
Predictive Computational Modeling of the Mucosal
Immune Responses during Helicobacter pylori Infection
Adria Carbo1,2, Josep Bassaganya-Riera1,2,4, Mireia Pedragosa1,2, Monica Viladomiu1,2,

Madhav Marathe2,3, Stephen Eubank2,3, Katherine Wendelsdorf2,3, Keith Bisset2,3, Stefan Hoops1,2,

Xinwei Deng2,5, Maksudul Alam2,3, Barbara Kronsteiner1,2, Yongguo Mei1,2, Raquel Hontecillas1,2*

1 Nutritional Immunology and Molecular Medicine Laboratory, Virginia Bioinformatics Institute, Virginia Tech, Blacksburg, Virginia, United States of America, 2 Center for

Modeling Immunity to Enteric Pathogens Virginia Bioinformatics Institute, Virginia Tech, Blacksburg, Virginia, United States of America, 3 Network Dynamics and

Simulation Science Laboratory, Virginia Bioinformatics Institute, Virginia Tech, Blacksburg, Virginia, United States of America, 4 Department of Biomedical Sciences and

Pathobiology, Virginia-Maryland Regional College of Veterinary Medicine, Virginia Tech, Blacksburg, Virginia, United States of America, 5 Department of Statistics, Virginia

Tech, Blacksburg, Virginia, United States of America

Abstract

T helper (Th) cells play a major role in the immune response and pathology at the gastric mucosa during Helicobacter pylori
infection. There is a limited mechanistic understanding regarding the contributions of CD4+ T cell subsets to gastritis
development during H. pylori colonization. We used two computational approaches: ordinary differential equation (ODE)-
based and agent-based modeling (ABM) to study the mechanisms underlying cellular immune responses to H. pylori and
how CD4+ T cell subsets influenced initiation, progression and outcome of disease. To calibrate the model, in vivo
experimentation was performed by infecting C57BL/6 mice intragastrically with H. pylori and assaying immune cell subsets
in the stomach and gastric lymph nodes (GLN) on days 0, 7, 14, 30 and 60 post-infection. Our computational model
reproduced the dynamics of effector and regulatory pathways in the gastric lamina propria (LP) in silico. Simulation results
show the induction of a Th17 response and a dominant Th1 response, together with a regulatory response characterized by
high levels of mucosal Treg) cells. We also investigated the potential role of peroxisome proliferator-activated receptor c
(PPARc) activation on the modulation of host responses to H. pylori by using loss-of-function approaches. Specifically, in
silico results showed a predominance of Th1 and Th17 cells in the stomach of the cell-specific PPARc knockout system when
compared to the wild-type simulation. Spatio-temporal, object-oriented ABM approaches suggested similar dynamics in
induction of host responses showing analogous T cell distributions to ODE modeling and facilitated tracking lesion
formation. In addition, sensitivity analysis predicted a crucial contribution of Th1 and Th17 effector responses as mediators
of histopathological changes in the gastric mucosa during chronic stages of infection, which were experimentally validated
in mice. These integrated immunoinformatics approaches characterized the induction of mucosal effector and regulatory
pathways controlled by PPARc during H. pylori infection affecting disease outcomes.
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Introduction

Helicobacter pylori is a Gram-negative, microaerophilic bacterium

of the Epsilonproteobacteria that colonizes the stomach of nearly a

half of the world’s population. The presence of H. pylori in the

stomach has been associated with various gastric diseases: gastritis,

peptic ulcer disease, gastric adenocarcinoma, and gastric mucosa-

associated lymphoma [1]. CD4+ T helper cells (Th) are

recognized as a key component of the adaptive immune response

to extracellular bacteria and a dominant component of immune

responses to H. pylori [2–5]. However, the mechanisms by which

CD4+ T cells control H. pylori infection, disease and the associated

gastric immunopathology are incompletely understood.

Th1 cells are induced by IL-18, IL-12 and IFNc and express T-

bet and STAT1 [6], which delineate their effector function. IFNc

secreted by Th1 cells activates effector functions of macrophages

and dendritic cells (DC) in the gastric LP. IL-17-producing Th17

cells promote effector and inflammatory responses that can aid in

fighting infections but can also be implicated in tissue damage.

Their induction is determined by the combination of IL-6 and

TGF-b in the tissue environment, which activate STAT3 and

RORct, two transcription factors involved in Th17 differentiation

[7]. IL-17-producing cells enhance epithelial and neutrophil-

derived antimicrobial activity and bacterial clearance during early

infection with enteroaggregative Escherichia coli (EAEC) [8]. Th17

cells can also produce IL-22, which alone or in combination with

IL-17 induces the production of antimicrobial peptides involved in

bacterial clearance [9]. In contrast to Th17 cells, regulatory T cells

(Tregs) are the main anti-inflammatory CD4+ T cell phenotype
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and their primary role is to down-modulate effector or inflamma-

tory responses, thus facilitating mucosal homeostasis [10].

The genetic makeup of the host and its interaction with H. pylori

predispose to clinical outcomes during infection [11]. The nuclear

receptor peroxisome proliferator activated receptor gamma,

(PPARc) is a crucial regulator of immune responses [12]. We

recently demonstrated that gastric colonization with H. pylori

ameliorates glucose homeostasis in mice through a PPARc-

dependent mechanism involving the modulation of macrophage

and Treg cell infiltration into the abdominal white adipose tissue

and neuroendocrine changes in the stomach [13]. Interestingly,

two recent clinical studies suggest an association between PPARc
and H. pylori-related gastric carcinoma [14,15]. Also, PPARc is

upregulated during H. pylori infection [16,17]. Furthermore,

disruption of the PPARc pathway by microRNA-146b may be

implicated in the regulation of Th17 responses and colitis in

Clostridium difficile-infected mice [18], and PPARc tightly controls

the plasticity of Th17 cells towards an iTreg phenotype [19].

Despite these advances in understanding the role of PPARc in

mucosal immunoregulation, the mechanisms underlying the

modulation of gastric mucosal effector and regulatory pathways

during H. pylori infection are not completely understood.

Results of human studies support the theory that pathogenic

subsets of T cells are instrumental in inducing H. pylori-associated

gastritis and ulcers [2,20]. More, specifically, patients with peptic

ulcer disease exhibit stronger Th1 and Th2 responses to H. pylori

infection than asymptomatic carriers, whereas the latter exhibit a

Treg-predominant response during infection [2], suggesting that

Treg cells might contribute to the persistence of H. pylori in the

stomach as a harmless commensal organism. Indeed, IL-10-

producing Treg cells were particularly abundant in the gastric

mucosa of healthy carriers compared to peptic ulcer disease

patients [2]. Thus, CD4+ T cells play a decisive role in initiating

and shaping the progression of disease and pathological outcomes

in H. pylori infected individuals.

