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Abstract

T Cell Priming Through Serial Encounters Lowers the Probability of Autoimmunity
against DC-self
By Charlotte Hui Wang

During T cell development, T cells are clonally deleted by negative selection in the
thymus in order to provide tolerance against self-reactive lymphocytes. The large number of
possible self-peptide MHCs (spMHCs) and the relatively short period for negative selection
in the thymus impose a quantitative constraint on the efficiency of clonal deletion against
self-reactive lymphocytes. It is, however, particularly important to delete T cells specific for
dendritic cell endogenous sp-MHCs — this is because DCs play a central role in the activation
of T cells and the generation of immune responses. Since DCs in the thymus have very similar
patterns of gene expression as DCs in the periphery, Matzinger has hypothesized that it may
be possible to reliably delete all T cells specific for DC-endogenous sp-MHC (DC-self). Here
we use quantitative models to explore Matzingers hypothesis. We begin with a simple model
where the rules for stimulation of a T cell in the thymus is the same as that in the periphery.
In this scenario, we find that it may be difficult to reliably delete T cells specific for rare
DC-self. We then explore how differences in the dynamics of T cell activation in the thymus
vs. the periphery may allow us to reliably avoid stimulation of T cells against DC-self. Our
results suggest that the complex pattern of T cell priming in secondary lymphoid organs

may arise, at least in part, to prevent the stimulation of autoimmune T cells responses to
DC-self.
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Chapter 1

Introduction

Biological systems have evolved intricate designs to maintain homeostasis during
the course of an infection. For example, the mammalian immune system distinguishes be-
tween potentially harmful foreign antigens and non-threatening self-antigens and responds
appropriately.

Each individual has a large number of lymphocyte clones, each expressing a dif-
ferent antigen receptor in order to provide immune protection against the rapidly evolving

1. Effectively, during T cell maturation, genetic recombination of V(D)J gene

pathogens
segments of the T cell receptor (TCR) genes occur to create a large TCR repertoire that
recognizes short peptides about 10 amino acids in length bound to one of several possible
major histocompatibility (MHC) molecules expressed on the surface of the relevant host
cells?. Recent estimates suggest that T cells have a potentially enormous repertoire of over
10*® possible TCRs, numbers that vastly exceed the number of T cells in a vertebrate®*
While T cells make adaptive immunity possible, it is important to prevent T cell
reactivity against self-antigens to avoid autoimmunity. The main mechanism for immune self-
tolerance, the ability for the immune system to recognize self-antigens as non-threatening

is clonal deletion, also known as central tolerance. The clonal deletion theory posits that

tolerance is achieved by the deletion of self-reactive lymphocytes during their ontogeny®.



For T cells maturing the thymus, T cells with very low and high affinities for self-peptide
MHCs (sp-MHCs) of antigen presenting cells are deleted. Deletion of cells with very low
affinity for spMHC eliminates useless T cells which are incompatible with self-MHCs, and
deletion of cells with high affinity for spMHC eliminates T cells that will potentially cause

autoimmunity %7

1.1 Central Tolerance and Its Limitations

However, there are limitations to the effectiveness of central tolerance. Work in this
paper builds on the study of Muller and Bonhoeffer, as they propose there is a quantitative
constraint on the scope of negative selection, also known as central tolerance. They propose
that central tolerance is not sufficient for a number of reasons. 1). Not all self-antigens
are expressed by APC in the thymus®. 2). There may not be sufficient time for T cells
to reliably scan through all sp-MHCs presented by APCs during negative selection in the
thymus®. Moreover, Miiller and Bonhoeffer’s model construction takes the perspective of an
antigen presenting cell (Appendix A). Their estimation of the efficiency of negative selection
is based on the assumption that antigen presenting cells uniformly express peripheral tissue
antigens (PTA), which is an assumption now challenged by much recent research in the
medullary thymic epithelial cells and their roles in PTA presentation under the regulation
of the autoimmune regulator (AIRE)?!°. Therefore, we wish to take on the perspective of
a potentially autoreactive T cell and improve from their estimations. This new perspective
considers a T cell’s phenotypic change in response to stimuli, rather than looking at antigen
presentation capabilities of DCs. More theoretical work in the field tried to quantify thymic
selection and understand the generation of the T cell receptor post thymic selection and they
all acknowledge that selection is not complete in deleting all self-reactive T cells because these
potentially self-reactive T cells are important in generating a complete immune repertoire

to protect against foreign infections”.



Empirically, researchers have found evidence of antigen-specific T cells escaping

112~ With a rip-mOva transgenic mouse system, Enouz et al. detected

thymic selection
Ova specific T cells that escaped thymic selection and circulated in the periphery. Though
only lower avidity T cells specific for the cognate antigen escaped, if stimulated under the
right conditions, researchers have shown that low avidity self-reactive T cells can elicit an
autoimmune response such as causing T cell attack on pancreatic beta cells and increase
blood-glucose levels of rip-mOva mice'?. Researchers have quantified the level of affinity
of Ova peptides required for a T cell to escape thymic selection and have inferred that
thymic selection is only efficient above a certain TCR affinity threshold!3. Additionally,
other empirical results have shown that 25%-40% of self-reactive T cells with intermediate

to low affinities for the cognate antigen escape clonal deletion .

From this evidence, we
recognize that in order to quantitatively understand the mechanisms underlying immune
tolerance, estimating the efficiency of central tolerance is not sufficient. Lower avidity self-
reactive T cells may escape thymic selection and elicit autoimmune responses.

Since we aim to study autoimmunity generated by peripheral activation of self-

reactive T cells and autoimmune attack of self-tissues, we will focus on CD8 T cells from

now on.

1.2 Peripheral Tolerance Mechanisms

There are many peripheral tolerance mechanisms in place to prevent autoimmunity.
For example, the initiation of immune responses — clonal expansion of T cells specific for a
given peptide presented by MHC — requires the T cells to receive two signals from an antigen
presenting cell (in this case, dendritic cells). The first, termed signal 1 or antigen-specific
stimulation, is the stimulation of the TCR by the peptides bound to the MHC on the surface
of DC. The second, signal 2 or co-stimulation (i.e. CD28), requires the activation of a DC

which occurs when the DC senses the presence of pathogens or infection (also called danger



signals)®. There is experimental evidence showing that when a T cell encounters a cognate
antigen in the absence of the costimulatory molecule, it becomes anergic—intrinsically inac-
tive — and does not elicit immune responses!'®!6. As a result, it is important to understand
how the anergic state of T cells contributes to the overall prevention of autoimmunity. Some
theoretical biologists such as Cliburn Chan et al have attempted to include anergic states of
T cells in the quantification of autoimmunity'”. (see more in Appendix B)

Peripheral tolerance mechanisms that prevent autoimmunity can be divided into
two categories: T cell intrinsic mechanisms and T cell extrinsic mechanisms. The first
category encompasses tolerance mechanisms that are generated by T cell properties and
phenotypic changes, whereas the latter category includes tolerance mechanisms that involve
other immune cell types and their interactions with T cells. For example, the generation
and activities of regulatory T cells are T cell extrinsic peripheral tolerance mechanisms
that we will not explicitly address in our model here'®. T-cell intrinsic peripheral tolerance
mechanisms include activation-induced apoptosis, the deletion of self-reactive T cells under

19,2021 " Tt is apparent that T cells make

the regulation of the Fas ligand and its receptor
intrinsic cellular decisions upon environmental stimuli, thus before we discuss peripheral
tolerance mechanisms, it is important to first understand how T cells make cellular decisions

such as activation in the periphery. Fundamentally, it is important to elucidate how T cell

signaling cascades are activated and regulated by TCR and pMHC binding.

