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1 Executive summary

This deliverable ongoing work and plans for the remainder of the duration of
the Virolab project on the subject of enhancements to the Virolab HIV drug-
susceptibility interpretation system.

At the first annual Virolab project review, the reviewers expressed the opin-
ion that, given the work that had already been completed on technology and
building of computational infrastructure, the project should shift its emphasis
somewhat towards simulation, modelling and enhancement of the Virolab HIV
drug-susceptibility interpretation system. We have taken that recommendation
to heart and have fostered a number of research initiatives, besides those al-
ready planned, together with our associate partners.

These research initiatives are not intended to provide complete coverage of
what is, after all, a highly multiscale problem. We merely attempt to peer through
some windows into the complex dynamics of HIV. However each of these win-
dows into the problem can provide us with useful information which we can avail
of in delivering decision support (see Figure 2.1).

In this deliverable we outline these research initiatives, which are of two kinds:
those that supply data and knowledge to the Virolab HIV drug-susceptibility inter-
pretation system as well as initiatives to improve the system itself and its capacity
to process and combine evidence of various sorts.

The research initiatives are each described in terms of the basis for the ap-
proach, the background and previous work, the work completed already in the
context of Virolab, the plans for the remaining duration of the project and the
nature of the results expected and their possible use for enhancing the Virolab
HIV drug-susceptibility interpretation system.

2 Overview & Objectives

The stated objective of the Virolab project is to develop a virtual laboratory for
infectious diseases that facilitates medical knowledge discovery and decision
support for HIV drug resistance in particular. This virtual laboratory for Eu-
ropean researchers and medical doctors will function as a user-friendly, rule-
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based decision-support system for HIV drug-resistance testing and treatment
and reliably predict drug susceptibility and virological response while providing
researchers with a support environment to study trends in HIV resistance on
individual and epidemiological levels.

As described in the Virolab Description of Work [39], Work Package 4 is con-
cerned with the virtualisation and enhancement of the state-of-the-art genotypic
resistance interpretation tools and their integration into the virtual laboratory.

The virtualisation and automation of Retrogram were reported in Deliver-
able 4.1 [38]. In the current deliverable we report on ongoing work on enhancing
the Virolab HIV drug-susceptibility interpretation system and plans for continuing
it for the remainder of the project.

Whereas the virtualisation and automation phase was characterised by the
development of tools and structures within which existing data and knowledge
could be integrated, the present phase is more ambitious. We have embarked
on a number of modest research initiatives to explore novel ways of providing
data, evidence and knowledge for enhancing the Virolab HIV drug-susceptibility
interpretation system and to evaluate their feasibility.

The mechanisms of HIV constitute a multiscale problem, spanning temporal
and spatial scales from the level of the dynamics of DNA to the epidemiological
spreading of a disease through a human population. The state of current knowl-
edge is such that we have merely windows into this big picture. However, the
information which we can glean from looking through each of these windows can
be potentially useful for generating knowledge which can be expressed as rules
in our decision support system. One small piece of data gained from a low-level
molecular dynamics simulation, for example, can complement a statistic calcu-
lated from a large-scale clinical study. The fact that there are still large gaps in
our knowledge of the working of HIV should not deter us from applying all of the
knowledge and evidence we already have or are in a position to generate.

To this end we have undertaken a number of research initiatives under the
aegis of the Virolab project based on the experience and skills of the project
partners and international associate partners. International collaborations of the
University of Amsterdam in Singapore and Saint Petersburg have been intensi-
fied with the context of Virolab to carry out this research. This has allowed us to
broaden the scope of the work carried out in Virolab within the existing budget
and shift the emphasis of the project from technology to simulation and mod-
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elling as suggested the reviewers by the first annual project review. We feel that
this emphasis on modelling and simulation distinguishes Virolab from other such
projects.

These initiatives have often an exploratory, curiosity-driven character. The
intention is not to attempt any kind of coverage of the potential research areas
but to provide some insights which can be used to enhance the decision-making
process.

As a case in point, entry inhibitors, such as enfuvirtide, have only relatively
recently been licensed for use. To date, there is very little statistical clinical
information available about their effectiveness against acute infection, let alone
chronic infection. For this reason we anticipate that any information which we can
gain from our work on simulation of cell entry and its inhibition will be extremely
valuable.

Our research initiatives contribute to enhancing the decision support system
in two ways: those enhancements which are based on knowledge, insights, data
or evidence which has been gained from research initiatives in modelling and
simulation of biological processes, and; enhancements internal to the Virolab
HIV drug-susceptibility interpretation system itself such as providing an improved
rule language and mechanisms for the combination of evidence from diverse
sources.

In this deliverable we describe:

e the ways in which these research initiatives will provide information in the
form of data, evidence and knowledge for the Virolab HIV drug-susceptibility
interpretation system,

e the ways in which this information will be combined to provide coherent
judgements on drug-susceptibility, and

e the envisaged modes of interaction between the Virolab HIV drug-susceptibility
interpretation system and the computational experiments running at the
various research initiatives.

The research initiatives aimed at enhancing the Virolab HIV drug-susceptibility
interpretation system itself are:

e Enhancements of rule-based interpretation.

e Bayesian combination of evidence.
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Beginning with the lowest level and moving upwards, the research initiatives
which will provide input for the Virolab HIV drug-susceptibility interpretation sys-
tem are as follows:

Molecular dynamics of interactions between inhibitors and viral proteins.
Building a kinetic model for HIV protease cleavage.

Elucidating selection forces that act on the pathogenic potential of HIV.
Modelling entry of HIV into target cells.

Hybrid multi-agent modelling of lymph node cell movement.
Information-theoretic measures of genetic distance.

Complex-network models for HIV spreading.

Semi-automated Literature Mining.

