacy prediction and optimization 
of vaccines against mammary carcinoma
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HER-2/neu TRANSGENIC MICE: BALBneuT

Transgenic mice for the rat-activated HER-2/neu oncogene.
Female mice develop multifocal mammary carcinoma with a short
latency, about 20 weeks of age.

At 33 weeks, lobular carcinomas are palpable in all 10
mammary glands

J. Exp. Med. 188: 589 (1998)

Mammary areas

Immunoprevention of breast cancer: animal model
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Biotechnology: TRIPLEX VACCINE

Triplex is a cellular vaccine based on murine mammary carcinoma cells.

Triplex combines three stimuli:

ü p185neu antigen (the product of rat HER-2/neu oncogene)

ü Allogeneic MHC (major histocompatibility complex), haplotype H-2q

ü Interleukin (IL-12)
IL-12 genesAllo-MHC (H-2q)

p185neu

IL-12

J. Exp. Med. 194:1195 (2001)
Cancer Res. 1, 64: 4001 (2004)
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In vivo experiments: chronic protocol

4-WEEK CYCLE

CHRONIC protocol was based on 4-week cycles: 
in the first 2 weeks, mice received four twice-weekly 
intraperitoneal vaccinations with 2x106 proliferation-blocked 

vaccine cells, followed by two weeks of rest.

Vaccination was started at 6 weeks of age, between 35 and 
42 days of age, and the four-week vaccination cycle was 
repeated for 1-year, at least. 

J. Exp. Med. 194:1195 (2001)
Cancer Res. 1, 64: 4001 (2004)

1st wk 2nd wk 3rd wk 4th wk

REST REST
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Insufficient

Redundant?

Future Oncol. Feb 1: 57 (2005)

The problem: finding the optimal/minimal 
vaccination schedule
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Exhaustive search?

Then

–A biological exhaustive search is simply impossible
–Even a virtual exhaustive search is impossible as a single run of the 

simulator takes about 30 seconds. The analysis of all the possible 
different schedules will be require about 3x1031 secs i.e. 1024 yrs.

Hence:
–Apply UISS to reproduce in silico the wet-lab experiments
– Find optimal schedule using artificial intelligence methodology

(genetic algorithms)
– Test the in silico results in vivo

• The length of the experiment is 400 days;
• in this timespan roughly 100 days are available for vaccine administrations;
• it follows that the number of possible different schedules is 2100 i.e. about 1030.
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selection

crossovermutation

evaluation

• Genetic Algorithms:  a stochastic optimization 
technique that takes inspiration from the biological 
evolution of living systems

•  A population of candidate solutions (called 
individuals, or chromosomes) evolved toward better 
solutions using bio-inspired operators. 

A sketch of what genetic algorithms are
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UISS-MC reproduced in vivo experiments

In silico results (100 virtual 
mice vs 8 in the in vivo 
experiment)
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UISS-MC: prediction of the best dosage
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Weeks of age Cancer Res. 70, 24: 7755 (2010)
BMC Bioinformatics 7:352 (2006)

Heuristic protocol is a periodic

vaccination protocol using the

same number of vaccine

administration of the genetic

optimal protocol (from an

immunologist point of view).
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The validation experiment

• The experiment was performed using five groups of mice.

• The number of mice in each experimental group was untreated, 7; 
Chronic protocol, 11; Early protocol, 10; Heuristic protocol, 13; Genetic
protocol, 12.

• After the appearance of the first tumor mass (> 3mm) vaccination was
continued up to the end of the protocol to measure the tumor
multiplicity in all mammary glands. Mice with extended tumors were
killed according to ethical rules.
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TUMOR MULTIPLICITY: 
number of tumors subsequently appearing in each mouse. 

Cancer Res. 70, 24: 7755 (2010)

Age (wk)

ü Genetic, Heuristic and Early schedules: significantly different at various time points
ü Genetic better than Heuristic better than Early
ü The number of prevented tumors is similar for Chronic and Genetic protocols

The validation experiment (CONTD)
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Cancer Res. 70, 24: 7755 (2010)

Chronic protocol:
ü Early vaccination elicited a rapid increase in 

antibody titers.

ü High and steady antibody level.

ü After the and of vaccination gradual
decrease in antibody titers.

Early protocol:
ü Antibody levels decrease precede the onset of mammary carcinoma.

Heuristic protocol:
ü Reached the plateu several weeks later.

Genetic protocol:
ü Comparable with Chronic but induced a less efficient early antibody response.

The validation experiment: immune mechanisms
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Palladini A. et al., Cancer Res. 70, 24: 7755 (2010)

The kinetics of prevented tumors was in good agreement with the predicted efficacy

Age (wk)

The validation experiment: prediction of prevented tumors
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Cancer Res. 70, 24: 7755 (2010)

Long-term decrease in antibody levels in vivo was mirrored by that predicted by the simulator.

The validation experiment: prediction of antibodies levels
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ü Vaccine efficacy: periodicity not required, temporal distribution key role. 
Intensified vaccination protocols with more vaccine administrations in the initial 
phases. 

ü Use of antibody titers to seek a better correlation with the corresponding in vivo 
results and with predicted tumor-free survival.

ü Correlation between early antibody response and long-term tumor-free survival: 
shorter in vivo experiments to test new vaccination schedules in just 3 to 4 
months.

The validation experiment: conclusions
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NOT ONLY PRIMARY TUMORS: VACCINE AGAINST 
MICROMETASTASES

Nanni et al., Cancer Research 2007

Syngeneic tumor
cells i.v.

Day 0

Day +33Evaluation of
lung metastases

From 
Day +1/+7

Triplex vaccine
i.p.

Untreated Vaccinated
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The proposed methodology has increased the usefulness of 
Delphi surveys favoring the extraction of keywords that can 
represent a specific clinical context. It permits the 
characterization of the clinical context suggesting words for the 
evaluation process of the data.
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The complexity flower!


