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innate immune 
responses

Mathematical modeling of 
CD8 T cell-mediated killing 
of malaria liver stages: 
Insights from intravital 
imaging experiments

Soumen Bera1, Rogerio 
Amino2, Ian A. Cockburn3, 
Vitaly Ganusov1,4

1Department of Microbiology, University 
of Tennessee, Knoxville, USA
2The Institut Pasteur, Paris, France
3Australian National University, Canberra, 
Australia
4Department of Mathematics, University 
of Tennessee, Knoxville, USA

Vaccination strategies in mice inducing high levels of memory CD8 T cells specific to a single epitope are able to provide sterilizing protection against malaria infection. We have recently suggested that the formation of clusters of activated/memory CD8 T cells 
around malaria-infected hepatocytes is important in providing such protection. While we have shown that formation of such clusters is relatively rapid, many questions of how clustered CD8 T cells eliminate the infection remain unanswered. Specifically, we 
still do not know if one T can kill the parasite, how long it takes for T cells to eliminate the infection, and whether individual T cells in the cluster cooperate or compete in killing the parasite. To address these questions, we used our previously generated data in 
which we used intravital microscopy to longitudinally image 32 parasites in livers of mice that had received malaria-specific CD8 T cells. We found great heterogeneity in the dynamics of the normalized GFP signal from the parasites (termed "vitality index" or 
VI) that was poorly correlated with the number of clustered T cells around the parasite. We found a simple model assuming mass-action killing by independent T cells relatively well describes the decay of VI over time suggesting that even a single T cell should 
be able to kill the parasite in 48 hour lifespan of the liver stage. Stochastic simulations suggested that the observed constant VI in majority of parasites cannot be explained with estimated parameters and observed numbers of T cells in clusters suggesting that 
for such parasites either T cells do not recognize the infection, or the parasite actively resists killing.  Taken together, our analysis provides novel insights into how individual CD8 T cells control intracellular infections in vivo.
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Characterization of the 
cross-reactive T cell 
repertoire in the context 
of heterosubtypic
influenza A virus infection

Jessica A. Gaevert1,2 Susu 
Duan2, Daniel Luque-Duque3 
Grant Lythe3, Carmen Molina-
Paris3,4, Paul G. Thomas2

1St. Jude Children’s Research Hospital 
Graduate School of Biomedical Sciences, 
Memphis TN, 2St. Jude Children’s Research 
Hospital Department of Immunology 
Memphis TN, 3University of Leeds 
Department of Mathematics, Leeds UK , 
4Los Alamos National Labs, Los Alamos NM

Influenza A viruses (IAVs) are a major respiratory pathogen with the capacity to rapidly mutate and escape an individual’s existing immunity to a specific strain generated by vaccination or naturally acquired infection. CD8 T cells however, target conserved 
proteins that could be shared across multiple subtypes. Heterosubtypic immunity to IAVs, where memory T cells generated to a previous IAV are reactivated during re-challenge with an antigenically distinct virus, may be important in generating an effective 
immune response to different and/or novel strains of IAV. Specifically, cross-reactive T cells, where a T cell receptor (TCR) can recognize more than one epitope displayed on an MHC-I molecule, could facilitate rapid recognition of conserved or nominally 
divergent epitopes, may have the potential to alter the TCR repertoire over the course of heterosubtypic infections, and might be selected for by the immune system. Utilizing 8 variant influenza viruses for priming and secondary challenge, our preliminary data 
has shown that cross-reactive TCRs seen in primary infection with one IAV can mount a robust and effective memory response to a different IAV, even if the epitope has slightly mutated. However, selection for cross-reactive receptors may create a narrowed 
repertoire consisting of a few clonotypes over the course of many repeated heterosubtypic IAV infections, covering a narrow range of antigenic space representing the mutant epitopes encountered. Paradoxically, this selection for cross-reactivity may provide a 
substantial escape opportunity with future antigenic variations. Ongoing work focuses on how repeated IAV challenges shape the repertoire, and how previous infections inform future response by selected cross-reactive T cell pools. 
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The importance of early 
interferon producing cells 
in shaping long-term 
infection outcomes in 
respiratory infections

Ruian Ke, Pinghan Chu Los Alamos National Laboratory, Los 
Alamos, NM, USA

The innate immune response, particularly the interferon response, represents a first line of defense against viral infections. Recently, it has been shown that the timing and the magnitude of the early stochastic interferon response is critical in determining the 
long-term infection outcomes, in both influenza and SARS-CoV-2 infections. For example, severe SARS-CoV-2 infections are linked to dysfunction of the early antiviral response mediated by interferons. Theoretically, it remains unclear how the early stochastic 
interferon response shapes long-term infection outcomes. Here, we use a previously established cellular automata model to show that when infection spreads in a well-mixed cell population, the stochasticity in the early interferon response had minimal impact 
on viral dynamics. However, when infection spreads in a spatial manner, i.e. a likely scenario during initial respiratory infection in tissue (such as influenza and SARS-CoV-2), the timing of the appearance of the first few interferon producing cells has a major 
impact on the long-term infection outcome. The earlier the first interferon producing cells appear, the slower the spread of the virus, the smaller the number of cells being infected, and importantly, the smaller the overall number of interferons being produced 
over the course of infection. These results suggest that therapeutic treatments inducing early interferon response may be able to mitigate disease severity by slowing down infection progression and preventing cytokine storms mediated by interferons. Overall, 
our work provides a theoretical foundation for understanding the interaction between virus and the interferon response during early infection, and serves as a tool to aid the development of therapeutics against respiratory viral infections. 
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Functional Plasticity in 
Type I Interferon Signaling

Duncan Kirby1 , Grégoire 
Altan Bonnet 2 , and Anton 
Zilman 1

1. Department of Physics, University of 
Toronto, Canada
2. National Cancer Institute, NIH, USA

The Type I Interferon family of cytokines all act through the same cell surface receptor and induce phosphorylation of the same subset of response regulators of the STAT family. Despite their shared receptor, different Type I Interferons have different functions 
during immune response to infection. In particular, they differ in the potency of their induced anti-viral and anti-proliferative responses in target cells. It remains not fully understood how these functional differences can arise in a ligand-specific manner both at 
the level of STAT phosphorylation and the downstream function.

We use a minimal computational model of Type I Interferon signaling, focusing on Interferon-α and Interferon-β. We validate the model with quantitative experimental data to identify the key determinants of specificity and functional plasticity in Type I 
Interferon signaling.  We investigate different mechanisms of signal discrimination, and how multiple system components such as binding affinity, receptor expression levels and their variability, receptor internalization, short-term negative feedback by SOCS 
protein, and differential receptor expression play together to ensure ligand specificity on the level of STAT phosphorylation. Based on these results, we propose phenomenological functional mappings from STAT activation to downstream anti-viral and anti-
proliferative activity to investigate differential signal processing steps downstream of STAT phosphorylation. We find that the negative feedback by the protein USP18, which enhances differences in signaling between Interferons via ligand-dependent 
refractoriness, can give rise to functional plasticity in Interferon-α and Interferon-β signaling. Beyond Type I Interferon signaling, our results have a broad applicability to questions of signaling specificity and functional plasticity in signaling systems with multiple 
ligands acting through a bottleneck of a small number of shared receptors.
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Stochastic modelling of 
TCR-epitope recognition in 
the context of cross-
reactivity

Daniel Luque Duque 1; 
Jessica A. Gaevert 2; Grant 
Lythe 1; Paul G. Thomas 2; 
Carmen Molina-París 1;3

1 University of Leeds, UK 2 St Jude 
Children's Research Hospital, TN, USA 3 Los 
Alamos National Laboratory, NM, USA

The immune system has adapted to fight many different infections, even in the wake of rapidly changing epitope landscapes, such as those seen in influenza infections. Stochastic modelling of TCR-epitope interactions may allow for deeper understanding of the 
dynamics of the adaptive immune system. To understand these interactions we use recognition networks, specifically bipartite networks since we can naturally separate T-cell clonotypes and epitopes and use the edges to represent the recognition profile of 
said clonotypes. Using different network construction methods we generate bipartite recognition networks that exhibit different degrees of T-cell cross-reactivity. We consider the case where cross-reactivity arises only by chance, and also the case where it is 
based on the structure of the epitopes being presented. We make use of these networks to simulate the dynamics of an initially naive T-cell repertoire when exposed to two different subsequent influenza virus infections. 
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Age-related changes to the 
immune system 
exacerbate the 
inflammatory response to 
pandemic H1N1 infection

Ericka Mochan1, T.J. Sego2, 
and Bard Ermentrout3

1 Carlow University, Pittsburgh PA
2 Indiana University, Bloomington IN
3 University of Pittsburgh, Pittsburgh PA

Age-induce immune dysregulation is a key factor in the morbidity and mortality associated with influenza A virus infections. This immunosenescence is responsible for myriad changes to the innate and adaptive immune response, but it is still not clear which of 
these many interdependent changes are most important to determining survival of the infection. To explore these changes, we developed an ordinary differential equation model to simulate the immune response to respiratory infection and fit the model to 
experimental data measured in young and older macaques infected with pandemic H1N1 influenza virus. Our simulations indicate that the severity of infection in elderly hosts is caused by a dysregulation in the innate immune response, especially in the 
inflammatory response. We also investigated the severity of T cell exhaustion in both age groups, as T cell exhaustion is a common consequence of chronic and extensive infections. Our results suggest that T cell exhaustion can occur in both age groups, but its 
effects are much more severe in the elderly population, as the dysregulated immune response cannot compensate for the lack of active T cells. Finally, we explore a proposed therapeutic intervention to reversing T cell exhaustion via a pro-inflammatory 
stimulus. A calibrated increase in inflammation can lead to a greater likelihood of survival of the infection, but excess inflammation will likely lead to sepsis. These results together show that our model can describe the distinctions in the principal mechanisms 
controlling the immune response in older and younger hosts, as well as the simulation of relevant therapeutic strategies for the mitigation of severe infections.
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Modeling cancer 
virotherapy with innate 
and adaptive immunity

Tuan A Phan1, Jianjun P 
Tian2

1Institute for Modeling Collaboration and 
Innovation, University of Idaho, Moscow, 
Idaho
2Department of Mathematics, New Mexico 
State University, Las Cruces, New Mexico

In this research, we propose an ordinary differential equation model to explain the complexity of interactions in cancer virotherapy and outcomes of current preclinical and clinical trials of oncolytic viral treatments. We analyze the model theoretically and 
numerically. The model incorporates both innate and adaptive immune responses which have opposite effects on the outcome of the therapy. According to relative immune clearance rates, the model can be reduced to two subsystems, one with only innate 
immunity and one with only adaptive immunity, which provide detailed dynamical properties for the full model. The full system shows many asymptotically different behaviors which correspond to outcomes of the therapy. It has classical Hopf bifurcation when 
the infectivity constant passes through a particular value and also has Hopf bifurcation without parameters when the tumor cell number passes through some particular value. We conduct numerical simulations to demonstrate our analytical results and provide 
detailed medical interpretations.
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Logical models reveal the 
roles of MISA-type gene 
regulatory motifs in
governing complex 
differentiation decisions 
made by immune cells

Laura F. Strube, Liwu Li, and 
John J. Tyson

Virginia Tech, Blacksburg, VA, USA The immune system is responsible for protecting the body from viruses and pathogens but, if its regulation fails, the results can be catastrophic. Effective responses depend on a balance between pro- and anti- inflammatory signaling. This arises out of 
collective behavior between cells of dynamically shifting populations. Central to this process is the differentiation of progenitor cells into effector cells and the resulting feedback on the signaling environment. Here we highlight the work of four groups who 
have used mathematical models to study the gene regulatory networks underlying immune cell differentiation. The described models fall into two broad categories: discrete Boolean-dynamic models and continuous fuzzy-dynamic models. We show that the 
networks these authors study are each centered around a common ‘MISA’ motif which consists of two factors X1 and X2 which interact in a “Mutually-Inhibitory and Self-Activating” manner. These studies demonstrate the range of phenomena that may be 
produced when MISA motifs are embedded in larger molecular regulatory networks. Understanding how the structure of networks
containing the MISA motif produce these phenomena allows for insights into less-studied systems with analogous network structures or differentiation phenomena.
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Vaccine effects on 
susceptibility and 
symptomatology can 
change the optimal 
allocation of COVID-19 
vaccines: South Korea as 
an Example

Wongyeong Choi and Eunha 
Shim

Soongsil University, Seoul, Korea The approved coronavirus disease (COVID-19) vaccines reduce the risk of disease by 70–95%; however, their efficacy in preventing COVID-19 is unclear. Moreover, the limited vaccine supply raises questions on how they can be used effectively. To examine the 
optimal allocation of COVID-19 vaccines in South Korea, we constructed an age-structured mathematical model, calibrated using country-specific demographic and epidemiological data. The optimal control problem was formulated with the aim of finding time-
dependent age-specific optimal vaccination strategies to minimize costs related to COVID-19 infections and vaccination, considering a limited vaccine supply and various vaccine effects on susceptibility and symptomatology. Our results suggest that 
“susceptibility-reducing” vaccines should be relatively evenly distributed among all age groups, resulting in more than 40% of eligible age groups being vaccinated. In contrast, “symptom-reducing” vaccines should be administered mainly to individuals aged 
20–29 and ≥60 years. Thus, our study suggests that the vaccine profile should determine the optimal vaccination strategy. Our findings highlight the importance of understanding vaccine’s effects on susceptibility and symptomatology for effective public health 
interventions.
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Automated Scientific 
Knowledge Extraction with 
AMIDOL

Alexander Bakst, Sam 
Cowger, Iavor Diatchki, Ajay 
Kumar Eeralla, Alexander 
Grushin, JamesLaMar,
David Lamkins, Yerim Lee, 
Hari Menon, Ryan Scott, Ted 
Hille, Eric Davis

Analysis of complex biological systems related to viral dynamics is a challenging process under normal circumstances, during a crisis such as the COVID-19 pandemic, it can become an impossible task requiring tools for automated scientific knowledge extraction, 
model skill evaluation, and data cleaning, most of which are not yet ready for production.  Teams constructed to solve these problems and to assess the credibility of solutions during a crisis rely on a multidisciplinary team of data scientists, mathematicians, 
statisticians, and software engineers in order to support the life cycle of development, inference, information extraction, and knowledge synthesis.  The models that result from this process today are bespoke, lack generalizability, are not performable, lack 
reusability, and make the task of synthesizing actionable knowledge and policies from their raw outputs difficult.  We describe AMIDOL, an open source tool for machine assisted scientific knowledge extraction, synthesis, and analysis during crisis.  AMIDOL 
reduces the overhead associated with the development, deployment, maintenance, and reuse of models of complex systems through human-machine teaming.