As is shown in Figure 2.1, results from the research initiatives at each level
can serve to support the decision making process by hierarchical statistical in-
ferencing which spans these levels.

In the sequel we describe each of these initiatives in detail under the head-

ings:

1.

o > w0 b

Basis for the approach

Background & previous work

Work & publications completed in the context of Virolab
Plans for the remainder of the Virolab project

Nature of results and their possible use for enhancing the Virolab HIV drug-
susceptibility interpretation system.

In a couple of cases, the nature of the research initiative is exploratory and, as
such, the results are too preliminary for it to be clear how they will be used to
enhance the Virolab HIV drug-susceptibility interpretation system.
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Figure 2.1: Research initiatives at all levels can support decision making.
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3 Molecular dynamics of interactions
between inhibitors and viral proteins.

This work is carried out by S. Kashif Sadiq, lleana Stoica, Stefan Zasada, David
Wright and Peter V. Coveney at University College London.

It is aimed at incorporating computational data at the molecular level into the
decision-support system. The task relies ultimately on the capability of molecular
simulations to achieve an accurate ranking of drug binding affinities on clinically
relevant time scales.

3.1 Basis for the approach

The development of drug resistance by the human immuno-deficiency virus (HIV)
continues to be a major problem in the treatment of AIDS. While several treat-
ment regimens such as the highly active antiretroviral treatment (HAART) have
been devised, involving inhibitors that target multiple viral proteins[11], emer-
gence of mutations in these proteins is a contributing factor to the eventual failure
of treatment.

While genotypic assaying of individuals infected with HIV is a standard pro-
cedure implemented to obtain portions of the viral sequence, the interpretation
of such information, given the complexity of emergent mutational patterns, often
means that clinicians have to resort to decision support software for assistance.

Incorporating computational data at the molecular level into such a decision
support system would prove invaluable for patient-specific medical treatment.
This is a challenging task, relying ultimately on the capability of molecular sim-
ulations to achieve an accurate ranking of drug binding affinities on clinically
relevant time scales.

3.2 Background & previous work
The aim of Virolab is to develop a virtual laboratory which functions as a user-

friendly, rule-based decision support system for the treatment of HIV drug re-
sistance, and which reliably predicts patient-specific drug susceptibility and viro-
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logical response[15]. UCLs contribution to Virolab is targeted at enhancing its
Drug Ranking component. We are employing large scale molecular dynamics
(MD) techniques using grid resources in order to study the interactions between
inhibitors and viral proteins in atomic detail, and are using free energy methods
to predict the effect of mutations on drug binding affinities.

3.3 Work & publications completed in the context of Virolab

Assessment of MM/PBSA capabilities for an accurate ranking of ligand binding energies
in HIV-1 proteases

In a recently completed study we investigate the potential of the MM/PBSA
methodology applied to binding affinity ranking for the inhibitor saquinavir and
the wild-type (WT) and resistant variants of HIV-1 protease: L90M, G48V and
G48V/L90M. L90M is a particularly important mutation as it is clinically associ-
ated with resistance to nearly all approved inhibitors, yet it does not lie in the
active site[48]. G48V lies in the flaps and is found predominantly in association
with L90OM in response to saquinavir therapy[48].

We use MD and MM/PBSA to determine the structural and energetic deter-
minants of binding, as a way to understand the mechanisms of emergence of the
L90M and G48V mutations under chemotherapeutic pressure. We perform 10ns
of fully unrestrained MD simulations for each protease-drug system, followed
by ligand binding free energy calculations. By explicitly accounting for changes
in solute entropy upon binding in addition to enthalpy, we are able to obtain a
remarkable level of correlation with absolute experimental binding affinities, as
well as to successfully rank the binding strengths of the inhibitor to the mutants
versus the WT. Furthermore, we are able to provide a decomposed energetic
description for the basis of observed drug resistance and to identify the effect of
mutations on the mechanisms of enthalpy/entropy compensation.

Free energy ranking of viral fitness in saquinavir-bound HIV-1 proteases

Ultimately, it is the overall viral fithess of a particular sequence that directs its
persistence in vivo. The emergence of mutations in HIV proteins in response
to chemotherapeutic pressure is indicative of an interplay between drug bind-
ing and the binding of the natural substrates[56]. A complete description of
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drug resistance must therefore incorporate the effects of a mutation on catalytic
efficiency. Using the recently reported (11) crystal structure of inactive HIV-1
protease to the rate limiting gag polyprotein substrate Nc-p1, we study the dif-
ferential effect of the L90M, G48V and G48V/L90M mutations on substrate and
inhibitor binding. We develop a metric, the free energy potential of viral fithess
Vi, solely in terms of the free energy differences of substrate and inhibitor bind-
ing and thus computable by molecular simulations. Such a metric correctly ranks
the viral fitness of the selected HIV-1 proteases under chemotherapeutic pres-
sure, as well as explains the emergence of mutational patterns such as L90M
followed by G48V in response to treatment with saquinavir. A manuscript based
on these results is in preparation for publication.

The Binding Affinity Calculator (BAC)

To perform atomically detailed computations under conditions of optimal effi-
ciency, we have designed a distributed, grid-based, automated, binding affinity
calculator (BAC). The BAC engine integrates and automates all the steps of
the drug ranking process: the parameterisation and modelling of the protein-
inhibitor or protein-substrate complexes, the preparation for MD production, the
actual MD simulations using the highly scalable NAMD package, and the binding
affinity calculations via the MM/PBSA module implemented in AMBER. The BAC
makes use of the Application Hosting Environment — AHE[57] to run multiple
molecular dynamics simulations using grid resources. To successfully integrate
BAC with Virolab, we expect to have access to EU grid infrastructure (specifi-
cally here DEISA), but there is no route available to access it. Therefore, we are
making use of UK national resources (NGS) and even TeraGrid (USA) to be able
to deliver. The EU must make its own infrastructure much more integrated with
its funded R&D projects, and urgently.

