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Biomaterial-based agents have been demonstrated to regulate the function of immune cells in models of

autoimmunity. However, the complexity of the kinetics of immune cell activation can present a challenge

in optimizing the dose and frequency of administration. Here, we report a model of autoreactive T cell

activation, which are key drivers in autoimmune inflammatory joint disease. The model is termed a multi-

scale Agent-Based, Cell-Driven model of Inflammatory Arthritis (ABCD of IA). Using kinetic rate equations

and statistical theory, ABCD of IA simulated the activation and presentation of autoantigens by dendritic

cells, interactions with cognate T cells and subsequent T cell proliferation in the lymph node and IA-

affected joints. The results, validated with in vivo data from the T cell driven SKG mouse model, showed

that T cell proliferation strongly correlated with the T cell receptor (TCR) affinity distribution (TCR-ad),

with a clear transition state from homeostasis to an inflammatory state. T cell proliferation was strongly

dependent on the amount of antigen in antigenic stimulus event (ASE) at low concentrations. On the

other hand, inflammation driven by Th17-inducing cytokine mediated T cell phenotype commitment was

influenced by the initial level of Th17-inducing cytokines independent of the amount of arthritogenic

antigen. The introduction of inhibitory artificial antigen presenting cells (iaAPCs), which locally suppress T

cell activation, reduced T cell proliferation in a dose-dependent manner. The findings in this work set up a

framework based on theory and modeling to simulate personalized therapeutic strategies in IA.

1 Introduction

Pathogenic inflammation of the joint, a hallmark of uncon-
trolled autoimmune inflammatory arthritis (IA) such as rheu-
matoid arthritis, is a common experience for patients and reca-
pitulated in animal disease models. While the underlying
causes are complex, a key contributing factor is the breakdown
of regulatory mechanisms that typically restrain autoreactive T
cells from inappropriate activation upon encountering self-
antigens.1,2 The hyperactivation of T cells feeds a cycle of
chronic inflammation in the joint, which is correlated with
damage of articular structures.3–12 Even though biomaterials
have been tested as immunomodulatory agents in models of
arthritis and other autoimmune diseases, the complexity of
immune activation make it challenging to determine the
optimal therapeutic strategy to maximize clinical benefit.13

Given the central role of T cell activation, a quantitative model
describing the evolution of pathogenic T cells could help
better understand disease progression and inform the develop-
ment of new biomaterial-based disease modifying agents.

To simulate the process of immune activation, agent-based
models (ABMs) use a reductionist approach for understanding
immune cell trafficking and predicting therapeutic efficacy and
have been widely used for simulating immunological events in
cancer and infectious disease.14–17 In ABMs, the agents in the
model represent cells and are governed by rules of cellular inter-
actions relevant to the disease.18 By specifying the rules or para-
meters governing the agents such as cellular heterogeneity, cel-
lular movement speeds, and cell-to-cell interactions, non-intui-
tive behaviors may be predicted for further experimental
validation.19–22 ABMs are especially useful for capturing emer-
gent non-intuitive behaviors, which are phenomena that arise
from individual component interactions but are not inherently
a rule of the individual components.23–25 For example, ABMs
have been particularly useful at modeling invasiveness and
immune evasion of tumors that arise as a result of the indi-
vidual properties of the cancer cells.14,26 In IA, the degree of
inflammation and tissue destruction are considered to be
emergent properties resulting from the interaction of agents
across multiple physiological compartments.27 Thus, model-
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ing inflammatory disease may be approached by integrating
an ABM governing cellular agents with multiscale modeling
across relevant length scales to account for communication
between biological compartments as well as intracellular
processes. The resulting model operates based on dynamics
at the cellular and organ level to capture disease-relevant
phenomena.

We focused on the T cell receptors (TCRs) that are associ-
ated with pathogenic T cells specific to autoantigens involved
in disease.8,28 TCRs recognize peptide fragments of autoanti-
gens that are taken up, processed and presented by antigen
presenting cells such as dendritic cells (DCs).29,30 In IA, DCs
may take up antigen at various extra- and intra-articular
locations and typically traffic to lymph nodes to activate
cognate T cells.29 DCs also play a role in the development of
ectopic lymphoid tissue in the joints of IA patients, which is
associated with disease progression.31 DC activation of T cells
leads to clonal expansion of high affinity TCRs and an expan-
sion of disease-specific T cells that drives the autoimmune
response.2,5 Hence, we focused on simulating interactions
between T cells and autoantigen presenting DCs to understand
how T cell activation by DCs contributes to disease
pathogenesis.

We developed a multi-scale Agent-Based, Cell-Driven model
of IA (ABCD of IA) which captures T cell and DC interactions
in representative lymph node units (LNUs) and a joint com-
partment to which activated pathogenic T cells are recruited.
By testing a range of TCR affinity distributions (TCR-ad), repre-
senting different possible TCR repertoires, and modulating the
concentration of a burst release of antigen, referred to as an
antigenic stimulus event (ASE), we determined how these
factors influence pathogenic T cell proliferation. We found
that the initial TCR-ad was a key contributing variable to
pathogenic T cell proliferation. The TCR-ad and the initial
antigen concentration following the ASE influenced both the
level of proliferation and a corresponding pathogenic shift in
the final TCR-ad. We simulated the introduction of a biomater-
ial-based immunomodulatory agent in the form of an inhibi-
tory artificial APC (iaAPC) to modulate T cell activation and
inhibit proliferation directly in the LNU, representing emer-
ging biomaterial-based lymph node targeted therapeutic
strategies.32,33 The iaAPCs operate based on principles of
immune suppression of known immunosuppressive ligands
such as programmed death-ligand 1 (PD-L1) and Fas ligand
(FasL) to locally inhibit T cell activation.34,35 The introduction
of iaAPCs at the initiation of the simulation effectively inhib-
ited pathogenic T cell proliferation in a concentration-depen-
dent manner, with the minimum effective concentration
dependent on the TCR-ad of the LNU.

