
                                          

 

We gratefully thank the following sponsors for their support: 

 

 

                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                          

 

 

Mathematical modelling in immunology:  
immunology and infection modelling in public health 

9 – 10 May 2019 

Microsoft Research Lab, Cambridge 
 

Thursday 9 May 

09:15 Registration, tea, coffee and biscuits 

10:00 Defining the relationship between viral replication and innate immune response to virus 
Clive McKimmie, University of Leeds 

10:45 Mathematical modelling of the antibody response to identify efficient study designs for influenza 
epidemiology 
Amanda Minter, London School of Hygiene and Tropical Medicine 

11:30 Identifying T cell epitopes from Ebola survivors 
Tom Tipton, Public Health England 

12:15 Lunch 

13:45 A rate-limiting process: T cell activation from a single-cell perspective 
Arianne C Richard, Cancer Research UK Cambridge Institute 

14:15 Not of mice, but men: how does immunotherapeutic success depend on species? 
Liam V Brown, University of Oxford 

14:45 Tea/coffee break 

15:15 Extreme values in SIR epidemic models with two strains and full cross-immunity 
Antonio Gómez Corral, Universidad Complutense, Madrid, Spain 

16:00 Markovian models for the spread of hospital-acquired infections: detection, outbreak 
management and infection control 
Martín López-García, University of Leeds 

16:45 An in vitro assessment of the therapeutic potential of defective genomes against Ebola virus 
disease? 
Thomas Laws, Dstl, Porton Down 

17:30 Networking reception and canapés 



                                          

 

Friday 10 May 

 

10:00 Stochastic dynamics of Francisella Tularensis infection 
Grant Lythe, University of Leeds 

10:45 Chemokine receptor redundancy and specificity are context dependent 
Gerry Graham, University of Glasgow 

11:30 Specificity and accuracy of receptor signalling in presence of cross-talk 
Anton Zilman, University of Toronto 

12:15 Lunch 

13:30 Characterising ventilation to understand airborne infection risk 
Catherine Noakes, University of Leeds 

14:15 Immune dynamics through the lens of viral dynamics and evolution 
Simon Frost, University of Cambridge 

15:00 Effects of virus attenuation on interaction with host cells 
David Ulaeto, Dstl and Pirbright Institute 

15:45 Close and depart 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                          

Abstracts 
 

1.  Defining the relationship between viral replication and innate immune response to virus 

Clive McKimmie, University of Leeds, UK 

Innate immune responses are crucial for effective anti-viral defences, yet the tissue-specific basis by which they 
are coordinated in vivo and their modulation by confounding environmental variables remains poorly defined.  
This particularly applies to host responses at the inoculation site to mosquito-borne viruses, a diverse grouping of 
pathogens that constitute an increasing global threat to health. An important stage, common to all such 
infections, is the inoculation of virus at mosquito bites. However, it is not clear what role early immune responses 
at the mosquito bite have in defining the subsequent systemic course of infection. We have recently identified 
key inflammatory pathways that are activated in the skin that are important determinants of the subsequent 
systemic course and clinical outcome of infection. This includes some host responses that inadvertently enhance 
infection with arbovirus.  In contrast, activation of type I interferon is key for effective host responses that limit 
virus replication. We now wish to determine the fundamental inter-dependence between levels of virus 
replication and level of innate immune activation.  Thus, in an effort to help further define our biological 
observations, we aim to develop mathematical models that can act as an adjunct to our established biological 
models. Together this will enable us to define: how skin innate immune responses relate to levels of virus, and 
the relevance of skin-based events on defining the later systemic course of infection Together, we suggest that 
this work will characterise an important aspect of mosquito-borne virus infections that will help enable the 
development of novel, broadly-applicable therapeutic and public health strategies for limiting disease severity. 