1.3 T cell activation requirements

In the periphery, two-photon microscopy studies of lymphocyte activities in sec-
ondary lymphoid organs have shown that primary T cells require contact dependent infor-
mation exchange between T cells and dendritic cells for priming and activation. Specifically,
T cells initially undergo multiple short encounters with DCs, progressively decreasing mo-

bility and upregulating the activation markers and then transitions into more prolonged
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interaction to prepare for activation and proliferation“*. Mempel et al., has characterized

these events as a three stage activation requirement:

1. The T cells go through short-transient contacts ( 6min/contact), decrease their mobility
and upregulation of activation markers (priming phase)

2. Followed by prolonged interactions (/30 min/contact) and secretion of IL-2 and IF-y
(stable-contact phase)

3. Ending with another series of short DC contacts and rapid migrations (high motility

and rapid proliferation)

Interestingly, it appears that T cells go through similar three stage behaviors even
when DCs do not present the cognate antigen. Regardless of the antigen presentation,
Mempel et al., have shown that a T cell spends just enough time in a lymph node to
complete all three phases before leaving through efferent lymphatics. If, during the priming
phase, the T cell did not receive the correct signals for proliferation, then the stable-contact
phase (phase 2) is much shorter compared to when T cells did receive signals from DC
presentations. The default activity of a T cell when it enters a lymph node is this three-
stage series, and the difference in activation vs. continuing migration is dependent on the
priming phase.

Meanwhile, Faroudi et al. have independently shown that intermeditted signal-
ing without a stable immunological synapse can commit T cells to cytokine productions
suggesting that T cell activation may result from summation of interrupted signals?3.

Researchers have proposed that the mechanism in which T cells regulate responses
after DC encounters, is based on an integrated signal that tabulates successful encounters

until a threshold is met?%2°.

Understanding how T cells are activated upon a series of
encounters is a key function of T cells to consider in our quest of quantitatively understanding
how auto-reactive T cells respond to signals appropriately in mammalian systems. Moreover,
it was shown experimentally that T cell activation is a stochastic process, which allows for

probabilistic modeling of T cell dynamics?°.



1.4 Owur Focus

For our model constructions, a specific subset of CD8 T cells— the subset of dendritic
cell self-peptide specific T cells — was suggested to be particularly important for quantitative

estimations:T cells specific for DC endogenous peptides (DC self). This is because:

1. DCs are important in presenting antigens and costimulatory signals to T cells, conse-
quently it is essential to delete T cells against self-peptides endogenous for DC (DC-self)
in order to ensure appropriate immune activation.

2. DCs are constantly present during T cell activation in the periphery, thus the prob-
ability of T cells self-reacting against DC-self is high if they are not deleted in the
thymus.

3. DCs have similar gene expression in both the thymus and periphery, unlike tissue-
restricted proteins which are only briefly expressed during negative selection in the
thymus.

4. Based on Dr. Polly Matzinger’s hypothesis, since DCs are so important in immune
function and have similar gene expressions in both the thymus in the periphery, cen-
tral tolerance must be sufficient and efficient in deleting all T cells specific for DC-
endogenous sp-MHC (DC-self) 1994. In other words, it may be possible to reliably
delete all T cells specific for DC-self. We wish to use quantitative models to evaluate
whether or not central tolerance is robust in this framework, and if not, what other

mechanisms are in play.

In the context of DC-self specific T cells, we aim to use quantitative models to
estimate how successful T-DC interactions affect the outcome of self-reactive T cells. We
hypothesized that the combination of central tolerance with empirically observed signal

integration of TCR signals at subthymic thresholds can prevent autoimmunity against DC-

self.



Chapter 2

Model 1- Single-hit model

In the simplest scenario considered for a mathematical modeling of T cell tolerance,
we assume that the rules of stimulation of a DC-self specific T cell upon encountering sp-
MHCs on a DC should be the same in the thymus and the periphery, given the similar
patterns of gene expression. The probability of a T cell escaping the thymus is a key indicator
of successful generation of tolerance, but we also acknowledge that successful generation of
tolerance also encompassess the probability of an escaped autoreactive T cell to not be
stimulated in the periphery.

Here we evaluate the problem of tolerance against DC-self by considering both
the probability of a self-reactive T cell escaping the thymus and the probability of it being
stimulated in the periphery, together defined as the probability of autoimmunity. The only
MHC class that is relevant here is the MHC class I sp-MHCs, because we are focusing on
the deletion of CD8 T cells (endogenous DC self-peptides are presented on the MHC class

I) and the activation of CD8 T cells.



2.1 Model construction

Table 1 lists all the parameters relevant for our simple probabilistic model for T

cell dynamics in the thymus and the periphery.

Table 1: Model 1 Parameters

‘ Abbreviation ‘ Description ‘ Values ‘
p-MHC peptide presented on MHC
sp-MHC self-peptide presented on MHC
DC-self self-peptides presented on *all* DC
P Probability of signaling (TCR binding) per encounter (Signal 1) range [0,1]
pL=p Probability of T cell clonal deletion per signal 1 encounter in the thymus range [0,1]
pa =p/k Probability of T cell activation per signal 1 encounter in the periphery k>1
k Difference factorDifference in probability of apoptosis in thymus vs. actiation in the periphery k>1
ny number of DC encounters in thymus 4000
N number of DC encounters in periphery no varies

Let p be the probability of signal 1 and measured by the avidity and affinity of
a TRC against an sp-MHC complex. In our simple models, signal 1 leads to either clonal
deletion in the thymus (p;) or T cell activation in the periphery(py) following an encounter
with a DC for a DC-self reactive T cell. p takes into account factors such as both the 1. level
of expression of the relevant DC-self peptide, and 2. the affinity of the TCR for the peptide,
and it can range from 0 to 1. If this T-cells has n; encounters with DC in the thymus then

the probability that the cell escapes depletion in the thymus is:

probability of escape in thymus = Pg = (1 — p;)™

If the T cell has ny encounters with activated DC in the periphery then the prob-

ability of activation in the periphery is:

prob. of stimulation in periphery = Pg =1 — (1—py)™
~———
prob. of no stim. in n, trials

and for autoimmunity to occur the T cell must escape deletion in the thymus and be stim-

ulated in the periphery!?.



prob. autoimmunity = Py = PpxPg = (I —p)™ X 1—(1—pg)™
———— —_——— —
prob. of no stim in thymus prob. of stim in periphery

Based on previous quantitative estimates of the amount of T-DC contacts during
negative selection, we chose n; = 4000 similarly to Miiller and Bonhoeffer?. The amount
of T-DC encounters in the periphery, denoted by ns, is hard to quantify depending on the
context of the T cell condition we are assessing. Moreover, the factor k equals the difference in
probability of thymic selection in the periphery and the probability of peripheral stimulation
(p2 = p/k). In our simple consideration, we set the requirements for clonal deletion the same
as the requirements for peripheral stimulation, thus k=1. And we proposed that it is harder
for T cells to be stimulated in the periphery than it is for T cells to be deleted in the thymus,

thus k& > 1.

2.2 Model results

Under a single-hit model, we see that under similar conditions of clonal deletion and
peripheral T cell activation, low affinity /avidity T cells (low p) have the highest probability
of escaping thymic selection—The probability of an autoreactive T cell escaping negative
selection in the thymus (red) decreases as log p is greater than -3 (Figure 1).

High affinity/avidity T cells (high p) are very unlikely to escape thymic selection,
thus will not cause a problem for autoimmunity. However, The probability of autoimmunity
(blue) increases as logp (probability of signal 1) approaches -3, and the probability of autoim-
munity drastically decreases as logp is within greater than -3: the probability of stimulation
of a autoreactive T cell in the periphery increases as logp increases to an intermediate level. T

cells that fall into this intermediate range of affinity/avidity are the potentially self-reactive
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Figure 1: The probability of T cell induced autoimmunity depends on the prob-
ability (p) of thymic escape and peripheral activation. Thymic escape (red) and
T cell stimulation in the periphery (green) contribute to T cells with intermediate affinity
and avidity having the highest probability of causing autoimmunity (non-monotonic blue
curve). Under a simple model, the rules for T cell stimulation in the periphery is the same
as the rules for T cell clonal deletion in the thymus. Referencing the probability of 1 (dashed
line), intermediate affinity/avidity T cells (intermediate p) have the highest probability of
escaping the thymus (red line) after 4000 DC encounter but a very low probability of being
stimulated in the periphery (green line) after 4000 DC encounters. On the other end, very
high affinity/avidity T cells (high p) are extremely unlikely to escape the thymus (red line),
so although these T cells would likely be stimulated if they escaped the thymus (green line),
they are unlikely to cause problems (blue line) (p; = po, k=1, 7 =1, @ = 1, ny = 4000,
ny = 4000)
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T cells that can escape thymic selection and may lead to autoimmunity under the right

2

stimulation conditions!?. The maximum probability of autoimmunity at this intermediate

rage of DC self-reactive T cells (p = 10739) is 5%.

