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Welcome!

Dear Delegate,
It gives me great pleasure to welcome you to the 11th Mathematics in Medicine Study Group
(MMSG). Previous MMSGs have been held at the Universities of Nottingham, Oxford,
Southampton, Loughborough, Strathclyde and Imperial College London.
The Reading meeting sees a total of 5 presentations from researchers working in the life
sciences both from industry and academia. There is an additional 6th problem being brought
on Tuesday afternoon which will be followed by short discussion. The meeting also provides
an opportunity to find out how results from MMSGs can impact the work of a life scientist
(see Dr Melvin’s talk on the Tuesday afternoon).
MMSGs would not happen without the financial support of the Engineering Physical
Sciences Research Council, to which we are grateful for current funding. I am also
particularly grateful to Syngenta for sponsoring the Monday evening reception and predinner drinks on Wednesday evening.
The 2012 MMSG will be held at Keele University. For further details, please contact the local
organiser Dr Shailesh Naire. Full details on past MMSGs (including problems presented and
their respective reports) can be found at www.maths-in-medicine.org.
I am particularly grateful to Dr Robert Whittaker for providing excellent Internet support
and Dr Joanne Dunster for proof-reading.
Should you have any queries during the meeting, administrative or otherwise, please do not
hesitate to contact me.
Kind regards,

Dr Marcus Tindall
On behalf of the MMSG Steering Committee.
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Meeting details
If you have any queries throughout the week of the Study Group, please do not hesitate to
contact Dr Marcus Tindall.
Meeting Venue
All day-time activities will take place within the Department of Mathematics and Statistics or
in buildings directly adjacent to it.
Ditchburn lecture theatre - All the main lectures, including Monday morning and afternoon
problem presentations, Catch-up sessions on the Tuesday and Wednesday, invited
presentations on the Tuesday afternoon and final talks on the Friday will be held here. One
problem presented at the MMSG will also be discussed in this room (please see below). The
lecture theatre is located on the ground floor off the Physics building (Building number 3 on
your university campus map), at the end furthest away from Mathematics.
Systems Engineering Common Room – This is on the ground floor of the Systems
Engineering Building (directly opposite the Mathematics building). All morning and
afternoon teas as well as lunches will be served here.
Problem rooms in Mathematics – 4 problems presented at the meeting has been allocated a
room within the Mathematics building . The 5th will be held in the Ditchburn lecture theatre.
The problems are allocated as follows.
Ditchburn Lecture Theatre – HPPD Inhibition Case Study (Syngenta)
Mathematics 104 (1st floor) – Signalling pathways (Krams)
Mathematics 108 (1st floor) – Asthma (Johnson and colleagues)
Mathematics 113 (1st floor) – Nanoparticles (Rappoport and colleagues)
Mathematics 304 (3rd floor) – Arenavirus (Neuman)
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Cafes and eating areas – If you fancy a break away from the main meeting venue during the
MMSG then the Whiteknights campus is equipped with a number of cafes. These are
located on the ground floor of the Library (building 2) or Dolche Vita Cafe on the ground
floor of the Palmer Building (building 26).

Internet/Wireless access
Single user access is provided for the duration of the conference and will be available at
registration. If you missed yours then please contact Marcus Tindall. Wireless access is
available throughout all the rooms accessed by meeting delegates.

Accommodation
All accommodation is provided in single ensuite rooms at the University of Reading, access
via the Park Group Reception in Windsor Hall. Check-in is available each day from 2p.m.
onwards and is manned until 11p.m. in the evening. If you plan to arrive after 11p.m. do
please let us know. All rooms must be vacated by 9a.m. on the day of departure.
Breakfast will be served in Park Eat (directly opposite Windsor Hall). Dinner will be served in
Park House (building number 8). Please see your accommodation pack and meeting
programme for further details on eating times and arrangements.

Bar
This will be open each evening of the meeting until 11p.m. in Park House. All delegates
(including those without accommodation) are welcome.

Computer Room
Room 128 in the Physics building is available for your use should you need to access a
computer and/or the Internet. This room is an open facility which we have not booked, but
delegates should feel free to use it at any time.

Library Access
Delegates are welcome to use the Central Library on campus (building 2). It may be possible
to borrow some books if required. Please contact Marcus Tindall or a member of the local
Reading team in the first instance.

Parking
Parking on campus is limited but we are able to provide a number of parking permits for day
delegates. These are available directly from Marcus Tindall. Those car parks nearest the
Mathematics Building are P8, P10 and P13.
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Printing
If you need papers printed please pass them to Marcus Tindall on a memory stick.