2 Methods
2.1 Outline of agent-based model

We sought to develop an agent-based model that recapitulates
immune cell dynamics in the lymph node and associated joint

that are affected by inflammation. We focused on the
dynamics of T cell activation and proliferation in the lymph
node during exposure to an autoantigen. 100 LNU simulations
were run for each condition examined to account for the sto-
chasticity of the model arising from the movement and inter-
action of the cellular agents. The model was run for a simu-
lation time of eight days to assess. A functional outline of the
model is presented here, while primary design choices of the
model and additional details of the model equations and para-
meters may be found in the supplemental methods. For con-
venience, we use the term model to refer to the conceptual
framework for the reduction of the biology, while the term
simulation refers to an actual instance of computationally
implementing and testing the model.

Upon initialization of the model 100 T cells are placed ran-
domly in voxels representing 216 cubic μm, or 6 μm in a given
direction, on a lattice geometry constrained to a spherical
volume defining the LNU based on a pre-determined T cell
density according to prior reports.36 TCR affinities for the auto-
antigen are then assigned to individual T cells by randomly
sampling from a Maxwell distribution, meant to represent a
non-normal distribution that becomes increasing right skewed
with an increasing scale parameter as defined in the scipy.
stats.maxwell documentation.37 The joint compartment
antigen concentration is then set to the value of the initial
antigenic stimulus and the model is initiated.

Following this initialization, DCs are probabilistically
recruited to the LNU based on the concentration of the
antigen in the joint. When a DC is recruited, it is placed ran-
domly in the LNU at an open lattice site. The DC soma,
capable of interacting with T cells and stimulating them
extends in an extended Moore neighborhood of a 3 voxel range
in each direction, as others have previously reported.38 The
lifespan of a DC in the LNU is set upon entry for 44 ± 4 hours,
after which the DC dies. DC recruitment is capped at one DC
per 156 T cells.

Following the recruitment of DCs, cells are moved to new
sites on the lattice. Due to their low velocity relative to T cells,
DCs are considered to be stationary. T cells are moved to a
random location within an extended Moores neighborhood of
a 3-voxel range in each direction. To achieve this, the algor-
ithm randomly lists all T cells, and then moves them one at a
time to ensure that no cell is consistently constrained by
moving last. To move the T cells, a random open site in the
extended Moores neighborhood is selected, and the T cell
moves there. If no sites are open, the T cell does not move that
time step.

Following the movement of cells, interactions are checked
for and initiated between T cells and DCs. T cells that enter
the soma of a DC experience a stimulation event and are
immobile for a duration dependent on their stage of acti-
vation, as observed in vivo.39,40 The amount of stimulation that
a T cell receives during its stimulation event is proportional to
the affinity of the T cell. Upon receiving sufficient stimulation,
T cells progress through stimulation thresholds representing
phases of activation and proliferate.41
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Once a T cell reaches the threshold signal to begin prolifer-
ation, it takes approximately 18 hours to complete the prolifer-
ation event. Newly generated T cells are spawned next to the
proliferating T cell at a randomly picked adjacent available
lattice site. If no lattice site is available, the T cell waits until
an adjacent lattice site is available to proliferate. The newly
generated T cells have the same affinity parameter as the pro-
liferating T cell. The new T cell inherits the affinity and other
properties of the parent T cells. The parent and new T cell
evenly split the amount of intracellular signal accumulated in
the parent T cell.

After any proliferation events, the algorithm then checks to
see if any T cells egress from the lymph node. T cells are
checked to egress from the LNU probabilistically at a rate com-
parable to homeostatic measurements.42,43 T cells are con-
sidered activated once they can proliferate. If an activated T
cell egresses from the LNU, it traffics to the joint and contrib-
utes to the generation of additional antigen. If a T cell that is
not activated egresses from the LNU, it does not migrate to the
joint. T cells are added to the LNU probabilistically at the
same rate as they egress. New T cells added are assigned an
affinity randomly sampled from the original Maxwell
distribution.

Following egress, the bounds of the LNU are updated. As
the lymph nodes are known to swell during immune response
due to increased T cell numbers, the bounds of the LNU scale
to keep the density of T cells in the LNU constant. T cells that
move outside of the bounds of the LNU are moved to the
corresponding location on the opposite side of the LNU that
their movement would have taken them to otherwise.
Following boundary movement, the simulation timestep is
updated, data is exported for the timestep, and the next time-
step initializes with DC recruitment. This continues until the
simulation is complete.

2.2 Testing the effects of TCR affinity distribution

To test the role of the TCR affinity distribution on T cell pro-
liferation in the LNUs and antigen production in the joint, we
initialized the model drawing TCR affinities from different
Maxwell distributions. Maxwell distributions were used as they
are a well characterized distribution that shifts to a higher
mean and standard deviation as a function of system variables.
While classically this distribution represents the velocity distri-
bution of molecules based on weight and temperature, here
the shifting of the distribution can be considered a function of
genes related to disease susceptibility that influence the
affinity of the TCR repertoire for an autoantigen or T cell sig-
naling pathways. We initialized 100 LNUs for each distribution
tested to observe the effects of the distribution on model
outputs.