Using the AHE and grid resources; integration with the ViroLab GSEngine

In collaboration with the ViroLab GSEngine developers from Cyfronet (partner
1), we have integrated our Application Hosting Environment with the GSEn-
gine, so that applications can launched on remote Grid resources using the
GSEngine workflow development and execution environment. The AHE is a
lightweight hosting environment for running unmodified applications — NAMD,
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LB3D, LAMMPS, DL_POLY among others, on grid resources such as the UK
NGS and EU DEISA grids. The AHE wraps legacy applications as web services,
allowing users to interact with these applications via a web services interface. In
the case of the ViroLab integration, the Ruby based GSEngine uses the AHE
Java client API via JRuby to make calls to an AHE server. The AHE hides the
details of running the application from the end user, interfacing with a number of
different middleware solutions such as Globus and UNICORE. Within the Viro-
Lab project we envisage grid based parallel applications such as NAMD will be
represented as GSObijects in the GSEngine system, with the AHE will be used
as a launching mechanism to manage the execution of the application on a wide
variety of remote grid resources. This will provide a high level of abstraction for
users wishing to incorporate such applications in their ViroLab experiments, for
example using molecular level HIV/inhibitor modelling in support of the ViroLab
drug ranking expert system. This work is undergoing further development by our
partners at Cyfronet.

3.4 Plans for the remainder of the Virolab project

The strength of our approach is its ability to offer insight into resistance and the
structure-affinity relationship at the molecular level, with a moderate computa-
tional cost and over clinically relevant timescales (~1 week). We are currently
working to improve the reliability and robustness of the modelling and drug rank-
ing protocols, thereby enlarging their applicability to a wider range of HIV-1 pro-
tease inhibitors and associated mutations. Furthermore, work is in progress in
our group towards extending the use of the drug ranking protocol to the HIV
reverse transcriptase and its NNRTI-s.

3.5 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

Once tested and optimised, the BAC application will be integrated with Virolab’s
Work Package 4 (Enhancement) and used to complement the existing compo-
nents of WP4. The binding affinity component should prove an invaluable aid in
understanding the molecular basis of drug resistance and in predicting patient-
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specific responses to treatment.

4 Building a kinetic model for HIV protease
cleavage.

This research initiative is being carried out by Viktor Mdller and his collaborators
at ELTE.

The plans involve a large-scale sequence analysis, of which the pilot has
already been done, to show that the basal rate of HIV evolution may be much
slower than generally thought, and a simulation model to demonstrate that this
can be explained if continuous chains of transmission occur primarily in long-
lived infected cells.

In collaboration with Carlo Torti (Partner 6, Universita Degli Studi di Brescia)
we will analyze their long-term clinical data (from the Italian MASTER cohort) to
see whether there has been a time trend in the virulence (severity) of untreated
infections since the start of the cohort.

ELTE is considering, together with Gékhan Ertalyan of the University of Am-
sterdam, to seek an explanation for the switch from R5 to X4 virus during HIV
disease progression on the basis of the local spatial structure of infections. This
would be primarily Ertalyan’s project but Mdller has contributed to its design and
may to some extent supervise it.

4.1 Basis for the approach

We are building and analysing a reaction kinetics model of the cleavage of viral
polyproteins by the HIV protease enzyme, which is a key step in the maturation
of virus particles. We will prepare two implementations of the reaction system:
a standard deterministic ODE model, and a stochastic simulation model. The
main goal is to simulate the complex cleavage process to understand its role
in the natural life cycle of the virus and to expose key reactions that may offer
vulnerabilities for drug development or contribute to our understanding of existing
drug resistance mutations.
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4.2 Background & previous work

The proteins that make up a HIV virion are first produced in the form of polypro-
teins that have to be cleaved by the viral protease. This cleavage is essential for
the maturation of virus particles, and blocking it by protease inhibitors has been
a major route of therapy. The nature and complexity of the process call for a
systems biology approach. There are 11 cleavage sites in the Gag and Gag-Pol
polyproteins, and a full description of all reactions (including formation of com-
plexes) involves more than 200 equations. A fascinating complication is that the
protease itself is part of the Gag-Pol polyprotein, and therefore it catalyzes its
own liberation. The process is started by the weak autocatalytic cleavage of the
polyprotein. This generates interesting kinetics with a slow start then accelera-
tion until all protease molecules are freed. A kinetic understanding of cleavage
is essential for understanding the complex evolution of drug resistance against
protease inhibitors. For instance, primary resistance mutations in the protease
reduce the efficiency of processing, but this can be restored partially by com-
pensatory mutations in the cleavage sites.

A qualitative description of the cleavage reactions has been compiled by pre-
vious work: key reactions, substrates and cleavage products are all known. How-
ever, a quantitative description is still lacking, and building a kinetic model will
attempt just that. For the analysis we will comb the literature to find experimental
data on the kinetic constants (rate parameters) of the reactions. Our work may
pinpoint which measurements are still needed to parameterise the model.

4.3 Work & publications completed in the context of Virolab

We have formulated a deterministic model of the cleavage process involving
the initial substrates, the major end products (functional virus proteins) and the
intermediate substrates leading to the latter. The equation system has been
implemented in SBML (Systems Biology Mark-up Language) format, which can
be used as input to several analysis tools and will later facilitate dissemination in
a widely used standard of biological modelling. We plan to analyse the system
with the open-access software COPASI. We have started to mine the literature
for estimations of kinetic constants, and will start the numerical analysis when
all data have been collected.
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4.4 Plans for the remainder of the Virolab project

The analysis of the system is still ahead of us. A literature study is assisted by
a student and will take a few months to complete. A stochastic implementation
of the cleavage reactions will also be implemented. This is justified because
the relatively small number of molecules within a virion may render deterministic
descriptions inappropriate. We will compare the behaviour of both implementa-
tions.

