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All other entities (i.e., the molecules) may be considered 
always ACTIVE, in other words, ready to interact. Note that 
specifying the behaviour of entities in terms of discrete states is 
an advantage in terms of memory parsimony since the cell state 
is stored in a fl ag byte for each cell. Specifi c macro-instructions 
have been defi ned to access, both in read and write mode, the 
fl ag byte. This access is also computationally very cheap.

ACTIVE In this state, the cell is mature 
and ready to interact. This is the 
initial state for most cells.

X X X X X X

ANERGIC This is the anergic state. In this 
state, the cell does not interact.

X X X

INTERNALISED In this state, the cell has 
engulfed one antigen.

X X X

PRESENTING-1 MHC-1 molecule is loaded with 
one antigen peptide.

X

PRESENTING-2 The cell has processed the 
antigen it previously engulfed. 
The cell is now exposing the 
MHC-2 molecule bond with an 
antigen peptide.

X X X

DUPLICATING The cell is duplicating. It will 
remain in this state for a number 
of duplication steps.

X X X

RESTING The cell is in the resting state, 
waiting for a signal to be 
activated.

X X X X

SILENTLY 
INFECTED

A virus has infected the cell and 
its DNA is already part of the 
cellular genome. The virus is not 
replicating.

X

ACTIVELY 
INFECTED

The virus that has infected the 
cell is actively replicating.

X

DEAD The cell has been marked to die 
by lysis by a cytotoxic cell or is 
necrotic for other reasons.

X X X X

Table 4. At each time point, a cell can be found in one of the states reported in the 
fi rst column if an X marks the corresponding entry in the table. Note that PLB is not 
shown in this table; it does not really need an internal state since it is committed to 
produce antibodies during its entire lifetime. Th1, Th2 and Treg all have the same 
state defi nitions as the Th.

State                          Description                               B   TH     TC    M    DC    NK

• At each time step, a cell can be found in one of
the states reported in the first column if an X
marks the corresponding entry in the table. TH1,
TH2, TH17 and regulatory T cells all have the
same state definitions as the TH.

• All other entities (i.e., the molecules) may be
considered always ACTIVE, in other words, ready
to interact. Note that specifying the behaviour of
entities in terms of discrete states is an
advantage in terms of memory parsimony since
the cell state is stored in a flag byte for each cell.

Specific macro-instructions have been defined to access,
both in read and write mode, the flag byte. This access is
also computationally very cheap.

State description
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releases its viral content in the surroundings. In the ACTIVELY 
INFECTED state, however, the epithelial cell is able to digest the 
virus and present the viral peptides with the MHC-1 molecule to 
T cytotoxic cells (PRESENTING-1). When a CTL recognises the 
MHC-1/peptide on the membrane of an infected epithelial cell, 
it kills the epithelial cell (DEAD). A dead cell is in the necrotic 
state, about to be eliminated through cytolysis.

3.3 The Molecules

The model distinguishes between signalling molecules like 
cytokines or interleukins (for them, it is suffi cient to have a 
measure of the concentration on each lattice point) and more 

F igure 32. ACTIVE epithelial cells are targets of the virus. A virus fi rst integrates its 
DNA into the cell’s DNA and later, upon activation, it starts replicating. This is when 
the epithelial cell changes from the state of SILENTLY to ACTIVELY INFECTED. In 
the latter state, the cell may release virus particles budding from the cell membrane. 
The fate of this cell is signed and it will die either because its membrane will break 
when its viral content reaches a threshold or because a cytotoxic T lymphocyte kills 
it. This happens if the TCR of the cytotoxic T binds to the MHC-1/peptide complex 
exposed on the infected cell membrane upon digestion of the viral peptides.

ACTIVE

PRESENTING-1

ACTIVELY 
INFECTED

Epithelial cell

gets infected
CTL's TCR binds

MHC-1/peptide and kill cell

peptide binds to MHC-1
(endogenous pathway)

DEAD

cell lysis

SILENTLY 
INFECTED

virus replicates

• ACTIVE epithelial cells are targets of the virus. A
virus first integrates its DNA into the cell’s DNA
and later, upon activation, it starts replicating.
This is when the epithelial cell changes from the
state of SILENTLY to ACTIVELY INFECTED.

• In the latter state, the cell may release virus
particles budding from the cell membrane. The
fate of this cell is signed and it will die either
because its membrane will break when its viral
content reaches a threshold or because a
cytotoxic T lymphocyte kills it.

• This happens if the TCR of the cytotoxic T binds
to the MHC-1/peptide complex exposed on the
infected cell membrane upon digestion of the
viral peptides.