Mathematical modeling provides novel means of synthesizing

cellular, molecular and tissue-level data into a common systems-

level framework. Herein, we used two complementary types of

modeling to study the impact of H. pylori infection in effector and

regulatory pathways at the gastric mucosa. In ODE-based

modeling, the variables of the equations represent average

concentrations of the various components of the mathematical

model whereas ABM takes into consideration the rules and

mechanisms of behavior of the individual components of the

system and spatiotemporal distribution of agents within the system.

In contrast to ODE models that have fully developed, mature and

automated systems of parameter estimation, a key limitation of

ABM is that sensitivity analysis and parameter estimation methods

are immature. To investigate how the interplay between CD4+ T

cells and other immune and epithelial cell subsets in the gastric

mucosa contributes to driving gastric pathology, we formalized a

computational model of H. pylori infection using ODE and ABM

approaches sequentially. We show that H. pylori infection triggers a

predominant infectious dose-dependent Th1 response that is

paralleled by a concurrent Treg response at the gastric mucosa.

We also provide evidence in support of a role for increased effector

T cell responses and the loss of PPARc as key contributors to

gastric immunopathology during Helicobacter infection. Further-

more, our simulations predict that the main cause of gastric

damage in the chronic phase of the infection is the pro-

inflammatory and effector immune response driven predominantly

by effector T cells.

Materials and Methods

Ethics statement
All experimental protocols were approved by the Virginia Tech

institutional animal care and use committee (IACUC) (Protocol

Numbers: 10-087-VBI & 11-189-VBI) and met or exceeded

guidelines of the National Institutes of Health Office of Laboratory

Animal Welfare and Public Health Service policy. Animals were

under strict monitoring throughout the duration of the project and

all efforts were made to minimize unnecessary pain and distress.

Mice were euthanized by carbon dioxide narcosis followed by

secondary cervical dislocation.

Computational modeling
The computational model of the mucosal immune responses to

H. pylori was developed in the following steps: first, the structure

model as shown in Figure 1 was developed using CellDesigner, a

widely used Systems Biology Markup Language (SBML)-compli-

ant network structure model development tool. Immune responses

to H. pylori represented in the model were based on a

comprehensive and thorough literature review as well as time-

course data generated by us. The inflammatory network portrayed

is encoded as follows: Inflammation is initiated when H. pylori is

innoculated in the gastric lumen. H. pylori lives in close proximity

to the epithelial lining (i.e., floating on the mucus barrier) and can

adhere directly to the host cell membrane and deliver toxins. The

virulence factor CagA is injected directly into host cells by the

bacteria through a type IV secretion system. CagA’s ability to

perturb cell polarity is important for the efficient survival and

growth of H. pylori on the apical surface of the host cell, therefore,

being able to replicate in the lumen [21]. Epithelial cells in contact

with H. pylori initiate a pro-inflammatory response characterized

by production of chemokines, activation of DCs, macrophages and

T cells [22]. H. pylori can also translocate and migrate into the

gastric LP, thus attracting effector DCs [23], directing tolerogenic

programming of DCs [24] and enhancing M1 polarization [25].

As expected, APCs engulfing H. pylori will display H. pylori

antigenic determinants associated with MHC and will activate

effector and regulatory CD4+ T cell differentiation. The

regulation of DCs can restrict different phenotypes, such as Th1

[26]. The secretion of different factors such as IFNc, IL-17 or IL-

1b will activate macrophage differentiation [27] and these

differentiated macrophages will help to clear H. pylori in the

gastric LP. At the same time, H. pylori-infected macrophages can

induce Th17 cell responses as a positive feedback loop [28].

During this literature search, a database used for model

calibrations was also created. Secondly, we implemented the

model in both COPASI and ENISI with dynamics of species and

reactions defined. COPASI [29] is a widely used tool for ODE-

based modeling; ENISI [30] a short name for Enteric Immunity

Simulator, is an agent-based modeling tool, which has been

developed by the Center for Modeling Immunity to Enteric

Pathogens. The averaged-based ODE-based approach can pro-

vide mature and computationally efficient numerical algorithms

especially for model calibration for modeling average behavior,

while the agent-based approach can provide modeling capabilities

of individual based behavior, stochasticity, and cell movements

easily. The COPASI modeling tool can run in both local machines

and condor clusters through an online job submission system. The

agent-based modeling tool, ENISI, is high-performance comput-

ing (HPC)-based and it runs on our super computer system

Shadowfax, a hybrid cluster with 912 processor cores, 5.4 TB of

RAM, 40 Gb/s InfiniBand network and 80TB parallel storage. An

online job submission system of ENISI has been developed for

Modeling Host-H. pylori Interactions
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submitting in silico experiments through a web interface. These two

approaches complement each other. Third, the model was

calibrated using the calibration database including time-course

data (Table S1) and assuming some biological facts regarding the

behavior of specific cell types in the system (Table S2). A

comprehensive list of markers used in flow cytometry to

characterize immune cell populations can be found in Table S3.

Sensitivity analysis and parameter estimation have been

performed in COPASI using a Particle Swarm algorithm and in

ENISI using statistical data mining and variance-based analysis

techniques, such as local sensitivity analysis using partial factorial

experiments and sparse designs. In parallel with the computational

modeling effort, we identified key experiments in mice to validate

model predictions. The iterative computer modeling and exper-

imentation cycle has provided a more complete systems-level

understanding of the cellular mechanisms underlying immune

responses to H. pylori. Novel ideas and hypotheses can be easily

generated and tested in silico with significant time and cost

savings. Therefore, the model was able to predict trends in the

behavior of distinct cell types and these computational predictions

were validated with experimental data (Table S4). The model

developed in this study is published through the MIEP web portal

at www.modelingimmunity.org and available at Biomodels.net

(MODEL1307130000). More specifically, in the MIEP website, a

tool called CellPublisher is used to publish the annotated model on

the web portal that can allow users to navigate the network model

in Google-map way and the annotations including the protein

structure are presented as tags and 3-D animations.

Mice and H. pylori Challenge
Eight to twelve week-old wild-type C57BL/6 mice were fasted

for 8 hours and challenged via orogastric gavage with either PBS

or 500 mL of 56107, 108, 109 or 1010 CFU/mL of H. pylori strains

26695, SS1 or PM-SS1, on days 0, 2 and 4. Urea was added to the

drinking water at a concentration of 5% w/v to facilitate bacterial

colonization. Mice were checked daily for signs of disease. At day

Figure 1. Network model of the mucosal immune responses during Helicobacter pylori infection. Systems Biology Markup Language
(SBML)-compliant network of the interactions between H. pylori and cells participating in the innate and adaptive immune response such as
macrophages (M1 and M2), dendritic cells (tDC and eDC), epithelial cells (E) and CD4+ T cell subsets (Th1, Th17, iTreg) in the gastric lumen, the
epithelium, lamina propria (LP) and the gastric lymph nodes (GLN).
doi:10.1371/journal.pone.0073365.g001

Modeling Host-H. pylori Interactions
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7, 14, 30 and 60 post infection mice were euthanized and spleen,

gastric lymph nodes (GLN) as well as the stomach were excised for

further analysis. Mice were housed under a 12:12 light-dark ratio

at the animal facilities at Virginia Tech. All experimental

procedures were approved by the Institutional Animal Care and

Use Committee of Virginia Tech and met or exceeded the

requirements of the Public Health Service/National Institutes of

Health, the Animal Welfare Act and Public Health Service policy.