An important synergy within the project is that once we have compiled esti-
mations on the cleavage rates, we are going to compare these with the binding
affinity constants estimated by UCL (Partner 11) within Virolab. If a straightfor-
ward relationship can be established between cleavage rates and binding affinity,
then molecular dynamics computational prediction of the latter would allow us to
estimate missing kinetic rates, which could vastly improve the precision of the
models.

4.5 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

A guaranteed result of this work is to test whether currently available kinetic data
are sufficient for a quantitative analysis of the cleavage process. Lack of data
may limit the applicability of the model, but even in this case the analysis would
pinpoint the most important cleavage rates that should be measured to improve
our understanding and complement the system. There is hope that missing key
data can be obtained still within the time frame of Virolab through collaboration
with experimental groups outside the consortium.

Given sufficient data, the model will allow us to identify rate-limiting steps in
the cleavage process, which can guide drug development toward key vulnera-
bilities of the virus. Furthermore, if the action of drugs can be associated with
individual cleavage reactions, then the model will be able to predict non-trivial
drug interactions. Similarly, if the effect of drug resistance mutations can be in-
terpreted in the parameterisation of the model, then gene interactions (epistasis)
between different mutations will also be predicted by the model, which enhances
drug susceptibility interpretation.
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5 Elucidating selection forces that act on
the pathogenic potential of HIV.

This research initiative is being carried out by Viktor Muller and his collaborators
at ELTE. The plans involve ‘enhancing’ our general understanding of HIV, and
do not contribute to drug susceptibility interpretation directly.

5.1 Basis for the approach

We are building ODE and stochastic simulation models to explore the ability of
HIV to induce a chronic hyperactivation of the immune system. The main goal
is to elucidate whether this viral characteristic is under selection at the level of
within-host competition between virus strains.

5.2 Background & previous work

Accumulating evidence indicates that the pathogenesis of HIV infection is linked
to the ability of the virus to induce a chronic generalized hyperactivation of the
immune system. Remarkably, immune hyperactivation is absent in African pri-
mates naturally infected with related simian immunodeficiency viruses (SIV), and
these infections are indeed largely nonpathogenic. This raises the question
whether immune activation is an evolved (adaptive) trait of HIV or an “unwanted”
side-effect of jumping to a new host species.

Activating immune cells may benefit the virus by increasing its supply of sus-
ceptible target cells. HIV replicates primarily in activated CD4+ T-lymphocytes,
while quiescent cells that form the majority of this cell population are largely re-
sistant to infection. Activating CD4+ T cells thus seems to be clearly beneficial
for the virus, and indeed these cells are subject to chronic hyperactivation, which
becomes gradually stronger as the disease progresses. However, the paradox
still remains why this generalized activation is absent from natural SIV infections.

We propose that the key to resolve this paradox lies in the spatial structure of
HIV/SIV infections. Using the standard modelling framework of HIV dynamics,
we demonstrate that in a single well-mixed compartment of infections, mutations
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affecting the ability to activate target cells are selectively neutral for the virus.
However, HIV infects cells and is produced primarily in the lymphoid tissues,
which have a highly organized spatial structure. Individual lymph follicles can be
infected with different virus strains and may serve as relatively isolated local sites
for several rounds of virus replication. This gives rise to a multi-compartment
system connected by systemic lymph and blood circulation. Using simulation
models we show that given such spatial structure, the ability to activate target
cells can spread in the virus population. We thus demonstrate that local, but
not global immune activation is selectively advantageous for the viruses, and the
latter may therefore be lost during co-evolution with the host species.

5.3 Work & publications completed in the context of Virolab

This work is nearly finished and we expect to submit the manuscript to a high-
impact, peer-reviewed journal in the coming months. We have developed and
explored several variants for both the systemic ODE and the local simulation
model. We have completed numerical analysis of the final ODE models, and the
simulations are also nearly finished.

5.4 Plans for the remainder of the Virolab project

In the last stage of the work, we need to finalize the parameters of the models
and complete the final simulation runs to be presented in the scientific paper.
The manuscript is 50% completed; it needs to be finished and finalized.

5.5 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

Our results suggest that the ability of the virus to induce chronic systemic im-
mune activation, which may largely be responsible for disease, is probably not
directly under selection. Rather, it may be a side-effect of selection acting on im-
mune activation that occurs locally at the microscopic sites of infection and there
improves target-cell supply of the virus. This result improves our understanding
of the selection forces that act on the pathogenic potential of HIV. Nonpathogenic
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SIV infections suggest that systemic and local immune activation can be decou-
pled, and this may be a potential route also for the future evolution of HIV.

6 Modelling entry of HIV into target cells.

This work, carried out by Gokhan Ertalyan and Peter M. A. Sloot at the University
of Amsterdam, is aimed at understanding how the dynamics of coreceptor usage
is governed.

6.1 Basis for the approach

HIV entry into its target cell is mediated by a multi-step process. HIV-1 uses
CD4 receptor as its primary receptor to gain entry. Binding to CD4 induces con-
formational changes in the viral envelope protein that leads to the engagement
of the one of the chemokine co-receptors CCR5 or CXCR4. Early infection with
human immunodeficiency virus is characterized by the predominance of CCR5-
tropic (R5) virus. However, over the course of infection CXCR4-tropic (X4) virus
appears in the later stage of the infection in approximately 50% of the infected
individuals and usually precedes an accelerated CD4+ T cell depletion with rapid
disease progression. The reason for this phenotypic switch and effects on the
disease progression is still not clear.