 

2. Mathematical modelling of the antibody response to identify efficient study designs for influenza 
epidemiology 

Amanda Minter, London School of Hygiene and Tropical Medicine 

To understand the dynamics of influenza infection and immunity within a population, it is necessary to account 
for two processes that are typically unobserved: individual histories of infection and subsequent cross-reactive 
immune responses generated by these past infections. Having reliable estimates of influenza infection is crucial 
for assessing transmission and burden of infection and uncovering the dynamics of the humoral immune 
response can inform interpretation of short and long-term immunity. By combining mathematical models of 
antibody processes with serological data in a Bayesian framework, we show how accounting for cross-reactive 
antibody dynamics can improve the design of empirical studies of infection dynamics. We present a model guided 
study design framework to show how choice of demographic, sampling frequency, influenza test strains can 
influence ability to infer the dynamics of infection and immunity within a population. For a given number of 
laboratory assays, we show that the optimal design to reliably infer recent attack rates is a longitudinal study with 
a mixed age cohort that tests each sample against multiple historical strains, even if this means collecting fewer 
samples from fewer participants overall. In addition, we show that more accurate estimates of historical attack 
rates can be obtained by testing individuals intensively against recent strains and sparsely against strains that 
circulated historically. This approach of Bayesian modelling to inform study design could be applied to other 
antigenically variables pathogens such as noroviruses and flaviviruses. 

  



                                          

 

3. Identifying T cell epitopes from Ebola survivors 

Tom Tipton, Public Health England, UK 

The West African outbreak of 2014-16 resulted in over 11,000 case fatalities and numerous socio-economic 
issues. The Ebola virus (EBOV), a member of the Filoviridae family, can be highly pathogenic and as a result 
limited research has been achieved to provide suitable vaccines or therapeutics. 

We have established access to a cohort of EVD survivors from the West African outbreak. We aimed to investigate 
the naturally occurring T cell response to the EBOV glycoprotein (GP), since this is the primary candidate amongst 
experimental vaccines. This was achieved using a combination of flow cytometry, HLA typing and ELISpot in the 
field. We recruited from two regions of Guinea, Coyah, a site near the capital and Gueckedou, the epicentre of 
the 2014-16 outbreak. 

In total we obtained informed consent from 100 EVD survivors.  We obtained venous blood from which we 
collected plasma and peripheral blood mononuclear cells (PBMCs). We performed IFN? ELISpot peptide mapping 
in the field, using an EBOV glycoprotein peptide library.  Using frozen PBMC we were able to confirm peptide 
specificity and immunogenicity using flow cytometry. We also obtained DNA which was used to determine 
participant HLA type.  We found a number of highly immunogenic peptides, as measured by IFN? output, further 
analysis by flow cytometry confirmed initial ELISpot results and elucidated whether a CD4 or CD8 T cell response 
was elicited as well as their associated memory phenotype. Additional HLA analysis revealed the common HLA 
alleles amongst this West African population and hinted at which alleles were responsible for the observed 
immunogenicity. 

The EBOV glycoprotein is the major target for the majority of experimental vaccines and we show here that 
survivors of EVD present with EBOV GP antigen specific T cells years after infection. In addition, we inform on the 
HLA type of these survivors which in total could help in future vaccine and therapeutic design. 

 

4. A rate-limiting process: T cell activation from a single-cell perspective 

Arianne C Richard, Cancer Research UK Cambridge Institute, UK 

Activation of a naive CD8+ T cell begins when its T cell receptor (TCR) recognizes class I MHC- 

bound peptide on an antigen presenting cell. This interaction triggers a cascade of signalling events that drive 
effector T cell differentiation, including changes in cell metabolism, growth and function. The interaction of the 
TCR with a particular peptide-MHC complex is exquisitely sensitive, such that single amino acid changes in the 
presented peptide can dramatically alter the activation of responding T cells. Various mechanisms have previously 
been proposed to explain this sensitivity: signalling strength might modulate the fraction of cells that activate, the 
speed or magnitude of activation within each cell, or the genes expressed within each cell upon activation. In 
order to differentiate between these and other possible mechanisms, it is critical to measure molecular activation 
events in individual cells over time. To address this, we employed multiple single-cell technologies including 
single-cell RNA sequencing and mass cytometry to investigate the impact of stimulation strength on naive T cell 
activation.  Specifically, we examined changes in post-translational modification of signalling proteins, RNA 
expression, protein expression, and effector function. At the signalling level, we found that stimulation strength 
affects the coordination but not the final state of TCR-induced signalling cascades. At the RNA expression level, 
stimulation strength determines the rate with which cells embark on a transcriptional activation trajectory.  Cells 
that receive weak signals initiate the same major transcriptional processes as those that receive strong signals, 
but they exhibit greater temporal heterogeneity. This results in reduced speed and magnitude of response at the 
population level under weak compared with strong stimulation. However, those cells that do activate achieve the 
same spectrum of protein expression and functional phenotypes, regardless of initial stimulation strength. Taken 
together, our work describes how a single set of machinery within each individual T cell can generate a broad 
range of population responses to different strengths of stimulation. 

