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Background: Helicobacter pylori causes gastric cancer in 1-2% of cases, but is also
beneficial for protection against allergies and gastroesophageal diseases. An
estimated 85% of H. pylori-colonized individuals do not present any detrimental effects.
To study the mechanisms promoting host tolerance to the bacterium in the
gastrointestinal mucosa and systemic regulatory effects, we investigated the dynamics
of immunoregulatory mechanisms triggered by H. pylori using a high-performance
computing driven ENteric Immunity Simulator multiscale model. Immune responses
were simulated by integrating an agent-based model, ordinary and partial differential
equations.

Results: The outputs were analyzed using two sequential stages: the first used a partial
rank correlation coefficient regression-based and the second employed a metamodel-
based global sensitivity analysis. The influential parameters screened from the first
stage were selected to be varied for the second stage. The outputs from both stages
were combined as a training dataset to build a spatiotemporal metamodel. The Sobol’
indices measured time-varying impact of input parameters during initiation, peak and
chronic phases of infection. The study identified epithelial cell proliferation and
epithelial cell death as key parameters that control infection outcomes. In-silico
validation showed that colonization with H. pylori decreased with a decrease in
epithelial cell proliferation, which was linked to regulatory macrophages and
tolerogenic dendritic cells.

Conclusion: The hybrid model of H. pylori infection identified epithelial cell proliferation
as a key factor for successful colonization of the gastric niche and highlighted the role
of tolerogenic dendritic cells and regulatory macrophages in modulating the host
responses and shaping infection outcomes.
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Response to Reviewers:

Once more, we would like to truly thank the reviewers and editor for the time and effort
they are putting in reviewing our work. The fact that they’ve all brought up concerns
about the grid dimensions and structure underlines the importance of computational
biology as means of integrating biological concepts with biophysics and mathematics.
Most biologists tend to focus on functions (i.e., gene expression or protein properties)
and numbers, but they rarely consider the dimensions of the “biological space”. The
proposed revisions and clarifications better connect the biology, underlying
mathematics and spatial/biophysical considerations. In response to the comments
raised by the reviewers, we have revised the manuscript and provided explanations to
further clarify the description of the grid.

Reviewer reports:

Reviewer #2 Comment 1: | have looked through the authors' responses and remain
concerned about the grid dimensions. Redefining the grid in um instead of nm still
leaves the entire simulation environment at 30um by 10um which is about on the order
of a single cell (e.g. macrophage diameter ~20um
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1470168/). | remain concerned that
defining the grid at such a small scale creates a biologically unrealistic disconnect
between the diffusing cytokines (on a very small scale) and the cells that they influence
(on a much larger and abstract scale). | tried to understand the dimensions of the
diffusion constants for the cytokines but the parameter table S1 contains no units to be
able to compare diffusion scales to cell movement scales.

Response to Reviewer 2, Comment 1: We thank the reviewer for their concern. We
agree that defining the grid in m leaves the simulation in a smaller scale and want to
clarify that even though the units in the model are annotations, we understand that it is
crucial to define the grid in a more biologically meaning way.

We define the area in the model being simulated as a simulation environment with 30
mm x 10 mm two-dimensional grid. The size of an individual lattice site (previously
referred to as grid cell in the paper) is 1 mm x 1mm. The scales described as in the
previous version of ENISI-MSM (Mei et al., 2015) were kept unchanged. The table
describing the scales used in (Mei et al., 2015) are also shown here in Table 2.

As described in table shown below (adapted from Table 1) of our previous work (Mei et
al., 2015), the spatial properties for cytokine diffusion defined in the range of
millimeters were unchanged in the version of ENISI-MSM used in this paper.
Scale

Example scenario

Spatial(m)

Time(s)

Technology

Tool

Intra-cellular

Signaling pathways

Nano (nm)

Nano

ODE

COPASI

Cellular

Cell movement and subtype

Milli (mm)

Tens

ABM

ENISI

Intra-cellular

Cytokine-diffusion

Milli (mm)

Tens

PDE

ValueLayer

Tissue
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Inflammation and lesions

Centi (cm)

Thousands

Projection

ENISI

Table 2. The four scales of ENISI models, their spatial and temporal properties and
modeling technologies and tools used for each scale. (Table 1 as adapted from (Mei et
al., 2015))

We updated the manuscript accordingly, please refer to L213-L223.

We thank the reviewer for pointing this out. We updated Table S1 with units for clarity.
Lastly, we want to clarify that the model deals with numbers and the units are
annotations in the simulation hence the corrections in the dimensions above do not
affect the simulation results in any way. All the values used in the code were internally
consistent with the model.

Reviewer #3, Comment 1: In this review, | am looking at the more limited questions on
the matter of units and scale, which have been raised by both Reviewer #1 and
Reviewer #2.

Generally, | don't think the units matter, so long as they have been handled correctly
(i.e., with correct conversion and internal consistency within the computational model).
The units should be properly labeled in any parameter tables.

| tend to use microns and minutes (or seconds for some problems) for this scale of
problem, but there are others who just use cm and sec for everything. As long as the
values are correct in the displayed units (and as long as the code used internally
consistent values), | think it's purely aesthetic. That said, if something is being labeled
on a multicellular level, then labeling 10 microns will be much more appropriate than
10,000 nm.

Response to Reviewer 3, Comment 1: We thank the reviewer for highlighting this point.
We concur that the units don’t matter for the simulation results, but want to best clarify
the dimensions to make them relevant with the biology. We have labelled all the units
in the parameter Table S1. The values used in the code were internally consistent with
the model and handled correctly. For further clarity, we show the scales used in the
previous ENISI models and the spatial and temporal properties as described in (Mei et
al., 2015) and included the Table 1 from (Mei et al., 2015).

Scale

Example scenario
Spatial(m)
Time(s)
Technology

Tool

Intra-cellular
Signaling pathways
Nano (nm)

Nano

ODE

COPASI

Cellular

Cell movement and subtype
Milli (mm)

Tens

ABM

ENISI
Intra-cellular
Cytokine-diffusion
Milli (mm)

Tens

PDE

ValuelLayer
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Tissue

Inflammation and lesions

Centi (cm)

Thousands

Projection

ENISI

Table 2. The four scales of ENISI models, their spatial and temporal properties and
modeling technologies and tools used for each scale. (Adapted from (Mei et al., 2015)).

We updated the manuscript accordingly, please refer to L213-L223.

Reviewer #3, Comment 2: However, | want to further dig into Reviewer #2's concerns
on grid sizes and scales.

As | read this draft, | see at least one potential source of confusion: this team appears
to be very focused on mathematical and numerical methods. As such, they are using
the word "cell" for both a biological cell and a computational lattice site. This is a really
bad idea, and the authors should pick a better nomenclature (e.g., computational mesh
or lattice site) to avoid this confusion. They should never use "cell" to mean anything
other than a biological cell once they enter computational biology.

Response to Reviewer 3, Comment 2: The focus of the paper was to utilize an already
published tool (Mei et al., 2015) to study Helicobacter pylori infection. So, a significant
focus of the work was on the biology. However, we agree that the nomenclature should
be clarified to avoid confusion from using the term “cell” for both actual biological cells
and space/grid units. In the revised version of the manuscript we have substituted
“grid cell” for “lattice site” and kept “cell” to refer to biological cells.

Reviewer #3, Comment 3: Next, they need to be clearer about what their grids
represent. They should show a picture of the domain and meshing in their main text,
and not just supplementary material. They should probably also clarify that they are
simulating a cross-section of tissue in their model, rather than 3D or some top-down
view. (At least from what | can tell.) (They seem to address this in text, but showing the
mesh will provide better clarity.)

Response to Reviewer 3, Comment 3: We thank the reviewer for their valuable
suggestion regarding this crucial point. We included a cartoon picture of the domain
and mesh (as Fig. 2) in the main text as opposed to in the supplementary material (as
shown below).

We highlighted that we are simulating a cross-section of tissue in the model and we
redefined it as a simulation environment with 30 mm x 10 mm two-dimensional grid.
The size of an individual lattice site (previously referred to as grid cell in the paper) is 1
mm x Tmm.

We updated the manuscript accordingly, please refer to L231-L235.

Reviewer #3, Comment 4: Assuming the authors now have a 30 micron x 10 micron
domain, they can simulate at most one epithelial cell, if it's all in plane. But ifit's a
cross-section, | suppose they could have more. Perhaps many h pylori (which they size
at about 1 micron), but not many mammalian cells. So, their computational domain is
still not very clear to me, and they should just show it, with appropriate labeling. They
seem to skip straight to population dynamics in their figures, but it would be very
helpful if they showed one actual spatiotemporal simulation. This would make the
nature and performance of their model much clearer.

Response to Reviewer 3, Comment 4: We thank the reviewer for their concern.

With a redefined computational simulation environment of 30 mm x 10 mm, the
epithelium is comprised of hundreds of epithelial cells.

For example, if the initial number of epithelial cells defined by the user is 12, the total
number of epithelial cells amounts to = (30 x 1) dimension of epithelial compartment x
12intial number = 360.

In addition to the figure of the grid environment, we included the screenshots of one
actual in silico simulation of H. pylori infection to highlight the spatiotemporal aspects of
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the modeling outputs. The screenshots were created using Vislt version 2.12 (Childs et
al., 2012), an interactive visualization and analysis tool. As shown in Additional file Fig.
S2 the screenshots represent the spatial distribution of different agent cells over time
points (2, 4, 5 and 6) distributed across the 2D grid. Further, we presented the insets in
Fig. S2 showing a zoomed in portion of the respective grids across the time steps 2, 4,
5 and 6.

We also want to clarify that the agents represented in the screenshots below are only
for visual representation and do not represent the actual size of the biological cells.

We updated the manuscript accordingly and added Fig 3, please refer to L333-L338.

Fig S2. Time screenshots of a Helicobacter pylori infection modeled in a 30 mm
(length) x 10 mm (width) two-dimensional grid. The thickness of the compartment is
shown on the y-axis, such that: lumen spans (0 to 2) units, epithelium spans (2 to 3)
units, lamina propria spans (3 to 8) units and gastric lymph node across (8-10) units on
the scale. Two-dimensional distribution of different cell subsets over the time steps
(ticks) 2, 4 (top panels), 5 and 6 (bottom panels) are shown. The insets in each image
shows a zoomed in portion of the respective grids across the time steps 2, 4, 5 and 6.
The agents represented in the screenshots below are only for visual representation
and do not represent the actual size of the biological cells.

Future refinements of the model will create agents of the actual sizes of cells.

Reviewer #3, Comment 5: On sizes and scaling, | fully agree with Reviewer #2: if this is
indeed a 30 micron x 10 micron cross section, there's no way there are more than a
handful of mammalian cells at any time in any simulation. If they have made a scaling
argument (and there are such arguments that could be made if formulated clearly and
rigorously), they'd better be clear about it. Any results that show thousands of
mammalian cells in a 30 x 10 micron*2 domain are simply beyond biophysical
plausibility.

Response Reviewer 3, Comment 5: We defined the simulation environment as a 30
mm x 10 mm two-dimensional grid that represents a cross section area of stomach
tissue modeled here.

Reviewer #3, Comment 6: Again, just actually showing a simulation (either a movie, or
some time snapshots, but showing locations of all the cell agents and substrate
distributions) would help clarify things much more. No limit to the number of cells in a
mesh site, while mathematically possible, does not make sense on such a small
simulated domain. Even though the authors treated the cell agents as no size
(infinitesimal points), there are physical limits, and moreover if each cell is absorbing /
secreting things at appropriate rates, then there should be ridiculous amounts of
secretion of growth factors and ridiculous depletion of growth substrates, if there is a
huge overcrowding of hundreds or thousands of mammalian cells in a 1 micron x 1
micron lattice site.

Response to Reviewer 3, Comment 6: We thank the reviewer for their valuable
suggestion and have included time snapshots for the simulation (time points 2, 4, 5
and 6) created using Vislt version 2.12 (Childs et al., 2012), an interactive visualization
and analysis tool. Please refer to Additional file Fig S2 also included in the above
response to Comment 5.

The hybrid multiscale modeling platform ENISI MSM is currently capable of scaling up
to up to 109 agents, at which the memory (on a 32 GB node) was exceeded due to the
large number of agents.

Reviewer #3, Comment 7: If that's what's going on, the authors really do need to take a

step back and consider domains sufficiently large to capture hundreds or thousands of
mammalian cells. This is not simply a matter of relabeling axes: it's a matter of
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Additional Information:

Question

Are you submitting this manuscript to a
special series or article collection?