Several CCRS5 coreceptor antagonists are currently being developed for their
potential use for patients infected with human immunodeficiency virus type 1
(HIV-1). They are also under consideration as topical microbicides to prevent
HIV-1 sexual transmission[31]. There are potential problems associated with the
treatment with CCR5 antagonists. For example, use of this therapy may lead
to emergence of X4 strains, which could accelerate disease progression[20].
Furthermore, CCR5 inhibition could interfere with the normal immune and in-
flammatory responses. Despite the apparent normal phenotype of CCR5A32
homozygotic individuals, it is not clear how interference with CCR5 will affect the
already impaired immune system in HIV-infected patients. Thus, many questions
needed to be answered including “How the dynamics of the coreceptor usage is
governed?” before CCR5 inhibitors are safely used in humans[33].
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6.2 Background & previous work

There are three hypothesis aiming to explain the phenomenon mentioned above:

The first hypothesis tries to explain the predominance of R5 virus via the se-
lection of R5 virus during transmission and the coreceptor switch via the results
of evolution in the viral population. This hypothesis is called “Transmission &
Mutation” hypothesis[42].

The second one is called the “Immune-Control” hypothesis which is based on
the assumption that X4 viruses are better recognized by the immune system and
therefore have a higher clearance rate than RS viruses. The later emergence of
the X4 viruses are the cause of immune system erosion during the infection[54,
36].

The third hypothesis is “Target-Cell-based” hypothesis and focuses on the dif-
ferential target cell preferences of R5 and X4 viruses and the effects of this pref-
erence on the cell population level. This hypothesis emphasizes the activation
of the immune system on cell population level and effects of different coreceptor
designation and lifetime of various cell types.

To test the hypothesis mentioned above several models have been proposed
[42, 43, 58]. Although the models shown to be useful for simulating the quali-
tative behaviour, their applicability to experimental data remained limited due to
the innate properties of the modeling scheme used as well as the undetermined
dynamical parameters.

To investigate the dynamics regarding coreceptor usage in HIV-1 infection, we
are designing an agent based model with the emphasis on spatial interactions
between various immune system cell types (naive and memory T cells, helper
T cells and B cells) and R5, X4 and R5X4 tropic HIV-1 strains.

In the current version immune cell types, virus strains and proliferation rates
are defined from a rather limited parameter set. Therefore, currently it is qualita-
tive and serves as the test-bed to verify our modeling framework.

6.3 Work & publications completed in the context of Virolab

This work is based on earlier work reported in [19] and [16] and also on work
performed at the University of Amsterdam reported in [49].
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6.4 Plans for the remainder of the Virolab project

After verifying the modeling framework with qualitative behavior we are going to
address temporal aspects.

Setting the time

During the course of HIV infection, acute and chronic phases, each stands for
different time scales from hours to years. On the cell level, cell entry of the viri-
ons, the average time between homeostatic divisions of T cells and the lifespan
of memory T cells all correspond to different time scales such as hours, days
and months respectively. So, setting the time scale is a crucial step if one wants
to have a quantitative model of the immune system dynamics.

Parameter gathering & estimation
Literature overview of appropriate parameters and parameter estimation of the
unavailable parameters are planned before testing different hypotheses.

Testing for the hypotheses

The hypotheses mentioned above are going to be created in the modeling frame-
work and simulations within appropriate parameter ranges are going to be con-
ducted.

Analysis of the results

Results of the simulations are going to be analyzed for future implications.

6.5 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

HIV entry inhibitors are a new class of drugs that will be widely available in the
near future. Although we know that they are aiming for restricting virus target-
cell coreceptor availability, we do not know the outcomes of this approach on the
immune-system level.
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HIV target cell entry model aims to be the theoretical framework which can be
used to test various patient-inhibitor drug scenarios and/or refine the suggested
therapy. Therefore complementing overall decision support system of Virolab.

7 Hybrid multi-agent modelling of lymph
node cell movement.

This work is carried out by Tay Joc Cing and Narges Zarrabi at Nangyang Tech-
nological University in Singapore in collaboration with Gokhan Ertaylan and Pe-
ter M. A. Sloot at the University of Amsterdam.

7.1 Basis for the approach

The study of cellular properties and molecular dynamics in order to understand
the emergent dynamics of cell interactions is an important fundamental aspect
of modeling the human immune system. There are mathematical and hybrid
multi-agent models available that try to represent the migration of cells through
local forces involving diffusion, blood flow and chemotaxis, as well as lymphoid
recirculations. We adopt a hybrid multi-agent modeling approach to extend the
current model of cell motility to model the operation of an entire lymph node.
Such a model will enable us to estimate the amount of viral load and infected
cells throughout lymphatic compartments. In this research initiative, we describe
the motivations and research challenges for developing an efficient, multi-scale
model of HIV-1 drug treatment with a focus on the microbiology of defenses
within a lymph node. We propose a high-level architecture for modeling a lymph
node that is based on a cell movement model at the cell population level and a
cell interactions model at the protein level.

The rapid spread of HIV and AIDS throughout the world has resulted in a
global need for a vaccine that can stem HIV progression and prevent AIDS. At
present there have been some successes in developing therapeutic drugs which
can keep the amount of virions under a certain threshold for about 10 to 12 years
from the start of infection. However, none of these drugs are able to completely
or permanently suppress the viral pathogeneicity. It is known that the amount of
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HIV viral RNA (viral load) and CD4+ T cell count in the blood stream or lymphatic
sites such as the lymph nodes are two important biomarkers in measuring the
progress of HIV infection and of quantifying the onset of AIDS. In HIV infected
patients, AIDS is considered to occur once the T cells count falls below a certain
threshold value (200/ml).

