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Systems Approaches in Humoral Immunity 
Chairs: Steven Kleinstein and Denise Kirschner 

 
9:30-9:40 Introduction and Welcome (Organizing Committee) 
 
9:40-10:10 Mark Shlomchik (Pittsburgh): The ins and outs of germinal centers: memory B cell  

specification, generation and identity  
10:10-10:40 Rob De Boer (Utrecht): How germinal centers evolve broadly neutralizing antibodies 
 
10:40-11:10 Arup Chakraborty (MIT): How to hit HIV where it hurts  
 
11:10-11:30 DISCUSSION AND COFFEE BREAK 
 
11:30-12:00 Garnett Kelsoe (Duke): The origin of natural antibody 
 
12:00-12:30 Damien Chaussabel (Benaroya) Human immunology 2.0: discovery at the interface  

between cutting-edge genomics and web programming 
12:30-13:00 GENERAL DISCUSSION 
 
13:00-14:30 LUNCH 
 

 
 

Systems Approaches in Cellular Immunity 
Chairs: Ruy Ribeiro and Rustom Antia 

 
14:30-14:45 José Borghans (Utrecht): Maintenance of the lymphocyte pool during healthy aging: no  

signs of peripheral homeostatic compensation 
14:50-15:05 Robin Callard (UCL): A mechanistic model of T-cell homeostasis to explain different T- 

cell reconstitution profiles in HIV-infected children starting ART 
15:10-15:25 Julia Drylewicz (Utrecht): Recent thymic emigrants form a considerable population of  

short-lived naive T cells in mice but not in humans 
15:30-15:45 Vitaly Ganusov (Tennessee): Mathematical modeling reveals kinetics of lymphocyte  

recirculation between major murine organs 
15:50-16:30 DISCUSSION AND COFFEE BREAK 
 
16:30-16:45 Benedict Seddon (MRC): Who, where and how much - how cellular heterogeneity  

influences CTL efficiency 
16:50-17:05 Victor Garcia (ETH): The effect of interference on the CD8+ T cell escape rates in HIV 
 
17:10-18:00 GENERAL DISCUSSION 
 
18:00-20:30 Poster Session (Dinner and cash bar) 
 
 



	  
	  



 
The Ins and Outs of Germinal Centers: 

Memory B Cell Specification, Generation and Identity 
 
Mark J. Shlomchik, Mary Tomayko, Kim Good-Jacobson, Griselda Zuccarino-Catania, Ashraf Khalil 

and Florian Weisel 
 

Yale University School of Medicine and University of Pittsburgh School of Medicine 
 
 
Germinal Centers are structures that normally develop in B follicular zones of secondary lymphoid 
tissue several days after the initiation of an immune response. Memory B cells (MBCs) are defined as 
cells that have experienced antigen stimulation, divided, differentiated and then returned to quiescence. 
Such MBCs are typically studied at some time after the initial immune response has faded. MBC by 
definition can be restimulated by antigen and presumably respond in a different fashion from their 
naïve counterparts, most classically by making a rapid burst of short-lived antibody forming cells. 
Long lived plasma cells (LLPC) have ceased division, have an extremely long lifespan, are not 
restimulatable, and typically reside in the bone marrow. GCs are widely thought to be the source of 
long-lived MBCs and LLPCs. Within the GC B cells proliferate rapidly, undergo somatic mutation of 
V regions, and undergo a poorly understood process of selection for higher affinity for nominal antigen 
while avoiding autoreactivity. We have been interested in several questions related to these processes. 
How do GC B cells “decide” whether to divide and maintain identity, die, or differentiate into either 
MBC or LLPC? What is identity, origin and nature of MBCs themselves? How does the MBC 
compartment preserve itself over long periods and avoid being depleted if restimulation causes 
terminal differentiation into AFCs? Over the last six years we have gained insights into these questions 
using a combination of systems and biological approaches, as will be described. I will present our 
findings on MBC heterogeneity, origin and function. I will also discuss how the GC does and does not 
generate various types of MBC and LLPC and discuss the implications for our views on GC function 
and selection that leads to high affinity long-lived B cell compartments following immunization.  
 
 
 



 
How Germinal Centers Evolve Broadly Neutralizing Antibodies 

 
Rob J. De Boer1 & Alan S. Perelson2 

 
1Theoretical Biology & Bioinformatics, Utrecht University, the Netherlands; 2Theoretical Biology & 

Biophysics, Los Alamos National Laboratory, USA 
 
 
Broadly neutralizing antibodies (BnAbs) binding a large variety of different Env proteins from 
genotypically different strains of HIV-1 evolve in many HIV-1 infected patients. This evolutionary 
process takes several years and involves the accumulation of a large number of somatic mutations.  It 
is unclear how BnAbs evolve because the selection taking place in germinal centers occurs on the basis 
of affinity, and not on broadly neutralizing capacity. B cells with the highest affinity receptors acquire 
the most antigen from the FDC network in germinal centers, and get selected because they present the 
most cognate peptide on their MHC molecules (pMHC) to follicular helper T cells (Tfh). The current 
consensus is that B cells binding a large fraction of the different Env proteins expressed by the HIV-1 
quasispecies in a patient evolve broadly neutralizing activity because they see a larger amount of 
antigen than more specific B cells. 
 
Developing mathematical models for a germinal center reaction with diverse antigens we argue that 
this consensus can be correct, but that specific B cells recognizing a dominant strain of HIV-1 are 
expected to overrule this more subtle selection of BnAbs.  In a second model we also consider the 
clonal diversity of Tfh cells, and argue that B cells binding a larger variety of Env will present a higher 
diversity of pMHC (albeit at a possibly lower density). Since Tfh cells are a major limiting factor this 
will generically select for antibodies binding a large fraction of the strains of HIV-1. 
 
 



 
 

How to Hit HIV Where It Hurts 
 

Arup K. Chakraborty 
 

Departments of Chemical Engineering, Physics, Chemistry, & Biological Engineering, Institute for 
Medical Engineering & Science, Massachusetts Institute of Technology 

Ragon Institute of MGH, MIT, & Harvard. 
 
 
HIV continues to wreak havoc around the world, especially in poor countries.  A vaccine is urgently 
needed to overcome this major global health challenge.  I will describe key challenges that must be 
confronted to achieve this goal.  I will then focus on some work that aims to address a part of these 
challenges by bringing together theory and computation (rooted in statistical physics), consideration of 
structures of multi-protein assemblies, basic immunology, and human clinical data.  The results of 
these studies suggest the design of immunogens that could be components of vaccines that might elicit 
immune responses which might be able to hit HIV where it hurts upon natural infection.  I shall also 
briefly touch upon some potentially generic features of viral evolution, which are superficially 
reminiscent of Hopfield dynamics and scaling.  
 
 



 
 

The Origin of Natural Antibody 
 

Alexander Reynolds and Garnett Kelsoe 
 

Department of Immunology and Human Vaccine Institute, Duke University School of Medicine, 
Durham, North Carolina 27710. 

 
 
Natural antibody is a constitutive IgM present in the blood serum of all mammals. Unlike serum IgG, 
this IgM does not depend on T cells and is little diminished even in the absence of incidental exposure 
to microbial stimuli. Natural IgM antibody plays an important role in the initiation of T-cell dependent 
humoral immune responses and in clearance of cellular and metabolic debris. Despite decades of study, 
the origins of natural antibody have not been defined precisely. Transfer experiments have shown a 
close correlation between peritoneal cells, including B1a cells, and natural antibody but it is clear that 
peritoneal B1 cells do not secrete adequate amounts of IgM to support the levels of natural IgM levels 
present in mouse serum. More recent work has claimed that B1 B cells in bone marrow are the source 
of natural antibody, but these cells do not resemble differentiated plasmacytes nor do they comprise 
significant populations of antibody-secreting cells. 
 
We have discovered a discrete population of IgM-secreting plasmacytes in the bone marrow that 
originate from cells resident in the peritoneal cavity but not from B1a B cells. The transfer of these 
progenitors completely restores serum IgM levels in Rag1 deficient mice and the specific compartment 
of bone marrow plasmacytes. In contrast to serum IgG, this novel plasmacyte compartment is 
independent of T cells and CD154 (CD40L) and contains a substantial fraction of non-dividing, long 
lived cells. Significantly, these IgM plasmacytes do not occupy the niche that supports IgG 
plasmacytes in bone marrow but instead is dependent on IL-5. Genetic analysis of these natural IgM 
plasmacytes reveals an unmutated, clonally diverse population strongly enriched for VH11 
rearrangements. We propose that these natural IgM plasmacytes represent an “innate B-cell” 
population descended from yolk sac progenitors; natural IgM plasmacytes are not the progeny of B1 B 
cells but instead share an earlier common ancestor. 
 