  



                                          

 

5. Not of mice, but men:  how does immunotherapeutic success depend on species? 

Liam V Brown, University of Oxford, UK 

Background 
Chimeric Antigen Receptor (CAR) T-cells have been clinically successful for lymphoma and leukaemia, but their 

success in mouse models of solid tumours has not transferred to the clinic. Tumour clearance depends on 

the fine balance of tumour growth and (CAR) T-cell delivery or proliferation; if tumouricidal T-cells are not 

delivered rapidly enough then the tumour will grow. Consideration of how the blood delivery and 

proliferation of T-cells varies between individuals and species due to differing physiologies may provide insight 

into the limits on the efficacy of immunotherapy and guide future therapy. 

 
Methods 
We have used published physiological and tumour perfusion data to develop dynamic models of the 
human, rat and mouse circulatory systems.  Models were implemented as systems of ordinary differential 
equations and used to estimate upper physiological limits for immune cell extravasation rates per volume 

(cells/min/mm3) into healthy organs and tumour tissue.  Means and variances of predicted maximum 
delivery rates were generated by repeatedly drawing random values uniformly from various anatomical 
reference data. Human clinical data was used to estimate the rates of CAR proliferation and decay. 
Results 
It was found that maximum tumour-specific delivery rates rarely outstrip predictions for the healthy organ, 
except in the skin and skeleton, allowing for meaningful species comparison. The organs predicted to 
have the highest delivery rates include some in which immunotherapy has seen early success (e.g. 
colorectal cancer, skin), and some in which efficacy has been limited (kidneys), indicating that T-cell 
extravasation may be broadly limiting in some tumour types but not others. Maximum delivery rates of 
the same dose of CAR T-cells scale in an organ-specific way between species and exhibit extreme 
differences in different species. For example, delivery to mouse lungs is predicted to be 17,000-fold higher 

per unit volume than to human lungs. Typical doses of CAR T-cells given in mouse studies are between 107 

and 109 cells, which would correspond to doses between 1010 and 1011  cells in humans. This is much 

higher than typical doses given in past clinical trials, which lie between 107 and 1010 cells. W e 
hypothesise that this may explain why CAR therapies have not yet been widely successful for non-
haematological (blood) cancers:  It may simply be that cells do not arrive from the blood fast enough, 
representing a human immune “checkpoint”, rather than due to insufficient T-cell extravasation (exit from 
the blood) or engagement of cancer cells, as is commonly believed. We quantified the proliferation of CAR 
T-cells in leukaemia patients and determined the conditions under which aggressive therapy may lead to 
tumour escape from a “hidden” compartment, and how these conditions differ by species. This work 
highlights how mathematical biology may be used to generate not only quantitative bounds on clinical 
efficacy, but testable biological hypotheses. It also exemplifies how theoretical models may be used to 
interpret otherwise-misleading animal models in a human context. 
  



                                          

 

6. Extreme values in SIR epidemic models with two strains and full cross-immunity 

Antonio Gómez Corral (Universidad Complutense, Madrid, Spain) 

The talk deals with SIR epidemic models with two strains of a disease. The aim is to derive the joint 

probability distribution of the maximum number of individuals simultaneously infected during an outbreak and 

the random time to reach this maximum number for the first time by distinguishing between a global outbreak 

and local outbreaks, which are linked to the ultimate extinction of the disease and the extinction of a particular 

strain, respectively.  We derive an iterative procedure for computing the final size of the epidemic and apply 

the model to the study of antibiotic-resistant bacterial strains in hospitals. 

 

7. Markovian models for the spread of hospital-acquired infections:  detection, outbreak management and 
infection control. 