Experimental design and statistics

simulating a larger physical domain that is suited to the size of objects (mammalian
cells) that they are considering, with biophysically reasonable parameters. The authors
need to carefully review all their parameters (e.g., cell densities) to ensure they are
correctly scaled and reasonable. If there is nobody on the team with sufficient domain
expertise to review these parameters and results to check for reasonableness, it may
be time to grow the team. Given that actual mammalian cells are much larger than the
computational lattice sites, there must be constraints: if a lattice site is "occupied" by a
mammalian cells, so are many (or most!) of the surrounding lattice sites. They would
be no-fly zones for further mammalian cells. The common way to solve such problems
is to use computational lattice sites that are of comparable size to the largest biological
cells (e.g., 1 biological cell per lattice site, as a cellular automaton model), or use very
large lattice sites (e..g, 100 micron x 100 micron) that can truly contain multiple cells.

Response to Reviewer 3, Comment 7: We thank the reviewer for their suggestion on
the size of the lattice site.

In the current model, the size of the lattice site (referred as spatial grid previously) is
1mm x 1mm, capable of containing multiple cells.

The total number of agents in a compartment of size (length x width) is calculated as
follows: number (agents) x size (compartment),

For example, if the user set the initial number of epithelial cell agents to be 12, the total
number of epithelial agents within the epithelium compartment amounts to -
12initial_number x (30 x 1)size_epithelilum_compartment = 360.

Reviewer #3, Comment 8: All is not lost, however. If for some reason that larger
domain is computationally infeasible (hard to imagine), the authors really don't need a

1 micron mesh resolution for most of the effects here. The diffusion length scale of
most chemokines and diffusing substrates would not require a 1 micron mesh
resolution. (And numerical stability will improve if coarser mesh resolutions are used.) If
the authors feel a 1 micron mesh is needed for the bacteria, they could easily use a
separate mesh. This work looks interesting. | think the team has a great contribution to
make, if they pay a bit closer attention to the biophysical limits of their system.

Response to Reviewer 3, Comment 8: The computational domain used here is of 30 x
10 units in size and the individual lattice site is 1 units for the simulation. The lattice site
is a configurable run parameter and can be changed without modifying the model.

We thank the reviewer for their valuable suggestions, inputs and concerns and have
tried to clarify the questions around the grid dimensions.

With these revisions and clarifications, we believe that the revised manuscript is
acceptable for publication.

Thank you for considering this work.
References:

Childs, H., Brugger, E., Whitlock, B., Meredith, J., Ahern, S., Pugmire, D., ...Weber, G.
(2012). Vislt: An End-User Tool For Visualizing and Analyzing Very Large Data. High
Performance Visualization-Enabling Extreme-Scale Scientific Insight. Insight, 357-372.
Mei, Y., Abedi, V., Carbo, A., Zhang, X., Lu, P., Philipson, C., ..Bassaganya-Riera, J.
(2015). Multiscale modeling of mucosal immune responses. BMC Bioinformatics, 16
Suppl 12, S2. doi:10.1186/1471-2105-16-s12-s2
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Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the
data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Resources Yes

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Availability of data and materials Yes

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?
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Abstract

Background: Helicobacter pylori causes gastric cancer in 1-2% of cases, but is
also beneficial for protection against allergies and gastroesophageal diseases.
An estimated 85% of H. pylori-colonized individuals do not present any
detrimental effects. To study the mechanisms promoting host tolerance to the
bacterium in the gastrointestinal mucosa and systemic regulatory effects, we
investigated the dynamics of immunoregulatory mechanisms triggered by H.
pylori using a high-performance computing driven ENteric Immunity Simulator
multiscale model. Immune responses were simulated by integrating an agent-
based model, ordinary and partial differential equations.

Results: The outputs were analyzed using two sequential stages: the first used
a partial rank correlation coefficient regression-based and the second employed
a metamodel-based global sensitivity analysis. The influential parameters
screened from the first stage were selected to be varied for the second stage.
The outputs from both stages were combined as a training dataset to build a
spatiotemporal metamodel. The Sobol’ indices measured time-varying impact of
input parameters during initiation, peak and chronic phases of infection. The
study identified epithelial cell proliferation and epithelial cell death as key
parameters that control infection outcomes. In-silico validation showed that
colonization with H. pylori decreased with a decrease in epithelial cell
proliferation, which was linked to regulatory macrophages and tolerogenic
dendritic cells.

Conclusion: The hybrid model of H. pylori infection identified epithelial cell

proliferation as a key factor for successful colonization of the gastric niche and
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highlighted the role of tolerogenic dendritic cells and regulatory macrophages in

modulating the host responses and shaping infection outcomes.

1. Background

Computational modeling of the immune response dynamics can provide
novel insights and facilitate the systems level understanding of the interactions
at the gastric mucosa during infection. Ordinary differential equation (ODE-
based methods are deterministic and based on the average response of cells
over time. Dynamical models are used in immunology for system-level analyses
of CD4+ T cell differentiation [1], macrophage differentiation [2], immune
responses elicited by Clostridium difficile infection [3], co-infections [4], and in
cancer and immunotherapy [5]. However, ODE-based models lack the spatial
aspects and the features to study the organ and immune cell topology over time.
Agent-based models (ABM) employ a bottom-up approach that focuses on the
spatial and temporal aspects of individual immune cells, unlike the ODE-based
methods. This rule-based method includes agents that act as local entities which
interact locally with other agents, move in space, and follow set of rules
representing their role in a given system and contribute towards generating an
emergent behavior. Since, the immune system is a complex dynamical system
[6] wherein the components i.e., the immune cells move in space and time
changing their location, ABMs are useful tools that can be employed to
understand biological mechanisms and the hidden insights.

Helicobacter pylori is a gram-negative bacterium that has persistently
colonized the human stomach since early evolution [7] [8] and is currently found
in over 50% [9] of the global population. H. pylori has co-evolved with humans

for thousands of years, such that an estimated 85% of the H. pylori-colonized
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individuals, do not present any detrimental effects. Thus, the vast majority of
carriers (i.e., up to 75%) remain asymptomatic, while only 15% develop ulcers,
and less than 3% develop cancer. Further, growing and sometimes contradictory
evidence from recent experimental, clinical studies and epidemiological studies
suggest that H. pylori might provide protection against obesity-related
inflammation and type 2 diabetes [10], esophageal, cardiac pathologies,
childhood asthma and allergies [11] and autoimmune diseases. In this context,
it is crucial to understand the mechanisms that promote host tolerance to the
bacterium in the gastrointestinal mucosa and its systemic regulatory effects
since these have been linked to the beneficial commensal aspects of H. pylori-
human host interaction. Computational models provide a cost-effective and
predictive way to study the complex and dynamic immune system interactions
and form a non-intuitive novel hypothesis. Solving the complex puzzle of
immunoregulatory mechanisms that include large spatiotemporal scales ranging
from cellular, intracellular, tissue and organ level scales is a major unsolved
challenge that requires applying computational modeling and data analytics.

An advanced hybrid model used to study the mucosal immune response
during gut inflammation highlighted the mechanisms by which effector CD4+ T
cell responses, contributed to tissue damage in the gut mucosa following
immune dysregulation [12]. Other hybrid models with the integration of ABM,
ODE, and PDE technologies, were developed to understand the dynamics of
tumor development [13] and tumor growth models [14]. These combined
techniques have been used to develop multi-organ models in various situations,
including the study of granuloma formation [15] and pressure-driven ulcer
formation in post spinal cord injury patients [16]. The summary of different agent-

based simulators with immunology related applications are discussed and
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summarized in [17, 18]. The comparison between different multiscale modeling
tools and agent-based immune simulators, are discussed in [12, 19].

In this study, we utilize a high-resolution ENteric Immunity Simulator (ENISI)-
based model of the stomach for simulating the mucosal immune responses to H
pylori infection. The advanced hybrid multiscale modeling platform ENISI
multiscale model (MSM) is capable of scaling up to 10'? agents [20]. The host
immune responses initiated during H. pylori infection and the underlying
immunoregulatory mechanisms are captured using the ENISI multiscale hybrid
model. The underlying intracellular mechanisms that control cytokine production,
signaling and differentiation of macrophages and T cells are modeled by using
ODEs, the diffusion of cytokine values is modeled using PDEs and the location
and interactions among the immune cells, bacteria and epithelial cells are
modeled by using ABMs. The hybrid model thereby represents a high-
performance computing (HPC)-driven large-scale simulation of the massively
interacting cells and molecules in the immune system, integrating the multiple
modeling technologies from molecules to systems across multiple
spatiotemporal scales.

To understand the dynamics and emergent immunological patterns
described by this hybrid model, we employed sensitivity analysis (SA), an
important part of the model analysis used to explore the influence of varying
model parameters on the simulation outputs. The influence of the effects of
changes in parameter values on the model output explains the model dynamics
that underlay the outputs [21, 22]. Furthermore, SA examines the robustness of
the model output at a different range of parameter values that correspond to a
range of different assumptions. We employed global SA and conducted a two-

stage spatiotemporal global SA approach. First, we used a regression-based
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method such as the partial rank correlation coefficient (PRCC) and screened the
important input parameters that were shown to have the most influence on the
output cell populations obtained from the hybrid model. Second, the screened
input parameters from the first stage were varied to build a second stage
parameter design matrix, and the computer simulations were again run using the
hybrid ENISI model. The outputs from both analytics stages were combined and
used as a ‘training dataset’ to build a spatiotemporal Gaussian process based
metamodel. Finally, variance-based decomposition global SA was used to
compute the Sobol’ indices and the most influential parameters over the course
of infection were identified. The data analytics methods conducted on the hybrid
model identified the epithelial cell parameters such as epithelial cell proliferation
as the most influential ones, required for the successful colonization of H. pylori

in the gastric microenvironment.

2. Methods

2.1 Hybrid multiscale Helicobacter pylori infection model

We developed a multi-compartment, high-resolution, hybrid ABM/ODE/PDE
model to capture the dynamics of the immune response during H. pylori
colonization of the gastric mucosa. The model has a spatial discretization such
that the dimension of the entire (two-dimensional, (2D)) grid is 30 mm x 10 mm.
An individual lattice site for our simulation is 1_mm x 1_mm, however, this is a
configurable run parameter and can be changed without modifying the model.
An individual lattice site is a unit wherein all the agents located within that
location have the same cytokine environment, i.e., for all the agents in that

location, ENISI-MSM would send the same concentration of the cytokines to
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COPASI. The entire grid is divided within into four functionally and anatomically
distinct sized compartments: lumen, epithelium, lamina propria and gastric lymph
node. In the model, there are multiple cells and cell types (i.e., agents) within this
dimensional grid. At the beginning of each simulation cycle, the cells (agents)
are randomly placed within the within the 2D grid. The separation of different
types of agents, corresponding to different cell types, into compartments within
the grid is based on the conceptual framework that underlines the model, which
is based on author’s expertise and available information. Currently the individual
agents do not have any physical size meaning such that there is no limit of agents
within each individual spatial grid. The model is initialized with the concentration
of different cell types (i.e. agents for e.g. macrophages) at the beginning of the
simulation by the user.

The use of a border implementation permits the migration of agents (cells)
across compartments and facilitates the unidirectional and bidirectional
movement of the agents. At the cellular scale, ENISI MSM, simulated epithelial
cells, macrophages, dendritic cells (DC), CD4+ T cells and bacteria that are
implemented as agents in the model. At the intracellular scale, calibrated ODE-
based models of T cells [23] and macrophages [2] were used to represent the
intracellular pathways controlling cytokine production. The CD4+ T cell ODE
model was calibrated using the experimental data provided in the Table S1 of
[23]. The Particle Swarm algorithm implemented in COPASI was used to
determine unknown model parameter values and fully calibrate the CD4+T cell
ODE model, the details are described in [23]. The intracellular macrophage ODE
model was calibrated using a combination of sourced and new data generated
from in vitro macrophage differentiation studies, that were compiled into a

dataset provided within S2 file of [2]. The parameter values are specified within
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the previously published manuscripts - CD4+ T cell ODE model (Carbo,
Hontecillas et al. 2013) and macrophages [2]. The parameters of the calibrated
ODEs were kept unchanged, and the ABM parameters were calibrated by
approximating the output simulations such that they qualitatively resembled the
patterns observed in a mouse model of H. pylori infection [24], also described in
detail in section 3.1. Cytokines secreted by immune cells and their change in
concentration were modeled by PDE. The degradation value of the cytokines
and the diffusion constant determines the spread of the cytokine value of one
lattice site to its neighboring lattice site similar to as described in our previous
work [12]. The features of ABM, ODE, and PDE were combined to create a
multiscale modeling environment which spanned across different orders of
spatiotemporal scales. The model output contains information about the x and
y co-ordinate of the agents at every time point. The cytokines and internal
signaling pathways that drive functional fates of cells are well mixed within a cell,
i.e., we have only temporal resolution within the cell during a time step. Since,
the model is capable of providing information regarding spatial co-ordinates over

time, we claim the model to be a spatio-temporal model.