2.3 Comparison to in vivo data

To compare the outputs of ABCD of IA with in vivo data, we
used previously generated datasets from our group.44,45 Briefly,
arthritis was induced in SKG mice via injection of mannan.
Mice were sacrificed on days 1, 5 and 7 following mannan

injection. The joint-draining popliteal lymph nodes and the
hind ankles were harvested. Lymph nodes were dissociated
using a 70 micron cell strainer. Skin and bone was removed
from joint tissue and remaining tissue was digested in col-
lagenase for 1 hour. Cells were stained with fluorescent anti-
bodies for 15 minutes at 4C and analyzed using flow cytometry
on an Attune NxT (ThermoFisher). FCS files were analyzed
using FlowJo and gated on Live/CD45+/CD4+ to enumerate
CD4+ T cell counts in the joints and lymph nodes. The in vivo
data was scaled appropriately and the trend in CD4+ T cell
counts were compared.

For phenotype model calibration and comparison, ankle T
cell phenotype data from SKG mice were estimated based on
Svensson et al.46 Briefly, T cells were isolated using a similar
process as described above. Following isolation, cells were
stained intranuclearly to determine FoxP3 and RORγt
expression, indicative of Treg and Th17 phenotypes, respect-
ively. Parameter estimation for the phenotypic model was
based on steady state Treg and Th17 counts in non-arthritic
and chronic arthritis stage mice.

2.4 Testing the effects of initial antigenic stimulus

To test the role of the initial antigenic stimulus on T cell pro-
liferation in the LNUs, we initialized the model with different
initial concentrations of antigen in the joint. We performed an
initial parameter sweep between 0 and 40 000 nM, guided by
intra-articular concentrations used in murine antigen induced
arthritis models, for the ASE that revealed that the effects of
increased antigen concentration during the ASE mostly pla-
teaued after 500 nM.47 We performed a set of follow up simu-
lations at lower antigen concentrations. To understand how
initial antigenic stimulus influenced outcomes of LNUs with
different TCR affinity distributions, we reran these tests for
low, medium, and high affinity TCR distributions.

2.5 Testing the effects of iaAPCs

To test whether iaAPCs could constrain pathogenic T cell pro-
liferation, we designed iaAPCs based on the principles of co-
inhibitory T cell molecules such as PD-L1 and FasL. We
implemented rules in which T cells that interacted with a
iaAPC were not able to receive T cell signals via the TCR for up
to 30 minutes. As T cell expressed co-inhibitory receptors tend
to be upregulated upon initial T cell stimulus, T cells were
only susceptible to iaAPC-mediated inhibition after reaching
the first stimulation threshold. To understand how iaAPC-
mediated inhibition might operate, we simulated a range of
iaAPC concentrations relative to initial T cell counts and
across various TCR affinity distributions. iaAPCs did not clear
from the LNUs and no new iaAPCs were added after LNU
initialization.

2.6 Testing the role of the inflammatory milieu in transition
to chronic arthritis

To test the role of T cell phenotype commitment and inflam-
matory signaling in the joint milieu, we incorporated a joint
inflammation parameter and inflammation-dependent T cell
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phenotype commitment and function in the joint. Depending
on the composition of the cytokine milieu and cell intrinsic
properties, T cells may take on pro-inflammatory or anti-
inflammatory function, which contributes the rise of distinct
disease associate T cell subsets in inflammatory arthritis.48–50

To model this we incorporated a T cell phenotype commitment
component to the joint compartment in which T cells prob-
abilistically differentiate into pro-inflammatory (Th17) or anti-
inflammatory (Treg) cells in an inflammation-dependent
manner. Parameters for probabilistic T cell differentiation
were determined using reported experimental data.44,46 In this
addition to the model, Th17 cells contribute to inflammation
and antigen production while Treg cells promote inflammation
resolution and prevent tissue damage and subsequent antigen
production. To understand how initial inflammation levels
influenced outcomes of LNUs we performed a parameter
sweep across a range of initial inflammation states.

3 Results
3.1 Overview of ABCD of IA

We developed the ABCD of IA to capture the dynamics of
pathogenic T cell expansion involved in the progression and
flaring of IA. To this end, we created a multiscale compu-
tational representation of T cell activation and proliferation.
The model consists of two distinct compartments, a lymph
node unit (LNU) compartment and a joint compartment
which interact via the migration of immune cells and antigen
drainage (Fig. 1a). The model is initialized with a specific TCR-
ad from which the affinity of naïve T cells coming into the
LNU are sampled, representing a specific TCR repertoire. At
the start of the model, T cell proliferation is stimulated by a
burst release of antigen, termed an antigenic stimulus event
(ASE), in which an IA-relevant autoantigen is introduced into
the model system in a source-agnostic manner. Subsequent
autoantigen is released as a result of T cell driven inflam-
mation in the joint compartment.

To capture T cell priming and activation, we modeled cell-
to-cell interactions between DCs and T cells in a joint-draining
lymph node (Fig. 1b). As it was infeasible to simulate all
lymph node cells in an ABM, the dynamics were modeled in a
representative LNU with reduced cell counts relative to an
entire lymph node. T cells in LNU were populated using the
specified TCR-ad determined at simulation initialization
which is based on a scaled Maxwell–Boltzman distribution,
with the probability of observing a TCR with a given affinity for
the autoantigen outlined in eqn (1).

P xð Þ ¼
ffiffiffi
2
π

r
x2e�x2= 2m2ð Þ

m3 ð1Þ

In this equation, P is the probability of observing a T cell
with a TCR that has an affinity value (x) for the autoantigen.
The parameter m determines the shape and mean of the TCR-
ad, with a larger value of m producing a TCR-ad with a higher
mean value.