 



 
 

Human Immunology 2.0: Discovery at the Interface Between 
Cutting-Edge Genomics and Web Programming 

 
Damien Chaussabel 

 
Benaroya Research Institute, Seattle, WA, USA 

 
 
Systems approaches have proven vastly successful in promoting biomedical knowledge discovery and 
advancing human health. But there is much more, to be discovered from the vast stores of data 
amassed at increasing rates by research groups worldwide. New knowledge is generated from insight 
gained by interpreting data. Hence, we developed a web application for integrating data along with 
contextual information that is necessary for its interpretation. This application is in turn used for data 
dissemination to study investigators and/or the scientific community at large. Providing seamless 
access to vast amounts of interpretable data promotes in turn insight and biomedical knowledge 
discovery. Analytic approaches and software developed for the mining of biomedical Big Data will 
also be presented. 
 



 
 

Maintenance of the Lymphocyte Pool During Healthy Aging: 
No Signs of Peripheral Homeostatic Compensation 

 
Liset Westera1, Vera van Hoeven1, Julia Drylewicz1,2, Gerrit Spierenburg1, Sigrid Otto1, Rob de Boer2, 

Kiki Tesselaar1 and José Borghans1 
 

1Immunology, University Medical Center Utrecht, the Netherlands; 2Theoretical Biology and Bio-
informatics, Utrecht University, the Netherlands 

 
 
It is generally believed that during healthy aging, homeostatic mechanisms are called into action in 
order to maintain stable numbers of leukocytes and preserve immune function into old age. Here we 
use in vivo 2H2O labeling to quantify the turnover rates of naive, memory and effector B and T cells in 
healthy young and elderly individuals. We report that the cell numbers and daily turnover rates of these 
lymphocyte subsets do not differ between young and elderly individuals. Only for CD8+ naive T cells 
did we find a significantly higher rate of turnover in elderly individuals, which was related to a 
substantially larger proportion of cycling CD95+ cells. Remarkably, we found no difference in the 
average turnover rate of CD4+ naive T cells between young and elderly individuals. In light of 
considerable thymic involution during healthy aging, at first glance this finding suggests that increased 
peripheral T-cell division is compensating for the decline in thymic output. Analysis of T-cell receptor 
excision circles (TRECs) revealed, however, that despite a tenfold decline in daily thymic output, 
peripheral T-cell division rates were not increased in the elderly subjects. The most likely explanation 
is that thymic output in young adults is already playing such a small role in the maintenance of 
peripheral T-cell numbers that its decline need not be compensated for. Taken together, these data 
show no marked age-related differences in T- and B-lymphocyte subsets, and no signs of homeostatic 
compensation for declining thymic output during healthy aging. 
 
 



 
 

A Mechanistic Model of T-cell Homeostasis to Explain Different T-cell 
Reconstitution Profiles in HIV-Infected Children Starting ART 

 
Joanna Lewis1,2, Joseph F. Standing1, A. Sarah Walker3, Nigel Klein1,4 and Robin Callard1,2 

 
1UCL Institute of Child Health, 30 Guilford Street, London WC1N 1EH; 2CoMPLEX, University 

College London, Gower Street, London WC1E 6BT; 3MRC Clinical Trials Unit, Aviation House, 125 
Kingsway, London WC2B 6NH; 4Great Ormond Street Hospital, Great Ormond Street, London WC1N 

3JH 
 
 
CD4 T-cell reconstitution in HIV-infected children starting antiretroviral therapy (ART) was 
investigated using a mechanistic two compartment mathematical model of T-cell homeostasis. In this 
model, the CD4 population consisted mainly of resting cells subject to density–dependent rates of cell 
death and activation to divide and a small subpopulation of dividing cells susceptible to nonlinear 
death.  The model was applied to CD4 counts corrected for age from 914 HIV-infected children 
starting ART aged between three months and seventeen years. Using a mixed-effects statistical 
framework, the model describes population-average T-cell dynamics and captures between-child 
differences in the CD4 response. Cell production by the thymus was faster than peripheral expansion 
throughout recovery. In the long term, 0.07% of cells were in division with a production rate of 0.14% 
of cells per day. Rates of T-cell production by the thymus, peripheral expansion and death were all 
associated with age (p<0.0001). The study establishes mechanistic mathematical and statistical models 
for T-cell recovery in HIV-infected children on ART, which has the potential to explain important and 
informative between-child differences in CD4 response to treatment. 
 



 
 

Recent Thymic Emigrants Form a Considerable Population of 
Short-Lived Naive T Cells in Mice but not in Humans 

 
Julia Drylewicz1,2, Vera van Hoeven1, Liset Westera1, Tendai Mugwagwa2, Rob J. de Boer2, José A.M. 

Borghans1, and Kiki Tesselaar1 
 
1Laboratory of Translational Immunology, University Medical Center Utrecht, Utrecht; 2Department of 

Theoretical Biology and Bioinformatics, Utrecht University, Utrecht, The Netherlands 
 
 
The naive T-cell pool is maintained at a relatively stable size throughout life, which is accomplished 
by self-renewal of naive T cells in the periphery and de novo production of T cells in the thymus. Once 
de novo produced T cells have completed their development in the thymus and have entered the 
peripheral naive T-cell pool, they are referred to as recent thymic emigrants (RTE). Despite the clear 
relevance of RTE in maintaining a diverse T-cell population, little is known about their dynamics, 
mainly because of the lack of a reliable marker that phenotypically distinguishes RTE from mature 
naive (MN) T cells. It is generally believed, however, that both in mice and humans, RTE form a 
subpopulation of relatively short-lived naive T-cells. 
 
In this work, we performed in vivo deuterium labeling in mice and humans at young adult age, and 
thymus transplantation studies in mice, to quantify the average residence time of naive T cells in the 
RTE and MN T-cell compartments, as well as the frequency of RTE in the peripheral naive T-cell 
pool. We found that in mice, RTE comprise approximately half of the CD4+ and up to 25% of the 
CD8+ naive T-cell pool, and in both pools, the residence time in the RTE compartment is at least 2-
fold shorter than in the MN T-cell compartment. In striking contrast, the residence time in the human 
RTE compartment is at least 100-fold shorter than in the MN T-cell compartment and the frequency of 
human RTE is less than 1% of all naive T cells. Hence, RTE can be responsible for large and rapid 
changes in the peripheral naive T-cell pool in mice but not in humans. 
 
 



 
 

Mathematical Modeling Reveals Kinetics of 
Lymphocyte Recirculation Between Major Murine Organs 

 
Vitaly V. Ganusov 

 
University of Tennessee 

 
 
The kinetics of recirculation of naive lymphocytes in the body has important implications for the speed 
at which local infections are detected and controlled by immune responses. Yet, residence times of 
lymphocytes in major lymphoid and nonlymphoid tissues remains only approximately known.  In this 
study using mathematical modeling we analyze experimental data on migration of 51Cr-labeled 
thoracic duct lymphocytes (TDLs) via major lymphoid and nonlymphoid tissues of rats.  We show that 
at any point of time, 95% of lymphocytes in the blood travel via capillaries in the lung or sinusoids of 
the liver and only 5% migrate to secondary lymphoid tissues.  In contrast with a widespread belief that 
lymphocytes spend substantial time in the vasculature of the lung and liver, our analysis suggests that 
lymphocytes travel via lung capillaries and liver sinusoids at an extremely rapid rate with the average 
residence time in these tissues being less than 1 minute.  The model also predicts a relatively short 
average residence time of TDLs in the spleen (2.5 hours) and a longer average residence time of TDLs 
in major lymph nodes and Peyer's patches (10 hours).  Surprisingly, we find that the average residence 
time of lymphocytes is similar in lymph nodes draining the skin (subcutaneous LNs) or the gut 
(mesenteric LNs) or in Peyer's patches. Taken together, our study for the first time provides a 
comprehensive, systems view of recirculation kinetics of naive lymphocytes in the whole organism. 
 