Animal experimentation was performed under IACUC protocols

10–087 VBI and 11–189 VBI.

H. pylori culture
H. pylori strain 26695 (ATCC), SS1 and PM-SS1 were grown on

plates prepared with Difco Columbia blood agar base (BD

Biosciences) supplemented with 7% of horse blood (Lampire)

and antibiotics at 37uC under microaerophilic conditions. To

prepare whole cell (WC) bacterial antigens, bacteria were

inactivated with 4% formaldehyde for 26 hours followed by two

washing steps with PBS. Inactivated WC H. pylori antigen

preparations were resuspended in PBS, quantified and stored at

220uC until further use. Bacterial inactivation was confirmed by

culturing formaldehyde treated H. pylori for at least 4 days as

described above.

Preparation and processing of single cell suspensions
Spleens and GLN were excised and crushed in PBS/5% FBS

using the frosted ends of two sterile microscope slides and a syringe

plunger, respectively. Single cell suspensions were centrifuged at

3006g for 10 min and washed once with PBS. In case of

splenocytes, red blood cells were removed by osmotic lysis prior to

the washing step. For LPL isolation, stomachs were cut open and

rinsed with PBS prior to 10 min treatment with 5% Acetylcysteine

(Sigma) in HBSS with 2.5% Hepes and 10% FBS, at room

temperature for 10 min. After treatment, stomachs were digested

with 300 U/mL of collagenase (Sigma) and 50 U/mL of DNAse

(Sigma) for 90 min at 37C under constant agitation and the cell

suspension was filtered with a 100mm strainer. Single cell

suspensions from GLN and spleen were either freshly stained for

flow cytometry or stimulated with 5 mg/mL of plate-bound anti-

mouse CD3 (BD Biosciences) for 6 hours. To inhibit protein

secretion from cells, GolgiStopTM (BD Biosciences) was added for

the last 4 hours of incubation according to the manufacturer’s

instructions. Lymphocytes from LPL extraction were enriched

using a 44/67% Percoll gradient, washed in PBS and resuspended

in FACS buffer. Flow cytometric analysis of ex vivo-stimulated cells

was performed to assess phenotype and function different immune

cell populations.

Immunophenotyping and cytokine analysis by flow
cytometry

For fluorescent staining of immune cell subsets 4–66105 cells

were incubated for 20 min with fluorochrome-conjugated primary

mouse specific antibodies: anti-CD3 PE-Cy5 clone 145-2C11

(eBioscience), anti-CD4 PE-Cy7 clone GK1.5 (eBioscience), anti-

CD4 APC clone RM4-5, anti-CD45 APC-eFluor780 clone 30-F11

(eBioscience) and anti-CD25 Biotin clone 7D4 (BD Biosciences).

Cells were washed with FACS buffer (PBS supplemented with 5%

FBS and 0.09% sodium azide) and incubated for another 20 min

with PE-Texas Red-conjugated streptavidin (BD Biosciences). For

intracellular staining of transcription factors and cytokines, cells

were fixed and permeabilized using a commercial kit according to

the manufacturer’s instructions (eBioscience). Briefly, cells were

fixed and permeabilized for 20 minutes, Fc receptors were blocked

with mouse anti-CD16/CD32 FcBlock (BD Biosciences) and cells

were stained with fluorochrome-conjugated antibodies towards

anti-mouse/human Tbet PerCP-Cy5.5 clone 4-B10, anti-mouse,

FOXP3 FITC clone FJK-16s, IL-17A APC clone eBio17B7 and

IFN-c PE-Cy7 clone XMG1.2 (eBioscience). All samples were

stored fixed at 4uC in the dark until acquisition on a LSR II flow

cytometer (BD Biosciences). A live cell gate (FSC-A, SSC-A) was

applied to all samples followed by single cell gating (FSC-H, FSC-

W) before cells were analyzed for the expression of specific

markers. Data analysis was performed with FACS Diva (BD

Biosciences) and Flow Jo (Tree Star Inc.).

Statistical analysis
Parametric data were analyzed by using the ANOVA followed

by Scheffe’s multiple comparison method. Nonparametric data

were analyzed by using the Mann-Whitney’s U test followed by a

Dunn’s multiple comparisons test. The ANOVA was performed

by using the general linear model procedure of SAS, release 6.0.3

(SAS Institute). Statistical significance was assessed at a p-value

#0.05. To assess the significance in the knock-out models when

compared to the wild-type we used a functional T-test approach.

The objective of the functional T-test is to evaluate whether two

groups of functional curves are statistically different. Specifically,

we defined X1i(t),i~1,:::,n1 as the functional curves of the first

group and x2j(t),j~1,:::,n2 as the function curves for the second.

To evaluate the difference between two groups of curves, we

considered the absolute value of a t-statistic at each point:

Tstat(t)~
Dx1(t){x2(t)Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
1

(t)

n1
z

s2
2

(t)

n2

r

Where xk(t)~ 1
nk

Pnk

i~1

xki(t), k~1,2, and s2
k(t) is the sample

variance of xki(t) at the time point t The values of Tstat(t) can

provide the relative difference of the two groups of curves, For the

test statistic, we considered the maximum value of Tstat(t). To find

a critical value of this statistic, we use a permutation test by first

performing a randomly shuffle of the labels of the curves and then

recalculating the maximum of Tstat(t) with the new labels.

Repeating this procedure many times can provide an empirical

null distribution of Tstat(t). Therefore, we can calculate the critical

point as a reference for evaluating the values of observed Tstat(t).
The values over the calculated threshold will be viewed as

statistically significant. To evaluate the effect of epithelial cell

damage in the ABM model, preliminary analysis for model

sensitivity was conducted. Specifically, we collected the values for

number of cells that modulate epithelial cell damage from the

ABM model output datasets and grouped them by genotypes. The

maximum value of cell counts was used to make 10 cell count

range uniformly. Such range was then used to construct heat maps

showing the relative significance of different immune subsets over

the epithelial cell damage.

Results

Mathematical modeling of mucosal immune responses
to H. pylori infection

Given the complexity, nonlinearity and abundance of feedback

loops in mucosal immune responses to H. pylori and to facilitate a

better understanding of the mechanisms underlying such immune

responses at the systems level, we constructed a SBML network

model depicting the major effector and regulatory pathways

Modeling Host-H. pylori Interactions

PLOS ONE | www.plosone.org 4 September 2013 | Volume 8 | Issue 9 | e73365



evoked during H. pylori infection [31] (Figure 1). The model is

comprised of four distinct compartments: the lumen, epithelium,

gastric LP, and gastric lymph nodes (GLN). The same network was

used for ODE and ABM efforts. The ODE model is comprised of

24 species and 43 reactions in both gastric mucosa and GLN, and

encompasses immune networks, which lead to 19 ordinary ODE

(Figure S1). In both ABM and ODE models, effector cell types

such as M1 macrophages, Th1, Th17, and pro-inflammatory

epithelial cells secrete cytokines and chemokines that i) recruit

immune cells, ii) promote activation and differentiation to

inflammatory phenotypes, and iii) secrete effector molecules that

destroy bacteria and may cause tissue damage. Regulatory

hematopoietic cells such as M2 macrophages, tolerogenic DCs,

and Treg cells act antagonistically to their inflammatory/effector

counterparts through various contact- and cytokine-dependent

mechanisms [32–34].