For a given TCR-ad, the mean value of the TCR-ad provided
a snapshot of the pathogenic potential of the T cells in the
LNU. Hence, a low mean TCR-ad LNU represents a lymph
node in which T cells will probabilistically have a low affinity
for the arthritogenic antigen while a high mean TCR-ad LNU
represents a lymph node in which T cell are much more likely
to have a high affinity for the antigen.

The model was also built to incorporate migration of acti-
vated T cells from the lymph node to a distal joint compart-
ment representing a site of disease in IA (Fig. 1c). The joint
compartment was simulated using cell population-based
differential equations. Activated T cells that migrated to the
joint were assumed to mediate tissue destruction and autoan-
tigen release at a level proportional to the number of infil-
trated T cells in the joint compartment. This released autoanti-
gen was then picked up by DCs in a probabilistic manner,
after which antigen loaded DCs migrated back to the LNU to
cyclically drive T cell proliferation.

In the LNU, T cell activation and proliferation occurred in
stages based on accumulated stimulation level due to inter-
actions with DCs (Fig. 1d). We modeled three distinct stages of
T cell maturation which include a rapid sampling stage, a long
contact stage, and an activation and proliferation stage.40

Model parameters and the levels of stimulation required for T
cell stage transitions were based on experimental studies of T
cell priming in the lymph node and prior work modeling T
cell interactions in the lymph node.1 Key simulation initializa-
tion parameters are summarized in Table 1.

To test a model immunomodulatory therapy, inhibitory arti-
ficial antigen presenting cells (iaAPCs) were designed in silico
to transiently inhibit TCR signaling in a manner consistent
with known TCR inhibitory pathways. To test their efficacy,
iaAPCs were introduced concurrent with the ASE at various T
cell : iaAPC ratios. T cells that reached the long contact stage of
maturation upregulated co-inhibitory ligands after which the
interaction between an iaAPC and the T cell resulted in the
inhibition of signaling through the TCR for a short duration.
To computationally implement the model, the input para-
meters were determined and input, after which all agents and
compartments were initialized in the simulation. The algor-
ithm built to implement the model operated by first updating
the position of the agents, then determining which inter-
actions between agents occur based on their status and posi-
tion and implementing the interactions. The data from the
timestep was then recorded and the simulation space was visu-
alized (Fig. 1e). This was repeated until the end of a prespeci-
fied simulation time, after which the data was exported and
compiled for analysis. In this way, the ABCD of IA captures the
kinetics of pathogenic T cell proliferation in response to an
autoantigen.

While T cells are critical components that orchestrate the
immune response in inflammatory arthritis, not all T cells are
pro-inflammatory. Regulatory T cells (Treg) act to control auto-
reactive T cells and resolve inflammation in otherwise healthy
tissue. T cell phenotype commitment is and dependent on
microenvironmental cues, including the presence of key
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Fig. 1 Agent-based model of pathogenic T cell proliferation in inflammatory arthritis. (a) Overview of the multiscale Agent-Based, Cell-Driven model
of Inflammatory arthritis (ABCD of IA) depicting the model compartments which include the lymph node unit (LNU) and the joint compartment, and
the input parameters consisting of antigen stimulus event (ASE) and T cell receptor affinity distribution (TCR-ad). (b) Schematic of the LNU. T cells and
dendritic cells (DCs) enter and exit the LNU and interact within the simulated LNU. LNUs are populated with T cells with affinities to the model antigen
that are sampled from a TCR-ad, which is set at the initialization of the simulation. (c) Schematic of the joint compartment model. T cells and dendritic
cells (DCs) enter and exit the joint compartment respectively. (d) The rules governing phases of T cell activation as well as T cell : dendritic cell (DC) and
T cell : inhibitory artificial antigen presenting cell (iaAPC) interactions in the model. T cells are activated by receiving a stimulation signal proportional to
their T cell receptor (TCR) affinity during contacts with DCs. TCR signaling in phase 2 or phase 3 of activation may be temporarily inhibited by contacts
with co-inhibitory molecule presenting iaAPC. (e) Workflow for computational simulation. Upon initiation, all starting cells are generated in the LNU
and an initial concentration of antigen is generated in the joint compartment. The algorithm then runs through a cycle of updating the position of cells,
sensing and implementing interactions that need to occur based on positions and status of agents, followed by recording data and visualizations for
the timestep. The simulation runs for a set amount of timesteps before terminating and compiling the results of the run.
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inflammatory cytokines. To examine the role of T cell pheno-
type commitment in the joint, we introduced an additional
inflammation parameter into the model and pro- and anti-
inflammatory T cell subsets (Th17 and Treg cells, respectively)
into the joint compartment. In this version of the model, T
cells commit to a phenotype following recruitment to the joint
based on the level of inflammation in the joint, separate from
the amount of antigen present. Th17 cells contribute to
inflammation and drive antigen generation, while Treg cells
inhibit Th17 cells and act to resolve inflammation and tissue
damage.

3.2 Simulated LNUs capture differences in T cell
proliferation in response to TCR affinity distribution

To determine the role of the TCR-ad in driving pathogenic T
cell proliferation, LNU initialized with T cells from increasingly

arthritogenic TCR-ad were simulated (Fig. 2a). LNU simu-
lations initially consisting of 100 T cells were initialized with
distributions that spanned low, medium and high TCR-ad
(Fig. 2b and c). Despite starting with the same number of
initial T cells, LNUs initialized with high mean TCR-ad experi-
enced significantly more T cell proliferation after 8 days than
LNU with low or medium mean TCR-ad, while LNUs initialized
with a very low mean TCR-ad experienced almost no T cell pro-
liferation (Fig. 2d and e). The number of T cells in the joint
compartments of T cells with high mean TCR-ad paralleled
the number of T cells in the LNU due to increased T cell
migration from the LNU to the joint space (Fig. 2f).