How a generic epithelial cell change its status during a virus infection
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Conceptualising the dynamic evolution of biological 
systems in terms of state-transitions of biological objects is quite 
conventional in immunology and among biologists at large. 
Therefore, adopting such a description to describe the behaviour 
of cells is defi nitely an advantage. That is one reason why 
this idea has been recently expanded by adopting the Unifi ed 
Modelling Language state-transition diagram description. 
Another not insignifi cant reason to use UML is to ease software 
coding, manipulating and documenting [89].

3.2.2 The B Lymphocyte

The fi rst description in terms of stochastic fi nite state machines is 
that of B-cells. The way of interpreting it is minimalistic. B-cells 
start in the ACTIVE state. This state’s shape is colour coded in 
grey in Figure 26. An arrow labelled with a few explanatory 

C-ImmSim Unveiled

F  igure 26. B-cells start in the ACTIVE state. They can go back and forth between 
ACTIVE and ANERGIC according to the stimulation received. While ACTIVE, if they 
engulf an antigen, they go to the INTERNALISED state. If the MHC-2 succeeds in 
binding one antigen peptide, the B-cell goes into the PRESENTING-2 state. A cell 
in this state is able to stimulate a matching T helper lymphocyte and begin a clone 
expansion.

ACTIVE

PRESENTING-2

INTERNALISED

DUPLICATING

B lymphocyte

ANERGIC

phagocytoses
the antigen

failure to bind
peptide to MHC-2

peptide binds to MHC-2

presented MHC-2/peptide
complex binds to TCR. 

B starts to clone

exits mitotic cycle

exits anergy

becomes
anergic

UISS formal description of state changes is done by means of stochastic finite state machines

• B-cells start in the ACTIVE state. They can
go back and forth between ACTIVE and
ANERGIC according to the stimulation
received.

• While ACTIVE, if they engulf an antigen,
they go to the INTERNALISED state. If the
MHC-2 succeeds in binding one antigen
peptide, the B-cell goes into the
PRESENTING-2 state.

• A cell in this state is able to stimulate a
matching T helper lymphocyte and begin a
clone expansion.
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Colour Plate Section

Figure 3  3. The major type of immunoglobulin, IgG, is the one that is often used to 
represent the antibodies in C-ImmSim and the only one used in IMMSIM while a 
subdivision in classes IgG1, IgG2 or IgE has been done to account for signifi cant 
processes in specifi c diseases like hypersensitivity (section 5.1) or fl u.

Figure 34. The match between two strings remin ds one of that between a lock and a 
key. It is computed as the Hamming distance in the space of all possible binary strings 
of a certain length. In this example, 16 bits are used. The mismatch is two because 
two pins (those in red) do not pair.

• UISS uses bit-string model (0s and 1s) to represent specific elements or binding properties in the same way
that Farmer, Packard and Perelson did.

• Each different bit-string defines an element of the repertoire. An m-bit match is obtained when exactly m bits
complement each other and the other NBIT – m are equal.

• The function match(a, b) = hamming(a, b) is defined to give us the number of matching bits between two
strings a and b and is computed as the Hamming distance in the space of the bit- strings.
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Colour Plate Section

F igure 42. In the binary representation of the peptides, they are arranged in two 
substrings: one binds to the MHC and the other is shown in the MHC–peptide 
complex. In contrast, the MHC molecule offers just one binding site for the peptide, 
that is conventionally chosen to be the right half of the binary string. So, when the right 
half is bound to one half of the peptide (either left or right), the one that is shown in the 
MHC/peptide complex is the left part (adapted from [96]).

Internal digestion of the antigen peptides by antigen- presenting cells like the B lymphocytes or macrophages is done according to the following logic: 
ENTITY : B
SPECIFIC : Yes
MATCH : MHC-2(s), peptide(s) 
CONDITION : B ≡ INTERNALISED 
ACTION : B → PRESENTING-2 

Analogously, the endogenous antigen is processed and presented on the class-1 MHC molecule (this is the cytosolic or endogenous pathway) instead of the 
class-2 MHC molecule as in this case of exogenous antigen processing (endocytic or exogenous pathway). 
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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
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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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1Department of Mathematics and Computer Science, University of Catania, V.
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Full list of author information is available at the end of the article
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Tuberculosis is one of the world’s deadliest diseases:
it infects one third of the world’s population in
developing countries and it is becoming very
dangerous in developed countries as well.

The high costs, long duration and poor
compliance with the therapy, may lead to the
development of multi-drug resistant bacterial strains,
that make much harder to eradicate this disease.

STriTuVaD project aims to develop computer
simulations to test the efficacy of new
therapies, significantly reducing costs and duration of
human clinical trials.
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• To date non fully effective TB vaccines exists and, 
despite being both preventable and curable, it can 
be difficult for TB infected patients to get live-saving 
care.