 
 

Who, Where and How Much –  
How Cellular Heterogeneity Influences CTL Efficiency 

 
Thea Hogan1, Ulrich Kadolsky2, Sim Tung1, Benedict Seddon1* and Andrew Yates2* 

 
1Division of Immune Cell Biology, MRC National Institute for Medical Research, Mill Hill, London 

NW7 1AA, UK; 2Department of Systems and Computational Biology, Albert Einstein College of 
Medicine, Bronx, NY 10461, USA 

 
*These authors contributed equally to this work 
 
 
Quantifying the rate at which individual cytotoxic T lymphocytes (CTL) can survey and kill target 
cells is important for deriving ground-up estimates of critical CTL densities required for the control of 
infections. Estimates of this quantity have been derived from in vivo killing assays, using the relative 
survival of target and control cells exposed to spleen-resident CTL. However, we expect there to be 
significant heterogeneity in this process, both from the spatial organisation of the spleen and from the 
population of cells used as targets. Are all CTL capable of participating? Are some target cells more 
difficult to kill than others? And what impact is made by peptide turnover rates or expression levels? 
To address these questions, we revisited the splenocyte killing assay using transgenic F5 CTL specific 
for the NP366-374 influenza epitope. Using flow cytometry and quantitative imaging, we demonstrate 
that targets which differ in both their MHC expression levels and migration patterns within the spleen 
are killed at different rates by the same population of CTL. Decreasing the level of peptide on the 
target cells resulted in progressively less efficient CTL activity in both in vivo and in vitro assay 
systems. Taken together, these data demonstrate that CTL efficiency is sensitive to both peptide 
availability and target cell type.  Furthermore, mathematical models of CTL killing allow us to place 
bounds on the rate at which single CTL can survey and kill targets over a range of peptide expression 
levels. Our analysis demonstrates how population-average estimates of immune response parameters 
can be dissected to account for both spatial and cellular heterogeneity. 
 



 
 

The Effect of Interference on the CD8+ T Cell Escape Rates in HIV 
 

Victor Garcia 
 

ETH Zurich 
 
 
In early HIV infection, the virus population is observed to escape from multiple CD8+ T cell 
responses, unfolding as the sequential fixation of the selected viral escape mutations. The later an 
escape mutation emerges, the slower it outgrows its competition, i. e. the escape rate is lower. This 
pattern could indicate that the strength of the CD8+ T cell responses is waning, or that later viral 
escape mutants carry a larger fitness cost. 
 
In this paper, we propose that the pattern of decreasing escape rate could also be caused by genetic 
interference among different escape strains, defined as the sustained co-existence of strains with 
similar fitness advantages. 
 
To this end, we developed a novel mathematical multi-epitope model of HIV dynamics, which 
incorporates stochastic effects, recombination and mutation. We used cumulative linkage 
disequilibrium measures to quantify the amount of interference. 
 
We found that nearly synchronous, similarly strong immune responses in two-locus systems enhance 
the generation of genetic interference. This effect, combined with densely spaced sampling times at the 
beginning of infection, leads to decreasing successive escape rate estimates, even when there were no 
selection differences among alleles. 
 
Thus, interference could explain why later escapes are slower. Considering escape mutations in 
isolation, neglecting their genetic linkage, conceals the underlying haplotype dynamics and can affect 
the estimation of the selective pressure exerted by CD8+ T cells. In systems in which multiple escape 
mutations appear, the occurrence of interference dynamics should be assessed by measuring the 
linkage between different escape mutations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  
	  



 
Saturday, January 11th 

 
 
 

Systems Approaches for Understanding Immune Responses 
Chairs: Alan Perelson and Rob De Boer 

 
9:00-9:30 Denise Kirschner (Michigan): A systems biology approach to uncover mechanisms 

governing immunity: tuberculosis as a case study 
9:30-10:00 John Tsang (NIH): From whole organisms to individual cells: exploring natural biological  

variations to study the immune system 
10:00-10:30 Matthew Krummel (UCSF): The immune response in 4 dimensions 
 
10:30-11:00 DISCUSSION AND COFFEE BREAK 
 
11:00-11:30 Joshua Schiffer (Fred Hutchinson): Immunologic success and failure against HSV-2 in  

the human genital tract: the importance of spatial heterogeneity 
11:30-12:30 GENERAL DISCUSSION 
 
12:30-14:00 LUNCH 
 
 
 

Systems Approaches in Signaling etc. 
Chairs: Vitaly Ganusov and Robin Callard 

 
14:00-14:15 Lily Chylek (Cornell): Quantified phosphorylation site dynamics reveal mechanisms of  
  T-cell receptor signal initiation 
14:20-14:35 Jialiang Wu (Yale): Integrative modeling of interferon stimulated gene transcription 
 
14:40-14:55 Chitra Nayak (Toronto): Computational insights into the role of USP18 in type I  

interferon refractoriness 
15:00-15:15 Rodolphe Thiébaut (INSERM): Integrative analysis of responses to dendritic cell  

vaccination identifies signatures correlated with control of HIV replication: the DALIA 
trial 

15:20-15:35 Daniel Gadala-Maria (Yale): Genotyping methods for improving detection of  
immunoglobulin mutations 

15:40-16:10 DISCUSSION AND COFFEE BREAK 
 
16:10-16:25 Grant Lythe (Leeds): How many TCR clonotypes does a body maintain? 
 
16:30-16:45 Philip Johnson (Emory): The puzzle of aging TCR repertoires 
 
16:50-17:05 TBD 
 
17:10-17:50 GENERAL DISCUSSION 
 
17:50-18:00 Adjournment and final thoughts (Organizing Committee) 
 
 



 



 
 

A Systems Biology Approach to Uncover Mechanisms Governing Immunity: 
Tuberculosis as a Case Study 

 
Denise Kirschner 

 
University of Michigan, USA 

 
 
Tuberculosis (TB) is the number one cause of death due to infectious disease in the world. Currently, 2 
billion people are infected with TB. The immune response that ensues after infection with 
Mycobacterium tuberculosis (Mtb) is complex and not well-understood.  The pathologic hallmark of 
infection are the formation of structures in the lung, granulomas, which are roughly spherical 
collections cells and bacteria that serve to immunologically restrain and physically contain bacteria. 
Effector cell generation occurs in lung draining lymph nodes providing T cells to the lung to activate 
cells and orchestrate responses. Thus understanding dynamics in both physiological compartments is 
key. If a granuloma is capable of inhibiting or killing most of the M. tuberculosis present, humans 
develop a clinically latent infection. However, if a granuloma is impaired in function, infection 
progresses, granulomas enlarge, and bacteria seed new granulomas; this results in progressive 
pathology and disease, i.e., active tuberculosis. The roles and interactions of various cells 
(macrophages, T cells, etc) and molecules (cytokines, chemokines, and other effector molecules) 
within a granuloma are complex and challenging to address by experimental methods alone. 
Computational approaches in tandem with experiments can be used to dissect the temporal and spatial 
aspects of granuloma formation and function in lung and lymph nodes. Further, these biological 
processes occur over multiple spatial scales including molecular, cellular, tissue and organ scales. Here 
we explain how a systems biology approach can integrate experimental and computational work to 
address critical questions necessary to understanding the immune response in TB. 
 
Funding acknowledgements: NIH: HL106804, EB012579, HL110811, HL106800 
 
 



 
 

From whole organisms to individual cells: 
Exploring natural biological variations to study the immune system 

 
John S. Tsang1,2 

 
Other authors: Angelique Biancotto2, Foo Cheung2, Howard B. Dickler2, Ronald N. Germain2,3, Hana 

Golding4, Yuri Kotliarov2, Yong Lu1, Susan Moir5, Andrew J. Martins1, Manikandan Narayanan1, 
Matthew J. Olnes2, Shira Perl2, Thorsten Prustel6, Pamela L. Schwartzberg2,7, Naisha Shah1, The CHI 

Consortium, Ena Wang2,8, Katherine Wendelsdorf1, Zhi Xie2 
 
Note: Since examples drawn from multiple projects will be discussed in this talk, the non-presneting 
authors are listed in alphabetical order, which does not necessarily reflect the relative level of 
contribution within individual projects.  
 