AMIDOL allows scientists to extract models directly from semi-formal representations, such as ODEs, reaction networks, compartmental diagrams, and found code, translating them into executables via code synthesis.  AMIDOL allows both diagnostic and 
prognostic measures to be constructed over models, lowering the overhead associated with debugging, validation, parameterization, and analysis. Our technique utilizes a common intermediate representation designed to support a number of scientific, 
physical, social, and hybrid domains by allowing domain experts to define their models in languages and forms they are already familiar with, and that are relevant to their domains.  The intermediate representation provides formal, executable, meaning to the 
semi-formal diagrams domain experts normally create, and allows the inference engine to build prognostic queries on associated measures.  AMIDOL binds results from the inference engine to the original ontologies providing more explainability when 
compared to conventional methods. We demonstrate AMIDOL using a number of case studies from the COVID-19 pandemic, showing examples of where we were able to find and correct faults introduced by human error during model development, some of 
which have been uncaught for years.
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Transcriptogram analysis 
reveals relationship 
between viral titer and 
gene sets responses
during Corona-virus 
infection

Rita M.C. de Almeida 1,2 , 
James A. Glazier 3 , Gilberto 
L. Thomas 1

1
Instituto de Física and 2 INCT: sistemas 
Complexos, Universidade Federal do Rio 
Grande do Sul
3
Biocomplexity Institute and Department of 
Intelligent Systems Engineering, Indiana 
University

To understand the difference between benign and severe outcomes after Coronavirus infection, we urgently need ways to clarify and quantify the time course of tissue and immune responses. Here we re-analyze 72-hour time-series microarrays generated in 
2013 by Sims and collaborators for SARS-CoV-1 in vitro infection of a human lung epithelial cell line. Transcriptograms, a Bioinformatics tool to analyze genome-wide gene expression data,  allow us to define an appropriate context-dependent threshold for 
mechanistic relevance of gene differential expression. Without knowing in advance which genes are relevant, classical analyses detect every gene with statistically-significant differential expression, leaving us with too many genes and hypotheses to be useful. 
Using a Transcriptogram-based top-down approach, we identified three major, differentially-expressed gene sets comprising 219 mainly immune-response-related genes. We identified timescales for alterations in mitochondrial activity, signaling and 
transcription regulation of the innate and adaptive immune systems and their relationship to viral titer. The methods can be applied to RNA data sets for SARS-CoV-2 to investigate the origin of differential responses in different tissue types, or due to immune 
or preexisting conditions or to compare cell culture, organoid culture, animal models and human-derived samples.
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Variation of Best Fit 
Distributions in Single Cell 
Virus Dynamics Models

Madison Doty1 and Hana 
Dobrovolny1,2

1Texas Christian University & University of 
North Texas Health Science Center School 
of Medicine, Fort Worth, TX
2Department of Astronomy and Physics, 
Texas Christian University, Fort Worth, TX

Mathematical modeling of viral kinetics can be used to gain further insight into the viral replication cycle and virus-host interactions. However, many of the virus dynamics models do not incorporate the cell-to-cell heterogeneity of virus yield or the time-
dependent factor of virus replication. A recent study of vesicular stomatitis virus (VSV) kinetics in single BHK cells determined that both virus production rate and yield of virus particles varies widely between individual cells of the same cell population. Here we 
use the results of the previously mentioned study to determine the distribution that best describes the time course of viral production within the single cells. We determined a list of eight potential distributions that are commonly used in viral kinetics models 
to fit to each data set by minimizing the sum of squared residuals. The model of best fit for each individual cell was determined using Akaike’s Information Criterion (AICC ). Results of this study show that the distribution that best describes viral production 
varies from cell to cell. This finding could have further reaching implications for incorporating time-dependent viral production into a standard model of virus kinetics in order to better reproduce the diversity of viral replication that occurs over time within a 
population of cells. 
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A mean-field 
approximation of viral 
transmission

Baylor Fain and Hana M. 
Dobrovolny

�Department of Physics and Astronomy, 
Texas Christian University, Fort Worth, TX, 
USA

As a virus spreads in a host, the virus moves in a spatially-extended, heterogeneous environment. Previous research has mostly used ordinary differential equations to model the dynamics of viruses. The ordinary differential equations are only dependent on 
time, which limits the incorporation of the spatial aspect of viral spread. Despite this, the ordinary differential equations have had success in modeling viruses that transmit mostly via cell-free transmission but have not been able to fully reproduce dynamics of 
viruses that spread via cell-to-cell transmission. Without the dependence of space, certain modes of viral transmission cannot be properly modeled. This work uses a mean-field approximation to incorporate the spatial dependence of neighboring cells, allowing 
for the effects of cell-to-cell transmission to be modeled. With the model, three different scenarios of viral transmission are compared: (1) cell-free transmission only, (2) cell-to-cell transmission only, and (3) both cell-free and cell-to-cell transmission together. 
For each of the three scenarios, the probability that the viral infection will spread to infect every cell is calculated.
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The interplay of mobility 
and COVID-19 dynamics - 
A data-driven modeling 
study

Ellen Kuhl, Kevin Linka, 
Mathias Peirlinck, Alain 
Goriely

Stanford University, Stanford, California, 
USA

The devastating outbreak dynamics of the COVID-19 pandemic keep reminding us that the spreading of an infectious disease depends critically on human interaction [1]. In an environment where behavioral patterns and physical contacts are constantly 
evolving in response to changing governmental regulations, measuring these interactions is a major challenge. Mobility has emerged as an indicator for human activity and, implicitly, as a measure for human interaction [2]. Here we explore the interplay 
between mobility and COVID-19 dynamics by integrating physics-based modeling, machine learning, and disease and mobility data [3]. We show that variations in global air traffic and local driving mobility can be used to stratify different disease phases. For ten 
European countries, our study reveals a maximal correlation between driving mobility and disease dynamics with a time lag of 14.6 ± 5.6 days [4]. Our findings suggest that trends in local mobility allow us to forecast the outbreak dynamics of COVID-19 for a 
window of two weeks. Using mobility as a quantitative metric for human interaction allows policy makers to better understand the outbreak dynamics and outbreak control of the COVID-19 pandemic and adjust local control strategies in real time.
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Application of a 
mechanistic model to 
forecast RTI prophylaxis 
trial feasibility in the post-
COVID era

Simon Arsène1, Ause 
Chevalier2, Claire Couty1, 
Igor Faddeenkov1,  Natacha 
Go1, Solene Granjeon-
Noriot1, Ben M. W. Illigens1, 
Riad Kahoul1, Alexander 
Kulesza1, Lorenz Lehr2, 
Christian Pasquali2

1 Novadiscovery SA, Lyon, France; 2 OM 
Pharma, Meyrin, Switzerland

There is a good chance to soon control the COVID-19 pandemic but other respiratory tract infections (RTIs) will continue to impact public health. Viral lower RTIs in children are dir example associated with hospitalization, wheezing and asthma inception, but 
vaccinations against prevalent viruses Like RSV are currently neither available nor in the near future. Non-specific immunomodulation for RTI prophylaxis is promising to fill this gap.  For example the oral bacterial lysate Broncho-Vaxom (OM-85) has 
demonstrated efficacy efficacy in prevention of recurrent RTIs, specifically in at-risk pediatric population. For targeting other populations and RTI-indications, robust efficacy data need to be generated, but clinical trials are strongly impacted by the pandemic. 
Globally, all trials other than dedicated to COVID-19 are experiencing delays or even halts, e.g. due to patient recruitment issues. At the same time, RTI burden changes - through lockdown or social distancing - with an uncertain trajectory. How feasible RTI 
prophylaxis trials currently are is a completely open question. As a step towards feasibility forecasting for RTI prophylaxis trials, we have implemented a dedicated in silico approach. A mechanistic pharmacokinetics/pharmacodynamics and within-host viral 
infection disease model is interfaced with a population-scale (between-host) SIRS disease burden model - thereby accounting for seasonality and extrinsic factors through time-dependent transmission. On the back of this model and a Virtual Population we 
conduct in silico clinical trials with variations in observational periods, eligibility criteria (defining the included at-risk population) and follow-up giving us efficacy metrics and sample size estimates as outputs. We demonstrate how the SIRS model can be used to 
not only disease burden data mimic lockdown and social with on the example of RCGP 2019-2020 data, but also how we translate this data into instantaneous control group prevalence and efficacy dependent on this modulation. We also show how and why 
different containment scenarios vary in their impact of demonstrated efficacy, recruitment needs and difficulty  through analyses of the predicted outcome distributions. Just in time, we are in the position to forecast probable scenarios of containment 
strategies with their impact on RTI prophylaxis trials that can serve as to inform go-no/go decisions in clinical development.
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A deep learning approach 
to real time analysis of HIV-
1 outbreaks from 
sequence data

Michael D. Kupperman, 
Thomas Leitner, Ruian Ke

Los Alamos National Laboratory, New 
Mexico, USA

Popular computational methods to inferring phylogenetic structure and identifying epidemics from a larger endemic background rely on a tree building step. In practice, phylogenetic tree construction methods are limited by the size of the dataset and slow 
rapidly as the size of the dataset and thoroughness of the search increases. We propose an alternative paradigm to phylogenetic tree building to analyze viral outbreaks, instead using deep learning methods developed for image classification. From a collection 
of viral sequences, a pairwise distance matrix can be constructed. This matrix is similar to an image and can be analyzed using image processing techniques. The pairwise distance matrix contains less information than the complete set of sequences, but a deep 
learning method can find salient features and learn their relationship. Our model can predict if a collection of sequences is part of an ongoing epidemic, is recently controlled, or was controlled long ago. We validate our approach using a data set of HIV-1 CRF01 
spread through Europe, containing both endemic sequences and the well known dual outbreak of Finnish and Swedish IV drug users. This approach is accurate, efficient, and scalable, limited by the ability to construct and order a pairwise distance matrix. With 
this approach, over 100,000 sequences can be analyzed in under 90 minutes.
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A Modular, Extensible 
Agent-Based Framework 
for Collaborative 
Multiscale Multicellular 
Spatiotemporal Modeling 
of Viral Infection and 
Immune Response

T.J. Sego, Josua Aponte-
Serrano, Juliano F. Gianlupi, 
and James A. Glazier

Indiana University Host-pathogen interactions of viral infection involve biophysical mechanisms and complex dynamics from the subcellular to organismal scales. Understanding, predicting and mediating the many potential mechanisms responsible for adverse patient outcomes 
requires modeling and simulation capabilities at multiple scales and in the context of interacting mechanisms that produce emergent patient outcomes. Building reliable predictive capabilities of the time course and outcomes of viral infection requires a broad 
range of expertise, from virology, immunology and basic cell biology, to mathematics, computer science and engineering. A modeling and simulation environment that serves as the computing infrastructure of such predictive capabilities must then support 
flexible, concurrent and easy development and deployment of interconnected model modules developed by multiple research groups that collectively describe the host-pathogen response. 
In this talk such a simulation framework is presented. The simulation framework implements models of infection and immune response mechanisms, from viral internalization, replication and release, to immune response signaling and recruitment, in a local 
tissue patch with cellular resolution. The framework formulates a simulation as a modular set of model modules, each of which is loaded from a publicly available model library during simulation specification. The framework architecture treats the model library 
as a set of importable modules that can be easily added into a simulation, deployed in other model modules, or extended by additional model modules. This talk presents select examples of framework extensibility and modularity, including the addition and 
extension of models of tissue repair, as well as the particularization of the framework to hepatitis C virus by implementation of an existing subgenomic model of hepatitis C virus replication.
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Spatial models of viral 
dynamics and their 
connection to ODE models

Thomas Williams University of Melbourne, Melbourne, 
Australia

The recent emergence of a number of spatial models of viral dynamics has provided the opportunity to model a number of complex and spatially-structured phenomena of virus-host interactions. For example, the effects of interferon and other immune 
components has been shown to generate protected regions around infection foci, which can cause bottlenecking and rebound phenomena in the net viral load; behaviour which is not well explained by mean field models. However, parameter estimation 
remains a challenge for spatial models, and there often exists a significant jump in complexity between conventional ODE models and models capable of spatial structure. Here we present some first steps in mapping the gap between the modelling paradigms 
and discuss phenomena gained and preserved between them.
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Do microscopy imaging 
frequency and experiment 
duration impact the 
analysis of T cell 
movement?

Viktor S. Zenkov 1
James O’Connor 2
Hayley McNamara 2
Ian A. Cockburn 2
Vitaly V. Ganusov 1

1: University of Tennessee
2: Australian National University

Vaccine-induced CD8 T cells can provide sterilizing protection by killing Plasmodium sporozoites in livers of mice, but how do they find those parasites? Using specially developed metrics to detect attraction, we recently showed that most liver-localized CD8 T 
cells search for infected hepatocytes randomly, with the minority of cells displaying bias toward the infection site only when there is already a CD8 T cell cluster present. Our initial intravital microscopy experiments minimized tissue damage from laser exposure 
by using a low imaging frequency (volume/1.5-2min) and were fairly lengthy (1-2h). In these experiments, activated CD8 T cells displayed Brownian-like turns and slow average calculated speeds of 1-3 um/min. Recently, we performed new experiments in which 
we recorded the movement of CD8 T cells at a higher frequency (volume/0.2min) at the cost of shorter experiments (30min). The observed speeds in this new data ranged between 5 and 18 um/min, suggesting that the calculated speed of CD8 T cells depends 
on the details of the experiment. Further testing found that imaging frequency impacts the estimated average speed per cell: reducing the imaging frequency from 0.2min to 2min can reduce the average calculated cell speed 5-fold, partially explaining the 
discrepancy between our datasets’ speeds. Nevertheless, the new data still suggest that some CD8 T cells display attraction towards the infection site only when there is a cluster of CD8 T cells already present. Taken together, our results highlight the effects of 
experimental parameters on T cell movement and strengthen our conclusions about biased CD8 T cell movement in the liver.

27 Evolution Dynamics of Viral Infection 
and Evolution

Greyson R Lewis1, Wallace F 
Marshall1,2, Barbara A 
Jones3

1Biochemistry and Biophysics, University 
of California -San Francisco, CA 2Chan 
Zuckerberg Biohub, San Francisco, CA 3IBM 
Research Almaden, San Jose, CA

We study a model of viral evolution, in which viruses have a barrier to cell entry, mediated by their match to cell "key," followed by a viral-type dependent immune response by the cell, and finally a probability to reproduce and mutate. These mutated viruses 
then go on to attack other cells in the model. Previously we found steady state behavior, featuring a phase transition as a function of temperature and immunity [Barbara A. Jones , Justin Lessler, Simone Bianco, and James H. Kaufman, "Statistical Mechanics 
and Thermodynamics of Viral Evolution," PLOS One 0137482 (2015)]. Here we describe our computational studies of the behavior of this model as a dynamical system, and the nonequilibrium evolution of the quasispecies distribution including metastable 
states and other unexpected features. In  steady state, viruses exhibit a phase transition between two advantageous survival strategies. We have found strong evidence of this competition between strategies within and between viral quasispecies in the 
dynamical properties as well, including in the growth rate and inter-quasispecies population shifts. The dynamics reflects the interplay between up to five different pressures the virus encounters in our model, among them host immunity and cell permissivity. 
Our system sizes can involve hundreds of thousands of cells and viruses.