• Current treatment can involve antibiotics 
administration for up to two years, potentially 
becoming a financial and social burden and resulting 
in patients stopping their medication.

• At times, TB is not diagnosed and dealt with the 
development and spread of drug-resistant strains.

Biological scenario
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Extend UISS modeling 
framework to simulate TB - 

immune system interactions 
and artificial immunity 

induced by vaccinations and 
treatments

Artificial immunity induced by 
RUTI vaccine provided by 
Archivel Farma partner

Antigens structure, adjuvants 
stimulation of the innate 

immunity and delivery 
dynamics

Artificial immunity induced by 
ID93 vaccine, provided by 

IDRI partner 

Antigens structure, adjuvants 
stimulation of the innate 

immunity and delivery 
dynamics

M. tuberculosis – isoniazid 
interaction

Bactericidal and 
bacteriostatic mechanisms

Bactericidal effect depending 
on the pharmacodynamics 
and pharmacokinetics of 

antibiotics

Bacteriostatic effect 
depending on the decrease of 

bacteria duplication rate in 
presence of antibiotics 

concentration

Extending UISS for TB
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Create libraries of virtual 
subjects and libraries of virtual 
vaccinated (treated) patients

Simulation of immune system 
interactions

Identification of a “vector of 
features” combining  both 

biological and 
pathophysiological parameters 

in order to personalize the 
virtual patient 

Sequential procedure for 
simulating a virtual cohort 

consistent with some 
predetermined population 

characteristics

The virtual patient model 
defines a specific patient 

through a vector of 26 features

Digital Patients
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Still available only for project
partners

Soon available to public
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Simulations: LTBI
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Typical granuloma formation 
during latent TB infection
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Simulations: 
vaccine 
administration
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Simulations: vaccine treated
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Simulations: vaccine 
administration
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Simulations: vaccine administration
No-responder
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Breaking News: UISS-TB-DR Final Process Letter of Support Released
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Modeling Influenza with UISS

• In humans, replication of influenza subtypes 
seems to be limited to the respiratory 
epithelial cells. 

• Once the virus enters a cell, it causes 
complex cytopathic effects, predominantly 
in the columnar epithelial cells, by shutting 
down the synthesis of host proteins.

Figure 1. Structure of an influenza A virus. 
Image copyright by Dr. Markus Eickmann, Institute for 
Virology, Marburg, Germany.
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• The alpha/beta interferon (IFN-a/b) system represents one of the first lines of defense against virus infections. 

• Influenza A is capable to produce these IFN-antagonistic factors. However, dendritic cells are capable of producing a large amount of IFN 
type I.

• The time of entry to the production of new virus is of average 6 h.
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• The A/H1N1 and A/H3N2 curves showed a sharp 
increase during the first day following inoculation, and 
they reached their maximum values during the second 
day. Return to baseline values at day 8

• The summary curves did not differ markedly according 
to influenza virus type or subtype, although A/H3N2 
infections gave sustained high viral titers by comparison 
with A/H1N1
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In silico results. Viral dynamics of a typical INF/A infection. Viral load peaks around day 3-4. During an 

effective immune response, viral load decreases continuously to reach, at the end of day 7-8, undetectable 

values. On the right panel, it is depicted the dynamics of one of the most common influenza/A target i.e., 

epithelial cells. As one can appreciate, after day 15 the simulated tissue completely recovered its 

physiological condition, mirroring what commonly happens in in vivo settings. 
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In silico cellular and humoral immune system response. Panel A shows the CD4+ response to 

INF/A viral antigenic challenge. The response is detectable around day 4 and reaches its maximum 

level around day 13. Panel B depicts CD8+response. It starts around day 4 and peaks around day 6-

7. Cytotoxic response kills infected cells in order to remove all infection reservoir. Panel C and D 

show the humoral response. Only IgG are shown. Antibodies are present until 1 month afted the 

cleaning of the infection. 
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Another important step for influenza
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Another important step for influenza

Workflow of the multi-
bioinformatic approach
used.

- This study utilized an immunoinformatic approach to design a
recombinant multi-epitope vaccine based on a highly
conserved epitope of hemagglutinin, neuraminidase,
and membrane matrix proteins with fewer changes or
mutate over time.

- The potential B cells, cytotoxic T lymphocytes (CTL), and
CD4 T cell epitopes were identified. The recombinant multi-
epitope vaccine was designed using specific linkers and a
proper adjuvant.

- Moreover, some bioinformatics online servers and
datasets were used to evaluate the immunogenicity and
chemical properties of selected epitopes.