Security
Whilst the University of Reading is a safe and secure environment, you are strongly advised
to keep valuable possessions with you at all times. The campus is large and easily accessed,
and thus it is difficult to police all areas. Where possible problem rooms will be locked, but it
is advised laptops and other items of value are not left “on display” in empty rooms during
morning, lunch or afternoon breaks. The organisers cannot take responsibility for any items
lost or stolen during the meeting.

Emergency evacuations
Should the fire alarm sound in any building which you occupy during the meeting, please
exit via the nearest fire exit. Please assemble on the large grassy area between the
Mathematics and Physics buildings.
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Events
The following events will take place during the week of the Study Group. They are open to
all participants.

Wine reception – Monday evening
This will take place between 6 and 7p.m. on Monday 5th September in Park House
(Building 8 on your University Map). Park House is a 5 minute walk from the Physics
Ditchburn lecture theatre, directly behind the Physics building. We are particularly
grateful to Syngenta for sponsoring this event.

“Can Mathematics save the use of thousands of laboratory animals a year in chemical
safety assessment?” – An open problem in toxicology research
Dr John Doe,
Parker Doe Partnership.
2p.m., Tuesday 6th September, Ditchburn Lecture Theatre
Dr John Doe from Parker Doe Partnership will discuss current problems in the area of
toxicological research which he and other members of the toxicology research
community would like insight from mathematicians on. Dr Doe’s talk will be followed
by further discussion in Room 215 of the Mathematics Building until 4p.m.

“Bio-opto-micro-fluidic devices for cell interrogations”
Dr Tracy Melvin,
School of Electronics and Computer Science,
University of Southampton.
4.30p.m., Tuesday 6th September, Ditchburn Lecture Theatre.
Dr Melvin brought the problem “Photonic and microfluidic strategies for bioanalysis
applications” to the 2007 MMSG at the University of Southampton. Her talk will
discuss her experiences at the MMSG and work which has resulted since then.

Wednesday afternoon excursions
We have suggested the following activities for delegates who wish to take a break
from the Study Group activities on the Wednesday afternoon, or who simply wish to
explore the grounds of the University or visit Reading City Centre. Please sign-up on
the signs in the Ditchburn lecture theatre. All excursions will depart from the lecture
theatre at 2p.m. on Wednesday afternoon unless pre-arranged.
Harris Gardens and University Lakes – The grounds of the University of Reading are a
wonderful wilderness for a great diversity of flora and fauna. Take a stroll in the
pleasant Harris Garden and finish with duck feeding (bread provided!) at the
University Lakes, a short 10 minute stroll from the main meeting venue area (located
on the corner of Pepper Lane and Wildnerness Rd – see your University map for
further details).
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Museum of English Rural Life – A fun and interactive museum which takes a look at
how rural life in England has changed over the centuries. Located in Redlands Rd (10
minutes from the Whiteknights campus), entrance is free. For further details please
see http://www.reading.ac.uk/merl/.
Reading Abbey – Unknown too many, but located right in the city centre of Reading,
nestled between the glorious Forbury Gardens and the Thames, are the ruins of the
Abbey of Reading, dating back to 1121. Given current access restrictions we have
negotiated a free tour of the Abbey for up to 6 people. Places are limited and will be
offered on a first come, first served basis. Please see http://www.berkshirehistory.
com/churches/reading_abbey.html for further historic details on the Abbey.
Reading City Centre – Reading offers a vibrant shopping district right in the heart of
the city. It is renowned as one of the best in the South of England and is easily reached
by bus from the University (around 15 minutes).

Workshop dinner
This will be held in Wantage Hall from 7 to 8.30p.m. on the Wednesday evening of
the meeting. Drinks will be available from 6p.m. onwards in the Junior Common
Room of Wantage Hall.
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Schedule
Monday 5th September
10.30
11.00
11.15

14.45

Registration & Coffee
Welcome
Unravelling the arenavirus
budding mechanism
Dr Ben Neuman,
School of Biological Sciences,
University of Reading.
HPPD inhibition case study
Dr Partibha Mistry,
Toxicology, Syngenta.
How do manufactured
nanoparticles enter cells?
Dr Joshua Rappoport,
School of Bioscience,
University of Birmingham.
Lunch
Spatial and temporal
dynamics of signalling
pathways
Prof Rob Krams,
Dept. of Bioengineering
Imperial College London.
Mathematical modelling of
airway smooth muscle cell
proliferation and apoptosis
in asthma
Prof Simon Johnson,
School of Clinical Sciences,
University of Nottingham.
Form breakout groups