28 Evolution Fitness Estimation for Viral 
Variants in the Context of 
Cellular Coinfection

Huisheng Zhu, Brent E. 
Allman, and Katia Koelle

Emory University Animal models are frequently used to characterize the within-host dynamics of emerging zoonotic viruses. More recent studies have also deep-sequenced longitudinal viral samples originating from experimental challenges to gain a better understanding of 
how these viruses may evolve in vivo and between transmission events. These studies have often identified nucleotide variants that can replicate more efficiently within hosts and also transmit more effectively between hosts. Quantifying the degree to which a 
mutation impacts viral fitness within a host can improve identification of variants that are of particular epidemiological concern and our ability to anticipate viral adaptation at the population level. While methods have been developed to quantify the fitness 
effects of mutations using observed changes in allele frequencies over the course of a host’s infection, none of the existing methods account for the possibility of cellular coinfection. Here, we develop mathematical models to project variant allele frequency 
changes in the context of cellular coinfection and, further, integrate these models with statistical inference approaches to demonstrate how variant fitness can be estimated alongside cellular multiplicity of infection. We apply our approaches to empirical 
longitudinally sampled H5N1 sequence data from ferrets. Our results indicate that previous studies may have significantly underestimated the within-host fitness advantage of viral variants. These findings underscore the importance of considering the process 
of cellular coinfection when studying within-host viral evolutionary dynamics.

29 HCV-HBV A mechanistic model to 
characterize the long-term 
dynamic of
HBV markers during 
treatment with 
Lamivudine and PEG-IFNα

Selma El Messaoudi1, 
Antonio Gonçalves1, 
Annabelle Lemenuel-Diot2, 
Jérémie Guedj1

1IAME, UMR 1137, INSERM, Université de 
Paris, France; 2Roche Pharmaceutical 
Research and Early Development,
Pharmaceutical Sciences, Roche Innovation 
Center Basel

Current treatments against hepatitis B virus (HBV) rely on nucleoside analogs (NUC) and interferon (IFN), alone or in combination. These treatments can control viral replication, but they do not eradicate the infection1. Mathematical models have been 
developed in the past to characterize HBV dynamics during treatment, but they cannot reproduce the persistence of the infection despite months of antiviral therapy. Here we developed a mathematical model that accounts for the complexity of the HBV 
lifecycle to better understand the mechanism of action of NUC and IFN, relying on data of 1330 patients2,3 for whom viral load and other viral transcripts were followed for 18 months, during and after treatment cessation.
The model included two populations of infected cells, one that was producing a large quantity of viral transcripts but was rapidly lost (I1), and one that was producing low levels of viral contents but that could persist for months (I2). We estimated that NUC 
blocked more than 99% of viral production, but had no effect on other viral transcripts. In contrast, IFN had a lower median efficacy of 95-98%; however, in some individuals, IFN could also act on the production of surface antigen and on the elimination of 
infected cells, which explains why IFN therapy can eradicate HBV infection in some individuals. Finally, the model could reproduce the results observed during combination treatment, showing that it may provide a new framework to understand the complex 
long-term dynamic of chronic HBV infection.

30 HCV-HBV Comparing the potential of 
different therapeutic 
strategies against HBV 
infection using an age-
structured model

Farzad Fatehi, Richard J. 
Bingham, Peter G. Stockley 
and Reidun Twarock

University of York In this talk I will present an age-structured model for the immune response to an HBV infection, which integrates contributions from both cell-mediated and humoral immunity [1]. This approach is based on the particle release profiles that we observed in our 
intracellular model [2]. The model has been validated using published patient data recorded during acute infection. It has been adapted to the scenarios of chronic infection, clearance of infection, and flare-ups via variation of the immune response parameters. 
The impact of immune response exhaustion on the viral dynamics is analysed showing that it plays a crucial role in the control of the infection. I will also present a comparison of different treatment options in the context of this model which reveals that drugs 
targeting aspects of the viral life cycle are more effective than exhaustion therapy, a form of therapy mitigating immune response exhaustion. Our results suggest that antiviral treatment is best started when viral load is declining rather than in a flare-up. The 
model also suggests that a fast antibody production rate always leads to viral clearance, highlighting the promise of antibody therapies currently in clinical trials.

32 HIV Role of Immune Status of 
Virus-source Partners on 
the Transmission Risk of 
HIV

Angelica Bloomquist, Naveen 
K. Vaidya

Department of Mathematics and Statistics, 
San Diego State University

With approximately 38 million people currently living with HIV and 1.5 million new infections each year, the HIV epidemic continues to devastate humankind worldwide. Although effective treatments are available for HIV, there is currently no cure, and thus 
curbing the epidemic primarily relies on the control of transmission. Quantifying transmission risk between virus-source partner and recipient partner is crucial in order to devise proper prevention and control measures. In particular, the role of immune status 
of the infected source partner should be considered while evaluating the risk of infection as suggested by experimental studies, in which the immune status, primarily antibody levels, of source partners was found to have a significant impact on establishing 
infection in a new host. In this study, we developed a novel mathematical model of within-host HIV dynamics incorporating the effects of antibody levels of the source partners. This model allows us to accurately estimate the probability of transmission, which 
appears to be highly dependent upon the immune status of the source partners. 

33 HIV Single-cell Sequencing of 
Simian Immunodeficiency 
Virus
DNA Provides Improved 
Resolution of Viral 
Evolution and
Contribution of Reservoir 
Cells to Viral Dynamics

Lauren Droske University of Florida During the course of infection, human immunodeficiency virus (HIV) maintains a stably integrated reservoir of replication-competent proviruses within the host genome that are unaffected by antiretroviral therapy. Previous studies have attempted to improve 
HIV reservoir characterization and the forces that contribute to its long-term maintenance. However, methods to date lack a more complete and reliable resolution of the intra host evolution HIV undergoes and its contribution of reservoir cells to viral rebound. 
In this study, a novel single-cell sequencing platform (scDNA-seq) was optimized for sequencing of proviral and host DNA using peripheral blood mononuclear cells (PBMCs) from a treatment-interrupted HIV animal model. The scDNA-seq approach comprised of 
targeted amplicons covering the full S[simian]IV genome, in addition to a region of the rhesus macaque TRIM5a gene to verify platform performance. Single genome sequencing (SGS) of the SIV envelope region from plasma were run in parallel for gold standard 
comparison. Initial testing of the scDNA-seq platform and analysis pipeline resulted in 7,277 uniquely called cells, each with successfully recovered TRIM5a sequences. Further analysis of the scDNA-seq output revealed 27 cells with mean read depth and 
genome coverage of >10 and >50%, respectively. Construction of consensus near full-length viral genomes for each of the 27 SIV-infected cells demonstrated >70% final genome coverage, excluding one cell with ~40% coverage. Phylogenetic likelihood mapping 
displayed a significant increase in phylogenetic resolution for the scDNA-seq near full-length genomes, indicated by 17.7% unresolved phylogenies in contrast to the envelope (env) region alone at 34.4%. Consequently, larger values were observed for resolved 
phylogenies using near full-length genomes and contributed to an increased number of statistically supported branching events of n=7 from n=3 for env only. Adaptation of this technology to viral studies provides a mechanism for acquiring enhanced 
confidence in phylogenetic inferences of viral evolution and dynamics. Future incorporation of a wider selection of sample types and time points offers potentially extensive and informative insight into the maintenance and stability of the reservoir population, 
including both defective and intact provirus.



34 HIV Could exposure 
heterogeneity explain the 
HVTN 702 HIV vaccine trial 
result? 

Paul Edlefsen, Joshua 
Herbeck

Fred Hutchinson Cancer Research Center, 
Seattle, WA, USA

The HVTN 702 HIV vaccine trial in South Africa ended with an estimated vaccine efficacy (VE) of 0, despite using a vaccine regimen similar to the RV144 HIV vaccine trial in Thailand, which had an estimated 31% VE at the end of the 3-year trial. One hypothesis 
for explaining the difference between these two trial results is that the vaccine had a per-exposure mechanism ("leaky") and that larger numbers of exposures (higher force of infection) resulted in lower estimated efficacy in HVTN 702. Trial data are consistent 
with this hypothesis: incidence in the placebo arms was 0.14 (infections per 100 person years) in RV144 and 3.3 (per 100 py) in HVTN 702. Theoretically this could induce lower estimated VE if the HIV exposure (i.e. infection risk) was not purely homogeneous 
across individuals. To explore this hypothesis and evaluate whether any sets of parameters in a simple two- or three-risk group model could give rise to the observation of efficacy in one but not both trial settings, we implemented a simple SI ODE model of an 
HIV vaccine trial (susceptible and infected individuals but no recovery). We evaluated this model for both RV144-like and HVTN 702-like target parameters (estimated VE 31% and placebo incidence 0.14 in RV144 and estimated VE 0% and placebo incidence 3.3 
in HVTN 702), keeping all else fixed (for our simulation, n = 10k, 1:1 vaccine:placebo allocation, 3 year study duration). We implemented a search over the parameter space requiring a common per-exposure VE (e.g. the “true” VE, epsilon) but not common risk 
parameters. The risk parameters allow for three groups: a group with effectively zero risk ("lowRisk"), a group with normal risk, and a group with higher-than-normal risk ("highRisk"); two additional parameters govern risk for these latter two groups, lambda 
estimates the force of infection for the normal risk group (absent vaccination), and a risk multiplier estimates the elevated risk for the high risk group; for a total of 4 trial-specific parameters per study and one common parameter (epsilon). We implemented a 
procedure that starts with an initial uniform random sampling via ABC and is followed by local optimization with a conditional strategy that iterates between optimizing epsilon and the four parameters specific to each trial population. We found that this 
procedure yielded many candidate solutions that result in the target (trial-specific) estimated VEs and placebo incidence, with several two- and three-parameter sets consistent with a range of potential per-exposure epsilons. Many identified modes (parameter 
sets with model outcomes that closely match the target stats) included per-exposure VEs of 31% (matching observed RV144 VE but higher than the observed HVTN 702 VE) and suggest that both observed trial results are consistent with this hypothesis. This 
result supports that the observed non-efficacy result in HVTN 702 may nevertheless be consistent with per-exposure efficacies that exceed the prespecified criteria for advancing the vaccine regimen further, and suggest that further efficacy analyses of leaky 
vaccine regimens be evaluated in lower-risk settings, or using methodology that controls for exposure in the estimation of per-exposure efficacy. If a vaccine were not leaky but all-or-none it would not suffer from this limitation, so we conclude with a brief 
discussion of how an all-or-none vaccine might be discerned from a leaky one prior to study in a high-risk setting.

35 HIV Assessing the in vivo 
potency of VRC07-523-LS 
and VRC01LS

Jonah Hall1, Joshua T 
Schiffer1,2,3, Julie E. 
Ledgerwood5, Grace L. 
Chen5, Emily Coates5, Alan S. 
Perelson4, E. Fabian Cardozo-
Ojeda1

1 Vaccine and Infectious Disease Division
2 Clinical Research Division; Fred 
Hutchinson Cancer Research Center
3 Department of Medicine, University of 
Washington
4 Theoretical Biology and Biophysics 
Group, Los Alamos National Laboratory
5 Vaccine Research Center, NIH

VRC01, VRC01LS and VRC07-523LS are broadly neutralizing antibodies that target the CD4 binding site of gp120 on the envelope of HIV-1. VRC01LS and VRC07-523LS are modifications of the VRC01 and VRC07 antibodies, previously isolated from infected 
individuals. Phase 1 clinical trials performed by the Vaccine Research Center at the NIH have assessed VRC01’s safety and effect on reducing viremia in chronically infected individuals and are currently assessing the effects of VRC01LS and VRC07-523LS. From 
the participants, 6/8, 2/8 and 8/9 had a viral decline of more than 1-log10 after receiving VRC01, VRC01LS and VRC07-523-LS, respectively. Here, we use pharmacokinetics and virus dynamics mathematical models to analyze sampled serum antibody 
concentrations and plasma viral loads from each participant. We explored models with (1) only neutralization or (2) neutralization and antibody-mediated cellular cytotoxicity (ADCC) to explain differing viral dynamics. We assumed two viral populations, one 
sensitive to the given antibody and one resistant, with differing values of infectivity and sensitivity to the antibodies. We assumed each participant has unique ratios of sensitive to resistant virus and there is not virus mutations after antibody administration. 
Our modeling showed VRC01LS has the longest half-life (median of 40 days) followed by VRC07-523LS (median of 36 days), with both longer than VRC01’s (median of 10 days). We used an in vivo half maximal inhibitory coefficient (IC50) estimated from the 
model as an indicator of the relative potency of the three antibodies and found that VRC07-523LS is the most effective at neutralization with a median IC50 of 0.51 μg/ml (range 0.2-16), compared to VRC01 and VRC01LS with median 1.38 μg/ml (range 0.15-11) 
and 5.27 μg/ml (range 0.15-3), respectively. We found that the model including ADCC was not significantly better that the one with only neutralization. However, comparing the death rate of infected cells to that of individuals on antiretroviral therapy we 
found a slightly shorter half-life for the individuals receiving VRC07-523-LS, suggesting a modest ADCC effect. In conclusion, our model is able to recapitulate the antibody and virus dynamics from individuals receiving VRC01, VRC01LS and VRC07-523LS, and 
found VRC07-523LS to have the highest in vivo neutralization potency with a possible ADCC effect.

39 HIV Modeling HIV cell-to-cell
transmission

Libin Rong University of Florida HIV infection persists despite long-term administration of antiretroviral therapy. The mechanisms underlying HIV persistence are not fully understood. Direct viral transmission from infected to uninfected cells (cell-to-cell transmission) may contribute to viral 
persistence. During cell-to-cell transmission, multiple virions are transmitted to an uninfected cell, making it possible that some virions may escape HIV drugs and establish infection. In this talk, I will discuss several mathematical models that include cell-to-cell 
viral transmission to study HIV dynamics under therapy. 

40 HIV HIV control: beyond the 
exhaustion hypothesis and 
Progression to AIDS

Igor Rouzine Sorbonne Université (Pierre et Marie 
Curie), Paris, France
Sechenov Institute of Evolutionary 
Physiology and Biochemistry, St 
Petersburg, Russia

Statement of the Problem: After 37 years of HIV studies, we still do not understand why most HIV patients cannot clear infection, why a small fraction of individuals can control HIV infection spontaneously or post-treatment, and why some of these lucky 
individuals maintain control longer than the others. All we know is the empiric statistical correlation of control with some HLA subtypes.  
Methodology & Theoretical Orientation: To shed light on this enigma, based on the available data in the literature, a model of the adaptive immune response that explains the diverse outcome of HIV infection from the variation in a few critical immunological 
parameters that can be measured in advance in an individual is developed. The model includes 5 compartments of immune cells and the dual activation of CD8 T cells directly by antigen in MHC-I context and by helper cells.
Findings: The outcome of infection in an individual is decided by the arms race between the proliferation of helper CD4 Th1 cells enabling effective control of the virus and the virus infecting CD4 T cells and employing CD8 T cells to suppress the helper cells. 
Computer simulation predicts four parameter regions in the plane of the functional avidities of CD8 T cells and CD4 T cells, which correspond to the cohorts of patients with high viremia, spontaneous control, long-term post-treatment control, and short-term 
control. The model predicts that CD4 T cells in controllers must be very avid, while the avidity of CD8 T cells should be modest, which predictions agree with the clinical observations. Whether a patient maintains a spontaneous of post-treatment control is 
decided by the infectivity ratio between the target CD4 T cells and their virus-specific activated subset. Simulation predicts a broad region of transient control is discovered, which explains the variable stability of HIV control in different controllers. The 
predictions are fit to the available data on CD4 T cell avidity to demonstrate the segregation between patient cohorts.
Conclusion & Significance: The number of potential post-treatment patients may be much larger than currently observed. The broad region of transient controllers predicted by the model explains why some patients maintain control longer than the others. The 
present study offers a mathematical model of the helper-dependent immune response that explains the differences between the HIV patient cohorts from the variation in several critical immunological parameters of the adaptive response.