- In addition, Universal Immune System Simulator (UISS)
in silico trial computational framework was run after influenza
exposure and recombinant multi-epitope vaccine
administration, showing a good immune response in
terms of immunoglobulins of class G (IgG), T Helper 1
cells (TH1), epithelial cells (EP) and interferon gamma
(IFN-g) levels.

- Furthermore, after a reverse translation (i.e., convertion of
amino acid sequence to nucleotide one) and codon optimization
phase, the optimized sequence was placed between the two
EcoRV/MscI restriction sites in the PET32a+ vector.
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In silico trial immune simulation

In silico dynamics of IFN-g through the UISS simulation
platform.
A IFN-g level after influenza exposure. B IFN-g level after the
recombinant multi-epitope vaccine. C IFN-g levels after influenza
exposure and recombinant multi-epitope vaccine administration

In silico dynamics of IgG through the UISS simulation
platform.
A IgG level after influenza exposure. B IgG level after the recombinant
multi-epitope vaccine. C IgG levels after influenza exposure and 
recombinant multi-epitope vaccine administration



© 2018

33

In silico trial immune simulation

In silico dynamics of TH1 through the UISS simulation
platform.
A TH1 level after influenza exposure. B TH1 level after the 
recombinant multi-epitope vaccine. C TH1 levels after influenza 
exposure and recombinant multi-epitope vaccine 
administration

In silico dynamics of EP cells through the UISS 
simulation platform.
A EP level after influenza exposure. B EP level after the 
recombinant multi-epitope vaccine
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Peak viral titers are reached by 48 h post-
inoculation. 

IL-6 dynamics and its related plasma levels
(fg/μL) are also shown in the inner panel 
(purple line).

In the right one, the dynamics of CPE on 
the lung infected cells is measured (blue 
line): they started at day 3.5 and peak
around day 5.

After about three weeks, the simulated
digital patient almost recovers from the 
infection. 

Accordingly to the recent literature, the 
early viral clearance appeared by day 10 
post-onset in mild cases.

In silico SARS-CoV-2 viral dynamics and related CPE in a mild to moderate scenario 

Virus challenge
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Peak viral titers are reached by 48 h post-
inoculation. In addition, it is worth to note 
that virus persists after day 10, until day
15, and its complete clearance is around
day 19. In the inner panel (purple line), IL-
6 dynamics and its related plasma levels
(fg/μL) are shown. 

IL-6 dynamics shows a much more 
prominent peak of values. This is in very
good agreement with latest literature
data. 

UISS is capable to simulate, accordingly to 
the recent literature, how the severe cases
tend to have a higher viral load both at the 
beginning and later on.

In silico SARS-CoV-2 viral dynamics and related CPE in a severe scenario 

Virus challenge
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Panel A shows the dynamics of CD4+T 
cells, subtype 1 (Th1). Th1 are primed by 
dendritic cells that present the viral 
particles complexed with MHC-II of the 
host. Th1 cells help the activation of B 
cells, eventually favoring their iso-type 
switching to IgG producing plasma cell. 

B cells dynamics is depicted in panel B. 
Antigen activated B cells initially releases 
IgM. 

Then, after interacting with Th1 and their 
released pro-inflammatory cytokines, they 
start to release specific IgG directed 
against SARS-CoV-2 virus.

Cellular and humoral response mounted by the host immune system against SARS-CoV-2

Virus challenge
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The overall prediction dynamics of LEP at 
the injection time of 47D11 mAb (day 1, 
proposed by Wang et al. 
(doi:10.1038/s41467-020-16256-y) at a 
concentration of 10 μg/ml after different 
SARS-CoV-2 challenge in time (panels A to 
F) is depicted. 

Specifically, one can observe the 
exposures at virus particles at day 7 (panel 
A), day 14 (panel B), month 1 (panel C), 
month 3 (panel D), month 6 (panel E) and 
after 1 year (panel F). 

In panel E (subject infected after 6 
months) and panel F (subject infected 
after one year) mAb vaccination is 
practically ineffective in protecting the 
onset of the disease.

In silico trial of 47D11 to predict preventive efficacy
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Solid lines refer to the no-treated digital patient, while dashed lines refer to mAb treated 
one. Blue lines depict actively infected LEP, while red lines represent LEP to show the CPE.
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• ABM revealed as an effective modeling strategy to deal with complex adaptive systems
i.e., immune system

• Modeling & simulation of biological systems is effective in helping healthcare research

• UISS-TB computational platform is a concrete example of working in progress
qualification process of an in silico trial technology applied to medicinal products
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To learn more…
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”In the near future, In Silico Medicine 
won't replace medical doctors, but 
medical doctors who use In Silico 

Medicine  will replace medical doctors 
who don't"
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