The code for the hybrid model is freely accessible and can be downloaded

at https://github.com/NIMML/ENISI-MSM. The detailed instructions for the

usability, instructions on ‘how to run a simulation’ and codes for creating specific
examples presented here are presented in Additional file S1. The SciCrunch.org
database assigned research identification initiative ID (RRID) for ENISI-MSM is
RRID:SCR_016918. The design of the implementation of the code structure is
depicted in the Additional file Fig S1. The hybrid model is implemented in C++

and utilized the Repast HPC library (https://repast.github.io/repast_hpc.html)


https://github.com/NIMML/ENISI-MSM
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[25]. For the ODEs, we utilized COPASI [26], an ODE-based modeling tool used
in computational biology. The rules in the model that described the interaction of
H. pylori with the gastric mucosa and the immune responses resulting from the
infection are derived from the findings in our previously published studies [1, 2].
Specifically, this hybrid model reproduced the immune responses generated by
the interaction H. pylori and the resident macrophages as shown in the mouse
model of H. pylori infection [24]. The rules for each cell type in the H. pylori
infection are summarized in Table 1. A pictorial representation of the rules is
depicted in Fig 1. These cell types represented as agents, act according to the

rules (as in Table 1) that are updated at discrete simulation cycle.

Fig 1. Helicobacter pylori infection schematic diagram of the hybrid ABM
ODE model

The model comprises four compartments, i) the lumen that contains H. pylori and
bacteria, ii) epithelium that contains epithelial cells and dendritic cells, iii) lamina
propria that contains variety of immune cells including the infiltrating effector
(eDCs) and tolerogenic (tDCs) dendritic cells, monocytes, regulatory
macrophages (both resident and monocyte-derived macrophages), T helper
cells and naive CD4+ T cells (nT), Thl, iTreg, Thl7, Tr cells. and iv) gastric
lymph node compartment that contains eDCs, tDCs, Thl, Thl7, iTreg and nT.
The Tr cells in the lamina propria are the type 1 regulatory (Trl) T cells with
regulatory function whose expansion is largely dependent on environmental IL-
10. These are different than iTreg which are T cells differentiated from naive T
cell in presence of tolerogenic dendritic cells and TGF-B cytokine The two

calibrated ODEs for T cells and regulatory macrophages are integrated as the
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ODE components in the hybrid model. The cellular agents are simulated in a
two-dimensional grid space with their behavior defined by a set of rules during a

course of H. pylori infection.

Model description

ENISI MSM is a multiscale agent-based modeling platform for computational
immunology which was built on our previous works, ENISI-MSM [12] that
integrated COPASI, the ODE solver, ENISI, an agent based simulator.

Spatial discretization

The model has a spatial discretization such that we define the area being

simulated as a simulation environment with a two-dimensional grid whose size

is 30 mm x 10 mm. An individual lattice site is Imm x 1mm, however, this is a

configurable run parameter and can be changed without modifying the model.

We further want to clarify that the above units in the model are annotations and

purely aesthetic. The scales described in the previous version of ENISI-MSM

[12] were kept unchanged. The table describing the scales used in [12] are also

shown here in Table 2.

Scale Example scenario Spatial (m) Time(s) Technology Tool
Intra-cellular Signaling pathways Nano (nm) Nano ODE COPASI
Cellular Cell movement and subtype | Milli (mm) Tens ABM ENISI
Intra-cellular Cytokine-diffusion Milli (mm) Tens PDE ValuelLayer
Tissue Inflammation and lesions Centi (cm) | Thousands Projection ENISI

Table 2. The four scales of ENISI models, their spatial and temporal properties and modeling

technologies and tools used for each scale (Table 1 as adapted from [12]).
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The four functionally and anatomically distinct sized compartments are
separated by border implementation such that the dimensions of the four
compartments are lumen (2 mm), epithelium (1 mm), lamina propria (5 mm) and
gastric lymph node (2 mm). The following compartments are adjacent to each
other: lumen — epithelium, epithelium - lamina propria and lamina propria —

gastric lymph node. A figure describing the spatial discretization is shown in the

Fig 2.

Fig 2. A pictorial representation of the spatial discretization of the 2D grid.

The parameters that define the initial concentration of the agents and the
diffusivity of cytokines are obtained from a properties file (model.props in the
Howtorunasimulation folder in the GitHub repository). All the values of the
parameters as listed in Table S1. The detailed mechanism that each parameter
corresponds to is described in the second column, parameter description, of
Table S1. We demonstrate below how we obtain a count of thousands resident
macrophages. For e.g., if the initial concentration of resident macrophages in the
lamina propria is 30, the total number of these resident macrophages can be

calculated by the equation described below -

n(resident macrophages) = Sizecomparment(lamina propria) x concentrationinal
(resident macrophages)

n(resident macrophages) = (30 x 5) x 30 = 4500.

10
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Time Step size

The time step size is 1 tick ~ 1 day which was obtained during the process of
gualitatively comparing the output to the results from the mouse model of H.
pylori infection. For e.g., the peak of resident macrophages in lamina propria
(refer Fig 3b, d) is observed at ~21 days which is similar to the results obtained

in Fig 2A described in [24] (also described in detail in section 3.1).

Updating

Each agent has an ‘act’ function within the code that describes the rules
implemented for each of the agent groups. At every simulation cycle, each agent
inspects its location and updates its state. If the agents were T cells and
macrophages, they obtained the cytokine concentration from the ValuelLayers,
sent that information to COPASI that calculated the differentiation subtype of the
agent and cytokines to be secreted that into the environment [12]. The input to
the ODEs were the cytokine values at the agent’s location. Thus, the intracellular
ODE models were utilized to determine and update the state. Each agent
proliferated, died, changed its state and moved across the compartment,
following the set of rules defined for them.

The COPASI setup for the solver used the LSODA (Livermore Solver for
Ordinary Differential Equations) differential equation solver. The default values
for the setup such as the - relative tolerance (1e-6), absolute tolerance (1e-12)
and maximum internal steps of 10000 were maintained. The ENISI MSM sends
the current concentrations of the cytokines
to COPASI. COPASI uses those values to integrate the deterministic

model for one tick, i.e., 1 day. The resulting time series of cytokine

11
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concentrations are used to update the cytokine value in the ABM/PDE
system. COPASI simulates different model for each relevant cell type.
The ENISI MSM PDE solver uses a simple numerical scheme to solve the PDEs

(https://github.com/NIMML/ENISI-MSM/tree/master/src/diffuser) and process

distributed value layer (https://github.com/NIMML/ENISI-

MSM/blob/master/src/grid/ValueLayer.h). The ValueLayer stores the value for a

grid space and provides methods to change the values of individual lattice site.
The Diffuser is used to diffuse the values of the ValueLayer using diffusion (d)
and degradation (delta) constants as described in [12]. The diffusion constant
determines the migration of values of a lattice site to its neighboring lattice site.
As implemented in ValueLayer library, the diffusion of cytokines follows the
equation shown below also described in Mei el al, 2015. Here, v, is the value of
the lattice site itself at step n. The values of cqeta and cq are degradation and
diffusion constant respectively.

Vn= Vi1 + Cdelta * [ Z( Cd neighbor *Vn_lneighbor) _ 60 * Vn-l]

0.3 1.2 0.3
1.2 -6.0 1.2
0.3 1.2 0.3

The PDE solver uses the above number scheme cq4 "9 for the diffusion
process. The step size cqeira iS automatically adjusted at the beginning of the

simulation based on the degradation and diffusion constants to avoid underflow

12
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errors, i.e., multiple PDE steps are in general executed per tick. The grid size is

the identical with the spatial discretization for the agents.

Movement

The cells and bacteria agents presented in the model have Brownian motion and
move randomly within the compartment. Brownian movement is an inherent
property of a cell. Depending on cell phenotypes the movement can vary, but all
cells with the same phenotype exhibit similar movements. Additionally,
chemokine-driven movement is dependent on chemokine concentration in a
tissue site. The capability of chemokine-driven movement exists in ENISI-MSM
if the right chemokines are represented in the model. However, the focus of this
model was to investigate changes in cell phenotype and not chemokine-driven
movement of cells. Thus, the chemokines driving the movement are not
represented in the current model. Cell migration is implemented in the code as
the move() function for each of the cells and agents, which call the

moveRandom()  function from the (https:/github.com/NIMML/ENISI-

MSM/src/compartment/Compartment.cpp) file.

The hybrid model simulations were run on an Ivy Bridge-EX E7-4890 v2 2.80
GHz (3.40 GHz Turbo) quad processor nodes. The code was parallelized such
that the simulation time on a single node with four parallel tasks, varied between
9-10 minutes. This runtime was based on the model parameters at the initiation
stage, which included the number of immune cell, bacteria, epithelial cells,
number of time steps, and size of the two-dimensional grid. To facilitate the
investigation of the mechanisms underlying host responses during H. pylori

infection, anatomical and functional compartments were spatially linked such that

13
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the agents had both unidirectional and bidirectional movement. All the agents
worked in a synchronous format wherein the two agent populations
(macrophages and T cells) made function calls to their respective ODE models
[2] [23]. These agents used the varying cytokine concentration (i.e., environment
variable) in their grid spaces as inputs to the ODE model, and these models were
run using COPASI [26].

Table 3 shows information on the agents and the states that they can acquire.

Name of agents States it can acquire Name of the states in the

hybrid model

Helicobacter pylori H. pylori

Macrophages Monocyte
Resident
Regulatory

Inflammatory

Immature
Effector
Tolerogenic

Dendritic cells

T cell Naive
Thi
Th17
iTreg
Tr

Epithelial Healthy

Damaged

Infectious
Tolerogenic

Bacteria

NRPRFRPORRWNRPFPODNREFPOWNE OO

Table 3. List of all the agents and the states they can acquire.
All the agents can acquire at least 1 and at the most 5 states. The names chosen
for the acquired states are closely related to their functional properties based on

the underlying “rules”.

Further, we included the screenshots of one actual in silico simulation of H. pylori

infection to highlight the spatiotemporal aspects of the modeling outputs. The

time snapshots were created using Vislt version 2.12 [27], an interactive

14
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visualization and analysis tool. As shown in Additional file, Fig S2, the

screenshots at time points 2, 4, 5 and 6 represent the spatial distribution of

different agent cells over time distributed across the 2D grid.

2.2 Global sensitivity analysis

To conduct the global SA, we determined a list of 38 parameters to be varied
that were selected based on the calibration process (wherein the parameters
that did not show a lot of variation were not included). A range of values
(maximum and minimum) was specified for each of the parameters (refer to
Additional file Table S1) by expert judgment, summarized by bounded intervals.
The practice of using expert judgment is known in the SA field as supported in
[28]. As discussed in [29], one of the challenges encountered using ABM is the
process of determining the parameter values, for e.g. this may include the lack
of the availability of experimental techniques to measure such parameters. The
values of the parameters for the model presented here are obtained via the best
guess based on the qualitative comparison of the computer model outputs with
that of the experimental results obtained from the mouse model of H. pylori
infection (Viladomiu, Bassaganya-Riera et al. 2017) (as described in detail in
Section 3.1). Since, the source of the parameters is not known we estimated the
values to fit the data obtained from the mouse model of infection.

The values of these parameters were normalized within the range of 0 and 1
for SA purposes. We employed a two-stage metamodeling methodology to
determine the influence of each input parameter to the model output, in a high
dimensional screening setting inspired by [30]. The step-wise procedure is

described in the Additional file, Fig S3. All the files for global SA are freely

15
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accessible and can be downloaded at https://github.com/NIMML/Sensitivity-

Analysis.

The two-stage global SA is described in detail in the below section. To
summarize, for the first stage the input parameter matrix was designed using the
method described in Moon, Dean et al. 2012 and simulations were run using the
hybrid computer model. The simulation output from the first stage was analyzed
using PRCC as it was computationally efficient, and the active inputs (significant
effect) were screened to reduce the input parameter space. Second, the active
parameters were varied whereas the inactive parameters from the first stage
were maintained at a nominal value for the input parameter matrix design to be
employed for the second stage. Third, the simulation outputs from both stages
were combined and used as a training dataset to fit a spatio-temporal
metamodel. Fourth, the unknown model parameters for the spatio-temporal
metamodel were estimated using the maximum log-likelihood function. The
spatio-temporal metamodel was used as a substitute for the hybrid computer
model, and the variance-decomposition method was used to compute the Sobol’
total and first-order indices. Overall, we employed both approaches, PRCC
based (for screening) and Sobol’ indices calculation to perform a complete global
SA of the hybrid computer model. The following sections, describe a detailed

step by step explanation of the procedure.

Design of two-stage experiments and analysis

The input for the hybrid model are varying parameter values obtained from
the design matrix and the output are the number of cells (agents) that vary over

time. The first stage experiment was focused on the screening of the input

16
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variables to reduce the number of input parameters to vary for the SA and to limit
the computational cost. Computational costs are often a limiting factor that play
an important role in the inclusion of model parameters in the SA [21]. For the
design, we assumed the total number of input parameters under consideration
as d (in our case, 38). With an assumption of a maximum of 50% active inputs
that is aimed to improve the screening performance, the number of runs for stage
1, was fixed to n,= 4d, such that n; > 5*d*0.5 = 2.5d as in [30]. To construct a n;
* (n1-1) preliminary input parameter design matrix, X', needed to be constructed
([30]). The input parameter design matrix for first stage sampling was drawn from
X.