41 HIV Examining HIV Progression 
Mechanisms via 
Mathematical Approaches

Wenjing Zhang, Texas Tech University The progression of HIV infection to AIDS is unclear and under-examined. Many mechanisms have been proposed, including a decline in immune response, increase in replication rate, involution of the thymus, syncytium inducing capacity, activation of the 
latently infected cell pool, chronic activation of the immune system, and the ability of the virus to infect other immune cells. The significance of each mechanism in combination has not been studied. We develop a simple HIV viral dynamics model incorporating 
proposed mechanisms as parameters that are allowed to vary. In the entire parameter space, we derive two formulae for the basic reproduction number (R0) by considering the infection starting with a single infected CD4 T cell and a single virion, respectively. 
We then show that both formulae are equivalent. Analytically, we derive conditions for the occurrence of backward and forward bifurcations. Numerically, we perform uncertainty and sensitivity analysis to identify model parameters that significantly affect 
disease progression, which include the infection rate, infected cell death and proliferation rates, and viral production and clearance rates. Focusing on these identified significant parameters, a series of numerical bifurcation analyses demonstrate various 
HIV/AIDS progression dynamics through one or two slowly changing parameters. 

42 In vitro virus 
infection

Nidogen-1 is 
downregulated in HCMV 
infected organoids 
displaying aberrant 
neurodevelopmental 
phenotypes

Emmanuel Ijezie, Elizabeth 
Fortunato

University of Idaho., Moscow, Idaho, USA The ability to generate three-dimensional brain organoids invitro has provided an ethical system to model and study viral-host interactions within a developing human brain. Congenital human cytomegalovirus (HCMV) is the leading cause of viral-induced birth 
defects in humans. These birth defects include microcephaly, sensorineural hearing loss, and cognitive impairment. The process in which the developing fetus incurs these neurological defects is still poorly understood. To elucidate some of these mechanisms, 
our lab has adapted a brain organoid development protocol that utilizes HCMV infected induced pluripotent stem cells to generate invitro brain organoid structures that model the first and second trimester in fetal brain development. Early in development, 
brain organoids generate neural rosette structures that model neural tube formation in vertebrates. These neural rosettes further develop into structures with multiple neural cell layers. Both Infected and uninfected brain organoids were collected, frozen, and 
sectioned for qualitative and quantitative histological and immunofluorescence (IF) protein analysis. Histological analysis of Infected brain organoids revealed fewer neural rosettes formed. IF analysis of neural rosettes showed, nidogen-1 protein expression in 
the basal lamina was greatly reduced in infected neural rosettes compared to uninfected neural rosettes. IF analysis also indicated that neural progenitor cell protein markers Pax-6 and Nestin expression were downregulated in infected neural rosettes 
compared to uninfected neural rosettes. IF analysis of dissociated brain organoids detected viral proteins IE1 and PP71 early during organoid development. Infected cortical structures also displayed decreased B-tubulin III expression indicating a delay in 
neurogenesis.
In conclusion, the progression of neural development is disrupted in neural rosettes within infected brain organoids. This disruption in the development and downregulation of cellular proteins correlates with the reanimation of viral proteins within these brain 
organoids. Understanding the role of HCMV in downregulating neural developmental processes in brain organoids could elucidate the mechanisms behind the disease phenotypes seen in congenitally infected newborns. 

43 In vitro virus 
infection

How fast does a virus 
grow: insight from the 
diversity of cellular hosts

John Yin, Tianyi "Herry" Jin University of Wisconsin-Madison, Madison, 
WI  USA

Virus dynamics within and between humans and other organisms depends on how viruses behave at the level of their cellular hosts. Viruses have long been cultured on cells, but there has been little analysis of the data. Here we compiled and analyzed seven 
decades of one-step growth and other data for viruses from six major families, including their infections of archaeal, bacterial, and eukaryotic hosts. We found that host cells were remarkably similar in the time they needed to multiply themselves or their virus 
progeny. The healthy cell doubling time and delay time for virus release from infected cells were correlated (r = 0.71, p < 10-10, n = 101); moreover, these times both spanned from tens of minutes to about a week. Thus, the same cell type infected with 
different viruses will release viral progeny on similar time scales. This relationship underscores the extent to which virus production across the domains of life is coupled with biosynthetic processes needed for cell growth.

44 Intracellular 
mechanisms

Mathematical modeling of 
intracellular life cycle of 
HIV-1 and SARS-CoV-2

Dmitry Grebennikov 1,2,3 
Gennady Bocharov 1,2,3

1 Marchuk Institute of Numerical 
Mathematics RAS, Moscow, Russia 
2 Moscow Center for Fundamental and 
Applied Mathematics at INM RAS, 
Moscow, Russia 
3 Sechenov First Moscow State Medical 
University, Moscow, Russia

We present mathematical models of the intracellular life cycles of HIV-1 [1] and SARS-CoV-2 [2]. The models are calibrated to describe the detailed kinetics of the viral replication intermediates and predict the net progeny release. Both the ODE-based 
deterministic models and their stochastic Markov chain-based counterparts are considered. The later ones allow for an accurate description of stochastic aspects prominent at low numbers of the species and are used to predict (i) the probability of target cell 
infection as function of the multiplicity of infection, (ii) the evolution of the heterogeneity of the viral progeny distribution [3]. The systematic sensitivity analysis of the developed models is used to determine the processes having the biggest impact on the 
characteristics of interest such as the total number of released viral progeny, and therefore to predict the prospective targets for antiviral treatment.

45 Intracellular 
mechanisms

A Rule-Based Model of 
Alphavirus Replication

Caroline I. Larkin1,2,3, 
William B. Klimstra4,5, Jason 
E. Shoemaker2,3, and James 
R. Faeder3

1Joint Carnegie Mellon University – 
University of Pittsburgh PhD Program in 
Computational Biology; 
Departments of 2Chemical and Petroleum 
Engineering, 3Computational and Systems 
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4Immunology and 5The Center for Vaccine 
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Positive-sense single-strand ribonucleic acid viruses (+ssRNA) comprise over a third of all virus genera. Many of these viruses cause disease in animals, posing both direct and indirect threats to human welfare. Of particular interest are alphaviruses, such as 
eastern equine encephalitis virus, which is transmitted to horses and humans by mosquitos and has a human mortality rate of ~30%. Even though alphaviruses have relatively small genomes (average size 12 Kb), there is no established cure for any alphavirus 
infection and treatment is only supportive. Although the molecular components and interactions of infection, replication, and amplification of alphaviruses within the host cell are well-studied, how these mechanisms integrate to determine the dynamics RNA 
viral replication and host immune responses remains unclear, limiting our ability to advance therapeutic development. Computational models provide a powerful tool for probing both quantitative and qualitative effects arising from the modulation of viral 
infections. Here, we present a systems modeling approach to elucidate the mechanisms regulating the precise dynamics of alphavirus replication through the development of a rule-based mathematical model. Specifically, this model describes attachment, 
entry, uncoating, replication, assembly and export of both infectious virions and virus-like particles within mammalian cells. The model accurately recapitulates known characteristics of alphavirus infection, including the timing and amplitude of virion 
production, and identifies genome replication as the significant rate-limiting step during infection. Additionally, this model highlights the possibility, which could be tested experimentally, that a mismatch between the production of viral RNA and viral proteins 
could result in the inability to produce infectious virions by approximately 12 hours post-infection. We are currently working to expand the model to incorporate host response, especially induction and expression of Type I Interferons within an infected host 
cell and to integrate our single-cell model into an agent-based framework to capture infection dynamics at the tissue level. This will provide a comprehensive perspective on the conditions required for maximizing interferon induction and efficacy and 
determine the key steps of immune system activation required for successful suppression of viral infection.  

46 Other COVID-archives: FAIR 
sharing for reproducible 
and reusable COVID-19 
models

Rahuman S. Malik-Sheriff, 
Kausthubh Ramachandran, 
Matthias Koenig, Martin 
Scharm, Esther Thea Inau, 
Dagmar Waltermath, 
Henning Hermjakob

European Molecular Biology Laboratory, 
Cambridge, UK

Mathematical models are widely used to predict the transmission dynamics of COVID-19 and assist policymakers. The ODE based Susceptible-Infected-Recovered (SIR) models and its derivative versions are commonly used to model transmission dynamics. 
These models are encoded in diverse programming languages lacking interoperability and are often poorly annotated, making it difficult to reproduce and reuse them. Several issues were recognised as roadblocks to reproducibility in epidemiological research 
as early as 2006. Since then, the epidemiology community has taken significant steps to improve the transparency and reproducibility in their studies. However, these efforts were not extended to predictive epidemiology. Reproducibility is a concern in models 
from all fields of life science. In a recent study (Tiwari et al. 2021 Mol Sys Bio), we showed that about half of the mathematical models cannot be reproduced using the information provided in the manuscript. The number of publications modelling the 
transmission dynamics of COVID-19 have skyrocketed and this has prompted several prominent groups to put out calls for transparency in COVID-19 epidemiological modelling. To address this, we initiated a collaborative project “COVID-Archives”, where we 
applied systems biology community standards and FAIR sharing principles to build, verify and disseminate reproducible COVID-19 transmission models. COVID-19 models were encoded in the Systems Biology Markup Language (SBML), a highly interoperable 
standard model exchange format supported by over 300 modelling software. Models were verified to ensure the reported simulation results were reproducible. SBML codes were also semantically enriched with controlled vocabularies. To enable model sharing 
through a single file, we built COMBINE achieves, a compressed file that contains all model files (such SBML file, simulation description, simulation figures, simulation data and semantic annotation) in COMBINE community standards. These models were added 
to a special collection (https://www.ebi.ac.uk/biomodels/covid-19) in BioModels, a repository of curated mathematical models of biological systems to make them readily accessible to broader scientific community. By curating 25 reproducible COVID1-9 models 
that are now easily findable, accessible, interoperable, and reusable, we demonstrate that existing standard protocols of systems biology models can be utilised to improve reproducibility in predictive epidemiological models. 

47 Other viruses Interferon interaction in 
viral coinfections

Neha Singaravelan and Hana 
M. Dobrovolny

Department of Physics and Astronomy, 
Texas Christian University, Fort Worth, USA

Many patients hospitalized with influenza-like illness are found to have more than one respiratory virus. The clinical outcomes of these respiratory viral coinfections are still not clear, with some studies finding that coinfections are more severe than single virus 
infections, other studies finding that coinfections are less severe, and still others finding no significant difference. This suggests that there is a need to better understand viral coinfections in order to determine conditions that cause coinfections to be more 
severe than single virus infections. It is thought that the viruses involved in coinfections interact primarily through the innate immune response. We explore this possibility with a mathematical model of viral coinfection that incorporates the effect of 
interferon. We examine a number of hypotheses for the nature of the interferon interaction and find that, under some conditions, interferon can lead to suppression of one of the viruses. 



48 Other viruses A Model of Equine 
Infectious Anemia Virus 
(EIAV) Infection with 
Immune Responses 
Supports Boosting CTL 
Response to Balance
Antibody Response

1Dylan Hull-Nye, 2Tyler 
Meadows, 3Elissa Schwartz
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1;3 Dept. of Mathematics, Washington 
State University, 
2 Dept. of Mathematics, University of 
Idaho

We analyze a within-host model of virus infection with antibody and CD8+ Cytotoxic T Lymphocyte (CTL) responses for stability of the equilibria as a function of the model’s immune response parameters. The equilibria undergo at most two forward transcritical 
bifurcations. The model is then explored numerically and results are applied to equine infectious anemia virus infection. In order to arrive at stability of the biologically-relevant endemic equilibrium, characterized by coexistence of antibody and CTL responses, 
the parameters promoting CTL responses need to be boosted over parameters promoting antibody production. This result may seem counter-intuitive (in that a weaker antibody response is better) but can be understood in terms of a balance between CTL and 
antibody responses that is needed to permit existence of CTLs. We also use sensitivity analysis to explore ranges among key parameters that correspond to this equilibrium. In conclusion, an intervention such as a vaccine that is intended to control a persistent 
viral infection with both immune responses should moderate the antibody response to allow for stimulation of the CTL response.

49 Other viruses Isolation of a Novel 
Recombinant Canine 
Coronavirus from a Visitor 
to Haiti: Further Evidence 
of Transmission of 
Coronaviruses of Zoonotic 
Origin to Humans
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We isolated a novel coronavirus, HuCCoV_Z19Haiti, from a medical team member presenting with fever and malaise after travel to Haiti in March 2017. Zika virus (ZIKV) was circulating in Haiti at the time, but the sample tested negative by RT-PCR for ZIKV. 
Initial sequence analyses of a 2,558 bp amplicon identified the virus as a porcine coronavirus (TGEV), however, primers based on TGEV did not effectively amplify or failed to amplify other sections of the virus’ genome, suggesting that it was a different 
coronavirus. After the publication of a canine coronavirus (CCov) recently identified in a pneumonia patient in Malaysia, CCoV-HPn-2018, CCov primers were used and successfully amplified the whole genome. The virus showed 99.4% similarity with a 
recombinant CCov. Recombination and phylogenetic analyses showed that part of the HuCCoV_Z19Haiti genome, starting from gene E, diverged from CCoV-HPn-2018. Further, the HuCCoV_Z19Haiti isolate did not have the 36 nt deletion in gene N and the 228 
nt deletion in ORF7b, both characteristic of the Malaysian strain. BLAST of genes E, M, N, ORF7 segment, showed a match with a Chinese CCov, CCoV B639_ZJ_2019. Both Spike S1 and S2 trees clustered HuCCoV_Z19Haiti with CCoV-HuPn-2018, while in the gene 
M ML tree the closest relative was the Chinese CCoV B639_ZJ_2019. In the gene N phylogeny, the Haitian strain clusters with TGEV, although the bootstrap values maybe too low to make a strong inference. We identified the same pattern of recombination 
events of the Malaysian CCov in the spike and ORF1 of the Haitian genome, suggesting that recombination occurred ancestrally to CCoV-HPn-2018 and HuCCoV_Z19Haiti.  The Haitian CCov, however, further diverged from the Malaysian one through additional 
and multiple recombination events across the genome, notably affecting the gene E – ORF7 segment, which closely relates to CCoV B906_ZJ_2019. Further recombination events with other CCoVs overlapped to the segment originated from CCoV B639_ZJ_2019. 
Our data suggests that infection with this virus and/or recombinant variants occurs in multiple locations, and highlights the potential among coronaviruses for rapid evolution combined with frequent recombination events, leading to periodic emergence of 
strains capable of crossing species barriers into human populations.