The purpose of our research is to develop an agent-based computer simu-
lation for monitoring and measuring the efficacy of drug treatments. This sim-
ulation is valuable since its results can be used in the decision support system
to help medical practitioners and healthcare policymakers to prescribe a suit-
able therapeutic drug regime for HIV infected patients that would minimize the
chance of developing anti-drug resistant strains while maximizing the lifespan of
the patient. Such a simulation will also be used to predict the effect of existing
HIV drugs and inhibitors in vitro and for designing new drugs that can inhibit HIV
progression. These purposes must primarily be supported by an estimation of
viral load and the levels of activated lymphocytes in the human body (during the
therapy). Since 98% of all lymphocytes are aggregated within lymph nodes, it
is therefore essential that we focus our efforts on modeling the structure, cell
motilities and cell-antigen reactions within the lymph node.

7.2 Background & previous work

We have established in earlier work (CAFISS)[26], the feasibility of developing
models that can elucidate the nature of causative agents in HIV-1 infection. The
development of CAFISS in this respect was a multi-agent simulation of four com-
monly held HIV-1 infection hypothesis; namely, direct CD4+ infection, Rapid Mu-
tation, Syncytium Formation and CD4 Receptor Filling. With only a handful of
lymphocytes in the model, we were able to simulate and retrodict through in silico
experiments that Syncytium Formation and Rapid Mutation were the possible eti-
ological agents for enabling HIV to persist and develop into AIDS. Results were
verified through qualitative correlations with the three-stage clinical cycle of HIV.
However, CAFISS was limited in its use towards describing the virulence of the
incumbent strain, and of how the results would appear under HAART treatment.

In order to simulate the virulence of the HIV-1 strain(s), we would require a
microbiological model of how HIV-1 interacts with antigen presenting cells and
how lymphocytes such as CD4 cells become infected by HIV-1 virions. This must
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be supplemented by an abstraction of the HIV-1 strain that allows each strain to
be classified according to its binding affinity and co-receptor requirements. In
addition, we would also require a precise model of how cells and virions inter-
act within a lymph node; be it due to a combination of diffusion, blood flow or
chemotaxis. With a model of cell motility, we expect to be able to more accu-
rately predict the infection rate per lymphocyte. What follows is then to simulate
HIV cell entry (See Section6p19), which is rather deterministic unlike the repli-
cation process.

7.3 Work & publications completed in the context of Virolab

We consider the human immune response to infections, subsequent eradica-
tion and return to homeostasis as a complex system. In simpler terms, it is the
collective interaction of trillions of lymphocytes and regulating chemicals that
serve to produce an emergent defense system against known and unknown
pathogens. Such a system is inherently nonlinear and uncertainties abound
in how the numerous causative feedforward and feedback links serve to regulate
and produce the macroscopic behaviours that are observed. There is a need
to consider individual-based models that are sufficiently granular to capture all
the necessary characteristics before the simulation can produce useful results.
Preliminary work we have done is to try to distinguish the use of equation-based
models and agent-based models for immune system simulation[27].

The biological scenario highlights the multi-scale nature of the problem. From
the interactions at the molecular level, to the cell and lymphoid compartment lev-
els, there are at least 3-5 orders of difference in magnitude for temporal and
spatial scales, leading to significant computational challenges. For example,
during the first 60 seconds of T cell — APC contact, the T cell makes its initial
activation ‘decision’ to either sustain the interaction or disengage. On the other
hand, Cell division takes a few hours. Activated T cells are estimated to divide
two to four times every 24 hours, and this process lasts for 3 to 5 days. The
lifespan of cells also vary greatly. Lymphocytes (T cells and B cells) in a naive
or memory state are usually long-lived (in the order of years). Our preliminary
research in this direction has been the application of event-driven agent-based
simulation for B cell clonal selection[30] and distributed event-driven simulation
of chemotaxis[41]. The differences in scale also mandates that both population
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based models and individual based models are jointly necessary, and that sim-
ple models based on cellular automata (ie those of Selada and Seiden) are likely
to produce highly inaccurate results since communication and cell and chemical
motilities (at a lower scale than lymphocyte activation) are not explicitly mod-
eled. We have developed a hybrid agent-based model that combines the use of
equation based models to handle molecular quantities and agents to represent
lymphocytes[29, 28]. A preliminary survey of HIV-1 drug treatment regimes has
also been completed[55].

Finally, at a higher scale, there is recirculation through the lymphatic system,
hence structure and organization of how agents and quantities convene or flow is
important so as to estimate the ‘input’ rate for the lymph node simulation rather
than employ stochastic input distribution models. The role of chemoattractant
gradients in the movement of lymphocytes within the lymph node is hypothe-
sized but not yet demonstrated. Recently, a new experimental system based on
slices of a lymph node have been used to show that T cell motility within lymph
nodes strongly depends on CCR7 chemokine receptor and its ligands CCL19
and CCL21. Both ligands CCL19 and CCL21 are present in the high endothelia
venules (HEVs) and T cell zones of the lymph node. These ligands are essential
for effective migration of T and B cells across HEVs into secondary lymphoid
organs. It has been reported that the lack of CCL19 and CCL27 expression in
lymphoid organs result in defective T cell trafficking into lymph nodes and im-
pede lymphocyte homing. We are currently also investigating architectures for
recirculation as well as theoretical models of the dynamics observed in the lym-
phatic system. Often times, a singular modeling approach does not suffice and
some combination of network[53], equation and agent-based models may be
needed. The proposed architecture comprises two layers:

Cell population level defines a population of cells motility and encountering
mainly within the lymph node. Therefore we have completely studied the
movement of cells inside the lymph node. Common properties of cells such
as motility will be inherited from previous simulations on modeling move-
ment of cells under environmental effects.