1. Systems Genomics and Bioinformatics Unit, Laboratory of Systems Biology, National Institute of 
Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH) 
2. Trans-NIH Center for Human Immunology, NIH 
3. Lymphocyte Biology Section, Laboratory of Systems Biology, NIAID, NIH 
4. Laboratory of Retrovirus Research, US Food and Drug Administration 
5. Laboratory of Immunoregulation, NIAID, NIH 
6. Computational Biology Unit, Laboratory of Systems Biology, NIAID, NIH 
7. Genetic Disease Research Branch, National Human Genome Research Institute, NIH 
8. Infectious Disease and Immunogenetics Section, Department of Transfusion Medicine, Clinical 
Center, NIH 
 
 
A major goal of systems immunology is to map and quantitatively model the molecular and cellular 
interactions that orchestrate immune responses and homeostasis in health and disease. To reach this 
goal, the application of systematic perturbations on the system of interest is often needed, yet they are 
not always feasible or desirable such as in the study of the human immune system. Natural biological 
variations can be a powerful source of perturbations for assessing component functions and sampling 
system states across multiple levels of biological organization. The characterization and utilization of 
such variations can enable the inference of functional interactions among system components and 
immune-response outcomes. In this talk I will present examples drawn from two different levels: 1) 
assessing inter/intra-subject variations in a healthy human cohort and utilizing these variations for 
building predictive models of immune responses to vaccination; and 2) quantifying cell-to-cell gene-
expression heterogeneity in single cells and exploring their consequences at the network level to reveal 
condition-specific circuitry of human macrophage activations. 
 



 
 

The Immune response in 4 Dimensions 
 

Matthew KRUMMEL Lab 
 

UCSF 
 
 
Our laboratory has developed methods to collect and analyze real-time data concerning spatiotemporal 
aspects of immune activation across multiple sites of immune activation and reactivation. Lessons 
from these studies demonstrate the assembly of immune cells in motile and relatively static structures, 
and the critical role of search strategies and synapse stability for the emergent behaviors of the immune 
response. 
 
First and foremost, to mount an immune response, T lymphocytes must successfully search for foreign 
material bound to the surface of antigen-presenting cells. T cell motility in tissues resembles a random 
or Levy walk and is regulated in part by external factors including chemokines and lymph node 
topology. Here we describe a cell-intrinsic motor protein which enforces an intrinsic T cell meandering 
search and prolongs T-DC interactions during lymph node surveillance. This ‘turning motor’ generates 
a form of cellular flânerie and enhances reactivity towards rare cognate antigen presenting cells.  
 
We will also present current demonstrating that T cells flexibly integrate their proximal signaling with 
ongoing cell motilty. We will subsequently discuss emerging evidence that T cell activation toward 
differentiation is then driven during a 'critical differentiation period' that is facilitated by novel synaptic 
signaling between activating T cells. We conclude that the immune system derives its emergent 
behaviors from the spatiotemporally organized and collective interactions of many lymphocytes within 
tissues and organs 
 
 



 
 

Immunologic Success and Failure Against HSV-2 in the Human Genital Tract: 
The Importance of Spatial Heterogeneity 

 
Joshua T. Schiffer1,2, David Swan1, Anna Wald1,2, Lawrence Corey1,2 

 
1Fred Hutchinson Cancer Research Center, Seattle, WA; 2University of Washington, Seattle, WA 
 
 
Herpes simplex virus-2 (HSV-2) is a chronic reactivating virus that leads to frequent viral shedding 
episodes throughout the lifetime of the infected host.  Reactivation episodes within a single person are 
highly heterogeneous: while many asymptomatic episodes are contained within hours at low copy 
numbers, others last weeks and are associated with high local viral loads and formation of painful 
genital lesions.  Episodes initiate approximately weekly.  Therefore, over the course of several months, 
most patients have multiple instances of both immunologic success (rapid viral elimination) and failure 
(lesions).  HSV-2 expansion and clearance rates are extremely rapid and prolonged episodes are 
sustained not by slow elimination of viral, but rather by frequent viral re-expansion phases.  These 
complex temporal dynamics are coupled with the observation that shedding occurs concurrently in 
multiple ulcer microenvironments across the genital tract.  The tissue immune microenvironment 
displays similar spatial heterogeneity. At the edge of healing herpetic ulcers, dense sheets of HSV-
specific CD8+ T-cells persist in an activated effector memory state, suggesting an immuno-
surveillance role between local reactivations.  However, the density of these cells diminishes 
substantially over distances of one tenth of a millimeter, highlighting profound discrepancies between 
viral and immune cell battlefields, and adjacent areas of tissue where infection is quiescent.  Our group 
has developed mathematical models, which recapitulate detailed dynamic features of population level 
HSV-2 shedding data.  Model simulations result in testable hypotheses including the ideas that local 
CD8+ T-cell density dictates extent of viral spread and viral containment occurs extremely rapidly in 
fewer than 3 hours within a single microenvironment.  In this talk, I will describe human and murine 
experiments designed with the intent of validating and expanding upon model predictions. I will 
highlight newer models, which address the relative importance of CD8+ T-cell trafficking, expansion, 
decay, and patrolling, as well as target cell limitation, in establishing long-term HSV-2 shedding 
dynamics, as well as control within single loci of viral replication. 
 
 



 
 

Quantified Phosphorylation Site Dynamics Reveal Mechanisms of 
T-cell Receptor Signal Initiation 

 
Lily A. Chylek1,2,3†, Vyacheslav Akimov4†, Joern Dengjel5†, Kristoffer T.G. Rigbolt5, Bin Hu1,6, 

William S. Hlavacek1,2,6, Blagoy Blagoev4 
 

1Theoretical Division and 2Center for Nonlinear Studies, Los Alamos National Laboratory, Los 
Alamos, NM 87545, USA; 3Department of Chemistry and Chemical Biology, Cornell University, 

Ithaca, NY 14853, USA; 4Department of Biochemistry and Molecular Biology, University of Southern 
Denmark, Odense, Denmark; 5Freiburg Institute for Advanced Studies, University of Freiburg, 

Freiburg, Germany; 6Department of Biology, University of New Mexico, Albuquerque, NM 87131, 
USA 

 
† These authors contributed equally.  
 
 
Despite a wealth of knowledge about phosphorylation-dependent signaling networks, the mechanisms 
of signal initiation remain mysterious for many systems. We developed a new strategy for 
characterizing early signaling by combining time-resolved quantitative mass spectrometry with 
physicochemical network modeling. We applied this approach to study initiation of T-cell receptor 
signaling, a fundamental process in the adaptive immune response. We developed a model that 
encompasses interactions among 17 proteins, reproduced phosphorylation dynamics of 16 individual 
phosphosites, and generated non-trivial predictions that were experimentally validated, enabling us to 
uncover novel signal initiation mechanisms. First, our data indicated that upon stimulation, multiple 
negative regulatory sites underwent rapid dephosphorylation as the phosphatase SHP-1 was activated. 
Our model predicted that loss of SHP-1 would enhance phosphorylation of these sites while 
attenuating phosphorylation of other specific signaling proteins. These predictions were confirmed in 
knockdown experiments, indicating that SHP-1, previously characterized as a negative regulator of 
later signaling, has a transient positive role in early signaling. Second, the fine time resolution of 
measurements allowed the order of events to be determined. One of the earliest events detected was 
phosphorylation of the actin regulator WASP, which occurred before other phosphorylation events that 
are considered prerequisite for WASP recruitment. Our model predicted that a shortcut pathway 
activates WASP in the first minute of signaling. This prediction was supported by experiments in 
which a central protein in the longer, canonical pathway was knocked down. Furthermore, the shortcut 
appears to be progressively deactivated as components of the long pathway are assembled, 
representing another example of transient positive regulation. Our approach, which yielded a more 
detailed and comprehensive picture of early signaling than has previously been possible, is 
generalizable to diverse phosphorylation-dependent signaling networks. 
 