16.00
16.30

Afternoon tea & coffee
Work on problems

18.00
19.00

Reception
Dinner for accommodation
delegates
Open Bar

11.45

12.15

12.45
13.45

14.15

Until 23.00
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Systems Engineering Common Room
Ditchburn Lecture Theatre
Ditchburn Lecture Theatre

Ditchburn Lecture Theatre

Ditchburn Lecture Theatre

Systems Engineering Common Room
Ditchburn Lecture Theatre

Ditchburn Lecture Theatre

Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Park House
Park House
Park House

Tuesday 6th September

9.00

Work on problems

11.00
11.30

Morning tea and coffee
Work on problems

12.45
13.00
14.00

Short catch-ups
Lunch
“Can Mathematics save the
use of thousands of
laboratory animals a year in
chemical safety
assessment?”
Dr John Doe,
Parker Doe Partnership.
Work on problems

14.40
16.00
16.30

17.30
19.00
Until 23.00

Afternoon tea and coffee
Bio-opto-micro-fluidic
devices for cell
interrogations
Dr Tracy Melvin,
University of Southampton
Work on problems
Dinner for accommodation
delegates
Open Bar
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Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Ditchburn Lecture Theatre
Systems Engineering Common Room
Ditchburn Lecture Theatre

Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre

Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Park House
Park House

Wednesday 7th September
9.00

Work on problems

11.00
11.30

Morning tea and coffee
Work on problems

12.30
13.00
14.00

Short catch-ups
Lunch
Excursions/Work on
problems
Afternoon tea and coffee
Excursions/Work on
problems
Pre-dinner drinks
Workshop dinner
Open Bar

16.00
16.30
18.00
19.00
Until 23.00

Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Ditchburn Lecture Theatre
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Wantage Hall JCR
Wantage Hall
Park House

Thursday 8th September
9.00

Work on problems

11.00
11.30

Morning tea and coffee
Work on problems

13.00
14.00

Lunch
Work on problems

16.00
16.30

Afternoon tea and coffee
Work on problems

19.00

Dinner for accommodation
delegates
Work until late

Until 23.00
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Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Systems Engineering Common Room
Ditchburn Lecture Theatre and
allocated rooms in Mathematics
Park House
Open Bar in Park House

Friday 9th September

9.00
9.10

9.50

10.30

11.10
11.45

12.25

13.05
13.15

Welcome
Presentation on “Unraveling
the arenavirus budding
mechanism”
Presentation on “HPPD
inhibition case study”

Ditchburn Lecture Theatre
Ditchburn Lecture Theatre

Presentation on “How do
manufactures nanoparticles
enter cells?”
Morning tea and coffee
Presentation on “Spatial and
temporal dynamics of
signalling pathways”
Presentation on
“Mathematical modelling of
airway smooth muscle cell
proliferation and apoptosis
in asthma”

Ditchburn Lecture Theatre

Closing remarks
Lunch

Ditchburn Lecture Theatre
Systems Engineering Common Room
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Ditchburn Lecture Theatre

Systems Engineering Common Room
Ditchburn Lecture Theatre

Ditchburn Lecture Theatre

Unravelling the arenavirus budding mechanism
Benjamin Neuman
University of Reading, Department of Biological Sciences

Introduction
After a virus has copied its genome inside a host cell, the problem of packaging and
transporting the genome arises. Enveloped viruses solve this problem with matrix
proteins, which gather the genome and essential proteins into a membrane-bound virus
particle – a process known as budding. Little is known about the mechanisms of matrixdriven virus budding. It is difficult to study budding directly because it is a dynamic
process that takes place on on tiny (~200 nm) patches of plasma membrane. If possible,
we would like to use the output of virus particles to characterize the budding mechanism.

Background
Arenaviruses are best known for causing haemorrhagic fevers and encephalitis, and new
pathogenic arenaviruses have been discovered at a rate of about 1 per year. Treatment
options are limited and ineffective at preventing
deafness after recovery.
Arenaviruses are among the most heterogeneouslybuilt viruses known, exhibiting a 20-fold size range,
with spherical to highly pleomorphic virion shapes
(Fig 1a). The arenaviruses have a bona fide matrix
protein (1) called Z that interacts with the viral
fusion protein, GP, and the genome-associated
protein, NP. GP, Z and NP form a complex at the
virion surface (2; Fig 1b).
Interactions among the proteins of the complex have Figure 1. (A) Cryo-EM images of Tacaribe
been demonstrated, but interaction energies are not arenavirus. (B) Reconstruction and interpretation of
known. Structures of arenavirus full-length Z and Arenavirus protein complexes of fusion protein GP
(grey), matrix protein Z (red) and nucleoprotein NP
NP, and partial GP have been published.
(black).