Immune cell populations are categorized by immunological

state (resting, active inflammatory, regulatory), epithelial cells are

sub-divided in healthy and damaged subtypes. All populations are

further compartmentalized by location in one of four tissue sites

(GLN, gastric LP, epithelium and lumen). Computational

variables are the absolute number of cells in each compartment

over time. Cell differentiation is represented as a flow from one

cell-type to another, and migration as a flow from one location

compartment to another. In the ABM, individual cells are

represented as state-defined agents with concrete spatiotemporal

features that follow the model paradigm, changing their state and

triggering different reactions as time progresses. This set of agents

encapsulates the behaviors of the various individuals that form the

system and execution consists of emulating these behaviors after H.

pylori infection.

Our ABM represents the migration of H. pylori from the mucous

layer of the gastric lumen towards the epithelium and invasion of

the LP. However, upon contact of the bacterium with a healthy

epithelial cell, represented as E, bacterial infection is initiated and

this epithelial cell starts secreting inflammatory mediators,

represented as E_damaged in the network model, thus triggering

an inflammatory response that affects macrophages and DCs

locally in the LP, which can adopt effector (M1 and effector

dendritic cell or eDC) or regulatory (M2 and tolerogenic dendritic

cell or tDC) phenotypes. Tolerogenic bacteria (TolB) are also

represented, highlighting how commensalism helps to maintain a

regulatory phenotype at the gut mucosa.

The ODE model was calibrated using a Particle Swarm

algorithm [35] implemented in COPASI [36] with in vivo flow

cytometry data (Table S1). Calibration datasets were obtained by

intragastrically infecting C57BL/6 mice with H. pylori strain 26695

and assaying immune cell subsets (Table S3) in the stomach and

gastric lymph nodes (GLN) on days 0, 7, 14, 30 and 60 post-

infection. In the case of the ABM model, ODE-based model

parameter values were used to provide initial values and to narrow

the search for parameter values in the estimation. Since parameter

estimation techniques in stochastic agent-based processes are not

as mature as in ODE tools, starting the parameter value search

near the ODE solution facilitates the subsequent trial-error

experimentation to find the right parameter that will represent

best the experimental data. For this reason, we use ODE-based

parameters as a first step in the parameterization process in the

ABM-based model. This parameter evolution from the initial

ODE values to the final ABM parameter set is represented in

Table S5.

H. pylori modulates CD4+ T cell subsets in the GLN and
gastric LP

Since CD4+ T cells play a crucial role in determining the

outcome of disease during H. pylori infection, we sought to

determine the relative contributions of effector and regulatory

CD4+ T cell subsets in the gastric mucosa during infection. Our

ODE modeling approaches showed a distinct time-dependent

behavior in Th1, Th17 and iTreg cells represented in the

mathematical model during H. pylori infection. Th17 cells slightly

increased at day 10 post-infection, but as time progressed, they

arrived to a plateau at lower levels than Th1 and iTreg cells. In

contrast, iTreg cells increased, reaching a stable steady state

around day 35 that persisted until day 60 post-infection

(Figure 2A). Th1 cells chronically populated the gastric LP

throughout the infection period, thereby contributing to the

overall inflammation of the gastric LP. T cell responses at the gut

mucosa were partially controlled by the balance between effector

and tolerogenic DCs (eDC and tDC respectively) and the

equilibrium constants in our computational model (Figure 2B).

Flow cytometry analysis of tissues recovered from C57BL/6 wild-

type mice infected with H. pylori strain 26695 demonstrated that

Treg cells were present in both spleen (Figure 2C) and GLN

(Figure 2D), and their numbers were increased starting at day

7 post-infection, reaching a peak around day 30 and persisting

throughout the entire infection period. Moreover, we observed the

presence of significantly increased percentages of Th1 cells in

spleens of H. pylori-infected mice on day 30 post-infection

(Figure 2E). Histopathological analysis of gastric specimens

showed mild leukocytic infiltration on the gastric LP (Figure 2F)

and a slight but significant increase of gastric mucosal hyperplasia

(Figure 2G). Additionally, increasing infectious doses of H. pylori

innoculation elicited a dose-response behavior for Th1 (Figure

S2A) and Th17 cells in the gastric LP (Figure S2B). To validate

this model prediction, we performed a dose-response study where

mice were inoculated with 0, 108, 109 or 1010 CFU/mL H. pylori

strain 26695. In vivo results demonstrated that the expression of T-

bet and RORct, as well as the production of IFNc, all within the

CD4+ T cell compartment, is dependent on the initial inoculation

dose of H. pylori (Figure S2C-S2E).

Myeloid cell-specific PPARc deletion modulates
macrophage, dendritic cell, and T cell differentiation
during H. pylori infection

PPARc is recognized as an important immunoregulatory

molecule in the gastrointestinal mucosa. To elucidate the role of

PPARc in both myeloid and T cell subsets during H. pylori

infection, we created cell-specific knockout models. First, to

simulate the myeloid-specific PPARc knockout system we reduced

the maximum rate of undifferentiated macrophage M0 transition-

ing to alternatively-activated M2 macrophages, reduced the

maximum rate of M1 conversion to M2 macrophages [37,38],

and reduced the rate of iDC switching to tDC by cytokines [39].

In the case of the T cell-specific PPARc knockout, we lowered the

rate of naı̈ve CD4+ T cells becoming iTreg [40], the maximum

rate of Th17 differentiation to iTreg [38] and the rate of

constitutive iTreg stimulation [40,41]. Simulation results showed a

marked impact of the loss of PPARc on myeloid cell populations

following infection. Specifically, when compared to the wild type

model, there was an increase in eDC and decreased tDC in both

the gastric LP and the GLN (Figure S3A and S3B). Similarly,

elevated M1 and reduced M2 macrophage numbers in the LP

were observed (Figure S3C and S3D). Along with the elevated

inflammatory response in the myeloid cell populations we found a

Modeling Host-H. pylori Interactions
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decline in H. pylori in the gastric lumen indicating more efficient

clearance (Figure S3E) and a slightly elevated epithelial cell death

(Figure S3F) in the myeloid-specific PPARc knockout model when

compared to the wild-type system. The T cell-specific PPAR c
knockout model showed elevated Th1 and Th17 (Figure 3A and

3B) when compared to the wild-type model, whereas iTreg cell

levels in the LP were dramatically decreased (Figure 3C).