50 Other viruses Mathematical Modeling of 
Virus Spread in N. 
Benthamiana Plants

Josh Miller, Vitaly Ganusov University of Tennessee, Knoxville, 
Tennessee, USA

Viruses are the major pathogens of plants such as agricultural crops. Viral infections often start after the virus penetrates the outer layer of the leaf and many successful viruses after local replication in the leaf are able to spread systemically. Quantitative 
details of virus dynamics in plants have been poorly understood. In 2014, by using flow cytometry and two fluorescently-labeled strains of Tobacco etch virus (TEV), Venus and BFP,  researchers Tromas et al. followed the kinetics of viral infection of individual 
cells in leaves of  Nicotiana tabacum plants over time. A simple mathematical model, assuming that viral spread occurs from bottom to upper leaves, was fitted to these data. Interestingly, we found that the proposed model and estimated model parameters 
did not provide adequate description of experimental data, which we explain by an error in ODE solver initiation in python. We found, however, that the original model could accurately describe the kinetics of viral spread locally and systemically. Interestingly, 
we also found that many alternative versions of the original model, for example, if viral spread starts at upper leaves and continues to bottom leaves, provide fits of the data with identical quality, but with dramatically different parameter estimates. These 
results strongly suggest that experimental measurements of viral infection in individual leaves are not informative on the kinetics of viral spread, and we propose experiments that may allow us to discriminate between these alternatives. By analyzing the 
kinetics of coinfection of individual cells by Venus and BFP strains of TEV, we found evidence suggesting that cells which are infected with a single virus strain are more susceptible to infection by another strain. Importantly, we showed that many mathematical 
models on the kinetics of coinfection of cells with two strains cannot adequately describe the data, and the best fit model needed to assume i) different susceptibility of uninfected cells to infection by two viruses locally in the leaf vs. systemically from other 
leaves, and ii) decrease in the infection rate depending on the fraction of uninfected cells which could be due to systemic immune response. Our results thus demonstrate the difficulty in reaching definite conclusions from extensive and yet limited 
experimental data  and provide novel insights into competition of different viral variants infecting individual cells in plants.

51 Other viruses Multiscale modelling of 
yellow fever virus at 
community level

Meshach Ndlovu Gwanda State University, Department of 
Geomatics and Surveying

Several arboviruses pandemics have been recorded over the last century, and their ever increasing occurrences are alarming because these arboviruses pandemics collectively infect millions of individuals. Viruses are microscopic organism which are abundantly 
available as either free living pathogens on the environment or as pathogens living within a host.   To understand factors that may contribute to viral spread and address long term solutions on how to handle, predict, prevent, control and eradicate arbovirus 
pandemics, it is important to master different viral transmission dynamics between hosts, life cycles of host vertebrate and within host dynamics. Again, it is pivotal to understand population dynamics of arboviruses pandemics with environmental systems, and 
linkages between host and within host systems. This collective approach will enable us to merge together key components in modelling of arboviruses pandemics. Therefore, the interaction of three subsystems host, pathogen, and environment organized into 
hierarchical multilevel and multiscale complex systems, with five levels starting with cell level, tissue level, organ level, host level and community level. The main idea in multi-scale modelling is to partition the whole complex disease dynamics into sub-systems 
according to both time and space scales, then attempt to link the sub-systems across these multiples scales. Finally, for simplicity this project we will study about yellow fever virus as an example of an arbovirus disease.

52 Other viruses Antigenic cartography of 
influenza with preimmune 
human sera
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Influenza virus is a globally endemic respiratory pathogen that transmits through aerosols and surfaces and contributes to 500,000 global deaths annually. Currently, developed influenza vaccines elicit strain-specific antibodies, and the vaccine strains are 
updated when the vaccine antibodies have an appreciable drop in hemagglutinin inhibition (HAI). Antigenic distance based on cross-reactive inhibition of HA-specific antibodies is calculated with ferret sera with no immunological history of influenza. However, 
the human population has an immunological history with pre-existing antibodies and memory cells that influence the response to vaccination by immune imprinting. Therefore, we investigated antigenic distances between strains using antigenic cartography 
calculated with human sera to determine if pre-existing immunity affected the antigenic positions of strains. The antigenic maps were stratified by the probability of the imprinting influenza strain for an individual based on their year of birth. The antigenic 
maps were also compared before and after vaccination with Fluzone split-inactivated virus vaccines between individuals. The antigenic landscapes were created using the log-transformed HAI titers with the two-dimensional antigenic map coordinates in the 
third dimension. Further, multi-dimensional scaling plots created with amino acid sequence-based antigenic distances were aligned with HAI-based antigenic distances to identify agreements in the positioning of antigens with experimental data. Overall, this 
work aims to improve upon predicting antigenic distances using sequence-based measures, identifying antigenically drifted and shifted influenza strains using methods that capture human’s pre-existing immunity to influenza and determining the impacts of 
vaccination of the antigenic breadth of an individual’s antibody repertoire. 

53 Other viruses EIAV infection dynamics in 
vivo in the presence and 
absence of adapted 
immune responses
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WSU, 4School of Biological Sciences, WSU 

Understanding the dynamics of acute viral infection is crucial for developing strategies to prevent and control infection.  Lentiviral dynamics in a host without adaptive immunity were examined to determine kinetic parameters of infection and quantify the 
effect of neutralizing antibodies in preventing infection, using mathematical modeling of data from equine infectious anemia virus (EIAV) infection of horses with and without severe combined immunodeficiency (SCID). Estimated parameters were used to 
calculate the basic reproductive number, virus doubling time, and the rate antibodies neutralized virus and to establish the minimal efficacy of antibodies that blocked infection.  These results estimate EIAV replication kinetics in SCID and immunocompetent 
horses. In addition, the kinetic parameters that were estimated in immunocompetent EIAV-infected horses were compared to the estimates in EIAV-infected SCID horses.  Such results provide the first estimates of the contribution, individually, of antibody and 
CTL responses to EIAV control.  This study advances our understanding of EIAV infection and may have important implications for the control of other viral infections, including HIV. 
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Multiple variants of SARS-CoV-2 have emerged and jointly influence the trajectory of the coronavirus disease (COVID-19) pandemic. However, current models rarely take into account these multi-variant dynamics and their different rates of transmission and 
response to vaccines. We propose a new mathematical model that accounts for two virus variants and the deployment of a vaccination program. To demonstrate the utility, we applied the model to determine the control reproduction number (R_c) and the 
infection, death, and recovery rates per day for each strain in the US pandemic. The dynamics of the model predicted the increase in alpha variant during the first half of 2021 and shed light on the potential impact of the delta variant. We obtained the 
minimum percentage of fully vaccinated individuals to reduce the spread of variants in combination with other intervention strategies to slow the rise of the multi-variant pandemic.

56 SARS-CoV-2 Vaccination Strategies for 
Viral Variants

Sharon Bewick Department of Biological Sciences, 
Clemson University, Clemson, South 
Carolina, U.S.A

Newly emerging variants of COVID-19 undermine vaccination progress by interfering with vaccine efficacy. A long-term solution is to develop multivalent vaccines, but this approach faces developmental and regulatory hurdles. A simpler option is to switch the 
target of the current vaccine to match new viral variants. I use a stochastic simulation to determine when it is better to target a newly emerged, faster spreading viral variant versus the dominant but less transmissible original variant. I find that it is almost 
always better to target the faster spreading variant, even when the initial prevalence of this variant is much lower. This provides ‘rule of thumb’ guidance for those making critical decisions about vaccine formulation.

57 SARS-CoV-2 Mutation hotspots and 
spatiotemporal 
distribution of SARS-CoV-2 
lineages in Brazil, February 
2020-2021
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The COVID-19 pandemic reached almost two years in length, representing an unprecedented burden for humanity. Brazil is the third worst-hit country, with approximately 20.6 million cases and 576 thousand deaths. Since the release of the first SARS-CoV-2 
genome, international efforts have been established to share information about its epidemiology and evolution, enabling the study of viral spread patterns through space and time. In the early epidemic wave in Brazil, more than 100 international introductions 
have occurred, B.1.1 and derived lineages were prevalent, and significant movements between state borders after international travel restrictions have been demonstrated. However, little is known about the viral evolution in the entire Brazilian territory after 
this representative study.
Here, we aimed to combine epidemiological data and high-quality Brazilian genomes from February 2020-2021 to identify heterogeneities in sequencing efforts, mutation hotspots, geographical and temporal distribution of SARS-CoV-2 lineages by using 
maximum likelihood and Bayesian phylogenetic and phylogeographic analyses. 
We described heterogeneous sequencing efforts, reaching 8.64% of confirmed cases in March 2020, 1.16% in April, but falling below 1% in the remaining months. Southeastern and Southern states contributed with more genomes proportionally and detected 
more circulating lineages (Figure 1). The lineage dynamics were marked by the replacement of B.1.1.28 and B.1.1.33 for P.2 and P.1 (Figure 2). Using a worldwide representative dataset composed of 10,573 sequences, we built a maximum likelihood tree that 
reinforced a nationwide distribution of multiple SARS-CoV-2 lineages and clades (Figure 3). We found at least seven major clades related to the six most prevalent lineages in the country and described its complex phylogeographic patterns, so that some clades 
were more restricted geographically and others were widespread across several regions (Figure 4).
The emergence and frequency shift of lineages (P.1 and P.2) carrying mutations of concern in the spike protein (e. g., E484K, N501Y) draws attention due to their association with immune evasion and enhanced receptor binding affinity. Improvements in 
genomic surveillance are of paramount importance and should be extended and centralized in Brazil to provide spatiotemporal and case informative datasets that would enable more precise and evidence-based decisions to fight the COVID-19 pandemic.

59 SARS-CoV-2 Individual- and population-
level immunity modulates
key epidemiological 
characteristics in COVID-19
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Bi1, Zhanwei Du2, Spencer 
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Despite the widespread distribution of the vaccines in many countries around the world, the coronavirus disease 2019 (COVID-19) continues to cause new waves of infection. The promise of reaching herd immunity is fading away because of the possibility of 
reinfections, the emergence of variants of concern and the waning of acquired immunity. In these circumstances, it is not clear whether the epidemiological characteristics of COVID-19 have changed or remain the same. To investigate this question, we develop 
a multiscale immuno-epidemiological framework coupling COVID-19 within- and between-host dynamics. The framework describes viral kinetics and their interactions with the innate and adaptive immune responses at the host level. We incorporate this model 
into an agent-based model such that probability of disease transmission depends on the viral shedding of the infectious individual. Using numerical simulations, we show that the level of immunity in the population reduces the rates of symptomatic disease, 
hospitalization, and death. Inspired by the obtained results, we develop a novel SEIRS model considering the change in epidemiological features induced by population immunization. Numerical simulations and theoretical investigation of the model show that 
while the complete eradication of the disease is impossible, the immunization of the population could morph COVID-19 into a less lethal endemic disease.  

60 SARS-CoV-2 Personalized Virus Load 
Function for Acute 
Infections

Carlos Contreras, Jay Newby, 
Thomas HIllen,

University of Alberta, Edmonton, AB, 
Canada

Here we present a simple phenomenological function to describe standard virus-load curves for acute viral infections. The function models three phases in the viral load: a rapid increase, followed by a slow clearance, and a fast clearance of the remaining virus. 
We validate such virus load function using patient-specific data from SAR-CoV-2, influenza A, and rhinovirus infections, and show the ability of the function to reproduce monophasic and biphasic viral decay. We further compare the function with the target cell-
limited model [1-3] and establish an analogous growth rate in the initial phase. We show that the virus-load function is a biologically meaningful model that can be applied to individual data and used as input in higher-level physiological models. 



61 SARS-CoV-2 Suggesting factors of
immunopathology in SARS-
CoV-
2 using virtual patient
cohorts

Adrianne L. Jenner1,2,3, 
Xiaoyan Deng1,2, Vivienne 
Crowe4,
Rosemary Aogo5, Fatima 
Mostefai1,6, Jean-Christophe 
Grenier6,
Amanda P. Smith5, Penelope 
A. Morel7, Courtney L. 
Davis8, Julie
Hussin1,6, Amber M. Smith5, 
Morgan Craig1,2

1. Sainte-Justine University Hospital 
Research Centre, Montréal, Québec, 
Canada
2. Department of Mathematics and 
Statistics, Université de Montréal, 
Montréal, Québec, Canada
3. School of Mathematical Sciences, 
Queensland University of Technology, 
Brisbane, Queensland,
Australia
4. Department of Mathematics and 
Statistics, Concordia University, Montréal, 
Québec, Canada
5. Department of Pediatrics, University of 
Tennessee Health Science Center, 
Memphis, Tennessee, USA
6. Montréal Heart Institute, Montréal, 
Québec, Canada
7. Department of Immunology, University 
of Pittsburgh, Pittsburgh, Pennsylvania, 
USA
8. Natural Science Division, Pepperdine 
University  Malibu  California  USA

The manifestation of SARS-CoV-2 infections is heterogenous, with a large proportion of people experiencing asymptomatic or mild infections requiring no hospitalization. Hyper-reactive and dysregulated inflammatory response distinguished by cytokine storms 
(overexpression of pro-inflammatory cytokines causing adverse effects) and severe immunopathology are characteristic of severe COVID-19. Despite the large number of clinical studies aimed at understanding the immunology of COVID-19, the immune 
mechanisms that lead to disparate outcomes during SARS-CoV-2 infections remain to be more clearly delineated. The emergence of variants presents new challenges, particularly as vaccination efforts ramp up across the globe. From the beginning of the 
pandemic, there has been a considerable effort to understand the genomic evolution of the virus. Against the background of emerging variants, a quantitative picture of the influence of this evolution on an individual’s immunological response to infection is a 
crucial component to understanding and predicting COVID-19 outcomes.