Martín López-García, University of Leeds, UK 

Hospital-acquired (nosocomial) infections, such as antibiotic resistant bacteria (ARB), represent a challenging and 
increasing problem worldwide. In Europe, ARB cause thousands of deaths per year, causing millions of additional 
bed-days, translating into a significant increase of direct medical costs. While the transmission routes for some 
diseases are well documented, the precise mode of trans- mission is uncertain for many pathogens that cause 
health-care acquired infections.  Although it is probable that the majority of transmission occurs via contact 
routes, there is increasing recognition that the air plays an important role in disease spread for some pathogens.  
On the other hand, the spread of infections in hospital wards represents a dynamic process for which stochastic 
modelling approaches are specially relevant, due to the small size of the population involved, and the specific 
structures arising in these populations. These structures are usually related to the individual heterogeneities 
either naturally present (e.g., patients with a weaken immune system vs. healthy health- care workers (HCWs); or 
patients located in different rooms yielding a household-type structure), or arising as a result of the 
implementation of infection control measures (e.g., isolation of infected individuals, patient cohorting, etc.). 

In this talk, I will show how different Markovian models can be proposed for the spread of nosocomial infections, 
which allow one to study the role played by the different potential transmission routes (e.g., airborne spread, 
staff-patient contact transmission, or environmental contamination). For the airborne spread of nosocomial 
infections, we can link a deterministic zonal ventilation model for the generation and airborne spread of 
infectious material in a hospital ward, with a Markovian multi-compartmental SIS model for the infection of 
individuals within this ward. When analysing the contact route, multi-compartment epidemic models can be used 
which allow one to analyse the reproduction number of the different agents (patients, health-care workers, or 
surfaces) in the hospital ward. Our results: (i) show the interplay between ventilation, outbreak management and 
ward over-occupancy when analysing airborne pathogens; (ii) highlight the importance of maintaining high hand-
hygiene compliance levels by HCWs; (iii) support infection control strategies including to improve environmental 
cleaning during an outbreak; and (iv) show the potential of some HCWs to act as super-spreaders during 
nosocomial outbreaks. 

 
8. An in vitro assessment of the therapeutic potential of defective genomes against Ebola virus disease? 

Thomas Laws, Dstl, Porton Down, UK 

Ebola virus disease (EVD) continues to pose a significant risk to humankind and this necessitates the continued 
development of therapeutic options. One option that warrants evaluation is that of defective genomes; these can 
potentially parasitize resources from the wild-type virus and may even be packaged for repeated co-infection 
cycles. Deletion and copy-back defective genomes have been identified and reported in the literature. As a crude, 
mixed, preparation these were found to have limiting effects on cytopathology.  Here we have used synthetic 
virology to clone and manufacture two deletion defective genomes. These genomes were tested with Ebola virus 
using in vitro cell culture and shown to inhibit viral replication; however, the defective genomes were not 
released in biologically significant numbers. Our data indicates that defective EBOV genomes may be useful as 
therapeutics against EVD. 



                                          

 
9. Stochastic dynamics of Francisella Tularensis infection 

Grant Lythe, University of Leeds, UK 

Jonty Carruthers, Martín López-García, Grant Lythe, Carmen Molina-París (Leeds) Joseph Gillard, 
Thomas R Laws, Roman Lukaszewski (Dstl) 

With a mouse infection model, agent-based computation and mathematical analysis, we study the pathogenesis 
of Francisella Tularensis infection. A small initial number of bacteria enter host cells and proliferate inside them, 
eventually destroying the host cell and releasing numerous copies that infect other cells. Our analysis of disease 
progression is based on a stochastic model of a population of infectious agents inside one host cell, extending the 
birth-and-death process by the occurrence of catastrophes: cell rupture events that affect all bacteria in a cell 
simultaneously. Closed expressions are obtained for the survival function of an infected macrophage, the number 
of bacteria released as a function of time after infection, and total bacterial load.  We compare our analysis with 
the results of agent-based computation and, via Approximate Bayesian Computation, with experimental 
measurements carried out after of murine aerosol infection with the virulent SCHU S4 strain of the bacterium. 
The posterior distribution is consistent with the estimate that the time between rounds of bacterial division is less 
than 6 hours in vivo. 