We compared model predictions to lymph node and ankle
T cell counts in the T cell-driven SKG model of autoimmune
arthritis from datasets previously generated and published by
our group.44,45 Comparison of model results to in vivo data
showed that T cell proliferation in the lymph node follows a
similar trend to model predictions in the range of m =
800–1000 TCR-ad values (Fig. 2g). Ankle T cell counts follow a
similar growth trend between the model and in vivo measure-
ments, but in vivo measurements after day 1 or arthritis induc-
tion are higher than model predictions (Fig. 2f).

3.3 Proliferation of high affinity T cells drives a pathogenic
shift in the TCR-ad in the LNU

Following the observation of differential T cell proliferation
based on the initial TCR-ad of the LNUs, we then assessed the
clonal expansion that drives a shift in the relative abundance
of T cell clonotypes during inflammation. We first compared

Fig. 2 TCR-ad influences T cell proliferation dynamics in inflammatory arthritis. (a) Initialization of the model to test the effect of TCR-ad on T cell
proliferation. (b and c) Representative initial (b) visualization and (c) TCR-ad of LNU with TCR affinities sampled from TCR-ad denoted as “Very Low”,
“Low”, “Medium” and “High” corresponding to Maxwell–Boltzmann distributions with scale parameter m of 600, 800, 1000, and 1200, respectively,
as outlined in eqn (1). (c) Representative final (d) visualization from the LNU depicted in b. (e) T cell counts in LNU from the four representative LNU
cases in b–e. (f ) Change in T cell counts in the joint compartment over the simulation timeframe. (g) T cell dynamics in LNU with a scale parameter
of m = 900 compared to experimental lymph node T cell count dynamics from arthritic SKG mice determined using flow cytometry. (h) T cell
dynamics in a model joint compartment with a scale parameter of m = 900 compared to experimental ankle joint T cell counts from arthritic SKG
mice determined using flow cytometry. Data in e–h represent the mean (solid line or points) ± s.d. (shading or error bars) of n = 100 trials per con-
dition for model results and n = 4 mice for in vivo results. Reference data in g, h were obtained from prior work.44,45

Table 1 Key simulation initialization parameters

Parameters Values Source/method

Voxel size 216 µm3 Bogle (2010) [ref. 36]
Simulation time (t ) 8 days N/A
Probability of T cell egress/
ingress during timestep (PT)

0.00017 Mandl (2012), McDaniel
(2019) [ref. 42 and 43]

Initial T cell count (nT) 100 N/A
TCR Affinity Distribution
Parameter (m)

300–1200 Parameter sweep

Initial antigen concentration
following ASE (a0)

1–40 000
nM

Parameter sweep, Van
Den Berg (2007) [ref. 47]

Initial T cell : iaAPC ratio (r) 1–15 Parameter sweep
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the change in the mean of TCR-ads at the beginning and end
of the simulation. The initial mean values of the TCR-ad in
LNUs with T cells associated with low and very low TCR affinity
distributions were similar to their final mean values, indicat-
ing a similar initial and final TCR-ad in the LNUs (Fig. 3a). In
contrast, the mean value of the TCR-ad of LNUs initialized
with medium and high initial mean TCR-ad increased over
time, representing an increase in the fraction of T cells with a
high affinity for the autoantigen. The observed shifts started
earlier in higher mean TCR-ad LNUs (Fig. 3b). Examination of
the change over time of the means of the TCR-ad revealed that
TCR-ad does not change for LNU with T cells sampled from
TCR-ad with Maxwell–Boltzmann scale parameters below a
threshold of m = 600. For LNU with T cells sampled from TCR-
ad higher than this threshold, the ending mean value of the
TCR-ad relative to the initial value increased proportionally to
the initial mean values of the TCR-ad (Fig. 3c).

3.4 Pathogenic T cell proliferation is dependent on the
magnitude of the initial antigenic stimulus

Next, we sought to correlate the magnitude of the initiating
ASE and the resultant proliferation of pathogenic T cells. We
initialized simulations with a range of antigenic loads for
LNUs with low, medium and high mean TCR-ad (Fig. 4a and
b). No shift was observed in the TCR-ad of low mean affinity
LNUs, while a shift towards T cells with high autoantigen
affinity was observed in the TCR-ad of LNUs initialized with
high mean TCR-ad (Fig. 4c). The degree of shift in the TCR-ad
of an LNU was dependent on antigen concentration as well as
the initial TCR-ad (Fig. 4d). For LNUs initialized with low
mean TCR-ad, the TCR-ad remained constant throughout the
simulation, regardless of the magnitude of the ASE. The TCR-
ad of LNUs initialized with medium mean TCR-ad were sensi-
tive to the size of the ASE between 40 to 320 nM of antigen,
with sizeable shifts in the mean value of the TCR-ad from the
beginning to the end of the simulation. The TCR-ad of LNUs
initialized with high mean TCR-ad were the most sensitive to
the size of the ASE, with significant shifts in the mean TCR-ad
value over the course of the simulation starting at 10 nM of
antigen and increasing up to 80 nM, after which the magni-
tude of the shift plateaued. The amount of T cell proliferation
in the LNUs followed a similar trend to TCR-ad shifts, with
proliferation highly dependent on both initial TCR-ad and the
magnitude of the ASE (Fig. 4e). In low mean TCR-ad LNU,
minimal T cell proliferation was observed, regardless of the
size of the ASE. In medium mean TCR-ad, and ASE above 80
nM induced some proliferation though the amount of prolifer-
ation plateaued, and the most proliferative LNUs under this
condition only experienced an approximately four-fold change
in T cell counts (Fig. 4e). For LNUs initialized with a high
mean TCR-ad, T cell proliferation increased with antigen con-
centration even at low antigen concentrations, but again T cell
counts plateaued at antigen concentrations above 320 nM for
the ASE, albeit at a fold change of approximately seven-fold in
T cell counts.