Interestingly, no differences in the numbers of effector or

tolerogenic DC were observed (Figure 3D and 3E). However, a

lack of PPARc in T cells had a mild effect on macrophage

populations, increasing the expansion of M1 macrophages

(Figure 3F) and decreasing the numbers in the M2 alternatively

activated macrophage subset (Figure 3G).

Modeling stochasticity in cellular responses during H.
pylori infection by using ENteric immunity sImulator
(ENISI)

To further characterize the immunological mechanisms under-

lying mucosal immune responses to H. pylori in a stochastic system,

we used ABM based on parameter values derived from refinement

on our initial ODE model parameters (Table S5). When

probabilistic approaches are used, the complex immunological

processes can be better represented. We adopted the ABM tool

ENteric Immune Simulator (ENISI) developed by us and available

at www.modelingimmunity.org [30]. To calibrate the ABM we

used a set of parameters derived from our ODE-based modeling

approaches as initial values before refinement. After implementing

the model specification as well as the initial concentrations as

Figure 2. Effector and regulatory CD4+ T cell subsets modulate the immune responses during Helicobacter pylori infection. (A) In silico
time-course experiment performed with a challenge of 56107 colony forming units of initial H. pylori injected in the mathematical model, showing
differences in numbers of gastric lamina propria (LP) CD4+ T cell subsets over time. (B) Equilibrium constant regulating CD4+ T cell gastric lymph
nodes (GLN) differentiation in our computational model. (C, D) Flow cytometry analysis results showing differences in the percentages of regulatory T
(Treg) cells in spleen and GLN. (E) Flow cytometric analysis showing differences in the expression of IFNc+ Tbet+ CD4+ T (Th1) cells in the spleen at
day 30 post-infection. (F, G) Histopathological analysis on the gastric mucosa showed lesions consistent with H. pylori infection. Mouse stomachs had
increased leukocyte infiltration in the LP and gastric mucosal thickening due to epithelial cell proliferation.
doi:10.1371/journal.pone.0073365.g002
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previously described [42], we ran simulations up to 60 days post-

infection and analyzed the changes in cell concentrations in both

LP and GLN. Results expressed in heat map concentrations show

a significant increase in the concentration of CD4+ T cells in both

the gastric LP and the GLN (Figure S4). Taking a closer look at

CD4+ T cell subsets following infection in the wild-type model, we

observed that in the GLN, Th1 cells peaked on day 30 post

infection and remained at high levels with fairly constant values

throughout the rest of the infection period (Figure 4A, 4G). Th17

responses were induced in the GLN and later detected in the LP,

together with a Treg cell response that persisted over time in both

gastric LP (Figure 4B, 4C) and GLN (Figure 4H, 4I).

ABM highlights the immunoregulatory role of PPARc in
modulating host responses towards H. pylori in silico

In order to investigate the role of PPARc in mucosal immune

responses to H. pylori in silico, we engineered T cell-specific and

myeloid cell specific PPARc knockout models. Specifically, to

create an in silico cell-specific knockout model, rates of regulatory

phenotype differentiation were lowered and rates controlling

effector response in both LP and GLN were increased. A side-by-

side comparison on the parameter changes implemented in the T

cell- and myeloid cell-specific PPARc knockout systems can be

found in Table S6. We used a functional T-test to visualize

statistically significant differences over time when comparing wild-

type and the knockout models. Our results showed a statistically

significant expansion of Th1 in the T cell-specific PPARc null

system when compared to the wild-type starting around day 35

and increasing the difference throughout the infection up to day

60 in the gastric LP (Figure 4A and 4D). In the GLN, significant

differences were first detected around day 50 and peaked

throughout the rest of infection (Figure 4G and 4J). No statistically

significant differences in Th1 cell numbers were found between

the wild-type and the myeloid cell-specific PPARc knockout

system (Figure 4A, 4D, 4G and 4J). Regarding Th17 cells, these

simulations depicted the immunoregulatory role of PPARc in the

myeloid subset since we observed significant differences in

enhanced Th17 responses in the myeloid cell-specific PPARc
knockout model when compared to the wild-type. More specifi-

cally, there was a statistically significant effect starting at day 30

and remaining significant until day 60 in the gastric LP (4B and

4E) and the GLN (4H and 4K). Th17 cell numbers were also

significantly higher in the T cell-specific PPARc knockout model

Figure 3. In silico dynamics of gastric mucosal T cell subset in wild-type and T cell-specific peroxisome proliferator-activated
receptor c (PPARc) knockout mice following infection with Helicobacter pylori. Time-course experiments following infection with 56107

colony-forming units (CFU) of H. pylori to determine dynamics on CD4+ T cell phenotypes. Blue lines represent wild type mice and violet lines
represent T cell-specific PPARc knockout mice. T helper (Th) 1 (A), Th17 (B), induced regulatory T cell (iTreg) (C), effector dendritic cells (D), tolerogenic
dendritic cells (E), M1 macrophages (F) and M2 macrophages (G) are illustrated.
doi:10.1371/journal.pone.0073365.g003
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Figure 4. Enteric Immunity Simulator (ENISI) output results and assessment of the role of the Peroxisome Proliferator Activated
Receptor c (PPARc) in both the myeloid and T cell subset modulated T cell responses after Helicobacter pylori infection in silico in the
gastric lamina propria (LP) and gastric lymph nodes (GLN). The H. pylori ABM was run as a time-course for 60 days. Model parameters were
changed to simulate myeloid or T cell-specific PPARc knockout systems as described in Table S2. Dynamical variation of Th1 (Figure 6A, 6G) as well as
Th17 (Figure 6B, 6H) and regulatory T cells (Figure 6C, 6I) changing over time were plotted. A functional T-test was used with 95% confidence interval
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when compared to the wild-type model in both LP (Figure 4B and

4E) and the GLN (Figure 4H and 4K). T cell-specific PPARc
deficiency significantly impaired the expansion of the iTreg cell

compartment starting at day 30 and showed an oscillatory

behavior and significant differences until day 60 in the gastric

LP (Figure 4C and 4F). In the GLN, the differences between the T

cell specific PPARc knockout and the wild-type were significantly

noticeable during the whole period of infection (Figure 4I and 4L).

The myeloid cell-specific PPARc knockout showed similar

differences. In the case of the GLN, the myeloid cell-specific

PPARc knockout model showed significant differences when

compared to the wild type up to day 30 post-infection (Figure 4I

and 4L).