The algorithm for the first stage design generated a design matrix X® that

satisfied the below three listed properties as in [30]

i) The columns of X* were uncorrelated thereby facilitating the independent
assessments of the effects due to the input parameters.

i) The maximum and minimum value in each input parameter column were
ensured to be 0 and 1 respectively, thereby preventing any input values
with larger values to have a larger influence on the response, induced by
the design.

iii) The designs defined by X* had “space-filling” properties such that all the

regions of the input space were exhaustively explored.

First stage sampling plan:

The first stage input parameter design matrix X was obtained by selecting
the first d columns of X*, i.e. XM = (&, ...., &,). The hybrid computer model was

run and the simulation outputs at these n,design points were obtained.

17
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In our case, the model comprised of d = 38 input variables. The total number of
distinct input parameter design points obtained using the above procedure was
ni = 152 (4*d = 4* 38). To account for the variability in the output, we run 20
replicates (r). Thus, the total number of simulations run using the hybrid model
computer simulator with X as input parameter design matrix, were r x ny = 20

x 152 = 3040.

First stage analysis

We analyzed the outputs from first stage analysis and screened the active
inputs from using PRCC. To measure the effect of input parameter on output, we
performed both PRCC and the spearman rank correlation coefficient (SRCC)
analysis. PRCC and SRCC were chosen because they were computationally
efficient (accounting for the low computational budget). A correlation analysis
provides a measure of the strength of linear association between input and
output variable [31]. A correlation coefficient between x;and y is calculated as

follows:

_ Cov(xy) TG =) — )
Tey = =
JVar(xj)Var(y) \/Zliil(xij - X)X, (i — y)?

j=12, ..k

where Cov(x;,y) stands for the covariance between xjand y, and Var (x; ) and

Var (y) are the variance of x; and y respectively.

18
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PRCC is performed when i) a non-linear but monotonic relation exists
between the input and outputs, and ii) when little or no correlation exists between
the input variables (which is guaranteed by the property (i) of our input parameter
matrix, X'¥ described above). As described in Marino, Hogue et al. 2008, the
PRCC between rank transformed x;and y is the CC between the two residuals
(xj — @ and (y; — f) where x, and ¥, are rank transformed and follow the linear

regression models as follows:

o

X =co+ Z’;zj cpxpand y, = ¢, + Z';:j CpXp -
p#j p#j
We performed the PRCC analysis on the outputs obtained from the hybrid
computer model with X¥ as an input, using ‘epi.prcc’ package in R (https://cran.r-

project.org/web/packages/epiR/epiR.pdf). The significance test evaluated the

strength of influence each input parameters and assessed if the PRCC
coefficients were significantly different than zero [31]. We run the PRCC analysis
for 13 output cell populations (Fig 4 shows data for two output populations and
the rest of the data not shown) and identified the active input parameters using
the significance test. PRCC and SRCC produced identical outputs, hence results
from SRCC are not shown here. If an input parameter was shown to be
significant (P < 0.05) in one of the 13 output cell populations, it was considered
as an active input for the second stage input parameter design matrix.
Additionally, domain expert knowledge was employed to include additional
parameters, based on the biological significance, that were otherwise shown to
be non-significant. In all, based on the PRCC analysis performed on the outputs
obtained from the first stage simulations and domain expert knowledge, we

chose 23 input parameters as active inputs for the second stage (see Additional
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file Fig. S4). Thus, PRCC screened inputs at significance level p < 0.05 and
inputs based on expert knowledge were selected as active inputs to be varied

for the second stage sampling plan.

Second stage sampling plan:

The number of active inputs obtained from the first stage analysis amounted
to 23 parameters out of the initial set of 38 parameters. We followed the design
described in [30] for the second stage and the number of design points amounted
to, n,= 100%* 5*a where ‘a’ stands for the number of active inputs from the first
stage. This resulted into n,= 23*5 = 115 parameters combinations for the second
stage input parameter design matrix. Since outputs from both stages are to be
combined for second stage analysis, per [30], the design for the second stage
was chosen to build on top of X(, The sampling phase design algorithm ensured
that the columns satisfied the properties (i) (uncorrelated design points) and (ii)
(between values 0 and 1) as listed in the previous section. We constructed the
115 x 38 (115 parameter setting and 38 parameters) design matrix for the second
stage that incorporated the 23 active inputs obtained from the PRCC screening
in the first stage output analysis. After combining the design points from both the
stages, the parameter design matrix X with space filling properties contained 267

(152 from the first stage and 115 from the second stage) design points.

Second stage analysis

We run the computer code for the hybrid model with the second stage input
parameter design matrix (with 115 (n») design points), for 20 (r) replicates, which

amounted to 115 x 20 (2300) runs. The outputs from the first stage (152 x 20
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runs) and second stage (115 x 20 runs) were combined to provide the training
data to build a spatio-temporal metamodel. For the second stage analyses, we
utilized a metamodeling-based approach. Metamodels are surrogate models that
can be used as a substitute for the simulation model [32]. The use of metamodels
reduces the computational budget, cost of analysis, and are useful options in
cases when the simulation model is expensive to run (in our case 9-10 minutes
for 1 design point) [32]. The various metamodeling techniques used to build
surrogates for a computer model output include linear regression models, neural
networks, high dimensional model representation methods, Gaussian process
(GP) regression models, polynomial chaos expansion and more that are
discussed in length in [33, 34]. Amongst these, GPs are one of the most popular
emulators as it allows modeling of fairly complex functional forms. The GPs not
only provide prediction at a new point but also an estimate of the uncertainty in
that prediction [33]. A GP is a stochastic process for which any finite set of y-
variables has a joint multivariate Gaussian distribution [35] [33]. Suppose, y;(w),
the simulation response obtained on the jth simulation replicate, at a design point

w=(XT,t)T € yx T, it can be described as follows:

yiw) =YW+ gw) = B+ M(w) + &(w), (1)

where Y(w) represents the mean function of y;(w), the quantity of interest that
we intend to estimate at any design point w. The S, is a constant trend term and
is assumed to be unknown. The input parameter X € y ¢ R? and the time t €
T c R,; and X is independent of t. The ¢;(w) are represents the sampling

variability inherent in a stochastic simulation, that are that are assumed to be
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independent and identically distributed across the replications at any given

design point [36].

The term M (w) represents a stationary Gaussian process with mean=0 and
covariance between any points was modeled as the Gaussian covariance
defined in [37]. Thus, the covariance between any design points w, =

X,  t.)Tand w, = (X,7, t,)7in the random field can be modeled as-
COU(M(Wa):M(Wb)) = erxp(— Zg=1 Oy Xar — Xbr)2 R(te — tp;y), (2)

wherein, exp(— Y%, 6,(X4 — X,)? ) models the spatial correlation between two

input design points X, and X, in the input parameter space, whereas

R(t, — t,;y) also given by exp (—X%,V, (tar — tbr)z) models the temporal
correlation between time points t, and t,. The parameters 6 and y represents
the rate at which i) spatial correlation decreases as the points move farther in
space with the same time index, and ii) temporal correlation decreases as the
time points are farther apart in time at the same input vector, respectively. Both
the spatial correlation and temporal correlation are modeled using the Gaussian
covariance. The parameter I'? can be interpreted as the variance of M (w) for all
w. The input parameter design consists of ((w,,n;)¥;) design points to run
independent simulations with replicates applied to each of the design points. Let,
k x 1 denote a vector of sample averages of simulation responses given by y =
Gw), yWwWy), ..., y(w )T, where in y(w;) is the resulting estimate of
performance measure obtained at design point w; and €(w;) is the sampling

variability inherent in a stochastic simulation (Ankenman, Nelson, & Staum,
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2010). The equations associated with y(w;) and &(w;) are described below in
equation (3):

yw) = iZ}L yiw) =Y(w;) + e(w;) and e(w;) = n%z;‘il gwy),i=12, .. k.

n;

3)

Similar as in (Ankenman, Nelson, & Staum, 2010), shown below in equation (4),
let ¥, be the k x k covariance matrix across all design points and let }’,(w,,.) be
the k x 1 vector, (Cov[M(wo,w1)], Cov[M(Wo,W2)],..,Cov[M(Wo,wi)]" that contains
spatial covariance between the k design points and a given prediction point w,.
Also, let ¥, be the k x k covariance matrix of the vector of simulation errors
associated with the vector of point estimates y, across all design points. As
described in [36], the best linear predictor Y (w,) that has the minimum mean
squared error (MSE) among all linear predictors at a given point w, =

X,7,t,)T can be given by equation (4):

Y(Wo) = Bo+ ZuWo, )T [Zm+ Te 172 — 1B, (4)
where, 1x is the k x 1 vector of ones and B; is estimated to be 1. The

corresponding optimal MSE as in [36] is given by equation (5):

MSE (Y(w)) = Zw Xo,Wo — En(Wo.) [ Zur + e 17 (W, ) (5).

To implement the metamodeling approach as described above, the unknown
model parameters are estimated through maximizing the log-likelihood function.
The underlying standard assumption is that (Y (w,), ¥7)T follows a multivariate

normal distribution, for e.g., see [36] and [38]. The function implemented in the
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mlegp package in R [39] is used for the estimation of the parameters. Once the

parameters are estimated the prediction then follows equations (4) and (5).

Sensitivity index calculation

To determine the effect of input variables on the output, we employed the
variance decomposition method. These methods involve the decomposition of
the variance of the output as a sum of the variance produced by each input
parameter [35].

We independently generated 10,000 x 38 sampling matrices, such that the
parameter combinations are generated via Latin Hypercube sampling and as
described in [40]. Simulations were performed using the GP spatio-temporal
model as described in the previous section, and the Sobol' indices were
computed as described in [41] [40]. The Sobol’ method quantitatively measured
the contribution of each input parameter by computing the first order and total
order index [40]. For output Y, input parameter matrix X; where, i is the input

parameters of the model, the Sobol’ indices are computed as follows:

xi _ VIE(IXi]
SIi = Tl
and
SIXi, = VIECIX-]
(0]

V(Y)
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The Sobol’ first order sensitivity index SIX* measures the impact of one single
parameter on the model output, whereas the Sobol’ total order index measures
the influence of X; including all the interactions with other parameters. The First-
order indices were computed using the Sobol-Saltelli’'s method as described in
[40] [42] whereas, the total order indices were computed using Sobol-Jansen as

in [40, 43].

3. Results

3.1 Hybrid model simulations produce similar immune response dynamics

observed in previously published experimental data

We first aimed to simulate the findings observed in previous gut models [24]
to ensure that we obtained similar response dynamics from the hybrid ENISI
model of H. pylori infection. As in [24], to demonstrate that the gastric mucosa
harbors a system of macrophages that contribute to the outcome of H. pylori
infection, we created an in-silico Peroxisome proliferator-activated receptor
gamma (PPARy) macrophage-specific knockout (KO) model. PPARy is an
important transcription factor that controls the expression of genes that
contribute to the inflammatory response once this is initiated. To disrupt the
downregulation of pro-inflammatory responses, we simulated a PPARg KO
system in either macrophage or T cell populations and compared the response
to a wild-type system. In the model, we created three different macrophage

populations, comprised of, “resident” macrophage agents that mimic the

25



O©CO~NOOOTA~AWNPE

DO UIUIUTUUUICIVCIUURNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRPRRRRRRRR
ARANPRPOOOVNONROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

594
595
596
F97
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617

properties of the F4/80hi CD11b+ CD64+ CXCR1+ macrophages reported in
[24], monocyte-derived (infiltrating) and macrophage populations with regulatory
(M2, or alternatively activated) and pro-inflammatory function (M1 or classically
activated) (see Table 3).

We simulated an in-silico H. pylori infection by creating four groups, i) a control -
WT (representing a wild-type group), ii) CD4Cre (T cell specific PPARy KO-lacks
PPARy gene in all CD4 T cells), iii) LysMCre (Myeloid cell specific PPARy KO-
lacks PPARy gene in all macrophages) and clodronate group (simulating the
removal of macrophages by chemical depletion via clodronate treatment). To
simulate the CD4Cre group, the probabilities of a naive T cell transitioning to an
iTreg cell (p_nTtoiTreg) and Th17 cell differentiating to iTreg (p_Th17toiTreg)
were reduced to 5% and 10% of the control value, respectively (refer to Table
S1). As described in [23], to simulate the LysMCre experimental conditions, the
probabilities of i) a monocyte transitioning to a regulatory macrophage
(p_Mregdiff) and ii) immature dendritic cells switching to tolerogenic dendritic
cells (p_iDCtotDC) were reduced approximately to 60% and 30% of the control
value, respectively (refer to Table S1). A complete set of parameter for each of
the biological KOs are included as separate columns in Table S1. Lastly, the
removal of macrophages by clodronate were simulated by decreasing the initial
numbers of the macrophage population including the resident macrophages. The
rationale to include the clodronate group (macrophage removal) was to evaluate
if depletion of phagocytic cells (terminology with respect to model, i.e.,
monocytes, resident, monocyte-derived macrophages and inflammatory

macrophages) would affect H. pylori colonization levels, as we have previously
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reported in an in vivo model [24]. Further, to simulate the myeloid cell PPARy KO
system, the initial population of resident macrophages were also reduced.