Protein Level describes interaction among different cells or cells and virions.
These interactions will lead to cell activation, infection, and replication and
finally producing new viruses. Only compartments which have significant
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role in the binding and entry process will be modeled in this level. Protein
level increases the model granularity. To increase the model accuracy we
can also integrate binding affinity calculations within our hybrid agent-based
models.

7.4 Plans for the remainder of the Virolab project

We have developed a Hybrid Multi-Agent model of locomotion of a population
of cells toward a source of chemoattractants that employs a distributed event
simulator as well as a simulation model of HIV replication process[37] within
a cell. The immediate future work is to complete each of these models and
integrate them together using a recirculation model so as to achieve a more
accurate model of cells and molecules dynamics interacting in the lymph node.
Specifically, these works include:

e Extending the chemotaxis model to simulate lymphocyte recirculation, and
applying the hybrid scheme to build agent rules for simulating an immune
response to HIV pathogenesis.

e Building the agent-based model at the protein level to include the function
of all compartments involved in HIV entry and replication. It is then possible
to test the effect of existing drugs on the model particularly entry inhibitors.
The simulation results may also give insights to design more therapeutic
regimes for HIV infection.

e Modeling the operation of a single lymph node based on multi-agent mod-
eling methodology. This model can be considered as an independent class
or a ‘black box’. By object-oriented enscapsulation of detailed functional-
ity within composite classes, we can effectively mirror the biological struc-
ture and develop a system capable of estimating viral load and lymphocyte
counts in lymph nodes and effectively measure the efficacy of drug treat-
ments.
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Figure 7.1: Simulation of LPS effect on TNF and IL10

7.5 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

The main contribution of the work are the frameworks and methodological con-
siderations for designing the type of agent-based model for immune system sim-
ulation. The latter domain being disparate in functionality and complexity, our
framework has therefore focused on the primary mechanisms of immune re-
sponse which are broadly based on cell motility and inter-cell signaling.

As a fundamental requirement, all models of microbiology must address the
multi-scales of time and space. We have developed a discrete-event scheduler
that facilitates this and demonstrates its efficacy and efficiency based on a B-
cell clonal expansion model. We use this mechanism to model the effect of
chemotaxis on cell motility in a model of how lymphoblastic cells move within
the lymph node. Using just discrete event simulation alone is insufficient for
handling large numbers of molecules and cells modeled as individual agents.
Hence, we have developed a hybrid approach to simulate the effect of diffusing
and forced flow quantities over a mesh, on agents moving in a continuous space
superimposed on this mesh. This modeling approach potentially allows one to
add logical rules to each agent (cell) that can encode intra-cellular mechanisms
(like protein production leading to receptor recycling).

Another type of immune system model we have created is one based on
multi-threaded agents persisting on a mesh of cells. These agents are asyn-
chronously updated using a uniform time-step. Although this model is less effec-
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Figure 7.2: Chemotaxis Model based on Receptor Kinetics

tive in modeling large scale biological systems, it is nonetheless useful when the
quantities of cells and molecules are small or can be rescaled only to observe
a small subset (like when the cells and molecules are distributed randomly and
uniformly). More recent progress in using these frameworks are for the simula-
tion of airbourne viral transmissions in a hospital environment, and for simulating
the effect of lipopolysaccharides (LPS) on cytokines TNF and IL10.

8 Information-theoretic measures of
genetic distance.

This work is carried out by Max Filatov, Breanndan O Nuallain and Peter M. A. Sloot
at the University of Amsterdam.

The aim of this research initiative is to apply information-theoretic measures
of similarity to HIV sequences in order to classify them according to their resis-
tance to antiretroviral drugs.

We develop a novel hierarchical clustering method founded on the Kolmogorov
complexity-based Universal Similarity Metric[34].
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8.1 Basis for the approach

In all fields, in an attempt at understanding, our initial and pervading attempt
at organising the objects under study is to classify them, separating different
objects and collecting similar ones into groups. This methodology has a long
history in the biological sciences since the eighteenth century when Linnaeus
classified organisms hierarchically. The field of phylogenetics applies classifica-
tion methods in order to elucidate evolutionary relations among various groups
of organisms.

At the genetic level, the standard approach to classification is to generate the
pairwise similarities of a collection of organisms applying a (possibly weighted)
distance measure to parts of the genomes of the organisms (after possible initial
alignment). These distances are then used to generate a phylogenetic tree using
parsimony, distance or maximum likelihood methods.

A whole plethora of such methods is available, together with software pack-
ages for performing the calculations and generating the trees. [3]

Genetic subtyping done by e.g. bootscanning, or direct phylogenetic analysis
as in the Rega HIV Subtyping Tool.[17]

8.2 Background & previous work

Two goals can be distinguished when attempting to classify organisms. The
cladistic goal is to arrange the HIV sequences only by their order of branching in
an evolutionary tree and not by their morphological similarity. This approach can
allow us to make inferences concerning the spread of the disease and the way
in which it entered the human population.

In contrast, our goal is to classify HIV sequences, not based on their ancestry
but based on their phenotype of resistance to various antiretroviral drugs. The
underlying assumption is that sequences which are similar in nature will lead to
similar resistance to drugs.

There are two components to our clustering approach. The first is the use of
the Universal Similarity Metric, and information-theoretic measure based on the
Kolmogorov complexity or compressibility of the sequences.[34]

The second is the use of a novel hierarchical agglomerative clustering method
based on these similarities. All existing clustering methods are founded on bi-
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nary similarity metrics and these have some limitations[18]. Trees are built from
the pairwise similarity of the underlying sequences. The Universal Similarity
Metric however lends itself to making not only two-way comparisons among se-
quences, but also three-way, four-way and many-way comparisons. This similar-
ity hypermetric leads to a complete set of similarity data not only over the binary
cartesian product of the set of sequences but over the entire power set. We will
investigate whether exploring this entire power set can lead to a novel clustering
technique.