2.2.1 Changing no

Initially, under the same rules and conditions for thymic selection and peripheral
activation, the number of DC encounters in the periphery was set as the same as the number
of DC encounters a T cell makes in the thymus (n; = ny = 4000). However, this does not
depict biological realities. During the time-span a T cell spends in one lymph node, T cells
encounter ~40-80 different DCs?2, thus we chose an n, of 60 to evaluate the probability of
autoimmunity during the T cell’s first lymph node scanning after it escapes the thymus.
This choice of ny = 60 was set as our lower bound for ny,. The maximum probability of
autoimmunity when no = 60 is 5%. But we then use different ny values to understand this
change in probability during the lifetime of a T cell. As ny increases, the probability of
autoimmunity increases (Figure 2). Moreover, the lifetime of a T cell is 3 years, thus we
chose ny = 200,000 as our upper bound, which corresponds with a maximum probability
of autoimmunity 90.6%. There is no empirical evidence of autoimmunity disease against
dendritic cells so we need to further evaluate the effects of different mechanisms that must
be in play to prevent autoimmunity. By approximating the maximum probability of autoim-
munity, we see that the change in ny is directly proportional to the change in maximum

probability of autoimmunit (Appendix C).

2.2.2 Changing Factor k

Factor k, which is the difference factor (p, = Zt), equals the differences in the
probability of signaling in the thymus leading to clonal deletion vs. probability of signaling
in the periphery leading to T cell activation. A successful signal 1 stimulus leads to very

different biological outcomes in different environments, thus our first passage of quantifying
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Figure 2: The probability of autoimmunity increases as the number of DC encoun-
ters in the periphery (n2) increases. In the periphery, a T cell encounters >> 4000
DCs during its lifespan, thus n2 > nl. During a lifespan (n2 = 200,000) of potentially self
reactive T cells, the highly reactive ones (p > le-2) will be eliminated by central tolerance
and the poorly self reactive ones (p < le-6) are less likely to get stimulated. The T cells
with intermediate range of affinity/avidity to DC-self can reach as high as 90% probability
of autoimmunity if not regulated during the lifetime of a T cell (cyan solid line). During
one lymph node encounter, (n2 = 60), the maximum probability of autoimmunity for the
intermediate avidity T cells is 5% (red solid line). Taken together, other mechanisms and
complexities of the immune system’s T cell activation rules have to be assessed. (p2 = pl/k,
k=1,7=1,a=1,nl = 4000, n2varies)
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the difference in the dynamics of T cell response upon a successful signal 1 encounter is

achieved by changing the value p takes on in the thymus vs. in the periphery.

_n
P2 I
Thus,
prob. autoimmunity = Py = PpxPg = (1 —p)™ X 1—(1—pi/k)™
N 7 . o

prob. of no stim in thymus prob. of stim in periphery

From changing k, we observed that changing k does decrease the probability of
autoimmunity. Increasing k changes the rules and phenotypes of T cells in the thymus and
the periphery, and makes it harder for a T cell to be stimulated upon signal 1 encounter in the
periphery, than it is to be clonally deleted upon signal 1 encounter in the thymus (Figure 3),
quantified by TCR avidity/affinity against sp-MHC (p). Based on the approximation of the
maximum probability of autoimmunity, we see that the change in k is inversely proportional
to the change in probability of autoimmunity (Appendix C).

This simple model demonstrates that while central tolerance against DC-self may be
sufficient to prevent autoimmunity against high avidity antigens, T cells with an intermediate
avidity for DC-self (107* < p < 1073) are likely to both escape negative selection in the
thymus and trigger autoimmunity in the periphery (Fig 1). However, we do not empirically
observe high levels of autoimmunity against DCs.

Different mechanisms may affect the stochastic, low probability phenomenon of T
cell activation against DC-self in the periphery. With the low T cell affinities/ avidities that
we consider (107* < p < 1073), a modeling approach is useful to identify the biological
mechanisms to which T cell activation and autoimmunity are most sensitive. We then
evaluated a set of computational models that explicitly considers the different rules and

requirements for peripheral T cell activation vs. thymic selection.
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Figure 3: The probability of autoimmunity decreases when the T cell has a higher
threshold for stimulation in the periphery compared with the thymus. Factor k
equals the difference in the rules of clonal deletion in the thymus vs. the rules of activation
of a T cell in the periphery. As we increase k to 1000 fold, indicating a 1000 fold decrease
in p;(thymus) vs py (periphery), it is harder for a T cell to be stimulated in the periphery
considering one local lymph node and only 60 encounters with DCs. In this case, it is also
harder (1000x) for a self-reactive T cell to cause autoimmunity. As shown in the Appendix,
the maximum probability of autoimmunity is inversely proportional to k (Appendix 3).
(p2 = p1/k, kvaries, 7 =1, a = 1, ny = 4000, ny = 60)
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Chapter 3

Model 2- Serial Encounter Model

From the results of model 1, we see that the probability of autoimmunity is very
high for rare antigens (when p ~ 10 for DC-self) given those specified T cells have high
probabilities of stimulation per encounter. We now consider the differences in the results of
TCR binding (signal 1) between the thymus vs. the periphery. We incorporate the different
stages of priming of a T cell in the periphery may help us modify our model. Two-photon
microscopy studies of T cell-DC interactions for the duration of homing to lymph nodes
suggested that T cells make integrated “measurements” over the course of multiple serial
encounters with different DCs (/6 min/contact for ~4-8 hours). Further studies have shown
that T cells accumulate these transient weak signals over time until a threshold is met to

commit to proliferation?”.

3.1 Model construction

We hypothesize that the multiple encounters of DCs necessary for priming pro-
duce multiplicative signals that restrict the probability of stimulation upon encounter. We
hypothesize that every successful encounter will increase the signal by an additive signal
manipulator constant of «, and once the signal exceeds a threshold 7, then the T cell will

proliferate (stimulated). Meanwhile, Mempel et al., has shown that a T cell is constantly
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migratory. If it is not stimulated after the priming phase of one lymph node, then the T cell
migrates to another lymph node and starts the priming process all over again.

We used a probabilistic model, modeling the probability of proliferation using fac-
tors such as the number of serial encounters, the increasing signal factor per every successful
encounter, and the probability of stimulation per encounter at the periphery. In our model,
time is a discrete variable and we assume that one time interval is one T-Dendritic cell
interaction.

Computationally, if the encounter is successful (determined by a randomly gen-
erated probability compared to p), then the integrated signal (S;) increases by a ( +a)
(Algorithm 1). When the integrated signal (S;) reaches the threshold 7, then a T cell is
activated. This turns out to be a binomial model in which we can calculate the combined
probability density of a binomial distribution function given a certain probability of success-
ful encounters (p) (Algorithm 1 execution, p.nd function). We chose ny = 60 for the number
of encounters in the periphery. Biologically, this is the approximate number of T-Dendritic
cell encounters during one lymph node priming phase (Table 2). This is similar to a biologi-
cal local acute infection, and we assume that all DCs that the T cells encounter are activated
(DCs express costimulatory molecules such as CD80), thus signal 2 is present during all DC
encounters. By using this small ns, we are assuming that the memory of integrated signals
is cleared if the T cell is not stimulated in one lymph node— the signal accumulation restarts
once the T cell enters another lymph node. This assumption is in place to allow us to un-
derstand what happens during one T cell priming series of one lymph node, and obtain an
upper bound to the level of self-reactivity and potential probability of autoimmunity of the
system.