All the groups were initialized with equal loads of H. pylori agents. Ten
replicates of the simulations were performed for each of the input parameter
settings specific to each group. The outputs were averaged, and standard error
of the means were plotted as ribbons (shaded regions) across the graphs. After
running the ten replicates of the time series in-silico simulation, the hybrid model
showed significantly (p< 0.05) higher levels of H. pylori in the WT and CD4Cre
groups as compared to LysMCre KO and macrophage-depleted groups (Fig. 3,

panel a and d).

Fig 3. Time course simulations representing the immune response during
Helicobacter pylori infection.

The upper half of the plot in both the panels shows the dynamics of the
population cells

over time representing the number of cells (y-axis) versus time (x-axis) in a WT
(black), CD4Cre (green), clodronate (red) and LysMCre (blue) simulated in-silico
groups during H. pylori infection. The cell populations include - a) H. pylori; b)
the resident macrophages and, ¢) monocyte-derived macrophages in the lamina
propria compartment. The figures in the lower half (d-f) of both the panels, show
the results for statistical comparison between the groups using ANOVA with the
post-hoc analysis. The letters ‘a’; ‘ab’ and b’ represent statistically significant
differences (P < 0.05) between the groups obtained after running the Tukey’s

Honestly Significant Difference. A side by side comparison with the bacterial load
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and macrophage population as observed in the mouse model of H. pylori

infection are also included.

In addition to the increase in H. pylori, WT and CD4Cre in-silico experimental
groups had a higher resident as well as monocyte-derived regulatory
macrophages as compared to clodronate (macrophage depleted) and LysMCre
groups (Fig. 3b-c, e-f). The results in the mouse model indicated that between
weeks 2 and 3 post-infection a decrease in bacterial burden in the stomach of
LysMcre mice was observed as shown in Fig. 1A of Viladomiu, Bassaganya-
Riera et al. 2017. The decrease in bacterial burden led to a significant and
sustained lower colonization levels when compared to WT and CD4Cre. Similar
to the results observed in the mouse model, we observed a significant decrease
(Fig. 3a, d) in the bacterial burden in the simulated LysMcre group as compared
to the simulated WT and CD4cre groups. Furthermore, the results from the
mouse model indicated that a significant increase in numbers of F4/80hiCD11b+
CD64+ CX3CR1+ cells (here referred to as resident macrophages in this paper),
was observed in WT mice in comparison with LysMcre mice as shown in Fig. 2A,
2E of Viladomiu, Bassaganya-Riera et al. 2017. These cells accumulated in the
stomach mucosa starting on day 14 post-infection in the WT mice but not in the
LysMcre mice. We observed a similar increase (Fig. 3b,e and Fig. 3c,f) in the
number of resident macrophages as well as monocyte derived macrophages in
the simulated WT groups in comparison to the simulated LysMcre group. We
estimated the parameter values to fit the data obtained from the mouse model of
H. pylori infection. Thus, the observations were qualitatively similar to the
findings in [24], where the stomach of WT mice was enriched in a population of

F4/80+CD11b+CD64+ myeloid cells, compared to LysMCre mice.
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Overall, with the results in Fig. 3, we showed the ability of the hybrid model
to replicate the experimental results in [24], and this preliminary data was used

as a base calibration setting for SA and other in-silico findings.

3.2 Partial correlation coefficient analysis screened the influential

parameters

To reduce the computational complexity of varying an input parameter space
of 38 parameters, we divided the SA process in two stages. For first-stage
analysis, we utilized the PRCC regression-based SA method to screen the
influential inputs and used it for the second stage design of the experiments (refer
Methods 2.2). Using PRCC, we determined the impact of the input parameters
on the output cell populations in the model. The parameters with significant
correlation with H. pylori in the gastric lamina propria compartment and resident
macrophages are shown in Fig. 4, along with their PRCC values. The bars in
blue, highlight the parameters that are significantly different than 0, at P < 0.05
compared to grey bars which are not significant. It is important to note that at this
stage the analysis using PRCC was non-temporal.

The SA from first stage results showed that the epithelial damage due to
infectious bacteria (epiinfoctdam) with a coefficient value of (~0.2), was positively
correlated with the colonization of H. pylori in the lamina propria compartment,
indicating the important role of epithelial cell damage during the course of
infection, similar to our findings obtained in [44]. Another parameter included the
probability of the release of IL-6 (IL6) with a coefficient value within the range

(0.3-0.4).

29



O©CO~NOOOTA~AWNPE

693
694
695
696
697
698
699
700

01
702
703
704
705
706
707
708
709
710

’711

712

713

714
715

716

Next, the epithelial cell damage parameters (epiinftbctdam = (0.2-0.3),
epiThl7dam = 0-0.2) were shown to have positive influence on the resident
macrophage cells whereas, the T cell type transition parameters (p_iTregtoThl17
=(0.3-0.4) and p_Th17toiTreg = (0.1 - 0.2)) showed a negative impact on the
resident macrophages. Similarly, we performed the PRCC analysis for all the cell

populations under consideration during the infection (not shown).

Fig 4. Bar plots for the partial rank correlation coefficients.

The magnitude of the bar-plot indicates the value of the partial rank correlation
coefficient. The blue bar indicated the input parameters shown to be significantly
different than 0, at P <0.05 as influential whereas the grey bars indicate the non-
influential parameters on a) H. pylori and b) resident macrophages, in the lamina

propria compartment.

The significant parameters (marked in blue bars) obtained from the SA of the
output from first stage design of experiments (152 parameter settings with 20
replicates, refer Methods 2.2), were selected to be varied for the second stage
design. All the selected inputs are shown in Additional file Fig. S4. In all, we

obtained 23 active inputs from the first stage.

3.3 Metamodel based spatio-temporal sensitivity analysis

The outputs obtained after running the first (152 x 20 runs) and second (115
x 20 runs) stage simulations, wherein x20 denotes the 20 replicates, were

combined to be used as a training dataset. The combined output was utilized to
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build a Gaussian process based spatiotemporal metamodel (refer Methods 2.2),

using mlegp package in R [39].

The outputs from the training dataset were sub-divided into 6 datasets,
corresponding to six time periods (Days 1-14, 15-21, 22-30, 31-42, 43-90, 91-
201) and averaged across these periods. The sub-division of output across the
time periods, aided the temporal analysis over the initiation (Day 1-14), peak of
infection (Days 15-30) and chronic phase (post Day 31) stages as in [24]. We
then fit a Gaussian process model (with nugget) and evaluated the performance
of the fitting of the metamodel for H. pylori, resident macrophages, and
monocyte-derived macrophages in lamina propria compartment, and tolerogenic
DC in the gastric lymph node, using the diagnostic plots (see figures in Additional
file, Fig. S5). After fitting the models, we performed variance based global SA by
computing the Sobol’ total order and first order sensitivity index (refer Methods
2.2). The estimates of the Sobol’ total order indices for the input parameters

calculated over the six time periods are shown in Fig. 5 (a-d).

Fig 5. Heat-maps of Sobol’ total orderindex for the input parameters across
different output populations.

The values in the heat-map indicate the Sobol’ total order sensitivity index
obtained from the metamodel, for the 38 input parameters with respect to the cell
populations. The values with darker color indicate a stronger influence on the cell
population as compared to the ones with lighter shade that indicate non-
influential parameters for the cell populations - a) H. pylori, b) monocyte-derived

macrophages, c) resident macrophages, in the lamina propria compartment and
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d) tolerogenic DCs, in the gastric lymph node compartment. The indexes are
calculated over six time points ranging across the three stages of infection,
including initiation (Day 1-14), peak (Days 15-42) and recovery stages (Days 43-

201).

As shown in Fig. 5a, the metamodel based global SA showed that the input
parameters, epithelial cell proliferation (Epiprolifer) and epithelial cell death
(Epicelldeath) had the strongest impact on the population of H. pylori in lamina
propria compartment. As time progressed from initiation of the infection (Days 1-
14), through peak (Days 15-30), the epithelial cell proliferation had a continued
impact on the colonization of H. pylori. Next, the influence of the probability of
epithelial cell death decreased over the course of infection. Further, Fig. 5b
highlighted the impact of epithelial cell proliferation (Epiprolifer) and epithelial cell
death (Epicelldeath) on the monocyte-derived macrophages.

For the resident macrophage population in the lamina propria, that have
emergent properties similar to the one characterized in [24], we observed that
the resident macrophage replication parameter (ResmMacRep) has an impact
during the initiation and peak stages of the infection which indicates that these
subsets of macrophages replicate during the course of H. pylori infection. This
result highlights the reliability of the two-staged global SA method used here, as
these findings are consistent with the ones in [24] wherein we observed that
these subsets of macrophages expand in the gastric stomach lamina propria
during the course of H. pylori infection.

Finally, for the tolerogenic DCs in Fig. 5d, we observed that the epithelial cell
death (Epicelldeath) seemed to have an impact. Another parameter that stands

for the probability of naive T cell transitioning to iTreg cell (nTtoiTreg) was shown
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to have an impact on the tolerogenic dendritic cells. Tolerogenic dendritic cells
are involved in the rule that transitions the naive T cells to iTreg cells in the gastric
lymph node, and the stronger impact of the nTtoiTreg during the initiation and
peak stages of the infection highlights the role of the tolerogenic dendritic cells
during the course of infection.

The global SA data suggested that the main contributors of the chronic
colonization of H. pylori in the lamina propria are the epithelial cells, specifically

the epithelial cell proliferation parameter.

3.4 Effect of different ranges of epithelial cell proliferation

An interesting prediction derived from the metamodel based global SA is that
epithelial cell proliferation is one of the parameters that has a strong impact on
the size of H. pylori population. The biological hypothesis derived from this
prediction is that the epithelial cell proliferation is responsible for the higher
colonization of H. pylori. Prior to conducting any experimental studies, we wanted
to explore the hypothesis using our hybrid computer model in silico and study
the model outputs obtained after we changed the epithelial cell proliferation
parameter. Thus, we varied the epithelial cell proliferation parameter across
different ranges (0.1-0.9, with 0.6 being the value for baseline conditions) and
ran the simulations using the hybrid model and studied its effect on the different
output cell population (obtained after running the simulations). These outputs
were the ones obtained after running the simulation using the hybrid computer
model, as we varied the epithelial cell proliferation parameter. We analyzed the
outputs from the hybrid computer model and interestingly, observed that upon
decreasing the Epiprolifer from a range of values 0.9-0.1, the output cell

populations with regulatory function, namely regulatory macrophages and
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tolerogenic dendritic cells were found to vary. We observed a decreasing effect
(Fig. 6a-d) on H. pylori, monocyte-derived macrophages, resident macrophages
in the lamina propria compartment and tolerogenic dendritic cells in gastric lymph
node. Overall, these cell populations varied due to the variation in the epithelial
cell proliferation parameter.

For clarification, such connection was not embedded in the mechanisms
included in Table 1 but it represents an emergent behavior from the simulations
predicting the involvement of regulatory and tolerogenic dendritic cells in the
mechanisms of immunoregulation during H. pylori infection. Finally, the
simulations targeting the epithelial cell proliferation resulted in changes in
regulatory and tolerogenic dendritic cell populations. This shows that the
simulations indirectly targeted the regulatory and tolerogenic dendritic cell
population. Thus, we hypothesize that epithelial cell proliferation might be
responsible for the higher colonization of H. pylori through an immunoregulatory
mechanism that involves regulatory macrophages and tolerogenic cells. This is
in line with our own conclusions drawn from a previous paper [24] where we
show that the presence of cells with regulatory phenotype favor higher levels of
H. pylori colonization. The results from the sensitivity analysis presented in this
paper suggest that epithelial proliferation might be a crucial part of the
mechanisms by which these regulatory responses are induced and that there is
a link between these parameters. The exact biological process however cannot
be inferred from the current model and it will be investigated in follow-up in vivo

studies.
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Fig 6. In silico study of the effect of epithelial cell proliferation parameter
on the cell populations.

The plots show the effect of varying epithelial cell proliferation (p_Epiprolifer)
parameter (with values 0.1, 0.5, 0.6(WT), and 0.9) on the output cell population
of a) H. pylori, b) tolerogenic dendritic cells, c) resident macrophages and d)
monocyte-derived macrophages. The parameter has a decreasing effect on the
cellular populations under consideration, wherein a decrease in the parameter
value, decreases the abundance of the cells over time. The lower half of the
figures (a-d), show the results for statistical comparison between the groups
using ANOVA with the post-hoc analysis. The letters ‘a’, b’, ‘¢’, and bc’represent
statistically significant differences (P<0.05) between the groups obtained after

running the Tukey’s Honestly Significant Difference.