Preliminary findings
We measured ~12,000 arenaviruses from three species using
cryo-electron microscopy (cryo-EM). Images were recorded
under native conditions and under conditions which disrupt the
viral protein complex. About 1000 small unilamellar vesicles
were measured to evaluate the shape of unsupported biological
membranes in cryo-EM conditions. Viral protein complexes at
the edge of each virus were recorded. We extracted
Figure 2. Process for measuring
information on the density and organisation of the regions

relative organisation and density of
each protein in the viral complex.
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where each protein normally occurs, which can be normalised to membrane density, which
appears constant across the size and shape range of arenaviruses (Fig 2).
There are strong and surprising correlations in this data (Fig 3), for example between size
and shape, with small particles appearing significantly rounder than vesicles and large
particles more likely to appear elongated. Interestingly, this effect disappears after two
types of fusion-activating treatment which disrupts the viral protein complexes.

Useful inferences for model building
Some viral protein complexes present at the budding
site are excluded from budding. The evidence for this
EM images that show particles budding simultaneously
from adjacent sites on the plasma membrane.
The matrix protein buds comparatively inefficiently
(less than 1% of normal) when other viral proteins and
the genome are absent. This suggests that budding
Figure 3. Summary of arenavirus shape, size and
becomes more efficient when all viral components
organization. Changes that occur when
interact at one site.
complexes are disrupted to simulate fusion are
shown in red.

The viral protein complex links all viral proteins, and partial complexes are not observed.
This suggests incomplete complexes must be completed for efficient budding.
Z buds 2-3 fold more efficiently and GP is incorporated more efficiently in the presence of
NP (1).
To account for similar effects in an unrelated virus we proposed a mechanism in which
assembly of adjacent viral protein complexes deforms the membrane, driving the budding
process (3). In this scenario each correctly formed complex would bend the membrane by
a small increment, and that these increments would create sufficient force to separate the
virus from the cell.
Total theoretical budding energy should be greater than or equal to the amount of energy
necessary to deform a planar membrane of the same surface area as a virion into a sphere,
using equations that describe membrane bending under fluid currents and fixed forces and
osmotic pressure. The group of Reinhard Lipowsky has done some modelling work of this
sort.
Arenavirus membrane-bending and protein-interaction energies have not been determined,
but should be estimable. Preliminary work suggests that only intact NP-Z-GP complexes
are associated with membrane bending activity. The bending energy inferred from vesicle
shape minus the energy inferred from virions in the same images should approximate the
total bending energy of the intact virus protein complexes. The number of intact
complexes can be estimated from micrographs.
13

Research questions
The mathematical challenge here is: knowing the variation in size, shape, core density,
complex density and relative complex organisation, is it possible to test the validity of
budding models? In other words, given the output and variability inherent in the budding
process, what can we infer about the mechanism? Secondly, can the above information be
used to estimate the membrane bending forces involved in budding?

References
1. Groseth, A et al. (2010) Efficient budding of the Tacaribe virus matrix protein Z
requires the nucleoprotein. J Virol 84:3603-11.
2. Neuman, BW et al. (2005) Complementarity in the supramolecular design of
arenaviruses and retroviruses revealed by electron cryomicroscopy and image analysis. J
Virol 79:3822-30.
3. Neuman, BW et al. (2011) A structural analysis of M protein in coronavirus assembly
and morphology. J Struct Biol 174, 11-22.
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HPPD Inhibition Case Study
Drs Domingo Salazar , Russell Viner, Pratibha Mistry, Kim Travis and Alex Stevens
Syngenta
Summary
4-hydroxyphenylpyruvate dioxygenase (HPPD) is an enzyme involved in the breakdown of excess
tyrosine, an amino acid, in the body of mammals. It is present mainly in the liver. One inhibitor of
HPPD is used successfully as a pharmaceutical, where it acts by blocking the tyrosine breakdown
pathway. However, the inhibition of HPPD can result in toxicities in some species, especially rats. In
plants the same enzyme has a completely different role, being essential for the synthesis of
components needed for photosynthesis. The inhibition of HPPD is the mode of action of a number
of commercialised herbicides, as this inhibition causes bleaching and ultimately death of the plant.
One of the challenges in discovering and developing new HPPD inhibiting herbicides is to ensure
their safety to mammals. A variety of in silico, in vitro and in vivo information is now available. The
challenge is to suggest ways of making better use of the existing database to assess the potency of
new HPPD inhibitors. In particular, to explore the extent to which in silico and in vitro information
can be used to predict in vivo outcomes.

Information available
The tyrosine catabolism pathways is shown below. This pathway breaks down excess tyrosine in the
diet or resulting from the normal replacement of proteins in the body.