Moreover, T cell’s serial encounter of dendritic cells and integrated signals have
shown to not only happen in the periphery, but also in the thymus?®. The notion that T
cells have to make serial encounters with DCs before determining its fate and responding

appropriately via TCR signals is a conserved process in T cell phenotypes, and the outcomes
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of such a process differs depending on the environment the T cells are in. For simplicity,
we note that the rules and signals are different in the thymus vs. in the periphery, thus
we assumed that 7 = a = 1 in the thymus, indicating that a successful Signal 1 encounter
(TCR binding) leads to enough signal accumulation to determine cell fate— in the thymus,
the cell fate of correct TCR binding (p) is cell death (clonal deletion). In this case, the
computational model of serial encounters and sequential clonal deletion simplifies to the
original simple probabilistic model we had for calculating the probability of an autoreactive

T cell escaping the thymus.

probability of escape in thymus = Pg = (1 — p;)™

Taken together, we now have the analytical solution to the probability of a self-
reactive T cell escaping the thymus and a computational solution to the probability of a
T cell being stimulated in the periphery (Algorithm 1 execution code). Together, we can

calculate the probability of autoimmunity:.
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Algorithm 1: Serial Encounter Model- binomial model equation and exe-

cution
1
x, ~Bernoulli(p) (3.1)
Sn—la if Ty — 0
Sy = (3.2)
Sn_1+a, ifxr,=1
N
P,=P(()_I(Sp>7)) >1) (3.3)
n=1
2 where
T =1 (3.4)
Sy = (3.5)
n €[1, N] (3.6)

p.nd<function(p, n2, a){

return(l—pbinom(ceiling(1/a)—1, size=n2, prob=p))

3.2 Model results

In both single-hit and serial encounter models, T cells with higher affinity /avidity
to DC-self are more likely to be stimulated in the periphery. In Figure 4, ss p increases, the
probability of T cell stimulation (green) approaches 1 (referencing the black dashed line).
However, these high affinity /avidity T cells will not lead to autoimmunity because they are

deleted in the thymus (red). When the probability of thymic escape and T cell stimulation
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‘ Abbreviation ‘ Description Values
p-MHC peptide presented on MHC
sp-MHC self-peptide presented on MHC
DC-self self-peptides presented on *all* DC
D Probability of signaling (TCR binding) per encounter (Signal 1) range [0,1]
pL=p Probability of T cell clonal deletion per signal 1 encounter in the thymus range [0,1]
pe =p/k Probability of T cell activation per signal 1 encounter in the periphery k>1
k Difference factorDifference in probability of apoptosis in thymus vs. actiation in the periphery k>1
«@ magnitude of integrated signal per successful signaling event a = seq(0,1,0.1)
Si integrated signal value after ith encounter range [0,1]
T threshold for stimulation (T cell activation occurs when S; > 7) T>1
ny number of DC encounters in thymus 4000
ng number of DC encounters in periphery ng = 60

are combined, the probability of autoimmunity also decreases in a serial encounter model

(blue solid line) compared to the single-hit model (blue dashed line) (Figure 4).

The maximum probability of autoimmunity is the highest probability of autoim-

munity value for a specific set of thymic vs. peripheral conditions over a range of different

p values. As the additive signal magnitude decreases, indicating that more successful en-

counters have to be made during the limited amount of DC encounters of the priming phase

(ny = 60), the maximum probability of autoimmunity also decreases. However, under the

presented model, if we relax the assumption that the integrated signal memory is cleared

after each lymph node scanning, and allow the signal to accumulate indefinitely during a T

cell’s lifespan, the maximum probability of autoimmunity approaches 1 over time (Figure 5).
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Figure 4: Compared to the single-hit model (blue and green dashed lines), the
serial encounter model (solid lines) decreases the probability of T cell stimulation
in the periphery (green) and lowers the probability of autoimmunity (blue).
In model 1, T cells only needed one single productive encounter to be stimulated in the
periphery. We examined the consequences of a stimulation requirement of multiple serial
encounters. Since we simplified the rules of clonal deletion and set @ = 1 for the thymus,
the probability of thymic escape (red) after 4000 DC encounters in the thymus does not
change with serial encounter. We consider the scenario of a T cell peripheral stimulation
during the timeframe it spends in one lymph node (60 encounters). In the presented figure,
7 =1 and o = 0.5, indicating that at least two successful signal 1/ TCR binding encounters
with DCs have to occur in order for the signal to reach 7 = 1. Just by adding an additional
requirement of another successful encounter in order for a T cell to be stimulated, lowered
the probability of autoimmunity by 0.00768 fold (with serial encounter model /without serial
encounter model=4.2e-05/5.5e-03). (p1 = ps = p, 7 = 1, alpha = 0.5,, d = 1, n; = 4000,
Ng = 60)
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Figure 5: Maximum probability of autoimmunity decreases with alpha but in-
creases with n2. The maximum probability of autoimmunity is the highest probability
of autoimmunity value for a specific set of thymic vs. peripheral conditions over a range
of different p values. The highest probability of autoimmunity in the simple model is when
p=1e-3.6, corresponding to a probability of autoimmunity at 0.0055 (dashed horizontal line).
As expected, if @ = 1, then the serial encounter model becomes the same as the simple model
(no need for multiple successful encounter), thus in those cases where aw = 1, the maximum
probabilities of autoimmunity under those conditions are the same as the simple model (top
right dots). However, as o decreases, more successful encounters need to be achieved within
the same 60 encounters considered during one lymph node priming series. Thus, it is harder
for T cells to be activated under those conditions. As a result, the maximum probabilities
of autoimmunity decrease as a decreases. Moreover, as no increases, more encounters are
being considered. When we evaluate ny, = 200, 000 encounters, which is an approximation of
the total number of T-DC encounters made during a T cell’s life time (half life of 1.5 years),
the signals accumulate enough to reach 7, thus the mamimum probabilities of autoimmunity
approaches 1. (py =pas=p, 7=1,a=0.5,d =1, ny = 4000, ny varies)
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Chapter 4

Model 3- Serial Encounter Model

with decay / decay model

As shown in Figure 5, if we relax the assumption that the integrated signal memory
is cleared after each lymph node scanning, as the number of peripheral encounters increases
(ns), the probability of T cell activation approaches 1. If we consider more encounters, it is
more probable that the signals will accumulate enough to reach the threshold for stimulation.
Biologically, we know that these signals cannot sustain indefinitely. Through virtual lymph
node stimulations, researchers have found that integrated signals during T cell priming for
activation last for ~2 days?’. In other words, the integrated signals are stored in the memory

space for a definite time interval, and this memory of integrated signals can decay.

4.1 Model construction

Here we introduce one other parameter, the decay rate, d. In our present model of
a serial encounter model with decay, during T cell DC interactions, not only does the signal
increase by +a upon a successful encounter, but also decrease by xd when it is unsuccessful.
In our model, time is a discrete variable and we assume that one time interval

is one T-DC interaction. Computationally, if the encounter is successful (determined by a
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randomly generated probability compared to p), then the integrated signal increases by a (
+a); if the encounter is unsuccessful, then the integrated signal decays by factor d ( xd).
The decay factor d is a multiplicative fraction: a smaller d means that the decay is more
rapid whereas a larger d is representative of a slower decay of the integrated signal (Table
3). When the overall integrated signal S; reaches the threshold 7 = 1 after i = ny peripheral
encounters, the T cell is considered activated. We then calculate the overall probability of
stimulation after 100,000 simulations (Algorithm 2 execution code). Due to limitation of
computational power, we chose small numbers of ny (40, 60) for the number of encounters
in the periphery. Biologically, this is the approximate number of T-Dendritic cell encounters
during one lymph node priming phase. This is similar to a biological local acute infection,
and we assume that all DCs that the T cells encounter are activated. We make the same
simplification for the conditions in the thymus as model 2, and evaluate how the decay model

changes the probability of respective biological events.