The in silico findings suggested the involvement of regulatory macrophages
(both resident as well as monocyte-derived) and tolerogenic DC on the
colonization of H. pylori in the gastric lamina propria. This highlighted and
validated the role of epithelial cell proliferation as one of the main factor affecting

H. pylori levels in the gastric niche.

4. Discussion

H. pylori is the dominant indigenous bacterium of the gastric microbiota. In the
majority of individuals, H. pylori colonizes the stomach without causing adverse
effects, with little to no activation of inflammatory pathways. However, certain

members of the population lose immune tolerance to the bacterium thereby
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contributing to the development of chronic gastric diseases. The immunological
mechanisms underlying its ability to persist in a harsh acidic gastric environment and
its dual role as a pathogen and beneficial organism remain unknown. A subset of
macrophages helps create a regulatory microenvironment that promotes the chronic
colonization of H. pylori [24]. However, the immune regulatory mechanisms are
incompletely understood. Computational models of the immune system featuring
immune responses are powerful tools for testing the different ‘what-if’ scenarios.
Multiscale models of the immune response are attractive in terms of modeling the
responses at different spatiotemporal scales [45].

In this study, we developed a HPC-driven hybrid, high-resolution, multiscale
model to simulate the complex immunoregulatory mechanisms during H. pylori
infection. The hybrid model was integrated with two intracellular ODEs capturing the
dynamics of CD4+ T cells and regulatory macrophages. The inputs to the hybrid
model are the set of parameters whose variation governs the immune system
dynamics during infection. The obtained outputs were emergent patterns of different
cell types, cytokines, and bacterial levels for instance the levels of H. pylori, and that
gualitatively matched the patterns observed in an in vivo infection model [1, 24]. We
presented an in-silico framework that evaluated the global SA of the hybrid model
and studied how the variation in the biological parameters affected the simulation
outputs. The two-stage global SA indicated that epithelial cell parameters,
specifically, the proliferation of epithelial cells affected the colonization of H. pylori in
the gastric mucosa. These results were validated in silico, and highlighted the
involvement of regulatory macrophages and tolerogenic DC in facilitating H. pylori
colonization of the gastric mucosa. Previous studies highlighted H. pylori inhabits the

apical surfaces of the epithelial cells and maintains a persistent infection [46].
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Further, Mimuro et al. demonstrated that H. pylori promotes epithelial gastric cell
survival by attenuating apoptosis. These events showed how H. pylori regulated the
gastric niche and utilized epithelial cells to facilitate its persistence within the
stomach [47] [48]. Thus, the findings in the current study are in line with the literature
that suggests epithelial cell proliferation favor the colonization of H. pylori in the
stomach.

Our group also showed another mechanism used by H. pylori to create a gut
microenvironment that involved the induction of IL-10-driven regulatory mechanism
mediated by CD11b*F4/80"CD64*CX3CR1* mononuclear phagocytes, which
facilitated bacterial colonization [24]. Additionally, in this paper, we reported that
regulatory macrophages were involved in the process of colonization with H. pylori
when we varied the epithelial cell proliferation parameter in-silico. Zhang et al.,
demonstrated that H. pylori directed active tolerogenic programming of DCs that
favored chronic bacterial colonization, by altering the balance of Th17/Treg cells [49].
Rizzuti, Ang et al., demonstrated H. pylori-mediated IL-10 release caused the
activation of signal transducer and activator of transcription 3 (STAT3) in DC. This
activation of STAT3 via IL-10 release was shown to induce the production of
tolerogenic DC phenotype [50]. The findings from this paper also indicated the
involvement of tolerogenic DCs in affecting the mucosal levels of H. pylori.
Therefore, the literature combined with the results from this study, collectively
suggest that during H. pylori infection, the epithelial cell favors the colonization of H.
pylori by creating a regulatory microenvironment. This process is mediated by the
regulatory macrophages and tolerogenic programming of DC. Based on the results
from this paper and findings from the literature, this leads us to propose that the
induction of IL-10 by the regulatory macrophages is potentially involved in directing

the tolerogenic programming of DC. All experimental evidence combined with our
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model prediction suggest the action of an underlying biological mechanism that links
the presence of H. pylori in the gastric mucosa with changes in the rates of epithelial
cell proliferation which ultimately affects the levels of colonization. Our prediction
points towards a link between epithelial cell proliferation and the action of tolerogenic
dendritic cells and regulatory macrophages. The exact cellular mechanism induced
during this process however cannot be inferred from the current model and it will be

investigated in follow-up in vivo studies.

At its current stage, the hybrid ENISI model reproduces the overall immune
system dynamics observed during an H. pylori infection. The parameters of
calibrated ODEs were kept unchanged, whereas the ABM parameters were
calibrated by qualitatively matching the patterns of the output simulations as
observed in an in vivo model of H. pylori infection [24]. For ABM, its calibration and
validation remain the major key issues, discussed elsewhere [21] [51] [52]. Further,
developing targeted methods of SA have been identified as an important challenge
in the field [21, 53, 54]. In this paper, we highlighted the use of SA methods with a
two-stage global SA framework comprised of first, screening the input parameters
(using PRCC) and second, building of a surrogate model (using GP) of the hybrid
model, to understand the emergent behavior of the represented system. It is
important to note that each SA method known, has its own merits and produces
useful information however none provide a complete picture of the emergent model
behavior [21]. First, we employed PRCC methods as the initial step in our two staged
SA that aided the screening of active inputs and reduced the parameter space. The
choice of PRCC was advantageous and justified by the low computational cost and
low complexity in the computation of the coefficients. Another advantage of the

regression-based PRCC method is that the complex output from our hybrid model
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was condensed into a descriptive relationship that can be described by statistical
measures such as R? [21]. As described in [21] the results from PRCC are good
descriptors of the outputs produced if the regression function constitutes a good fit
to the output [21]. However, if the function does not yield a good fit, the regression-
based SA are proven to be useful in screening the influential parameters for further
analysis [21], as described in our analysis.

Further, the interaction effects between the parameters are not considered in
regression-based methods, and hence it was followed by the use of variance-based
methods in later stage analysis. Second, we employed metamodeling-based
approach and Sobol’ method as they provided information on the interaction
between the input variable and the use of metamodels allowed to compute the
sensitivity indices. One of the advantages of the Sobol’ method is that it is model-
free and no fitting functions are used to decompose the output variance [32]. It
considers the averaged effect of parameters over the whole parameter space but
fails to explore the different patterns within the space [21]. Further, the method is not
suitable for quantification of output variability if the output distributions deviate from
a normal distribution [21]. The detailed comparison of different SA methods used for
the global SA of ABMs are described in detail in [21]. Thus, we performed both the
PRCC and computation of Sobol’ indices approaches to evaluate the influence of
the input parameter variation and identified the parameters involved in the successful
colonization of the gastric niche by H. pylori.

Some limitations of the model include implementation through a two-dimensional
grid system and including all cells of the same size. Although we parallelize the
computation of the hybrid model output, the large number of simulations required for
the global SA compensates for the benefits of parallelization. To improve the

calibration process and overall usability of the model, the data required for model
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calibration would include tissue biopsies from people infected with H. pylori that can
be used to quantify the cells and take into account their spatial arrangement. The
current version is also limited in terms of the interactions that are based on epithelial
cells and DC as they are strictly rule-based. The building of ODE models for these
cells and integrating them with the ABM model will help capture the dynamics of
epithelial cells and DC more in-depth. Overall the immunoregulatory mechanisms
underlying the chronic colonization of H. pylori and the predictive capacity of the
model can be further improved by incorporating cell-specific models for epithelial
cells and DC.

In summary, a high-resolution, hybrid, multiscale spatiotemporal stochastic
model of H. pylori infection was built and global SA was performed. The results from
the global SA highlight the key role played by epithelial cells in affecting the levels of
H. pylori colonization. The in-silico validation of varying the epithelial cell proliferation
parameter demonstrated the involvement of regulatory macrophages and the
tolerogenic DC. The next steps aimed to enrich the model will involve the validation
of the findings in vivo to study the underlying mechanisms involved in the successful
immune evasion by H. pylori. The computational modeling predictions will be further

validated experimentally and clinically.

5. Potential Implications

The computational model of the gut contains high-resolution information
processing representations of immune responses that are generalizable for other
infectious and autoimmune diseases. Complex diseases such as autoimmune
disorders, infectious diseases, and cancer all require integration of the multiscale
level data, information and knowledge, ranging from genes, proteins, cells, tissue to

organ level. The ENISI model of the gut presented here can be generalized to other
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diseases by implementing the agents and rules specific to that disease, plus

recalibrating the model based on data that are specific to the new indication. Since

ABMs have modular architectures, an addition of new agent-types and modification

of rules can be done without restructuring the entire simulation setup [19]. The use

of ABM in such hybrid models not only facilitates the implementation of already

known mechanisms but also helps validate and predict any unforeseen new

mechanisms using data analytics methods such as global SA to analyze emerging

behaviors at the systems level. The finer details regarding intracellular and

intercellular interactions that contribute towards the nonlinear and complex behavior

of the gut can also be studied by integrating the intracellular ODE models as

implemented here.

Tables

Name of Agent

Agent Type

Rules

Helicobacter
pylori

H. pylori

- Moves across the epithelial cell border if near damaged
epithelial layer

- Proliferates in the lumen and lamina propria

- Dies (removed from the simulation) in lamina propria
and in the lumen due to the damage of epithelial cells by
Thl or Thl7 cells

Macrophages

Monocyte

- Proliferates in presence the of effector dendritic cells or
damaged epithelial cells

- Proliferates in the lamina propria

- Differentiates to regulatory macrophage in based on
the output from the Macrophage ODE

- Differentiates to inflammatory macrophages in
presence of IFN-y

- Dies naturally (removed from the model)

Resident

- Proliferates in the presence of H. pylori
- Secretes IL10

- Dies naturally

- Dies due to Th1l and Tr cells

Regulatory

- Proliferates and removes bacteria
- Dies
- Secretes IL10

Inflammatory

-Proliferates in the presence of damaged epithelial cell
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-Dies naturally

Dendritics

Immature

-Moves from lamina propria to epithelium compartment
and from the epithelium to the lamina propria

- Differentiates to tolerogenic dendritic cell in the
presence of tolerogenic bacteria, both in epithelium and
lamina propria

- Differentiates to effector dendritic cell in the presence
of H. pylori

- Proliferates in lamina propria and gastric lymph node
- Dies naturally

Effector

- Moves from lamina propria to gastric lymph node
- Moves form epithelium to lamina propria

- Secretes IL6 and 1L12

- Dies naturally

Tolerogenic

- Moves from lamina propria to gastric lymph node
- Moves from epithelium to lamina propria

- Secretes TGF-B

- Dies naturally

T cells

Naive

In the presence of effector dendritic cells:

- Differentiates to Th1l in the presence of IFN-y or IL12

- Differentiates to Th17 in the presences of IL6 or TGF-
In the presence of tolerogenic dendritic cells:

- Differentiates to iTreg in the presence of TGF-

- Differentiates to Tr in the presences of IL10

- Dies naturally

Thl

- Secretes IFN-y

- Moves from gastric lymph node to lamina propria

- Proliferates in lamina propria and gastric lymph node
- Dies naturally

Th17

- Secretes IL17

- In the presence of tolerogenic dendritic cell, transition
to iTreg cells

- Moves from gastric lymph node to lamina propria

- Proliferates in lamina propria and gastric lymph node
- Dies naturally

iTreg

- Secretes IL10

- In the presence of tolerogenic dendritic cell, transition
to iTreg cells

- Moves from gastric lymph node to lamina propria

- Proliferates in lamina propria and gastric lymph node
- Dies naturally

Tr

- Secretes IL10
- Dies naturally
- Proliferates in the lamina propria

Epithelial

Healthy

-Damaged due to infectious bacteria
-Damaged due to Thl and Th17 cells
-Proliferates

-Secretes IL6 and IL12

-Dies naturally

Damaged

-Transitions to healthy state in the presence of IL10
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988
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990
991
992
993
994
995
996
997
998

-Dies naturally

Bacteria Infectious - Dies due to Thl or Th17 or inflammatory macrophages
or damaged epithelial cells

- Dies naturally

- Proliferates in the lamina propria

Tolerogenic | - Moves from lumen to the epithelium in the presence of
damaged epithelial cells

- Becomes infectious if moves in the lamina propria
compartment

- Proliferates in lumen and lamina propria

- Dies naturally

Table 1. A list of rules for all the agent types implemented in the hybrid model

Additional Files
File S1

Fig S1

Table S1

Fig S2

Fig S3

Fig S4

Fig S5

File S1 — The detailed instruction to Install ENISI MSM (Step ), Run a simulation

(Step I1) and Conduct Sensitivity Analysis (Step Ill) are described.