3.5 Inhibitory artificial antigen presenting cells effectively
control disease-specific immune activation

Next, we introduced iaAPCs in the simulation to measure
control of pathogenic T cell proliferation. We tested the effect
of the introduction of iaAPCs concurrent with the ASE on T
cell proliferation in LNUs initialized with low, medium, and
high mean TCR-ad (Fig. 4a–d). At a ratio of 100 : 1 T
cells : iaAPCs, proliferation was slightly diminished relative to
no iaAPCs (Fig. 5e). However, as the ratio decreased to 100 : 2,
and 100 : 3, proliferation decreased but still represented a high
level of T cell proliferation. At ratios of 100 : 8 and above, T cell
proliferation in the LNU was highly suppressed regardless of
the initial TCR affinity distribution. A similar trend was
observed for LNUs with medium and low mean TCR-ad,
though full suppression of proliferation was achieved at lower
doses, a ratio of approximately 100 : 4 T cells to iaAPCs for the
medium mean TCR-ad LNUs and 100 : 2 T cells to iaAPCs for
the low mean TCR-ad LNUs. The suppression of proliferation
was also reflected in the mean TCR-ad, as high ratios of
iaAPCs maintained a consistent mean value of the TCR-ad over
time (Fig. 5f).

3.6 The cytokine milieu in the joint microenvironment drives
transition to chronic inflammation over resolution

To simulate the role of cytokine signaling and T cell function
on the initiation of arthritis, we incorporated T cell phenotype
commitment based on the level of Th17-inducing cytokines in
the joint compartment model (Fig. 6a), a distinct parameter
from the amount of arthritogenic antigen and based on experi-
mental data. The model was initialized with different levels of
Th17-inducing cytokines. At low initial levels of Th17-inducing
cytokines, T cells underwent proliferation and recruitment to
the joint. However, subsequent commitment to a Treg pheno-
type inhibited further T cell proliferation and recruitment with
minimal Th17 differentiation (Fig. 6b–e). At intermediate
levels of Th17-inducing cytokines, Th17 differentiation was
observed, driving a prolonged inflammatory response, but
inflammation was ultimately resolved. At high levels of Th17-
inducing cytokines, Treg were unable to control Th17-driven
inflammation and T cell proliferation led to uncontrolled
inflammation, indicating a transition towards a chronically
inflamed state.

We then modeled the introduction of iaAPC in a high Th17-
inducing cytokine environment (I = 10 000). In the absence of
iaAPC, T cell proliferation was uncontrolled in the LNU
(Fig. 6f) accompanied by additional recruitment of T cells to
the joint compartment (Fig. 6g). The Treg : Th17 ratio in the
joint skewed towards a range that represented chronic inflam-
mation (Fig. 6h and i). At an initial T cell : iaAPC ratio of
100 : 2, T cell proliferation was controlled after an initial transi-
ent increase, and Th17 cells were no longer present in the
joint by the end of the 8 days of simulation. With increasing
relative initial amounts of iaAPC, T cell proliferation was
rapidly controlled, with attenuation of joint infiltrating T cells.
These results support the potential of ABCD of IA to model
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Fig. 3 TCR-ad in the LNU changes with T cell proliferation. (a) Change in TCR-ad over the simulation timeframe for lymph node distributions
denoted as “Very Low”, “Low”, “Medium” and “High” as in Fig. 2. (b) Mean TCR-ad over time for LNUs initialized with various Maxwell–Boltzmann dis-
tribution scale parameters used in Fig. 1, denoted in the figure legend. (c) Initial vs. ending TCR-ad for LNUs initialized with various Maxwell–
Boltzmann distribution scale parameters spanning 300–1200. Data in b represent the mean (solid line) ± s.d. (shading) of n = 100 trials per condition.
Data in c represents the mean ± s.d. (error bars) of n = 100 trials per condition.
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Fig. 4 Antigen concentration during initiating ASE influences inflammatory state. (a and b) (a) Initial and (b) final representative LNU visualizations
for high and low mean TCR-ad initialized at high and low antigen concentrations. (c) Change in TCR-ad over the simulation timeframe for average
LNUs from conditions represented in a and b. (d) The change in the mean value of the TCR-ad relative to the log10 antigen concentration in nano-
molar. (e) Contour map of T cell proliferation, measured by T cells in the LNU at the end of 8 days, as a function of the Maxwell–Boltzmann distri-
bution scale parameter, m, and the log10 of the initiating ASE antigen concentration. Data in d represent the mean ± s.d. (error bars) of n = 100 trials
per condition. Data in e represent the mean of n = 100 trials per condition.
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dose-dependent efficacy of novel T cell-modulating therapeutic
strategies.