Gastric histopathological lesions are formed as a
consequence of effector immune activation during the
chronic phase of the H. pylori infection

Sensitivity analysis shows whether the model predictions are

sensitive to model parameters and concentrations. It also helps to

understand complex relationships between distinct model vari-

ables. We extended our modeling approaches to determine which

are the main factors involved in gastric lesion development during

H. pylori infection by using sensitivity analysis. Our sensitivity

analysis results using ABM showed how at the early stage of

infection (up to week 2 post-challenge), the epithelial cell damage

is mainly caused by the bacterium (Figure 5A). Interestingly, as the

infection progresses, we observed a trend towards Th1 and Th17

cells triggering epithelial cell damage starting 3 weeks post-

infection. At the chronic phase of the infection (i.e., around 6–8

weeks post-infection), our results showed a dominant role of Th1

and Th17 effector cells in inducing epithelial cell damage

(Figure 5A). H. pylori induced epithelial cell damage throughout

the infection. However, at a later infection stage, the induction of

damaged epithelial cells by the effector Th1 and Th17 phenotypes

overshadowed the effect of H. pylori itself. Of note, sensitivity

analysis performed in the deterministic model at day 60 post-

infection also showed how Th1 and Th17 cells in both LP and

GLN were contributing to the epithelial cell damage as well as M1

macrophage differentiation, whereas H. pylori had a more limited

impact on the formation of such lesions (Figure 5B). This

sensitivity analysis data suggested that the main contributors of

histopathological damage in the gastric mucosa at a chronic stage

of infection are Th1 and Th17 effector responses. Going one step

further from the model prediction, we hypothesized that the

effector T cell response and not the bacterium itself is the main

cause of epithelial cell damage during the chronic phase of H. pylori

infection. To validate this hypothesis, C57BL/6 wild-type mice

were infected with H. pylori strain PM-SS1 to characterize mucosal

immune responses and to assess contributors to epithelial cell

damage. In this study, a group of mice was treated with

metronidazole, an antibiotic shown to effectively clear H. pylori

from the stomach [43]. This experimental design (Figure S5)

allows us to begin dissecting the effects of the dynamics of the host

response versus the bacterium in the chronic phase of disease. On

day 30 post-infection, a group of mice were euthanized for

baseline immunological measurements and the rest were divided

into two groups: one treated with metronidazole and one treated

with sterile PBS as a control. At day 60 post-infection the

remaining mice were euthanized for histological and immunolog-

ical analyses. Immunophenotyping results showed a pronounced

increase of IL-17A- (Figure 5C) and IFNc-producing cells

(Figure 5D) in the gastric LP after 30 and 60 days post-infection.

Metronidazole treatment did not affect effector cytokine expres-

sion. These results suggested that effector T cell responses are

implicated in lesion development during infection as showed in a

cartoon model representation, highlighting the involvement of

DC, T cells and macrophages on the formation of gastric lesions in

the LP is shown in Figure 5E. To determine the presence of gastric

mucosal lesions we examined H&E-stained gastric samples. The

results show an increased mucosal thickness and mild infiltration of

inflammatory cells, which were more accentuated on day 60

compared to day 30 post-challenge (Figure 6). At day 60, no

differences were found between mice that received antimicrobial

therapy to eradicate H. pylori and those that remained untreated.

In both groups, we observed a significant increase in the thickness

of the gastric mucosa characterized by the elongation of the gastric

pits and moderate depletion of chief cells at the base of glands

(Figure 6).

Discussion

Helicobacter pylori infection is associated with an increased risk for

developing gastric and duodenal ulcers, gastric mucosa-associated

lymphoid tissue lymphoma and gastric adenocarcinoma [44–46].

There is also increasing evidence of H. pylori providing protection

against esophageal and cardial pathologies [47–50], childhood

asthma [51–53], childhood allergies [52,54], obesity and diabetes

[13]. The immunological mechanisms underlying this protective

effect of H. pylori acting as a commensal bacterium versus a

pathogenic organism are incompletely understood.

Here, we combined computational modeling and animal

experimentation approaches in an iterative cycle aimed at

investigating immunological mechanisms underlying the modula-

tion of mucosal immune responses to H. pylori. Overall, our

modeling results demonstrate that CD4+ T cells are implicated in

H. pylori clearance from the gastric LP. Previous studies have

shown that H. pylori-specific CD4+ T cells preferentially home and

accumulate in the infected stomach and L-selectin, C-C

chemokine receptor type 4 (CCR4) and macrophages derived

chemokines (MDC) play a critical role in Th cell recruitment and

trafficking [20]. Indeed, our immunophenotyping results show an

increased expression of CD4+ T cell specific IL-17A and IFNc in

the gastric LP following H. pylori infection.

Chronologically, we have demonstrated that H. pylori evokes a

weaker Th17 response, followed by a dominant and more

persistent Th1 response that is paralleled by an immunoregulatory

CD4+ T cell response characterized by Treg cells slowly

accumulating at the beginning of the infection, reaching the

highest levels at 30 days post-infection that is sustained over time.

Our in vivo data matches the simulation results in splenic and GLN

Treg cells. Not surprisingly, Treg cell responses suppress

inflammation and ulceration caused by the excessive host response

to the bacterium [46,55] and their balance with other subsets is

critical for preventing gastric and duodenal ulcers [56]. Treg cell

numbers were significantly decreased in the GLN at day 60,

suggesting a potential migration from inductive to effector mucosal

sites. We have also observed a downregulation of Th17 responses

in silico after the first stage of infection, suggesting that effector Th1

to create statistics assessing differences in the myeloid and T cell specific PPARc knock-out for Th1 (Figure 6D, 6J), Th17 (Figure 6E, 6K) and Treg
(Figure 6F, 6L). A threshold value representing the critical value of significance vertically divides the plot into two parts, showing significant
differences above the threshold. Data were obtained in 15 runs of the simulation for each different genotype.
doi:10.1371/journal.pone.0073365.g004
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cells might be implicated in the chronicity of infection and mucosal

lesion development. The plasticity between Th17 and Treg cells,

and the mechanisms controlling such phenotypic re-programming

are under investigation. Interestingly, pro-inflammatory Th17 cells

can acquire a regulatory phenotype with in vivo immunosuppresive

properties [57]. We recently characterized PPARc as a key

modulator of Th17 plasticity towards an iTreg phenotype by using

a combination of systems modeling of CD4+ T cell signaling and

in vivo validation [41]. Gastric mucosal IL-17-producing cells can

also contribute to development of gastric lesions [58,59]. IL-17

also plays an important role in promoting B cell crosstalk and

decreasing inflammation, therefore accentuating regulatory re-

sponses [60]. Hence, Th17 cells can exert dual functions as

effectors of pathogenic tissue-damaging responses, but also as

Figure 5. Sensitivity analysis of factors involved in gastric inflammatory lesion formation following Helicobacter pylori infection.
Healthy epithelial cells changing state into pro-inflammatory epithelial cells, thereby contributing to the formation of gastric lesions. (A) Differential
time-dependent patterns of lesion formation in the early, meridian and chronic-late stage of infection. (B) ODE-based deterministic sensitivity analysis
on pro-inflammatory epithelial cells, as variables, and its formation at day 60 post-infection using a delta factor of 0.001 with a delta minimum of
1610212. (C) Flow cytometric analysis showing differences in the expression of CD4+ IL-17A+ cells in the gastric lamina propria after H. pylori
infection. (D) Flow cytometric analysis showing differences in the expression of CD4+ IFNc+ cells in the gastric lamina propria after H. pylori infection.
(E) Cartoon model representation of the effect of DC activation, T cell expansion and macrophage differentiation on the formation of
histopathological lesions in the gastric lamina propria (LP) during H. pylori infection.
doi:10.1371/journal.pone.0073365.g005
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immunoregulatory responses driven by the secretion of IL-17 and

IL-22 [61].