 



 
 

Integrative Modeling of Interferon Stimulated Gene Transcription 
 

Jialiang Wu1,2 and Steven Kleinstein2,3 
 

1Center for Medical Informatics, Yale University School of Medicine, New Haven, CT, USA; 
2Department of Pathology, Yale School of Medicine, New Haven, CT, USA; 3Interdepartmental 
Program in Computational Biology and Bioinformatics, Yale University, New Haven, CT, USA 

 
 
Interferons (IFNs) are essential proteins for combating viral, bacterial, and tumor cells. There are 
several hundred genes that are transcriptionally regulated by IFNs, called interferon-simulated genes 
(ISGs). These genes elucidate antiviral and antitumor mechanisms as well as clarify cell homeostasis 
and communication. Interferon regulatory factors (IRF) play many important roles in regulating the 
expression and the amplifying effects of ISGs. In this study, we first build a mathematical model of the 
genome wide mRNAs’ response to IFN-Alpha and IFN-Beta stimuli, ultimately attaining to mRNA’s 
production rates and degradation rates. The parameters we identified, quantify the characteristics of 
ISGs. Specifically, we found that the ISGs have wide range of production rates, differing by three 
orders of amplitude. Second, we propose a mechanistic model of IRFs to explain the wide range of 
production rate of ISGs. This mechanisms identified by the model can be used as testable hypothesis 
for experiment validation, providing novel targets for rational vaccine design. 
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Interferons (IFNs) are an important class of cytokines due to their antiviral and cell proliferation 
effects.  IFN binds  to the two subunits of the IFN receptor, IFNAR1 (R1) and IFNAR2 (R2), to form a 
ternary complex. The kinases - Jak’s and Tyk’s - bound to the cytoplasmic domains of receptor 
subunits become phosphorylated after the ternary complex formation, which further phosphorylates 
STAT(Signal transducer and activator of transcription). Phosphorylated STAT  (p-STAT) forms homo 
or hetero dimers that migrate to the nucleus to initiate the transcription of a large number of genes. One 
of the interferon stimulated genes, USP18, is a negative feedback control, which interacts with R2. 
Type I interferons exhibit a reduced response (refractoriness) to prolonged or multiple doses of IFN. It 
has been shown that despite binding to the same receptor, IFN-α is more refractory than IFN-β and 
USP18 plays a role in the refractory state. Similarly, the subtypes of type I interferons produce 
differential response in cells even though they form structurally similar ternary complexes and activate 
the same pathways. We have used a mathematical modeling approach, combined with the quantitative 
experiments to better understand the determinants of the refractory state and differential response of 
cells, which may be key to improving IFN responsiveness in patients treated with IFN-based therapy. 
 
The association and dissociation of the IFN’s to the receptor subunits and the phosphorylation of 
STAT is studied using the Gillespie stochastic simulation algorithm and analytic calculations. The 
three dimensional and two dimensional association and dissociation rates of IFN α and β are informed 
by published data. The unavailable rates are evaluated from the principle of detailed balance that 
requires certain relations to be obeyed by the reaction rates.  Our model reproduces the experimentally 
observed lower EC50 value for pSTAT when simulated with IFN β as compared to IFNα. For any 
given concentration, IFNβ produces more ternary complexes as compared to  IFNα. The amount of the 
ternary complex formed and pSTAT decreases in the presence of USP attached to R2. However, IFNβ 
is less refractory as compared to IFN α for the same amount of USP agreeing with the experimental 
results.  We are able to explain the differential behaviour and the dose dependent differential 
refractoriness of the sub types of type I interferon in terms of the differential binding affinities. 
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Background: We have reported that vaccination with ex vivo generated DC loaded with HIV-
lipopeptides in patients (n=19) on antiretroviral therapy (ART) was well tolerated and immunogenic. 
Vaccine-elicited HIV-specific T cell responses were associated with improved control of viral 
replication following antiretroviral interruption (ATI from w24 to w48) (CROI 2012 PB440). Here we 
have performed an integrated analysis of post vaccination immune responses and gene expression 
measured at w16 with viral parameters during ATI. 
 
Methods: Gene expression in whole blood was repeatedly measured by gene expression microarrays 
(Illumina HumanHT-12 v4) at 14 time points. Post vaccination (w16) immune responses were 
evaluated using ICS, Multiplex cytokine secretion and Interferon-γ ELISPOT. Peak of viral load was 
the maximum observed plasma HIV RNA during ATI. Longitudinal analysis of gene expression data 
was performed using a new approach (TcGSA) based on hierarchical models allowing heterogeneity in 
predefined gene sets (Chaussabel’s functional modules). Data integration of gene expression, immune 
responses at w16 and peak of viral load during ATI was performed with sparse-Partial Least Square. 
 
Results: During vaccination, 69 modules out of 260 varied significantly including (by order of 
significativity) modules related to inflammation (M3.2, M4.13, M4.6, M5.7, M7.1, M4.2), plasma cells 
(M4.11) and T cell (M4.1, 4.15). We show an inverse relationship between HIV-specific responses 
(production of IL-2, IL-13, IL-21, IFN-γ, CD4 polyfunctionality, i.e. production of at least two 
cytokines) and the peak of viral load during ATI. Those cellular immune responses were positively 
correlated to genes associated with T cell functional modules (M4.1, M4.15) at w16 and negatively 
correlated to genes associated with inflammation (M7.1, M5.7, M3.2, M4.13, M4.2). Interestingly, the 
last three modules were also found to be associated with the response to pneumococcal vaccine 
(Obermoser et al. Immunity 2013). 
 
Conclusions: Changes in gene expression profile were associated with vaccine-elicited cellular 
responses and viral rebound during ATI. Integrated analysis led to identify DC vaccine signatures 
likely correlated with a better control of HIV replication. 
 



 
 

Genotyping Methods for Improving Detection of Immunoglobulin Mutations 
 

Daniel Gadala-Maria1, Gur Yaari2, Jason A. Vander Heiden1, Mohamed Uduman2, Namita Gupta1, 
Francois Vigneault3, Uri Laserson4, and Steven H. Kleinstein1,2 

 
1Interdepartmental Program in Computational Biology and Bioinformatics, Yale University, New 
Haven, CT, USA; 2Department of Pathology, Yale School of Medicine, New Haven, CT, USA; 
3AbVitro Inc., Boston, MA, USA; 4Department of Mathematics, Massachusetts Institute of 
Technology, Cambridge, MA, USA and Harvard-MIT Division of Health Sciences and Technology, 
Massachusetts Institute of Technology, Cambridge, MA, USA and Department of Genetics, Harvard 
Medical School, Boston, MA, USA 
 
 
The B cells which produce immunoglobulins (Igs) undergo a recombination process to generate unique 
Ig genes from germline gene segments, experience a high rate of mutation in these genes, and are 
selected to expand clonally based on the binding strength of Ig to pathogenic substances. Together, the 
processes allow for efficient immune protection through a tailored, high-affinity Ig repertoire. 
Analyses of Ig sequences involve detection of mutations in those sequences through the comparison of 
recombined sequences to a database of all known Ig germline gene segment alleles. However, 
databases are incomplete and comparisons currently involve all known alleles of all gene segments 
(despite expectations that a given individual should carry only one or two unique alleles of each Ig 
gene segment). These problems lead to errors in mutation detection in Ig sequences and, due to the 
segments’ somatic diversity, can’t be solved simply by genomic sequencing. To correct these 
problems, we have developed and evaluated a pair of computational methods for high-throughput Ig 
sequencing data. The first method allows for the detection of undocumented Ig alleles through an 
examination of mutational signatures. Testing indicates that this method has a sensitivity of about 85% 
at false discovery rate of approximately 0.05, and its application to Ig sequence data taken from three 
individuals was able to identify five novel Ig gene segments. The second method revises alignment-
based allele usage predictions to include only those which our method infers to be carried by the 
individual. Its application to Ig data from the same three individuals demonstrates that over 85% of 
problematic allele predictions can be corrected in this manner. Our methods can both be applied 
quickly and effectively to high-throughput Ig sequencing data generated by various platforms or 
isolated from various biological sources, and can be integrated easily into Ig analysis pipelines. 
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We present a stochastic model of T cell homeostasis, based on competition between large numbers of 
clonotypes, each with a unique recognition profile in the universe of different pMHC stimuli. The 
model explicitly tracks the integer number of cells of each type which change, by cell death or 
division, according to the Gillespie algorithm. Diversity of T cells is maintained by competition for 
many subsets of self-peptide-MHC. The effect of thymic activity throughout life is modelled by the 
release of new clonotypes that must compete in the pool of pre-established ones. Simple expressions 
are found for the distribution of times to clonal extinction. Numerical studies investigate the scaling of 
the system towards the very large physiological numbers of distinct pMHC and clonotypes. 
 
In the next few years, analysis of sequencing data may answer the question posed in the title, in the 
case of humans, mice and, perhaps, other mammals. What can be learned from mathematical and 
computational models? Such models can explore systems that could, in principle, exist (mammals of 
different sizes and with different characteristics, cheaply consider many individuals of the same 
species, and even consider different sets of chance events corresponding to alternative life histories of 
the same individual. 
 
Our scheme is consistent with the idea that homeostasis of total T-cell numbers is maintained by 
availability of cytokines that are available to T cells of all clonotypes, whereas diversity of T cells is 
dependent on the diversity of self pMHC presented by the body's APCs; each pMHC being recognised 
only by T cells from a small fraction clonotypes. 
 