4 Discussion

Here, we applied the principles of multiscale and agent-based
models to develop the ABCD of IA, which simulate pathogenic T
cell proliferation in IA. We probed the role of the TCR reper-
toire, autoantigen release and cytokine concentrations in
disease transition to an inflamed state. We found that the TCR-
ad strongly influenced T cell proliferation, with higher mean
TCR-ads resulting in greater amounts of T cell proliferation
while a low enough mean TCR-ad experienced no T cell prolifer-
ation. TCR-ad in the LNU evolved, becoming more pathogenic
as a result of expansion of high affinity T cells, paralleling the
clonal expansions reported during immune responses in vivo.
The amount of T cell proliferation was also sensitive to the
amount of antigen introduced to the system during the ASE,
although at high antigen concentrations T cell proliferation pla-
teaued. On the other hand, suppression of T cell proliferation
by iaAPCs was dose dependent, with a higher dose of iaAPCs
needed to control T cell proliferation in LNUs with higher mean
TCR-ad. Independent of autoantigen concentration, cytokine
levels can influence T cell polarization and drive inflammation.
Overall, the development of the ABCD of IA provided insights
into biological interactions that drive disease and the feasibility
of a possible biomaterial-based therapeutic intervention,
demonstrating the potential usefulness of ABCD of IA to further
probe questions relating to pathogenic T cell expansion in IA.

ABCD of IA quantified the effect of the TCR repertoire and
clonal expansion of arthritogenic T cells might play in driving

disease susceptibility. For low mean TCR-ad, expansion of
pathogenic T cells was not observed regardless of the amount
of antigen released in the ASE. In contrast, high mean TCR-ad
had some amount of pathogenic T cell expansion, even at low
concentrations of antigen, suggesting that the TCR affinities
are a key factor in determining the development of inflam-
mation due to autoantigen release. This finding is in line with
results from animal models and human studies of the role of
the TCR repertoire in the development of IA. For example, in
the SKG mouse model of autoimmune arthritis, T cell driven
joint inflammation arises due to a defect in T cell signaling
which alters the TCR repertoire and generates a higher fre-
quency of arthritogenic T cells.13,51 In humans, specific
human leukocyte antigen (HLA) alleles, the human version of
MHCs, are closely linked with disease susceptibility in
humans in a manner that likely has to do with how this
shapes the TCR repertoire and which antigens are presented to
T cells.28,52,53 Our findings corroborate that alterations in the
TCR repertoire that result in a greater frequency of T cells with
a high affinity for an autoantigen can drive pathogenic T cell
proliferation and that disease severity correlates with an oligo-
clonal expansion of joint-specific T cells, which has also been
demonstrated in human disease.54

The dynamics of T cell activation modeled by ABCD of IA
are well supported by prior in vivo results from arthritic SKG
mice.44,45 Prior work from animal models has established that
activated DCs contribute to the development of IA pathology.55

Adoptive transfer of autoantigen-primed DCs have been shown
to expand disease-specific T cells in the joint-draining lymph
node in mice.56 On the other hand, Batf3−/− mice, which have
defective DCs and exhibit impaired antigen cross-presentation
in the lymph node, are resistant to autoimmune arthritis.57

Fig. 5 Inhibitory artificial antigen presenting cells control transition to chronically inflamed state. (a and b) Representative (a) initial and (b) final visu-
alizations for high mean TCR-ad LNU over a range of T cell : iaAPC ratios. (c and d) Representative (c) initial and (d) final visualizations for low mean
TCR-ad LNU over a range of T cell : iaAPC ratios. (e) LNU final T cell counts plotted as a function of initial concentration of iaAPCs across multiple
TCR-ad. (f ) Ending mean value of the TCR-ad for LNUs initialized with TCR-ad across a range of affinity distributions and initial T cell : iaAPC ratios.
Data in e and f represent the mean ± s.d. (error bars) of n = 100 trials per condition.
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Fig. 6 The cytokine milieu in the joint microenvironment drives transition to chronic inflammation over resolution. (a) Schematic for a model of T
cell phenotype commitment in the joints. (b) T cell counts in LNU at a range of initial Th17-inducing cytokine levels. (c) Total T cell counts, (d) Treg
and (e) Th17 counts in the joint at the corresponding Th17-inducing cytokine levels. (f ) T cell counts in LNU at the maximum concentration of Th17-
inducing cytokine levels in b at various initial iaAPC : T cell ratios (g) Total T cell counts, (h) Treg and (i) Th17 counts in the joint at the maximum con-
centration of Th17-inducing cytokine levels in c–e at various initial iaAPC : T cell ratios. Data in b–i represent the mean ± s.d. (shading) of n = 100
trials per condition.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2024 Biomater. Sci., 2024, 12, 2041–2056 | 2051

Pu
bl

is
he

d 
on

 1
3 

Fe
br

ua
ri

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

08
:3

1:
50

. 
View Article Online

https://doi.org/10.1039/d3bm01674a


DCs can also infiltrate synovial tissue and fluid and often
cluster with T cells in tertiary lymphoid-like structures. Such
DC can process and present joint autoantigens and polarize T
cells into pro-inflammatory phenotypes, contributing to
disease progression.58 Lymph nodes are not the sole source of
arthritogenic T cells and resident memory T cells can also con-
tribute to joint inflammation.3,6 When compared with in vivo
data from the SKG mouse model, increase of T cells in the
joints was observed to be more rapid than the model predic-
tion immediately following arthritis induction. This difference
suggests that in the early stage of the disease, T cell migration
from the lymph node is augmented by recruitment from other
sources such as circulating T cells, tissue-resident T cells or by
local expansion in the joint of SKG mice. ABCD of IA more
closely models the later stage dynamics of T cell accumulation
in the inflamed joint. ABCD of IA accurately predicts T cell
expansion in the lymph node over the simulation timeframe.