To begin to answer fundamental questions about immunopathology and heterogeneity in COVID-19, we have developed a mechanistic mathematical model of the immunological response to SARS-CoV-2 infection that includes several innate and adaptive 
immune cell populations and signalling pathways. By expanding a virtual patient cohort, we identified divergent monocyte-to-macrophage differentiation rates between virtual patients with either mild or severe COVID-19. Further, our results suggest that 
maximum IL-6 concentrations may act as a biomarker for CD8+ T cell depletion. Within the same virtual patient cohort, we also studied how viral variants influence immunopathology by merging within-host SARS-CoV-2 evolutionary data and our cohort of 
realistic virtual patients. We predicted the combined effects of spike protein and interferon-evading mutations on COVID-19 severity, and our results suggest that an individual’s immune response and their potential propensity for severe COVID-19 are the key 
factors distinguishing COVID-19 disease courses and outcomes. Our approach provides a quantitative basis for exploring the drivers of immunopathology during SARS-CoV-2 infections, and a framework for the continued study of heterogeneity in COVID-19 and 
other during viral infections.
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delayed boost can improve 
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efficacies by increasing B 
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With limited supplies, it is important to identify optimal vaccine deployment strategies. Delaying the administration of the second dose has surprisingly resulted in enhanced vaccine efficacies. Similarly, a lower dosage used in the first dose has been observed 
to improve efficacies. These observations, although counter-intuitive, hold the promise of easing the immediate demand for vaccines, allowing much needed time for manufacturing to be scaled up. Exploiting the observations for rational optimization of 
vaccination protocols is restricted, however,  by the lack of a mechanistic understanding of the observations. Here, we propose a mechanistic hypothesis to explain the observations. The hypothesis stems from a quality-quantity trade-off that constrains the 
germinal centre (GC) reaction. B cells compete for antigen in GCs, so that B cells with higher affinities for the antigen get continuously selected and result in antibody affinity maturation. When antigen availabilty is high, the selection stringency diminishes. 
More B cells then get selected, but with lower overall affinity for the antigen. We hypothesized that different vaccination protocols alter this quality-quantity trade-off differently by changing the antigen availability in the GCs.  To test this hypothesis, we 
developed a stochastic simulation model of the germinal centre (GC) reaction. The simulations followed a discrete generation Wright-Fisher type evolutionary dynamics. The simulations predicted that a lower first dosage could increase the selection stringency 
in GCs due to reduced antigen availability, resulting in the selection of GC B cells with higher affinities for the target antigen. The second dose could relax this selection stringency and allow the expansion of the higher affinity GC B cells selected, improving the 
overall antibody response. With a longer dosing interval, the decay in the antigen with time following the first dose could further increase the selection stringency, amplifying this effect. The effect remained in our simulations when new GCs following the 
second dose had to be seeded by memory B cells formed following the first dose. These predictions offer a plausible explanation of the observed paradoxical effects of dosage and dosing interval on vaccine efficacy. Tuning the selection stringency in the GCs 
using dosages and dosing intervals as handles may help improve vaccine efficacies and deployment.  

63 SARS-CoV-2 Estimation of 
Epidemiological Key 
Parameters Using Viral 
Dynamics Model

Keisuke Ejima Department of Epidemiology and 
Biostatistics, Indiana University School of 
Public Health-Bloomington, IN, USA

Viral dynamics models have extensively been used in mathematical biology. The models helped us understand quantitative and qualitative characteristics of temporal dynamics of viral load. Recently, the models are used in epidemiological and clinical studies. 
Since COVID-19 pandemic started, our group has been exploring the utility of the models in providing implication for public health practice. Particularly, the model was used to estimate the following two key epidemiological parameters: incubation period (1) 
and FALSE-negative rate of PCR tests (2). Additionally, we demonstrated the utility of the model in distinguishing imported cases and locally infected cases at early phase of the pandemic (3). The model was also used to compute the sample size for clinical trials 
of antiviral treatment (4) and design guideline to determine when to end isolation of COVID-19 patients (5). I would like to argue the possibility of collecting longitudinal viral load data and further application of the models to epidemiological and clinical 
studies.
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variant-specific within host 
kinetics from population 
screening test

Baptiste Elie1, Bénédicte 
Roquebert², Mircea T. 
Sofonea1, Sabine Trombert-
Paolantoni², Vincent 
Foulogne3,
Jérémie Guedj4, Stéphanie 
Haim-Boukobza², Samuel 
Alizon1

1 MIVEGEC, CNRS, IRD, Université de 
Montpellier, France, ²Cerba laboratory, 
Saint Ouen l’Aumone, France, 3 
Laboratoire de virologie, CHU Montpellier, 
France, 4 Université de Paris, INSERM, 
IAME, France

Since early 2021, SARS-CoV-2 variants of concern (VOCs) have been causing epidemic rebounds in many countries. While their phenotypic effect has been well characterized at the epidemiological level, we aim here at better understanding their within-host 
determinants. We analyze a database of qPCR screening tests used to discriminate VOCs (wild-type vs alpha vs delta vs beta/gamma) in the general population and hospitals in France. This represents 17,113 cycle threshold (Ct) values from 8,006 individuals. 
We find that infections caused by VOCs have a higher peak viral load than wild-type lineages and, for the alpha variant, have a longer infectious period duration. Following evidence that viral loads on upper respiratory tract swabs are informative on the virus 
transmission potential, we make the connection between within-host dynamics and the epidemiological transmission potential. Our results suggest that the higher VOCs transmission rate observed at the epidemiological level can partly be explained by a higher 
viral load. Noteworthily, the variants viral load peak increase depends on the host age. Therefore, the epidemiological impact if expected to depend on the population demography. Preliminary analyses on the Delta variant point to an even higher virus load but 
there are open challenges to combine data obtained using different variant-screening assays.
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COVID-19 vaccinated individuals and COVID-19 infection survivors can be infected by SARS-CoV-2 variants. We have developed a mathematical model of in-host viral dynamics to gain insight into the SARS-CoV-2 viral fitness and individual immunity 
characteristics that allow for infection in individuals with some immunity. The model includes humoral and cellular immune system components. It also includes specific parameters related to viral fitness and immune escape mechanisms. Through an intensive 
sensitivity analysis, we determine what parameters most affect viral fitness and viral load in an individual over the course of an infection. In this presentation, I will provide an overview of our model. I will then present our results and will discuss how our 
findings are related to the virus characteristics of the COVID-19 variants currently in circulation.
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In this work we extend our agent-based computational model of infection of lung tissue by SARS-CoV-2 (1) to include pharmacokinetics and mode-of-action models of remdesivir. The model (1) predicts substantial variability in infection outcomes between 
similar tissue patches. This work is done as part of a broader effort to create a modular collaborative framework for modeling viral infection and immune response (1) and will be available for continuous improvement. We investigate the effects of drug 
potency, frequency of drug dosing, treatment initiation delay, antiviral half-life, and variability of cellular drug compound metabolism, on treatment outcomes of a simulated infected tissue. 
We find that a subtle change (10%-20%) in response to the antiviral drug can change treatment outcomes from viral clearance to widespread infection. We also find that changes to the antiviral half-life do not significantly affect the sensitivity of infection 
outcomes to dose frequency in simulation, instead necessitating more potent antivirals. 
Non-spatial population models elucidate how treatment affects infection dynamics and which treatments can be effective. However, they assume well-mixed conditions, though infection begins from a few focal points of infection. Our spatial cellular model 
represents focal infection and heterogeneous cellular metabolism of drug compounds. Intercellular variability necessitates more potent antivirals, with the infection being driven by the least sensitive cells (super-spreaders).
 In future work we will investigate combinatory treatments (e.g. antivirals plus interferon treatment). We will also investigate the effects of cells being exposed to different levels of the compounds.
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We construct a SEIR-type mathematical model to study the transmission of COVID-19 in enclosed environments such as nursing homes. The model is age-structured and incorporates the effects of ventilation systems based on the idea of Gammaitoni and 
Nucci. The study shows how preventive measures such as reducing contacts and installing UVGI and HEPA filters into existing air circulation systems could reduce the spread of COVID-19.
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COVID-19 vaccines have been critical in combating severe outcomes of SARS-CoV-2 infection. A greater understanding of the immunity gained from vaccination can be gained through mathematical modelling. We have developed an in-host model of vaccine 
and immune-system interactions for an adjuvanted protein subunit COVID-19 vaccine. The major immune components in our model are IgG, neutralizing antibody, T-helper cells and CTLs. Model parameters are informed by the literature, and by model fitting to 
vaccine clinical trials (Cao et al. 2016, Handle et al. 2018, Suzan Farhang-sardroodi et al. 2021). In this presentation, I will outline our mathematical modelling framework. We will then discuss the model-predicted immunity outcomes aligned with the vaccine 
clinical trials involving various vaccine dose sizes (Keith J Chappell et al., 2021). Also, we show how the use of adjuvanted vaccinations can boost the dose.
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ending isolation for COVID-
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Nagoya University, Indiana University Isolation of COVID-19 patients plays an important role in controlling the spread of SARS-CoV-2. Longer isolation may prevent the possibility of further transmission and simultaneously cause a substantial burden on isolated patients such as mental health 
problems. Thus, we should warrant sound guidelines for determining when to end isolation. In order to scientifically search proper guidelines, we developed a simulator mimicking SARS-CoV-2 viral dynamics. In this simulator, we compared the two main 
guidelines currently in use: the one-size-fits-all approach (i.e., patients are isolated for a fixed time period) and the personalized approach (i.e., based on repeated PCR testing of isolated patients). For a fixed time of 10 days since symptom onset as the criterion 
for ending isolation, we estimated that the risk of prematurely releasing infectious individuals is low (0% to 6.6%). However, this strategy entailed lengthy unnecessary isolations (4.8 days to 8.3 days). In contrast, the personalized strategy shortened prolonged 
isolations while reaching similar low risks. The obtained findings provide a scientific rationale for policies on ending the isolation of SARS-CoV-2-infected individuals.
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We present a hybrid partial differential equation -- agent-based (PDE--ABM)  model to describe the spatio-temporal viral dynamics in a cell population. The virus concentration is considered as a continuous variable and virus movement is modelled by diffusion, 
while changes in the states of cells (i.e. healthy, infected, dead) are represented by a stochastic agent-based model. The two subsystems are intertwined: the probability of an agent getting infected in the ABM depends on the local viral concentration, and the 
source term of viral production in the PDE is determined by the cells that are infected.  By means of computational tool we developed for this purpose, we study the hybrid system and the generated spatial patterns in detail, moreover, we systematically 
compare the outputs  with a classical ODE system of viral dynamics -- according to our results, the ODE model is a good approximation only if the diffusion coefficient is large.  Finally, we demonstrate that the model is able to predict SARS--CoV--2 infection 
dynamics, and replicate the output of in vitro experiments.
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A vaccine that can prevent the novel coronavirus infection (COVID-19) is being supplied, but it is also urgent to develop an effective antiviral drug that can be taken quickly for the treatment of infected patients. Understanding the effect of the antiviral 
mechanism on the viral load allows us to suggest effective mechanisms of antiviral treatment. Here, using a mathematical model in combination with published viral load data, we compare within-host dynamics for patients infected in the current outbreak with 
analogous dynamics for SARS-CoV-2, MERS-CoV, and SARS-CoV infections. Our quantitative analyses lead us to conclude that the time from symptom onset to viral load peak for SARS-CoV-2 was significantly shorter than for these other coronaviruses. These 
findings suggest it will be more difficult to control SARS-CoV-2 than MERS or SARS-CoV. I will also report the results of predicting the effectiveness of unlicensed drugs that have different methods of action.
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Developing a mathematical model for COVID-19 courses of disease can help to establish a better understanding of therapeutic and epidemiological options, effects of vaccination and basic viral kinetics. This work aims at building a holistic ODE model of within-
host SARS-CoV-2 infections with a focus on the role of the adaptive immune system, in particular T- and B-lymphocytes. It is based on previous approaches formulated by Hernandez-Vargas and Velasco-Hernandez but it focusses specifically on the 
implementation of a realistic viral clearance by cytotoxic T-cells and neutralising antibodies, which are simulated by individual compartments. It avoids complexity but preserves typical characteristics of the course of disease such as incubation time, length of 
hospitalisation, maximum viral load and eventual reactivations after recovery. Furthermore, this model can be used to derive information on the effects of therapeutic interventions such as antiviral drug co-therapy, vaccination and convalescent plasma 
therapy.

73 SARS-CoV-2 Spatial scales, patterns, 
and positivity trends of 
SARS-CoV-2 pandemics in 
mass
rapid antigen testing in 
Slovakia

Richard Kollár, Katarína 
Boďová

Comenius University Bratislava, Slovakia We study geographical epidemic scales and patterns and positivity trends of SARS-CoV-2 pandemics in mass antigen testing in Slovakia in 2020. The observed test positivity was exponentially distributed with a long scale exponential spatial trend, and its 
characteristic correlation length was approximately 10 km. Spatial scales also play an important role in test positivity reduction between two consecutive testing rounds. While test positivity decreased in all counties, it increased in individual municipalities with 
low test positivity in the earlier testing round in a way statistically different from a mean-reversion process. Also, non-residents testing influences the mass testing results as test positivity of non-residents was higher than of residents when testing was offered 
only in municipalities with the highest positivity in previous rounds. Our results provide direct guidance for pandemic geographical data surveillance and epidemic response management.
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The current publicly deployed lipid nanoparticle (LNP) base-modified mRNA vaccines, mRNA-1273 (Moderna) and BNT162b2 (Pfizer), boast impressive efficacy above 90% for the wild-type strain, and are our current front-line therapeutic defence against 
variants of concern (VOC). Long term immunity generated from these vaccines is currently not well understood. Emerging data has shown that third booster dose within one year of second dose are necessary to mount an effective protection against VOC; 
however, the optimal timeline is not clear. In this talk I will introduce our novel within-host mathematical model for the LNP-formulated mRNA vaccines. We fit our model to various two-dose mRNA-1273 or BNT162b2 clinical data and use our fitted parameters 
to predict the long-term decay of the adaptive and innate immune responses. We find that two doses of either Moderna or Pfizer leads to less than 0.001% humoral immunity remaining relative to peak immunity by eight months following second dose. 
Notably, eight months following second dose is the recommended timeline by the U.S. Centers for Disease Control and Prevention for the third booster shot. The model-predicted inflammatory cytokine, CD8+ T-, CD4+ T-, and plasma B- cell responses levels also 
show significant drops from peak value over the same timeframe. Notable, the 8-month timeframe corresponds to the recommended interval for a booster vaccine dose (third dose). Our model results therefore agree that a booster dose vaccine will be needed 
in Fall 2021.

75 SARS-CoV-2 Population-level negative 
feedback affects the past, 
present, and future of 
COVID-19
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Weinberger1
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It has long been hypothesized that epidemics exhibit premature infection rate saturation as a result of behavioral changes among susceptible individuals. In theory, this bidirectional relationship between infection rate and behavior can generate negative 
autoregulation (i.e., negative feedback) during epidemic growth.  However, direct evidence for such feedback has never been demonstrated.  Here, we combine cell-phone geolocation data, stochastic analytical methods, and epidemiological modeling to 
provide direct evidence for population-scale negative feedback during the early phase of the COVID-19 pandemic. 
Mortality dynamics were compared at 708 locations at three epidemiological scales (96 countries, 50 states, and 562 counties) with Google mobility data for each locale (at workplace, transit, commercial, parks, and residential areas).  Counterintuitively, the 
association between mobility and mortality inverts over time with initial changes in mobility associated with reductions in regional death, whereas maximum changes in mobility associated with increases in death.  SIR models incorporating negative feedback 
were sufficient to explain the inversion of the mobility-mortality association.  
Strikingly, fluctuation analysis of day-to-day infection rates across geographically diverse locales evidenced a direct signature of negative feedback and enabled parameterization of the magnitude of the feedback strength.  Incorporating empirically measured 
feedback strength into SIR models drastically altered COVID-19 forecasts.  This finding will enable more precise forecasting models and provides a foundation for optimizing non-pharmaceutical interventions to against future pandemics.