CD8+ T cells are crucial in H. pylori infection in humans and

pigs [62,63]. However, our experimental data in mice did not

show any differential behavior in CD8+ T cells. Therefore, given

the focus of our experimental questions on CD4+ T cells and our

initial CD8+ T cell data we decided not to include CD8+ T cells

and focus modeling work in the potential involvement of Th1 and

Th17 effector responses in the induction of gastric lesions during

the chronic phase of H. pylori infection. Of note, our sensitivity

analysis highlighted the important role of Th1 and Th17 effector

cells in the induction of gastric mucosal lesions in the chronic

phase of the infection, even overshadowing the role of H. pylori

itself. Consistent with our computational simulations, our in vivo

studies validated the hypothesis that the role of H. pylori in tissue

damage during the chronic phase of the infection is dramatically

reduced.

To study the mucosal immune responses to H. pylori at the

systems level locally in the gastric mucosa, we used ODE and

ABM sequentially. First, our deterministic ODE model shed some

new light on CD4+ T cell distribution after infection as well as the

role of PPARc during infection. Secondly, and because strategies

for parameter estimation are neither fully developed nor

automated in ABM, the ODE model provided a set of parameter

values that were after used as a starting point for our ABM

modeling. Since the ABM model uses a probabilistic approach, in

comparison to the constant-based ODE model, further refinement

on the parameter values was needed and trial-error simulations

were performed. Despite of this additional step, having an initial

parameter range based on the ODE model has narrowed the

range and improved efficiency in the parameter estimation process

for ABM. Furthermore, ABM adds randomness to the biological

systems, which can help to better represent complex cellular

responses and to take into account the individual and emerging

behaviors of cells as well as the role spatiotemporal features. Thus,

stochastic models can provide novel insights into the effect of

cognate and non-cognate interactions, representing entire systems

with a greater granularity and capturing cell-cell interactions. By

simulating individual behaviors of agents, ABM better represents

cross-linked, complex and nonlinear processes with multiple

feedback loops and, provides a more comprehensive and

interactive modeling of mucosal immune responses to H. pylori.

The ability of ABM to encompass multiple scales of biological

processes and incorporate spatiotemporal considerations, coupled

with an intuitive modeling paradigm, underscores the added value

of this modeling framework in translational systems immunology

and immunoinformatics research. Our combined modeling ODE

and ABM approaches provided evidence suggesting that the cause

for gastric lesions during the chronic stage of the infection were

effector Th1 and Th17 cell subsets as well as inflammatory

macrophages. Furthermore, both ODE and ABM based models

could generate several predictions that were validated in vivo, such

as detecting H. pylori dose-response dynamics in Th1 and Th17

(Figure S3), showcasing the predictive power of the H. pylori model.

Future studies will investigate the spatiotemporal progression of

lesions in relation to immune cell trafficking in the tissue space.

Instructive and selective factors play important roles in shaping

the immune responses in the gut. CD4+ T cell and macrophage

differentiation highly depends on the cytokine environment, an

instructive factor, and the competition of cells for phenotype-

changing cytokines (i.e., selective factors). However, secretion of

cytokines and chemokines into the tissue environment by cells

depends upon intracellular signaling pathways. Multi-scale mod-

eling approaches that combine intracellular signaling pathways

and tissue level modeling of cell-cell, cell-bacteria, and cell-

molecule interactions will be necessary to fully represent the

mechanisms underlying the actions of selective and instructive

factors in mucosal immune responses.

PPARc is a transcription that tightly controls many aspects of

mucosal immune responses. For instance, PPARc is a negative

regulator of macrophage activation [64] and its inhibition

contributes to systemic inflammation [65]. Myeloid cell-specific

loss of PPARc has been reported to enhance chemokine and

adhesion molecule expression leading to improve recruitment of

inflammatory Ly6Chi monocytes to sites of inflammation and

infection [66]. Indeed, our results show that PPARc modulated

effector and regulatory responses also during H. pylori infection.

With the ability to create computational models and extensive in

silico knockout systems, where expression of the molecule of

interest is ablated, we demonstrated a suppression of M2

macrophages and tolerogenic DC, and an increase of M1

macrophages and effector DC in our myeloid cell-specific PPARc
knockout model. A decline in H. pylori in the lumen was also

observed in the knockout model, indicating more efficient bacterial

clearance in the PPARc knockout model. This coincides with

elevated epithelial cell damage, indicating that H. pylori could be

removed at the expense of elevated gastric lesions. Thus, our

results demonstrate that PPARc in the myeloid subset has a major

role in modulating and controlling pro-inflammatory versus anti-

inflammatory cell profile and consequently, a central role on

bacterial clearance. These findings are in line with a recent report

indicating that the lack of PPARc in myeloid cells confers

resistance to Listeria monocytogenes infection [66], suggesting that a

regulatory network in myeloid cells that is governed by PPARc
restrains bacteriocidal activity and recruitment of inflammatory/

effector cell subsets to the mucosal sites.

In CD4+ T cells, PPARc partially drives differentiation and

plasticity between phenotypes [38,41,67–70]. Our in silico knock-

out studies in CD4+ T cells highlight the anti-inflammatory

properties of PPARc by observing a suppression of Treg cell

numbers and enhancement of effector phenotypes such as Th1

and Th17 in the knockout when compared to the wild-type

Figure 6. Histopathological assessment of the gastric mucosa
of mice after Helicobacter pylori infection. Representative photo-
micrographs of stomachs from either non infected or H. pylori-infected
mice following administration of PBS or metronidazole treatment.
Original magnification 406.
doi:10.1371/journal.pone.0073365.g006
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models. Interestingly, our simulations with the myeloid cell-specific

PPARc knockout system promoted Th17 differentiation and

suppressed Treg expansion. Considering that CD4+ T cells have a

pivotal role and crosstalk with different subsets of DC, our findings

are in line with other studies suggesting that DC subsets affect

Th17 differentiation and plasticity in humans, where CD14+
HLA-DR2/low myeloid derived suppressor cells (MDSC)

induced FOXP3+ regulatory T cells whereas CD14+ HLA-DR+
MDSCs promoted the generation of IL-17 secreting CD4+ T cells

[71]. Furthermore, myeloid APCs are essential for the induction of

IL-17A+ FOXP3+ T cells from memory CCR6+ T cells or Treg

cells [72]. These results point out for the first time that PPARc in

myeloid cells plays a central role in Th17 differentiation. In

addition, the deletion of PPARc in T cells had a milder effect in

the expression of differentiated macrophages, increasing the

numbers of the M1 population and decreasing M2 macrophages.