Algorithm 2: Serial Encounter Model- decay model equation and execu-

tion
1
x, ~Bernoulli(p) (4.1)
d*S,_1, ifx,=0
Sy, = (4.2)
Sn_1+a, ifxr,=1
N
P, =P((> 1(S, >7) > 1) (4.3)
n=1
2 where
T =1 (4.4)
So =0 (4.5)
n €[1, N] (4.6)

p<—function (N,a,d,p2) {
pvals<—0
for (i in 1:N){
rand <— runif(1, 0, 1)
if (rand<p2) {(pvals<—(at+pvals))}

else {(pvals=pvalsx*d)}

if (pvals>=1) break

else i<—i+1

}

return (pvals)
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‘ Abbreviation ‘ Description Values
p-MHC peptide presented on MHC
sp-MHC self-peptide presented on MHC
DC-self self-peptides presented on *all* DC
D Probability of signaling (TCR binding) per encounter (Signal 1) range [0,1]
pL=p Probability of T cell clonal deletion per signal 1 encounter in the thymus range [0,1]
pe =p/k Probability of T cell activation per signal 1 encounter in the periphery k>1
k Difference factorDifference in probability of apoptosis in thymus vs. actiation in the periphery k>1
«@ magnitude of integrated signal per successful signaling event a = seq(0,1,0.1)
d decay factor of integrated signal range [0,1]
Si integrated signal value after ith encounter range [0,1]
T threshold for stimulation (T cell activation occurs when .S; > 7) T>1
n number of DC encounters in thymus 4000
ngy number of DC encounters in periphery ng > Ny

4.2 Model results

The exact number of encounters in the periphery during one lymph node does not

appear to make a difference as A,C,E panels are qualitatively similar to B, D, F panels.

Thus, ny = 60 was used to generalize the conditions of a single lymph node series of serial

encounter events (Figure 6).

During one lymph node encounter n, < 60, the model with decay has similar effects

on the overall probability of autoimmunity given the same alpha level (Figure 1). But it is

important to note that in the presented figure we showed the results of a scenario where the

decay factor is only 0.7, thus the decay of the signal is slow.
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Figure 6: Serial encounter model with decay lowers the probability of autoimmu-
nity compared to a serial encounter model without decay during a short time
interval. With a serial encounter model, including a decay factor (d) for a short encounter
window of 60 T-DC encounters in one local lymph node, the probability of autoimmunity
(light blue solid line) is lower than the probability of autoimmunity without considering any
decay (blue dashed line). The parameters to yield the current condition is similar to Figure
4 with a = 0.5 but with the addition of a decay factor of d = 0.9. At least two success-
ful encounters within the ns encounters of a lymph node have to be achieved in order to
stimulate the T cell, and now the model includes a small decay factor for every unsuccessful
encounter. (p; = p = p,a = 0.5, d=0.9, 7 =1 n; = 4000, ny = 60)
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Figure 7: The magnitude of the additive signal and decay factor of the signal
impact the probability of peripheral stimulation of autoreactive T cells under a
serial encounter model with decay. As expected, T cells with higher avidity /affinity (p)
to DC-self are more likely to get stimulated in the periphery as indicated by the change in
scale and red pattern changes as p increases from A— C— E and from B— D— F. The exact
number of encounters in the periphery during one lymph node does not appear to make a
difference as A,C,E panels are qualitatively similar to B, D, F panels. As the additive signal
a decreases, the probability of T cell stimulation is lowered. When « are d are both low
(lower left hand corners), the probability of stimulation is magnitudes smaller (not zero but
appears white because of its drastic difference in magnitude compared to the red regions).
The decrease in decay factor d (more rapid decay) lowers the probability of stimulation even
at the same level of a. Meanwhile, this decrease in d sharpens the threshold for stimulation:
as shown in panels E and F, the horizontal distance from the white region to the dark red
region is smaller when d is smaller. Overall, these heatmaps demonstrate the combined effect
of changing «a, d, p. and ny. (« varies, d varies, p; = py = p varies, 7 = 1 n; = 4000, ny
varies)
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Figure 8: Maximum probability of autoimmunity decreases as o and d decreases.
The maximum probability of autoimmunity is the highest probability of autoimmunity value
for a specific set of thymic vs. peripheral conditions over a range of different p values. When
only considering 60 encounters in one local lymph node, the highest probability of autoimmu-
nity in the simple model is when p=1e-3.6, corresponding to a probability of autoimmunity
at 0.0055 (dashed horizontal line). As expected, if @ = 1, then the serial encounter model
becomes the same as the single-hit model (no need for multiple successful encounter), thus
in those cases where av = 1, the maximum probabilities of autoimmunity under those condi-
tions are the same as the model 1 (top right dots). However, as a decreases, more successful
encounters need to be achieved within the same 60 encounters considered during one lymph
node priming series. As a result, the maximum probabilities of autoimmunity decrease as
alpha decreases. Moreover, the decay factor also lowers the probability of stimulation in
the periphery as the integrated signals are lost during intermittent signaling events. As
d decreases, so does the maximum probability of autoimmunity (lighter color corresponds
with a lower decay factor, meaning that the signal is lost faster). Compared to the red
dots (maximum probabilities of autoimmunity at respective « levels under serial encounter
model without decay / model 2), when d=1, the decay model yields similar results to model
2, as expected. There are some minute differences when o = 0.3 due to the decay factor
model being a computational model with randomness in its limited numbers of simulations.
Nevertheless, the comparison between serial encounter model (model2) and decay model
(model 3) with similar o and ny conditions demonstrate that the decay factor is important
in decreasing the probability of autoimmunity over time even in a small time frame of just
60 encounters in one lymph node. (p; = ps = p, 7 = 1, « varies, d varies (blue), d = 1 (red),
ny = 4000, Ng = 60)
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As the additive signal alpha increases, fewer successful encounters are required dur-
ing the ny encounters to stimulate a T cell, thus it is easier for a T cell to get stimulated
(color pattern gets darker as alpha increases). More rapid decay combined (smaller d) with a
smaller additive signal (smaller o) results in a drastic decrease in the probability of autoim-
munity (white regions in all panels with their respective scales) (Figure 7). The decrease
in decay factor d (more rapid decay) makes it harder for T cells to be stimulated given the
same «. As a result, the decay factor is very successful in also decreasing the probability of
autoimmunity (Figure 8). Previously in Figure 5, the maximum probability of autoimmunity
decreases as a decreases, but also increases to 1 as the number of DC encounters increases.
Given the same number of DC encounters in the periphery n, = 60, having a decay factor
in the model is effective in pulling down the probability of autoimmunity (blue dots) com-
pared to the serial encounter model without decay (red dots). Thus, the addition of a decay
factor in model 3 further prevents autoimmunity when we relax the assumption that the
signal memory is cleared after each lymph node priming series. The decay factor allows this
memory to be carried to other lymph nodes for a limited amount of time depending on d.

Interestingly, the level of avidity/affinity (logp) value corresponding to the maxi-
mum probability of autoimmunity increases as o decreases (Figure 9). This result suggests
that the problematic T cells that will most likely cause autoimmunity are more reactive
against the sp-MHC as peripheral T cell activation requires more successful encounters.
This observation confers that the serial encounter model is in place as a fail-safe mechanism

to prevent autoimmunity unless the cognate signal is very strong.
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Figure 9: The avidity/affinity of T cells corresponding to the maximum probability
of autoimmunity increases when more successive encounters are required for T
cell stimulation. The maximum probability of autoimmunity is the highest probability
of autoimmunity value for a specific set of thymic vs. peripheral conditions over a range of
different p values. As we calculated before, the maximum probability of autoimmunity in the
simple model (model 1) is when p = 10735, However, with the serial encounter model, the p
value that corresponds with the maximum probability of autoimmunity increases. When the
requirement for stimulation is stricter (a decreases), then it is harder for autoreactive T cells
to be stimulated, thus the maximum probabilities of autoimmunity decrease, but the p values
corresponding to the maximums increase. This suggests that the higher affinity/avidity T
cells against DC are now becoming the problematic ”intermediate” region. They are less
problematic because the maximum probabilities of autoimmunity are lower, but the range
of T cells that are problematic shifts towards the more reactive T cells. (7 = 1, « varies,
d =1, n; = 4000, ny = 60)
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Chapter 5

Discussion

Our results suggest that the complex pattern of T cell priming in secondary lym-
phoid organs may arise, at least in part, to prevent the stimulation of autoimmune T cells
responses to DC-self. We have demonstrated that multiple encounters, in addition to central
tolerance, both contribute to the generation of immune tolerance against DC-self specific

T-cells.