76 SARS-CoV-2 Correlation between times 
to SARS-CoV-2 symptom 
onset and secondary 
transmission undermines 
epidemic control efforts

Natalie M. Linton, Andrei R. 
Akhmetzhanov, Hiroshi 
Nishiura

Kyoto University, Hokkaido University, 
Kyoto, Japan

Background: The generation interval—the time between when an individual is infected with a pathogen and when that individual transmits the pathogen to another individual—and the incubation period—the time between infection and symptom onset— 
provide insight into infectious disease dynamics and characterize the effectiveness of individual-level public health interventions such as case isolation on its control.

Methods: We collected a dataset of 257 severe acute respiratory coronavirus 2 (SARS-CoV-2) transmission pairs in Japan from publicly reported contact tracing data and estimated the generation interval, incubation period, and correlation between those 
parameters using doubly-interval censoring and copula methods. We also estimated the generation interval for 26 pairs with asymptomatic infectors.

Results: We jointly estimated the mean generation interval to be between 3.7–5.1 days and the mean incubation period to be between 4.4–5.7 days when considering different demographic and epidemiological characteristics of the pairs. The distributions 
were positively correlated with a Kendall’s tau of 0.4–0.6, providing evidence of the dependence between symptom onset and transmission of SARS-CoV-2. The generation interval was consistently shorter than the incubation period across all strata, indicating 
consistent presymptomatic transmission (estimated overall at 63.2%). 

Discussion: Failing to account correlation between the generation interval and incubation period can lead to overestimation of the effectiveness of public health interventions on control. Even accounting for this dependence, interventions that do not depend 
on detection of potential infectors while they are nonsymptomatic, enhanced surveillance to detect nonsymptomatic cases, and contact tracing to identify potentially infected contacts so they can quarantine before they possibly become infectious are steps 
crucial to COVID-19 control efforts.

77 SARS-CoV-2 Rapid assessment of SARS-
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Zehr, Stephen D
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The ongoing spread of SARS-CoV-2, the putative agent of COVID-19, has led to the emergence of distinct viral clades of interest including P.1, B.1.1.7, and B.1.351. In order to examine the continued evolution of the SARS-CoV-2 genome, we develop a rapid 
assessment tool designed to investigate the nature and extent of selective forces acting on viral genes within clade sequences. Our application relies on performing a series of comparative phylogenetic analyses for clade-specific molecular evolution and 
evaluating selective pressures for ‘query’ clade sequences against ‘global’ reference sequences. This offers the ability to rapidly interrogate sites of interest with support for pervasive, episodic, or directional selection along with physicochemical properties. 
Additionally, we report on several characteristic indicators including the extent of diversifying, purifying, and coevolutionary pressures. The results of our application are presented through the use of interactive notebooks which allow for highly customizable 
and easily interpretable visualizations. Identifying regions of interest is easily done through our incorporation of an alignment viewer and the presentation of site-level information of substitutions. The application of our method is designed to offer dramatically 
increased performance over global assessment of genomic sequences while preserving genomic diversity over a clade of interest. In order to demonstrate the capabilities of our application, we present an analysis of several emergent clades of interest. Our 
application will be made publicly available and integrated in an easy to use automated Galaxy workflow. The rapid estimation of the effects of natural selection along with spatial distribution patterns of mutations within the SARS-CoV-2 genome will become 
increasingly important to understand the impact of viral adaptation within human strains.

78 SARS-CoV-2 Computing viral diversity 
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The COVID-19 pandemic forced governments to implement non-pharmacological measures, such as quarantine, lockdown and mandatory use of masks, in order to contain the viral propagation. Understanding the patterns of an epidemic is essential for 
decision-makers and a great effort has been made for modelling the routes of the ongoing pandemic, as also for developing medical treatments and vaccines. However, SARS-CoV-2 kept evolving while spreading, giving birth to different strains which are now 
escaping from the immune system of already immunized individuals, originating new waves of infection. Thus, tracking the genome variability is substantial for controlling the spread. The present work describes a recently proposed model of viral propagation 
through contact networks which keeps tracking the viral genome of a RNA virus such as SARS-CoV-2 [1]. By including a binary chain describing the genetic material and allowing neutral mutations to happen at any locus, the model allows to investigate how 
different contact network structures could shape the viral diversity and we have used this approach to study how it would change as a function of the connectivity among different communities, showing that for poorly connected communities, reinfections due 
to the appearance of new strains are more likely to rise than for strongly connected communities. The model also proposes recurrence equations for the genetic variability, measured in numbers of different nucleotides between pairs of viruses, which allows us 
to infer, under certain conditions, the genetic evolution from epidemiological data without the necessity of having access to genetic data; this result is in good agreement with SARS-CoV-2 data collected in China at the beginning of 2020. Although simple, this 
individual-based model is a powerful tool for implementing different analysis regarding genetic evolution of a RNA virus going on epidemic, allowing the inclusion of non-neutral mutations, non-perfect cross immunity and many other features of a RNA virus 
epidemic.

79 SARS-CoV-2 Deposition distribution of 
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and aerosol particles
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Balásházy, Gusztáv G. Schay 
and Alpár Horváth
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The new coronavirus disease 2019 (COVID-19) has been emerged as a rapidly spreading pandemic. The disease is thought to spread mainly from person-to-person through respiratory droplets produced when an infected person coughs, sneezes, or talks. The 
pathogen of COVID-19 is the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It infects the cells binding to the angiotensin-converting enzyme 2 receptor (ACE2) which is expressed by cells throughout the airways as targets for cellular entry. 
Although the majority of persons infected with SARS-CoV-2 experience symptoms of mild upper respiratory tract infection, in some people infections of the acinar airways result in severe, potentially fatal pneumonia. However, the induction of COVID-19 
pneumonia requires that SARS-CoV-2 reaches the acinar airways. While huge efforts have been made to understand the spread of the disease as well as the pathogenesis following cellular entry, much less attention is paid to how SARS-CoV-2 from the 
environment reach the receptors of the target cells. The aim of the present study is to characterize the deposition distribution of SARS-CoV-2 in the airways upon exposure to cough-generated droplets and aerosol particles. For this purpose, the Stochastic Lung 
Deposition Model has been applied. Particle size distribution, breathing parameters supposing normal breathing through the nose, and viral loads were taken from the literature. We found that the probability of direct infection of the acinar airways due to 
inhalation of particles emitted by a bystander cough is very low. As the number of viruses deposited in the extrathoracic airways is about 7 times higher than in the acinar airways, we concluded that in most cases COVID-19 pneumonia must be preceded by 
SARS-CoV-2 infection of the upper airways. Our results suggest that without the enhancement of viral load in the upper airways, COVID-19 would be much less dangerous. The period between the onset of initial symptoms and the potential clinical deterioration 
could provide an opportunity for prevention of pneumonia by blocking or significantly reducing the transport of viruses towards the acinar airways. Therefore, even non-specific treatment forms like disinfection of the throat and nasal and oral mucosa may 
effectively keep the viral load of the upper airways low enough to avoid or prolong the progression of the disease. In addition, using a tissue or cloth in order to absorb droplets and aerosol particles emitted by own coughs of infected patients before re-
inhalation is highly recommended even if they are alone in quarantine.

80 SARS-CoV-2 Hydroxychloroquine: A 
SARS-CoV-2 infection 
inhibitor causes cardiac 
toxicity. A simulation 
Study

Chitaranjan Mahapatra Cardiovascular Research Institute, 
University of California San Francisco, USA

Objectives: The outbreak of coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2/2019-nCoV) poses a serious threat to global public health and local economies. With the heightened interest of the 
potential use of chloroquine and hydroxychloroquine for the treatment of patients with SARS-CoV2 (COVID-19 or novel coronavirus)1 it may be prudent to reflect on the risks of therapy, particularly their cardiac toxicity. The purpose of this study was to 
investigate the propensity of hydroxychloroquine (HCQ) to cause bradycardia.
Methods: The sinoatrial node cell is described as an equivalent electrical circuit with a number of variable conductances representing voltage-gated sodium channels, voltage-gated calcium channels, voltage-gated potassium channels, calcium-dependent 
potassium channels and funny current channel. A HCQ drug model for the funny current is simulated after mining data from experimental studies. The biophysically altered funny current is integrated into the single SA node electrophysiological model. 
Results: The resting membrane potential (RMP) is set at ─80mV. A current pulse of 2 nA for 10 ms is injected to evoke the AP. The steady state value of the activation parameter of the funny current (if) is shifted to negative side after applying HQN of 1 µM.  The 
action potential timing is altered, when we incorporated the biophysically modified funny current.  The results show that the modified funny current plays an important role in reducing the frequency of the spontaneous action potentials at SA node. 
Conclusions:  The model successfully reproduces both ionic currents and action potential observed in intracellular recordings from individual SAN cell. The effects of Hydroxychloroquine drug are simulated with respect to funny current and action potential. As 
Hydroxychloroquin reduces the frequency rate of the spontaneous action potential firing, it should be prevented as a potential drug against COVID-19.

81 SARS-CoV-2 Burden and characteristics 
of COVID-19 in the United 
States during 2020

Sen Pei, Teresa K Yamana, 
Sasikiran Kandula, Marta 
Galanti, Jeffrey Shaman

Columbia University, New York, NY, USA The COVID-19 pandemic disrupted health systems and economies throughout the world during 2020 and was particularly devastating for the United States, which experienced the highest numbers of reported cases and deaths during 20201–3. Many of the 
epidemiological features responsible for observed rates of morbidity and mortality have been reported4–8; however, the overall burden and characteristics of COVID-19 in the United States have not been comprehensively quantified. Here we use a data-driven 
model-inference approach to simulate the pandemic at county-scale in the United States during 2020 and estimate critical, time-varying epidemiological properties underpinning the dynamics of the virus. The pandemic in the US during 2020 was characterized 
by national ascertainment rates that increased from 11.3% (95% credible interval (CI):8.3 – 15.9%) during March to 24.5% (18.6 – 32.3%) during December. Population susceptibility at year’s end was 69.0% (63.6 – 75.4%), indicating that roughly one third of the 
US population had been infected. Community infectious rates, the percentage of people harbouring a contagious infection, rose above 0.8% (0.6 – 1.0%) before the end of the year, and were as high as 2.4% in some major metropolitan areas. In contrast, the 
infection fatality rate fell to 0.3% by year’s end.
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Understanding when SARS-CoV-2 emerged is critical to evaluating our approach to monitoring zoonotic pathogens, understanding the failure of early COVID-19 containment efforts, and evaluating hypotheses pertaining to its origin. We employed a coalescent 
framework to combine retrospective molecular clock inference with forward epidemiological simulations to determine how long SARS-CoV-2 could have circulated prior to its discovery (Fig. 1). We first used BEAST to calculate a time of the most recent common 
ancestor (tMRCA) of 09 December 2019 (95% HPD: Nov 17–Dec 20) from 583 SARS-CoV-2 genomes circulating in China between December 2019 and April 2020. We next used FAVITES to perform forward epidemic simulations originating with a single infected 
individual—representing the index case—and determined the time until stable coalescence (the tMRCA): 8.0 days (95% range: 0.0–41.5). Forward simulations were merged with retrospective inference by connecting the stable coalescence to the tMRCA via a 
rejection sampling-based approach. This approach selected combinations where the first simulated instance of COVID-19 occurred by 08 December 2019, the date of the earliest confirmed case by the WHO. By anchoring epidemic simulations to tMRCA 
estimates, we infer the Hubei index case acquired SARS-CoV-2 on 18 November 2019 (95% HPD: Oct 23–Dec 07). The timing of the index case here represents an upper bound on when a single-event spillover could have occurred. When we considered the 
scenario in which the zoonotic virus was less-fit than the strain observed in Wuhan, there was remarkably little impact on dating: the index case in Hubei would have likely contracted this unobserved SARS-CoV-2 variant on 16 November 2019 (95% HPD: Oct 
16–Dec 08). None of our simulations produce sufficient numbers of infected people prior to December 2019 to support widespread international spread in the fall of 2019. Furthermore, our results suggest that reports of excessive hospitalizations prior to 
December 2019 are incompatible with epidemiological and genomic data. Lastly, by characterizing likely dynamics of the virus before it was discovered, we show that most SARS-CoV-2-like spillover events are unlikely to cause large outbreaks and that densely 
populated urban areas, like Wuhan, are required to lead to sustained human transmission.
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Coronavirus disease 2019 (COVID-19) is a contagious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The first known case was identified in Wuhan, China, in December 2019.  The disease has since spread worldwide, leading to 
an ongoing pandemic.  Food and Drug Administration (FDA) has approved the emergency use of the Pfizer and Moderna COVID-19 vaccine on December 12, 2020. However, there are many vaccinated patients who are infected with COVID-19. Therefore, people 
all over the world have an increased interest in consuming more vegetables for the purpose of maintaining their health and boosting their immune systems. Identifying novel antiviral agents for COVID-19 is of critical importance, and vegetables are an excellent 
source for drug discovery and therapeutic development. The objective of this study is to test the hypothesis that a high intake of vegetables prevents COVID-19 incidence and reduces the mortality rate.  To achieve this objective, we collected the diet data of 
COVID-19 from Kaggle (https://www.kaggle.com/mariaren/covid19-healthy-diet-dataset), and used a machine-learning algorithm to examine the effects of different food types on COVID-19 incidences and deaths. Specifically, we used the feature selection 
method to identify the factors (e.g., diet-related factors) that contribute to COVID-19 morbidity and mortality. Data generated from the study demonstrated that vegetable intake can help to combat the SARS-CoV-2.  Taken together, vegetables may be 
potential chemopreventive agents for COVID-19 due to their antiviral properties and their ability to boost the human body's immune system.
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Human coronaviruses were once seen as cause of common colds and mild respiratory symptoms. This has changed since 2002, with the emergence of SARS-CoV-1; later, MERS was discovered, and recently, SARS-CoV-2 caused the current pandemic. All these 
cases were associated with transmission to our species from animal reservoirs, highlighting the capability of these viruses to gain new species tropism.
To date, among the four recognized genera of the family Coronaviridae – Alphacoronavirus, Betacoronavirus, Deltacoronavirus, and Gammacoronavirus, – human infections have been limited to alpha- and betacoronaviruses. We identified, for the first time, 
porcine deltacoronavirus (PDCoV) strains in plasma samples of three Haitian children with acute undifferentiated febrile illness. Genomic analyses revealed that the human infections were due to at least two independent zoonotic events involving distinct viral 
lineages. Amino acid signature pattern analysis showed that these lineages acquired a common mutational signature in the nsp15 and the spike glycoprotein genes. In particular, structural analysis predicted that one of the changes in the Spike S1 subunit may 
affect the protein’s flexibility and binding to the host cell receptor. Our findings are a further alarm bell on the risks that occasional spillovers constitute to human health, particularly in settings where there may be close human-animal contact. These 
continuous contacts may lead to adaptation by coronaviruses outside of the previously recognized human-associated coronavirus groups, and establishment of new pathogens in our species.
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Genomic epidemiology of SARS-CoV-2 has provided global epidemiological insight into the COVID-19 pandemic since it began. 
This study highlights multiple SARS-CoV-2 lineages co-circulating during the peak of a second COVID-19 wave in Pakistan (Nov 2020-Feb 2021), with virus origins traced to the United States of America and Saudi Arabia. Ten SARS-CoV-2 positive samples were 
used for Oxford Nanopore Technologies ONT library preparation. Sequence and phylogenetic analysis determined that the patients were infected with lineage B.1.1.250, originally identified in the United Kingdom and Bangladesh during March and April of 
2020, and in circulation until the time of this study in Europe, USA and Australia. Lineage B.1.261 was originally identified in Saudi Arabia with widespread local dissemination in Pakistan. 
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Non-pharmaceutical interventions (NPIs), including the isolation of infected individuals and quarantine of exposed individuals, remain central measures to contain the spread of SARS-CoV-2, particularly in unvaccinated populations (e.g. schools/children). 
Strategies that combine NPIs with innovative SARS-CoV-2 testing strategies may increase containment efficacy and help shorten quarantine durations.