These findings are in line with the importance between innate and

adaptive immunity and how CD4+ T cell-derived cytokines can

affect the differentiation into pro- versus anti-inflammatory

phenotypes. Therefore, CD4+ T cells are necessary and sufficient

for gastritis induction in the H. pylori infection model. We also

observed an oscillatory behavior in the wild type Th1 cell

population as well as the knock-out models in the gastric LP using

our ABM approach. This phenomena observed in the continuum

of interest may be related to biological feedback loops in mucosal

immune responses that contribute to maintain homeostasis and

priming. One possible explanation could be the iterative process

by which dendritic cells enter the GLN and expose the antigen to

CD4+ T cells, incrementing its concentration as the subpopulation

expands, and decreasing it when chemotactic strategies make

CD4+ T cells to leave the lymphatic compartment. Of note, our

modeling work highlights CD4+ T cell priming in the GLN. Some

studies also point that CD4+ T cells are also likely primers with H.

pylori antigens captured in the small intestines, where the coccoid

form of H. pylori is taken up by DCs in the Peyer’s Patches [73].

Future studies using multi-scale modeling will elucidate the

relationship between the intracellular differentiation pathways,

the link to different subsets in the innate immune system and the

potential relationships that can rise oscillatory trends in the system.

In summary, we combined computational modeling approaches

and mouse challenge studies to investigate how CD4+ T cells and

other immune cell subsets are distributed in the gut mucosa during

H. pylori infection. Our model simulated T cell responses to H.

pylori by using both platforms: ODE and ABM. Our modeling

efforts predicted higher levels of effector responses in both the LP

and the GLN when deleting PPARc, thus highlighting the role of

PPARc activation as a potential mechanism for modulating CD4+
T cell responses during bacterial infection and positioning PPARc
as a candidate for immunotherapeutics development. Future

studies will more fully realize the potential of multiscale modeling

to understand mucosal immunity.

Supporting Information

Figure S1 Ordinary Differential Equations (ODE) trig-
gering activation and inhibition regulatory and effector
pathways in our H. pylori infection model. Briefly, mass

action and contact dependent functions were used to reproduce H.

pylori infection cell behaviors in silico based on the addition of H.

pylori in the gastric lumen.

(TIF)

Figure S2 T helper (Th)1 and Th17 responses during
Helicobacter pylori infection are dose-dependent. Com-

putational simulations with the H. pylori model demonstrating a

dose-response effect with the initial dose of H. pylori in (A) Th1 and

(B) Th17. In vivo experimentation validating this prediction by

observing increased levels of splenic (A) T-bet, (B) IFNc and (C)

RORct with increasing concentrations in the initial dose of H. pylori.

(TIF)

Figure S3 Predicted dynamics of gastric mucosal cell
subsets and luminal Helicobacter pylori counts following
in silico infection of wild-type and myeloid-specific
peroxisome proliferator-activated receptor c (PPARc)
knockout models. Time-courses were run in silico with

infections using 56107 colony forming units (CFU) of H. pylori to

determine myeloid subsets dynamics. The blue lines represent the

wild-type model whereas violet lines represent the PPARc
knockout model in (A) gastric lamina propria (LP) effector

dendritic cells, (B) LP tolerogenic dendritic cells, (C) LP M1

macrophages, (D) LP M2 macrophages, (E) H. pylori loads in the

stomach lumen and (F) epithelial cell damage following infection

with H. pylori.

(TIF)

Figure S4 Enteric Immunity Simulator (ENISI) output
results after Helicobacter pylori infection in silico. The

H.pylori-implemented agent-based model was run as a time-course

for 60 days. Heatmap representation of cell concentrations being

modulated over time in the gastric Lamina Propria (LPL) and in

the Gastric Lymph Nodes (GLN). Cell types are grouped by

function and effector vs. regulatory mechanisms.

(TIF)

Figure S5 Experimental design to validate model pre-
diction on main inducers of histopathologcal changes
during Helicobacter pylori infection. Wild-type mice were

infected with H. pylori strain PM-SS1 for 30 and 60 days to

monitor cell infiltration and gastric histopathological changes. On

day 30 post-infection, a group of mice were euthanized for

baseline immunological measurements and the rest were divided

into two groups: one treated with metronidazole and one treated

with sterile PBS as a control. These groups were euthanized at day

60 post infection.

(TIF)

Table S1 Calibration database to adjust parameters on
the Helicobacter pylori computational deterministic
model. Data for Th1, Th17, Treg, effector dendritic cells (eDCs),

tolerogenic dendritic cells (tDCs), M1 and M2 macrophages is

represented as either external inputs for the model or internal

readings. The amount of HP (external input) will trigger different

phenotype induction depending on the concentration. Conse-

quently, different cell types in the gastric Lamina Propria (LPL) or

in the gastric lymph nodes (GLN) will be upregulated or

downregulated (internal readings). In the database, ‘TRT’ denotes

a control versus an infected mouse, ‘Day’ corresponds to the day

where measurements were taken and ‘HP_09 is the inoculation

dose of H. pylori. Furthermore, macroscopic scores for the GLN

and gastric LP were annotated (Score_GLN and Score_LP) and

leukocytic infiltration (LL), mucosal thickening (MT) and epithelial

erosion (EE) was measured. Numbers are expressed as absolute

cell numbers after exclusion of CD45- cells. A list of phenotypic

markers for these populations can be found in Table S3.

(XLSX)

Table S2 Table of model assumptions. Table of assump-

tions were taken biologically or theoretically to ensure proper

modulation of species in the immune responses to Helicobacter pylori

model.

(XLSX)
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Table S3 Immunophenotypic markers used in flow
cytometry to characterize immune subsets. Different

immune cell markers were used to characterize Th1, Th17, Treg,

M1, M2 and effector and tolerogenic dendritic cells in both gastric

lamina propria and gastric lymph nodes.

(XLSX)

Table S4 Table of model predictions. Table of prediction

computed in the Immune responses to Helicobacter pylori model by

either the ODE- or ABM-system, as well as how experimental data

supports such predictions.

(XLSX)

Table S5 Evolution of parameter values used in the
Agent-Based Model (ABM) and Ordinary Differential
Equation (ODE)-based Helicobacter pylori infection
models. Model parameters in the ODE model were obtained

from experimental data in mice by running a Particle Swarm

algorithm embedded in COPASI. These values were the starting

point for optimization methods that would generate the parameter

values for the ABM in ENISI. Given that most parameter

optimization methods are localized, the starting point is important

and can have a significant impact on the chosen estimated

parameter value. Thus, narrowing the search using the parameters

of the ODE model represents an efficient way to obtain values for

ABM models. Furthermore, the semantics of the ABM are slightly

different from the ODE model, in part due to inherent

assumptions of the ODE model and also how the ENISI software

is set up, making the parameter sets different as well.

(XLSX)

Table S6 Side-by-side comparison table of parameter
values used in ENISI. Parameters were first adjusted using the

ODE-based modeling parameters and they were manually

adjusted. Parameters for wild-type (WT), T cell specific PPARc
knock-out (T-PPARc) and myeloid cell-specific PPARc knock-out

(M-PPARc) are shown.

(XLSX)
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