HPPD inhibitors can block this pathway, resulting in the accumulation of tyrosine in the body, and
this tyrosine itself can cause a variety of toxicities (elevated plasma tyrosine is called tyrosinaemia).
In conditions of HPPD inhibition the excretion of various phenolic compounds in urine places an
upper limit on the concentration of tyrosine that accumulates, and this varies between species (and
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in the case of rats, sexes). These species differences are believed to be due to differences in the
amount of TAT, the top enzyme in this pathway, though other factors may also be relevant.
One HPPD inhibitor, nitisinone (also called NTBC) has been used in man for many years to treat a
rare metabolic disorder. This has resulted in the generation of human data on plasma
concentrations of the drug and of tyrosine, as well as human safety data.
HPPD has a completely different role in plants, where it is essential for the synthesis of compounds
needed for photosynthesis. A number of commercialised herbicides act by inhibiting HPPD (roughly
10 compounds), resulting in a characteristic bleaching of weeds. In the course of discovering and
developing such herbicides, a range of different data and information has been generated, which is
shown below.

The structure and sequence of the HPPD enzyme is known in several instances. It is highly
conserved in all species and very highly conserved within phyla (eg animals). In vitro plant HPPD
inhibition data are available for many compounds, but high quality in vitro rat data have only
recently been generated. The various steps in the process potentially resulting in toxicity are:
HPPD inhibitor absorbed

Inhibition of HPPD

Tyrosine elevation

Toxicity

A single dose assay in the mouse has long been used to measure concentrations of test compound
(kinetic data) and tyrosine in plasma over time. The mouse has been used because it is the test
species closest to man in its response to HPPD inhibitors, and because the screen requires minimal
test compound. The regulatory view has shifted, and the rat is now the main tox species of concern
- there is a similar assay in the rat for which there is data on a smaller range of test compounds.
These assays produce no toxicity due to their short duration. Repeat dose toxicity studies in a range
of species have been conducted for all marketed HPPD inhibitors.
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Human data is mainly available for nitisinone. However, there are also human data for rare genetic
defects of each enzyme in the tyrosine degradation pathway. There is also limited human kinetic
and tyrosine data for one other HPPD inhibitor.
Some modelling work has also been done, both in the rat and in man (for example, see the figure
below). The modelling has been based on the pharmaceutical nitisinone, which is somewhat
extreme in its properties compared to many HPPD inhibitors and all commercial HPPD inhibiting
herbicides. This modelling has not significantly incorporated in vitro data, and has not been applied
to a range of HPPD inhibitors.

Tyrosine kinetics

Nitisinone kinetics

TYR
generation

Dose

Rsyn

ka

Plasma TYR

GI tract

TAT
HPPA

saturable binding

koff

Rmet
kTYR
Excretion
(as phenolic HPPA
products)
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Metabolism
(HGA)

HPPD
kturnover

kon

Liver/
Plasma

instant

Tissues

kNIT
Excretion

The challenge is to suggest ways of making better use of the existing database to assess the potency
of new HPPD inhibitors. In particular,





Can existing information be used to better predict in vivo outcomes for novel HPPD
inhibitors?
o What insights are to be had on the relationship between in vitro and in vivo data?
o Can we better understand the relationship between mouse, rat and human
responses in vivo?
o Can we use models to better address these questions?
Can we use the data to better separate toxicity to plants and mammals
What new data would increase the ability to make in vivo predictions based on in vitro data.
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How do manufactured nanoparticles enter cells?
Dr. Joshua Z. Rappoport1, Prof Jon Preece2 and Prof. Kevin Chipman1
1
The University of Birmingham School of Biosciences, and 2School of Chemistry