5.1 Our Models

In the single hit model, we first assumed that the T-DC interactions are the same
both in the thymus and in the periphery. We then developed a set of computational models
to quantitatively assess how various peripheral mechanisms such as T cell activation rules of
multiple serial encounters contribute to the overall calculations of the probability of autoim-
munity. Our results demonstrated that the probability of autoimmunity is the highest for a
T cells with affinities/avidities at the subthreshold level for thymic selection (Figure 1), as
they barely escape thymic selection and are more likely to be stimulated in the periphery
due to its affinity /avidity for DC-self. The serial encounter model is effective in lowering the
probabilities of peripheral stimulation and autoimmunity (Figure 4) but a decay factor is

necessary in regulating the longevity of the additive integrated signals (Figure 8). Moreover,
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the results suggested that the level of strictness of the serial encounter model, indicated by
the a levels is an important determining factor in regulating the probability of autoimmu-
nity (Figure 5, Figure 7). These a levels are chosen arbitrarily to understand the ratio of
signal vs. threshold level. Here our threshold for stimulation is 7 = 1, and the « levels are
easier to interpret. Biologically, these thresholds may be subject to change depending on the
environmental conditions.

From our models, we concluded that DC-self reactive T cells cannot be effectively
eliminated just by thymic selection alone, and the differences in T cell dynamics in the
periphery vs. thymus have to be closely assessed. If we assume that the conditions of
the thymus and the periphery are the same for DC-self specific T cells, as suggested in
Matzinger’s hypothesis, then we observe a high probability of autoimmunity against dendritic
cells. However, the serial encounter model proposed in our models does not complete the

story either, as explained in Section 3.2 and 4.2.

5.2 Efficiency of The System

From the set of mathematical models above, we have demonstrated how various
peripheral mechanisms of T cell activation, in addition to central tolerance, prevent autore-
active DC-self specific T-cells from being stimulated and causing autoimmunity. However,
these mechanisms that lower the probability of peripheral stimulation and in turn lower the
probability of autoimmunity also lowers the probability of immune activation upon an in-
fection. The affinity /avidity values of T cells we used to construct our model represents the
probability of a T cell encountering a successful Signal 1 against a specific antigen, in which
we defined its specificity to be for a DC-self peptide. Meanwhile, other T cells with various
distributions of p for foreign peptides are also subjected to the same mechanisms of central
tolerance, and serial encounter requirements for peripheral stimulation. The behavior of T

cell stimulation in our models is universal for T cells regardless of its cognate antigen. T
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cells specific for ovalbumin may escape central tolerance due to its low avidity and affinity
for self-peptides, but they are less likely to be stimulated upon encountering ovalbumin as
multiple successful encounters are required to stimulate a T cell. This fail-safe mechanism
for preventing stimulation of T cells in the periphery may in fact hinder the immune system’s
ability to efficiently respond to an infection.

By making it harder for T cells with specific affinity/avidities (p) to get stimu-
lated in the periphery with stricter activation requirements (lower «), there exists a tradeoff
between decreasing the probability of autoimmunity and decreasing the immune system’s
sensitivity against foreign antigens. T cells are cross-reactive in nature. A specific T cell
may have a low affinity against DC-self but it may have a high specificity against a foriegn

3. In fact, the diversity of the immune repertoire is a theoretical puzzle that has

antigen
gained much attention, and some have proposed that the diversity of the T cell receptor is
determined by the number of self-peptides it has to avoid reactivity against®’. This leads
us to the crucial issue we face in terms of contextualizing our results: We do not know the
empirical distribution of self-reactive T cells against DC-self, nor do we know how cross-
reactive the escaped T cells are against a foreign antigen. Moreover, in order to understand
the tradeoff between autoimmunity and the specificity of the immune-system, the same prob-
lem is present. We do not quantify this tradeoff because of the limitation in quantifying the
distribution of T cell reactivity. We cannot conclude what level of probability of autoimmu-
nity is sufficient for the immune system because of the exact reasons mentioned above. We
do not know how many DC-self reactive T cells exist in our immune systems, and we do not
know their distributions of affinities. Needless to say, we can make general inferences about
what ranges of affinities are problematic and how different T cell activation requirements
contribute to the system’s behavior.

However, by looking at the fold change difference (probability of stimulation in

model2/ probability of stimulation in model 1), we see that the effect of serial encounter

makes the most difference when the affinity/avidity of the T cell (p) is low against its
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Figure 10: Comparison of serial encounter model (model 2) vs. no serial encounter
model (model 1). The probability of autoimmunity in the serial encounter model over the
probability of autoimmunity in model 1 (single-hit model) is calculated as the fold difference.
When a = 1, the serial encounter model behaves similarly to the single-hit model, thus the
fold difference is 1 (black dashed line). The fold difference decreases as the avidity/affinity of
the TCR (logp/probability of signal 1) increases, indicating that the effect of serial encounter
is more prominent in lower ranges of logp. With a high logp, the serial encounter model
does not decrease the probability of autoimmunity drastically. Moreover, different levels of
a measures the degree of effect of the serial encounter model. Under a low «, the effect of
the serial encounter model at lower logp is more prominent.

cognate antigen (Figure 10). For balancing efficiency of the immune system, we see that if a
T cell has a high affinity/avidity (p) for a specific antigen, then the serial encounter model
does not affect it drastically (a=1 vs. a=0.3). Moreover, if a T cell has a high p for an
antigen, it will be deleted in the thymus if that antigen is a self-antigen (Figure 1). Thus, for
T cells specific for foreign antigens, its specificity renders a high p, and serial encounter will
not impair the efficiency of the immune system’s response against a foreign antigen. If the
T cell has a low p for an antigen, however, then the serial encounter model is a fail-safe in

ensuring that the T cell is responding to the correct antigen under the correct stimulations.
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5.3 Biochemical Relevance

Given the limitations of contextualizing the results of our models, our results still
elucidate multiple biological realities and show how quantitatively different mechanisms come
together to lower the probability of autoimmunity.

Biochemically, experimental results have supported the notion that transient, ac-
cumulated T cell activation signals contribute to T cell activation. Virtual lymph node
simulations that are very similar to our current constructs have demonstrated that an ad-
ditive signal with a memory of 1-2 days greatly mimics experimental results?’. Molecularly,
experimental evidence showed that transient intermittent TCR signals correlated with active
transcription of tolerance genes but not effector genes, while continuous TCR triggering is
required for the expression of effector genes?’. By looking at the shuttling and transcriptional
regulation behaviors of NFAT, a potential molecular mechanism was proposed to support the
serial encounter model we simulated?”. Moreover, experimental evidence tracking calcium
signaling during T cell development indicated that there are specific quantitative and tempo-
ral requirements that determine a T cell’s fate after TCR signaling (calcium),. Intermittent
signaling and accumulation of TCR signaling events have been important in allowing for
the proper intracellular secondary messengers and responses to carry on upon environmental
simulations 28,

Signals that indicate thymic environment, peripheral environment, infection envi-
ronment etc. all contribute to how T cell receptor binding to MHC presented peptides can
result in various outputs and how these evolved mechanisms and pathways provide overall
immune protection while preventing autoimmunity. We have seen various fail-safe mecha-
nisms in place to ensure the immune system’s proper response: serial encounters with DCs
required to activate T cells is a redundancy in the immune system, which acts as a fail-safe
to ensure that T cells are responding properly to its stimulus32.