 

10. Chemokine receptor redundancy and specificity are context dependent 

Gerry Graham, University of Glasgow, UK 

Currently we lack an understanding of the individual and combinatorial roles for chemokine receptors in the 
inflammatory process. We have generated mice with a compound deletion in Ccr1, Ccr2, Ccr3 and Ccr5 which, 
together, control monocytic and eosinophilic recruitment to resting and inflamed sites. Analysis of resting tissues 
from these mice, and mice deficient for each individual receptor, provides clear evidence for redundant use of 
these receptors in establishing tissue-resident monocytic cell populations.  In contrast, analysis of cellular 
recruitment to inflamed sites provides evidence of specificity of receptor use for distinct leukocyte subtypes and 
no indication of comprehensive redundancy.  We find no evidence of involvement of any of these receptors in the 
recruitment of neutrophils or lymphocytes to resting or acutely inflamed tissues. Our data shed important light on 
combinatorial inflammatory chemokine receptor function and highlight Ccr2 as the primary driver of 
myelomonocytic cell recruitment in acutely inflamed contexts. 

 

11. Specificity and accuracy of receptor signalling in presence of cross-talk 

Anton Zilman, University of Toronto, Canada 

Cross-wired signaling pathways are common in cell signaling, whereby multiple signaling molecules share cell 
surface receptors or other pathway components. It remains unclear how cells are able to reliably transmit 
information in cross-wired pathways.  This issue features prominently in Type I Interferon (IFN) signaling – a 
family of cytokines of the immune system, crucial for the response of an organism to infection. In particular,  
several different IFN subtypes act through the same surface receptor but produce different outcomes in terms of 
cell function and fate. Using theoretical modeling and quantitative experiments, we systematically investigate 
factors responsible for the specificity of Type I IFN signaling.  We show that the specificity arises from the 
interplay of the receptor binding affinity, the numbers of receptor subunits and their in-membrane mobility, 
amplified by transcriptional negative feedback. We also formulate a general theoretical framework which shows 
how multiple ligands can be accurately sensed in the presence of cross-talk, and discuss the implications for other 
signaling pathways. 

  



                                          

 

12. Characterising ventilation to understand airborne infection risk 

Catherine Noakes, University of Leeds, UK 

Airborne transmission of infection in indoor environments depends on the spatial and temporal release of 
infectious microorganisms into the air and the subsequent exposure of susceptible individuals. This is a complex 
process that is determined by the characteristics of the aerosolised microorganisms, human behaviour and the 
design and layout of the environment including its ventilation.  Understanding the interactions between these 
factors is critical to develop realistic risk assessment models and to design and operate buildings effectively to 
control risk. This presentation considers the influence of ventilation and airflows on exposure risk and infection 
control solutions, considers how effectively this can be characterised, and discusses the implications for 
developing epidemic models to predict transmission risk in indoor environments. 

 

13. Immune dynamics through the lens of viral dynamics and evolution 

Simon Frost, University of Cambridge, UK 

Viral population dynamics and population genetics are shaped by immunological pressures within infected hosts, 
and provide important, albeit indirect, information on virus-immune system interactions. I will discuss how the 
dynamics of cellular and humoral immunity are reflected in the type and tempo of mutations in HIV-1 during 
chronic infection, and how norovirus - which normally causes an acute, self-resolving infection - evolves in 
immunosuppressed individuals, in whom norovirus can cause a persistent infection. I will also discuss how 
establishing pathways of escape in viral infections may lead to the development of more effective antiviral 
vaccines. 

 

14. Effects of virus attenuation on interaction with host cells 

David Ulaeto, Dstl and Pirbright Institute, UK 

Attenuated viruses are a powerful tool for control of virus diseases, underpinning the eradication of smallpox and 
rinderpest, and the near eradication of polio.  Non-replicating poxviruses are widely researched as vaccine vectors 
for control of heterologous diseases, but generally lose the one-shot efficacy that was central to smallpox 
eradication. Stable attenuation of replicating poxvirus strains, with the potential to retain one-shot efficacy, is 
under-researched. We present data examining mechanisms of stable attenuation, the response of the virus to 
selective pressure from different types of attenuating mutation, and preliminary examination of effects on 
antigen presentation. 