ABCD of IA conducted a sensitivity analysis of pathogenic T
cell proliferation to the amount of antigenic stimulus. The
amount of T cell proliferation observed in the LNUs was highly
dependent on the initial antigen concentration of the ASE at
low concentrations, but quickly reached a maximal level of pro-
liferation regardless of how high of a concentration of antigen
was present. The plateau effect may be due, at least in part, to
constraints placed on the number of DCs allowed to migrate
into the lymph node based on the number of DCs in the
lymph node. The specific antigen concentrations at which T
cell proliferation in the model plateaus are comparable to
antigen levels used to induce inflammation via antigen-
specific T cell responses in mouse models.3,59 Furthermore,
higher mean TCR-ad LNUs had a lower threshold to reach
high levels of T cell proliferation. This observation is consist-
ent with the concept that genetic variations that shape antigen
presentation and the TCR repertoire are major contributors to
IA susceptibility.1,28 The observation that low mean TCR-ad
LNUs experience some T cell proliferation and shift towards a
higher mean TCR-ad may explain how repeated ASE may
slowly shift an IA prone individual to a chronically inflamed
state. This is consistent with the concept that the exposome,
defined by an individual’s history of environmental exposures,
plays a large role in the development of IA.60 As the initial ASE
in the model is agnostic to antigen source, it is reasonable to
include non-joint sources of antigen. As an example, it has
been established that disruption of mucosal surfaces signifi-
cantly increase the risk of developing IA, in part due to the
generation of citrullinated peptides which are recognized by
both B and T cells in disease.61,62

Even though TCR-signaling strength generally correlates
with pMHC binding affinity, exceptions exist in which affinity
alone may be inadequate in explaining all T cell functional
outcomes. In particular, the acquisition of catch bonds within
the TCR-pMHC interface has been shown to be a parameter
that can permit differentiation between agonist from non-
agonist ligands in the context of high-affinity TCR-pMHC
interactions.63–65 Prior work has developed models in the
context of known peptides (e.g., from virus and cancer anti-

gens) and TCR clones that are responsive (or not responsive) to
pMHC. While these analyses do not include inflammatory
arthritis (IA), we acknowledge that it is plausible that catch
bonds influence T cell activation in IA. However, a major chal-
lenge with modeling catch bonds in inflammatory arthritis is
that the participating antigens in humans are not known and
therefore using ABCD of IA to validate the role of catch bonds
in high-affinity TCR-pMHC interactions is currently not
feasible.

The cytokine milieu in the joint microenvironment is an
important determinant of T cell function. The role of cytokines
that promote Treg or Th17 differentiation is well established,
which can alleviate or enhance disease respectively.44,46,50,66

We simulated the role of cytokine-mediated T cell phenotype
commitment using the ABCD of IA. The results showed that
the persistence of inflammation was influenced by the initial
level of Th17-inducing cytokines independent of the amount
of arthritogenic antigen. This is consistent with experiments
that demonstrate that sustained presentation of antigen in the
absence of inflammation or in a tolerogenic environment
confers disease protection in models of IA.67–69 The model
could be used to simulate the potential efficacy of biomaterial-
based strategies that seek to reduce or eliminate pro-inflamma-
tory cytokines or enhance immunoregulatory cell subsets
through cytokine delivery.44,45,70,71

We also used the ABCD of IA to validate the concept of inhi-
biting T cell signaling to control T cell activation using iaAPCs.
Because the effect of iaAPCs in inhibiting pathogenic T cell
proliferation is concentration dependent, the appropriate dose
for such a therapy would likely require careful dose titration.
The precise dose to achieve disease control is dependent on an
individuals’ TCR-ad. The approach simulated here seeks to
harness pre-empt inflammation and is aligned with similar
strategies in experimental pre-clinical models of autoimmune
disease.72,73 However, translation of a strategy targeting T cells
in lymph nodes will require additional materials engineering
optimization to localize the effect of iaAPCs on pathogenic T
cells while avoiding generalized immune suppression. Lessons
learned from the study of tolerogenic dendritic cells will be
invaluable for crafting biomaterials to inhibit specific T cell
clonotypes and promote restoration of regulatory pathways to
treat disease.74,75

As with any model of complex biological phenomena, it is
important to note the assumptions used in the ABCD of IA
where definitive biological data are not available. The simplifi-
cation of T cell activation to a signal integration based on T
cell avidity and DC interactions is necessary for agent-based
modeling of T cells at scale while allowing for retention of key
aspect of digital “on-or-off” T cell activation. As the direct
measurement of all intracellular species involved in T cell acti-
vation is not possible, we used a previously reported intracellu-
lar model.36 To determine the T cell avidities, we sampled
from Maxwell distributions as exemplary right skewed distri-
butions. Following a parameter sweep of distributions, we
focused our investigation on the range of distributions that
transitioned from low to high levels of T cell proliferation. The
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results of the simulation capture important aspects of inflam-
mation in IA, including sensitivity to the autoantigen concen-
tration, susceptibility associated with the TCR repertoire, and
chronic T cell activation.

Biomaterial regulators of immunity have been widely used
to modulate inflammation in models of autoimmune disease
including arthritis. These include strategies that seek to sca-
venge pro-inflammatory cytokines or enhance immunoregula-
tory cell subsets through delivery of small molecules and
cytokines.44,45,70,71,76–78 A key optimization challenge of such
agents is the determination of when to apply the therapeutic
intervention. Because the cascade of immune activation is
complex, suboptimal timing and delivery could result in low
efficacy despite robust engineering of the therapeutic. To this
end, simulations using ABCD of IA provide a potential tool to
correlate key disease-relevant parameters that drive T cell-
mediated pathogenesis in IA, thereby providing a window for
optimal therapeutic intervention. ABCD of IA also provide a
tool to simulate disease evolution, including transitions to a
chronic state. The results provide a means to generate hypoth-
eses relating to the screening the efficacy of biomaterial-based
therapeutic strategies and potentially improve the efficiency of
preclinical studies that are necessary for the development of
disease-modifying drugs.
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