Another important fail-safe mechanism of the immune system in regulation T cell

activation, that we have implicitly addressed in our models, is the fact that T cell activation
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requires 2 signals, both TCR binding and costimulatory binding. We have assumed in
our models that the all DCs that T cells encounter are activated, which is not exactly
representative of biological realities. Under an infection, ~50% DCs in the lymph nodes
are activated3®, and this number is even lower when there is no present infection. During
our simulations, we are assuming and replicating biologically a local acute infection where
all DCs in the lymph node are activated, and we recognize that this assumption has to be
re-evaluated in future models in order to properly assess T cell fates during its lifetime.
In future models, we wish to incorporate more complex peripheral tolerance mechanisms
such as anergy, which is partly dependent on the level of DC activation®!. We will then
assess different n, values to address different infection scenarios. For example, a local acute
infection will use parameters similar to our current models, but a chronic infection will
warrant much higher n, values. The steady state condition of a T cell without any present
infections also has to be evaluated in combination of anergic phenotypes and behaviors.

One other biological relevance of our model parameters and model insights is the
p value. In our current construct, p takes on a value between 0-1 and the distribution of p
among the T cell reperiotre is unknown. Each T cell has a specific p value against a specific
antigen. In this case, we are assessing the specific p value a T cell has against DC-self.
Nevertheless, there is a biological significance to this p even though it incorporates many
factors such as affinity and avidity together. Experimentalists can quantify p by measuring
the duration of T-DC contacts to yield the TCR triggering rate, and calculate the avidity
of cognate antigens in a local environment by assessing antigen presenting cells®>!7. By
studying individual TCR dynamics with a given peptide-MHC pulsed environment, some
inferences and estimations can be made on what p looks like in an experimental setting,
which can further inform experimentalists on the subsets of T cells that may be problematic
for autoimmunity:.

Meanwhile, another biological condition to consider when analyzing autoimmunity

against DC-self, is that dendritic cells are more resistant to killing. Our model evaluates the



37

probability of T cells attacking DCs and causing autoimmunity. But DCs are important in
immune functions and research has shown that mature DCs express serine protease inhibitors
that inhibit granzyme B and thereby block cytotoxic killing®®. This is also an important
factor to consider when interpreting the numbers of probabilities of autoimmunity from our
models. Our model takes on the perspective of the self-reactive cytotoxic T cell, rather than

the perspective of the DCs.

5.4 Peripherial Tolerance Mechanisms

Peripheral tolerance mechanisms can be divided into two classes: T cell intrinsic
mechanisms and T cell extrinsic mechanisms!®. Our present model goes as far as looking at
how T cell activation requirements in the periphery changes the probability of autoimmunity;,
and leaves room for peripheral tolerance mechanisms to come in. Thus, our current quanti-
tative estimates are just upper bounds to the level of autoimmunity without considering the
peripheral tolerance mechanisms that are crucial for T cell regulation and response.

Future work in addition to our modeling work can be extended to experimental
explorations of anergy. Specifically, experimental results can help further elucidate between
the different hypotheses of anergy, whether anergic T cells change their threshold for stim-
ulation, change their magnitude of response to stimuli, or both. Moreover, computational
aspects of this work can be extended to incorporate other peripheral tolerance mechanisms
such as the role of regulatory T cells in the generation of biological robustness and preventing
T cell autoimmunity. Interestingly, the autoimmune regulator randomly expresses peripheral
tissue antigens on medullary thymic epithelial cells, and these are thought to play a role in
both clonal deletion and the generation of regulatory T cells3”. This peripheral tolerance
mechanism will be an interesting complex puzzle to tackle in future work that builds off of

the probabilistic models established here.
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5.5 Beyond DC-self

We limited the analysis of probabilities of autoimmunity of T cells specific to DC-
self in our present models because of the reasons listed earlier. However, the puzzle of how
different mechanisms combine to contribute to the overall formation of immune tolerance is
well beyond just DC-self specific T cells. In order to extend our models to other peripheral
tissue antigen specific T cells, we will have to explore and incorporate AIRE regulated periph-
eral tissue antigen expression in medullary thymic epithelial cells and the other peripheral
tolerance mechanisms.

Overall, this research has attempted to use probabilistic and computational mod-
els to simulate T cell interactions with dendritic cells through the development and initial
peripheral conditions of a T cell. The models elucidated that addressing the differences be-
tween thymic and peripheral T-DC interaction is important in understanding how immune
tolerance is achieved quantitatively. This research will contribute to broader understanding
of fundamental questions regarding cellular decisions of T cells upon different stimulation

conditions and the formation of immune tolerance.
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Appendix A

Muller & Bonhoefter

Miiller and Bonhoeffer published an opinion in Trends in Immunology in 2003%. A

lot of the work in this paper is based on their quantitative estimates. We used similar n;
values as them to quantify the number of DC encounters in the thymus. This number was
based on the calculation that:
Negative selection takes place in the thymic medulla of mouse models 5-14 days. 14 days
(2210'4 minutes) and the time needed for a thymocyte to scan one DC has been estimated
to be 6-12 minutes. Assuming a 5 minute scanning time, the upper bound for the number
of DC scanned in 14 days is 2210'4/5 = 4000.

Miiller and Bonhoeffer quantify the limitations of negative selection by assuming
that DCs present peripheral tissue antigens to T cells in the thymus in a uniform distribution.
And it makes calculations and estimations of the potential presentation of a dendritic cell.
And the process of selection is determined based on how many times the T cell encounters
the same antigen on the same DC. For example, if the threshold for negative selection was
10 identical sp-MHC complexes (z), and a specific dendritic cell was capable of presenting a
total of 100 sp-MHCs (N), Miiller and Bonhoeffer claims that the dendritic cell can present
100/10=10 (C,) different distinct peripheral tissue antigens. Then by comparing the ratio of

a DC’s total presentation capability with the total number of peripheral tissue antigens (Cy),
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this ratio yields the probability that an sp-MHC is presented by a DC above the threshold
for negative selection (p). The probability of thymic escape is then calculated by (1 — p)*
where ¢ = 4000 (Table 4).

Table 4: Parameters for Muller & Bonhoeffer

Abbreviation Description Values

p-MHC peptide presented on MHC

sp-MHC self-peptide presented on MHC

DC-self self-peptides presented on *all* DC
x threshold value for number of cognate spMHC necessary to mediate negative selection range [0,1500]
N total number of spMHC on the surface of DC (for mTEC N = 5ed) N =5%10°
Cy number of distinct complexes presented by one DC C,=N/z
Cy total number of presentable spMHCs Cy =3e7%0.03%6 = 5.4e6
p probability that an spMHC is presented by a DC above the threshold for negative selection p=C,/C,
t number of DCs scanned during negative selection (considers time during N.S) 4000 time = 14days/5minutes
Py probability of escpaing the thymus range [0,1] Pp = (1 —p)*

Based on this construction, as the threshold value increases, the presentation capa-
bility of a DC decreases and the probability of thymic escape increases (Figure S1). Miiller
and Bonhoeffer claimed that with a high presentation threshold required for DCs, it is very
likely that self-reactive T cells will escape the thymus.

However, there are many problems with their framework. One of the most critical
flaws of this construct is the fact that DCs do not present all peripheral tissue antigens
in the thymus, and they do so in low concentrations that are not uniform for different
antigens. Given this critical flaw, we could not accept the claims that Miiller and Bonhoeffer
made. And from the perspective of a DC presentation, this is not a comprehensive way to
understand negative selection.

Miiller and Bonhoeffer’s work, nevertheless, is one of the first theoretical papers
aiming to quantify the efficiency of negative selection and its focus on DCs did foster inter-
esting conversations in the field. They inferred that T cells specific for DC-self were possible
to be deleted given their construct as they lowered N to a small subset of DC-specific self
peptides. However, their evaluation of Matzinger’s hypothesis is limited. We wish to improve
on their work and evaluate Matzinger’s hypothesis through the lens of a DC-self reactive T

cell.
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Figure S1: A.The number of spMHC presented by one DC above the threshold for selection
decreases as the threshold value increases. B: The probability of escape from negative se-
lection increases as the number of cognate spMHC necessary to mediate negative selection

(threshold) increases
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Appendix B

Chan et al.,

Cliburn Chan et al. published in the Journal of Computational and Applied Math-
ematics in 2005 a mathematical model investigating the impact of anergy as well as multiple
T cell-APC encounters on the probability of autoimmunity 7.