 



 
 

The Puzzle of Aging TCR Repertoires 
 

Philip Johnson 
 

Emory University 
 
 
The adaptive immune system requires a diverse T cell repertoire in order to respond to a wide variety 
of pathogens, yet the repertoire diversity declines significantly with age.  This diversity originates with 
the random somatic rearrangement of the T cell receptor (TCR) in the thymus prior to the emigration 
of naive T cells into the periphery of the body.  Since thymic output declines drastically in the first 
decades of life, the conventional view holds that this decrease in emigration plays a key role in the loss 
of the repertoire in old age.  However, additional factors affect the repertoire such as homeostatic 
turnover and antigen-dependent expansion in response to infections.  Mathematical models using a 
population biology perspective help elucidate how the interplay between these factors affects the 
immune repertoire.  We show how these models force us to reevaluate existing hypotheses for the 
diversity decline and propose ways in which this decline may be avoided or reversed. 
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In jawed vertebrates, naïve T lymphocytes gather in secondary lymphoid organs, such as lymph nodes, 
and play there an important role in local complex cellular systems involved in the initiation of adaptive 
immune responses. Both survival and maintenance of T cells in an activable state are made possible by 
the scanning behavior and recurrent interactions of T cells with the dendritic cell (DC) pool in these 
lymphoid structures. 
 
In this context, studying the dynamic “shape” of this complex system involving T cells in lymph nodes 
is crucial to understand how an adaptive immune response is initiated. My work consists in 
investigating T cell behavior by different complementary and efficient ways to better understand T cell 
involvement in these complex cellular systems. Using two-photon microscopy, I describe how 
different signaling molecules are involved in T cell motility in lymph nodes. The quantification of 
motility parameters such as the speed, displacement and turning angle of T cells allows me to compare 
in detail the motility of T cells that are deficient in different signaling molecules such as PKCtheta and 
CARMA-1. We find that both PKCθ and CARMA1 can affect T cell motility in lymph nodes. 
 
To understand how these T cell motility parameters are related to the efficiency of T cells to finding 
DCs in the confined space of lymph nodes, we use an agent-based simulation developed in Matlab and 
Netlogo to quantify how changing different aspects of T cell motility may translate into more or less 
stable differences in T-DC encounter efficiency. We find that motility parameters such as speed and 
turning angle translate linearly into differences in T-DC interactions. 
 
Altogether, these approaches combining in vivo experiments with in silico simulations allow us to 
understand the characteristics of different T cell behaviors in lymph nodes. Using this approach, we 
can determine how T-DC interactions are affected by different signaling pathways and assess the 
efficiency of T cell search for DCs. 
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Complex emergent behaviors found in immune responses can only be described and understood through an integrated 
consideration of phenomena occurring at different spatiotemporal scales and levels of complexity. We present a case study 
in the formation of tertiary lymphoid tissue (TLT), structures that form in autoimmune pathologies, that demonstrates how 
hybridized multi-scale models can test or refine hypotheses and generate novel predictions. TLT develops ectopically in 
autoimmune disease, chronic infections, hematological cancers (follicular lymphoma) and solid tumors [1]. However the 
highly non-linear dynamics of their formation and their function are poorly understood. Developing a detailed mechanistic 
understanding may lead towards novel therapeutic approaches for immune disorders. Data derived from in vivo 
experiments indicates these structures self-organize through complex interactions between large numbers of phenotypically 
distinct cells from multiple lineages, involving both membrane-bound and soluble signaling molecules. Modelling this 
process presents a significant challenge due to the involvement of multiple length and time scales, massive concurrency, 
and the critical importance of events occurring at both the inter- and intracellular level.  
 
We have developed a simulation of TLT formation using a data-driven approach, capturing key events at different length 
and time scales, through the integration of agent-based models (describing B & T lymphocytes), ordinary and partial 
differential equations (receptor-ligand binding & internalization; chemokine secretion & diffusion), L-systems (generation 
of stromal networks), and cellular automata (stromal cell development & differentiation). By selecting the mathematical or 
computational approach most suitable for each model entity independently, different spatiotemporal scales can be 
encapsulated with the most appropriate level of abstraction based on the desired model outputs.  The simulation 
visualization aims to replicate observed tissue pathologies (histology sections of TLT), thereby allowing the use of the same 
image analysis and cell profiling techniques for both our experimental and computational data, maximizing confidence in 
the validation process and computational results. This is further augmented using a robust argumentation system linking all 
model assumptions and abstractions to the evidence and data on which they are based. 
 
The simulation accurately recapitulates observed phenomena in vivo over a 15-day period, and results in TLT structures 
that are statistically not different to the domain under study. Image analysis software was used to automatically quantify the 
numbers of TLT patches formed, and relevant parameters such as B-cell follicle size, tissue density and patch areas. These 
data may then be compared to the domain under study to validate the model, by determining that no significant difference 
exists found between murine tissue samples and simulation outputs. Large numbers of simulations are performed to 
eliminate aleatory uncertainty in the outputs and to permit parameter sensitivity analyses. The simulation enabled us to 
determine the veracity of our initial hypothesis on how TLT structures emerge. Significantly, the model also resulted in 
several new predictions that we are currently testing both in vitro and in vivo experimental models. For instance, by 
coupling intracellular internalization of soluble chemokines and cell-surface receptors to both the local chemokine gradient 
and cellular chemotactic response, we were able to predict that internalization holds a key role in maximizing the 
meandering index and retention of lymphocytes in lymphoid tissues, and is therefore an integral factor in effective 
chemotaxis – an unexpected result that challenges conventional understanding of these processes [2, 3]. 
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1. Background: Several studies have shown oseltamivir to be efficient in reducing influenza viral titre 
and symptom intensity. However, the usefulness of oseltamivir can be compromised by the emergence 
and spread of drug-resistant viruses. The selective pressures exerted by different oseltamivir therapy 
regimens have received little attention.  
 
2. Materials and Methods: We used a previous model of influenza H1N1 viral kinetics and symptom 
dynamics describing the interactions between the free virus, target cells, pro-inflammatory cytokines 
and NK cells. The model was fitted to data from experimentally challenged volunteers and dealt with 
between-subject variability. We extended the model to explore the virological and clinical efficacy of 
oseltamivir through simulated pharmacokinetics: we included oseltamivir concentration as a time-
dependent variable and we simulated random mutations conferring drug resistance. We explored the 
effect of treatment initiation time, dose, intake frequency and treatment duration on H1N1 influenza 
infection, illness dynamics, and emergence of resistance. We simulated populations of 1000 subjects to 
describe the observed heterogeneity. A hybrid stochastic and deterministic approach was used to 
reduce the computational burden while capturing the inherent stochasticity of emergent drug 
resistance.  
 
3. Results: Clinical and virological efficacies were strongly associated with treatment initiation time. 
Efficacies were above 85% when treatment was initiated during the incubation period for every 
recommended regimen, and fell below 5% when treatment was initiated 2 days after symptom onset. 
Without any treatment, the proportion of subjects shedding resistant virus, defined as the number of 
individuals with resistant viral load above the limit of detection, was less than 1%. In treated patients, 
the proportion of subjects shedding resistant virus was strongly associated with treatment initiation 
time: it was 23% when the recommended curative treatment was initiated during the incubation period 
and fell below 1% when treatment was initiated after symptom onset. Lower doses or premature 
treatment discontinuation led to lower efficacies and increased the proportion of subjects shedding 
resistant viruses. As an example, a 75 mg/day prophylaxis regimen initiated 2 days before inoculation 
and stopped 2 days after inoculation would decrease the efficacy to 18% and increase the proportion of 
subjects shedding resistant virus to 8%. 
 
4. Conclusions: Using a simulation model based on H1N1 infection data, we were able to reproduce 
drug-resistant emergence rates similar to those reported in the literature. Based on our simulation 
results, we recommend that current prophylaxis regimens should be avoided to limit resistance 
emergence. Initiation of treatment during the incubation period should be restricted to subjects prone to 
develop severe cases and should use high doses (at least 150 mg per intake) and frequent intakes (bid 
or tid) for a longer period (10 to 15 days) in order to decrease the risk of resistant virus emergence and 
to preserve high efficacies.
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Background&Aims: Hepatitis C virus (HCV) kinetic data are limited in patients awaiting liver 
transplantation. Viral and host parameters were compared in patients treated with daily intravenous 
silibinin (SIL) monotherapy for 7 days according to the severity of their liver disease. 
 