Summary: The ever increasing production and use of manufactured nanoparticles in
industry, research and medicine, has led to greater potential for incidental environmental
exposure, as well as deliberate contact through products and therapeutics (1). However, the
potential for cellular entry and toxicity of manufactured nanoparticles has only recently begun
to be investigated. The extent of potential cellular affects following nanoparticle exposure
would depend upon environmental conditions, cell type, nanoparticle dosage, composition,
size, shape and surface chemistry. However, very little work in the field of mathematical
modelling has been focused on the question of how manufactured nanoparticles enter cells.
That being said, within each potential mechanism for cellular entry of nanoparticles there has
been considerable quantitative analysis of the relevant pathways. Therefore, this represents
a timely and “open” question which can be firmly grounded in previous analyses but for
which no comparable overall models have been generated thus far.
Potential mechanisms of entry: The cell is bound by the plasma membrane, a lipid bilayer
which contains opposing monolayers, or leaflets, of phospholipids with the hydrophilic head
groups facing the extracellular and intracellular solutions, and the hydrophobic tails facing
each other (Figure 1). Generally speaking three routes
for nanoparticle entry into cells exist, each of which
must
be
analysed
independently
before
a
comprehensive model can be formed (Figure 2).
Mechanism 1: Direct diffusion of nanoparticles across
the plasma membrane can occur and has been
described in certain situations (2). Numerous variables
could affect the ability of a nanoparticle to penetrate the
lipid bilayer including size, charge, hydrophobicity,
composition and shape.
Furthermore, these
parameters need to be considered within the different
physical spaces involved, including the nanoparticle
surface, the solid-liquid interface, and the nano-bio
interface (3). This analysis would also need to include
characterisation of the biological membrane including
the lipid composition, fluidity and identities of membrane
bound molecular species. Importantly, some molecular
dynamic simulations have already
been generated to describe the
potential diffusion of specific types
of nanoparticles across biological
membranes which could serve as a
very useful starting point in further
modelling of this process (4).
Mechanism
potential

2:
The
second
mechanism
of

Figure 1. Representation of the interface
between a nanoparticle and a lipid bilayer.
(Figure and legend taken from Reference 3)