We adopted a lot of the constructs from the Chan paper in our presented models.
Conceptually, Chan et al. analyzed the autoimmunity and efficiency of negative selection
from the perspective of a T cell and its ability to be stimulated. Interestingly, Chan et al.

quantified the strength of signal 1 using a sigmoid function.

activation probabtility

Signal 1 (s) is the product of the number of cognate peptide-MHCs on the cell
surface and the triggering rate, which is calculated from the process of serial ligation and
kinetic proofreading.

They changed the sigmoid function and different parameters to explore the roles
and interactions of different stimulation thresholds (), and anergy. Chan et al. showed that
stochastic activation of T cells in the context of different activation thresholds for T cells

and defined anergy as a state of T cell response when the threshold for activation is not met,
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but some signaling is present:

m m

S

S
J(S)anersy = T ey ~ G )

anergy is a result of a weak s between 6yand 63, which is 1/20 and 1/10 if 6,

From these calculations, Chan suggested that when the signal 1 is strong, then T
cells are more likely to be stimulated, whereas when the signal is low, T cells are more likely
to be anergic (Figure S2).

Additionally, Chan et al. quantified the probability of autoimmunity as a product

of the probability of thymic escape and probability of peripheral stimulation:

prob. autoimmunity = Py = Ppx Py = (I —pp)™ X I —(1—po)"
N—— ————

prob. of no stim in thymus prob. of stim in periphery

From their calculations, they demonstrated that multiple encounters in the periphery lowers
the threshold of T cell activation and that anergy is important in lowering the probability
of autoimmunity.

They also attempted to examine the trade-off of specificity of immune responses for
sensitivity to foriegn antigens by assuming that < 1% total MHCs bear foireign antigens,a
dn 1% of naive T cells chosen at random will recognize the foreign antigen presented by
the pathogen loaded DC. However, these assumptions and arbitrary numbers they used
to understand the efficiency of the immune system is largely arbitrary with unpredictable

biological truth.
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Figure S2: The probability of T cell anergy/activation is a function of signal 1 (s) received
during a single interaction with an APC. Deletion in the thymus is covered by a similar
function as for activation. The probability that a cell does nothing during a peripheral
encounter is 1-P(activation)-P(anergy). Parameters: 6; = 10e™1, 8, = 0.056;, 03 = 0.16,
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Appendix C

Affect of changing no and k in model 1

If we plot P4 as a function of p we see P4 can be considerable.

prob. autoimmunity = P4 = Ppx Py = (1 —p)™ X 1—(1—py)™
prob. of no stim in thymus 1-prob. of no stim in periphery

An upper bound to the equation can be written as:

Py = (1 —p)™ X Nap2 )
——— ~o—

prob. of no stim in thymus 1 - prob. of no stim in periphery

The derivative of this function is:
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which gives

(1—=p)=pm
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Figure S3: A. The maximum probability of autoimmunity is directly positively proportional
to the number of peripheral DC encounters (n2). B. The maximum probability of autoim-
munity is inversly/negatively proportional to factor k (k)

or

SO

= (1) (-2)

we know probabilities are less than 1 so

P4 = min (1,712172(1 - pl)m)

1 1\™
P oza = min (1,712 (—> (1 — —) )
nlk; sl

From this equation, we see that we can plot max(P4)per cell vs m and k and note

that it increases linearly with lifespan ny and decreases linearly with k.
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Appendix D

Q& A

(i) Why is N2 only 607

a)

We recognize that during the duration a T cell spends in the periphery, T cells
make >60 encounters with DCs. However, without a decay model, as n2— inf
probability of autoimmunity — 1. And when there is a signal decay, since our
current computation takes a lot time to run, we did not explicitly evaluate greater

numbers of n2 until we find an analytical solution to the decay model.

In our models, we assumed that there is a local acute infection, and all DCs that
the T cells encounter are activated. We also assumed time is a constant variable
in between the different encounters, thus every encounter is one unit of time.
This assumption may be re-assessed in future studies considering that encounter
time differs kinetically based on DC MHC complex density, density of DCs, and
antigen load. Here we only considered a simple scenario to indicate the affect of

serial encounters.

In the current framework, ignoring special features of RTEs, these potentially
self-reactive T cells escape from the thymus and we are assessing its probability
of autoimmunity during its priming phase in one lymph node (indirectly, we are

clearing its memory compartment every time it migrates to another lymph node).
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Mempel et al., have showed that the priming phase of T cells is 4-8 hours at a
rate of 6min/contact with DCs. And if the T cells do not get fully stimulated
during its priming phase in the local lymph node, it migrates to another one.

These are the premises of the ny values we chose.

(ii) Why only DC self?

a)

In order to have a strong foundation and be the most realistic with our estimations,
we wanted to look at central tolerance in a simple form similar to Muller &
Bonehoeffer— Looking at peptides presented by DCs. We then encountered the

idea that DCs also present their self-peptides in the thymus.

Dr. Polly Matzinger has hypothesized that because DCs are so important in the
role of immune functioning, and their similar expressions in the thymus, periphery.

It is possible and integral to delete DC-self reactive T cells.

(iii) What about peripherial tolerance mechanisms

a)

We recognize that the immune system and T cells are not isolated, peripheral

tolerance mechanisms are important to consider, and this estimation is an upper

bound.

Peripheral tolerance mechanisms have their own quantitative impacts on prevent-

ing autoimmunity

Future works will be dedicated to incorporating anergy into our model as it seems
to be the most relevant T-cell intrinsic peripheral tolerance mechanism at play. We
hope to answer through quantitative estimations the question, why keep anergic

T cells around.

Future works after incorporating anergy will then be to extend to T-cell extrin-
sic peripheral tolerance mechanisms such as tolerant DC cells, and the roles of

regulatory T cells.
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(iv) What does probability of autoimmunity mean contextually?

a)

The numbers are hard to interpret, what does le-5 probability of autoimmunity
mean? In our context, this means that for a T cell with (p) probability of cor-
rect peptide MHC binding/signall (including affinity and avidity), it has le-5
probability of causing autoimmunity in our simple framework ignoring peripheral

tolerance.

T cells are inherently cross-reactive, thus we do not know the distribution of all
DC-self reactive T cells. We do not know how many T cells fall exactly under
each (p) value range. We recognize this as a limitation to our current model, and

do not yet have the best way to estimate this empirically.

Though the main goal of this project is to quantitatively understand to what
magnitude do all the discussed mechanisms such as serial encounter impact the

system and why it may be required as a fail safe mechanism of the immune system.

(v) Efficiency of the system?

a)

c)

Since the serial encounter model not only lowered the probability of autoimmunity;,
but also decreased the probability of a T cell being stimulated in the periphery,

it is important to note that the serial encounter model is a double-edged sword.

Decreasing the probability of T cell stimulation decreases the probability of au-
toimmunity if the T cell is self-reactive, but also decreases the efficiency of detec-
tion and response to an infection if the T cell is reactive against a foreign peptide.
The trade-off between the specificity of the immune system (correctly identifying
an antigen) vs. the sensitivity (correctly responding to an infection) is hard to
measure because, again, T cells are cross-reactive. And being self-reactive vs.

reacting against a foreign peptide is not a binary measurement.

We do our best to acknowledge this trade-off and evaluate it verbally.
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(vi) What do we get out of the current model? What is new?
a) We evaluated the Matzinger’s hypothesis and have demonstrated that even for
DC-self reactive T cells, central tolerance is not complete.

b) We quantitatively demonstrated the effect of an signal integration model and its

role in impacting stimulation and regulation of the immune system.
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