We developed the COVIDStrategyCalculator [1,2], a user-friendly web-tool that implements a stochastic within-host viral dynamics model that captures temporal attributes of the viral infection, such as test sensitivity, infectiousness, and the occurrence of 
symptoms. Based on this model, the tool allows the evaluation of the efficacy of user-defined, arbitrary NPI and testing strategies in reducing the risk of potential SARS-CoV-2 onward transmission emanating from infected individuals in different scenarios 'on 
the fly'. To allow users to assess the efficacy of an NPI strategy that uses a novel diagnostic test, or is directed against a novel virus variant that exhibits different viral kinetics, the COVIDStrategyCalculator allows full flexibility with regard to parameter choices 
related to viral dynamics, diagnostics, as well as the proportion of asymptomatic cases. Moreover, COVIDStrategyCalculator allows to estimate the prevalence of infectious individuals from a history of incidence measurements. The latter allows to quantify 
infection risks for large indoor gatherings.

The main purpose of COVIDStrategyCalculator is to provide a tool that allows configuring custom NPI strategies and performing hypothesis testing for rational, evidence-based design of non-pharmaceutical control strategies based on with-in host viral kinetics. 
The web version of the software is freely available through https://COVIDStrategyCalculator.github.io and runs on all modern web browsers.
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Coronavirus disease 2019 (COVID-19) is a new disease caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It has become a major threat to the medical community and the entire healthcare system in every part of the world. 
Recently, the Food and Drug Administration (FDA) has approved the emergency use of the Pfizer and Moderna COVID-19 vaccine on December 12, 2020. As of September 14, 2021, it has infected 42,153,664 Americans and caused 598,541 deaths in the United 
States. Interestingly, the mortality rate from COVID-19 has recently decreased due to increased emphasis on early detection, screening, and vaccination. Although the mortality rates have declined in some ethnic populations, the overall COVID-19 incidence 
among African American and Hispanic populations has continued to grow. The goal of this research study is to provide an overview of COVID-19, racial/ethnic disparities in COVID-19, COVID-19 incidence and mortality rate linked to hereditary, major risk factors 
of COVID-19 among minority population, and health disparity. Much COVID-19 research has been done for the treatment of this disease, but with limited success for many Black African Americans compared to other ethnic groups. Therefore, new strategies and 
approaches are needed to promote COVID-19 prevention, improve survival rates, reduce COVID-19 mortality and, ultimately, improve the health outcomes of racial/ethnic minorities. 
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Efficient testing and vaccination protocols are critical aspects of epidemic management. To study the optimal allocation of limited testing and vaccination resources in a heterogeneous contact network of interacting susceptible, recovered, and infected 
individuals, we present a degree-based testing and vaccination model for which we use control-theoretic methods to derive optimal testing and vaccination policies using control-theoretic methods. Within our framework, we find that optimal intervention 
policies first target high-degree nodes before shifting to lower-degree nodes in a time-dependent manner. Using such optimal policies, it is possible to delay outbreaks and reduce incidence rates to a greater extent than uniform and reinforcement-learning-
based interventions, particularly on certain scale-free networks.
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The coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). It is a serious disease that has caused multiple deaths in various countries in the world. Globally, as of May 23, 2021, the total confirmed 
cases of COVID-19 have reach 166,346,635 with a total of 3,449,117 deaths. Several recent scientific studies have shown that medicinal plants and vitamins can benefit and improve the health of COVID-19 patients. However, the benefits of medicinal plants and 
vitamins in the treatment of COVID-19 remain unproven. Therefore, the objective of this article is to expounds the benefits of using medicinal plants (Allium sativum, curcumin, Nigella sativa, Zingiber officitale) and vitamins (vitamin C and vitamin D) that 
possess the antiviral properties for the prevention and/or control of COVID-19. To reach our objective, we searched scientific databases of ongoing trials in the Centers for Disease Control and Prevention websites, PubMed Central, Medline databases, and 
Google Scholar websites. We also searched databases on World Health Organization International Clinical Trials Registry Platform to collect relevant papers. We found that all of the selected medicinal plants and vitamins possess antiviral activities, and their 
individual intake shows promise for the prevention and/or control of COVID-19. We conclude that, the selected medicinal plants and vitamins possess anti-viral properties that are more likely to prevent and/or disrupt the SARS-CoV-2 replication cycle, enhance 
the human immune system and promote good health.
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UC Berkeley,  Berkeley, California, USA Pathogen lineages fluctuate in their frequency over time due to genetic drift, or randomness in the transmission dynamics. The strength of genetic drift is not only important for understanding transmission dynamics but also for predicting evolutionary 
dynamics of new variants. Here, we systematically investigate how the strength of genetic drift in SARS-CoV-2 transmission changes across time and space in England. We develop a statistical method to estimate the strength of genetic drift from the 
fluctuations in the lineage frequencies over time. This method does not rely on mutations accumulating during the time period of interest, in contrast to coalescence-based methods commonly used in viral phylodynamics for estimating the effective population 
size, a measure of genetic drift. We find that the strength of genetic drift is up to two orders of magnitude higher than the expectation from standard epidemiological models and changes as a function of geographical area, suggesting spatial structure at the 
regional level or smaller. We discuss potential transmission dynamics that can lead to the observed high levels of genetic drift.
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The emergence of drug resistance during antimicrobial therapy is a major global health problem, especially for chronic infections like HIV, hepatitis B and C, and TB. Sub-optimal adherence to long-term treatment is an important contributor to resistance risk. 
New long-acting drugs are being developed for weekly, monthly, or less frequent dosing to improve adherence, but may lead to long-term exposure to intermediate drug levels. In this study we analyze the effect of dosing frequency on the risk of resistance 
evolving in the presence of time-varying drug levels. We find that long-acting therapies can increase, decrease, or have little effect on resistance, depending on the source (pre-existing or de novo) and degree (full or partial) of resistance, and rates of drug 
absorption and clearance. For long-acting therapies with slow drug clearance but rapid absorption, longer dosing intervals tend to reduce resistance risks due to partially-resistant strains even if they don't improve adherence. However, if subpopulations of 
microbes persist and can reactivate during suboptimal treatment, longer-acting therapies may substantially increase the risk of resistance. Our results show that drug kinetics affect selection for resistance in a complicated manner, and that pathogen-specific 
models are needed to evaluate the benefit of new long-acting therapies.
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Tedi Ramaj Western University, London, Ontario, 
Canada

Oncolytic virotherapy  (OV) is a method of cancer treatment, typically used for late-stage cancers, in which genetically engineered viruses are used to infect and destroy cancer cells. For example, this technique has seen clinical application for cancers such as 
melanoma skin cancers, using a genetically engineered herpes simplex virus, Talimogene laherparepvec (T-VEC).  The virus is introduced directly into the lesions via injection, then proceeds to infect the tumour cells, replicate by hijacking the tumour cells' 
machinery, and cause the cells to burst. It also induces an immune response against the cancer cells. Clinical trials have shown success in treatment of inoperable melanoma by using OV and the use of this technique is also being studied for use in treatment of 
other cancers, such as pancreatic cancer.  It is well known that hypoxic (oxygen-poor) environments can have a negative effect on the action of certain viruses. This project focuses on the effect of different oxygen conditions on OV, rather than directly studying 
the action of the virus as is the case in many other models. We apply differential equation and nonlinear dynamical systems theory to develop and analyze a mathematical model of the oxygen-dependence of OV.  A three-variable model is proposed, which 
accounts for tumour cell density and oxygen concentration. By applying these techniques,  phase portraits and bifurcation diagrams are produced, which are used to make predictions on how varying different parameters (i.e. initial quantity of oncolytic virus 
required in injections) will affect the efficacy of the treatment. Conditions are given on key control parameters, such as the rate of oxygenation of injection sites, which result in stability of tumour-free* steady states. Numerical simulations are performed to 
make comparisons to real data and make further suggestions on optimizing OV treatment techniques. The model suggests the importance of both preventing a hypoxic environment and having a sufficiently large oncolytic virus injection volume.
*To be exact, the steady state in which there are no tumour cells which are uninfected by the oncolytic virus.
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Previous exposures to antigens shape individual immune profiles that influence their response to de novo infections. This prior immunity is particularly important for the design of protective vaccination strategies against antigenically variable pathogens, such 
as influenza viruses. Understanding the mechanistic relationships between immunological memory and naive contributions during novel exposures would allow us to optimise vaccine strain selection and prime-boost vaccination regimes based on pre-existing 
immunity. To investigate the effect of exposure history on novel responses, we followed an approach that combines experimental data with mathematical modeling and machine learning. We developed an individual-cell based model that accounts for the 
complex processes of B cell activation and memory formation in response to antigen encounter. The model extends previous approaches and considers individual B cell clones, germinal center formation, affinity maturation and antibody related antigen 
clearance. Parameterization according to data and methods from machine learning allow us to identify relevant factors that determine how the breadth and magnitude of a response relate to exposure history and protection. To particularly investigate the 
relationship between cross-reactivity and memory B cell formation, we applied our model to a unique data set analyzing antibody responses in a total of 250 ferrets split equally into 5 groups that were serially infected with the same 5 strains of influenza B 
virus in different orders. Haemagglutination inhibition titres measured before and 2 months after each infection showed that each group developed a unique response pattern after receiving the full set of 5 infections. Deciphering the relative importance of 
memory and novel responses upon exposure to a given antigen, our approach provides a step towards developing improved and personalized vaccination strategies that appropriately account for prior immunity.
Keywords: Influenza, immune history, affinity maturation, mathematical modelling, ML
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Introduction
Respiratory syncytial virus (RSV) represents a substantial burden of disease in young children (aged <5 years), with more than 99% of mortality occurring in low-income and middle-income countries (LMICs). Currently, several maternal RSV vaccine candidates 
are in late clinical development. Passive immunisation provided by maternal vaccination will protect the infant for only a limited period of time. It is important to understand potential vaccine impact on RSV mortality to assess value for money for local decision 
makers and organizations such as GAVI, the Vaccine Alliance.

Methods
A subset of data from the RSV Global Online Mortality Database (Mazur et al. 2021), was used as input for data-simulation and data-validation. To increase the validity of the data and to evaluate the reliability of the observed data, new datasets were generated 
by simulation based on the most reliable observed age and gestational age distributions.

Individual antibody levels of mother and infant pairs were modelled as described previously (Scheltema et al. 2017), and compared with a protection threshold to conclude whether RSV-related death could have been averted by maternal vaccination, 
depending on time of vaccination. Parameter settings were updated according to recent literature. 

Taking into account the probable vaccination window per country, published burden estimates and predicted vaccination coverage, we have calculated country-specific estimates for the number of mortality cases averted per country annually.

Results
According to our model, for our <6 months cohort, maternal vaccination at 30 weeks’ gestational age could avert 82% of the in-community mortality cases, and 78% of the in-hospital mortality cases in LMICs. When applying the model to the <12 months cohort 
we predict that 60% of the in-community mortality cases and 54% of the in-hospital mortality cases could be averted.

Discussion
We predict that maternal vaccination against RSV could substantially decrease life-threatening RSV-related childhood mortality in LMICs. These percentage can be used to estimate the number of childhood deaths averted yearly in LMICs in case of maternal 
vaccination, providing useful estimates that can serve as input for future cost-effectiveness calculations. 
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Oncolytic virotherapy is one of the most well-recognized therapeutic cancer treatments for the last three decades. It involves a replicating virus that can kill cancer cells. In this talk, we propose a mathematical model to understand the dynamics of the tumor 
population: uninfected and infected ones by the virus, and an oncolytic virus that consists of a system of nonlinear ordinary differential equations. We establish the non-negativity and uniform boundedness of solutions of the model to confirm the feasibility of 
solutions. The existence of non-negative equilibria is determined because the equilibria have an important role to reflect the interaction between tumor cells and replicating viruses. The local and global stability analyses of the non-negative equilibria of the 
model are performed which can indicate the performance level of oncolytic virotherapy. A numerical simulation is subsequently performed to illustrate the analytical findings that can help to perceive the efficacy of oncolytic virotherapy concerning the 
parameters. Our results show that stimulation by infected cells and the growth of infected cells play a key role in the dynamics of the tumor population and replicating the virus. Moreover, it is asserted that immune suppressive medication should be taken care 
of sensitively during the oncolytic virotherapy treatment protocol. 
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In microbial communities, viruses compete with each other for host cells to infect. As a consequence of competition for hosts, viruses evolve inhibitory mechanisms to suppress their competitors. One such mechanism is superinfection exclusion, in which a 
preexisting viral infection pre-vents a secondary infection. The bacteriophage ΦX174 exhibits a potential superinfection inhibition mechanism (in which secondary infections are either blocked or resisted) known as the reduction effect. In this auto-inhibitory 
phenomenon, a plasmid containing a fragment of the ΦX174 genome confers resistance to infection among cells that were once permissive to ΦX174. Taking advantage of this plasmid system, we examine the inhibitory properties of the ΦX174 reduction effect 
on a range of wild ΦX174-like phages. We then assess how closely the reduction effect in the plasmid system mimics natural superinfection inhibition by carrying out phage–phage competitions in continuous culture, and we evaluate whether the overall 
competitive advantage can be predicted by phage fitness or by a combination of fitness and reduction effect inhibition. Our results show that viral fitness often correctly predicts the winner. However, a phage’s reduction sequence also provides an advantage 
to the phage in some cases, modulating phage–phage com-petition and allowing for persistence where competitive exclusion was expected. These findings provide strong evidence for more complex dynamics than were previously thought, in which the 
reduction effect may inhibit fast-growing viruses, thereby helping to facilitate coexistence.
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