Figure 2. Potential mechanisms of nanoparticle entry into cells.
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nanoparticle entry is “endocytosis”. This involves wrapping the lipid bilayer around cargo
substances that are being internalised. Subsequently a “fission” reaction occurs which
pinches off a “vesicle”, a small membrane bound compartment, containing the cargo,
permitting entry into the cell. Different endocytosis pathways exist and significant data
suggests that nanoparticles can enter cells via this mechanism (5). Already, the data
obtained in this relatively new field point to differences in potential for cellular uptake and
mechanisms of endocytosis depending upon physical parameters (e.g. size) of the
nanoparticles analysed (5). Endocytosis can either be “fluid phase” or “receptor mediated”.
In the former water soluble substances diffuse into forming vesicles and enter through mass
action, while in the latter cargo for endocytosis bind to a component of the cell surface which
will in turn be internalised carrying the substrate along into the cell. The “receptor” can be a
cargo specific membrane protein, or it can simply be any lipid, protein or carbohydrate entity
to which cargo binds, and will undergo endocytosis.
Mechanism 3: Numerous ion channels and transporter proteins reside in the plasma
membrane and function to mediate the translocation of specific substances into or out of the
cell. These aqueous pores can permit rapid flux of molecules across the plasma membrane.
However, the generally high level of selectivity, low open probability and extremely small
average pore size (e.g. a few Angstrom units) suggest that for all but the smallest
nanoparticles this potential pathway can most likely be disregarded.
Summary of current experiments: The focus on our work in this area is to determine the
routes of nanoparticle entry into various model cell lines (e.g. cancer, pulmonary, neuronal).
In particular we are focusing on the first two potential mechanisms for nanoparticle entry and
are employing polystyrene beads as a model nanoparticle. One hypothesis we are testing is
that at 37° C endocytosis should predominate as the mode of entry, while cooling cells down
to 4° C, a temperature that eliminates endocytosis, should reveal the potential for direct
diffusion across the plasma membrane. However, we are also developing in vitro systems
employing synthetic lipid vesicles to test the potential for nanoparticles to pass through
model membranes of various compositions at different temperatures. The polystyrene
beads we are employing range in size (e.g. 20nm or 200nm) and charge (e.g. carboxylate,
negative, or amine, positive, modified). Furthermore we are conjugating coatings to the
nanoparticles to eliminate charge and increase hydrophobicity. Finally we are determining
differences in cellular entry of nanoparticles depending on the presence/absence of serum
proteins. Thus, the combination of previous published analyses and our data should provide
rigorous quantitative values which could be employed in model generation.
Questions for the study group: 1) What are the relevant parameters that need to be
considered regarding nanoparticle composition and the nano-bio interface? 2) Can a model
for diffusion of nanoparticles across the plasma membrane be generated that is robust
enough to account for all potential variables? 3) Can a model of nanoparticle endocytosis be
generated that includes all potential trafficking pathways? 4) Can nanoparticle entry through
plasma membrane channels and transporters truly be excluded? 5) Can an integrated
model describing all potential means of nanoparticle entry into cells be produced?
References:
1. Maynard et al. Nature 2006;444:267-9.
2. Verma et al. Nat Mater. 2008;7:588-95.
3. Nel et al Nat Mater 2009;8:543-57.
4. Wong-Ekkabut Nat Nanotechnol. 2008;3:363-8.
5. Rejman et al. Biochem. J. 2004;377:159–69
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Spatial and Temporal Dynamics of Signalling Pathways
Prof Rob Krams, Department of Bioengineering, Imperial College
Cardiovascular disease (CVD) carries a high mortality with 4.3 million deaths in Europe and over 2.0
million deaths in the European Union (EU). CVD causes nearly half of all deaths in Europe (48%) with
an estimated cost of €169 billion per annum. This makes CVD one of the most important diseases in
Europe, and innovations is this area will have great impact on the EU and its citizens.
Atherosclerosis, which underlies the CVD related‐mortality, has been associated with risk factors (eg.
hypercholesteraemia, hypertension, diabetes and others) that are associated with progression of the
disease. These risk factors are important as they determine diagnostic developments and day‐to‐day
treatment of the disease. Remarkably, these risk factors predict a random or a homogeneous
distribution of plaques over the arterial system, but this differs from clinical observations that
indicate plaques are confined to curved vessels, bifurcations and side branches. It has been
postulated that disturbances of the blood flow pattern at these sites could induce atherosclerosis
there, either through a direct effect on the endothelial cells or by remote transport effects (for
reviews see *1‐3+). While early studies focussed on the initiation of the disease, recent studies
strengthened the role of blood flow in advanced atherosclerosis by showing that blood flow plays a
role in human advanced atherosclerotic disease *4+, vulnerable plaques *4‐7+, in in‐stent restenosis
[8,9] and in inflammation and plaque formation [7, 10, 11]. As a consequence, shear stress theories
have entered the clinical arena and are a topic of clinical trials [4, 10]. Despite strong evidence
relating blood flow to all stages of atherosclerotic disease, the underlying mechanism is largely
unknown, and consequently a specific therapy is lacking.
Endothelial cells sense the local blood flow by detecting the shear stress, although the mechanism
by which they do this is not fully understood. Shear stress is the in‐plane drag force exerted by the
movement of blood with respect to the non‐moving endothelial layer. Due to the mechanical
deformation of the (endothelial) cell, several putative sensors are activated, including caveolae
*12,13+, ion‐channels *13+, G‐proteins*14+, trans‐membrane proteins*ref+ and focal adhesion
complex [15]. After stimulation by shear stress a combination of these receptors is activated, leading
to clustering of a series of membrane bound proteins which then activate down stream signalling
pathways eventually leading to gene expression. Approximately 7 pathways are modified by
mechanical stimulation, and these regulate 8 acknowledged transcription factors, which leads to a
total of ~2000 genes responsible for the response to shear stress [16]. The large complexity that
results from the interactions of so many molecules prohibits an intuitive and coherent
understanding of processes involved. Mathematical modelling is often used to solve these large
networks, and predict signalling pathway dynamics (for reviews see [17, 18]). Indeed, for known
shear stress‐sensitive pathways new emerging properties have been identified like oscillatory
behaviour (IP3‐pathway, MAPK‐pathway, NF‐κB‐pathway), bi‐stability (MAPK‐pathway) and memory
(MAPK‐pathway). However, it is currently unknown which signalling pathway is dominant under flow
conditions and what controls this activity. It has been suggested that specificity of signalling
pathways resides in their spatial organisation and indeed for the MAPK pathways, one of the most
fundamental for mechanotransduction, signalling specificity is by scaffolding proteins. These
proteins increase local concentration and enhance interaction between signalling molecules. In
addition, endothelial cells polarise under the influence of flow and it has been shown that regulators
of the MAPK pathway upstream of the nucleus are different from downstream of the nucleus
identifying an extra spatial complexity to the organisation of the MAPK pathway under the influence
of flow.
Spatial modelling of MAPK pathways is in its infancy, despite multiple biochemical studies showing
its importance *19‐21+. The few modelling studies that have incorporated spatial control showed
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different dynamics for spatially controlled than for non‐spatial controlled models *22, 23+. The
models presented in these studies were too simple and underscore the fact that spatial simulation of
signalling pathways is still in its infancy. The aim of this project is to develop a model of an
endothelial cell (dimensions LxHxB 10X2X2μm) exposed to flow, including the activation of the MAPK
pathway through RAS signalling. In the first instance, activation of the MAPK pathway (Figures 1 and
2) will be simulated without spatial control, and then spatial control will be incorporated through
scaffolds to be included in the model. Finally, if time permits, the polarisation of endothelial cells
(RAS activation upstream and RAC activation downstream) will be considered.

Figure 1: The signalling pathway involved in spatial organisation and controlling MAPK-pathway flux.