Previously Krasnogor et al. [32] applied USM method with binary similari-
ties and standard binary clustering techniques to small data sets of simple con-
tact maps and achieved good results for protein structure comparison. However
Rocha et al. [45] found these techniques to be less effective that other protein
structure comparison methods on a larger, representative data set.

Our hope is that our novel clustering technique will make this approach viable
for predicting HIV drug resistance.

8.3 Work & publications completed in the context of Virolab

This is a new research initiative in the Virolab project.

8.4 Plans for the remainder of the Virolab project

As his Masters thesis project, Max Filatov will perform a proof of concept study
to implement and investigate the proposed, novel clustering method, experimen-
tally tune the similarity hypermetric and test its effectiveness on datasets of HIV
sequences with known resistances to antiretroviral drugs.

8.5 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

This research initiative is very exploratory. Should it bear fruits, the computa-
tional tools developed can be used to perform further, more thorough testing
before the results can be incorporated into the Virolab HIV drug-susceptibility
interpretation system.
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9 Complex-network models for HIV
spreading.

This work is carried out by Alexander Boukhanovsky and collaborators at the
Saint Petersburg State University and Peter M. A. Sloot at the University of Am-
sterdam.

Despite the availability of a large number of mathematical models describing
the spreading of HIV, a good understanding of the spreading dynamics through
numerical analyses is still a major challenge. It is essential to combine epidemi-
ological processes with sociometric models and network sciences. Many mathe-
matical models have been suggested to simulate HIV population dynamics. For
instance statistical techniques, like the back-calculation method and its related
modifications, are widely used to estimate the incidence and short-term projec-
tion of HIV. Generally these methods are based on information from annual AIDS
cases and incubation periods of the disease[52]. Popular epidemiological mod-
els like SIR models are often used to simulate HIV spreading, and new ways
to account for homogeneous mixing and the impact for instance demographic
effects or drug resistance have been discussed[12].

The goal of the approach presented below is to show that complex network
based modeling techniques provide a universal and natural way to describe any
kind of infection spreading and specifically HIV.

9.1 Basis for the approach

Formal Description of the Network Model

Let us consider a Complex-Network model (CN-model) as a set of the pairs
(G,%), where is a graph, that is, an ordered pair of disjoint sets (V,E) (vertices
and edges), and ‘¥ is an evolutionary operator, governing network changes in
discrete time t:

def
(V,E)i1 = T(VE),

def
(V,E)i—o = T (Vo,Eo)

9.1)
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The evolutionary operator in Equation 9.1 can be represented as a compo-
sition of distinct operators T = ), Tk corresponding to different dynamical as-
pects. At each time step Equation 9.1 defines a graph with a casual ratio of the
fraction of susceptible, infected and removed individuals. Generally, the interplay
between these values is described in the form of a standard epidemic SIR model
in terms of a system of differential equations.

Modeling of a Sexual Contact Network

We construct a model as a dynamical scale-free network in respect to Equa-
tion 9.1, wherein each individual is represented by a node and the edges are the
connections between individuals. The scale-free property implies that network
has a power-law degree distribution:

P(k) ~ k_y» k S kmax (9-2)

where k - the number of sexual partners per year and 'y - a parameter of
the distribution. We shall be using for the homosexual contact network y; = 1.6
and kmax = 250 = 300. For the heterosexual network we can take y, = 2.7 and
kmax = 60+ 70 [35]. The cut-off of the distribution is very important as it defines
the number of superspreaders in the network. With respect to Equation 9.2, at
each time step we use a configuration model for contact network generation.
This flexible approach is based on the generation of a degree sequence which
allows generating links between any two nodes according to its degrees taken
from a specific distribution.

9.1.1 Modeling the dynamics of the infected nodes

Taking into account the duration of the incubation period, availability of treatment
and the effect of diagnosis the Markov model with fixed number of states can be
used. In particular, Aalen et al.[9] proposed the parameterisation of a multi-
state Markov model to represent stages of HIV infection and the diagnosis and
treatment.
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9.1.2 Direct Simulation Algorithm

For simulation of heterosexual spreading the network is represented as a bipar-
tite graph and the transmission probability from men to women is taken twice as
efficient. The basic simulation procedure can be written down as a number of
consequent steps:

1. Generate a network using a given node degree probability distribution given
by Equation 9.2 with an initial number of randomly infected nodes.

2. Infect nodes surrounded by infected nodes for every link (per partner).

3. For each infected node apply a rule of progression from HIV to AIDS. Nodes
with AIDS are removing from the network.

4. Apply the demographic rule.
5. Store the current nodes state and generate a new random network.

6. Repeat steps 2. to 5. till statistical significance has been obtained.

9.2 Nature of results and their possible use for enhancing the
Virolab HIV drug-susceptibility interpretation system.

AIDS data

The United States data [21] are used for model identification and tuning mainly
because they provide relative good statistics of AIDS cases, several kinds of
infection spreading and a possibility to explore the effects of treatment. These
data include at least three epochs of the epidemic evolution: Pre-ARV, ARV and
HAART-treatment; and three kinds of HIV spreading. For each of these epochs
and the three kinds of infection distinct HIV spreading behaviour was observed.

Validation: comparison with annual AIDS data

As we can observe from Figure 9.1 the simulation results are very close to the
estimation of the officially registered annual AIDS cases. The obvious effect on
all the figures shown is a substantial decline of AIDS cases after introduction
of HAART (1996). The stable number of AIDS cases in recent years may be
explained by the stationary number of HIV infection over a long period of time.
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Figure 9.1: Simulation results and reported data for the AIDS epidemic and reconstru