Fig S1. Design implementation of the hybrid multiscale model used to

simulate Helicobacter pylori infection
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The figure shows the class structure used in the ENISI MSM hybrid agent based-
ODE model. Each group consists of an act() function that includes the
implemented rule for each agent. The previously published ODE models for T

cells and Macrophage are used to integrate in the ABM code.

Table S1 Table describing the input parameters used in the sensitivity analysis

and their ranges used.

Fig S2. Time screenshots of a Helicobacter pylori infection modeled in a 30 mm

(length) x 10 mm (width) two-dimensional grid. The thickness of the compartment

is shown on the y-axis, such that: lumen spans (0 to 2) units, epithelium spans

(2 to 3) units, lamina propria spans (3 to 8) units and gastric lymph node across

(8-10) units on the scale. Two-dimensional distribution of different cell subsets

over the time steps (ticks) 2, 4 (top panels), 5 and 6 (bottom panels) are shown.

The insets in each image shows a zoomed in portion of the respective grids

across the time steps 2, 4, 5 and 6. The agents represented in the screenshots

below are only for visual representation and do not represent the actual size of

the biological cells.

Fig S3. Flowchart for the two-staged global sensitivity analysis.

Fig S4. The active and inactive inputs selected from the stage 1 analysis
The rows represent the input parameters and columns represent the output cell
populations. The green boxes highlight the ‘active’ input parameters (row) that

are shown to have a significant influence (calculated based on the results
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obtained from partial correlation coefficient analysis), on an output cell (columns)

under consideration.

Fig S5. Diagnostic and residual plots obtained for the Gaussian processes
fitted metamodels

The upper panel represents the diagnostic Q-Q plots where the open circles
represent the cross-validated predictions; solid black lines represent observed
response. The “observed simulations” data in the first half of the lower panel,
refer to the observed output values of the simulations obtained after running the
hybrid computer model, whereas the y axis refers to the predicted simulation
values obtained from the Cross-validated model. Each point represents 1 output
point obtained as an output from the simulation. The second half of the lower
panel, refers to the standard residual plot wherein the x-axis represents the
observed simulation values obtained from the simulation and the y-axis refers to
the residual error ((error (predicted values — observed values) / standard
deviation (error))) obtained. The diagnostic plots denote the black circles which
are the cross-validated prediction. Cross-validation is in the sense that for
predictions made at design point x, all observations at design point x are
removed from the training set. The lower panel represents the residual plots for
the cell populations —(a) Helicobacter pylori; (b) Resident macrophages; (c)
Monocyte-derived macrophages in the Lamina propria and (d) Tolerogenic

dendritic cells in the Gastric lymph node compartment.

Data and materials
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The data sets and files supporting the results of this article are available in the ENISI-MSM

GitHub repository, RRID: SCR_016918 https://github.com/NIMML/ENISI-MSM.

Availability of source code and requirements

Project Name: ENISI MSM

e Project homepage: https://github.com/NIMML/ENISI-MSM

e Operating system(s): Linux, Mac OSX
e Programming language: C++, R, MATLAB
e Other requirements: CMake 3.7.2,

ENISI Dependencies https://github.com/NIMML/ENISI-Dependencies

e License: Apache License 2.0

RRID: SCR_016918

Declarations

List of abbreviations

ABM — Agent based model

DC — Dendritic cells

ENISI MSM — Enteric Immunity Simulator Multi-scale Modeling
GLN — gastric lymph node

GP - Gaussian process

H. pylori — Helicobacter pylori

HPC — High performance computing
LP — Lamina propria

ODE - Ordinary Differential Equation
PDE - Partial Differential Equation

SA — Sensitivity analysis
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Name of Agent

Agent Type

Rules

Helicobacter
pylori

H. pylori

- Moves across the epithelial cell border if near damaged
epithelial layer

- Proliferates in the lumen and lamina propria

- Dies (removed from the simulation) in lamina propria
and in the lumen due to the damage of epithelial cells by
Thl or Th17 cells

Macrophages

Monocyte

- Proliferates in presence the of effector dendritic cells or
damaged epithelial cells

- Proliferates in the lamina propria

- Differentiates to regulatory macrophage in based on
the output from the Macrophage ODE

- Differentiates to inflammatory macrophages in
presence of IFN-y

- Dies naturally (removed from the model)

Resident

- Proliferates in the presence of H. pylori
- Secretes IL10

- Dies naturally

- Dies due to Th1 and Tr cells

Regulatory

- Proliferates and removes bacteria
- Dies
- Secretes IL10

Inflammatory

-Proliferates in the presence of damaged epithelial cell
-Dies naturally

Dendritics

Immature

-Moves from lamina propria to epithelium compartment
and from the epithelium to the lamina propria

- Differentiates to tolerogenic dendritic cell in the
presence of tolerogenic bacteria, both in epithelium and
lamina propria

- Differentiates to effector dendritic cell in the presence
of H. pylori

- Proliferates in lamina propria and gastric lymph node
- Dies naturally

Effector

- Moves from lamina propria to gastric lymph node
- Moves form epithelium to lamina propria

- Secretes IL6 and I1L12

- Dies naturally

Tolerogenic

- Moves from lamina propria to gastric lymph node
- Moves from epithelium to lamina propria

- Secretes TGF-B

- Dies naturally

T cells

Naive

In the presence of effector dendritic cells:

- Differentiates to Th1l in the presence of IFN-y or IL12

- Differentiates to Th17 in the presences of IL6 or TGF-
In the presence of tolerogenic dendritic cells:

- Differentiates to iTreg in the presence of TGF-p
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- Differentiates to Tr in the presences of IL10
- Dies naturally

Thl - Secretes IFN-y
- Moves from gastric lymph node to lamina propria
- Proliferates in lamina propria and gastric lymph node
- Dies naturally

Th1l7 - Secretes IL17
- in the presence of tolerogenic dendritic cell, transition
to iTreg cells
- Moves from gastric lymph node to lamina propria
- Proliferates in lamina propria and gastric lymph node
- Dies naturally

iTreg - Secretes IL10
- In the presence of tolerogenic dendritic cell, transition
to iTreg cells
- Moves from gastric lymph node to lamina propria
- Proliferates in lamina propria and gastric lymph node
- Dies naturally

Tr - Secretes IL10
- Dies naturally
- Proliferates in the lamina propria
Epithelial Healthy -Damaged due to infectious bacteria
-Damaged due to Thl and Th17 cells
-Proliferates
-Secretes IL6 and IL12
-Dies naturally
Damaged -Transitions to healthy state in the presence of IL10
-Dies naturally
Bacteria Infectious - Dies due to Thl or Th17 or inflammatory macrophages
or damaged epithelial cells
- Dies naturally
- Proliferates in the lamina propria
Tolerogenic | - Moves from lumen to the epithelium in the presence of

damaged epithelial cells

- Becomes infectious if moves in the lamina propria
compartment

- Proliferates in lumen and lamina propria

- Dies naturally
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Figure 5

(a) Helicobacter pylori in lamina propria (b) Resident macrophages in lamina propria

epiinfoctdam epiinfoctdam
epiThidam epiThidam
epiTh17dam epiTh17dam
I b ibodedth hialdeath
E Ir|(|9|_p10h EBEfﬁé’ﬁat
nl'll'_cljeath Rydeepath
allTre
TregtoTh17 Ao
ITregtoTh17
Thi/toiTreg Th17/toiTreg
nTtolr U nTtoTr U
nTtoiTre Q) nTtoiTreg Q)
nTtoTh1 —_
nTtoTh17/ -5
Th1 death Q) Th1ideath QD
Thi7death Thi7death
| Tregdeath 3 iTregdeath 3
Trdeath D Trdeath D
ILT1OTr r—= IL10Tr i
dumm (D dumm D
Bactkill 0N Bactkill PP
FiPdoathduetoTcel Bactdeath P
ueto 1 cells HPdeathduetoTcells
HPdeath
DCdeath Hraeath
Monocytedeath DCdeath
Resma)é: Jocth Monocytedeath
Resmacdeath
TrmacKill
TN Trmacekil
MregDiff
ResmMacrep Méz%DhH;crep
II\I/__IKInorep Monorep
LT |"ING
IL10
IL17 17
e IL21
b A N p2 N A i IL12
A P fo O Q )
e ’ P P e N e o S et P
O Q2 o2 o2 O N> o2 > > ey > NS
O° o 0 Y 0 Q2

Colour Key Histogram

150

Count

0

|
01 02 03 04 05 0.6

Value

(c) Monocyte derived macrophages in lamina propria  (d) Tolerogenic dendritic cells in gastric lymph node

epiinfbctdam
epiThidam
epiTh17dam
Epiprolifer.
Epicelldeath
EpilL10h
nlrep
nTdeath
allTrep
ITregtoTh17
Th17/toiTreg
nTtoTr
nTtoilreg
nTtoTh17/
Thideath
Thi7death

| Tregdeath
Trdeath
IL10Tr
dumm
Bactkill
Bactdeath
HPdeathduetoTcells
HPdeath

slajoweled

epiinfbctdam
epiThidam
epiThl7dam
Epiprolifer.
Epicelldeath
EpilL10h
nTrep
nTdeath
allTrep
ITregtoTh17
Thi/toiTreg
nTtolr
nTtoiTreg
nTtoThl7
Thideath
Thi7death

| Tregdeath
Trdeath
IL10Tr
dumm
Bactkill
Bactdeath
HPdeathduetoTcells
HPdeath

slajoweled

DCdeath DCdeath
B Monocytedeath Monocytedeath
Resmacdeath Resmacdeath
TrmacKill TrmacKill
MregDiff MregDiff
ResmMacrep ResmMacrep
Monorep Monorep
IFNg IFNg
IL10 IL10
IL17 IL17
IL21 IL21
IL6 L6
TGFDb TGFDb
IL12 IL12
)8 A Q o Q A B A Q {2 Q A
»\/\ \6/@ (2) Dx g @Q A /\ \6 /?/ ‘?) I g (LQ

Q/(L/ (b»\/ b(?)/ A~ (L(L/ ‘3))\/ bg)/ A~
OQN% 0‘&*6 0‘&*6 0‘&*6 0‘&*6 0@{5 2 0@*6 0‘&*6 0‘&*5 Q‘ZN?’ 0‘&*5 0@{5 2


https://www.editorialmanager.com/giga/download.aspx?id=60887&guid=e7ceca02-e7e5-4e60-ad2f-6da9e7189814&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=60887&guid=e7ceca02-e7e5-4e60-ad2f-6da9e7189814&scheme=1

FlareS (a) Helicobacter pylori (b)Tolerogenic dendritic cells  (c) Resident macrophages (d) Moetytederivede >~ *

macrophages
50- Epitheli
ithelial cell
5000 500- T
4 400- proliferation
40- parameter
400-
4000- 0.6 (WT)
300-
30-
- 300-
3000-
200- ,
20 200-
2000-
10- 100 100-
1000-
0 0- 0
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
> “ Time >
-
S b b
~ | : b b
500
< b 400- blc 5000- b
40- . r .
| I b 400-
4000-
b 300-
30-
«300-
d
3000-
200-
20- a 200-
2000-
10- 1001 100-
v 1000-
0- 0- - 0-
wWT HP'01  HP.05  HP. 09 WT  C 01 DC 05 DC 09 WT  Mres_0.1 Mres_0.5 Mres_0.9 WT Mrea 0.1 Mrea 0.5 Mrea 0.9

< . Groups >



https://www.editorialmanager.com/giga/download.aspx?id=60888&guid=19a340fd-b631-4094-a4dc-541a205b63a7&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=60888&guid=19a340fd-b631-4094-a4dc-541a205b63a7&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
FileS1.pdf


https://www.editorialmanager.com/giga/download.aspx?id=60889&guid=1fe82f8a-12ff-4585-ae12-0c2152153e1e&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
FigS1.png


https://www.editorialmanager.com/giga/download.aspx?id=60890&guid=a8ffdcb5-aa31-4ad4-b461-b6a70927c4f9&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
Table _S1 revised.docx


https://www.editorialmanager.com/giga/download.aspx?id=60837&guid=931095ca-565f-404c-abc7-48da7e8db977&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
Fiig S2.pdf


https://www.editorialmanager.com/giga/download.aspx?id=60882&guid=eb486af4-2f34-451a-affb-b24275a16b0f&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
FigS3.pdf


https://www.editorialmanager.com/giga/download.aspx?id=60891&guid=865fb2c3-1acd-4488-8cc5-d17ef8c77229&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
FigS4.docx


https://www.editorialmanager.com/giga/download.aspx?id=60892&guid=203d7e0d-b982-4d60-b3c6-39c4b8b7fbac&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
FigS5.pdf


https://www.editorialmanager.com/giga/download.aspx?id=60893&guid=216e2503-554c-4100-a426-cbeb843de5cf&scheme=1

Personal Cover Click here to access/download;Personal
Cover;Pointbypoint_Responses.pdf

Once more, we would like to truly thank the reviewers and editor for the time and effort they are
putting in reviewing our work. The fact that they’ve all brought up concerns about the grid
dimensions and structure underlines the importance of computational biology as means of
integrating biological concepts with biophysics and mathematics. Most biologists tend to focus on
functions (i.e., gene expression or protein properties) and numbers, but they rarely consider the
dimensions of the “biological space”. The proposed revisions and clarifications better connect the
biology, underlying mathematics and spatial/biophysical considerations. In response to the
comments raised by the reviewers, we have revised the manuscript and provided explanations to
further clarify the description of the grid.