Figure 2: Docking mechanism in MAPK signalling.
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Background
Asthma remains an area of considerable unmet medical need despite the availability of medicines
that are effective for large numbers of patients; no cures exist and available therapies may be
ineffective in some patients with moderate/severe forms of the disease. It is estimated that 300 million
people currently suffer from the disease globally, and that by 2025 this figure will be closer to 400
million. Few new drugs have made it to the clinic in the last 50 years, with many which perform well in
preclinical animal models of asthma, failing in humans due to lack of safety and efficacy. The failure to
translate promising drug candidates from animal models to humans has led to questions about the
utility of the in vivo studies and demand for more predictive models and tools based on the latest
technologies. The NC3Rs (www.nc3rs.org.uk) and MRC held a joint workshop with experts from
academia and the pharmaceutical industry to devise a new disease modelling framework to better
understand human asthma, and accelerate the development of safe and efficacious new asthma
drugs that go beyond symptomatic relief. The development of more powerful mathematical modelling
approaches was considered an integral part of this framework.
Health condition
The last 20 years has seen considerable advances in our understanding of the pathological basis of
asthma at cellular, molecular and genetic levels, however the fundamental causes of the disease and
the reasons for increased prevalence rates remain unclear. What was once considered a single
disease is now recognised as a complex and heterogeneous syndrome made up of a collection of
sub-phenotypes (e.g. viral induced, allergic, non-allergic, intrinsic, extrinsic, occupational, persistent,
seasonal, exercise induced, nocturnal and steroid resistant) with differing immunology, pathology,
clinical expression, response to treatments, and long-term outcomes; the severity of which can be
affected by the patient’s age, genetic background and environmental factors. More recently cluster
analysis applied to asthma of varying severity has led to further disease substratification.
Airway smooth muscle and asthma
The role of airway smooth muscle (ASM) in asthma is extremely important since it is widely
recognised as the key determinant of airway narrowing in the disease, and as an emerging effector of
airway inflammation and remodelling, contributing to airway hyperresponsiveness (AHR) [1]. There is
however a lack of mechanistic information on human asthma, especially of AHR, despite intensive
research in numerous species which has led to questions being raised about the utility of current
animal models for studying this aspect of the disease. Key questions still remain regarding ASM
effects on extracellular matrix organisation and smooth muscle turnover, including ASM proliferation
rates, where excess smooth muscle in the airways originates, and the role of apoptosis in normal and
diseased smooth muscle turnover.
Study group challenge
As stated above, the exact role of ASM in asthma remains uncertain. An increase in ASM mass may
exacerbate airway contraction resulting in more pronounced airway narrowing, but ASM myocytes
also produce biologically active agents like pro- and anti-inflammatory mediators, cell adhesion
molecules, lipid mediators, chemokines and cytokines suggesting they also play an active role in the
pathophysiology of asthma [2].
ASM turnover: Recent thermoplasty approaches support the theory that ASM plays a prominent role
in asthma. Reducing ASM mass in asthma patients in this way reduced AHR to an inhaled constrictor
and modestly increased flow rates that persisted for almost a year. These findings suggest other more
practical methods to reduce ASM mass should be explored, including ridding the airways of smooth
muscle by stimulating apoptosis of ASM [3,4]. However in order to do this, ASM myocyte turnover
rates, and apoptotic and survival characteristics in health and disease need to be better defined.
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The airway epithelium produces a cocktail of mitogenic mediators, including platelet-derived growth
factor, epidermal growth factor, fibroblast growth factor, TGF-β, TNF-α, and IL-1β. These proliferative
factors encourage the ASM to migrate from the anti-proliferative environment of the ASM bundle
towards the epithelium, contributing to the remodelling seen in the airways of asthmatics [3,5]. This
has been further supported by recent studies using chemokines upregulated in asthmatic airways –
IL-8, RANTES, eotaxin, and MIP-1α – which increased ASM proliferation and migration, and
suppressed apoptosis [6].
Perhaps surprisingly however, proteases released by neutrophils (important components of airway
inflammation) have been shown to degrade the matrix to which myocytes attach, causing myocytes to
detach and subsequently apoptose [4]. Other mediators such as decorin [7] and Fas [8] play a role in
normal ASM turnover, which becomes dysregulated under pathophysiological conditions.
The challenge
Determine the extent to which cell proliferation and apoptosis participates in the turnover
rates of human ASM cells in normal and diseased tissue; including the nature of apoptotic and
survival characteristics of the ASM, and the signals that the ASM receives under
pathophysiological conditions.
It is anticipated this approach will integrate existing human and animal data to develop new innovative
models which will better predict ASM turnover and its role in asthma whilst reducing reliance on
animals.
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