Methods: Data were obtained from 12 patients with chronic hepatitis C, 8 with compensated cirrhosis 
and 6 with decompensated cirrhosis. The standard-biphasic model with varying SIL effectiveness was 
fit to viral kinetic data. 
 
Results: A significantly (p<0.001) lower baseline viral load in patients with decompensated cirrhosis 
(4.74±0.81 log10 IU/ml) was found compared to the compensated cirrhosis patients (6.31±0.57 log10 
IU/ml) and patients with chronic hepatitis C (6.40±0.32 log10 IU/ml). A biphasic viral decline was 
observed in most patients with higher drop from baseline in patients with less severe liver disease (1.42 
(0.21-2.6) in patients with chronic hepatitis C, 0.86 (0.45-1.54) in patients with compensated cirrhosis 
and 0.34 (0.06-0.55) log10IU/mL in patients with decompensated cirrhosis, p<0.05). The 2nd phase 
decline was similar among groups (~2 log10IU/ml, p=0.42) as was the rate of change of SIL 
effectiveness (k=2.12±0.18 /day). However, because maximal SIL effectiveness, εmax, was also 
associated with the severity of liver disease (εmax=0.86±0.05, εmax=0.69±0.06 and εmax=0.59±0.1), the 
time needed to achieve εmax was inverse-correlated with liver disease severity. HCV-infected cell 
death/loss rate (δ=0.62±0.05 /day) was similar between groups. 
 
Conclusions: SIL effectiveness was significantly associated with the severity of liver disease but with 
no effect on death/loss rate of HCV-infected cells. The high δ suggests that sufficient dose and 
duration of SIL might achieve viral suppression in advanced liver disease.  
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Natural killer (NK) cells play an important role in the control of viral infections and tumors. Their 
functions are regulated by several activating and inhibitory receptors. A subset of these receptors in 
human NK cells are the killer immunoglobulin-like receptors (KIR), which interact with the highly 
polymorphic MHC class I molecules. The KIR family has a remarkable genetic diversity, containing 
up to fourteen KIR genes encoding receptors with activating, and inhibitory signaling, and varying in 
gene content and allelic polymorphism. The function of this high complexity remains hitherto poorly 
understood. In this work, we address the question of why KIRs have evolved to have both inhibiting 
and activating signaling potential, and why the receptors have evolved different specificities. 
 
We developed an agent-based model of a host population infected with several herpes-like viruses 
causing chronic infections. In this model, a viruses can evolve immuno-evasive strategies, resulting in 
viruses able to down-regulate MHC-I expression and express decoy molecules masking MHC 
downregulation. We studied the effect of activating (aKIRs) and inhibitory (iKIRs) KIRs on the hosts' 
protection after infection. 
 
Preliminary results indicate that both, aKIRs and iKIRs provide protection against herpes-like viruses 
but with different mechanisms. iKIRs are more advantageous against viruses down-regulating MHC 
expression, but provide less protection against viruses evolving decoy molecules. However, protection 
against multiple infections require both activating and inhibiting signals, resulting in haplotypes 
composed of a vast a set of iKIRs and aKIRs having different specificities. Our results provide 
important insights into viral driven evolution of the complex KIR system. 
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Analysis of a viral sample taken from any HIV positive individual reveals that 99.9-99.99% of 
circulating virus is non-infectious. Non-infectious virus may arise from errors at different steps in viral 
replication as well as other processes; the mechanism by which a virus becomes non-infectious does 
not affect predictions made with deterministic (ODE) models. However, during the earliest stages of 
HIV infection - between exposure and detectable infection - viral loads are small and are more 
appropriately modeled using a stochastic approach. In a stochastic version of a within-host model, the 
different types of errors generating defective virus will give different clinically relevant predictions, for 
example in risk of infection. We model within-host viral dynamics using continuous-time branching 
processes to investigate how viral replication error assumptions change predictions on risk of infection 
and time to infection clearance/detection. 
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Inflammatory bowel disease (IBD) affects over 5 million people in the developed world and usually manifests in one of two 
forms, ulcerative colitis or Crohn's disease. Although the exact cause of IBD is unknown, a dysregulated immune response 
to the intestinal flora is thought to play an important role in disease pathogenesis. As such, mutations in NOD2 and IL23R 
(genes encoding proteins that are expressed by immune cells and involved in the immune response to bacteria) have been 
identified as disease-susceptibility genes for IBD. Moreover, defects in IL-10 production have been implicated in Crohn’s 
disease.  To help increase our understanding of the immune response to intestinal bacteria, we previously established an 
experimental model of intestinal inflammation involving inoculation of IL-10-deficient mice with the bacterium 
Helicobacter hepaticus (Hh) [1]. The resulting pathology in the Hh-infected IL-10-deficient hosts resembles the transmural 
inflammation seen in Crohn’s disease, and – similar to human IBD – the cytokine IL-23 is crucial for the inflammation to 
develop [2]. 
 
Agent-based models (ABMs) represent entities of a system as individuals with a set of rules that govern their behaviour. 
These entities interact with each other and with the environment to give rise to an emergent behaviour.  To gain further 
insight into the immunological processes active in the gastrointestinal tract during intestinal inflammation, we are currently 
developing an ABM following the CoSMoS (complex systems modeling and simulation infrastructure) process which was 
developed using best practice from software engineering [1]. The model and simulation development process is, in software 
engineering terms, agile which permits iterative development of understanding of the system to be modelled and the model 
and simulations themselves. For our ABM of Hh-induced intestinal inflammation, the domain model focusses on the 
immune cells and the cytokines implicated in disease establishment [2-3].  We have developed an initial non-executable 
model, known as a domain model, for Hh-induced intestinal inflammation and in doing so, inspired preliminary in vivo 
experiments to ensure that the information in the domain model was correct. This is important because inaccuracies in the 
domain model are likely to result in the model being an inadequate representation of the biological system. 
 
From this domain model, we then created a platform model, which describes how the agents are to be encoded for the 
simulation, and the simulation platform itself: an executable computer simulation.  The simulation is developed using the 
MASON [2] framework and is implemented in Java. ABM permit easy spatial representation, and as such we have 
developed a multiple and spatially explicit compartment simulation, with each compartment representing an important 
aspect of the immune system for the establishment and maintenance of IBD. The compartments we are considering are 
representative of the circulation, the high endothelial venules, the T cell zone of the mesenteric lymph node which drains 
the intestine, and the colon: each of these compartments has an appropriate representation of the micro-environment that 
was derived from the known biology. We will use the computational model to create and test hypotheses related to the 
issues of drug treatments to reduce inflammation, such as establishing key cells or pathways to target and finding the 
optimal window for treatments to be administered. Results from the simulations can subsequently be verified 
experimentally in vivo. 
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In order to trigger an adaptive immune response, T cells move through lymph nodes searching for 
dendritic cells that carry antigens indicative of infection. We observe T cell movement in lymph nodes 
and implement those movement patterns as a search strategy in simulation and in physical robots. We 
find that the distribution of step-sizes taken by T cells is best described by heavy-tailed (Lévy-like) 
distributions. Such distributions are characterized by many small steps and rare large steps. This work 
shows that heavy-tailed motion leads to dramatically faster and more robust search compared to the 
standard Brownian motion model, both in groups of T cells and in teams of robots. 
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Developing a quantitative view of how biological pathways are regulated in response to pathogenic insults or therapeutic 
treatments is central for understanding pathogenesis and prognosis of complex diseases. We have developed a novel 
computational framework that can be readily applied to infer pathway activity levels from both high-throughput 
transcriptomics platforms, such as Microarrays, and from targeted profiling technologies, such as Nanostring.  
 
We first investigated theoretical properties of our method, including sensitivity to changes in degree and extent of 
differentially expressed genes within a pathway, using simulated data sets. We further tested the ability of our method to 
detect changes in correlation structure between genes within a pathway, a property that can be advantageous in detecting 
instances of flux re-routing within a pathway. We then applied our method to four real-life transcriptomics datasets 
including genetically engineered mouse models, anti-fungal and anti-viral responses of human PBMCs and Macrophages, 
and biopsies of Ulcerative Colitis (UC) patients who were stratified by responsiveness to anti-TNFα treatment. We found 
that our novel computational metrics demonstrated linear sensitivity to transcriptional changes in genes within a pathway, 
be it degree of transcriptional regulation or extent of differentially expressed genes within a pathway. Our method showed 
sensitivity to changes in correlation structure within a pathway and we found that it could readily discriminate between 
instances when the flux through a pathway was conserved versus when the flux was re-routed within the same pathway.  
 