Reviewer reports:

Reviewer #2 Comment 1: | have looked through the authors' responses and remain concerned
about the grid dimensions. Redefining the grid in um instead of nm still leaves the entire simulation
environment at 30um by 10um which is about on the order of a single cell (e.g. macrophage
diameter ~20um https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1470168/). | remain concerned
that defining the grid at such a small scale creates a biologically unrealistic disconnect between
the diffusing cytokines (on a very small scale) and the cells that they influence (on a much larger
and abstract scale). | tried to understand the dimensions of the diffusion constants for the
cytokines but the parameter table S1 contains no units to be able to compare diffusion scales to
cell movement scales.

Response to Reviewer 2, Comment 1: We thank the reviewer for their concern. We agree that
defining the grid in um leaves the simulation in a smaller scale and want to clarify that even though
the units in the model are annotations, we understand that it is crucial to define the grid in a more
biologically meaning way.

We define the area in the model being simulated as a simulation environment with 30 mm x 10
mm two-dimensional grid. The size of an individual lattice site (previously referred to as grid cell
in the paper) is 1 mm x 1Tmm. The scales described as in the previous version of ENISI-MSM (Mei
et al., 2015) were kept unchanged. The table describing the scales used in (Mei et al., 2015) are
also shown here in Table 2.

As described in table shown below (adapted from Table 1) of our previous work (Mei et al., 2015),
the spatial properties for cytokine diffusion defined in the range of millimeters were unchanged in
the version of ENISI-MSM used in this paper.

L]

Scale Example scenario Spatial(m) Time(s) Technology Tool
Intra-cellular Signaling pathways Nano (nm) Nano ODE COPASI
Cellular Cell movement and subtype | Milli (mm) Tens ABM ENISI
Intra-cellular Cytokine-diffusion Milli (mm) Tens PDE ValuelLayer
Tissue Inflammation and lesions Centi (cm) | Thousands Projection ENISI

Table 2. The four scales of ENISI models, their spatial and temporal properties and modeling
technologies and tools used for each scale. (Table 1 as adapted from (Mei et al., 2015))

We updated the manuscript accordingly, please refer to L213-L223.

We thank the reviewer for pointing this out. We updated Table S1 with units for clarity. Lastly, we
want to clarify that the model deals with numbers and the units are annotations in the simulation
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hence the corrections in the dimensions above do not affect the simulation results in any way. All
the values used in the code were internally consistent with the model.

Reviewer #3, Comment 1: In this review, | am looking at the more limited questions on the matter
of units and scale, which have been raised by both Reviewer #1 and Reviewer #2.

Generally, | don't think the units matter, so long as they have been handled correctly (i.e., with
correct conversion and internal consistency within the computational model). The units should be
properly labeled in any parameter tables.

| tend to use microns and minutes (or seconds for some problems) for this scale of problem, but
there are others who just use cm and sec for everything. As long as the values are correct in the
displayed units (and as long as the code used internally consistent values), | think it's purely
aesthetic. That said, if something is being labeled on a multicellular level, then labeling 10 microns
will be much more appropriate than 10,000 nm.

Response to Reviewer 3, Comment 1: We thank the reviewer for highlighting this point. We
concur that the units don’t matter for the simulation results, but want to best clarify the dimensions
to make them relevant with the biology. We have labelled all the units in the parameter Table S1.
The values used in the code were internally consistent with the model and handled correctly. For
further clarity, we show the scales used in the previous ENISI models and the spatial and temporal
properties as described in (Mei et al., 2015) and included the Table 1 from (Mei et al., 2015).

Scale Example scenario Spatial(m) Time(s) Technology Tool
Intra-cellular Signaling pathways Nano (nm) Nano ODE COPASI
Cellular Cell movement and subtype | Milli (mm) Tens ABM ENISI
Intra-cellular Cytokine-diffusion Milli (mm) Tens PDE ValuelLayer
Tissue Inflammation and lesions Centi (cm) | Thousands | Projection ENISI

Table 2. The four scales of ENISI models, their spatial and temporal properties and modeling
technologies and tools used for each scale. (Adapted from (Mei et al., 2015)).

We updated the manuscript accordingly, please refer to L213-L223.

Reviewer #3, Comment 2: However, | want to further dig into Reviewer #2's concerns on grid
sizes and scales.

As | read this draft, | see at least one potential source of confusion: this team appears to be very
focused on mathematical and numerical methods. As such, they are using the word "cell" for
both a biological cell and a computational lattice site. This is a really bad idea, and the authors
should pick a better nomenclature (e.g., computational mesh or lattice site) to avoid this
confusion. They should never use "cell" to mean anything other than a biological cell once they
enter computational biology.

Response to Reviewer 3, Comment 2: The focus of the paper was to utilize an already published
tool (Mei et al., 2015) to study Helicobacter pylori infection. So, a significant focus of the work was
on the biology. However, we agree that the nomenclature should be clarified to avoid confusion
from using the term “cell” for both actual biological cells and space/grid units. In the revised
version of the manuscript we have substituted “grid cell” for “lattice site” and kept “cell” to refer to
biological cells.



Reviewer #3, Comment 3: Next, they need to be clearer about what their grids represent. They
should show a picture of the domain and meshing in their main text, and not just supplementary
material. They should probably also clarify that they are simulating a cross-section of tissue in
their model, rather than 3D or some top-down view. (At least from what | can tell.) (They seem to
address this in text, but showing the mesh will provide better clarity.)

Response to Reviewer 3, Comment 3: We thank the reviewer for their valuable suggestion
regarding this crucial point. We included a cartoon picture of the domain and mesh (as Fig. 2) in
the main text as opposed to in the supplementary material (as shown below).

We highlighted that we are simulating a cross-section of tissue in the model and we redefined it
as a simulation environment with 30 mm x 10 mm two-dimensional grid.

The size of an individual lattice site (previously referred to as grid cell in the paper) is 1 mm x
1mm.

We updated the manuscript accordingly, please refer to L231-L235.
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Reviewer #3, Comment 4: Assuming the authors now have a 30 micron x 10 micron domain,
they can simulate at most one epithelial cell, if it's all in plane. But if it's a cross-section, | suppose
they could have more. Perhaps many h pylori (which they size at about 1 micron), but not many
mammalian cells. So, their computational domain is still not very clear to me, and they should just
show it, with appropriate labeling. They seem to skip straight to population dynamics in their
figures, but it would be very helpful if they showed one actual spatiotemporal simulation. This
would make the nature and performance of their model much clearer.

Response to Reviewer 3, Comment 4: We thank the reviewer for their concern.

With a redefined computational simulation environment of 30 mm x 10 mm, the epithelium is
comprised of hundreds of epithelial cells.

For example, if the initial number of epithelial cells defined by the user is 12, the total number of
eplthellal cells amounts to = (30 X 1) dimension of epithelial compartment X 12/’nﬁal number = 360.



In addition to the figure of the grid environment, we included the screenshots of one actual in
silico simulation of H. pylori infection to highlight the spatiotemporal aspects of the modeling
outputs. The screenshots were created using Vislt version 2.12 (Childs et al., 2012), an interactive
visualization and analysis tool. As shown in Additional file Fig. S2 the screenshots represent the
spatial distribution of different agent cells over time points (2, 4, 5 and 6) distributed across the
2D grid. Further, we presented the insets in Fig. S2 showing a zoomed in portion of the respective
grids across the time steps 2, 4, 5 and 6.

We also want to clarify that the agents represented in the screenshots below are only for visual
representation and do not represent the actual size of the biological cells.

We updated the manuscript accordingly and added Fig 3, please refer to L333-L338.
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Fig S2. Time screenshots of a Helicobacter pylori infection modeled in a 30 mm
(length) x 10 mm (width) two-dimensional grid. The thickness of the compartment is
shown on the y-axis, such that: lumen spans (0 to 2) units, epithelium spans (2 to 3)
units, lamina propria spans (3 to 8) units and gastric lymph node across (8-10) units
on the scale. Two-dimensional distribution of different cell subsets over the time



steps (ticks) 2, 4 (top panels), 5 and 6 (bottom panels) are shown. The insets in each
image shows a zoomed in portion of the respective grids across the time steps 2, 4,
5 and 6. The agents represented in the screenshots below are only for visual
representation and do not represent the actual size of the biological cells.

Future refinements of the model will create agents of the actual sizes of cells.

Reviewer #3, Comment 5: On sizes and scaling, | fully agree with Reviewer #2: if this is indeed
a 30 micron x 10 micron cross section, there's no way there are more than a handful of mammalian
cells at any time in any simulation. If they have made a scaling argument (and there are such
arguments that could be made if formulated clearly and rigorously), they'd better be clear about
it. Any results that show thousands of mammalian cells in a 30 x 10 micron*2 domain are simply
beyond biophysical plausibility.

Response Reviewer 3, Comment 5: We defined the simulation environment as a 30 mm x 10
mm two-dimensional grid that represents a cross section area of stomach tissue modeled here.

Reviewer #3, Comment 6: Again, just actually showing a simulation (either a movie, or some
time snapshots, but showing locations of all the cell agents and substrate distributions) would help
clarify things much more. No limit to the number of cells in a mesh site, while mathematically
possible, does not make sense on such a small simulated domain. Even though the authors
treated the cell agents as no size (infinitesimal points), there are physical limits, and moreover if
each cell is absorbing / secreting things at appropriate rates, then there should be ridiculous
amounts of secretion of growth factors and ridiculous depletion of growth substrates, if there is a
huge overcrowding of hundreds or thousands of mammalian cells in a 1 micron x 1 micron lattice
site.

Response to Reviewer 3, Comment 6: We thank the reviewer for their valuable suggestion
and have included time snapshots for the simulation (time points 2, 4, 5 and 6) created using
Vislt version 2.12 (Childs et al., 2012), an interactive visualization and analysis tool. Please refer
to Additional file Fig S2 also included in the above response to Comment 5.

The hybrid multiscale modeling platform ENISI MSM is currently capable of scaling up to up to
10° agents, at which the memory (on a 32 GB node) was exceeded due to the large number of
agents.

Reviewer #3, Comment 7: If that's what's going on, the authors really do need to take a step
back and consider domains sufficiently large to capture hundreds or thousands of mammalian
cells. This is not simply a matter of relabeling axes: it's a matter of simulating a larger physical
domain that is suited to the size of objects (mammalian cells) that they are considering, with
biophysically reasonable parameters. The authors need to carefully review all their parameters
(e.g., cell densities) to ensure they are correctly scaled and reasonable. If there is nobody on the
team with sufficient domain expertise to review these parameters and results to check for
reasonableness, it may be time to grow the team. Given that actual mammalian cells are much
larger than the computational lattice sites, there must be constraints: if a lattice site is "occupied”
by a mammalian cells, so are many (or most!) of the surrounding lattice sites. They would be no-
fly zones for further mammalian cells. The common way to solve such problems is to use
computational lattice sites that are of comparable size to the largest biological cells (e.g., 1
biological cell per lattice site, as a cellular automaton model), or use very large lattice sites (e..g,
100 micron x 100 micron) that can truly contain multiple cells.



Response to Reviewer 3, Comment 7: We thank the reviewer for their suggestion on the size
of the lattice site.
In the current model, the size of the lattice site (referred as spatial grid previously) is Tmm x
1mm, capable of containing multiple cells.
The total number of agents in a compartment of size (length x width) is calculated as follows:
number (agents) x size (compartment),
For example, if the user set the initial number of epithelial cell agents to be 12, the total number
of epithelial agents within the epithelium compartment amounts to -

12initial_number X (30 X 1)size_epithelilum_compartment = 360.

Reviewer #3, Comment 8: All is not lost, however. If for some reason that larger domain is
computationally infeasible (hard to imagine), the authors really don't need a 1 micron mesh
resolution for most of the effects here. The diffusion length scale of most chemokines and
diffusing substrates would not require a 1 micron mesh resolution. (And numerical stability will
improve if coarser mesh resolutions are used.) If the authors feel a 1 micron mesh is needed for
the bacteria, they could easily use a separate mesh. This work looks interesting. | think the team
has a great contribution to make, if they pay a bit closer attention to the biophysical limits of their
system.

Response to Reviewer 3, Comment 8: The computational domain used here is of 30 x 10
units in size and the individual lattice site is 1 units for the simulation. The lattice site is a
configurable run parameter and can be changed without modifying the model.

We thank the reviewer for their valuable suggestions, inputs and concerns and have tried to clarify
the questions around the grid dimensions.

With these revisions and clarifications, we believe that the revised manuscript is acceptable for
publication.

Thank you for considering this work.
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