In our first real-life application, we analyzed mRNA expression in colonic biopsies of UC patients from a randomized, 
placebo-controlled trial. Our method identified significant activity in 39 pathways as associated with successful clinical 
outcomes to Infliximab treatment. We used this pathway response model to evaluate placebo-treated and Infliximab-non-
responsive patients. We identified 18 Infliximab-specific pathways that could readily stratify patients by treatments and 
clinical outcomes. We predicted a microbiome driven metabolic axis as critical for successful treatment outcome and found 
recently published literature in support of our hypothesis. 
 
In following two applications, we identified novel pathways and driver genes in anti-bacterial and anti-fungal host 
responses, which were validated by qPCR and shRNA methods, and demonstrated the accuracy of our computational 
framework. In our study of Salmonella infection in transgenic mice, with conditional knock out of autophagy in intestinal 
epithelial cells, we identified and validated that the mRNA level of genes in bile secretion and bicarbonate reclamation 
pathways were regulated by ATG16L1. From our analysis of PBMCs of healthy individuals, we identified the role of 
nicotinamide metabolism in response to stimulation by Candida albicans and we demonstrated that knock down of specific 
genes in this pathway led to an attenuated pro-inflammatory cytokine response.  
 
Lastly, in our study of macrophage response of individuals who developed severe symptoms to West Nile Virus (WNV) 
infection, we developed a predictive model on the basis of inferred pathway activity to discriminate these samples from 
individuals who remained asymptomatic to infection. We further demonstrated that the wild-type response of macrophages 
to WNV was transformed from asymptomatic-like response to a severe-like response when such pathway genes were 
knocked down.  
 
Characterizing pathway dysregulation is central to understanding complex disease pathogenesis and therapeutic 
interventions have to be designed with an end-goal to modulate pathway activities. Our method addresses these needs, and 
can help integrate and interpret multi-omics data in the same light. 
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It has become ever clearer that calcium plays a large role in many signaling functions of the immune 
system in recent studies of immune cell differentiation, maturation and response. However, the exact 
dynamics of Ca2+ flux in immune cells and its impact as a pivotal cellular secondary messenger on 
immune cell differentiation have not been quantitatively described in detail.  We here show a data 
based model of the Ca2+ response to CD3/CD4 activation with or without the co-activation of CD28. 
CD28 activation is known to mediate negative selection in the thymus. Thus, by characterizing the 
influence of CD28 and it activation on Ca2+ flux and its relationship to the flux induced by CD3 /CD4, 
we create here a model of the internal working of cell differentiation in the face of immune activation. 
We have developed a multi-compartmental Simulink model that coincides with calcium fluorescence 
data of multiple inhibition trails where double negative rat thymocytes are stimulated with cd3/4 
coated beads. This information was used to calibrate the model. The cells were then exposed to 
cd3/4/28 coated beads and the model was utilized to suggest the set of components that cd28 co-
stimulation effects. The model suggests that cd28 alters Ip3 generation and also may play a role in 
altering the efficiency of PMCA pumps. This alteration of pump efficiency may be due to buffering 
caused by the mitochondria. 
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Cellular host factors are essential for initiating an immune response to a viral invasion and for 
controlling the virus spread. In HIV infected cells, apolipoprotein B mRNA-editing enzyme 3G 
(APOBEC3G) and bone marrow stromal cell antigen 2 (BST-2) are considered potent host resistance 
factors that could halt the progression of HIV infection. BST-2 is an interferon-inducible cellular factor 
that inhibits the viral release by tethering HIV particle to the virus producing cells. In contrast, 
APOBEC3G (A3G) is packaged into newly formed viral particles where it inhibits the reverse 
transcription (RT) process and induces hypermutations, decreasing the proportion of productive 
viruses. To neutralize these host factors, HIV has evolved its own arsenal of viral proteins. The viral 
accessory protein HIV-Vpu down-regulates surface expression of BST-2 and HIV-Vif triggers 
degradation of cellular A3G. The contest between these host and viral proteins gives rise to complex 
dynamics and may be a deciding factor for the progression to AIDS. In this work, we present an age-
structured multi-scale viral dynamics model of in vivo HIV infection. The model integrates 
intracellular level host and viral protein interaction kinetics into the population level virus and T cell 
dynamics model. The above-mentioned effects of host factors on viral replication and the neutralizing 
effects of viral proteins are incorporated into the model. We calculate the basic reproductive ratios (R0) 
using the multi-scale viral dynamics models, value of which is an indicator of HIV progression. 
Decrease in the Ro value, as function of change in host-viral protein interaction rates, reflects the 
potency of the host factors in restricting the virus replication. Reducing the Vpu-BST-2 interaction 
strongly influences Ro value and demonstrates the role BST-2 can play in controlling viral infection. 
Our analysis shows that, due to intricate multi-step action, the effectiveness of A3G depends on three 
main parameters i) its ability to escape Vif binding, ii) RT inhibition efficacy (ε), and iii) efficiency in 
inducing lethal hypermutations (ρ). In order to achieve the Ro value < 1, reduction in the A3G-Vif 
interaction must occur in conjunction with increase in either ε or ρ.  Further, we tested the combined 
effect of BST-2 and A3G anti-viral activity and found that together these factors work in synergy. In 
addition, we numerically simulate our multi-scale model for various conditions to understand the 
underlying implications of host factor induced perturbations on HIV dynamics. The predictions made 
by the model depict the effect of various parameters on the fate of HIV infection and explain how 
BST-2 and A3G can contribute in restricting the HIV disease progression. The insights gained through 
our model could help in designing a host factor based treatment. 
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The immune system's success in fighting evolving threats depends on its ability to adapt. Specificity 
towards threats is achieved by dynamic lymphocyte repertoires: when exposed to threats, B cells 
undergo cycles of somatic hypermutation and affinity-dependent selection, followed by clonal 
expansion of lymphocytes that achieved antigen-specificity. Analysis of the lymphocyte receptor 
repertoires is therefore the most direct way to identify what the body is fighting against. It can teach us 
about fundamental immune processes, drug and vaccine design, and reveal deregulations in 
autoimmune diseases, aging and cancer.  
 
High-throughput sequencing brings with it new exciting possibilities, by allowing for large-scale 
characterization of lymphocyte receptor repertoires. Extracting valuable information from these large  
datasets is a difficult task that requires continuous development of computational tools. We and others 
have developed specific computational pipelines tailored for lymphocyte repertoire purposes. Although 
we are already at the point in which we can explore the applicability of these tools to clinical cases, 
current algorithms require further development in order to improve reliability and exhaust the 
knowledge that can be extracted from sequencing data.  
 
Hereby, I will present several new computational tools that were designed to address three crucial steps 
in lymphocyte receptor repertoire analysis: process raw data, quantify affinity dependent selection and 
build a targeting model for the observed mutation spectrum. Examples of the applicability of these 
tools will be demonstrated through the analysis of several next generation sequencing datasets. I will 
share my view of the major obstacles that still need to be confronted before we can utilize lymphocyte 
receptor repertoire analysis for diagnosis and prognosis. 
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towards threats is achieved by dynamic lymphocyte repertoires: when exposed to threats, B cells 
undergo cycles of somatic hypermutation and affinity-dependent selection, followed by clonal 
expansion of lymphocytes that achieved antigen-specificity. Analysis of the lymphocyte receptor 
repertoires is therefore the most direct way to identify what the body is fighting against. It can teach us 
about fundamental immune processes, drug and vaccine design, and reveal deregulations in 
autoimmune diseases, aging and cancer.  
 
High-throughput sequencing brings with it new exciting possibilities, by allowing for large-scale 
characterization of lymphocyte receptor repertoires. Extracting valuable information from these large  
datasets is a difficult task that requires continuous development of computational tools. We and others 
have developed specific computational pipelines tailored for lymphocyte repertoire purposes. Although 
we are already at the point in which we can explore the applicability of these tools to clinical cases, 
current algorithms require further development in order to improve reliability and exhaust the 
knowledge that can be extracted from sequencing data.  
 
Hereby, I will present several new computational tools that were designed to address three crucial steps 
in lymphocyte receptor repertoire analysis: process raw data, quantify affinity dependent selection and 
build a targeting model for the observed mutation spectrum. Examples of the applicability of these 
tools will be demonstrated through the analysis of several next generation sequencing datasets. I will 
share my view of the major obstacles that still need to be confronted before we can utilize lymphocyte 
receptor repertoire analysis for diagnosis and prognosis. 
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